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To the University of Navarra and Asociación de Amigos for the PhD scholarship that made

this thesis possible.

To the Ministry of Education and Sciences of Spain for financial support through project

FIS2011-28820-C02-02 and co-ordinated projects FIS2005-06912 and FIS2008-06335.

To the contribution from the European Science Foundation (ESF).





Contents

Preface XI

1. Introduction 1

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

1.1.1. Heart cell properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.1.2. Modeling electrophysiology of the cell . . . . . . . . . . . . . . . . . . . . . 3

1.1.3. Heart tissue . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.1.4. Modelling the heart tissue . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.2. Cardiac arrhythmias . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.2.1. Ventricular fibrillation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

1.3. Defibrillation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

1.3.1. Defibrillation waveforms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

1.3.2. Electrical stimulation of cardiac tissue . . . . . . . . . . . . . . . . . . . . . 16

1.3.3. Defibrillation theories . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2. One-dimensional ring as a model to study defibrillation 21

2.1. Cellular model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.1.1. Beeler-Reuter model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.1.2. Electroporation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.1.3. Anode break phenomena . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.2. Tissue model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

2.3. Numerical methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

2.4. Numerical experiment design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

2.4.1. Model parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

2.5. Mechanisms for elimination of reentrant dynamics . . . . . . . . . . . . . . . . . . 36

3. Application of the defibrillation: comparing the monophasic and biphasic shock

protocols. 39

3.1. Application of the 8ms shock . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.1.1. Quasiperiodic initial condition . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.1.2. Analysis of defibrillation mechanisms . . . . . . . . . . . . . . . . . . . . . . 42

3.1.3. Comparing protocols for different conductivity fluctuations . . . . . . . . . 53

3.1.4. Defibrillation applied on chaotic initial states . . . . . . . . . . . . . . . . . 54

3.2. Strength-duration curve . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

ix



x CONTENTS

4. Advantage of the four– versus the two– electrode defibrillators 65

4.0.1. Dose-response curve . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

4.0.2. Defibrillation mechanisms . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

4.0.3. The importance of the second phase . . . . . . . . . . . . . . . . . . . . . . 76

Conclusions and Outlook 79

A. Supporting tables 83

B. Supporting graphics 85

Bibliography 87

Summary 103

Resumen 104



Preface

According to some estimates [1], sudden cardiac death accounts for almost a quarter of all

deaths. The main cause of sudden cardiac death is ventricular fibrillation. The electrical activity

of a fibrillating heart is in a highly disorganized state maintained via one or more meandering

spiral waves [2]. The coordinated mechanical contraction is thus disrupted and the heart is not

able to eject blood properly. If not treated within minutes, ventricular fibrillation is lethal.

The only existing treatment for ventricular fibrillation is defibrillation. This means the applica-

tion of external stimulus via two electrodes placed either externally over the chest or implanted

subcutaneously in the case of the internal cardioverter-defibrillator (ICD). The delivered energy

is around 150J in the case of transthoracic defibrillation [3] and in the range of 30 to 40J in the

case of the ICD [4, Chapter 6].

Due to the large amount of energy involved, it is not surprising that diverse side-effects to defibril-

lation have been reported, related to pain [5], cardiac hemodynamics malfunctions [6], increased

pacing thresholds [7], loss of excitability [8], post-defibrillation arrhythmias [9] etc. ICD devices

have an additional problem of size, as storage of the required energy for defibrillation is related to

the size of the device. These adverse problems and the very nature of ventricular fibrillation that

requires immediate attention have fueled the search for a solution. There has been two main ways

of confronting the cardiac arrhythmias. One was a search for a silver bullet, i.e. a pharmacological

treatment of the cardiac arrhythmias. The second is the optimization of defibrillation in order

to reduce the delivered energy. Both approaches have been hampered with the lack of under-

standing of the basic mechanisms involved in both fibrillation and defibrillation. The incomplete

understanding of processes involved in arrhythmia initiation and maintenance was particularly

reflected in several anti-arrhythmic drug trials, CAST [10], CAST-II [11] and SWORD [12] in

which mortality increased for post-myocardial infarction patients receiving anti-arrhythmic drug

compared to mortality in the placebo group. Clinical use of defibrillators started in the mid

1950 [13] and has come a long way from the 120 kg Kouwenhoven defibrillator [14] to portable

automated external defibrillators and implantable devices (roughly the size of a pocket watch).

However, despite the long history, the development of the electric therapy has not always gone

hand by hand with the current research. Optical mapping studies developed in the early 1990s

[15] allowed for the recording of electrical activity during and after the defibrillation shock, which

due to the large number of electrical artifacts was not possible with other available experimental

methods. A number of important insights into the mechanisms of shock-tissue interaction was

made [16–20]. However, optical mapping only provides information for the surface layer of the

tissue, while electrical dynamics within bulk tissue remains unknown. The second major break-

through was brought by the bidomain model and the increasing computational power. Equations

xi
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of the bidomain model govern the propagation of the electrical signal in the cardiac tissue tak-

ing into account the anisotropy of intracellular and extracellular spaces. Paired with the model

representing the currents at the cellular level, it can grow to be very computationally expensive.

Three-dimensional simulation of cardiac dynamics typically has 105-107 degrees of freedom [4,

Chapter 2.2]. For example, simulating 200 ms of cardiac electrical activity in a mesh with 862

525 points representing 3D rabbit ventricular model, takes 6.4 h on 64 processors [21].

Despite the significant advances in the understanding of cardiac arrhythmias, the design of the

defibrillator devices is based on experimental animal studies and ideas stemming from the similar

field of tissue excitation led by Hoorweg, Weiss, Lapicque and Blair in the early 1900s. Most

commercial defibrillators employ a capacitor discharge to produce a defibrillation waveform, thus

producing a exponentially decaying waveform that in addition is truncated to achieve a higher

efficiency. This gives three parameters available to optimize the waveform: initial voltage, decay

constant and duration. Apart from the shape of the waveform, in the late 1980s it was established

empirically that reversing a polarity of the waveform can increase the efficiency of the defibrillation

[22–24]. A monophasic protocols denotes a defibrillation in which polarity of the electrodes is

maintained during the shock as opposed to the biphasic protocol in which polarity of the electrodes

is reversed during the shock. To this day, there is no full understanding why biphasic shocks are

better than monophasic shocks. There has been a numerous theoretical and experimental efforts

to find optimum values for initial and final voltage of the shock, decay constant, shock duration

and polarity reversal timing [25, 26].

In this work the study of defibrillation mechanisms is approached by using a relatively simple

one-dimensional model, but incorporating important ingredients known to influence the defibril-

lation outcome. Low dimensionality of the model is to serve two purposes. The computational

cost can be kept low and thus provide a fast method to assess the efficiency of the shock, pro-

vided the model can reproduce experimentally known data. This is particularly important if

we have in mind the stochastic nature of defibrillation and large number of parameters that

can be used to optimize energy delivered by the defibrillating shock. Let us note at this point

that one-dimensional geometry is often employed as a simplification of the reentrant dynamics

of the electric wave and was used to study interaction with the external shock. In that sense

the model used in this thesis extends on the previous work started by the seminal work by Glass

and Josephson [27] in which one dimensional geometry was used to study annihilation and re-

setting of reentrant wave. Secondly, by keeping the model (relatively) simple, one hopes to gain

a clear insight into the mechanisms throughout the range of low to high defibrillation energies.

In chapter 1 we will review important concepts in the field of cardiac bioelectricity in order to

provide a general framework for the rest of the thesis. We will introduce equations governing the

propagation of the electrical signal in the heart tissue and review the relevant properties of the cell

membrane currents. Main concepts of ventricular fibrillation initiation and maintenance, existing

defibrillation theories and main design principles for defibrillation waveforms are also reviewed.

In chapter 2 we will present in detail the one-dimensional model used to study defibrillation

mechanisms. In particular, in this chapter we will also present four different defibrillation mech-

anisms that lead to successful outcome. One identifies four different types: direct block, delayed

block, annihilation and direct activation. Which defibrillation mechanism prevails depends on

the energy level, the current dynamic state of the system and the shock protocol. In chapter

3 we will use the one dimensional model to study three different protocols commonly used in
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defibrillation practice: monophasic, biphasic symmetric and biphasic asymmetric. Results of the

numerical simulations reveal that monophasic shocks defibrillate with higher rate of success than

the two biphasic shock protocols at lower energies. On the contrary for higher shock energies, the

biphasic shock are significantly more efficient than monophasic shocks. This latter result confirms

the medical common wisdom about defibrillators. The protocols will be tested for two different

dynamical states prior to the shock and again confirming that more organized arrhythmias are

easier to defibrillate. The detailed comparative study of the three protocols will be presented for

medium shock duration of 8ms. Behavior for shorter and longer shock durations are also exam-

ined and presented in the form of strength-duration curves. In chapter 4 we will propose a new

shock protocol that is based on a four electrode system instead of the of standard procedure based

with only two electrodes. Results will reveal a huge reduction in defibrillation threshold for asym-

metric biphasic protocol and significant reduction for the other two tested protocols as compared

to standard two-electrode defibrillation. Mechanism of successful defibrillation are analyzed and

revealed that the advantage of asymmetric biphasic shocks for the case of four electrodes protocol

lies behind the interplay of the duration of the cathodal and anodal phase.
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Chapter 1

Introduction

1.1. The heart

The heart is a muscle organ located near the center of the chest cavity whose purpose is to

exchange blood between the circulatory system and the lungs where the waste is removed and

the blood is oxygenated. The structure of the heart is made of four pumping chambers, each

performing a distinct task. Two upper chambers, left (LA) and right atria (RA), are responsible

for collecting the blood and two lower chambers, left (LV) and right ventricle (RV), are responsible

for pumping the blood. The blood flow between the chambers on each side of the heart is

regulated by heart valves. The bicuspid or mitral valve regulates the blood flow between left

atria and ventricle and tricuspid valve between the right chambers of the heart. The proper

functioning of a healthy heart is a complex and detailed process in which all four chambers and

valves need to contract synchronously. Mechanical contraction is controlled by the underlying

electrical conduction system of the heart. Once the LA is filled by oxygenated blood from the

lungs and RA with the blood from the venous system, a wave of depolarization is triggered by

the pacemaker cells in the sinoatrial node. A wave of electrical excitation spreads across the atria

causing them to pump blood to the ventricles. Propagation velocity through the atrial muscle

is approximately 0.5 m/s [28]. The excitation crosses to ventricles through the atrioventricular

(AV) junction, the only conducting path between the atria and ventricles. The velocity of the

depolarization propagation is slowed down to 0.05 m/s [28] allowing the atria to completely

contract before the ventricles begin to contract. Cells in the AV node also exhibit self-excitability

as the cells in the SA node and can fire an action potential in the absence of the action potential

coming from the SA node. The wave enters the ventricles at the bundle of His where it spreads

to left and right bundle branches along the inter-ventricular septum. The conduction velocity

through the bundle of His reaches 2m/s [28]. The bundle branches then divide into an extensive

system of Purkinje fibers that conduct the impulses at high velocity (about 4 m/s) throughout

the ventricles [28]. This results in rapid depolarization of ventricular myocytes throughout both

ventricles. The ventricles contract and eject blood. The right ventricle pumps the blood into the

pulmonary artery via the pulmonary valve from where the blood flows to the lungs. Left ventricle

pumps the blood into the aorta via the aortic valve from where the blood further flows through

the arterial system.

1
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Figure 1.1: Cross section of the heart structure. Arrows indicate functionally different parts of

the electrical conduction system and associated action potentials. A wave of depolarization is

triggered by the self-excitable cells in the SA node. The wave spreads into the ventricles by

crossing the AV node. Depolarization then spreads onto the bundle of His, bundle branches and

finally to Purkinje fibers. Image taken from en.ecgpedia.org, shared under Creative Commons

Attribution Non-Commercial Share Alike.

1.1.1. Heart cell properties

Single myocyte is approximately cylindrical in shape with typical dimensions in the human

ventricular tissue of 80 to 100 µm in length and 10 to 20 µm in diameter. Sarcolemma, the cardiac

cell membrane, is composed mainly of the phospholipid bilayer that provides the barrier between

the intra- and extracellular compartments. The exchange of ions through the membrane is only

possible through pores formed by proteins. Functionally, the transport of ions across the pores can

be divided into ion channels, pumps and exchangers. The currents through the ions channels are

the main determinants of the shape of the cardiac action potential. There are two fundamental

properties of the ion channels : selectivity and gating. Each ion channel is selectively permeable

to one or more ion species. Gating of the channel refers to the opening or closing of ion channels

as a response to voltage change, shear stress, intracellular messengers or neurotransmitters. It

is known that channel can be found in one of the three conformational states: open, closed and

inactive [29]. While open, selected ions can freely pass across the channel. Open state is followed

by a conformational change to inactive state, in which the channels are nonconducting and are



Section 1.1 3

Figure 1.2: Ventricular action potential. Four different phases of action potential are indicated.

Depicted are also the most significant ion-channel currents. The upstroke that defines the phase

0 is caused by the strong influx of the sodium current (INa). Phase 1 or early repolarization is

characterized by sodium channel inactivation and outflux of potassium current (Ito1). Phase 2

denotes the plateau characteristic of cardiac action potential. It is maintained by L-type calcium

current (ICa,L) and potassium current through slow delayed rectifier channels (IKs). Phase 3

denotes the repolarization brought by potassium current through slow delayed rectifier (IKs),

rapid delay rectifier (IKr) and inwardly rectifying current (IK1). Phase 4 denotes the rest state.

undergoing a recovery process. Inactivation is followed by closed state in which channels are

also nonconducting, but with the ability to open. This channel dynamics lies behind the cardiac

refractory properties. Important properties of the ventricular action potential are depicted in Fig.

1.2. It consists of five distinct phases [30]. Phase 0 starts with stimulus arriving from an adjacent

cell that depolarizes the transmembrane potential to a threshold for sodium channels activation

(∼ -65mV). Large influx of sodium ions ensues which further depolarizes the membrane. Phase 1

or early repolarization is mostly due to the inactivation of sodium channels. In addition, several

outward currents are also activated, the most important of which is the transient outward current

(Ito). Phase 2 or the plateau is characteristic of the cardiac action potential, although it is not

present in the pacemaker cells. Main currents present are the L-type calcium inward current

and the potassium current through the slow delayed rectifier channels (IKs). Phase 3 denotes

repolarization by the outflux of the potassium ions. IKs channels are still open and the negative

change in the transmembrane potential opens more potassium channels, most significant of which

are the rapid delayed rectifier (IKr) and the inwardly rectifying current (IK1). This repolarization

brings the transmembrane potential back to the resting state or phase 4.

1.1.2. Modeling electrophysiology of the cell

Cell membrane can be modeled by an equivalent electrical circuit with a capacitive component

and one or more resistive components in parallel.

Im = Cm
∂Vm

∂t
+ Iion (1.1)
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where Vm = φi − φe denotes the transmembrane potential, Cm membrane capacitance and Iion
the sum of all the resistive components. Each resistive components is different for different

ion species and can be dependent on time or voltage. There are two approaches to modeling Iion
current: phenomenological and biophysical models. The former are created by fitting macroscopic

properties of the action potential, for example AP and velocity restitution properties to the

parameters of the model. The advantage of these models lies in the low computational cost and

to an easier comprehension of the model due to small number of variables. Biophysical model

describe the dynamics of each identified current based on experimental data. The complexity and

computational cost has grown considerably since the beginning of cardiac cell modeling in the

early 1960s. The first model was proposed by Noble [31] for a Purkinje cell and it included three

currents : sodium, potassium and background current with a total of four variables. The model

was based on the formalism developed by Hodgkin and Huxley [32] intended to describe electrical

potential of the squid giant axon. Their model has remained the most used representation of

the channel dynamics. An alternative approach is to model the gating dynamics with Markov

chains [33]. Hodgkin-Huxley model contained three currents : sodium, potassium and a leakage

current and three gating variables. More recent versions of the ventricular cell model, like Luo-

Rudy dynamic contains eleven currents, four fluxes and eleven gating variables. Each current in

the Hodgkin-Huxley formalism is described with conductance(s) multiplied with the difference

between the transmembrane potential and the reversal ion for that current Eq.(1.2).

Ix = gx1
gx2

· · · gxn
(Vm − Ex) (1.2)

They proposed that the conductance dynamics of a particular channel is regulated with activation

and inactivation (opening and closing) of an ion channel. The general form for a conductance of

channel xi is given by

gxi
= ḡxi

· y (1.3)

where ḡxi
is the maximal conductance of that channel and y is the gating variable whose dynamics

is described with Eq.(1.4).
dy

dt
=

y∞ − y

τy
(1.4)

y∞ represents the steady state behavior of the variable y and the τy the time constant associated

with the activation/inactivation process.

1.1.3. Heart tissue

The cardiac tissue is composed of interconnected cardiac cells or myocytes organized in the

extracellular matrix. Myocytes are connected by the interwoven membrane called the intercalated

disc that contains both contractile proteins and gap junctions. Gap junctions are the main

determinants of the intracellular resistivity as they allow the passage of the small molecules and

ions. One gap junction is composed of two hemichannels, one coming from each cell and is

usually located at the longer end of the cell. The number of gap junctions and their position on

the cell can vary. Most gap junctions are located at the longer end of a irregularly rod shaped

cell. Connected cells further organize into sheets that are in average 4 cells thick [34]. Three

dimensional orientation of muscle layers and the coupling between adjacent layers varies across
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Figure 1.3: Schematic representation of the bidomain model. The region H denotes the myocardial

tissue. At every point in space both extracellular and intracellular potentials are defined with

their respective conductivities. Outside the myocardial region, an extramyocardial region can be

defined (B). The boundary between the two region is denoted by ∂H

the ventricular wall. Extracellular space is composed of blood vessels (60%), ground substance

(23%), connective tissue cells (7%), collagen (4%) and empty space (6%) [4].

1.1.4. Modelling the heart tissue

Bidomain model

Two most widely used representation of cardiac electrophysiology are the bidomain and mon-

odomain models. Bidomain formulation comes with higher computational cost and a more realis-

tic representation or cardiac electrophysiology compared with the monodomain model. Bidomain

representation of electrical propagation in the heart tissue models the heart tissue as a contin-

uum, where the relevant properties are averaged over many cells. The model was first proposed by

Schmitt in 1969 [35] and formulated by Tung [36] in 1978. The bidomain model defines intracellu-

lar, extracellular and if needed, the extramyocardial region (Fig.1.3). The intra- and extracellular

space occupy the same physical space, while extramyocardial region is adjacent to the space de-

fined by intra- and extracellular domain. The intra- and extracellular space are separated by the

cell membrane. The basis of the bidomain model is the Ohm’s law.

Je = −σe∇φe (1.5)

Ji = −σi∇φi (1.6)

where Je, σe and φe are the extracellular and Ji, σi and φi the intracellular current density,

conductivity tensor and electrical potential, respectively. The current can pass from one region

to another only through the cell membrane. Thus, in the absence of external or internal stimulus,

the change in current density in extra- or intra cellular region must be equal to the current flow

across the membrane.

−∇Ji = ∇Je = βIm (1.7)

where Im represents the transmembrane current density per unit area and β surface to volume

ratio of the membrane. On the basis of these two equations, the bidomain model can be written

as a coupled system of reaction-diffusion equations.

∇(σi∇φi) = βIm (1.8)
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∇(σe∇φe) = −βIm (1.9)

In case of the simulation studies of defibrillation, the principal advantage of the bidomain model

is the possibility of integration of the external stimulus. This can be done in two ways. One

option is to add a member representing external source to Eq.(1.9)

∇(σe∇φe) = −βIm − Ise (1.10)

This inclusion of external stimulus could represent the stimulation via wire or catheter elec-

trodes. Another option is the change of boundary condition in the place where electrodes are to

be placed. The change is done to the φe potential at the border between the extracellular and

the external region.

Bidomain equations together with the expression for the transmembrane current Eq.(1.1) are

often written in a different form, more suitable for numerical solvers:

∇ · ((σi + σe)∇φe) = −∇ · (σi∇Vm)− Isi − Ise (1.11)

∇ · (σi∇Vm) +∇ · (σi∇φe) = β(Cm
∂Vm

∂t
+ Iion)− Isi (1.12)

Maintaining φe and Vm as independent variables is also advantageous for comparison with ex-

perimental data. φe can be measured via electrical probes and Vm via optical mapping techniques.

Eq.(1.11) and (1.12) can be reduced to the monodomain model by assuming equal anisotropy ratio

σi = kσe.

∇(σ∇Vm) = β(Cm
∂Vm

∂t
+ Iion) (1.13)

where σ now is :

σ = σi(σi + σe)
−1σe (1.14)

1.2. Cardiac arrhythmias

Cardiac arrhythmia denotes any disruption in the normal heart rate. A very common classifica-

tion divides arrhythmias according to the heart rate into two types: bradycardia and tachycardia.

The former represents arrhythmias with the heart rate slower then 60 beats per minute and the

latter represents arrhythmias in which the heart beats faster than normal, the limit being set

to 100 beats per minute. Both bradycardia and tachycardia can occur in ventricles and atria.

However, when trying to classify the arrhythmias according to the underlying mechanism of either

initiation or maintenance, there is no such clear limit as in the above case. It is possible to di-

vide them according to the mode of persistence to reentrant and non-reentrant arrhythmias [37].

Non-reentrant arrhythmias encompasses the arrhythmias caused by single repetitive event, such

are alternans, parasystole arrhythmia or AV block. Reentrant arrhythmias refer to arrhythmias

maintained via one or more circulating waves of excitation. The work exposed in this thesis is

based on the existence of a reentrant source of arrhythmic behavior. Therefore is convenient to

further review only the latter mechanism.

Reentrant arrhythmias can be divided into anatomical and functional. The idea that selfmain-

tained wave of excitation can underlay certain arrhythmias was first conceived in the early 1900
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separately, but almost simultaneously by English physiologist George Ralph Mines and American

physiologist Walter Garrey. Experiments performed by Mines on ventricular and atrial tissue of

various animals were inspired by findings of a zoologist Alfred Mayer who performed experiments

on subumbrella tissue of a jellyfish [38]. Mayer cut the tissue into rings and observed that if

appropriately stimulated, a single wave of contraction could propagate indefinitely in clockwise

or anticlockwise direction along the ring. Mines was first to suggest that this phenomena could

be linked to cardiac arrhythmias and performed similar experiments using the rings of cardiac

tissue [4, 39]. Mines observed that in order for the anatomical reentry to happen the following

conditions need to be met : existence of the intact anatomical circuit, unidirectional block and

the wavelength of the impulse needs to be shorter than the length of the ring. Fig. 1.4 explains

the basic mechanism of anatomical reentry. Fig. 1.4a shows a normal propagation, where the

impulse arrives from above and passes freely through both channels. Fig. 1.4b shows the example

where one channel has a region of slow conduction and long refractory phase. If a premature beat

has been triggered, it may stumble upon the refractory zone in the right branch. The propagation

is stopped, but the tissue continues to the state of relaxation. The wave emerging from the left

side, with no conduction block, continues, excites the left side and reaches excitable tissue in the

left branch. The excitation can then continue to circulate around the anatomical pathway. This

description fits the mechanisms of several important arrhythmias, among which are supraventric-

ular tachycardias observed in patients with Wolff-Parkinson-White syndrome and bundle branch

reentrant ventricular tachycardia. Garrey suggested that such reentry can exist without any

anatomical obstacle based on his experiments on turtle heart. Direct experimental confirmation

came in the work of Allessie et al. [40] who demonstrated that tachycardia in small pieces of

turtle heart can be maintained by circus movement without any anatomical obstacle. Reentrant

mechanism of some arrhythmias was also confirmed with potentiometric dyes [41–43] in the early

1990s and since then became a well studied phenomenon in experiments.

Concepts of reentrant arrhythmias. There are two concepts present in the literature regarding

the maintenance of reentry in cardiac tissue: the leading circle concept and the spiral wave the-

ory. The ”leading circle concept of reentry” was developed by Allessie [44] . Circular movement

follows the smallest possible path around an unexcitable tissue. The center of the circular path is

continuously excited by smaller wavelets emanating from the leading circle. The frequency of the

centripetal wavelets is thought to be higher than the frequency of the leading circle and therefore

render the core unexcitable for the leading circle. The resulting wavelength is close to the length

of the circle. It is unclear whether leading circle concept underlines arrhythmias. Research that

stemmed from excitable media showed that circular reentry can exist even with a large excitable

gap. These findings led to a new concept of functional reentry named spiral waves. Although very

similar to the concept of the leading circle, there are few important differences. A key concept

that marks the difference is the curvature of the spiral front. Each cell on the convex part of the

spiral wave front needs to stimulate more than one cell, as opposed to the concave part of the front

where each cell needs to stimulate less than one cell. As a result, convex part will propagate with

lower velocity then the concave part. At the tip of the spiral wave, the curvature is high enough

so it cannot propagate into the core around which it revolves. This marks another difference with

respect to the leading circle concept, namely, core of the reentry is excitable, but not excited. The

accumulated experimental, theoretical and numerical evidence supports the spiral wave theory of

reentry. In addition, spiral wave, viewed as a solution to a system of equations describing the
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excitable system, also has a three-dimensional analogue called the scroll wave. Heart myocytes,

in the end form a three-dimensional structure.

Important arrhythmias believed to be maintained by reentrant activity include ventricular tachy-

cardia (VT), ventricular fibrillation (VF), atrial tachycardia, atrial flutter and atrial fibrillation

[37]. As mentioned, tachycardia is characterized by high but regular heart beat, ranging from

100-200 beats/min. Flutter is associated with even higher rates than 250 beats/min, but still reg-

ular. Fibrillation is characterized by complete loss of coordination and thus proper contraction is

lost. Fibrillation is more dangerous when occurring in ventricles, rather than atria. If ventricles

cannot pump blood correctly, blood pressure drops to zero and if not treated within minutes,

death ensues. For this reason, there has been lot of research devoted to the study of initiation,

maintenance and termination of VF.

(a) (b)

Figure 1.4: Mechanisms of anatomical reentry. (a) Normal propagation, impulse arrives from

above and freely passes through both channels. (b) One channel has a region of slow conduction

and long refractory phase. If a premature beat has been triggered, it may stumble upon the

refractory zone in the right branch where the wave is stopped but the tissue continues to relax

toward the rest state. The wave emerging from the side with no conduction block, continues, and

if it reaches the initially refractory channel in the rest state, anatomical reentry is formed.

1.2.1. Ventricular fibrillation

Initiation of ventricular fibrillation. It is thought that ventricular fibrillation is a result of the

deterioration of the ventricular tachycardia. While VT is described with single reentrant wave, VF

is viewed as result of aperiodic and random reentrant waves. There are two hypothesis explaining

the VT/VF transition. First hypothesis, formed by Moe [45, 46], explains the VF initiation as

a result of heterogeneity in action potential duration and refractoriness. Moe performed simula-

tions on two-dimensional cellular automata with randomly distributed refractory periods. After a

train of sufficiently short external stimuli, cells with refractory period longer then the stimulation

period, are not recovered on time and fail to respond. This results in the fragmentation of the

waves and the onset of VF. In addition, VF is associated with diseases that affect the structural or

electrophysiological changes of the heart tissue like coronary artery disease or cardiomyopathies.

These diseases cause changes in refractoriness. Second hypothesis regarding VT/VF transition,
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called also the restitution hypothesis, relates the alternans with steep action potential duration

(APD) restitution. APD and conduction velocity (CV) restitution curves relates APD or the CV

to the previous diastolic interval. Electrical alternans denote alternate-beat variation in the di-

rection, amplitude, and duration of any component of the ECG waveform. Restitution hypothesis

initially claimed that a APD restitution curve with a slope greater then one leads to the creation

of alternans [47, 48]. More recent studies revealed that the slope greater than one might not be a

sufficient condition for the spiral breakup to occur. A more accurate description should include

other factors such as electrotonic coupling, CV restitution, cardiac memory, range of diastolic

intervals for which the slope is greater than one, etc.[49–55].

Maintenance of ventricular fibrillation. There are two main hypothesis regarding the mainte-

nance of VF in the heart tissue, both supported by experimental and numerical findings. Multiple

wavelet hypothesis describes the state of fibrillation as maintained by wandering and short-lived

reentry patterns. These wavelets can either be extinguished by colliding with another wavelet

or non-conducting barrier or fractionate into daughter wavelets. This hypothesis was formed by

Moe in the aforementioned paper [46]. Significant amount of experiments is performed supporting

multiple wavelet hypothesis [56–59]. For example, more recent work by Choi et al. [57] analyzing

frequency distribution in a fibrillating tissue, found it consisted of dynamically changing frequency

blobs with a short life span. Second hypothesis is called mother rotor hypothesis and was first

proposed by Lewis [60] in 1925 and later by Gurevich [61]. According to this hypothesis, fibril-

lation is maintained by a single stable rotor which can also give rise to smaller wavelets on the

periphery of the main spiral. The smaller wavelets are caused by refractory tissue, i.e. excitation

emanating from the fast central rotor is unable to excite equally all areas, so it breaks on the

refractory tissue, causes the conduction blocks which leads to the formation of the smaller rotors

on the periphery of the mother rotor [62]. This description has also found the confirmation in

the experimental findings [63–65].

These two descriptions are to an extent similar as they involve the reentrant pathway(s) as an

underlaying source for the fibrillation. One difference could be emphasized: if the single rotor

drives the VF, then the VF could be stopped by stopping the main source, while this could not

be possible if the multitude of reentrant sources drives the VF. Compatible with the mother rotor

hypothesis, Häıssaguerre performed successfully radiofrequency ablation in 27 patients with idio-

pathic VF [66]. Another possible possible explanation was offered by Wu [67]. The study used

Langendorff-perfused rabbit hearts to test the hypothesis that the two types of VF can occur in

the same heart under different conditions. Authors describe two types of VF: (1) type I is asso-

ciated with steep APD restitution, flat CV restitution ; (2) Type II is associated with flat APD

restitution and a broad CV restitution as a result of low excitability. Type II is characterized by

large and repeatable pattern of epicardial activation with occasional wavebreaks thus resembling

to the mother rotor description of the VF. Type I is characterized by randomly changing pat-

terns of activation consistent with the previously published results supporting wandering wavelet

hypothesis of fibrillation [57, 57, 58].
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1.3. Defibrillation

The application of external electrical stimulus to cardiac tissue for therapeutic purposes has

proven to be indispensable for treating certain heart pathologies. We might say that the use

of clinical tools like defibrillation or pacing has preceded the understanding of the basic mech-

anisms of the underlaying processes. However, all the methods used have serious shortcomings

and the desire to improve the efficiency and safety of these commonly used clinical approaches

has motivated active research in the past and present century. Here we will review briefly the

advances in the field of the design of defibrillation protocol and existing defibrillation theories.

Defibrillation is a procedure where controlled electrical energy is applied to the myocardium in

order to terminate an unstable or pulseless rhythm [68]. To this days, defibrillation is the only

available treatment for ventricular fibrillation. Defibrillators can be implanted (ICD), external

or wearable. State of the art external defibrillators typically deliver 150 J [69] of energy and

implanted 30-40 J [70]. Design of defibrillation devices is based mainly on empirical experience

or extremely simplified models of RC circuit representing cardiac cell membrane. Theories and

hypothesis of the defibrillation mechanisms have established that in order for the stimulus to be

efficient it must fulfill the following conditions [4, Ch. 4.4] :

Terminate all or most wavefronts that sustain VT/VF

Not reinduce VT/VF

Suppress sources of VT/VF if they are focal in nature;

Not suppress post-shock recovery of the normal sinus rhythm

A historical note

Early origins of the defibrillation can be attributed to the research of Prevost and Batelli. In

experiments performed in 1899 using capacitor discharge waveform on animal, authors observed

that weak current induced ”ventricular tremulation” and stronger current reversed the affect,

enabling heart to perform regular contractions again [71]. This life-saving result was shelved

until the early 1920 when Consolidated Electric Company of New York City funded research to

deal with the alarming number of fatal electric accidents among its workers [72]. This enabled

Hooker, Kouwenhoven and Langworthy to study direct effects of electricity on the heart. Initially

unaware of the Prevost and Batelli discovery, the authors confirmed their results on a series of

experiments performed on open chest dog heart using AC current shock [73, 74]. In 1946 surgeon

Claude Beck (Case Western Reserve University in Cleveland, Ohio) performed first successful

defibrillation on a human [13]. A 14 year old boy was undergoing a open chest surgery for severe

congenital funnel chest. During the closure, the pulse stopped and blood pressure went to zero.

After a 30 minutes manual heart massage, AC internal defibrillator designed by Beck, arrived.

The first shock resulted unsuccessful, but after a second try a feeble pulse was observed. Three

hours after, the boy was awake and lucid. He suffered no neurological damage. This significant

result was publicly advertised and further research was undergoing. Next big leap was the closed

chest defibrillation and it was undertaken almost simultaneously by Kouwenhaven and Zoll in the

mid 1950s. Interesting to note, it was general opinion at the time that closed chest defibrillation
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Figure 1.5: Schematic review of the defibrillation waveforms. Capacitor-discharge waveforms

were used in experiments of Prevost and Batelli that resulted in the first published description of

defibrillation. Lown waveform or damped sinusoidal was achieved by capacitor discharge through

an inductance. Alongside truncated capacitor discharge waveform, it was a standard waveform for

defibrillation until late 1980s. Today, most common waveform is the truncated capacitor discharge

waveform used in a biphasic protocol. Rectangular waveforms are mainly used in theoretical or

numerical calculations. Ascending exponential waveform is currently present only in the research

papers. Though experimental and theoretical evidence suggest that this form is superior to both

descending and rectangular waveform, technical difficulties for now prevent the use in clinical

settings.

is not possible since necessary current to accomplish defibrillation would cause damage to the

patient [4, Ch.1.2]. Both Zoll and Kouwenhaven defibrillators used AC current and contained

transformer used to step up the line current from 110V up to 1000V. The use of transformer made

the defibrillator weigh more then 100 kg which limited the portability and use to the hospital

setting. Portability problem was solved by Bernard Lown in 1960s who developed a defibrillator

that used DC [75]. This allowed for battery operation and eliminated the need for heavy trans-

former allowing for a design of a portable device. Soon the idea of implanted defibrillator began

to develop [76, 77], again despite the overall resistance in the medical community. In 1980 team

led by Mirowski [78] succeeded in first human implant with a device of a size roughly a deck of

cards and weighing 250g [4, Ch.1.2]. Further accomplishments were achieved by optimizing the

defibrillation wavefront. This was an important problem for internal defibrillators, since higher

energy defibrillation requires a larger defibrillator. It would be unfair not to mention the de-

velopments made in the former USSR started by Lina Shtern, a former student of Prevost and

Batelli. Shtern’s student, Gurevich, together with his colleague Yuniev, during 1938-1939 period

developed a method for transthoracic defibrillation on animals using capacitor discharge pulses

[4, Ch.1.2]. Gurevich was the first to recognize advantage of DC over AC waveforms. He was also

the first to apply a biphasic waveform, which by 1950s he adapted to humans.

1.3.1. Defibrillation waveforms

Important classification of the defibrillation waveforms is the division to monophasic, biphasic

or other multiphasic protocols. A monophasic protocol maintains the polarity of the electrodes

during the shock application, while in biphasic protocol polarity of the electrodes is reversed

during the shock. With triphasic protocol the polarity is switched two times etc.

Each protocol in addition can be have a different waveform. A variety of monophasic waveforms
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is shown in Fig. 1.5. Until early 1990s external defibrillators came with either monophasic

damped sinusoidal waveform also called Lown waveform or truncated exponential waveform also

called trapezoidal waveform . The latter were truncated because it was shown that the long

tail of the exponentially decaying waveform can refibrillate the heart [79]. It is interesting to

note that Lown waveform has a small negative component, so technically is not monophasic.

Today, truncated exponential is the most employed waveshape in the modern defibrillators. The

exclusion of inductor, needed for damped waveshape, reduces the overall size, a very important

parameter in design of implanted devices. Truncated exponential waveforms can be described

with three parameters : initial voltage Vi, final voltage Vf and duration or tilt. Tilt is defined

with expression :

Tilt = 1−
Vf

Vi
(1.15)

Therefore, a waveform can be truncated either by duration or tilt. In practice, it is also possible

to tune the defibrillator parameters to produce the approximately rectangular waveform which is

commonly used in theoretical approaches. Presently, under investigation is another type of wave-

form, truncated ascending waveform shown in Fig.1.5. First theoretical results were presented

by Fishler [80] who used a simple RC representation of the myocardium to show that ascending

defibrillation waveform are superior to both descending and rectangular waveforms. To some

extent, this result has been confirmed experimentally. Namely, experiments comparing ascend-

ing ramp waveform with traditional waveforms [81–84] found supremacy over both rectangular,

truncated exponential descending waveform or descending ramp. Shorofsky, for example, studied

biphasic waveforms in which a first phase is a ramp ascending waveform [83] . When compared to

an optimized biphasic waveform, authors reported a decrease in delivered energy at defibrillation

threshold (DFT) of 18% and reduction of peak voltage at DFT of 24%. However, this is only

one of many other combinations of ascending waveform that are not investigated. What is the

optimized ascending waveform or what is the optimized combination of ascending and possibly

other waveform is not known.

Research performed in the late 1980s showed that biphasic waveforms can be superior to the

monophasic ones [23, 24, 85–89]. Initially used only with ICD devices, biphasic waveforms be-

came standard with external application also. Optimum monophasic and biphasic shocks deliver

200J and 150J of energy, respectively [89]. However, not every biphasic waveform is superior to

monophasic of the same duration. The duration of the second phase has proven to be crucial.

For the biphasic shock to be superior to monophasic, duration of the second phase needs to be

shorter then the duration of the first phase [87]. It is not completely understood why biphasic

are more efficient than monophasic waveforms.

Defibrillation efficacy

Defibrillation threshold (DFT) is defined as minimum energy or voltage required to successfully

terminate ventricular fibrillation [90]. However, due to complex heart structure and chaotic nature

of fibrillation, defibrillation is best described as a probabilistic phenomenon. Defibrillator with

equal output applied consecutively to the same patient or to two different patients might not
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Figure 1.6: Defibrillation threshold is a term used often to denote the minimum shock strength

necessary to achieve successful defibrillation. As first noted by Schuder et al. [91], defibrillation

threshold is not a single defined value, as might be implied by the word threshold. Instead, success-

ful defibrillation as a function of the applied shock strength can be described with a sigmoid-shape

curve [91]. One can then define defibrillation thresholds associated with different percentages of

success. For example E50 denotes the shock strength necessary to achieve percentage of successful

defibrillation of 50%.

result in the same outcome. Therefore, defibrillation threshold is not a threshold in the usual

sense of the word with a defined cutoff for successful defibrillation, but a probability function of the

defibrillator input. It was first noted by Schuder [91] that there exists a sigmoid-shape curve that

represents percent-successful defibrillation versus shock strength for a particular shock duration.

This curve is usually called dose-response curve in analogy to dose-response curve for drugs.

Therefore, we could speak of defibrillation threshold associated with different success rate, i.e.

90% success rate or 50% success rate. An example of defibrillation dose-response curve is shown in

Fig. 1.6. Defibrillation success as a function of shock strength is described in terms of percentage

of success. One can define defibrillation thresholds corresponding to different percentages of

success. For example E25 is the shock strength necessary to achieve successful defibrillation in 25%

of the cases. Clinical evaluation of dose-response curve has obvious difficulties since it requires

multiple episodes of fibrillation/defibrillation trials. In clinical setting, usually DFT is tested

using small number of trials, starting from the highest to lowest energy to defibrillate successfully

(or vice versa). Several experimental studies have compared clinical defibrillation threshold and

defibrillation threshold given by dose-response construction [92–94]. Overal conclusion is that

experimental or clinical threshold corresponds to 50-60% percent success (E50-E60).

Modelling defibrillation waveform

To this day it was not possible to design optimal defibrillation waveform based on first prin-

ciples. Up to now, only model successfully clinically applied [4, Ch. 6.1] is based on viewing the
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(a)
(b)

Figure 1.7: Walcott et al. [95] used the RC model to predict the optimal truncated exponential

decay waveform. (a) Upper panel shows the waveform shape that is truncated at different times :

1,2,3,4,5,6,7,8,10 ms. Lower panel shows the model response, V(t). V(t) increases, until reaching

a peak after which it begins to decrease. It is hypothesized that the optimal monophasic waveform

needs to be truncated at the time V(t) reaches a maximum. (b) It is hypothesized that the optimal

duration of the first phase biphasic is optimal monophasic waveform. Phase 1 is truncated at

6ms. The role of the second phase is to return the response back to the initial baseline. The

model response does not change polarity until phase 2 duration is longer than 2ms.

cell membrane a simple RC circuit proposed by Blair in 1932 [97, 98]. Membrane is modeled

to have capacitance Cm, passive resistance R and thus a membrane constant τm = RC. Most

commonly used value for membrane time constant is 3.5ms [4, Ch. 6.1]. Experimental studies

on animal and human report values in the range of 2-5ms [87, 99, 100]. The voltage across RC

circuit is calculated during the defibrillation shock of certain duration. The relative efficacy of

the RC model response is then determined according to two assumptions : (1) for monophasic

and first phase of the biphasic shock, the shock must maximize the voltage change in the cell

membrane at the end of the shock for given stored energy; (2) Optimized second phase of the

biphasic shock returns the voltage back to the zero potential, removing the charge deposited by

the first phase [101], the process also called the charge burping. Despite the simplicity, the main

predictions of the waveforms based on this model [101–103] have been confirmed experimentally

[95, 104, 105, 105–107]. To complete this section, we cite the work done by Walcott et al [95] in

which optimum defibrillation waveform is determined based on the aforementioned Blair model.

The authors extended the Blair model by using exponentially decaying waveform rather than

the rectangular waveform used originally. Fig. 1.7 shows basic principles of the Walcott model.

Upper panels show the waveforms applied across the RC circuit and the lower panels show the

response of the RC system. It is hypothesized that the optimal monophasic shock is truncatated

at the time that corresponds to the maximum value of the model response. Regarding the bipha-

sic shocks, the model predicts the optimal truncation of the second phase that corresponds to the

time that the model response is brought back to zero.

Another approach to duration-wise optimization of defibrillation waveform is based on strength-
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Figure 1.8: Adapted from [96]. Graph shows current, charge and energy necessary to elicit a

stimulus in a resting tissue as formulated by Weiss and Lapicque (Eq.(1.16)). Current is applied

with a rectangular current pulse. All three strength-duration curves are normalized. The two

broken line serve to show chronaxie (c) and rheobase (b). Horizontal broken red line denotes the

rheobase, the current of the infinitely long pulse. Chronaxie is defined as time corresponding to

current equal to that of twice the rheobase.

duration relationship stemming from the stimulation theories developed in the beginning of the

20th century. The hypothesis behind this connection of tissue stimulation and defibrillation is

that the heart responds to stimulation pulses and defibrillation pulses in a quantitativly similar

fashion [95]. Fundamental law of stimulation was developed by Hoorweg, Weiss and Lapicque.

The latter described the relationship between a stimulus duration d and current I necessary to

elicit a response with a hyperbolic expression :

I = b(1 +
c

d
) (1.16)

where b denotes the rheobase current and c the chronaxie time. Rheobase is the current cor-

responding to infinitely long pulse and chronaxie is defined as pulse duration corresponding to

twice the rheobase current. Fig. 1.8 shows a normalized strength-duration curve for current,

charge and energy that follow from the Weiss-Lapicque model (Eq. (1.16)), as first shown in

[96]. The results shown in Fig. 1.8 correspond to a square wave pulse. For square wave pulses,

minimum energy occurs for pulse duration equal to chronaxie [96]. Starting from Weiss-Lapicque

equation, Kroll [102] found that optimum pulse duration for capacitive-discharge waveform is :

d = 0.58c+0.58τS , where τS = RC, R is the pathway resistance and C is the device capacitance.

Blair model gives a similar form of strength-duration relationship

I = b
1

1− e−d/τm
(1.17)

where d is pulse duration, τm membrane time constant and b the rheobase current. Theoretically,

membrane time constant is related to the chronaxie time [108] : c = 0.69τm. The existence of
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the rheobase current implies that there is a current below which there cannot be a successful

defibrillation. At the same time, most cited parameter used to optimize the wavefront or describe

the defibrillator is the energy. It is obvious that this is not the optimal choice since energy

does not describe the ability to defibrillate the heart. A shock may have energy high enough to

defibrillate, but if the current is below rheobase current, defibrillation will not be successful.

1.3.2. Electrical stimulation of cardiac tissue

Experiments performed on cardiac tissue have shown that external shock can cause changes

in transmembrane potential in the bulk tissue, many centimeters away from the stimulating elec-

trodes. These changes will lead to new propagating potentials, conduction blocks or prolongation

of action potentials and ultimately to failure or success of the shock. Several mathematical formu-

lations have been proposed to explain the mechanisms by which shock elicits changes throughout

the cardiac tissue. The cable model has explained the bulk excitations with the so called sawtooth

pattern and bidomain model with the virtual electrodes.

Insights from the cable model: the sawtooth pattern

The cable model is the one-dimensional predecessor of the bidomain model. Extra- and intra-

cellular spaces are formulated as one-dimensional low-resistance medium separated with a highly

resistive membrane. When a defibrillation shock is applied, the cable model predicts that the

tissue near the anode will be hyperpolarized and tissue near the cathode will be depolarized. The

magnitude of both changes will decrease exponentially from the electrode site. The membrane

length constant was found to be in the range 0.5-1 mm [109, 110]. Thus the bulk tissue would

be left unaffected by the shock. In the study done by Plonsey [111] the intracellular space of the

cable model is divided by a series of high-resistance barriers envisioned to model the gap junc-

tions. The response of the system to the external stimulus resulted in change of transmembrane

potential on every gap junction resistance site. Upon reaching the resistive barrier, the current

is forced to leave the intracellular space and enter again on the other side of the barrier. For the

cell nearest to the anode, the membrane will be depolarized and hyperpolarized on the end closer

to the cathode. With this pattern repeated in every gap junction site the overall appearance of

the one-dimensional response was the sawtooth pattern, hence the name of the model. However,

the major difficulty with the predictions of the sawtooth model is the experimental verification.

In order to separate the influences of different types of tissue inhomogeneities Fast [112] used cul-

tured monolayers of neonatal cells and optical mapping techniques to measure the results. The

results showed complete absence of the abrupt change of δVm on the cell borders. However, when

similar experiments were repeated with tissue including intercellular clefts, results were consistent

with the predictions of the sawtooth model. Cells depolarized on the anodal side of the cleft and

hyperpolarized on the cathodal site of the cleft. These findings were confirmed in the study done

by Zhou et al. [113] in which double barrel microelectrode was used to measure δVm along guinea

pig papillary muscle. The exception to these experimental limitations of the sawtooth model are

the experiments done with single cells [114].
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Bidomain model: the virtual electrodes

Virtual electrodes denote the regions of positive and negative polarization of the tissue that

are produced during the stimulation of the tissue, but away from the stimulus site. Virtual cath-

ode refers to the sites of positive polarization change and virtual anode to the sites of negative

polarization change. This phenomenon, although not termed like that, was first identified exper-

imentally. Hoshi and Matsuda, in 1962, studying the excitability of Purkinje fibers, suggested

that anodal stimulus could cause cathodal effects in the vicinity of the electrode and vice versa

for the cathodal stimulus. Also, in 1970, Wiederholt et al., studying the electrical stimulation of

the nerve observed that sufficiently long stimulus can give rise to propagation of the wave at some

distance from the electrode. These experimental results were in obvious disagreement with the

predictions of the cable theory, but the multidimensional bidomain model proved to be able to

accomodate these phenomena. Experimental evidence suggest [115] that conductivity of the heart

tissue is anisotropic for both extra- and intracellular tissue. The conductance is higher in the

direction of the fiber than in the direction perpendicular to the fiber. (σil=0.17 S/m,σit=0.019

S/m, σel=0.62 S/m,σet=0.24 S/m). The anisotropy ratio of the intracellular (σil/σit) and extra-

cellular (σel/σet) space differ and this fact proved to be the cause of the above phenomena. The

paper by Sepulveda et al. [116] described numerical experiment using bidomain model with pas-

sive properties of the two dimensional tissue in which unipolar stimulus is applied to tissue with

equal and unequal anisotropy ratios. The results revealed that spatial distribution of currents

and potentials is significantly different for the two cases of anisotropy ratios. For the case of equal

anisotropy ratio, transmembrane potential decayed monotonically with increasing distance from

the electrode. The tissue with unequal anisotropy ratio resulted with adjacent areas of both hy-

perpolarized and depolarized tissue, despite the fact the stimulus was unipolar. The area under

the cathodal stimulus was depolarized, as expected. Approximately 1-2mm from the stimulus

site two virtual anodes were located symmetrically around the stimulus site. This characteristic

position of negatively and positively polarized regions resulted in the name ”dog-bone” pattern.

Several years later, optical mapping studies performed by three groups [18, 117, 118] confirmed

these theoretical predictions.

1.3.3. Defibrillation theories

Critical mass hypothesis

The critical mass hypothesis assumes that the basic mechanism behind the defibrillation is

that the shock induces depolarization of refractory and rested tissue. Activating fronts collide

with the unexcitable tissue and cease to exist. According to this hypothesis, in order for the heart

to be defibrillated, not all the myocardium needs to be stimulated, only a critical mass. This

notion was first observed by Garrey [119] in 1914 and later expanded in experiments performed

by Zipes [120] and Witkowski [121]. Garrey observed that around 75% of the fibrillating mass

needs to be removed before fibrillation ceases. Zipes studied induction of fibrillation in canine

hearts. He used epicardial electrodes to record electrical activity. A hyperkalemic infusion was

infused to selected parts of the coronary artery. The role of the hyperkalemic solution was to

depolarize the tissue and subsequently render it unexcitable. It was found that as the percentage
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of depolarized tissue increased, the probability of defibrillation also rose. The authors also noted

that fibrillation would continue in the remaining parts of the myocardium, not affected by the

hyperkalemic solution, but cease briefly. The conclusion ”Therefore, the remaining number of

excitable cells represented a critical mass insufficient to maintain fibrillation” [120]. Witkowski

undertook another comprehensive experimental study to test this hypothesis. The experiment

was designed to record voltage gradient generated by the shock at 120 locations on left and

right ventricles. The authors find that for ”subthreshold defibrillation shocks, multiple areas were

found fibrillating and VF resumes initiated from multiple sites. As one approaches defibrillation

threshold, greater volumes of fibrillating tissue are terminated with resultant smaller areas left

fibrillating, and the locations of these residual areas lie in the regions in which the voltage gradient

produced by the shock is the lowest”.

Upper limit of vulnerability hypothesis

The upper limit of vulnerability hypothesis states that the defibrillation shock needs to be

strong enough to stop all existing fronts, but also small enough not to induce new ones. Fabiato

and colleagues [122] were the first to observe a correlation between defibrillation threshold and

what is now called upper limit of vulnerability (ULV). Fibrillation was induced in canine hearts

by delivering external stimulus during the T-wave of cardiac cycle. As the shock energy was

increased, it was harder to induce the VF up to a limit above which it was not possible at all to

induce VF. Thus, induction of fibrillation by premature stimulus not only has lower limit, but also

has a upper limit, later called upper limit of vulnerability. In addition, they found that strength

of upper limit was similar to defibrillation threshold. The latter was also confirmed in other

experiments. This finding was further broadened by experiments of Chen and colleagues [22, 123–

126]. Using electrical mapping technique experiments revealed that failed defibrillation shocks

are followed by cessation of electrical activity (for 64±22ms) after which ventricular fibrillation

ensues again [123]. The successful defibrillation is followed by longer window of quiescent electrical

activity (339±292). This was in direct contradiction with critical mass hypothesis. The ULV

hypothesis proposed that in order for the defibrillation to be successful, it must halt all the

existing fibrillating fronts, but also it must not induce new ones. Given the correlation between

defibrillation threshold (DFT) and ULV, it was reasoned that the same mechanism inducing VF

can underlay defibrillation process. If the VF is sustained by reentry, then some portions of the

myocardium are in the vulnerable phase. Therefore, it is possible that the external shock induces

new fibrillating fronts. According to the ULV hypothesis, potential gradient caused by the shock

needs to be greater then the ULV throughout the fibrillating tissue. The question brought up

was how does the external stimulus induce new fibrillating fronts not present prior to shock. The

answer was offered by progressive depolarization hypothesis.

Progressive depolarization hypothesis

The progressive depolarization hypothesis, also known as refractory period extension hypoth-

esis, was proposed by Dillon and Kwaku [127] and is based on the their optical mapping studies.

It incorporates elements of both critical mass and ULV hypothesis in an effort to unify the differ-

ences of the two proposed hypotheses. Dillon and Kwaku observed that, defibrillation shock, if

sufficiently strong, will elicit a propagating front. At the same time, shock will prolong repolariza-
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tion and refractory period of the myocardium. The strength of the shock will determine the area

of the shock-depolarized myocardium. In summary : (1) Progressively stronger shock depolarize

(2) Progressively more refractory myocardium to (3) Progressively prevent postshock waveforms

and (4) prolong and synchronize postshock repolarization, in a (5) Progressively larger volume of

the ventricles, to (6) Progressively decrease the probability of fibrillation after the shock.”

Virtual electrode theory of defibrillation

Previous theories of defibrillation have accounted for the stimulatory effect (tissue depolariza-

tion) of the defibrillation. As a consequence of that, action potential will be prolonged if the tissue

is found in refractory state or a new AP will ensue if the tissue was excitable. Virtual electrode

theory of defibrillation takes into account an additional effect of the shock: hyerpolarization of

the tissue by the shock. Hyperpolarization can shorten the action potential duration, a process

that is called de-excitation. If de-excitation is followed by another excitation, the event is called

re-excitation. Virtual electrode theory of defibrillation takes into account that a shock can induce

a reentrant arrhythmia and assumes that ”defibrillation shock will fail because they either leave

the fibrillating myocardium unaffected or because they produce a new reentrant arrhythmia”. The

key factor in the arrhythmia induction is the hyperpolarization induced de-excited tissue that can

serve as a substrate for new reentrant wave. A monophasic shock will result in hyperpolarized

and depolarized regions adjacent to one another. Depolarized region will interact electrotonically

with the hyperpolarized region to create a new wave of reentry in a process called break excitation

[19, 128]. Thus every virtual anode created during the shock can serve as an excitable gap for

a reentry pattern. If the post-shock excitable gap is not eradicated on time, defibrillation fails.

Higher shock strength will create a higher gradient between negative and positive polarizations

which will lead to smaller latency of break excitations [129]. Higher shock will also cause higher

propagation velocity of the break excitations [130]. Thus, a break excitation with a higher shock

strength will move through excitable gap faster and reach depolarized tissue by the (virtual)

cathode faster. If the shock is high enough, the returning depolarization wave will encounter the

refractory tissue which will impede further propagation. The shock of smaller strength will lead

to smaller velocity of the break excitation and the returning wavefront will encounter the tissue

in the rest state thus allowing for the reentrant pattern to ensue.
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Chapter 2

One-dimensional ring as a model to

study defibrillation

In this thesis our main concerns are the underlaying mechanisms behind the defibrillation

process. Prior to the application of the external stimulus, the cardiac tissue is in a completely

disordered state, considered to exhibit spatio-temporal chaos. The application of high external

shock to this highly disorganized system, i.e. defibrillation, is done in order to reset the dynamics,

i.e. to allow to the sinoatrial cells to set the regular pace again. What are the processes that are

taking place between the initial chaotic dynamics and the posterior resting state are not com-

pletely known. The parameter space of the whole-heart simulation is huge and three-dimensional

simulations computationally expensive. Therefore, it seems reasonable to start with a (relatively)

simpler model. Reentrant wave in one dimension is often employed as a simplified model of reen-

trant waves in higher dimensions. As such, this simplification of tachyarrhythmic behavior was

also used to study interaction of reentrant dynamics with external stimuli. Starting with the

work by Glass and Josephson [27], in which one dimensional geometry was used to study anni-

hilation and resetting of reentrant wave, it was further broadened by inclusion of heterogeneities

and multiple stimuli [131–136].

The numerical experiments described in this thesis use a one-dimensional geometry to test

for different shock protocols and elucidate the underlaying dynamics. The circulating wave that

is present prior to the application of the external shock mimics the reentrant properties of the

tachyarrhythmias and the fibrillation. Fig. 2.1 depicts the scheme of the numerical experiments

performed here. Ring-like structure denotes the circulating wave on a ring. The darker shading

corresponds to the depolarized front and lighter colors correspond to the back and to the parts of

the ring in the resting state. Two oppositely placed arrows denote electrode locations where the

stimulus is applied. The two electrodes are opposite in polarity so that the total external current

is equal to zero. The shock is applied and the events that ensue lead either to the successful or

unsuccessful result. The shock is evaluated unsuccessful if, after a certain lapse time, a circulating

wave front is still observed. If the dynamics has ceased and the ring is in the resting state, the

shock is considered as successful.

In this chapter we will introduce the details of the one-dimensional system representing the

arrhythmic dynamics and the numerical experiment design to study defibrillation protocols.

21
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Figure 2.1: Scheme of a typical numerical experiment performed in this thesis. A shock is applied

to a wave circulating in counter-clockwise direction. One-dimensional geometry with periodic

boundary conditions mimics the reentrant properties of tachycardia and fibrillation. The shock

is evaluated successful if all the activity has ceased and unsuccessful if a reentrant wave is still

found after a certain lapse of time.

2.1. Cellular model

Active properties of the cell membrane are described using the Beeler-Reuter model [137]

with two modifications to account for the phenomena occurring during defibrillation, namely

electroporation and anode break phenomena. Fig. 2.2 shows a schematic view of the currents

and corresponding gates (in brackets) included in the simulations. The currents depicted with

black arrow correspond to the Beeler-Reuter model [137], the red arrows denote the additional

currents to account for electroporation and anode break phenomena and the gate colored in green

represents a change done to achieve a chaotic dynamical state [138] on the one-dimensional ring.

The sum of all ionic contributions as used in simulations is given by Eq.(2.1). The first four

members are part of Beeler-Reuter model, Ifu denotes the current associated with the anode

break phenomenon and Iep the electroporation current.

Iion = INa + Is + Ix1
+ IK1

+ Ifu + Iep (2.1)

2.1.1. Beeler-Reuter model

The Beeler-Reuter model, formulated in 1977, was the first model that described dynamical

behavior of ventricular cells. The model has served for a large number of important discoveries

[128, 139, 140]. It is still widely used today, mainly due to significantly lower computational

cost with respect to newer and more detailed models for cardiac cells. The original Beeler-Reuter

model describes four currents: fast inward current carried by sodium ions INa, slow inward carried

mainly by calcium ions Is, time-independent outward potassium current IK1
and a time-dependent
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Figure 2.2: A schematic diagram showing the currents and associated gates. Black color depicts

the original Beeler-Reuter model, green the modification done in order to render the dynamics

chaotic and red the modifications to account for defibrillation induced phenomena: electroporation

(Iep) and anode break phenomena (Ifu).

outward potassium current Ix1
(see Eq.(2.2)). In addition, the model also incorporates a basic

description of intracellular calcium concentration dynamics Eq.(2.3). The gating dynamics is de-

scribed with the Hodgkin-Huxley formalism Eq.(2.4). Besides the transmembrane potential Vm,

the Beeler-Reuter model uses seven state variables : [Ca2+]i, the intracellular calcium concen-

tration, d the calcium activation gate, f the calcium inactivation gate, m the sodium activation

gate, h sodium inactivation gate, j sodium inactivation gate, x1 potassium activation gate.

IBR = INa + Is + Ix1
+ IK1

(2.2)

d[Ca]i
dt

= −10−7Is + 0.07(10−7 − [Ca]i) (2.3)

dy

dt
=

(y∞ − y)

τy
(2.4)

The parameters of the Beeler-Reuter model were fitted to experimental data obtained in the

normal physiological range. When an external stimulus is applied to the cardiac tissue, the

transmembrane potential reaches values much higher or lower with respect to the ones observed

in normal conditions. What are the effects of elevated values of Vm and how numerous adverse

effects associated with defibrillation are produced is not yet fully understood. However, some

phenomena are described in the literature and both numerical and experimental studies have

demonstrated that they indeed do play a role in defibrillation process. For that reason, we have

modified the original Beeler-Reuter model.
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Figure 2.3: Comparison of simulation result with and without electroporation current in the one-

dimensional model used in this thesis. Here, the electroporation current Iep is modified following

the work by DeBruin and Krassowska [141].

2.1.2. Electroporation

Electroporation is an abrupt increase in the conductivity of the cell membrane due to the

presence of a large external electrical field. For the case of lipid bilayer membrane the increase in

membrane conductance is from five to six orders of magnitude [4]. This increase in the membrane

conductivity is achieved by the formation of unselective, water filled pores in the cell membrane.

The process can end with the pores resealing in which case the membrane is enabled to form the

pores in subsequent similar conditions, or it can end in mechanical rupture of the cell membrane.

The presence of electroporation for myocardial cells was found experimentally on single cell [142,

143] and tissue level [144–146]. The size of the created pore is of the order of the nanometer

and the time scale associated with the creation and growth of a single pore is of the order of

microseconds. Thus experimental study of the electroporation process was hindered by the spatial

and time scales of the pore creation. Electroporation is usually considered as an undesirable effect

of the defibrillation stimulus. However there are experimental and numerical studies showing both

profibrillatory and tissue damage effects of the electroporation [147] as well as the anti-arrhythmic

effects [146].

Experiments have shown that the saturation of the transmembrane potential with increasing

strength of the external electric field. Specifically, experiments performed by Zhou et al. on guinea

pig papillary muscle showed the saturation of the Vm for field strengths greater than 7V/cm [148].

This behavior was not reproduced with known physiological models of the membrane kinetics.

DeBruin and Krassowska suggested that this behavior might be attributed to the electroporation

and developed a formalism in which an electroporation current (Iep) depends on the opening

and resealing of pores and has a nonlinear dependence on Vm. Electroporation conductance is

an instantaneous function of Vm based on the Planck-Nernst equation for movement the of ions

through the membrane. It is described with a first-order differential equation for pore creation

kinetics. The electroporation current Iep as modeled by DeBruin and Krassowska [141] was

incorporated to the present cellular model. Fig. 2.3 shows a comparison of the maximum Vm

value on a one-dimensional ring with and without the incorporation of electroporation current.
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From Fig. 2.3 it appears clearly that without the inclusion of electroporation, the maximum Vm

grows linearly with increasing stimulus, while with the inclusion of the electroporation current,

the maximum Vm saturates.

Iep = gp(Vm)NVm (2.5)

dN

dt
= αeβ(Vm)2(1−

N

N0
e−qβ(Vm)2) (2.6)

where gp is the conductance of a single pore and N is the number of pores per unit membrane

area, N0 is the number of pores per unit area for Vm = 0, and α, β and q are physical parameters.

The values of these parameters are α = 200.00cm−2ms−1, β = 6.25 · 10−5mV−2, q = 2.46 and

N0 = 1.5 · 105cm−2.

2.1.3. Anode break phenomena
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Figure 2.4: Ifu current is modeled with one gate variable following the Hodgkin-Huxley dynamics.

An additional gate is also added to the IK1 current. a) Asymptotic values and b) Time constants

of the added gates for the Ifu current.

Experiments on mammalian ventricular tissue have shown that both cathodal and anodal

stimulus can excite the tissue during (make excitation) or upon (break excitation) the termination

of the external stimulus [149–151]. Cathodal stimulation is readily explained as the tissue beneath

the electrode is directly depolarized. Anodal stimulations presented a curious paradox since the

tissue beneath the electrode is hyperpolarized during the stimulus application. To this day there

are two possible and mutually compatible explanations, one based on electrotonic effects and

the other on the active membrane properties. The first explanation was developed with the use

of simulations with bidomain model on two-dimensional cardiac tissue [116, 128]. It was shown

that in the case of the tissue with unequal anisotropy ratio, virtual cathodes and anodes can

be produced in the vicinity of the stimulus site. It was seen, that upon the termination of the

anodal stimulus, excitation formed in virtual cathodes would diffuse into the area hyperpolarized

by the anode, where the sodium channels were excitable and spread thereon. However, this

hypothesis could not explain anode break phenomena on the single cell level, which was reported

in experiments performed Ranjan et al. [151] on canine, rat and guinea pig ventricular myocytes.
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In the paper by Ranjan et al., the authors propose the mechanism for the anode break phenomena

that involves the appropriately timed dynamics of two membrane current. First, time independent

potassium current IK1 is blocked as the transmembrane potential becomes more hyperpolarized.

As reported in [152], the blocking is both time and voltage dependent, being faster as the voltage

becomes more negative. As the values of Vm become more positive, but still hyperpolarized,

channels of the IK1 current are unblocked, and, again, the unblocking dynamics is both time and

voltage dependent [151].

The second current involved in the anode break phenomena is found experimentally in mam-

malian ventricular myocytes to be activated for hyperpolarized values of transmembrane potential

[151, 153, 154]. In papers describing the current it was called tentatively ”the funny current” or

”if-like” current due to its similarity with the original ”funny current” described as a part of the

DiFrancesco-Noble model for the pacemaker activity. This current was also found to be activated

in the hyperpolarization range of the SA cells (-40 to 45 mV), inward in direction and composed

mainly of sodium and potassium ions. Hence, it was considered that this current drives the trans-

membrane potential to the sodium threshold and enables the automaticity of the SA cells. The

work done by Yu et al., using the whole-cell patch experiments on canine ventricular myocytes

revealed that this analogue current in ventricular myocytes was activated in the range -120 mV

to -170mV, and that it was also composed mainly of sodium and potassium ions and inward

in direction. Similar finding were confirmed in [151] on canine, rat and guinea pig ventricular

myocytes. Ranjan et al proposed the following hypothesis. During the anodal stimulus, the Vm

values are hyperpolarized and, depending on the stimulus strength and duration can activate the

”funny current” (Ifu). This current, inward in direction, can help in bringing the Vm values to

the threshold for the sodium channels. The potassium IK1 outward current, until the unblock-

ing has terminated, will be reduced and thus potentiates the effect of any inward current. This

hypothesis was validated with the model for the membrane kinetics incorporating the blocking

and unblocking dynamics of the IK1 current and Ifu current. These current, fitted to the experi-

mental finding, were added to the Luo-Rudy I model [155]. The simulation results confirmed the

importance of the IK1 unblocking in eliciting action potential in a single cell.

In the simulation study by Roth et al. [156], both active and passive influences were compared

in cathodal make, cathodal break, anodal make and anodal break. The study used bidomain model

for passive properties of two-dimensional media and Luo-Rudy I model with the modifications

proposed by Ranjan et al. The conclusion was that the cathodal make and break and anodal

make excitations are insensitive to Ifu current. However, in the case of anode break excitation,

both mechanisms contributed, but Ifu contribution was dominant. In addition, for both cathodal

and anodal excitations, Ifu current improved the agreement between measured and calculated

strength-duration curves.

Taking into account experimental and numerical results presented by Yu, Ranjan and Roth,

we will assume that such active mechanisms of the membrane play a role in the anode break

phenomena. During defibrillation, potential values are driven outside of the normal physiological

range. Thus, anode break phenomena, as it can elicit an action potential, will presumably play a

role in the defibrillation outcome. For that reason, we will add the model proposed by Ranjan et

al. to the modified Beeler-Reuter model. Ranjan’s ”funny current” is modeled with the following

equation:

Ifu = fu · (Vm − Efu) · 0.1 (2.7)
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where Efu is the reversal potential for the Ifu current (-29mV). The dynamics of the gate fu is

governed by the equation 1.4. The associated steady state value fu∞ and the time constant τfu
of the fu gate are given with the following equations (Eq. 2.8–2.11)

fu∞ =
αfu

αfu + βfu
(2.8) τfu =

1

αfu + βfu
(2.9)

αfu = 0.01824 · exp

(

−
Vm + 170

12.36

)

ms−1 (2.10)

βfu =
−0.074655

1 + exp
(

Vm−29.056
27.7

) + 0.075955 ms−1 (2.11)

The steady state variable fu∞ and the time constant τfu are shown in Fig. 2.4 along with the

steady state variable and the time constant associated with the potassium current IK1.

The gating variable added to the potassium current IK1 is also modeled with the Hodgkin-Huxlex

formalims (Eq. 1.4). The steady state variable K1∞ and the time constant τK1∞ are given by:

K1∞ = 1 +
−0.9075

1 + exp(Vm+117.1
10.37 )

(2.12)

τK1∞ = 7.0602 exp(
Vm + 200.0

26.22
) (2.13)

To conclude this section, we show in Fig. 2.5 the results of the stimulus application to the

one-dimensional geometry. Stimulus current includes current given by the Beeler-Reuter model

described in Sec. 2.1.1 and the current as modeled by Ranjan et al. [151] described in this section.

Cathodal stimulus is applied at 3π/2 and anodal stimulus at π/2. Extracellular stimulus is applied

during 8ms. Fig. 2.5a shows the space-time plot of the Vm values, while Fig. 2.5b shows values of

Vm at stimulus positions. One can see the onset of the excitation during the stimulus application

at the position of the cathodal stimulus (3π/2). At the position of the anodal stimulus (π/2),

where the tissue was hyperpolarized during the stimulus, one can also observe the onset of the

two oppositely moving wavefronts, but this occurs after the stimulus has ceased.

2.2. Tissue model

Electrical properties of the cardiac tissue are described with the bidomain model (see section

1.1.4). Here we summarize the full equations as used in the simulations :

∂Vm

∂t
=

−Im
Cm

+∇(Di∇Vm) +∇(Di∇Φe) (2.14)

∇[(Di +De)∇Φe] = −∇(Di∇Vm)−
Ie

χCm
(2.15)

where Vm = Φi − Φe is the transmembrane potential, Φe the extracellular potential, Φi the

intracellular potential, Cm the membrane capacitance, χ the surface to volume ratio and Di and

De the intracellular and extracellular diffusion coefficients. Im is the total membrane current and

Ie the externally applied current. The possibility of including the Ie term is a principal advantage

of the bidomain model. The Ie current can be a function of space and time, thus allowing for

simulating shocks of different durations and locations in space. However, even though bidomain
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(a) (b)

Figure 2.5: (a) Space-time plot of the Vm values on the one dimensional ring. Stimulus current is

injected for a time duration of 8ms (within the vertical white lines). Cathodal stimulus is applied

at 3π/2 and anodal stimulus at π/2. Extracellular electric field during the stimulus is 18V/cm.

One can clearly see the onset of cathode make during the stimulus duration and the onset of

anode break after the stimulus has ceased. (b) The values of the Vm potential at the stimulus

positions. The values of Vm at the cathode are denoted with red line, and values of the Vm at

the anode with black line.

approach is much more realistic than monodomain, it also comes with a greater computational

cost. For that reason, for some calculations we will use the equivalent monodomain model.

Under the assumption of the equal anisotropies, σi = ασe, bidomain model can be reduced

to monodomain [157]. Monodomain tissue conductance (σm) is then related to the bidomain

conductances with : σm = σi(σi + σe)
−1σe.

Intracellular tissue inhomogeneities

The bidomain model is a continuum representation of the myocardium in which the cell con-

ductances are homogenized in space. The heart, however is inherently heterogeneous and this

has proven to be important part of the mechanisms by which external stimulus excites the tissue.

Local discontinuities such as cell to cell gap junction, intracellular clefts or fiber direction changes

can act as redistribution centers of intracellular and extracellular current and therefore locally

hyperpolarize or depolarize the tissue. Indeed, if the cardiac fiber were strictly homogeneous,

the effect of the current injection would be localized to within the O(λ) region surrounding the

electrodes, where λ is a characteristic length scale of the model defined by:

λ2 =
σi σe

σm β (σi + σe)
, (2.16)

where σi and σe stand for the intra-(extra)-cellular electrical conductivities, respectively, and have

units of mS cm−1; σm is the membrane conductance and has units of mS cm−2. The conductivities

are related to the previously defined diffusivities by the following equation:

Di =
σi

β Cm
, (2.17)
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Figure 2.6: Inhomogeneities in the cardiac tissue play an important role during defibrillation.

Gaussian white noise is added to the intracellular conductance coefficients in the bidomain model.

(a) Example of intracellular resistivity coefficients used in simulations along the ring. (b) Corre-

lation coefficients of all the intracellular resistance coefficients used in simulations.

and a similar equation holds for defining De. By replacing parameter values of the present study

in Eq. (2.16) we find λ ≈ 7.10−2 cm, which is indeed a typical value. The space constant is small

compared with the typical spatial extent of the cardiac tissue.

Following the work of Fishler [158], we have added a gaussian white noise perturbation to the

internal diffusion constants in the following way:

Di(xk) = D̄i(1 + δ · rk) (2.18)

where Di(xk) is the value of the intracellular diffusion constant at site k in the tissue, D̄i is

the average value of the intracellular diffusivity, δ is the amplitude of the noise and rk is the

random number drawn from gaussian distribution with zero mean and unit variance. D̄i is set to

1.5 · 10−3cm2/ms and the amplitude of the noise δ is set to 0.15. Fig. 2.6a shows an example of

the internal resistivity (ρi) obtained in this way along a one-dimensional ring of cardiac tissue.

2.3. Numerical methods

The full system of equations to be solved consists of the bidomain model given by Eq. (2.14),

the Eq. (2.15) and the nine ODEs describing the gating dynamics (section 2.1) associated with

the modified Beeler-Reuter model. To solve numerically this set of differential equations we have

used finite differences as an approximation to the derivatives.

Let us first comment on the solution of the Eq. (2.15) which is the most computationally costly

in the set of equations for this system. In order to solve the Eq. (2.15), it was first reduced to

the form: Ax = b. Ax refers to the discretized version of the left-hand side of the equation and

the vector b of the right hand side . Using finite differences, the left hand side of the Eq. (2.15)

on the position j on the ring is approximated with :

∇[Di +De)∇φe] ≈
{

(Dj−1
e +Dj−1

i )φj−1
e − (Dj

e +Dj
i +Dj−1

e +Dj−1
i )φj

e + (Dj
e +Dj

i )φ
j+1
e

}

/δx2

(2.19)
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A reduces to a triangular matrix with tridiagonal values for the ith row : [φj−1
e φj

e φj+1
e ].

The vector x contains the values of the diffusion constants [(D1
e +D1

i ) . . . (Dn
e +Dn

i )]. The

equation (2.15) is then solved for φe using the implementation of the iterative Krylov solver freely

available within the PETSC library [159]. More precisely, the iterative method employed is the

generalized minimal residual method (GMRES) [160]. The convergence of the iterative method

was controlled by the residual norm relative to the norm of the right-hand side. The tolerance

is set to the default value of rtol=10−5 [159]. Having solved for the extracellular potential, the

second bidomain equation is solved using a forward Euler explicit scheme. The time step during

the defibrillation and 10 ms after the end of the shock is fixed to 0.001ms. For the rest of the

stimulation, the time step is fixed to 0.01ms. Spatial discretization of the 6.7 cm long ring is set

to dx = 0.025cm.

Besides from the change in time step after the defibrillation shock has terminated, another time

saving method is applied. The parameters of the ODE equations mostly have exponential de-

pendence. In order to avoid the repeated computation of time consuming exponential functions

at every time step, look-up tables were built and used throughout the computation. In order

to increase the simulation speed, some simulations were performed by using monodomain model

instead of the bidomain whenever possible. This replacement is done in the following way. During

the stimulus application and 10ms after the stimulus, full bidomain with time step of dt = 0.001ms

is used. For the next 10ms, calculations are still done with the bidomain model, but with time

step equal to dt = 0.01ms. At this point, bidomain model is replaced with monodomain model

for the rest of the simulation time. The time saved depends on the applied shock strength. If the

shock strength is high, the outcome is most likely successful. In that case, simulations are stopped

before the lapse time is over. If the shock leads to unsuccessful outcome, then the monodomain

model replaces the bidomain model for most of the simulation time and the benefit in terms of

the CPU saving is large.

2.4. Numerical experiment design

All the calculations presented here have been performed on a ring of cardiac tissue. The ring

size (L = 6.7 cm) was selected in order to obtain a sustained discordant–alternans dynamics or

with further modifications a chaotic dynamics. The numerical experiments designed here are used

to test defibrillation shocks in the following way. We pick a very large sample of the quasiperiodic

or chaotic dynamical states on the ring. Then a defibrillating shock is applied through the point

electrodes for all the elements of this large sample. The defibrillation is classified as successful if

all the activity has ceased in the lapse of time of 1000 ms after the end of the shock application.

Otherwise, if the wave is still active after 1000 ms, the defibrillation is classified as unsuccessful.

Success probability of each shock strength is calculated by averaging the results obtained with

different initial conditions and different realization of Gaussian noise that are added on top of the

intracellular conductivity (see section 2.2). Each added noise distribution represents a slightly

different tissue to which the shock is applied. Initial conditions were obtained by saving all the

variables associated with a propagating front, like the one shown in Fig.2.7a (prior to the shock

application) at a randomly chosen instant in time. The random time interval between consecutive

saved initial conditions is in the range of [28, 38] ms. Fig. 2.7a shows one example of the above
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described experiments. For time < 0 action potential is initiated and continues to freely circulate

along the ring. Varying duration of the action potential is indicative of discordant alternans.

At t=0 a monophasic shock is applied at the positions marked with white line. The anode is

located at φ = π/2 and the cathode at φ = 3π/2. One can clearly observe a depolarized and

hyperpolarized region in the vicinity of cathode and anode, respectively. In the shock shown in

Fig. 2.7a the defibrillation was successful as all the pre-shock reentrant activity is eliminated.

Fig.2.7b shows an action potential at one instant during the pre-shock activity. The Fig. 2.7b

also shows parameters relevant for the analysis: the position of wave front φf , wave back φb and

the action potential duration ∆φ expressed in term of the phase span.
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Figure 2.7: (a) From [136]. Space–time plot showing the wave dynamics on the ring. The color

scale represents the membrane potential Vm ranging from -120 to 150 mV. The undisturbed

dynamics (t < 0) represents discordant alternans. At t = 0 a monophasic shock of 8 ms duration

with a corresponding electric field intensity of E = 2 V/cm is applied. In this particular case,

the shock leads to a suppression of the wave propagation. The two electrodes are located at π/2

and 3π/2 along the ring (shown by thick white segments in the figure). (b) Action potential

drawn from the space-time plot on the left. φf and φb denote the position of wave front and wave

back on the ring measured at 90% of repolarization. ∆φ refers to the difference between the two

(modulo 2π).

2.4.1. Model parameters

1) Dynamical state at the time of the shock

Initial condition refers to the state of the ring before the external shock is applied. By using

the membrane current given by Eq.(2.1) the dynamics of the propagating wave is essentially

determined by the size of the ring. If the size of the ring is large enough, the wave is in a periodic

state. However, as the size of the ring is reduced, the wave will exhibit alternans and finally after

a certain critical size the propagation will no longer be sustained. Examples of space-time plot

with periodic, quasiperiodic and chaotic dynamic on the one-dimensional ring are shown in Fig.

2.8.

Fig. 2.9 shows return maps of action potential duration and discrete Fourier transform of two
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Figure 2.8: Dynamical states on a one-dimensional ring.

cases: quasiperiodic and chaotic state of the ring. Quasiperiodic state is achieved by reducing

the ring size to L = 6.7cm with the membrane dynamics as described in previous paragraphs.

Quasiperiodic dynamics shown in Fig. 2.8 can be described with discordant alternans [161], char-

acterized by varying duration of the action potential as it propagates. The associated frequencies

can be determined by computing the Fourier spectrum. The two frequencies are approximately

f1 = 5.07Hz and f2 = 0.33Hz. The first frequency is associated with the time it takes for a wave

to make a trip around the ring, T1 = 197 ms. The second frequency is associated with the time

that it takes for a node (location where the action potential has a minimum duration) to make

one revolution around the ring, T2 = 3030 ms. Chaotic state is achieved with the same ring size,

but with a perturbation added to the time-dependent potassium current (Ix1).

Chaotic dynamical state

Recent experimental and numerical studies [162, 163] suggest that fibrillation is a form of a

spatio-temporal chaos. Thus applying an external shock to the fibrillating tissue would have more

resemblance to a real situation, if our numerical initial condition would also exhibit chaos. Qu et

al. [138] proposed an elegant approach to study the spatio-temporal chaos in a cardiac tissue. The

model used by these authors was based on the monodomain formulation for electrical propagation

and the Beeler-Reuter model for the description of the cell membrane. In order to change the

restitution properties, a modification is added to the time-dependent outward potassium current

Ix1
of the Beeler-Reuter model. A conductance gx1

is modified in the following way :

Icx1
= gx1

(t′)Ix1
x1 (2.20)

gx1
(t′) =

{

1− aF (t′) t′ ∈ [0,APD]

1− aG(t′) t′ ∈ [0,DI]
(2.21)

where Icx1
denotes the modified version of the time-dependent potassium current. Functions F (t′)

and G(t′) are given by:

F (t′) = G(DI) +

t′
∫

0

m3hjθ(x1)dt
′ (2.22)

G(t′) = F (APD)exp(−t′/T ) (2.23)
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Figure 2.9: Return map of APD for (a) quasiperiodic and (b) chaotic state of the ring. Discrete

Fourier transform of the transmembrane potential Vm recorded at the middle of the ring (x = π)

for (c) quasiperiodic and (d) chaotic state of the ring. The inset to each graph serves to enlarge

the small portion of the x-axis. The enlarged area is denoted with red color in both the main

graph and the inset graph.

More details can be found in [138]. By changing the constant a , four regimes of dynamic were

found : (1) periodic, (2) quasiperiodic with monotonic APD restitution curve, (3) quasiperiodic

with non-monotonic APD restitution curve and (4) spatio-temporal chaos. Fig.2.9.b shows a

return map of APD for a = 0.9 and ring size of L = 6.7cm.

2) Heterogeneity

As previously explained, a perfectly homogeneous heart tissue would not be capable of defibril-

lation. Fluctuations in conductivity act as polarization sites that can excite the tissue. The higher

the noise intensity, the lower is the energy required to defibrillate the heart [164]. Throughout

the thesis we will set the amplitude of heterogeneity to δ = 0.15 (see eq.2.18), although in section

3.1.3 we will use other values of the δ parameter as well.
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3) Shock protocols

The most common protocols used in commercial defibrillators are monophasic and biphasic.

Now-days, most of the new defibrillators are biphasic due to their superior efficiency. An asym-

metric biphasic protocol where the first phase is longer than the second phase is currently the

method of choice. In Fig. 2.10 we illustrate graphically the three protocols compared throughout

this thesis: monophasic (M), biphasic I (B1) and biphasic II (B2).

time

Ie

Ie

Ie

Figure 2.10: Schematic view of the three tested shock protocols. (upper) Monophasic, polarity of

the actuators is fixed during the shock. (middle) Biphasic I, polarity of the actuators is reversed

at the middle of the shock. (bottom) Biphasic II, polarity of the electrodes is reversed at 3/4 of

the total shock duration.

4) Shock waveform

As shown in Fig. 2.10 defibrillation waveform is approximated with step functions for the

switching on and off of the shock which is a practice common in analytical and numerical studies.

Current defibrillators, both external and implanted apply a shock via a capacitive discharge. The

time dependence of the applied voltage has an exponential decay : V (t) = V0 · e
−t/τRC , where the

time constant τRC is equal to product of the pathway resistance R and the capacitance C, τRC =

RC. Another practice is the truncation of the exponential waveform. It was shown that cutting

the trailing edge of the exponential waveform improves the efficiency [23, 87, 165]. Manufacturers

truncate the waveform either by duration or tilt. Another novelty, for now present only in the

scientific literature are the ascending waveforms (ramp or exponentially ascending) that show

a lower defibrillation threshold compared to monophasic and biphasic waveforms [80, 83, 166].

In this thesis, we will use the simplified rectangular waveform to validate and analyze the one-

dimensional model.

5) Shock duration

One of the basic characteristics of electrical defibrillation is the strength-duration relationship,

or the effect of pulse width on defibrillation efficacy. This relationship, approximately hyperbolic,
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Parameters and abbreviations

1-D system Defibrillation

Intracell. diffusion constant D̄i 1.510−3cm2/ms Shock duration T T ∈ (1, 15)ms

Extracell.diffusion constant D̄e 1.510−3cm2/ms Shock strength E (V/cm)

Noise amplitude δ 0.15 Shock waveform SW Rectangular

Dynamical state
QP Quasiperiodic

Shock protocol

M Monophasic

Ch. Chaotic B1 Biphasic I

B2 Biphasic 2

Ring size L 6.7cm

Membrane capacitance Cm 1µF/cm2

Table 2.2: This table lists the important parameters of the 1-dimensional ring study and their

abbreviations as used throughout this thesis.

has served for the design of clinically applied waveforms [4, Ch. 6.1]. The construction of strength-

duration curve requires a large number of experiments and therefore cannot be obtained directly

for humans. The curve is usually inferred from experiments performed with animals. In chapter

3 we will analyze in detail the mechanisms behind a shock duration of 8ms. In the same chapter

we will investigate the effects of shorter and longer pulse durations.

6) Shock energy

As expected, shock energy is another parameter influencing defibrillation. Shock strength is

measured by evaluating the applied electric field resulting from the current injection (term Ie in

Eq. (2.15)). Its value is given by E = (Φa − Φc)/∆L, where Φa and Φc denote the extracellular

electrical potential of the anode and the cathode and ∆L the distance between them. Note

that for rectangular waveform, electric field is constant in magnitude, but switches sign after each

electrode. The square of the electric field is directly proportional to the shock energy. Here we will

study shocks of increasing energies. Shock strength will be increased until 100% of defibrillation

is achieved. For the case of 8 ms shock duration studied in the next chapter, the shock strength

will be increased from 1V/cm to 10V/cm. This will allow for the construction of percent-success

[167] or dose-response curves. It is known that the curve follows a sigmoid shape that can be

modeled with a logistic curve.

7) Shock timing

At the time of the application of the shock, we will record φi and φb, defined to be location of

the action potential wave front and wave back, respectively. The wave front and the wave back

are defined as the points at which the membrane potential crosses a threshold value representing

10% of the maximum value of Vm during depolarization.
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2.5. Mechanisms for elimination of reentrant dynamics

After inspecting many defibrillation outcomes for different protocols and shock strengths we

have come to a conclusion that these might be classified into four different mechanisms. The

four identified mechanisms are shown in Fig. 2.11. The first row of Fig.2.11(a-c) illustrates three

examples of the mechanism we defined as Direct block (DB). It is the least common mechanism,

present only at low shock strengths and typical mainly for monophasic protocol and to a smaller

extent for biphasic 2 protocol. The front, just prior to the shock is located very close to the anode

and is directly blocked by the shock-hyperpolarized region in front of it. Fig. 2.11(a,c) show an

examples of DB where the shock protocol is monophasic shock and shock strengths are 1V/cm

and 3V/cm. Fig. 2.11(b) shows the DB mechanism with the biphasic II protocol.

Fig.2.11 (d-f) shows examples for the second identified mechanism : Annihilation (An). In this

case, the reentrant dynamics is eliminated when two oppositely propagating front collide and

annihilate after which there are no remaining front present in the system. Three examples shown

on Fig.2.11 (d-f) illustrate annihilation for increasing shock strength. For low shock strength

(E= 1V/cm), annihilation is achieved with initial front and a front emerging from the cathode.

By increasing the shock strength, annihilation can be achieved with fronts emerging from virtual

cathodes. The Annihillation mechanism is found to be characteristic for lower or medium shock

strengths.

Delayed block, the third mechanism, is shown in Fig.2.11 (g-i) and encompasses the situation

when single surviving front, that otherwise would lead to unsuccessful defibrillation, encounters

a refractory region and dies out. It is characteristic of all the three tested protocols.

Direct activation (DA) is characteristic of high shocks strengths. It consists in the activation of

the tissue in such a way that no posterior propagation of the wave is possible. Most of the ring

is excited, the wave front cannot propagate and eventually the entire tissue is relaxed toward the

rest state. The DA mechanism is the defibrillation mechanism that is usually known and referred

to in the medical literature.

Classification of defibrillation mechanisms using Artificial Neural Networks (ANNs)

Due to the large number of simulations (at least 50000 = 50 noise distributions x 1000 initial

conditions for each shock strength), manual classification of the defibrillation mechanisms would

result extremely time consuming. Thus we sought a method to automatize the classification

process. We have chosen the artificial neural network (ANNs) tool [168], by now a widely used

computational tool for machine learning and pattern recognition. ANNs are usually described as

a computational tool based on neural structure of the brain, although by today ”artificial neural

networks are no more related to real neurons than feathers are related to modern airplanes” [168].

ANNs has two modes of operation: training and using. While in training mode, network is trained

to associate input parameters with the given outputs. While in using mode, network will give the

output that best corresponds to the learned input pattern. Pattern recognition, the tool we will

use to classify defibrillation mechanisms, is performed using the feed-forward network which allow

the signal to propagate only one way: from input to output. For each defibrillation trial, during

and posterior to shock duration, ring is analyzed at every millisecond for the location and direction

of all the present waveforms. At the end of the simulation, defibrillation trial is described with
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Figure 2.11: We have identified four different mechanisms that lead to successful defibrillation

for a range of shock strengths giving low, medium and high success output. Each row in this

figure gives an example of an identified mechanisms: (a-c) Direct block, (d-f) Annihilation, (g-i)

Delayed block, (j-l) Direct activation. Examples show outcomes using one of the three protocols

(M, B1, B2) and different shock strength (1V/cm, 3V/cm, 5V/cm, 7V/cm).
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a number of parameters : initial front and back phase (see Fig.2.7b), wavefront width (φi − φf ),

percentage of maximum depolarized tissue for different threshold levels (-60mV, -30mV, 0mV) and

corresponding timings, flags for two wavefronts of opposite direction and corresponding timings,

etc. These parameters (total of 50) were used as an input vector for neural network training. A

target vector was created by manually classifying a set of examples, different from the ones used

to evaluate percent success for particular shock strength. Each target vector consisted of 400

examples for each protocol (M, B1 or B2), i.e. a total of 1200 examples for a particular shock

shock strength. The set is then divided to a training set (960 trials) and a validation set (240

examples). Two neural network were then trained and validated : one with two hidden layers of

14 neurons and one with a hidden layer of 20 neurons. To further increase the accuracy, a total

of five different partitions of initial set to training and validation set were created. Thus each

classification was evaluated with total of ten results, two networks and five different partitions.

For some cases of high shock strength, the number of ANNs is doubled to increase the accuracy.

Neural network analysis is performed using MATLAB’s Neural Network Toolbox [169]. Function

newpr was used to create a pattern recognition network and function train to train the training

data set. Resulting network is then used on a validation data set. Comparing both ANNs results

for validation set and manually obtained results, a confusion matrix is calculated. The rate of

false negative, false positive and true positive was used to iterate training until satisfactory result

is obtained. The percentage of true positive was considered satisfactory if found greated than

90%.



Chapter 3

Application of the defibrillation:

comparing the monophasic and

biphasic shock protocols.

Having defined a one-dimensional model in the previous chapter, we will now use it to compare

the three shock protocols commonly used in clinical practice : monophasic, biphasic I and biphasic

II. First, a shock of duration of 8ms, which is the value typically used in commercial defibrillators,

will be applied to both quasiperiodic and chaotic initial condition. Later we will test the model

by varying the heterogeneity parameter δ. The three models are also tested when varying the

duration of the external stimulus.

3.1. Application of the 8ms shock

All three protocols are tested with shock strengths in the range of 1 to 10V/cm. The maximum

tested shock strength, 10V/cm, already leads to the saturation of percent success to 100%, so this

range of shock strengths allows for the construction of the dose-response curves and the overview

of the three protocols for low, medium and high shock strengths. In addition to dose-response

curve, we will compare the defibrillation mechanism of the three protocols for low, medium and

high shock strength.

3.1.1. Quasiperiodic initial condition

Dose-response curves

A plot of defibrillation success versus shock strength results in a sigmoid shape curve analogous

to the well known dose-response curve for a drug [91]. The percentage of success saturates for

high shock strengths and approaches zero for very low shock strengths with a gradual transition

in between. For this reason, defibrillation percentage of success is traditionally fitted to a logistic

curve. In order to fit the logistic curve to the numerical data obtained with the one-dimensional

model we will use the logistic regression, an approach often employed when one needs to predict

a binary outcome given a set of continuous predictor variables. Let us denote the probability of a

successful defibrillation for a given shock strength with p. Logistic equation can now be written

39



40
Application of the defibrillation: comparing the monophasic and biphasic shock

protocols.

in a form better suited for regression:

log

(

p

1− p

)

= β0 + β1x (3.1)

where x denotes the predictor, i.e. shock strength measured in the extracellular electric field.

Coefficients β0 and β1 are evaulated using the generalized linear methods (GLM) [170]. For

each value of the electric field, the collected data represents the outcomes of a total of 160,000

simulations: 2000 initial conditions times 80 realizations of the tissue heterogeneity [136]. We

then compute the average probability of defibrillation for the 2000 initial conditions, so that we

are left with only 80 data points for drawing the distributions. Fig. 3.1 shows both numerical

results represented with box-plot and fitting results. Fitting to the logistic model (Eq. 3.1) is

performed with the R software environment [171] for statistical computing using the glm function.

The resulting coefficients are shown in Table 3.1. In addition to the logistic curve fit, we have

performed an additional fit using a non-parametric approach. The reason for this second fit is

twofold: (1) Box-Tidwell test [172] returned statistically significant coefficients for the added

term xlog(x) indicating that purely linear relationship between the predictor and the log odds

might not be sufficient. (2) We will evaluate E90 and E50 values based on the resulting fit. E50

and E90 are the electric field strength values necessary to achieve 50% and 90% probability of

reentrant dynamics removal. For this purpose, a non-parametric fit that follows the data closely,

although lacks insights gained by modeling, could be a better choice. In addition, let us note

that model fitting using least square approximation approach led to a non-normal distribution

of errors. To circumvent these problems, the lack of normal distribution and the difficulty in

model construction it carries, the second fit is performed with the generalized additive model

(GAM) [173], an extension of the generalized linear model. The linear predictor is given by a user

specified sum of smooth functions of the covariates plus a conventional parametric component of

the linear predictor. The equation for the logit now takes the form:

log

(

p

1− p

)

= β0 + β1 · s(E) (3.2)

in which s(E) is a smooth function of the predictor which can take different forms. In order to

perform the GAM fitting we will use the R package [171] mgcv [173–178]. The resulting fit is

shown together with glm results in Fig. 3.1.

In order to compare the two fit, we report two measures of (relative) goodness of fit: Akaike

information criterion (AIC) and explained deviance shown in Table 3.2. Despite the complex

theoretical background in information theory, AIC criterion is frequently employed when com-

paring two or more models.The AIC value does not have absolute meaning, but only relative when

compared to another model. The ”best candidate” is then the model with the lowest AIC value.

Explained deviance is one of many proposed measures of goodness of fit for the logistic regression

devised to mimic the R2 defined for the least squares regression methods. Explained deviance is

defined as a ratio : (null deviance-residual deviance)/(null deviance). Null deviance is a deviance

of a model that includes constant term only and the residual deviance is the deviance of the fitted

model. Table 3.2 shows that GAM method results in lower AIC and explained deviance values

when compared to the GLM output.

Both GAM and GLM results are used to evaluate E50 and E90. Results are shown in Table 3.1.
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Figure 3.1: Numerical and model fitting results for a 8ms shock duration applied to quasiperiodic

dynamical state of the ring with all three protocols. Numerical results are represented with

boxplots. Two types of model fitting are performed. A fit to the logistic curve is performed with

the GLM method and is shown with full blue line. The second fit used the GAM method and is

shown with full orange line.

GLM GAM

Fit parameters E50 (V/cm) E90 (V/cm) Fit parameters E50 (V/cm) E90 (V/cm)

M
β0 = −1.835 (.004)

β1 = 0.5942 (.001)
[3.08 - 3.10] [6.77 - 6.80]

β0 = 1.537 (.004)

β1 = −
[3.38 - 3.41] [6.71 - 6.77]

B1
β0 = −2.521 (.005)

β1 = 0.7826 (.001)
[3.21 - 3.23] [6.02 - 6.04]

β0 = 2.71 (.03)

β1 = −
[3.44 - 3.49] [6.02 - 6.05]

B2
β0 = −2.383 (.005)

β1 = 0.7844 (.001)
[3.03 - 3.05] [5.83 - 5.85]

β0 = 2.37 (.01)

β1 = −
[3.37 - 3.42] [5.77 - 5.82]

Table 3.1: This table gives the confidence intervals (with significance level of α = 0.01) for the

electric fields needed to obtain 50% (E50) and 90% (E90) of successful defibrillation, respectively.

Values are obtained using both GLM and GAM modeling approach. The second and the fifth

column gives the fitting parameters (see Eq.(3.1)). The standard error for each of the fitting

parameter is also given (small sub-indices in parentheses next to each parameter).
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Figure 3.2: Artificial neural networks (see section 2.5) are used to classify defibrillation mecha-

nisms for selected shock strengths. Full color denotes the results for quasiperiodic initial condition

[136] and hatched patterns refer to results with chaotic initial conditions. Analyzed shock strength

are 1V/cm, 3V/cm, 5V/cm and 7 V/cm. DB stands for Direct block; An stands for Annihilation;

De for Delayed block; DA for Direct activation.

E50 values are similar for all three protocols. Higher contrast between the protocols, however,

is observed for E90 values. Biphasic II protocol requires the lowest shock strength necessary to

achieve 90% success rate. Biphasic I protocols then follows and monophasic results to be the

least efficient. Indeed, this order of efficiency corresponds to the clinical evaluations of the three

protocols. The supremacy of biphasic shocks over monophasic is so widely accepted that in some

countries, monophasic defibrillators are not manufactured anymore [69]. Comparing E90 results

obtained with biphasic II and monophasic protocol, we find a decrease of approximately 26% in

the energy (proportional to the square of E90) for the biphasic II protocol relative to monophasic

protocol ( with both GLM and GAM fitting methods).

Finally, let us comment on the choice of the number of initial conditions and the number of

different noise distributions used to construct each box-plot and the dose-response curve. Fig.

3.3 shows resulting values for E90 as we increase the number of initial conditions (3.3b) and noise

distributions (3.3a) used to construct the curve. Results are clearly more sensitive to the number

of the noise distributions than they are to the number of initial conditions. For this reason, in

some of the future simulations we will use a smaller number of initial conditions. This will always

be indicated. Fig. 3.3a shows results obtained with both GLM and GAM methods. Both set

of results show the same trend, albeit with the slightly differing values. In case of the Fig. 3.3b

results were almost overlapping, so for clarity only results obtained with the GLM method are

shown.

3.1.2. Analysis of defibrillation mechanisms

Defibrillation mechanisms are analyzed for shock strengths : 1, 3, 5 and 7V/cm and were

first published in [136]. Classification of all 160,000 examples per shock strength is performed as

described in section 2.5. Fig.3.2 shows graphically ANNs results for both quasiperiodic and chaotic
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Monophasic Biphasic I Biphasic II

GLM GAM GLM GAM GLM GAM

AIC 37662 32185 49120 32237 47547 32200

Dev.ex(%) 94.7 95.6 94.5 96.6 94.5 96.5

Table 3.2: This table gives the AIC and deviance explained values for two types of fit : one using

GLM and second the GAM approach.

10 20 30 40 50 60 70 80
# noise distributions

6.0

6.5

7.0

E
90

(V
/
cm

)

M B1 B2

(a)

600 1000 1400 1800
# initial conditions

6.0

6.5

7.0

E
90

(V
/
cm

)

M B1 B2

(b)

Figure 3.3: Dependence of the resulting E90 values on the a) number of noise distributions and

b) number of initial conditions used to obtain the model fit. In a) hatched lines refer to results

obtained with the GAM method and full lines to results obtained with the GLM method. In b)

only results with GLM method are shown.

initial condition, although in this section we will focus on the quasiperiodic initial condition.

These results are further analyzed with two-dimensional histograms showing the probability of

a successful defibrillation as a function of the two parameters: location of the wave back on the

ring φb and action potential duration ∆φ (see Fig.2.7b). Results are shown in Fig. 3.4 – 3.7.

The top, middle and bottom rows of each figure show results for monophasic, biphasic I and

biphasic II protocol, respectively. Each column represents the percentage of success obtained

with a particular defibrillation mechanism; for example the left-most column in Fig.3.4 represents

the probability of successful defibrillation via the direct block mechanism.

φb provides information on shock timing and ∆φ over the current state on the ring. The choice

of these two parameters over a combination with φi (location of the wave front) is justified with

results in literature and the current study. Previous research on cardiac dynamics has shown

that the dynamics is more sensitive to perturbations applied to wave back compared to the

perturbations applied at the wave front [179–182]. This is again confirmed in the present study.

Placing φb on the vertical axis on the Fig. 3.4 – 3.7. reveals an interesting horizontal structure

in the histograms.
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E = 1V/cm

Applying an external electrical field of 1V/cm results in low percentage of success (for 8ms

shock duration). However, a clear distinction between the protocols can be observed.

Monophasic shock is convincingly most efficient for this value of the electric field (overall

success rate is 27.5%), while biphasic I (17.4%) and biphasic II (15.5%) protocols result in more

similar values of percentage of success. Comparing the results of the ANNs classification shown

in Fig.3.2 we can observe several features. Unique feature of the M protocol with respect to the

biphasic shocks is the existence of the direct block mechanism. The overall contribution, however,

of DB is small (only 3.16± 0.008). The main contribution to the success of the monophasic

protocol is achieved by the delayed block mechanism.

Observing the results of the 2D histogram of the probability of success brought by individual

mechanisms gives more insight (Fig.3.4). First and third row corresponding to M and B2 protocol

show similar features. This indicates that for low shock strength B2 resembles to M protocol,

despite the fact that the success rate is more similar to the one of the B1 protocol. Let us comment

also on the Fig. 3.4a1 showing direct block mechanism. The most prominent feature is a diagonal

rather than horizontal red region that is observed in other histograms. In this case, the wave

front (φi) is the more relevant quantity in describing the specific DB mechanism. Analyzing the

same data in terms of (∆φ, φi) parameters indeed confirms that a necessary condition for the DB

is positioning the wave front directly in front of the anode (data not shown). Note that although

DB block is possible with B2 protocol, the total contribution is not significant (Note that the

colorscale of Fig. 3.4 only ranges from 0 to 20%).

E = 3V/cm

Percentage of success for this shock strength is similar for all three protocols and yields values

in the middle of the sigmoid curve: 44.2%,44.1%, 46.2% for M,B1 and B2, respectively. Fig.3.2

shows that all protocols result in similar values of the delayed block. Note that percentage of trials

with successful outcome via annihilation is similar for B1 and B2 shock (15.16%, 15.17%), while

for M shock this values is practically halved (7.92%). A closer look at 2D histograms showing

distribution of annihilation shown in Fig.3.5 (a2-c2) reveals the difference between the protocols.

Note that in this case B2 carries the same features as the B1 protocol. To further clarify the

defibrillation outcomes with this mechanism, we have plotted specific examples of annihilation

on Fig. 3.8. First row shows a set of examples whose position (∆φ, φb) is on the upper red bar.

All three protocols have resulted successful via annihilation. Wave back is located just behind

the cathode. First phase is cathodal at 3π/2 and all protocols give rise to cathodal break exci-

tation that annihilates with the only front from the opposite direction. This example is identical

for E=1V/cm, except for the virtual electrodes appearing between the two electrodes. Second

row of images shows an example whose position (∆φ, φb) is on the lower red bar. Monophasic

shock results to be unsuccessful, while biphasic I and biphasic II still defibrillate via annihilation

mechanism. The pre-shock front is moving in the counterclockwise direction. Second phase of

the biphasic shock at π/2 is cathodal and results in a front that collides with the original front.

Careful observation of the Fig.3.5 (a3-c3) showing probability of delayed block, reveals that B2

protocol shares features characteristic for both M and B1 protocol. Looking at the areas with

high success probability, one can see a range of values in which all three protocols defibrillate via
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delayed block, areas where only B1 and B2 defibrillate and areas where only M and B2 defibrillate

via delayed block mechanism. Fig. 3.9–3.12 provide an example for each of these cases. Besides

E=3V/cm, same examples are also shown for E=1V/cm. Fig. 3.8 shows an example in which all

three protocols for E=3V/cm defibrillate via delayed mechanism. Location of this example on the

2D histograms is (∆φ, φb)=(3.01, 5.68)rad, where indeed there is a high probability that all three

protocols will defibrillate with success. Second example shown in Fig. 3.9 provides an example of

similarity of M and B2 protocol. The two protocols result successful in almost identical manner,

while B1 results unsuccessful. Note the difference with the same example shown for E=1V/cm.

In this case, B2 also fails: the second electrode with very low shock strengh is not able to mimic

the properties of M shock.

The following two examples shown in Fig. 3.11, 3.12 demonstrate similarity of the biphasic

protocols: with increasing shock strength B2 is starting to resemble the B1 protocol. For both

cases, monophasic shock results unsuccessful. Note the different role of biphasic electrode at π/2.

In the first example (Fig.3.11), it gives onset to two oppositely propagating front. One of the

fronts annihilates with the original front, while the other is blocked by the refractory tissue. In

the second example (Fig.3.12), there are no break excitations, but the original front is stopped

by the refractory tissue around π/2.

E = 5V/cm

By increasing the applied electric field to 5V/cm, the outcomes yield a higher percentage of

success: 75.0%, 73.4% and 80.6% for M, B1 and B2, respectively. A contribution to the overall

success is provided by the direct activation mechanism for all three protocols, while delayed block

still remains the prevalent mechanism of defibrillation. In Fig.3.6 we have removed the column

for the DB mechanism (subscript 1 ) and added the column for the DA mechanism (subscript 4).

Note that the borders of higher probability are not as sharply defined as for lower shock strength.

Still, 2D histograms shown are indicative that B2 continues to blend in properties characteristic

for either M or B1 shock. It is also interesting to note that the shock works much better for

waves with shorter action potential duration. This result is not surprising, since for large ∆φ

there is very little tissue available to excite, as most of the system is already excited or is in a

refractory state. In contrast, when ∆φ is small, a large portion of the tissue is excitable and can

be recruited to form virtual electrodes and therefore assisting defibrillation. Biphasic I protocol

is the least efficient for larger ∆φ when the phase back is between the two electrodes. Fig.3.13

shows an example. The tissue close to 3π/2 is hyperpolarized and allows for the front to pass as

opposed to the situation of monophasic and biphasic II protocol. Note, however the difference

with the outcomes for E = 7V/cm shown in the same figure.

E = 7V/cm

The total percentage of success for this value of external electric field is 91.5%, 97.1% and

96.9% for M, B1 and B2, respectively. Fig.3.2 shows that the dominant mechanism for B1

and B2 shock is the direct activation, while for the M protocol the delayed block still brings a

significant contribution, a (37±3)% of the total events. The value of delayed block for biphasic I

is (11±2)% and for biphasic II (21±2)%, placing the latter again between the two protocols. To

underline the difference, let us mention that direct activation will be present in 81% and 75% of
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the events for biphasic I and biphasic II, respectively. This percentage for monophasic shock is

significantly less, only 48%.

These numbers indicate that the monophasic shock does not excite the tissue as well as the

biphasic shocks do. Examples given on Fig.3.13 provide a convincing example. Monophasic

shock will defibrillate with delayed block for both E=5V/cm and E=7V/cm. The situation for

biphasic shocks is clearly different for the lower and higher shock strengths. E = 7V/cm will excite

the tissue, but there will be no propagating fronts. The whole tissue will proceed to relaxation.

The second difference between the monophasic and biphasic shocks was the component of the

delayed block. While this mechanism is part of the success it is also part of the failure for the

monophasic shock since it will lead to failure every time tissue is not refractory. Fig.3.7 shows

that least successful area for monophasic shock is centered around the anode (φb = π/2) for

large ∆φ. This region exhibits larger M failure for lower (Fig.3.11,3.12(a1-b3)) and higher shock

strengths (Fig.3.12(d1-d3)).
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Figure 3.4: From [136] 2D histograms of the probability of successful defibrillation expressed as

a percentage as a function of the wave back (φb) and action potential duration ∆φ. White lines

on the vertical axis indicate the position of the electrodes. The top, middle and bottom rows are

for monophasic, biphasic I and biphasic II, respectively. Subscripts denote different defibrillation

mechanisms: DB = 1, An = 2, De = 3, and the total for all mechanisms = a. Note that the

fourth mechanisms (DA) is not present at low shock strength and is therefore not shown in this

figure.
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Figure 3.5: Same as Fig.3.4 for E=3 V/cm.

∆ φ

φ
b

 

 
(c

4
)

2 3 4 5

1

2

3

4

5

6

0

50

100

∆ φ

φ
b

 

 
(c

3
)

2 3 4 5

1

2

3

4

5

6

0

50

100

∆ φ

φ
b

 

 
(c

2
)

2 3 4 5

1

2

3

4

5

6

0

50

100

∆ φ

φ
b

 

 
(c

a
)

2 3 4 5

1

2

3

4

5

6

20

60

100

∆ φ

φ
b

 

 
(b

4
)

2 3 4 5

1

2

3

4

5

6

0

50

100

∆ φ

φ
b

 

 
(b

3
)

2 3 4 5

1

2

3

4

5

6

0

50

100

∆ φ

φ
b

 

 
(b

2
)

2 3 4 5

1

2

3

4

5

6

0

50

100

∆ φ

φ
b

 

 
(b

a
)

2 3 4 5

1

2

3

4

5

6

20

60

100

∆ φ

φ
b

 

 
(a

4
)

2 3 4 5

1

2

3

4

5

6

0

50

100

∆ φ

φ
b

 

 
(a

3
)

2 3 4 5

1

2

3

4

5

6

0

50

100

∆ φ

φ
b

 

 
(a

2
)

2 3 4 5

1

2

3

4

5

6

0

50

100

∆ φ

φ
b

 

 
(a

a
)

2 3 4 5

1

2

3

4

5

6

20

60

100

Figure 3.6: Same as Fig.3.4 for E=5V/cm. Note that DB mechanism is not shown here because

it is vanishingly small. The histogram for the DA mechanism (sub-index=4) is shown instead.
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Figure 3.7: Same as Fig.3.6 for E=7 V/cm.
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Figure 3.8: For low to medium shock shock strength, 2D histograms have shown that all three

protocols can successfully defibrillate via annihilation when φb is close to the cathode. This is

the case in (a1-a3) where original wave front collides with cathodal break excitation. (b1-b3) φb

is localized close to the anode. Since anode turns to cathode in the second phase of the shock,

biphasic protocols give onset to wave break excitation that annihilates with the original front.
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Figure 3.9: An example of defibrillation trial with ∆φ, φb localized in the region in which all

three protocol have high success rate for E≥3V/cm. All three protocols defibrillate with similar

scenario. Note that biphasic I results unsuccessful for E=1V/cm as it corresponds to results

shown on Fig.3.4 for this value of ∆φ, φb.
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Figure 3.10: Similarity of M and B2 protocol increases as we increase the shock strength from

1V/cm to 3V/cm. Fig.3.4(a3-c3) shows clearly defined areas in the ∆φ, φb phase space in which

M and B2 protocols show similar success rate.
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Figure 3.11: (a1-a3) Only biphasic I shock delivers a successful defibrillation. Original front is

annihilated with the cathode break that gives onset to two fronts. Second front is stopped by

refractory tissue. (b1-b3) Both B1 and B2 defibrillate with the same scenario as did the B1

protocol in the example with E = 1V/cm.
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Figure 3.12: Another example in which B2 protocol shows similar defibrillatory properties of the

B1 shock as the applied shock strength is increased from 1V/cm to 3V/cm. This similarity is

preserved even for higher shock strengths. Monophasic shock remains unsuccessful for the entire

range 1-7V/cm.
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Figure 3.13: M and B2 can be similar even for E=5V/cm. The situation is different as we

increase the shock strength to E=7V/cm. M is unable to excite the tissue effectively as the

biphasic protocols and thus still defibrillates via the delayed block mechanism.
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3.1.3. Comparing protocols for different conductivity fluctuations

In the previous sections and for the rest of the thesis, the amplitude of the conductivity

fluctuations δ in the Eq. 2.18 was set to 0.15. This resulted in values of the critical electric fields

of the three protocols to be comparable to the one found in practice. When δ = 0.15 one finds

that the monophasic is the least efficient, followed by symmetric biphasic which is slightly less

efficient than the asymmetric biphasic (with second phase smaller than the first phase). In this

section we will briefly report results with three additional values of the noise amplitude δ: 0.05,

0.1 and 0.2. The corresponding defibrillation dose-response curves are shown in Fig. 3.14. All the

dose-response curves are fitted with the GAM approach described in the previous section. It is

important to note that the precision of the computed E90 is smaller than for δ=0.15 since we have

used 30 noise distributions to compute percentage of success for each shock strength (compared

to 80 in the case of δ = 0.15). The resulting E90 are shown in Fig. 3.15. Except from the smallest

value of δ, the relative efficiencies of the three protocols are the same. For δ = 0.05, monophasic

protocols is by far the most efficient of the three. Comparing the delivered energies for δ = 0.05,

biphasic I and biphasic II protocols would require roughly 20% and 17% more energy relative to

the monophasic.
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Figure 3.14: Defibrillation dose-response curves for a cardiac tissue with different values of noise

amplitude δ. Shock duration is 8ms. Numerical data (represented with boxplots) is fitted using

the GAM approach. a) δ = 0.05, b) δ = 0.1, c) δ = 0.2.
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Figure 3.15: Dependence of the E90 on the δ

parameter that controls the degree of conduc-

tivity fluctuations (see Eq.2.18)
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3.1.4. Defibrillation applied on chaotic initial states

Analysis similar to the one for the 8ms shock duration applied to a quasiperiodic state [136] is

performed for the chaotic state with shocks of equal duration. Chaotic (Ch.) initial condition is

prepared as described in section 2.4.1, following the approach of Qu et al. [138]. The parameter

a, set to regulate transition between quasiperiodic and chaotic state is set to a = 0.9. Fig.2.9

(b,d) shows a return map of APD and a discrete Fourier transform of a one-dimensional wave

obtained with a chosen parameter a.

Statistical comparison between the two initial dynamical states

Table 3.3 compares the median values of the defibrillation of the two dynamical states. Similar

to the QP case, median values for the chaotic set of data is evaluated with 80 realizations of the

noise and 2000 different initial conditions per noise. Comparison between the two sets of data

is performed using Wilcoxon rank sum test for equal medians. This non-parametric test for

statistical comparison was used to accommodate the fact that the data distribution around the

median is not Gaussian in general ([136]). Table 3.3 shows medians for both cases for all tested

shock strengths and a Z score resulting from the statistical test. Grey color is used for non-

statistically significant differences at the α = 0.05 level. Monophasic percentage of defibrillation

shows no similarity for quasiperiodic and chaotic initial condition for all tested shock strengths.

Quasiperiodic initial condition for monophasic protocol will always result in a more efficient

defibrillation. The B1 and B2 shock have similar behaviour. For low and medium shock strengths

(E≤ 6V/cm), the two distributions will result different with quasiperodic initial condition leading

to a more efficient defibrillation. For higher shock strengths (E ≥ 7V/cm), results show that

there is no significant difference between the two initial dynamical states.

E (V/cm) MQP MC ZM B.IQP B.IC ZBI B.IIQP B.IIC ZBII

1 27.50 19.53 11.05 17.33 15.3 9.71 15.50 7.25 11.05

2 34.48 34.13 2.42 33.10 20.98 11.05 40.65 25.50 11.05

3 43.93 37.83 6.04 43.38 27.38 10.58 45.13 35.40 8.62

4 59.93 47.08 9.09 56.93 44.05 8.55 60.78 50.95 6.53

5 75.10 62.03 8.95 74.75 67.70 4.52 80.35 73.15 5.70

6 85.23 76.00 6.75 90.43 88.93 2.01 92.13 87.90 3.49

7 92.50 86.75 5.36 98.53 97.90 0.84 97.88 96.55 1.47

8 96.58 94.45 3.41 99.90 99.93 0.45 99.78 99.85 -0.23

9 98.75 98.08 2.28 100.00 100.00 0.49 100.00 100.00 0.41

10 99.68 99.28 2.15 100.00 100.00 -0.05 100.00 100.00 -0.04

Table 3.3: A comparison of the medians for each protocol resulting from quasiperiodic and chaotic

initial condition. The statistical comparison is realized through the Wilcoxon rank sum test for

equal medians. The comparison is then translated into a Z-score in order to see the significant

differences more clearly.
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Dose-response curves

Numerical results for the chaotic case are shown with boxplots in Fig.3.16 along with fits

performed with the GLM and GAM methods. For comparison sake, the same graph shows nu-

merical results for the quasiperiodic case with gray boxplots. Table 3.4 reports the AIC values

and explained deviance for both methods. Results again indicate that the GAM method performs

a better description of the data. Table 3.5 shows the resulting corresponding coefficients of the fit

and E50, E90 values. A comparison of the E50 and E90 values corresponding to the QP and Ch.

initial condition confirms the results shown in Table 3.3: QP initial condition is easier to defibril-

late. We find the increase of approximately 35% more energy when comparing E90 results of Ch.

ring relative to QP ring for monophasic shock. Biphasic results are less sensitive to the change

of the pre-shock dynamics: the increase of approximately 14% and 15% in energy is needed for

biphasic I and biphasic II relative to the QP ring. This difference is even higher when considering

the E50 values for which roughly 44% more energy is needed relative to the QP example.

These results are consistent with what is found in the literature. Clinical studies have

shown that different types of arrhythmia will require different shock energies for successful anti-

arrhythmia shocks [183, 184]. Kerber et al. concludes that the ”heart rate and electrocardio-

graphic degree of organization of VT are important determinants of transthoracic energy” [184].

Both studies have found that the required energy for successful defibrillation will increase as

one moves from organized ventricular tachycardia to polymorphic ventricular tachycardia and

ventricular fibrillation. Subsequently performed simulation studies in 3D were consistent with

these findings [164, 185]. Degree of organization was controlled by number of scroll waves with

single scroll reentry representing the most organized dynamics. Both studies have confirmed that

higher level of disorganization requires more energy to defibrillate successfully. One of the deter-

minants speculated to be responsible for the differences is the pre-shock size of the excitable gap.

Hillebrenner et al. [185] found that more organized reentry was associated with a larger size of

excitable gap, while the opposite was found by Plank et al. [164], i.e. less organized reentry was

characterized by larger pre-shock size of the excitable gap.

Monophasic Biphasic I Biphasic II

GLM GAM GLM GAM GLM GAM

AIC 59339 49329 73448 44438 57130 46550

Dev.ex(%) 91.9 93.4 93.3 96.1 94.7 95.8

Table 3.4: This table gives the AIC and deviance explained values for two types of fit shown in

Fig.3.16: one using GLM and second the GAM approach.

More on reentry dynamics and defibrillation outcome

What is the reason behind differing results of the two dynamical states? We have seen in the

previous section how probability of defibrillation depends on the (∆φ, φb) parameters. This depen-

dence was pronounced for low shock strengths and reduced as we increased the shock strength. φb
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Figure 3.16: Numerical and model fitting results for a 8ms shock duration applied to the chaotic

dynamical state of the ring. To visualize the difference with results corresponding to quasiperiodic

ring, the latter are also represented with grey boxplots (corresponding outliers are denoted with

grey dots). Black boxplots represent the data for the chaotic ring (the corresponding outliers are

shown with a star symbol).

GLM GAM

Fit parameters E50 (V/cm) E90 (V/cm) Fit parameters E50 (V/cm) E90 (V/cm)

M
β0 = −2.060 (.004)

β1 = 0.5482 (.0009)
[3.75–3.77] [7.75–7.78]

β0 = 1.051 (.003)

β1 = −
[4.17–4.21] [7.51–7.56]

B1
β0 = −3.221 (.006)

β1 = 0.840 (.001)
[3.82–3.84] [6.44–6.47]

β0 = 2.27 (.02)

β1 = −
[4.22–4.24] [6.23–6.25]

B2
β0 = −3.171 (.006)

β1 = 0.860 (.001)
[3.68–3.70] [6.23–6.26]

β0 = 1.91 (.01)

β1 = −
[3.89–3.92] [6.23–6.26]

Table 3.5: This table gives the confidence intervals (with α = 0.01) for the electric fields needed

to get 50% (E50) and 90% (E90) of successful defibrillation, respectively. Values are obtained

using both GLM and GAM fittings as shown in Fig.3.16. The second and the fifth column gives

the fitting parameters (see Eq.(3.1)). The standard error for each of the fitting parameter is also

given (small sub-indices in parentheses next to each parameter).
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is a parameter that we expect to be uniformly distributed across the ring length (and indeed it is).

Distribution of the action potential duration, however, differs between the two dynamical states.

Fig.3.17 shows normalized histograms of ∆φ used in the analysis of defibrillation mechanisms.

Clearly, the two distributions differ significantly. Roughly 90% of the chaotic dynamical state

pool of data has value ∆φ > 4rad, while for quasiperiodic ring ∆φ is more evenly distributed

roughly between 1.7–5.5rad. If the defibrillation mechanisms are the same, and based on the

many examples we believe they are, then this difference in ∆φ distribution will cause difference in

the defibrillation percentage. Let us take another look at, for example, Fig.3.6(aa–ca) that shows

the total success probability for E = 5V/cm shock as a function (∆φ, φb). If we split the images

vertically with ∆φ = 4rad, the probability of successful defibrillation (P) differs for P(∆φ < 4rad)

left side and P(∆φ ≥ 4rad) right side. For monophasic shock the values are 0.89 and 0.63 for

the left and for the right side, respectively. Note that the percentage of success for the chaotic

dynamics is approximately 62%. Similar values for left and right probability hold for biphasic

I (0.87,0.66) and biphasic II (0.93,0.70) case. This asymmetry between the P(∆φ < 4rad) and

P(∆φ ≥ 4rad) exists also for smaller shock strengths. For higher shock strengths it is almost

nonexistent except for monophasic shock (0.97,0.87).

Fig.3.2 also provides the results of the analysis of defibrillation mechanisms performed on the

data based on chaotic initial condition. Tabulated values can be found in Appendix A. Comparing

these results with the QP results, one can observe that for low to medium shock strength, the

main difference is caused by different values of the delayed block. This is consistent with the

aforementioned analysis of the 2D histograms. Direct block does not contribute significantly,

annihilation can be considered symmetric with respect to ∆φ values, while this is not the case

for the delayed block. Larger areas of high probability of successful defibrillation can be observed

for ∆φ < 4rad rather than for ∆φ ≥ 4rad. To illustrate the similarities and differences, Fig.

3.18 shows 2D histograms of the total defibrillation success as a function of the previously used

parameters φb and ∆φ for E = 1,3,5 and 7V/cm. Comparing with the equivalent results for the

QP case, we notice a great similarity for ∆φ > 4rad. For smaller values of ∆φ, we observe that

the data is dispersed rather than grouped into high probability areas like it was found previously.

This may be due presumably to the smaller number of data that falls into that range. Note that

the range of ∆φ values shown in Fig. 3.18 is from 2.4rad to 5.3rad. However, only 0.17% of all

data falls behind ∆φ <3rad.

Statistical comparison between the three protocols

In order to perform statistical comparison between the three different protocols, we have cre-

ated a smaller set of data in the following way: each protocol was tested for the same initial

condition (φi, φb,∆φ) and the same variation of heterogeneity. The ring is in the chaotic dynam-

ical state. A total of 1000 initial condition is repeatedly tested with 50 different conductivity

distributions for 10 values of shock strength. In the previous work, initial conditions and the con-

ductivity distributions were uncorrelated. The data is then grouped in two ways : according to

the noise distribution (50 data points per shock strength) and initial condition (1000 data points

per shock strength). Table 3.6 shows the outcomes of the Wilcoxon signed rank tests performed

on these two types of data groups. Again, statistical comparison is limited by the non-normal dis-
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Figure 3.17: A comparison of action potential durations for chaotic and quasiperiodic dynamics

that are used in the analysis of defibrillation mechanisms shown in Fig.3.2. Histograms are

normalized.

3 4 5
0
1
2
3
4
5
6

φ
b

(a1 )

M
on

op
ha

si
c

E = 1V/cm

3 4 5
0
1
2
3
4
5
6
(a2 )

E = 3V/cm

3 4 5
0
1
2
3
4
5
6
(a3 )

E = 5V/cm

3 4 5
0
1
2
3
4
5
6
(a4 )

E = 7V/cm

3 4 5
0
1
2
3
4
5
6

φ
b

(b1 )

Bi
ph

as
ic
 I

3 4 5
0
1
2
3
4
5
6
(b2 )

3 4 5
0
1
2
3
4
5
6
(b3 )

3 4 5
0
1
2
3
4
5
6
(b4 )

3 4 5
∆φ

0
1
2
3
4
5
6

φ
b

(c1 )

Bi
ph

as
ic
 II

3 4 5
∆φ

0
1
2
3
4
5
6
(c2 )

3 4 5
∆φ

0
1
2
3
4
5
6
(c3 )

3 4 5
∆φ

0
1
2
3
4
5
6
(c4 )

0

25

50

75

100

0

25

50

75

100

0

25

50

75

100

0

25

50

75

100

0

25

50

75

100

0

25

50

75

100

0

25

50

75

100

0

25

50

75

100

0

25

50

75

100

0

25

50

75

100

0

25

50

75

100

0

25

50

75

100

Figure 3.18: 2D histograms showing the probability of defibrillation success as a function of ∆φ

and φb parameters for the ring in the chaotic state.
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tribution of the data. The results of the Wilcoxon signed rank test for grouping by conductivity

are similar to the equivalent results based on QP dynamics [136]. For low shock strength (1-

2V/cm) monophasic shock is more efficient than the biphasic shocks. For shock strengths higher

than 3 or 4V/cm, biphasic shocks are more efficient. The two biphasic shock result comparable

for high shock strengths (E>5V/cm). Note that for the E ranging between 2-5V/cm, biphasic

II is more efficient than the biphasic I. This is consistent with the previous analysis of the defib-

rillation mechanisms that revealed how biphasic II combines positive properties of monophasic

and biphasic I shock. The results of Wilcoxon signed rank test for grouping according to initial

condition (Table 3.6b) follow the same trend for all shock strengths, but with few exceptions.

In the group comparing biphasic shocks for E≥7V/cm the results are not comparable as in the

previous case, but are in favor of the biphasic I shock. The differences between the groups of

different initial state, even though averaged across conductivity fluctuations results significant for

this case. This is possible since Wilcoxon signed rank test does not compare the values of the

differences between pairs of data, but their ranks. Grouping according to the initial condition

results in higher differences between B1 and B2 than it does when grouping by heterogeneity. Let

us also comment on the seemingly peculiar result listed in Table 3.6b for shock strengths 1V/cm

and 2Vcm. The median values are 0 and this may seem erroneous. However, as one could see in

sec. 3.1.2, defibrillation outcomes are more sensitive to values of the initial condition for lower

shock shock strength. Bear in mind that median values in Table 3.6b are grouped according to

the initial position φi. Due to high dependence of the outcome on the φi, groups with certain

initial value φi will result in zero success rate. The overall success rate is low and this results in

median values equal to zero. Histograms of probability of success as a function of initial condition

φi and shock strength for the data used in this section can be found in Appendix B.

(a) Median according to noise distribution

E (V/cm) M Z(M−BI) B.I Z(BI−BII) B.II Z(M−BII)

1 17.75 6.1 14.65 6.17 5.40 6.16

2 31.55 6.16 20.05 -6.13 24.25 6.16

3 36.10 5.59 27.60 -5.96 35.25 0.14

4 45.75 0.90 45.25 -4.54 51.55 -4.63

5 61.70 -2.7 64.50 -3.54 71.90 -5.06

6 75.05 -4.84 87.35 -0.02 86.75 -5.27

7 86.00 -5.15 96.35 1.48 96.05 -5.21

8 94.70 -5.23 99.95 0.75 99.65 -5.31

9 97.85 -5.23 100 0.71 100 -5.17

10 99.20 -5.67 100 1.64 100 -4.76

(b) Median according to initial condition.

E (V/cm) M Z(M−BI) B.I Z(BI−BII) B.II Z(M−BII)

1 0 1.14 0 Inf 0 Inf

2 0 5.45 0 -2.74 0 4.42

3 10 2.02 8 -3.98 14 1.88

4 30 -0.26 30 -1.79 42 -2.12

5 59 -3.02 63 -4.31 76 -6.99

6 76 -10.14 88 1.29 94 -11.97

7 88 -15.88 98 6.09 98 -16.06

8 96 -18.91 100 4.38 100 -18.54

9 98 -19.32 100 7.79 100 -18.55

10 100 -17.62 100 7.90 100 -16.06

Table 3.6: Comparison of the medians of the three protocols. Since simulations are performed

with equal initial conditions and noise distributions for all protocols, outcomes can be grouped

into two ways: according to noise distribution and according to initial condition. The statistical

comparison of the resulting medians is realized through Wilcoxon signed rank test for equal

medians. The comparison is then translated into a Z-score in order to see the significant differences

more clearly. Gray color is used for non-statistically-significant difference at the α=0.05 level.
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3.2. Strength-duration curve

Until now we have analyzed the results for the shock duration equal to 8ms. The monophasic

shock was proven to be less efficient than the biphasic shocks. In order to gain a broader insight

into the differences between the three shock protocols we have performed the same simulations

with different shock durations. The system was set in a chaotic dynamical state previous to the

shock. Fig.3.19 shows dose-response curves for different shock durations ranging from the 1ms to

15ms shock duration. Fitting for each dose-response curve is performed using the GAM approach.

Observing high values of the shock strength of the curve in the time-ascending order, we note

that monophasic curve is clearly above the biphasic curves for 1ms shock duration. For 2ms

shock duration, monophasic curve approaches biphasic curves, but still remains more efficient.

For shock duration equals to 4ms, the curves almost overlap in the high shock strength range,

while for longer shock durations, monophasic shock is less efficient than biphasic shock. Note

that for low shock strengths monophasic is always more efficient than the biphasic shocks.

The data used to construct the dose-response curves is also used to construct the strength-duration

curve, i.e. a plot of shock strength (required to achieve a certain percentage of success) vs shock

duration. In this case, the data is analyzed in a slightly different way. Instead of constructing one

dose-response curve for each shock duration (from 50x1000 set of points) and then evaluating a

single E90 and E50 threshold, we have constructed 50 dose response curves and thus obtained 50

points for the E90 and E50. Again, each dose-response curve is fitted with the GAM approach.

The total of 50 point per shock duration comes from the fact that we have used 50 different

conductivity distributions for the evaluation of shock efficacy. The numerical data is shown on

Fig. 3.20. The scenario described above for the Fig. 3.19 can clearly be seen on the strength-

duration curve for the 90% success rate. Relative efficiencies of the three protocol are similar

even for E50 strength-duration curve. Exceptions in this case are the long shock durations for

which all the values converge to one value.

The obtained data for the strength-duration curve qualitatively resembles the Lapicque strength-

duration model introduced in the section 1.3.1. We have performed fitting of the Lapicque model

to the obtained E90 and E50 thresholds using the non-linear least squares fitting. The fitting is

performed with the nls package of the R software environment. Results of the fitting are shown

in Fig.3.20 with full lines. Resulting chronaxie times and rheobase shock strength are listed in

Table. 3.7. Let us note that Lapicque model can be easily linearized by multiplying the Lapicque

equation with shock duration t: I · t = Irh · t + Irh · c, where Irh denotes the rheobase current

and c the chronaxie time. Performing the same multiplication with our data can indicate if, how

and where the data deviates from linearity, i.e. if the Lapicque model is suitable for our data.

The graphs in Appendix B show these results. We note that the biphasic protocols show strong

deviations from linear behavior for the smallest shock duration : 1ms. This is the reason behind

large confidence intervals for chronaxie for biphasic protocols.

Energy-duration curves

Another characteristic of the Lapicque hyperbolic model for the strength-duration of stimu-

lation is that it yields a U-shaped energy vs time curve (see section 1.3.1). This results follows

if the applied stimulus is constant in time [96]. The optimum pulse is then obtained for shock
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Figure 3.19: Numerical and fitting results for different shock durations. Numerical results are

shown with boxplots. Fitting is perfomed using the GAM approach.
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Figure 3.20: Strength-duration curves for E90 and E50 threshold. Full lines are fits following

the Lapicque model. In order to avoid overlap of the boxplots, we have shifted the boxplots

corresponding to the monophasic protocol to the left by 0.4V/cm and results corresponding to

the biphasic 2 protocol are shifted to the right by 0.4V/cm.

duration equal to chronaxie. The chronaxie obtained for the M shock based on the Lapicque

model is approximately 3.4ms , while values for B1 and B2 are much longer, 11ms and 8.5ms,

respectively (for confidence intervals see Table 3.7).

Shock strength in present simulations is measured in extracellular electric field, although shock

was applied with extracellular current (see eq. 2.15). The measured electric field was found

proportional to the applied current (constant of proportionality roughly constant for all shock
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protocols.

E90 E50

Erh(V/cm) c(ms) Erh(V/cm) c(ms)

M [5.91–5.44] [3.20–3.65] [2.85–3.05] [3.23–3.60]

B1 [2.38–2.78] [10.09–14.08] [1.43–1.75] [11.33–14.22]

B2 [2.81–3.19] [7.89–9.21] [1.49–1.70] [10.09–11.75]

Table 3.7: Strength duration curve was fitted to Lapicque model. The resulting confidence

intervals (95%) for the coefficients are shown in this table.

durations). The delivered energy to the system can be calculated with ∝
T
∫

0

I2edx. All results

are then normalized to the energy of the monophasic shock of 8ms, the extensively analyzed

case. Fig.3.21 shows values for delivered energy for the cases of shock strength necessary for 50%

and 90% percentage of success. It can be observed that the monophasic shock exhibits a clear

minimum between 2 and 4ms. Energy requirements increase monotonically for shock duration

4-12ms. However, the results for the 12ms and 15ms are similar. One-way anova performed on

the data for 12ms and 15ms resulted in p value 0.314 indicating that the means of the two sets

are similar. Energy requirements for the biphasic shock differ qualitatively from the monophasic

shock for the tested range of shock durations. One-way anova performed for the biphasic data

showed that there is no statistically important difference in the time range 10-15ms. It would be

necessary to perform simulations for longer shock durations to determine if biphasic shocks will

exhibit monotonical growth in energy requirements like it is predicted by the Lapicque model.

It is not straightforward to compare these values to the experimental data. One of the reasons

is that the most commonly employed experimental waveforms are exponentially decaying wave-

forms. Varying tilt will result in different waveform efficiency [186–189]. Shorofsky [188] studied

monophasic shocks with four different tilts : 35%, 50%, 65% and 80%. The results showed that

DFT is insensitive to waveform tilt in range 50% to 80%, but changes when tilt is further decreased

to 35%.

Experimental evidence suggest that monophasic protocol with rectangular shaped waveform

follows Lapicque hyperbolic model [167, 190, 191]. Koning [190] measured defibrillation threshold

with rectangular monophasic pulses on dog hearts (in situ) and determined that the minimum

defibrillation energy corresponds to shock duration of 4ms. Similar experiment on dog hearts

using monophasic waveform of varying tilt was performed by Wessale [191]. Results for all tested

waveforms showed similarity to Lapicque strength-duration characteristics. Results for almost

rectangular waveform (tilt 5%) were consistent with chronaxie time of 3ms. Increasing the tilt of

the waveform, the chronaxie values decreased below 2ms. However, not all experimental evidence

supports the thesis that monophasic exponentially decaying waveforms follow Lapicque strength-

duration characteristics. Clinical study by Gold et al. [192] showed clear lack of rheobase current.

Experimental results for biphasic wavefront are less clear. To the best of our knowledge, there

is no experimental study using biphasic rectangular waveforms. However, there are few studies we

can list in an attempt to validate our results with the experimental findings. In an experimental

study (swine) by Schauerte et al. [105], biphasic waveforms with phase 1 to phase 2 ratio (60:40),

but varying tilt were compared. DFT was defined as the lowest energy level with at least 80%



Section 3.2 63

defibrillation success. Optimum biphasic shock corresponded for total shock duration of 5ms.

Note, however that the waveform tilt used in this study is very high. According to the aforemen-

tioned study, one would expect that as the tilt is decreased, the chronaxie time would increase

[188]. In a clinical study by Brugada [189] results are obtained for similar tilt and phase duration

ratios. The voltage is decreased as pulse width is increased for both monophasic and biphasic

pulses (monophasic data is obtained from the swine study). However, energy requirements were

significantly different. For monophasic pulses, the energy doubled when duration is increased

from 3 to 10ms, while for biphasic it was unchanged over the same time range. The measurement

at 20ms showed statistically significant higher value of energy. To conclude, let us mention the

study by Jones et al. [193] in which monophasic and symmetric biphasic waveforms were used to

test excitation threshold in cultured cells. Biphasic chronaxie was found to be more than double

the monophasic chronaxie (3.5ms and 1.6ms). The available data on biphasic strength-duration is

scarce. Based on results found here and available experimental data we can conclude that chron-

axie values will be differ significantly for monophasic and biphasic waveforms, i.e. monophasic

protocols are optimum (energy-wise) for shorter shock duration than the biphasic protocols.
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Figure 3.21: Energy delivered to the system as a function of shock duration for 90% and 50%

success rate. All the results are relative to the chosen control case : monophasic shock of 8ms.

Full lines are calculated based on the fit to the Lapicque model. In order to avoid overlap of the

boxplots, we have shifted the boxplots corresponding to the monophasic protocol to the left by

0.4V/cm and results corresponding to the biphasic 2 protocol are shifted to the right by 0.4V/cm.
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protocols.



Chapter 4

Advantage of the four– versus the

two– electrode defibrillators

Intensive research has been made in order to find optimum values for initial and final voltage of

the shock, decay constant, shock duration and polarity reversal timing [25]. In the present chapter

we propose a completely novel approach, in which instead of optimizing standard procedure in

which the shock is applied via a two electrode system, one will look at a four electrode system.

The motivation behind such a procedure comes from the analysis of results obtained with the

standard two electrode system in a simple model of a one-dimensional ring of cardiac tissue [136].

E50 threshold (shock strength corresponding to a 50% of success rate in the defibrillation shocks) is

achieved mainly by front to front interaction or interaction of front and the refractory tissue, while

E90 threshold (shock strength necessary for getting a 90% success rate) is mainly obtained through

a different mechanism consisting in a direct activation of the whole cardiac tissue. One suspects

that the addition of two electrodes might move the E90 threshold in the region of lower shock

strengths where defibrillation is mediated mainly by wave–wave and wave–tissue interactions.

The present chapter will confirm that it is indeed the case.

Fig. 4.1 depicts the scheme of the numerical experiment presented in this chapter. There

are four equidistant current injection sites. For the monophasic shock, the position X1 and X3

are always anodal, while X2 and X3 are cathodal. The same positions of the shock polarities

are maintained for the first phase of the biphasic shocks. In second phase, these are obviously

reversed.

Apart from the change in number of the electrodes, all other relevant materials and methods

are the same as the ones introduced in Chapter 2 and used in the Chapter 3, while analyzing the

case of the two-electrode protocol. Using the same numerical experiment design, we will evaluate

the percentage of success for a range of shock strength values yielding small to high percentage of

success. This information will again be used to construct the dose-response curves and evaluate

defibrillation thresholds associated with different percentages of success. Finally, the analysis of

defibrillation mechanisms will provide insight into the results obtained with the four-electrode

system.

65
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Figure 4.1: Illustration of the four-electrode system. Red arrows and red rectangles denote the

anodes (injection of positive charges into the extracellular region, see Eq. 2.15). Blue arrow and

blue rectangles denote cathodes. a) Positions of the electrodes on the ring (stimulus sites) for

the monophasic and first phase of the biphasic shock. b) Illustration of the applied monophasic,

biphasic I and biphasic II shock through the electrodes X1 and X2. The electrode X3 receives the

same charge as the electrode X1. Electrode X4 receives the same charge as the electrode X2. The

total shock duration is set to 8 ms.

4.0.1. Dose-response curve

Fig. 4.2 shows the numerical data and fitting results corresponding to four-electrode defibrilla-

tion for all three tested protocols. Percent success of each tested shock strength is evaluated with

total of 100,000 simulations : 50 different noise distributions x 2000 initial conditions. Probability

of success is then evaluated for each noise distribution and the boxplot is constructed using 50

data points for each shock strength. Monophasic and biphasic I curves are constructed with 26

values of shock strength ranging in [0.25, 10]V/cm. Due to sharp transition around 1.8V/cm,

biphasic II curve is constructed with 32 values of the shock strength in the same range. By

inspecting percentage of success results for monophasic and biphasic I protocols we can observe

two plateaus : the expected saturation for high shock strengths and a small plateau around

medium range values of the shock strength 2-3V/cm. Therefore, one-predictor logistic regression

commonly employed in the two-electrode protocol might not be a suitable choice. This is easily

confirmed by using Box-Tidwell transformation described by Hosmer and Lemeshow[172]. The

transformation is designed to test for nonlinearity of the logit with respect to the predictors.

The test is performed by adding a term xlog(x) to the logit equation, where x is the predictor

with possible nonlinear relationship with the logit. If the coefficient for the added term is sta-

tistically significant, then there is evidence of nonlinearity between the logit and the predictor x.

We added the Box-Tidwell term to the logistic regression of all three protocols and the resulting

z-score proved to be significant. In order to account for the added complexity in the data, we

will use the generalized additive model [173], introduced in section 3.1. In order to perform the

GAM fitting we have used the corresponding R package [171] mgcv [173–178]. The basis k of

the smooth function is set to k=25 for the data coming from the M and B1 protocols, since we
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have found that this value minimized the Akaiko information criteria (AIC) value. For the data

coming from the B2 protocol, k was set to 21. We have found that higher values for the basis

dimension lead to unrealistic fit. In order to quantify the improvement of the fit performed with

the GAM (Eq. (3.2)) over the classical logistic regression (Eq. (3.1)), we can compare the Akaiko

information criteria (AIC) of the two models. The classical approach for the M, B1 and B2 pro-

tocols resulted in AIC value of 169,125; 193,660 and 104,780 , respectively. In the same order,

the GAM approach resulted in AIC value of 48,742; 29,537 and 30,405, respectively. Indicating

that the GAM approach is justified over the classical logistic regression for the present data. In

addition, Table 4.1 also provides the R2
adjusted for the GAM fitting. The latter values close to one

indicate that the GAM fitting is indeed satisfactory.

The same table also provides the E90 and E50 threshold values extracted from the curve fittings

with a α = 0.01 confidence interval. For the sake of comparison, we have added the results of the

E90 and E50 thresholds for the two-electrode system that were given earlier (see [136] or chapter

3, Table 3.5). We note that both E50 and E90 values are lower for four-electrode system compared

to the two-electrode system. Let us first comment the values obtained for the E50 thresholds.

For the case of the two-electrode system the E50 values are all very close to each others, while

this is no longer the case for the four-electrode system. For the latter, the B1 and B2 protocols

have similar values, while the M protocol has a much lower E50 threshold value (half the biphasic

values). This leads to a decrease of energy of approximately 78% when comparing the M and B1

E50 threshold values (please remember that the energy is proportional to the square of the electric

field). The situation is somewhat different when we compare the results for the E90 threshold

values, which are of higher interest for the defibrillator devices. Here as in the case of the two

electrode system, the B2 protocol is the most efficient. Let us remind that difference in E90 value

between the M and B2 protocol for the two-electrode system leads to a decrease in energy of

approximately 26% in favor of the B2 protocol. This result follows very closely the values found

in the medical literature [22, 23]. The same comparison, in the case of the four electrode system

leads to a decrease in energy of approximately 77% in favor of the B2 protocol when compared

to the M protocol. Another interesting result is the E90 value for the B1 protocol. Findings in

medical practice tend to favor B1 over M protocol. However, in our study of the four electrode

system, the M protocol results in lower E90 threshold value than the B1 protocol. According to

the values given in Table 4.1, the M protocol will defibrillate with 15% less energy than the B1

protocol (considering a 90% success rate).

4.0.2. Defibrillation mechanisms

A careful analysis of the successful defibrillation events indicate that, as in the case of the two-

electrode system, there are four distinct mechanisms: (1) Direct block (DB), (2) Annihilation

(An), (3) Delayed block (De) and (4) Direct activation (DA). Some examples (with the four-

electrode system) are shown in Fig. 4.4. The DB mechanism is specific of the monophasic

protocol. In this case, the initial front is suddenly halted by a highly hyperpolarized region

created by the anodal stimulus and the wave is directly blocked. If no other fronts are created

by means of virtual or real electrodes, the defibrillation is successful. An illustration of the

DB mechanisms is shown in Fig. 4.4a where the shock strength is E=1V/cm and the shock

protocol is monophasic. A second type of successful defibrillation can be achieved by means of
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Figure 4.2: Numerical data (boxplot) and fitted dose-response curve for monophasic (top),

biphasic I(middle) and biphasic II (bottom) protocol.

4 electrodes 2 electrodes

R2
adj E50(V/cm) E90(V/cm) E50(V/cm) E90(V/cm)

M 0.968 0.558–0.565 4.73–4.81 3.08–3.10 6.77–6.80

B1 0.993 1.181–1.192 5.16–5.22 3.21–3.23 6.02–6.04

B2 0.988 1.278–1.282 2.31–2.33 3.03–3.05 5.83–5.85

Table 4.1: E90 and E50 values for two-electrode and four-electrode systems. E90 and E50 values

corresponding to the four-electrode system are evaluated using the data shown in Fig. 4.2. Fitting

is performed with the GAM approach. R2
adjusted values are also provided. For comparison, E90

and E50 values corresponding to the two-electrode protocol are also shown. The latter were

previously published in [136].
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Figure 4.3: ANN is used to classify defibrillation mechanisms of the four-electrode protocol.

Numerical values can be found in Table A.2. Stacked bar represent the classification of defibril-

lation mechanisms for M, B1 and B2 shock for shock strength values : 1V/cm, 3V/cm , 5V/cm

and 7V/cm. Abbreviation stand for : DB-direct block, An-annihilation, De-delayed block and

DA-direct activation.

E (V/cm) Protocol Failure Direct block Annihilation Delayed block Direct activation

Monophasic 39.08 5.20 (0.97) 10.73 (0.28) 44.99 (1.04) 0 (−)

1 Biphasic I 62.69 0.42 (0.59) 19.03 (0.90) 17.86 (1.18) 0 (−)

Biphasic II 62.72 0.41 (0.25) 10.10 (0.33) 26.78 (0.41) 0 (−)

Monophasic 25.01 4.92 (0.31) 18.68 (0.57) 51.39 (0.56) 0 (−)

3 Biphasic I 22.69 0.25 (0.14) 26.42 (1.10) 50.65 (1.10) 0 (−)

Biphasic II 3.39 0.013 (0.015) 28.97 (1.25) 67.62 (1.26) 0 (−)

Monophasic 8.85 0 (−) 9.58 (0.49) 52.61 (0.75) 28.95 (0.80)

5 Biphasic I 11.34 0 (−) 7.03 (0.74) 33.66 (0.90) 47.97 (0.76)

Biphasic II 0.19 0 (−) 12.49 (0.67) 44.41 (0.91) 42.92 (1.33)

Monophasic 2.64 0 (−) 1.51 (0.41) 35.30 (0.96) 60.56 (0.68)

7 Biphasic 1 1.44 0 (−) 0.19 (0.067) 8.93 (1.10) 89.44 (1.10

Biphasic II 0.46 0 (−) 0.25 (0.12) 12.77 (1.79) 86.51 (1.84)

Table 4.2: Classification of the outcomes of defibrillation obtained by the ANN analysis for shocks

of four different values of shock strength. The probability (in percents) and its standard deviation

(in parentheses) is given for each outcome.
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Figure 4.4: False color space-time plots of Vm showing examples of defibrillation mechanisms. De-

fibrillation is applied with the four-electrode protocol. (a) Direct block (Monophasic, E=1V/cm)

(b) Annihilation (biphasic II, E=3V/cm) (c) Delayed block (Monophasic, E=5V/cm), the white

star denotes the point where the wave front was last found (φf (t
′)), later used in the analysis (d)

Direct activation (Biphasic 1, E=7V/cm). The shock is applied during the first 8ms of the plots.

The time resolution is enlarged 10 times for t ∈ (0,18) with respect to t > 18ms. The color scale

is equal for all the four plots.
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the annihilation (An) mechanism, in which all the electrical activity on the ring is stopped by the

collision of two oppositely propagating fronts. Figure 4.4b shows an example of the annihilation

mechanism where the shock strength is E=3V/cm and the shock protocol is biphasic 2. In this

case, the electrode located at position X3 is anodal in the first phase (from t=0 to 6 ms) and

cathodal in the second phase (from t=6 to 8 ms). For the electrode at X3, the short depolarization

is sufficient for eliciting two fronts. The downward front annihilates with the initial front that

existed prior to the shock and the upward front annihilates with the front elicited by the electrode

located at positionX4. A third identified mechanism of defibrillation is the so-called delayed block

(De). It consists in the blockage of the surviving front passing through a region with refractory

tissue. An example of this mechanism is shown in Fig. 4.4c. In this case, the shock strength is

5V/cm and the shock protocol is monophasic. In Fig. 4.4c, one observes that the shock strength

is sufficient to produce virtual electrodes (VE) and one of those VE produces a new front. This

front propagates until it encounters a region of refractory tissue and it is blocked. Finally, the

fourth mechanism is the so–called direct activation mechanism because the shock activates a large

portion of the cardiac tissue. When the tissue returns back to the rest state, none of the waves

survive. An example of the direct activation mechanism is shown in Fig. 4.4d. In this case the

shock strength is equal to 7V/cm and the shock protocol is the biphasic 1. The initial front is

close to the X2 electrode. The shock strength is large enough to produce many virtual electrodes

in the region between the X2 and X4 electrodes.

Due to the large number of simulations, we have performed an automatic classification of

the defibrillation mechanisms using artificial neural networks (ANN) [194]. The details of the

classification method are described in the Sec. 2.5. Four values of shock strength, i.e., E=1,

3, 5 and 7V/cm, were analyzed in detail for each protocol. The results are shown in Fig. 4.2

and summarized in Table A.2. For low shock strengths, around E=1V/cm the monophasic shock

protocol is the more efficient and the biphasic shocks have similar failure rate. Mean failure

rates corresponding to the M, B1 and B2 protocols are approximately 39%, 62.7% and 62.7%,

respectively. At low shock strength, one does not observe the creation of virtual electrodes, but

some new fronts are created at the location of the physical electrodes, if the shock is depolarizing

there. Fig. 4.2 and Table 4.2 confirm that the better efficiency of monophasic shock at E=1

V/cm is essentially due to the delayed block mechanism. Let us remind that the mean failure

rates at the same shock strength (E=1 V/cm) for the two-electrode system and for the M, B1

and B2 protocols were approximately 72%, 83% and 84%, respectively [136]. Therefore, for low

shock strengths, the shock outcome is substantially improved for the four-electrode system with

respect to the two-electrode system.

As we increase the shock strength to 3 V/cm (see Fig. 4.2), the success rates for the M and

B1 protocol reach a first plateau, while the success rate for the B2 protocol is already close to

the 100% saturation. It is instructive to look at the mean values of the success rate at this shock

strength (3V/cm), one gets: 76% (M), 78% (B1) and 97% (B2). Interestingly to note is that

the biphasic 2 protocol already exceeds the 90% success rate which results in the aforementioned

low E90 threshold. Let us remind that for such shock strength, the corresponding mean values

for the two-electrode system and the B2 protocol was only 42%. The results obtained for the

M and B1 protocols, although not so efficient, are still significantly higher than in the case of

the two-electrode system. The corresponding values for the two-electrode system were 43% (M)

and 42%(B1). For shock strength values at E=1 and 3 V/cm, one does not observe the direct
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Figure 4.6: False color plots of Vm for two different initial condition. Example A : φf (t = 0) =

2.22rad and Example B: φf (t = 0)=3.27rad. External shock is applied during first 8ms. Time

resolution is higher for t<18ms by one order of magnitude to highlight the effect of the shock.

Space-plots are shown for two shock strengths : 1V/cm and 3V/cm (columns) and all three

protocols (rows). All successful shock have defibrillated via delayed block mechanism. Note

that for 3V/cm case, both B2 shock have resulted successful due to blockage of the front at two

successive electrodes. In Example A biphasic II is similar to biphasic I protocol and in Example

B to monophasic protocol.

activation defibrillation mechanism, just as it happened in the case of the two-electrode system.

By comparing the observed defibrillation mechanisms at shock strength equals to 3V/cm in Fig.

4.3, one can see that the main difference between the B2 protocol and the other two is the very

large percentage of delayed block defibrillation.

In order to further investigate this result, we have analyzed the delayed block mechanism in

greater detail. We have proceeded in the following way: for every defibrillation trial that was

successful via the delayed block mechanism we have kept the front location where the front was

last seen. This point on the ring corresponds to φf (t = t′) (see Fig. 2.7b), where t′ indicates

the time where the front disappears. Fig. 4.4c shows an example of delayed block in which the

corresponding φf (t
′) is indicted by a white star.

The statistics of the φf (t
′) points are shown in histograms in Fig. 4.5. In Fig. 4.5, the labels X1,

X2, X3 and X4 denote the position of the electrodes matching those in Fig. 4.1. From Fig. 4.5,
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one clearly sees that M protocol displays two higher peaks just behind the two cathodes located

at X2 and X4. Let us remind that all the fronts used for the histogram are counterclockwise

propagating (i.e. with increasing phase). Thus we can conclude that the delayed block mechanism

occurred due to tissue depolarized by the cathode, i.e. the surviving front could not go through

the refractory region created by the cathodal stimulus. Let us point out that delayed block events

with the blocked front being clockwise along the ring occur in less than 1% of the total delayed

block events for the M protocol. These clockwise events where omitted in the statistical analysis

for simplicity. All the initial conditions are counterclockwise fronts and any resulting clockwise

front is due to special defibrillation shocks. The histogram (Fig. 4.5, middle graph) corresponding

to the B1 protocol shows high peaks but in this case right behind the electrodes located at X1 and

X3. These electrodes have a second phase that is depolarizing (cathodal stimulus) and therefore

generate a refractory region as in the case of the M protocol. The results for the B2 protocol are

somewhat different. The histogram (Fig. 4.1, lower graph) shows four peaks just behind each of

the four electrodes. In this latter case, all the electrodes have a cathodal character that generates

a refractory region. Thus the high success rate of defibrillation for the B2 protocol for E=3V/cm

is a result of the combined properties of the M and B1 protocols where delayed block can occur

behind each of the electrodes.

In order to illustrate by examples the discussion of the previous paragraph, we have constructed

space time plots corresponding to two different initial conditions (example A and example B) in

Fig. 4.6. All the defibrillation protocols were tested on the two different initial conditions. Both

sets show examples with shock strengths equal to 1V/cm and 3V/cm. In the cases displayed

in Fig. 4.6, all the successful defibrillations were obtained via the delayed block mechanism.

Let us first consider example A with a shock strength of 3V/cm. Figures 4.6.(a4-a6) show an

unsuccessful M and successful B1 and B2 shocks. The latter two resulted successful due to the

front blockage at X3. The second phase for biphasic shocks is cathodal at location X3. However,

M protocols are anodal at the position X3 and renders the tissue more excitable and therefore

hinder the front blockage. Figures 4.6.(b4-b6) show the results corresponding to the example B.

In this case, the M and B2 protocols result successful and the B1 protocol is unsuccessful. The

front is blocked at location X4 for both the M and B2 shocks, where the tissue is refractory.

Monophasic shocks at X4 are purely cathodal, but the second phases of B1 and B2 shocks at X4

are anodal. However, the duration of the second phase for B2 protocol is only 2ms and therefore

it is not long enough to render the tissue excitable. This is not the case for the B1 protocol, for

which the second phase lasts for 4ms and it is long enough to hyperpolarize the tissue at X4 and

allows the front to propagate through X4.

The same analysis is performed at lower shock strength for E=1V/cm. For the M protocol, the

histogram in Fig. 4.1 (upper graph) shows a similar pattern as for the case of E= 3V/cm but

with an overall lower frequency. The relatively high success rate for the M protocol at E= 1V/cm

compared with the biphasic protocols can be explained by the fact that only the cathodal regions

at X2 and X4 are strong enough to generate a refractory region for the M protocol for E= 1V/cm

(see Fig. 4.6b1). In the examples taken in Fig. 4.6, none of the biphasic shocks (at E=1 V/cm)

were strong enough to generate delayed block events.
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Figure 4.7: The total shock duration is fixed at 8ms, while the second phase is increased from 0ms

(monophasic) to 8ms (again monophasic, but with reversed electrode positions). Shock strength

is kept fixed to 3V/cm and 6V/cm. Each shock strength is tested on two dynamical states of the

ring: quasiperiodic and chaotic. For clarity, the results for the two dynamical states are slightly

shifted on the horizontal axis. a) Results obtained with the two-electrode protocol b) Results

obtained with the four-electrode protocol.
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Figure 4.8: Dependence of defibrillation success on duration of the second phase of biphasic shock.

Here the shock strength is fixed to 3V/cm. Initial dynamics is the QP state

4.0.3. The importance of the second phase

Following the discussion of the previous paragraph, one understands that the high success rate

for the B2 protocol at E= 3V/cm is due to appropriate durations of the first and the second phase

of the shock. These durations are such that they produce the largest amount of refractory regions

along the ring and therefore lead to the maximum elimination of the propagating fronts. Follow-

ing this hypothesis it would be interesting to check the influence of a modification of the duration

of the second phase of the B2 protocol. Figure 4.7 displays the numerical results obtained for the

success rate while varying the duration of the second phase. The total duration of the shock is

8ms, while the shock strength is kept fixed at 3V/cm and 6V/cm. Let us also note that in Fig.

4.7 when the duration of the second phase is equal to 0ms and 8ms one retrieves a monophasic

shock. The former case (i.e. 0 ms) corresponds to the monophasic shock as schematized in Fig.

4.1, while the latter case (i.e. 8 ms) corresponds to a reversed placement of the anode and cath-

ode with respect to the former case. The results of success rate for both monophasic shocks are

comparable within the error bar of each other which is a further check of the consistency of our

simulations.

The results presented in this chapter up to now were obtained with the ring in the quasiperiodic

state. For the sake of comparison, in Fig. 4.7 we have displayed the results for both dynam-

ical stats of the ring, i.e. quasiperiodic and chaotic. Fig. 4.7a displays the results for the

two-electrode system and Fig. 4.7b for the four-electrode system. One can observe that the

percentage of successful defibrillation for chaotic dynamical state is consistently lower than the

corresponding results for the quasiperiodic state. The difference in percentage of success between

the two dynamical states is smaller for the higher shock strength (E = 6V/cm), than it is for

the lower shock strength (E = 3V/cm). These results are in the agreement with the analysis

presented in the previous chapter (see Sec. 3.1.4). The two dynamical states display different
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distribution of the wavefront width ∆φ. The higher the shock strength, the smaller is the de-

pendence of the defibrillation success parameters of the reentrant wave ∆φ and φb. Therefore,

the difference between the two dynamical states will be more prominent at smaller shock strengths.

The important message carried by Fig. 4.7 is that the percentage of defibrillation exhibits

a marked maximum for a second phase duration in the range of 1.5 ms to 2 ms. This result

holds for both two- and four-electrode systems and the two dynamical states. To further clarify

the differences between different biphasic shocks for the four-electrode system, we have analyzed

the defibrillation mechanisms for shock strength equal to 3V/cm. The results are shown in Fig.

4.8. Here the dynamics prior to the shock was the QP state. If we examine the defibrillation

mechanisms corresponding to the shocks with a second phase duration equal to 2 ms with the

other shocks, one can see that again the main difference lies in the higher fraction of the delayed

block events than for other durations. Indeed, when comparing the mechanisms for second phase

duration equal to 2 ms and 3 ms for which the fraction of the annihilation is equal within the

error bar, the difference is caused solely by the larger proportion of delayed block mechanism in

the case of second phase duration equals to 2 ms.
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Conclusions and Outlook

Conclusions

In this thesis we have used a relatively simple one-dimensional model to study defibrillation

mechanisms induced by three commonly applied clinical waveforms: monophasic, symmetric

biphasic and asymmetric biphasic protocol. The idea behind a single numerical experiment is

summarized as follows. The reentrant wave is present on the ring prior to the shock. Upon

the application of the shock, the outcome is classified as successful if all electrical activity has

ceased after a certain lapse time and unsuccessful if a circulating wave was still present. The aim

of this simplified model is to define, validate and use a fast and reliable computational tool to

study defibrillation mechanisms and new defibrillation waveforms. The one-dimensional model

was defined in chapter 2, validated with well known clinical protocols in chapter 3 and finally

used to study new defibrillation approaches in chapter 4. Let us stress that the idea of the

one-dimensional model is built upon a work by Glass and Josephson who studied resetting and

annihilation of the reentrant waves on a one-dimensional ring [27].

In the model used in this thesis, we underlie the importance of several key features. First,

electrical signal propagation is modeled through the bidomain model. Second, of particular

importance is the use of added heterogeneities to the internal conductivity coefficients. This

was done following the work of Fishler [158] and Plank [164]. Third, two identified defibrillation

related phenomena, electroporation and anode break excitation were also incorporated to the

Beeler-Reuter cell membrane model [137], following the work of DeBruin and Krassowska [141] and

Ranjan [151]. Despite the simplicity of the model (relative to the complicated three-dimensional

structure of the heart), in chapter 2 we list a total of 7 parameters of the model that influence

the defibrillation shock outcome.

In chapter 3 we study in detail three defibrillation protocols with a shock duration of 8ms. A

detailed statistical analysis of close to 5 million simulations has allowed to rank the efficiency of

the three tested protocols. For high shock strengths yielding a 90% success rate we have found

that the biphasic II protocol is the most efficient, while monophasic protocol is the least efficient

of the three. Comparing the monophasic and biphasic II protocol, we have found that biphasic II

at high shock strength will defibrillate with 26% less energy than the monophasic protocol. This

result is in the close agreement with the available experimental data in which a saving of 25% in

energy is found when comparing monophasic and biphasic protocols [22, 23].

Careful analysis has also revealed that the successful defibrillation events can be classified into one

of the four identified mechanisms: direct block, annihilation, delayed block and direct activation.

Due to a large number of simulations performed, we have employed artificial neural networks
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into an algorithm for automatic classification of the defibrillation events. The results revealed

that the mechanisms which prevail will depend on the energy level, the current dynamical state

of the system and the shock protocol. Direct activation mechanisms is characteristic of the high

shock strengths and is nonexistent for shock strengths E≤ 3V/cm. For the low-medium shock

strength the positive defibrillation outcomes are the result of the remaining three mechanisms.

The analysis of the defibrillation mechanisms has also revealed that the two parameters of the

reentrant wave (∆φ, φb) are important predictors of the defibrillation outcome. The φb parameter

provides the information on the shock timing and the ∆φ information on the reentrant dynamics

present on the ring. This dependence of the defibrillation mechanisms on the (∆φ, φb) parameters

is more pronounced for lower shock strengths and less important for higher shock strengths.

In chapter 3 one-dimensional model is used to construct the strength-duration curves for the three

tested protocols. For short shock durations (T < 4ms), monophasic protocol resulted to be more

successful than the biphasic protocols. For longer shock durations, biphasic protocols were more

efficient. Chronaxie values were evaluated based on the Lapicque model. The chronaxie value for

the monophasic protocol was approximately 3.2ms, while values for biphasic protocols were much

longer, i.e. approximately 11ms for biphasic 1 and 8.5ms for the biphasic 2 protocol. According

to the Lapicque model for the strength-duration curves, the optimum shock duration is equal to

chronaxie (for rectangular pulses). It is often assumed that the chronaxie value is in the range

of 2-5ms [195], while study presented here and some experimental studies [189, 196] suggest that

in some cases chronaxie values for the biphasic protocols might be much longer. This difference

in chronaxie values might have an importance for the design of the defibrillator devices since

delivered energy is often the only parameter used for the waveform optimization.

In chapter 4 we propose and analyze a novel defibrillation setup in which defibrillation is applied

with a four electrode system rather than a standard two-electrode system. The four-electrode

system is analyzed and compared to the two-electrode system using the same one-dimensional

ring model. Again three shock protocols were compared, monophasic and two biphasics. All

three studied protocols applied with a four-electrode system resulted consistently more efficient

than their corresponding two-electrode system counterpart. From the three studied protocols,

the biphasic II protocol is the most efficient. Comparing the success rate at high shock energies,

we have found that the M, B1 and B2 protocols in the four-electrode system will save 51%, 42%

and 88% of energy when compared to the two-electrode system. Defibrillation events were again

classified into four mechanism, direct block, annihilation, delayed block and direct activation.

We have found that for high energy shocks for which the direct activation is the prevailing

mechanism, the two systems (two- and four-electrode devices) do not differ much in rate of

success and underlaying defibrillation mechanisms. The prevailing mechanism behind the E90

threshold for the two electrode system is the direct activation mechanism, for which the shock

strength must be high enough to excite sufficient virtual electrodes in the cardiac tissue. On

the contrary, the E90 threshold for the biphasic 2 protocol in the case of the four electrodes

system is as low as E= 2V/cm. For such low shock strength, the defibrillation is achieved only

by front to front interaction or interaction of front with refractory tissue. Furthermore, one has

determined that the mechanism behind the supremacy of the biphasic 2 protocol is the delayed

block mechanism but that a subtle tuning of the timing of the second phase of the B2 protocol is

needed to obtain a very high performance defibrillation rates. One has observed that monophasic

shocks block the propagating fronts by the depolarized tissue at the position of the cathodes and
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the biphasic 1 at the position where the second phase is cathodal. Biphasic 2 shock can render

the tissue unexcitable at the position of all four electrodes, thus having both properties of the M

and B1 protocols. We have found that for the B2 protocol with phase 1 (6 ms) and phase 2 (2

ms) durations we get that, if the first phase is cathodal, the second phase is too short to render

the tissue excitable. If the first phase is anodal, the second phase is long enough to render the

tissue refractory. Percentage of success is also found for varying duration of the second phase

(total shock duration is 8ms). It was found that higher efficiency of the biphasic protocol with

the duration of the second phase 1.5ms-2ms is maintained for both: (1) two-electrode and four-

electrode protocol and (2) quasiperiodic and chaotic dynamics prior to the shock. The simple

message that this study of the four-electrode defibrillator conveys is that one can presumably

obtain defibrillation at much lower energy if one uses a four electrode device.

Outlook

There are two main directions in which the present study can be broadened: (1) increase the

realism of the simulations by increasing the dimensionality of the model and (2) continue to use

the developed 1D model to study defibrillation phenomena that are otherwise costly to analyze

with more realistic models.

The idea behind a one-dimensional model presented and used in this thesis is to develop fast and

reliable approach to study defibrillation phenomena. All the calculations are performed using

the rectangular shock waveform. While this is a common waveform used in numerical and theo-

retical calculations, this is not the shock waveform found in the clinical practice. Commercially

available defibrillators generate a waveform via a capacitor discharge, thus introducing additional

parameters into the waveform optimization problem. In addition to the exponentially decaying

waveforms generated by the capacitor discharge, one can also consider exponentially ascending

waveform. Result obtained using a 0D model [80] indicates that this form of stimulus application

is superior to both rectangular and exponentially decaying waveforms. The formalism presented

in this thesis, in which one can classify defibrillation outcomes into four different classes could

be used to compare the three waveforms: (exp) decaying, rectangular and ascending. A more

mathematically rigorous approach could also be taken to explore the infinite functional space

of possible waveforms. It seems interesting, although not straightforward, to apply the tools of

optimal control theory to explore the optimum waveform of most efficient defibrillators.

While simplified 1D model are easier to analyze than their comparable two or three dimensional

models, there are number of limitations associated with the low dimensionality of the model. For

example, 1D model cannot sustain vortices and rotors which are very important in the study of

arrhythmias. Experimentally, it is known that stronger shocks do not always relate to higher per-

centage of defibrillation [19, 165]. This characteristic of the defibrillation, related to the presence

of the phase singularities [19], was not observed in the present one-dimensional model. Four-

electrode defibrillator presented in chapter 4 revealed potentially important energy savings with

respect to the current two-electrode system. These important energy savings obtained for the

four electrode system open the door of some further study on a more realistic geometry and

maybe some testing on more realistic condition. The realization of the implantable four-electrode

or similar multi-electrode setup has already been patented in the 1980s [197, 198]. Note that
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the first ICD device was also implanted in 1980 [4, Ch. 1.2]. Since then, to the extent of our

knowledge, there has been only few attempts to test the different multi-electrode configurations

[199, 200]. The simple message that this study of the four-electrode system conveys is that one

can presumably obtain defibrillation at much lower energy if one uses a four electrode device.

This could hopefully have some implications in the medical realm.
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Supporting tables

In the tables shown in this Appendix we tabulate the results of the ANN analysis for the shock

duration of 8ms. The results are displayed graphically in Fig. 3.2.

Quasiperiodic dynamics

E (V/cm) Protocol Failure Direct block Annihilation Delayed block Direct activation

Monophasic 72.51 3.16 (0.08) 5.81 (0.15) 18.51 (0.16) 0 (−)

1 Biphasic I 82.64 0.099 (0.071) 9.83 (0.11) 7.42 (0.12) 0(−)

Biphasic II 84.52 0.26 (0.018) 4.67 (0.083) 10.55 (0.08) 0 (−)

Monophasic 55.77 6.13 (0.25) 7.92 (0.34) 30.17 (0.27) 0 (−)

3 Biphasic I 55.92 0.106 (0.08) 15.16 (0.37) 28.82 (0.38) 0 (−)

Biphasic II 53.78 0.006 (0.01) 15.17 (0.67) 31.04 (0.67) 0 (−)

Monophasic 25.03 1.45 (1.91) 8.80 (0.98) 49.04 (2.17) 15.68 (2.32)

5 Biphasic I 24.60 0.084 (0.106) 14.80 (1.24) 34.58 (1.51) 25.93 (1.84)

Biphasic II 19.44 0.003 (0.008) 12.88 (1.18) 44.31 (1.66) 23.36 (1.92)

Monophasic 8.50 0 (−) 6.82 (1.10) 36.72 (2.64) 47.96 (2.78)

7 Biphasic I 2.795 0 (−) 4.60 (0.96) 11.17 (2.08) 81.44 (2.37)

Biphasic II 3.129 0 (−) 0.67 (0.21) 21.02 (1.92) 75.18 (1.89)

Table A.1: From [136]. Classification of the outcomes of defibrillation obtained by the ANN

analysis for shocks of four different levels of energy. The probability (in percents) and its standard

deviation (in parentheses) is given for each outcome. The reentrant dynamics present on the ring

prior to the shock application is a quasiperiodic dynamics.
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Chaotic dynamics

E (V/cm) Protocol Failure Direct block Annihilation Delayed block Direct activation

Monophasic 80.55 4.30 (0.15) 6.37 (0.10) 6.37 (0.10) 0 (−)

1 Biphasic 1 84.72 0.02 (0.02) 11.99 (0.01) 3.27 (0.02) 0 (−)

Biphasic 2 92.67 0.02 (0.01) 5.71 (0.06) 1.59 (0.05) 0 (−)

Monophasic 61.62 5.33 (0.22) 9.70 (0.26) 23.35 (0.17) 0 (−)

3 Biphasic 1 70.82 0.03 (0.02) 16.80 (0.09) 12.36 (0.08) 0 (−)

Biphasic 2 63.18 0.02 (0.02) 17.76 (0.08) 19.05 (0.07) 0 (−)

Monophasic 37.88 0.0005 (0.002) 7.30 (0.41) 38.29 (0.30) 15.54 (0.34)

5 Biphasic 1 31.75 0.0002 (0.0004) 15.56 (0.36) 29.35 (0.56) 23.35 (0.75)

Biphasic 2 27.63 0 (−) 14.89 (0.25) 36.20 (0.55) 21.28 (0.56)

Monophasic 13.81 0 (−) 3.49 (0.30) 35.14 (1.00) 47.57 (1.16)

7 Biphasic 1 3.82 0 (−) 2.43 (0.40) 11.79 (0.70) 81.97 (0.82

Biphasic 2 4.65 0 (−) 2.30 (0.57) 19.63 (0.62) 73.42 (0.97)

Table A.2: Classification of the outcomes of defibrillation obtained by the ANN analysis for

shocks of four different levels of energy. The probability (in percents) and its standard deviation

(in parentheses) is given for each outcome. The reentrant dynamics present on the ring prior to

the shock application is a chaotic dynamics.
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Figure B.1: Lapicque model (see Eq. 1.16): The strength-duration curve follows a hyperbolic

dependence. Lapicque model can be made linear by multiplying Eq. 1.16 with the shock duration

T. The graphs show E90 and E50 thresholds obtained with our 1D model multiplied with the

shock duration T. Thus, if the Lapicque model is a suitable representation of the strength vs

shock duration, one should expect an approximately linear dependence.
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Figure B.2: False color histograms showing the probability of success as a function of the initial

position of the reentrant wave φi and the shock energy. A total of 10 shock energy is shown in

the range of E=1-10V/cm. Here the dynamics prior to the shock is in the chaotic state.
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Summary

In the study presented in this thesis we have used one-dimensional model to study mechanisms

associated with the application of the external stimulus to the cardiac tissue. Arrhythmic dynam-

ics is approximated with the reentrant wave on a ring of cardiac tissue. Successful defibrillation is

modeled with the complete removal of the reentrant dynamics. The propagation of the electrical

signal is modeled with the bidomain model, while cellular membrane current is modeled with

the modified Beeler-Reuter model. Three well known and clinically used defibrillation protocols

have been compared for different parameters of the system: monophasic, symmetric biphasic and

asymmetric biphasic. Extensive numerical simulations performed for the shock duration of 8ms

confirmed common medical wisdom that biphasic shocks are superior to monophasic shocks. More

precisely, to yield a 90% success rate, a asymmetric biphasic protocol will require 26% less energy

than the monophasic protocol. The order of efficiency of the three protocols is maintained for

shock duration T ≥4 ms, while for smaller durations of the shock, monophasic protocols results

to be the most successful of the three. Energy required to produce 50% and 90% success rate will

also depend on the dynamics of the reentrant wave present on the ring prior to the shock. We

have compared defibrillation protocols applied to reentrant quasiperiodic and chaotic dynamics.

The results reveal that it is easier to defibrillate quasiperiodic that the chaotic dynamics. Careful

examination of the defibrillation trials revealed, that for the shock duration of 8ms, all successful

defibrillation trials can be classified into one of the four defibrillation protocols. These are: direct

block, annihilation, delayed block and direct activation. Which defibrillation mechanism prevails

depends on the energy level, the current dynamic state of the system and the shock protocol.

Having tested and analyzed the validity of the one-dimensional model with the well known defib-

rillation protocols, the model was also used to examine the efficiency of a non-standard approach

to defibrillation: application of the shock with the four electrode system instead of the common

approach with two electrodes. Results revealed that a drastic reduction in defibrillation threshold

is achieved with the four electrode technique with respect to the standard two electrode technique.

The highest saving in required energy is achieved with the asymmetric biphasic protocol. When

compared to the two-electrode monophasic protocol, it was found that the required energy re-

duced approximately 88%. Mechanism of successful defibrillation are analyzed and revealed that

the advantage of biphasic shocks for the case of four electrodes protocol lies behind the interplay

of the duration of the cathodal and anodal phase. While this study rely heavily on numerical

results in a very simplified geometry, one would be tempted to hypothesize that some of the

important findings will continue to hold in a more detailed and realistic study of defibrillation.

The realization of the implantable four-electrode or similar multi-electrode setup has already been

patented [197, 198]. Both patents are relatively old and date to the same decade of the first im-

planted defibrillator (1980). Given the advancement of the technological aspect of the implanted

defibrillators over the past 30 years and the optimistic results obtained with four electrode setup,

one simple message of this study is that the idea of the four-electrode setup is worth pursuing

with a more detailed three dimensional study and possibly with animal experiments.
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Resumen

En el estudio que se presenta en esta tesis hemos utilizado un modelo unidimensional para estudiar

mecanismos asociados con la aplicación de estimulos externos a tejido cardiaco. La dinámica de

la arritmia es aproximada con la onda reentrante en un anillo de tejido cardiaco. La defibrilación

exitosa es modelada con la completa eliminación de la dinámica reentrante. La propagación de

la señal eléctrica es modelada con un modelo de dominio dual, mientras que la corriente a tráves

de la membrana celular es modelada con el modelo modificado de Beeler-Reuter. Tres protocolos

bien conocidos y utilizados cĺınicamente han sido comparados para diferentes parámetros del

sistema: monofásico, simétrico bifásico y asimétrico bifásico. Extensas simulaciones numéricas

realizadas para el choque de duración de 8 ms confirman la sabiduŕıa medica común que descargas

bifásicas son mas efectivas que descargas monofásicas. Mas precisamente, para lograr la tasa de

éxito de 90% , un protocolo asimétrico bifásico necesitara 26% menos enerǵıa que un protocolo

monofásico. El orden de eficiencia de los tres protocolos se mantiene para los choques de duración

T ≥ 4 ms, mientras que para los choques con menor duraciónes, protocolos monofásicos resultan

ser los más exitosos de los tres. La enerǵıa requerida para producir 50% y 90% tasa de éxito

también depende de la dinámica de la onda reentrante que se encuentra en el anillo previamente

a la descarga. Hemos comparado protocolos de desfribilación aplicados a dinámica reentrante

cuasi-periódica y caótica. Los resultados revelan que es más sencillo desfibrilar una dinámica

cuasi-periódica que una caótica. Examinación detallada de los ensayos de defribilación revelan

que, para una descarga de duración de 8 ms, todos los ensayos de defribilación exitosos pueden

ser clasificados en uno de los cuatro protocolos de la desfirilación. Estos son: bloqueo directo,

aniquilación, bloqueo retardado, y activación directa. Que mecanismo de defibrilación prevalece

depende del nivel de enerǵıa, el estado dinámico actual del sistema y el protocolo de descarga.

Habiendo testeado y analizado la validez del modelo unidimensional con uno de los protocolos

de defibrilación bien conocidos, el modelo fue utilizado también para examinar la eficacia de

la desfribilación con un choque no estándar: la aplicación del choque con un sistema de cuatro

electrodos en lugar del choque común de dos electrodos. Resultados revelan que una drástica

reducción en el umbral de desfibrilación es obtenido con la técnica de cuatro electrodos con

respecto a la tecnica estándar de dos electrodos. El mayor ahorro en enerǵıa requerida es logrado

con el protocolo asimétrico bifásico. Cuando comparado al protocolo de dos electrodos monofásico,

se ha encontrado que la enerǵıa requerida se ha reducido aproximadamente un 88%. Mecanismos

de desfibrilación exitosa son analizados y revelan que la ventaja de las descargas bifásicas para el

protocolo de cuatro electrodos reside en la interacción de la duración de la fase catódica y anodica.

Mientras que este estudio se basa fuertemente en simulaciones numéricas en una geometŕıa muy

simplificada, uno sentiŕıa la tentación de hipotetizar que algunos de los hallazgos importantes

continuaran valiendo en un estudio más detallado y realista de la desfibrilación. La realización

de un defibrilador implantable de cuatro electrodos o similar multielectrodo ha sido patentado

[197, 198]. Ambos patentes son relativamente antiguas y se remontan a la misma época de los

primeros desfibriladores implantados (1980). Dado los avances de los aspectos tecnológicos de los

desfibriladores implantables en los últimos 30 años y los resultados optimisticos obtenidos con los

dispositivos de cuatro electrodos, un simple mensaje de este estudio es que la idea del defibrilador

con cuatro electrodes es importante de proseguir con un estudio tridimensional mas detallado y

posiblemente con experimentos en animales.
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