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Korreferent: Prof. Alexander Panfilov





Aknowledgements

Many people deserve my gratitude for their support and assistance though
contributing to this work. Particularly, I would like to thank to Prof. Dr. Olaf
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1 Introduction

1.1 Motivation

Nearly a quarter of humanity suffers of cardiovascular diseases. Ventricular fib-
rillation is the most dangerous one. It starts from a single or several tornado-like
sources of electrical activity, disorderly propagating throughout the heart and
rapidly breaking up into numerous wavelets. The cardiac fibers excite without
synchrony leading to cessation of the blood flow. As a result of the scientific
research done, we presently know that death is imminent within minutes unless
a shock therapy is applied.

The history of fibrillation and defibrillation goes back to the pioneering work
of Carl Ludwig (1816-1895), distinguished professor of Physiology. He devel-
oped in 1847 the so-called kymograph to register changes in arterial pressure
and a flowmeter to measure flow through arteries and veins. During his research
a perfused animal heart was for the first time maintained in vitro in a beating
state. In 1849, Ludwig’s student, M. Hoffa was the first to witness and, most
importantly, to document the onset of ventricular fibrillation, induced by an
external electrical stimulus.

In the second half of the 19th century many investigators attempted to
describe the physics of cardiac arrhythmia. Originally, most of the physiologists
favored neurogenic theory of fibrillation, suggesting irregular contractions of
the heart muscle produced by an abnormal impulse generation and conduction
within the nerve fiber network. The Swiss physiologist, A. Vulpian focused his
research on myocardial diseases. Starting from the existing observations he was
the first to suggest the myogenic theory of fibrillation [1].

The heart muscle itself sustains the irregular propagation of impulses, re-
sulting in mechanical disarray. In order to emphasize the myogenic nature
of the observed arrhythmia the process was termed fibrillation (’mouvement
fibrillaire’). The observations of A. Vulpian were independently confirmed by
the British physiologist John A. MacWilliam, who arrived at similar conclusions
regarding the myogenic nature of fibrillation [2].

Numerous conclusions drawn by MacWilliam became a part of the com-
monly accepted paradigm. The investigations indicated that ventricular fibril-
lation and atrial fibrillation are different phenomena, distinctively inducible by
stimulating the ventricles or atria. As A. Vulpian and MacWilliam concluded
that fibrillation has myogenic nature and it is not due to injury or irritation of
nerves that are propagated over the ventricles.

Further experiments with ”faradization”of the heart were conducted by two
physiologists from the University of Geneva, Switzerland, J. L. Prevost and F.
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Batelli. In 1899, they discovered that, while a weak stimulus can produce fibril-
lation, a stimulus of higher strength applied to the heart could arrest ventricular
fibrillation and restore normal sinus rhythm. At the end of 19th century, in con-
trast to the discovery of the electrocardiogram, defibrillation did not raise much
attention.

After the turn of the century, as medicine advanced and people lived longer,
heart disease became a leading cause of death. These new circumstances caused
scientists to focus their attention on the therapies of the cardiac arrhythmias.

The discovery of Prevost and Batelli was confirmed and advanced by the
subsequent work in many groups, most prominently by the research laboratory
of Carl J. Wiggers from Western Reserve University in Cleveland, Ohio. Using
the state of the art of experimental methodology of his time, the cinematograph,
Carl Wiggers was able to advance original observations of Vulpian, describing
several stages of ventricular fibrillation produced by a stimulus, known as Wig-
gers stage I, Wiggers stage II, etc. Carl Wiggers provided the first mechanistic
explanation of the induction of ventricular fibrillation within the framework of
the concept of vulnerable window. He also perfected defibrillation procedure
in an animal model of defibrillation. The work of Carl J. Wiggers was well
known to the thoracic surgeon Claude S. Beck from the University Hospitals
in Cleveland, adjacent to the Western Reserve University. In 1947, Dr. Beck
successfully applied defibrillation therapy and saved the first human life by this
method [3]. His success triggered a wide acceptance of this method by the
clinical community and started a wide front of basic and clinical research of
fibrillation and defibrillation.

The work of Prevost and Batelli was independently continued by the Russian
physiologists N. A. Negovsky and N. L. Gurvich in Moscow. N. L. Gurvich was
trained by the director of the Institute of Physiology in Moscow L.S. Schtern,
who graduated from the University of Geneva and was an associate of J. L. Pre-
vost for many years. Naum L. Gurvich made many important discoveries and
advancements in defibrillation, including an advent of the biphasic waveform,
use of a capacitor for shock delivery and the introduction of the stimulatory
theory of defibrillation.

The development of technology enlarged the possibilities of researching the
electrical activity of the heart. In the last decades new insights in the function
and structure of the cardiac tissues were gained by the use of new measurement
techniques. These information were further used to describe mathematically
the properties and the behavior of the heart. In this way arose the possibil-
ity of reconstructing previously performed measurements and prediction of yet
unknown phenomena.

The topic of this work is the mathematical modeling of the electrical behav-
ior of the human ventricular myocardium. A detailed information of phenomena
on both microscopic and macroscopic levels needed to understand the ideas be-
hind the model is presented.
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1.2 Objectives

The focus of this work is set on the mathematical modeling of the electrical
behavior of the human left ventricle and to identify the effects of the therapeu-
tic shocks with time. In order to achieve quantitative simulations in the scope
of this focus, existing models are enhanced and new models are developed.
A main objective of this thesis is to reconstruct human electrical heterogene-
ity in schematic and realistic anatomical models. These inhomogeneous and
anisotropic anatomical models are used to simulate the excitation propagation
in the human heart. The influence of theses structures on the effect of electric
stimulation is investigated.

The physiologic and pathologic heterogeneity is reconstructed implementing
new models and adapting existing ones. The cleavage planes are included in
the virtual preparation for observing the effects of the muscle lamination. A
new electroporation formalism is developed for simulating the reaction of the
cardiomyocytes to strong electrical shocks.

The designed anatomical and electrophysiological models are used to simu-
late and investigate the interplay for either physiological or pathological cases.
The results help to gain new insights into the insufficiently elaborated functions
of the human heart or to support the understanding of pathologies e.g. cardiac
arrhythmias.

1.3 Organization

The thesis is divided into three parts. First it describes the methodology, in the
following part is summarized the state of the art and in the last three chapters
are presented the results of the work.

The mathematical and the numerical methods of this work are described
in chapter 2. These include ordinary and partial differential equations and
their solution methods as well as minimization approaches and basic knowledge
about the theory of electrical fields that are important for the methodology of
this work.

Chapter 3 presents the anatomy of the heart. The anatomical structure of
the heart is illustrated in connection with its main function, the blood pumping.
Furthermore, the excitation initiation and the propagation of the depolarization
is described.

The electrophysiological properties in cardiac cells are detailed in chapter
4. First are described different involved membrane proteins and the membrane
modeling. Furthermore, the ventricular electrophysiology is illustrated. The
following section sums up the transfer of electrophysiology and excitation prop-
agation into mathematical models. The electrocardiogram is also explained in
chapter 4. In the last section are presented the cardiac pathologies, with the
focus on fluttering and fibrillation.

Chapter 5 starts with the constructional aspect of defibrillators. Further-
more, it illustrates the experimental and theoretical investigations of defibrilla-
tion phenomena.



4 Introduction

In chapter 6 the characteristics of the human left myocardium which can be
included in a virtual preparation are described. The influence of each feature
is presented in detail. The chapter mainly addresses the theoretical researcher.

Chapter 7 illustrates how the characteristics of the electrical stimulation
affect the human myocardium. The results include views on both the cellular
and tissue level. Furthermore, it presents a new defibrillation procedure: the
electrodes array. The chapter gives information for the defibrillator producers
and experimenters.

In chapter 8 are included the research of two factors modifying the vulner-
ability to electrical shocks: electroporation and heart failing conditions. The
results are of interest for both theoretical researchers and medical doctors.

The last chapter of this thesis discusses the results and gives an outlook on
possible further research.



2 Mathematical and Technical

Basics

Theoretical research reveals new aspects of the cardiological phenomena with
the aid of numerical methods and computer systems. This type of investigation
of the electrical behavior of the human heart requires knowledge about several
mathematical and numerical methods. The chapter presents a summary of
the physical formalisms used to model the anatomical, electrophysiological and
excitation diffusion properties of the heart as well as the mathematics necessary
to understand the results achieved with the simulations.

The time dependent biophysical processes are given by the numerical solu-
tion of ordinary differential equations describing the properties of the cells. The
theory of differential equations is presented together with numerical methods
appropriate for solving large coupled systems of equations. The efficiency of
the numerical treatment strongly depends on the selected method. Coupling of
several cells into a net describing the tissue as an electrically coupled system
requires knowledge about the theory of electrical fields and the electrical prop-
erties of the tissue. The bidomain model, which is used in this work to describe
the electrical coupling of cells, is based on the generalized Poisson equation
for stationary electrical fields. This kind of approach yields partial differential
equations for the excitation propagation.

A succinct description of a numerical solver for the partial differential equa-
tions describing the electrical activity of the cells in combination with the con-
duction of excitation is included in this chapter. The focus of the description is
set on Finite Difference Method.

2.1 Physical Laws of Electromagnetism

2.1.1 Maxwell’s Equations

The theoretical foundation of electromagnetism is comprised in the Maxwell’s
equations together with the three medium dependent equations. The modeling
of electromagnetic processes typical to biological tissues plays an important role
in the application of Maxwell’s equations. Commonly material properties are
nonlinear and anisotropic, due to the characteristic microscopical organization
of the tissue. The utilization of tensor algebra allows an efficient treatment
both from a theoretical and a numerical point of view.

The Maxwell’s equations describe the connection between the electrical field
E, the electric flux density D, the electric current density J, the electric charge
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density ρv, the magnetic field H and the magnetic induction B. In the general-
ized differential form the Maxwell’s equations include the variation with time:

∇ · D = ρv (2.1)

∇ · B = 0 (2.2)

∇× E = −
∂B

∂t
(2.3)

∇× H = J +
∂D

∂t
(2.4)

For the stationary case, Maxwell’s equations read:

∇ · D = ρv (2.5)

∇ · B = 0 (2.6)

∇× E = 0 (2.7)

∇× H = J (2.8)

The interaction between the field and matter is given by the three medium-
dependent equations:

D = ε0E + P (2.9)

where P represents the electric polarization and ε0 the permitivity in vacuum.

B = µ0(H + M) (2.10)

with M denoting the magnetic moment and µ0 the permeability of vacuum.

J = σE + Js (2.11)

where the parameter σ gives the electrical conductivity. These are called con-
stitutive relations for the medium in which the electromagnetic fields exist. The
fields are assumed to be single valued, bounded and continuos functions in space
and time with continuos derivatives.

The continuity equation expresses the conservation of electric charge:

∇J = −
∂ρv

∂t
(2.12)
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2.1.2 Poisson’s Equation for Stationary Electrical Fields

The flow of electrical currents in an electrically conducting medium can be
described with the Poisson’s equation for stationary electrical fields:

∇ · (σ∇φ) + f = 0 (2.13)

f is the source current density, σ the electrical conductivity, and φ the scalar
electrical potential function. This equation is derived from the second Maxwell’s
equation:

∇ · J = ∇ · (∇× H) = 0

since the divergence of the curl operator is zero. The overall current density
J = Js + Jo is the sum of the electric current density resulting from local sources
Js and the ohmic current density Jo. The relation between the electrical field
E and the potential function φ is given by:

E = −∇φ

From the above equation and J = σE is deduced the Poisson’s equation:

∇Js = ∇σE = −∇ · (σ∇φ) = f

The conductivity tensor σ in the Poisson’s equation is describing the elec-
trical properties of the underlying material. In biological tissues, as cardiac
media, the conductivity is anisotropic and heterogeneously distributed over the
space. This has to be considered when solving the Poisson’s equation.

The following sections describe how to handle numerically the partial differ-
ential equations subsequent to the Poisson’s equation in order to achieve linear
equation systems and how these linear equation systems are solved.

2.2 Numerical Methods

2.2.1 Numerics for Systems of Linear Equations

A system of linear equations can be written as:

N∑

j=1

aijxj + bi = 0 (2.14)

or
A · x + b = 0 (2.15)

The coefficients aij and bi are known a-priori and xj constitute the unknowns.
In the matrix formulation are used: A= [aij], b= [bi] and x= [xj].

Direct and iterative methods can be utilized for solving the system of linear
equations. Direct methods are based on successive elimination of the unknown,
e.g. with Gauss and Cholesky algorithm. Iterative methods use an iterative
refinement of approximative solutions. Representatives of iterative methods
are Gauss-Seidel, Jacobi, successive overrelaxation and multigrid methods.
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Gauss-Seidel Method The Gauss-Seidel Method converges if the matrix A

is diagonally dominant. The technique is performed by decomposition of the
matrix A into the sum of the lower triangular matrix L, the diagonal matrix
D and the upper triangular matrix U:

A = L + D + U (2.16)

The matrix decomposition is given by:

(L + D) · x(k) = −U · x(k−1) + b (2.17)

In the k-th step of the summation formulation the new coefficients x
(k)
i are

determined by:

x
(k)
i = −

1

aii
(bi +

i−1∑

j=1

aijx
(k)
j +

n−1∑

j>i

aijx
(k−1)
j ) (2.18)

Gauss-Seidel technique requires only the most recent values for the calculation
and not all, as is necessary in the Jacobi method. The difference implies a
faster convergence of the Gauss-Seidel technique, although for dense matrices
it is inherently sequential. Another advantage of the method is that the new
and previuous solution can share their storage.

2.2.2 Numerics of Partial Differential Equations

In mathematical terms, a partial differential equation (PDE) is any formula
involving a function of more than one independent variable and at least one
partial derivative of that function. The order n of a PDE is equal to the highest
order derivative that appears in the equation. The principal part of a PDE is
the collection of the terms containing derivatives of the highest order.

Exemplary, a second order linear differential equation in the region Ω ⊂ <
is given by:

A(x1, x2)
∂2f

∂x2
1

+ 2B(x1, x2)
∂2f

∂x1∂x2
+ C(x1, x2)

∂2f

∂x2
2

+

+D(x1, x2)
∂f

∂x1
+ E(x1, x2)

∂f

∂x2
+ F(x1, x2)f = G(x1, x2) (2.19)

with the functions A, B, C, D, E, F and G known. Depending on the value of
these functions and assuming that A2 + B2 + C2 6= 0 in Ω, this equation can
be classified in three types:

• AC-B2 > 0: elliptic

• AC-B2 < 0: hyperbolic

• AC-B2 = 0: parabolic
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The classification influences the selection of numerical treatment of the par-
tial differential equation. A representative of an elliptic differential equation is
the so-called Poisson equation, described by:

∂2f

∂x2
1

+
∂2f

∂x2
2

= G(x1, x2) (2.20)

If the right hand side of the equation is equal to zero we obtain the Laplace
equation. Both Poisson and Laplace equation are frequently used for describing
stationary and quasi-stationary physical phenomena.

2.2.2.1 Initial Values and Boundary Conditions

Initial values can be set everywhere in the region Ω and its boundary region Γ.
Different types of boundary conditions can be defined. A Dirichlet condition
specifies the value at the boundary ΓD ⊂ Γ with the function Φ:

f(x) = Φ(x) for x ∈ ΓD.

A Neumann condition defines the values of gradient in normal direction n to
the boundary ΓN ⊂ Γ with the function γ:

∂f

∂n
(x) = γ(x) for x ∈ ΓN.

A Cauchy condition is the general formulation of the boundary conditions:

∂f

∂n
(x)α(x)f(x) = β(x) for x ∈ ΓC.

The functions α and β are defined at the partial boundary ΓC ⊂ Γ.
Some partial differential equations do not have an analytical solution. For

these cases an approximative solution can be found using numerical methods.
Such a complex problem is constituted by the system of nonlinear equations de-
scribing the cardiac electrical activity. In this direction Finite-Element Method
([4], [5], [6], [7]), Finite-Difference Method ([8], [9], [10]) and Boundary Element
Method ([11], [4], [12], [13]) were implemented.

2.2.2.2 Finite Difference Method

The finite difference method (FDM) was first developed by A. Thom [14] in
the 1920s under the title ”method of squares” to solve nonlinear hydrodynamic
equations. Since that time, the method has found applications in solving differ-
ent field problems. The finite difference techniques are based on approximations
done by replacing the differential equations with difference equations. FDM can
be subdivided into a sequence of five steps.

Discretization of the Spatial Domain Rectangular, isotropic and equidis-
tant lattices are applied in the spatial domain (Fig. 2.1). The node points, xi are
located at the vertices. The regularity of the nodes simplifies the discretization
of the partial differential equations.
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(a) (b)

Figure 2.1: Examples of finite differences meshes in (a) two and (b) three dimensions.

Determination of Node Equations An approximation of the first order
spatial derivative in a one-dimensional domain at the node point xi can be
achieved with various schemes. The used formalisms are named: central, for-
ward and backward difference. The mathematical equations describing them
are:

∂f(xi)

∂x
'

fi+1 − fi−1

2∆x
for central (2.21)

∂f(xi)

∂x
'

fi+1 − fi
∆x

for forward (2.22)

∂f(xi)

∂x
'

fi − fi−1

∆x
for backward (2.23)

(2.24)

The functions fi−1, fi and fi−1 correspond to the node points xi−1, xi and
xi+1, respectively. Using two-fold central differences the second order derivative
at the node point xi is described by:

∂2f(xi)

∂x2
'

fi+1 − 2fi + fi−1

∆x2
(2.25)

For applying the method to a space and time dependent function, Φ(x, t),
the solution region must be divided in the x - t plane into equal rectangles or
meshes of sides ∆x and ∆t.

The coordinates can be than written as:

x = i · ∆x, i = 0, 1, 2, ... (2.26)

t = j · ∆t, j = 0, 1, 2, ... (2.27)

The first and second order time derivatives can be obtained using the schemes
presented for spatial approximations.
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Figure 2.2: Example for numbering the node points in a two-dimensional,
rectangular, equidistant mesh.

The relations corresponding to a node xi,j included in a two-dimensional
spatial domain are:

∂f(xi,j)

∂x1
'

fi+1,j − fi−1,j

2∆x1
(2.28)

∂f(xi,j)

∂x2
'

fi,j+1 − fi,j−1

2∆x2
(2.29)

The two-dimensional Poisson equation can be approximated in an equidis-
tant, isotropic lattice by substituting the second order derivatives. At the point
xi,j, the Poisson equation reads:

∂2f(xi,j)

∂x2
1

+
∂2f(xi,j)

∂x2
2

= G(xi,j) (2.30)

With finite difference approximation, one finds:

−4fi,j + fi+1,j + fi−1,j + fi,j+1 + fi,j−1

∆x2
= G(xi,j) (2.31)

The errors generated by finite difference method can be estimated by using
the Taylor series expansion.

f(x0 + ∆x) = f(x0) + ∆xf
′

(x0) +
1

2!
(∆x)2f

′′

(x0) +
1

3!
(∆x)3f

′′′

(x0) + ... (2.32)

and

f(x0 − ∆x) = f(x0) − ∆xf
′

(x0) +
1

2!
(∆x)2f

′′

(x0) −
1

3!
(∆x)3f

′′′

(x0) + ... (2.33)

The coupling of the last two expressions gives:

f(x0 + ∆x) + f(x0 − ∆x) = 2f(x0) + (∆x)2f
′′

(x0) + O(∆x)4 (2.34)
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where O(∆x)4 is the Landau notation, showing that terms of order higher than
4 are neglected. The first and the second derivatives are then equal to:

f
′′

(x0) '
f(x0 + ∆x) + f(x0 − ∆x) − 2f(x0)

(∆x)2
(2.35)

f
′

(x0) '
f(x0 + ∆x) − f(x0 − ∆x)

2∆x
(2.36)

The truncation error can be cubically reduced regarding the distance ∆x. Al-
ternatively, the error can be decreased by introduction of higher order terms in
the approximation schemes.

Assembling of System Equations The element matrices and vectors are
assembled to generate the system of equations describing the entire domain.
These equations are commonly linear and they incorporate the system matrix
A and the system vector b.

A · f + b = 0 (2.37)

The values of the node variables fi represent the solution function f and are
a-priori unknown. The system matrix A and the system vector b result from
a collection of sorted vectors ai and coefficients bi, corresponding to a node
variable:

A =




aT
1
...

aT
N


, b =




bT
1
...

bT
N


.

The properties of the system matrix depend on the characteristics of the
element matrices. E.g. the assembling of symmetric, positive-definite element
matrices leads to a symmetric, positive-definite system matrix. The system
matrix A consists commonly of diagonal blocks, which can be efficiently stored.

Incorporation of Boundary Conditions The incorporation of boundary
conditions can be performed on element or system level by modification of the
corresponding equation systems. If the differential equation is described by a
system of linear equations, boundary conditions can be introduced by reducing
the dimensions or replacing coefficients of the system matrix A and system
vector b.

Solution of System Equations Depending on the type of differential equa-
tion, different sorts of equation systems exist. Stationary problems, as the
ones based on Poisson equation, commonly deliver a system of linear equations,
which can be solved with special numerical methods, like Gauss-Seidel tech-
nique. The symmetry, positive-definiteness and sparcity of the system matrix
are of advantage on behalf of the performance of solution and feasibility of
numerical methods.



3 Anatomy and Function of the

Heart

The human heart is a muscular organ with a weight of 230 to 350 g and the size
of a fist [15, 16, 17]. It is situated in between the two lungs in the mediastinum of
the thorax and is surrounded by the pericardium, a closed fibrosic sac. The main
axis of the heart is normally oriented from back-top-right to front-bottom-left
with the base at the upper and the apex at the lower end. The function of the
heart is to maintain the blood flow through the vessels by periodic contractions
and relaxations. In this way the body is supplied with oxygen and nutrients.
Also, the end products of the metabolism are carried away from the cells.

3.1 Structure of the heart in connection with the

blood flow

Every living cell needs oxygen in order to function. The cardiovascular system,
which is constituted from the heart and the blood vessels, has the task to deliver
oxygen-rich blood to every cell in the body. The arteries are the passageways
through which the blood is delivered. The largest artery is the aorta, branching
off the heart and then dividing into many smaller arteries. The veins carry the
deoxygenated blood back to the lungs to pick up more oxygen, and then back to
the heart once again. Blood flows continuously through the circulatory system
being coordinated by the heart that works both as a pump and blood reservoir.

The heart, just like all other muscles in the body, needs its own supply of
oxygen in order to function properly. Although its chambers contain blood, it
receives no nourishment from the blood inside the chambers. The heart gets
its blood supply from the coronary arteries. The two major coronary arteries
(the right coronary artery and the left main coronary artery) branch off the
aorta, and then divide into many smaller arteries lying in the heart muscle and
feeding the heart. The attachment of blood vessels is species dependent and
interindividual variations are reported [19].

The anatomy of the heart can be described from different points of view,
e.g. geometric, electrophysiologic and embryologic. From a macroscopic spatial
point of view a mammalian heart, has a trapezoidal silhouette and is located
inside the thorax and near to the lungs. It is embedded by the pericardial sac.
The heart is divided in two functionally and anatomical similar structures. The
right and the left halves represent the partition of the blood circulation sys-
tem in two different sections. The right half collects the deoxygenated blood
from the body and pumps it to the lungs. The left one collects the oxygenated
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Figure 3.1: Detailed anatomy of the heart with blood vessels. Fig. adapted from [18].

blood from the lungs to deliver it to the body. Because of its function the
left half is the larger one. A further division of the halves in lower and upper
parts is marking the atria and the ventricles. Therefore, a mammalian heart is
composed out of four chambers. The atria collects the incoming blood, trans-
ported afterwards to the ventricles. From these the blood is moved to supply
the body and the heart itself. Since the ventricles are the primary generator
of power, they are described by relatively large muscular structures. The atria
and the ventricles are composed of walls, surrounding a blood medium. The
walls consist primarily of a muscle structure, the myocardium, covered by en-
docardium on the inside and epicardium outside. The atria and the ventricles
are connected through blood vessels. Ostia are the major points of attachment.
The left ventricle contains the mitral and the aortic ostium. The right ventri-
cle has the tricuspid and the pulmonary ostium. Between the atria and the
ventricles resides the atrioventricular septum, consisting of fibrous connective
tissue. The His bundle is punctuating the atrioventricular septum. The blood is
transferred between the upper and the lower chambers through atrioventricular
valves. Attached to the wall are intracaval structures, i.e. the papillary muscles
and trabeculae. The papillary muscle can be compared to pillars basing with
one end in the wall. At the other end they are connected with tendons leading
to the atrioventricular valves. The trabeculae are composed of branching small
muscle bundles, pervading the ventricular cavities similar to a mesh.

The working myocardium of the ventricles is characterized by an oriented
and laminated structure ([22], [23], [24]). The orientation of myocytes in the
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Figure 3.2: Geometry of the heart and blood flow. The right and the left
atrium are located at the upper part of the heart. At the lower part, the two
ventricles are visible. Deoxygenated blood reaches the right atrium through
the V. cava superior and inferior. Oxygenated blood flows through the four
pulmonary veins into the left atrium. During the contraction of the atria, the
blood is transported through the tricuspid and the bicuspid valve into the right
and the left ventricle, respectively. During the next contraction of the ventricles
the blood is pumped from the right ventricle through the pulmonary valve into
the lung circulation and from the left ventricle through the aortis valve into the
body circulation. Fig. adapted from [20].

ventricular wall is dependent on the depth. The orientation can be quanti-
tatively described by the helix angle of a fiber path through the myocardium
parallel to the local epicardium. For being able to describe the variation of
the fiber orientation from the quantitatively point of view a local system of
coordinates must be introduced. The orthogonal local coordinate system is
constructed by a vector parallel to the principal axis of the ellipsoid and a
second vector, perpendicular on the principal axis and on the normal of the
surface. In human left ventricular myocardium an angle of −75◦ was measured
epicardially, 70◦ endocardially and 0◦ in the midwall. Commonly a continuous
variation of the angle from epicardial to endocardial region is measured. In the
apex cordis the orientation leads to two vortices, one for each ventricle.

The lamination of the myocardium results from the grouping of myocytes.
The grouping is caused by the enveloping of groups of myocytes by the per-
imysal collagenous network. In the papillary muscles a lamination was nowhere
observed in anatomical studies.

The orientation of myocytes in the mammal atria reflects the configuration
of the muscle bundles ([25], [26], [27]). Circumferential orientation exists in the
mitral and tricuspidal ostia and at the atriocaval junction of the pulmonary
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(a) (b)

Figure 3.3: Fiber orientation a) on the epicardial surface and b) across the heart.

Figure 3.4: Micrography of fiber orientation and lamination in a wedge of the
rat left ventricular myocardium. Myocardial sheets are surrounded by connec-
tive tissue covering the cappilaries. Fig. adapted from [21].

veins. Longitudinal orientation is present in the venae cavae, in the crista
terminalis and in the Bachmann bundle. A lamination of the myocardium is
not specific to the atrial region.
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3.2 Excitation initiation and conduction system

Figure 3.5: The electrical system of the heart. The primary pacemaker is the
sinoatrial node. From there the excitation spreads along the crista terminalis,
pectinate muscles and along internodal bundles towards the AV node. During
this phase, the working myocardium of the right atrium gets directly excited,
while the left atrium gets activated by the interatrial bundles (Bachmann bundle
and connection located by the coronary sinus). The excitation spreads from the
AV node only along the His bundle towards the ventricles. The excitation is
further conducted by the Tawara branches into the Purkinje fibers, spreading
network-like into the subendocardial myocardium. Example from Heart Rhythm
Society.

The complex system of cardiac muscles is creating what can be, in the
simplest terms called, a hydrodynamical pump. The electric control of the
heart for pumping comes from an intrinsic electrical conduction system.

An electrical stimulus is generated by the sinoatrial (SA) node (Keith-
Flackscher node), a small mass of specialized tissue located in the right atrium
(right upper chamber) of the heart. The SA node generates an electrical stimu-
lus periodically (60 to 100 times per minute under normal conditions). The exci-
tation travels through the conduction pathways and causes the heart’s chambers
to contract and pump out blood. The right and left atria are stimulated first
and contract a short period of time before the right and left ventricles. The
electrical impulse travels from the SA node to the atrioventricular (AV) node
(Aschoff-Tawara node), where it stops for a very short period, then continues
down the conduction pathways via the bundle of His into the ventricles. The
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bundle of His divides into right and left pathways to provide electrical stimula-
tion to both ventricles.

Normally, as the electrical impulse moves through the heart, the heart con-
tracts. The regular mechanical activities correspond to the heartbeats. The
atria contracts a fraction of a second before the ventricles so their blood emp-
ties into the ventricles before the ventricles contract.



4 Cardiac Electrophysiology

The myocardium consists of several different types of cardiomyocytes. A classi-
fication of the cardiomyocytes can be done by considering their electropysiolog-
ical characteristics. A part of the cells is mainly responsible for the initiation of
the electrical activity, while the rest is responsible for the conduction of excita-
tion. The phenomena of cell activation and spreading of excitation is based on
ionic flow through the cell membrane and between adjacent cells. The processes
corresponding to the cellular membrane are described in the first part of the
chapter. After the description of the membrane functions, the methods used in
their modeling are summed up. By passage of specific ions in a suitably tem-
poral sequence through the cell membrane the characteristic course of action
potential of cardiomyocytes is achieved. The formation of the action potential
is described in detail in the following part of this chapter. The rich experimen-
tal investigation of the cellular electrophysiology helped in the development of
cell models. In this chapter two models of the human ventricular myocytes are
presented in detail.

Section 4.5 includes information about the ECG. A part of the cardiac
pathologies can be identified by reading the ECG recordings. The section 4.7
contains a succinct description of the causes and effects of the cardiac patholo-
gies. The focus is on flutter and fibrillation, which are extremely dangerous
arrhythmias related to a modification of the electrophysiology and the excita-
tion propagation.

4.1 Transport Mechanisms in Cell Membrane

Cardiac electrical activity is determined by the transmembrane voltage (Vm ),
equal to the difference between the electrical potentials of the intracellular and
extracellular environment. Vm can only have a nonzero value because of the
selectively-permeable cardiac cell membrane. The membrane is composed of a
number of proteins which are similar to shifting tiles (Fig. 4.1). The spaces
between the tiles are filled with fluid-like phospholipids. The phospholipid con-
sists of hydrophilic heads and tails. The hydrophilic heads point towards the
extracellular medium and the cytoplasm. The hydrophobic tails repel the water
and point in. Thus, the phospholipids form a bilayer that acts like a barrier
between the cell and the environment. The phospholipid bilayer also contains
cholesterol, making the bilayer stronger, more flexible and more permeable.

The purpose of the membrane is to control the transport of substances in
and out of the cell. The ions can flow between intra- and extracellular media
or between neighboring cells. The proteins composing the bilayer are recep-
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Figure 4.1: Schematic representation of the cell membrane and its components.
Fig. from [28].

tor proteins, dealing with communication, recognition proteins and transport
proteins controlling the movement of water and soluble molecules through the
membrane. In order to regulate the transport of molecules, there are two types
of proteins in the cell: carrier proteins and transport proteins. The transport
is either active or passive (Fig. 4.2).

The active transport is moving molecules against the concentration gradient
and energy is required in the form of ATP. Ions are actively transported with
the aid of pumps and co-transporters. The function of ionic pumps is to set
up an electrochemical gradient. The input energy for the process is derived
from hydrolysis of ATP. During the co-transport process in the cell membrane,
two molecules travel together. One is named driver, while the other molecule
is termed the passenger. The driver diffuses through the membrane due to
electrochemical gradient, but this function can only be fulfilled together with
a passenger-molecule. ATP is not directly involved, but it sets up the electro-
chemical gradient utilized to propel the driver-molecule. Two types of coupled
transport exist: symport, the process in which the driver and the passenger
are transported in the same direction and antiport, where two molecules are
transported in opposite directions.

For passive transport no energy is required because molecules move in the
direction of concentration gradient. Passive transport is divided in two types:
simple diffusion and facilitated diffusion. Through simple diffusion nonpolar
molecules can cross the membrane. Such a phenomenon is the osmosis, repre-
senting the diffusion of water molecules. The net movement of water toward
the ion-rich solution builds up hydrostatic pressure, called osmotic pressure,
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Figure 4.2: Schematic representation of the transport mechanisms in the cell
membrane. Except during diffusion, the molecules are transported through the
membrane with the aid of membrane proteins parted in carrier and transport
types. The transport can be either active or passive.

counteracting at some point the attraction of the ions.

The kinetics of facilitated transport are different from those of simple diffu-
sion. The rate of diffusion in simple transport is directly proportional with the
concentration of diffusing molecules. The diffusion rate in facilitated transport
is limited by the number of ionic channels and permeases (carrier proteins).
Each membrane channel is rather selective for its particular ion (Na+, K+,
Ca2+). The ionic current passing through its corresponding channel at a time
depends on the strength of the driving force (proportional with the potential
difference for that ion) and how readily the channel will allow the ion passage.
Once all the helpers are saturated, the increasing concentration of diffusing
molecules will only prelong the waiting queue for the helper and without in-
fluncing the transport rate.

Another role of the cell membrane is that it produces various types of con-
nections between cells. Desmosomes attach cells together like ”glue”. A tight
junction is fusing the cells together. The gap junction consists of fused pairs of
channels.

4.2 Electrical Modeling of Cell Membranes

4.2.1 Resistor-Capacitor Cell Membrane

The electrical behaviour of a cell membrane can be approximated by a resistor-
capacitor circuit, with the nonlinear resistor Rm. The membrane capacity, Cm

can be expressed as a function of the electrical charge, q and transmembrane
voltage, Vm :

Cm =
q

Vm
(4.1)
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Figure 4.3: Schematic representation of the resistor-capacitor model of the
cell membrane. The circuit consists of a nonlinear resistor Rm, and a constant
capacitor Cm. The voltage over the membrane Vm is defined as the difference
between the extracellular potential Φe and the intracellular potential Φi.

where Vm = Φi − Φe. Considering that Vm is a function of time and Cm is
constant, equation (4.1) can be rewritten as:

dVm

dt
=

1

Cm

dq

dt
(4.2)

The capacity of sarcolemma is depending on its surface. A specific capacitance
of approximately 1 µF/cm2 is found in biological cells. The resistor Rm is
responsible for the discharge of the membrane by the current IC. The resistance
of the membrane, Rm can be determined applying Ohm law:

Rm = −
Vm

IC
(4.3)

The description of the cell membrane as resistor-capacitor circuit neglects the
dependence between Vm and the ionic concentration in the intra- and extra-
cellular media. The ionic diffusion through membrane is described by Stokes-
Einstein equation, Nernst equation and Goldman-Hodgkin-Katz equation.

4.2.2 Stokes-Einstein equation

The diffusion of ions through cell membrane during passive transport can be
evaluated with Stokes-Einstein equation. The movement of an ion through a
solution, in the presence of an external electrical field depends on the gradient
of the electrical potential, on the total ionic concentration and on the elec-
trophoretic effect. The ion moves at a constant rate determined by a balance
of these forces. This leads to the definition of mobility ux of the ion x. The
relationship between the diffusion constant, D and mobility is expressed in the
Einstein equation by:

D =
uxRT

zxF
(4.4)

where R is the molar gas constant, zx defines the atomic number, F is the
Faraday’s constant and T represents the temperature (in K). The diffusion
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constant may be related to the viscosity by the Stokes-Einstein equation:

D =
RT

6πrxη
(4.5)

where rx is the radius of the solvated ion and η is the viscosity of the fluid.
We consider two chambers a and b containing gases of concentrations Ca and
Cb respectively. The two chambers are separated by a semipermeable mem-
brane, with the surface S and the thickness d. The concentration difference
∆C = Ca − Cb will induce the diffusion of the gases. The diffusion rate, Jdiff is
given by:

Jdiff = S D
∆C

d
(4.6)

The electrochemical effects of the ions diffusion can be described with Nernst
formalism.

4.2.3 Nernst Equation

Nernst equation extends the formalism describing the process of ionic diffu-
sion including the chemical reactions. The physical system associated with the
formalism was termed galvanic cell.

Walther H. Nernst (1864-1941) received the Nobel prize in 1920 in recog-
nition of his work in thermochemistry. His contribution to chemical thermo-
dynamics led to the well known equation correlating chemical energy and the
electric potential of a galvanic cell or battery.

Electric Work and Gibbs Free Energy Energy induces the appearance
of all physical processes including chemical reactions. In a redox reaction, the
energy released during the process due to movement of charged particles gives
rise to a potential difference. The maximum potential difference is called the
electromotive force, (EMF). The maximum electric work, W is the product
between the total charge q and the potential difference, ∆E. The value of ∆E
is determined by the nature of the reactants and electrolytes, not by the size of
the cell or amounts of material in it. The amount of reactants is proportional
to the charge and available energy of the galvanic cell.

The Gibb’s free energy, ∆G is the negative value of maximum electric work,

∆G = −W = −q∆E

A redox (oxidation-reduction) involves the transfer of n electron moles from
one atom to another. Knowing the charge of one electron mole, termed Fara-
day’s constant, F being equal to 96485 C the total charge can be written as:

q = n · F

and

∆G = −nF∆E.

At standard conditions, ∆G◦ = −nF∆E◦.
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The General Nernst Equation The general Nernst equation correlates the
Gibb’s Free Energy ∆G and the EMF of a galvanic cell. For the reaction

aA + bB = cC + dD

and

Q =
[C]c[D]d

[A]a[B]b
,

it has been shown that:

∆G = ∆G◦ + RT · lnQ.

Therefore

−nF∆E = −nF∆E◦ + RT · lnQ

where R, T, Q and F are the gas constant, temperature (in K), reaction quotient
and Faraday constant respectively. Thus, we have

∆E = ∆E◦ −
RT

nF
ln

[C]c[D]d

[A]a[B]b
(4.7)

The relation is known as the Nernst equation. The formula allows us to
calculate the cell potential of any galvanic cell for any concentration.

Figure 4.4: Schematic representation of cell membrane according to Nernst formalism.

When a system is at equilibrium, ∆E = 0, and Qeq = K. For the equilibrium
concentration follows:

∆E◦ = −
RT

nF
ln

[C]c[D]d

[A]a[B]b
(4.8)

4.2.4 Goldman-Hodgkin-Katz Equation

The Goldman-Hodgkin-Katz equation was developed to describe the equilib-
rium voltage of a cellular membrane separating the intra- and extracellular
space. The equation extends the Nernst equation by including multiple kinds of
ions, that play an important role in cellular electrophysiology. In the formalism
a concentration for each kind of ions is assigned to the intra- and extracellular
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Figure 4.5: Schematic representation of cell membrane according to Goldman-
Hodgkin-Katz formalism.

space. The equation expresses the ionic flow through the membrane caused by
diffusion and electrical forces.

With the Goldman-Hodgkin-Katz equation the equilibrium voltage is deter-
mined from:

∆E◦ = −
RT

nF
ln

PK[K+]i + PNa[Na+]i + PCl[Cl−]o
PK[K+]o + PNa[Na+]o + PCl[Cl−]i

(4.9)

from intra- and extracellular ionic concentrations, ionic permeabilities and ab-
solute temperature T. The permeability of the membrane for the K+, Na+ and
Cl− ions is given by the terms PK, PNa and PCl, respectively. The mathematical
relation, which describes the permeability of an ion x is:

Px =
Dxβx

h

with the membrane thickness h, the diffusion coefficient Dx and the water mem-
brane partition coefficient βx. A restriction of the Goldman-Hodgkin-Katz equa-
tion is that the membrane is presumed to be homogeneous, planar and infinite
and the distribution of the ionic concentration is homogeneous. Further as-
sumptions are that the electric field in the membrane is constant and the ions
pass through the membrane independently.

4.3 Action Potentials

The standard model used to understand the electrical behavior of a cardiac cell
is the action potential (AP) of the ventricular myocyte. As long as the cell is not
being electrically stimulated Vm is remaining constant. Once the cell is excited,
it begins a sequence of actions involving the influx and eflux of multiple cations
and anions that together produce the action potential of the cell, propagating
the electrical stimulation to the cells that lie adjacent to it. We can determine
the phase of the AP according to the ionic modifications and the value of Vm

(Fig. 4.6).

4.3.1 Resting Phase

The resting phase corresponds to the state, in which the cell remains until it is
excited by an external electrical stimulus (that typically occurs from an adjacent
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Figure 4.6: The action potential of a human ventricular myocyte generated
with Priebe-Beuckelmann cell model. All phases of the action potential are
shown in the picture.

cell). This phase of the AP is associated with diastole of the chamber of the
heart.

Certain cells of the heart have the ability to undergo spontaneous depolar-
isation, in which an action potential is generated without any influence from
nearby cells. The phenomenon is known as automaticity. The cells that can
undergo spontaneous depolarisation are the primary cardiac pacemakers and
set the heart rate. Usually, these are cells in the SA node of the heart. Elec-
trical activity that originates from the SA node is propagated to the rest of
the heart. The fastest conduction of the electrical activity is via the cardiac
electrical conduction system.

In cases of heart block, when the activity of the primary pacemaker does
not propagate to the rest of the heart, a latent pacemaker (also termed es-
cape pacemaker) will undergo spontaneous depolarisation and create an action
potential.

depolarisation of SA and AV nodal cells largely depend on a net increase
in intracellular positive charge. Mechanisms include a decrease in the net K+

outward flow, and a time-dependant increase inflow of Na+ and Ca2+ ions.

4.3.2 Depolarisation Phase

The slope of the rapid depolarisation phase is determined by the parameters of
the electrical stimulation. This phase is due to opening of the fast Na+ channels
and the subsequent rapid increase in the membrane conductance to Na+ (gNa)
and a rapid influx of ionic current in the form of Na+ ions (INa) into the cell.

The ability of the cell to open the fast Na+ channels during depolarisation
phase is related to Vm at the moment of excitation. If Vm is at the baseline
(about -85 mV), all the fast Na+ channels are closed. Excitation will open
them, causing a large influx of Na+ ions.

The fast sodium channel contains three gates, the m, the h and the j gate.
It is the interaction of these gates that enables the transport of Na+ through
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the membrane. In the resting state, the m gate is closed and the h and j gates
are opened. Upon electrical stimulation of the cell, the m gate opens quickly
while simultaneously the h and j gates close slowly. For a brief period of time,
all three gates are open and Na+ can flow in the cell across the electrochemical
gradient.

4.3.3 Early Repolarisation Phase

The early repolarisation phase is due to closure of the fast Na+ channels, causing
an abrupt end to the depolarisation of the cell. The transient net outward
current is due to the movement of K+ and Cl− ions. During this phase, Vm

decreases fast in a short time interval.

4.3.4 Plateau Phase

The term plateau phase of the action potential indicates the relatively small
change in Vm compared to the other phases. Even though Vm is maintained
almost at a constant value, many ionic shifts occur during this period of the
action potential.

Ca2+ and K+ are the principle ions that are transported across the cell
membrane in the course of the plateau phase. The Ca2+ channel is activated
at a Vm of -35 to -45 mV, causing an influx of Ca2+ into the cell. The Ca2+

channels activate and inactivate much slower than the fast Na+ channels. This
makes the calcium current, ICa slower and of longer duration than the fast Na+

channel.

A second, slow Na+ channel is also involved in the formation of the plateau
phase.

The slow influx of Ca2+ is balanced by the outward K+ current, caused
by the activity of multiple K+ channels. The K+ current gradually increases
during the plateau phase, causing an increasing net loss of positive charge from
the cell (reducing the value of Vm).

4.3.5 Repolarisation Phase

During the repolarisation phase the K+ channels are still open, allowing more
K+ ions to leave the cell and to accumulate in the extracellular space. This
net loss of positive charge causes the cell to repolarize. The K+ channels close
when Vm is restored to -80 mV.

4.4 Electrophysiological Cardiac Cell Models

The theoretical research of the excitable cells began more than 50 years ago.
With the enhancement of the techniques used for measuring the membrane pro-
tein properties the cellular models became more accurate. The model of Beeler
and Reuter (1977) [29] as well as the one of Luo and Rudy (1991) [30] were
the most important approaches until the mid 90s. Most of the recently devel-
oped human cardiac electrophysiological models are based on these two models.
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The newer models consist of up to approximately 60 equations describing the
properties of the cell membrane, ionic concentrations, intracellular structures
like the sarcoplasmic reticulum, and calcium buffering mechanisms and also
consider the effects of mechanical stretch to the cell.

Presently exist several models describing human electrophysiological char-
acteristics. The Courtemanche et al. model (1998) [31] and the Nygren et
al. model (1998) [32] are for atrial activity. The Priebe and Beuckelmann
(1998) [33], Bernus et al. (2002) [34], Ten Tusscher et al. (2004) [35], and Iyer
et al. (2004) [36] describe the ventricular activity.

During the research presented in this thesis the electrophysiological model
of Priebe-Beuckelmann (PB model) and ten Tusscher-Noble-Noble-Panfilov
(TNNP model) were used. Both models are described in the following sections.

4.4.1 Priebe-Beuckelmann Model

Starting from Luo-Rudy model [30] and using data obtained with voltage-clamp
technique Priebe and Beuckelmann created a model describing the behavior of
human ventricular myocytes [33]. The major ionic currents, ICa, Ito, IK with its
two components (IKr and IKs), and IK1, are computed based on human cell data.
In addition, the [Ca2+]i transients in human myocytes and their alterations in
failing myocytes observed experimentally can be simulated by this model (Fig.
4.7). The other currents included into the model, INa, INaCa, and INaK, were
adopted from Luo-Rudy model and modulated in such a way that simulations
are widely consistent with available human data.

The differential equation describing the time-dependent changes in trans-
membrane voltage in space-clamp conditions is:

∂Vm

∂t
= −

1

Cm
(
∑

Imem − Iinter) (4.10)

where Cm is the membrane capacity, Iinter is the intercellular source current and∑
Imem represents the total transmembrane current. In PB model it is equal

to:

∑
Imem = INa + IK1 + Ito + IKr + IKs + ICa

+INaK + INaCa + INa,b + ICa,b (4.11)

The meaning of each ionic current is illustrated in the table 4.1. Extracellular
concentration of ions is maintained constant. The modification of the value of
ionic currents produces a variation of the intracellular concentration of Ca2+.

The cell membrane is a bilipid layer, containing a large number of specific
ionic channels and ionic pumps. Ion channels, like many other proteins, have
moving parts that perform useful functions. The channel proteins contain an
aqueous, ion-selective pore that crosses the plasma membrane and they use a
number of distinct gating mechanisms to open and close this pore in response
to biological stimuli such as the binding of a ligand or a change in the trans-
membrane voltage. The activity of the cell membrane was first described by
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Notation Definition

Natrium currents INa fast Natrium current
INa,b basic Natrium current

Potassium currents IK1 time independent Potassium current
IKr rapid activating Potassium current
IKs slowly activating Potassium current
Ito transient outward Potassium current

Calcium currents ICa slow Calcium current
ICa,b basic Calcium current

Mixed currents INaK the current of the Natrium-Potassium pump
INaCa the current of the Natrium-Calcium pump

Table 4.1: List of ionic currents in Priebe-Beuckelmann cell model. The vari-
ation of each term produces a modification of Vm value.

Hodgkin and Huxley [37]. In the formulation gating is treated as a stochastic
process. The state of the ionic channels is indicated by the gate variables, which
can take the values 0 or 1. If the number of opened channels is equal to n, the
number of closed channels must be (1-n). The dynamic response of the currents
is controlled by voltage dependent rate constants α and β.

1 − n︸ ︷︷ ︸
closed

α(Vm)
⇀↽

β(Vm)
n︸︷︷︸

opened

(4.12)

If the maximum whole-cell conductance to ions X is equal to ix, the ionic
current, effectively passing through the opened channel is Ix. The mathematical
relation, expressing the value of Ix for n opened channels is:

Ix = n · ix. (4.13)

In the previous example we considered the ion channel having a single gate.
For a single type of gate we have:

dn

dt
= α (1 − n) − β n. (4.14)

In the steady state, the mean number of opened channels is constant. There-
fore,

α (1 − n∞) − β n∞ = 0 (4.15)
α

α + β
= n∞ (4.16)

where n∞ represents the mean number of opened channels in the steady
state. If we rewrite (4.14) by including n∞ from 4.16 we obtain:

dn

dt
=

n∞ − n

τ
, (4.17)
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Figure 4.7: Schematic representation of Priebe-Beuckelmann cell model. NSR
denotes the network sarcoplasmatic reticulum and JSR is the junctional sar-
coplasmatic reticulum. The arrows indicate the direction, in which the ionic
currents can flow through the ionic channels and pumps. The model has dy-
namic ionic concentration handling.

where

τ =
1

α + β
. (4.18)

The parameter τ depends on the rate constants α and β, therefore it is time
and voltage dependent. By integration n is obtained as a function of time:

n(t) = n∞ − (n∞ − n0) e(
t
τ

,) (4.19)

where n0 =n(t= 0). If many gates are invloved in one channel the open prob-
ability of all these gates have to be multiplied. The rate constants in Priebe-
Beuckelmann cell model have the following form:

Fi = Ae[B(Vm+C )+D ] + E (4.20)

All ionic currents were computed for 1 pF cell membrane capacitance. The
experiments determined that the inactivation of ICa is [Ca2+] dependent [38].
This feature was integrated in the model with the inclusion of a proportional
factor fCa = [1 + ([Ca2+]i/600nmol/L)]−1.

ICa(Vm, t) = gCa,max · d · f · fCa · (Vm − ECa) (4.21)

The parameter gCa,max is the maximum conductivity for ICa, d and f are the
activation and respectively the inactivation gates for ICa and ECa is the equi-
librium potential for [Ca2+].
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The steady states activation and inactivation curves of Ito were obtained
from fitting the experimental data produced in 1996 by Naebauer et al. [38]
with Boltzman distribution. Mathematically, Ito is expressed by:

Ito(Vm, t) = gto,max (Vm − Eto) · r · t (4.22)

where gto,max is the maximum conductivity for Ito, r and t are the activation
and respectively the inactivation gates for Ito. Eto is the equilibrium potential
for Ito.

IK1 is predominantly carried by K+ ions in human ventricular myocytes.
Therefore the reversal potential of IK1 is calculated by Nernst’s equation for
K+. IK1 is defined by:

IK1(Vm) = gK1,max · (Vm − EK1) · XK1 (4.23)

where gK1,max is the maximum conductivity, XK1 is the inactivation gate and
EK1 is the equilibrium potential for IK1.

The existence of two components of the delayed rectifier, a slowly activating
component IKs and a rapidly activating component IKr was documented in 1996
by Li et al. [39]. Both currents were incorporated into the model on the basis
of their data set. In the model they are defined as:

IKs(Vm, t) = gKs,max · (Vm − EKs) · X
2

s (4.24)

where gKs,max is the maximum conductivity for IKs, Xs is the activation gate
for IKr and EKs is the equilibrium potential for IKs.

IKr(Vm, t) = gKr,max ·
1

FC,IKr

· (Vm − EKr) · Xr (4.25)

where gKr,max is the maximum conductivity for IKr, Xr is the activation gate
for IKr, FC,IKr is the inward rectifier factor for IKr and EKr is the equilibrium
potential for IKr.

4.4.2 Ten Tusscher-Noble-Noble-Panfilov Model

In 2004 Ten-Tusscher et al. [35] proposed a new electrophysiological model
(TNNP model) for human ventricular myocytes.

The mathematical construction is based on experimental data on most of
the major ionic currents: the fast sodium, L-type calcium, transient outward,
rapid and slow delayed rectifier, and inward rectifier currents. The inclusion
of basic calcium dynamics, allows the existence of a realistic modeling of cal-
cium transients, calcium current inactivation, and the contraction staircase.
Through transient outward and slow delayed rectifier currents the human epi-
cardial, endocardial, and M cell specific action potentials were reproduced. An-
other unique feature of the model is the broad conduction velocity restitution,
bringing a good agreement with available data.
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Notation Definition

Natrium currents INa fast Natrium current
IbNa basic Natrium current

Potassium currents IK1 time independent Potassium current
IKr rapid activating Potassium current
IKs slowly activating Potassium current
IpK plateau Potassium current
Ito transient outward Potassium current

Calcium currents ICaL slow Calcium current
IbCa basic Calcium current
IpCa plateau Calcium current

Mixed currents INaK the current of the Natrium-Potassium pump
INaCa the current of the Natrium-Calcium pump

Table 4.2: The list of ionic currents, composing Iion in the ten Tusscher-Noble-
Noble-Panfilov cell model. The variation of each term produces a modification
of Vm.

The transmembrane voltage, as a function of the membrane currents is
expressed in TNNP model as:

dVm

dt
= −

1

Cm
(INa + ICaL + Ito + IKr + IKs + IK1+

INaCa + INaK + IbNa + IbCa + IpK + IpK + Iinter) (4.26)

where Cm is the membrane capacity and Iinter is the intercellular source current.
The rest of the currents are explained in table 4.2 and illustrated in Fig. 4.8.

The representation of the fast Na+ current, mainly responsible for depo-
larisation, is based on three gate formulations, first introduced by Beeler and
Reuter [29]:

INa(Vm, t) = gNa · m
3 · h · j · (Vm − ENa), (4.27)

where ENa denotes the equilibrium potential for INa, gNa is the maximum con-
ductivity, m, h and j are the voltage-dependent activation and respectively fast
and slow inactivation gates. Each of these gates is governed by Hodgking-
Huxley-type equations for gating variables. They are characterized by a steady
state value (m∞, h∞ and j∞) and a corresponding time constant (τm, τh and
τj).

The steady state activation value is:

m∞ =
1

[1 + e
−56.86−Vm

9.03 ]2
(4.28)

The steady state activation curve (m3
∞

), illustrated in Fig. 4.9 a, was fitted
to data on steady state activation of wild type human Na2+ channels expressed
in HEK-293 cells [40].

The rate constants of the m gate are:

αm =
1

1 + e
−60−Vm

5

, (4.29)
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Figure 4.8: Schematic representation of the ten Tusscher-Noble-Noble-Panfilov
Model. The arrows indicate the direction, in which the ionic currents can flow
through the ionic channels represented by rectangles and pumps, illustrated as
crossed circles.

βm =
0.1

1 + e
Vm+35

5

+
0.1

1 + e
Vm−50

200

. (4.30)

The time constant of the m gate is defined as:

τm = αm · βm. (4.31)

The derivation of the m gate variable with respect to time is:

dm

dt
= αm · (1 − m) − βm · m (4.32)

The steady state fast and slow inactivation values are:

h∞ = j∞ =
1

[1 + e
Vm+71.55

7.43 ]2
(4.33)

The rate constants of h and j follow different mathematical rules, all of them
presenting modifications at Vm = −40 mV.

Also the steady state inactivation curve (Fig. 4.9 b) was fitted to experi-
mental data measured by Nagumo et al. [40].

The L-type ICa is described by the following equation:

ICaL(Vm, t) = gCaL · d · f · fCa · 4
V(F)2

RT

[Ca]i · e
2VF
RT − 0.341 · [Ca]o

e
2VF
RT − 1.0

(4.34)

where, with respect to ICaL, gCaL is the maximum conductivity, d and f are
the voltage-dependent activation and respectively the inactivation gates and
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Figure 4.9: Steady state a) activation and b) inactivation curves describing
the gating of the fast Na current.

fCa is an intracellular calcium-dependent inactivation gate. The driving force is
modeled with a Goldman-Hodgkin-Katz equation.

Mathematically, Ito is expressed by:

Ito(Vm, t) = gto,max (Vm − Eto) · r · s (4.35)

where gto,max is the maximum conductivity for Ito, r and s are the voltage-
dependent activation and respectively, inactivation gates for Ito and Eto is the
equilibrium potential for Ito. The parameter gto,max was fitted to experimental
data obtained by Naebauer et al. [38] .

IK1 is predominantly carried by K+ ions in human ventricular myocytes.
Therefore the reversal potential of IK1 is calculated by Nernst’s equation for
K+. IK1 is defined by:

IK1(Vm) = gK1,max ·

√
[K]o
5.4

· (Vm − EK1) · XK1 (4.36)

where gK1,max is the maximum conductivity for IK1, XK1 is the inactivation
gate for IK1 and EK1 is the equilibrium potential for IK1. Because no data is
available on the extracellular potassium concentration [K]o dependence on IKr,
a similar dependence as implemented for animal myocytes was assumed.

The existance of two components of the delayed rectifier, a slowly activating
component IKs and a rapidly activating component IKr was documented in 1996
by Li et al. [39]. Both currents were incorporated into the model on the basis
of the experimental data set. In the model the two currents are defined as:

IKs(Vm, t) = gKs,max · (Vm − EKs) · X
2

s (4.37)

where gKs,max is the maximum conductivity for IKs, Xs is the activation gate
for IKs and EKs is the equilibrium potential for IKs. The rapid delayed rectifier
current is described by:

IKr(Vm, t) = gKr,max ·

√
[K]o
5.4

· (Vm − EKr) · Xr1 · Xr2 (4.38)
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where gKr,max is the maximum conductivity for IKr. Xr1 and Xr2 are the ac-
tivation and respectively the inactivation gates for IKr. EKr is the equilibrium
potential for IKr.

4.5 Electrocardiogram

Definition In 1893 the Dutch physiologist Willem Einthoven introduced at a
meeting of the Dutch Medical Association the term ’electrocardiogram’ (ECG
or EKG) for naming a new noninvasive method for cardiac investigations. The
data delivered by the electrocardiograph indicate the temporal electrical activity
of the heart. A typical ECG tracing of a normal heartbeat consists of a p wave, a
QRS complex and a T wave. The names were established by Willem Einthoven.

Figure 4.10: The AP corresponding to each type of cardiomyocyte and the
ECG formation. Fig. adapted from [20].

The four deflections prior to the correction formula were labelled ABCD and
the 5 derived deflections were labelled PQRST. The choice of P is a mathemati-
cal convention by using letters from the second half of the alphabet. N has other
meanings in mathematics and O is used for the origin of the Cartesian coordi-
nates. In fact Einthoven used O ..... X to mark the timeline on his diagrams.
A lot of work had been undertaken to reveal the true electrical waveform of the
ECG by eliminating the damping effect of the moving parts in the amplifiers
and using correction formulae. The image of the PQRST diagram may have
been striking enough to have been adopted by the researchers as a true repre-
sentation of the underlying form. The naming convention was maintained when
the more advanced string galvanometer started creating electrocardiograms a
few years later.

The P wave is the electrical signature of the current that causes atrial con-
traction. Both the left and right atria contract simultaneously. The QRS com-
plex corresponds to the current causing the contraction of the ventricles, being
more forceful than that of the atria and involves more muscle area, thus result-
ing in a much greater ECG deflection. The QRS complex contains the atrial
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repolarisation. The T wave represents the repolarisation of the ventricles.
In Einthoven’s electrocardiographic model the cardiac source is a two-

dimensional dipole in a fixed location within a volume conductor that is either
infinite and homogeneous or a homogeneous sphere with the dipole source at
its center. Einthoven assumed that the functional position of the measurement
sites of the right and left arm and the left leg corresponded to points on the
torso which, in turn, bore a geometric relationship approximating the apices of
an equilateral triangle. The location of the heart dipole relative to the leads
was chosen, for simplicity, to be at the center of the equilateral triangle (Fig.
4.11).

Figure 4.11: Einthoven triangle. The vectors ~cR, ~cL, and ~cF indicate the
distance between the measurement points and the heart. The vectors ~cI, ~cII,
and ~cIII illustrate the points utilized in the calculation of the fundamental lead
voltages. Fig. from [41].

The right and left arms and left foot were denoted by R, L, and F, re-
spectively. The three corresponding lead vectors ~cR, ~cL, and ~cF are the radius
vectors between the origin and the corresponding points on the equilateral tri-
angle. The potentials at these points are:

FR = ~cR · ~p

FL = ~cL · ~p (4.39)

FF = ~cF · ~p
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Einthoven defined the potential differences between the three pairs of these
three points to constitute the fundamental lead voltages in electrocardiography.
These are designated VI, VII, and VIII and are given by:

VI = FL − FR

VII = FL − FR (4.40)

VIII = FL − FR

Einthoven did not consider the effect of the volume conductor on the lead
vectors. The effect of the body surface on the limb leads was published by
Ernest Frank (1954), and the effect of the internal inhomogeneities was studied
by Burger and van Milaan (1946). The corresponding lead vector triangles are
called Frank triangle and Burger triangle.

Presently, a typical ECG report shows the cardiac cycle from 12 different
voltage points.

• The inferior leads are II, III and aVF, the lateral leads are I and aVL.

• The chest, or anterior leads are V1 through V6.

• aVR is rarely used for diagnostic information, but indicates if the ECG
leads were placed correctly on the patient.

Inferior, lateral and anterior refer to specific sections of the heart. The inferior
leads record events from the apex of the left ventricle. The lateral and anterior
leads record events from the left wall and front walls of the left ventricle, respec-
tively. The right ventricle has a smaller muscle mass than the left ventricle. It
leaves only a small imprint on the ECG, making it more difficult to diagnose the
changes in the right ventricle. The finest ECG produced at present is generated
by a 256 leads system.

Information Provided by ECG On ECG the following cardiac character-
istics can be measured or detected:

• The underlying rate and rhythm mechanism of the heart.

• The orientation of the heart in the chest cavity.

• Evidence of hypertrophy of the heart muscle.

• Evidence of damage of various parts of the heart muscle.

• Evidence of acutely impaired blood flow to the heart muscle (ischemia).

• Patterns of abnormal electrical activity that may predispose the patient
to abnormal cardiac rhythm disturbances.

With the use of ECG the following conditions may be diagnosed:

• Abnormally fast or irregular heart rhythms.
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• Abnormally slow heart rhythms.

• Abnormal conduction of cardiac impulses, which may suggest underlying
cardiac or metabolic disorders.

• Evidence of the occurrence of a prior heart attack (myocardial infarction).

• Evidence of an evolving, acute heart attack.

• Evidence of an acute impairment to blood flow to the heart during an
episode of a threatened heart attack (unstable angina).

• Adverse effects on the heart from various heart diseases or systemic dis-
eases (such as high blood pressure, thyroid conditions, etc.).

• Adverse effects on the heart from certain lung conditions (such as emphy-
sema, pulmonary embolus, etc.).

• Certain congenital heart abnormalities.

• Evidence of abnormal blood electrolytes (potassium, calcium, magne-
sium).

• Evidence of inflammation of the heart or its lining (myocarditis, pericardi-
tis).

Limitations of the ECG The ECG is a static picture and may not reflect
severe underlying heart problems at a time when the patient is not having
any symptoms. The most common example is of a patient with a history of
intermittent chest pain due to severe underlying coronary artery disease. This
patient may have an entirely normal ECG at a time when he is not experiencing
any symptoms. In such instances, the ECG as recorded during an exercise stress
test may reflect an underlying abnormality while the ECG taken at rest may
be normal.

Many abnormal patterns on an ECG may be non-specific, meaning that
they may be observed with a variety of different conditions. They may even be
a normal variant and not reflect any abnormality at all. These conditions can
often be sorted out by a physician with a detailed examination, and occasionally
other cardiac tests (e.g. echocardiogram, exercise stress test).

In some instances, the ECG may be entirely normal despite the presence of
an underlying cardiac condition that normally would be reflected in the ECG.
The reasons for this are largely unknown, but it is important to remember that
a normal ECG does not necessarily exclude the possibility of underlying heart
disease. Furthermore, a patient with heart symptoms should frequently require
additional examination.

4.6 Excitation Propagation

The myocardium is build of discrete cardiomyocytes. These myocytes are sur-
rounded by the extracellular space. The discrete structure influences e.g. the
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electrophysiological properties of the tissue [42, 43]. The propagation of ex-
citation is driven by electrical coupling of the cardiomyocytes. If one cell is
depolarized, Vm rises and a voltage gradient between adjacent cells can be mea-
sured. Then the electrical current flows through gap junctions and through the
extracellular space into the neighboring resting cell and this cell gets activated.
The intercellular electrical coupling leads to a functional electrical syncytium of
the myocardium. Since the conductivity of the gap junctions is larger than the
conductivity between adjacent cells via the extracellular space, the activation
sequence is mainly influenced by the anisotropic electrical properties of the gap
junctions.

4.6.1 Gap Junctions

Gap junctions behave primarily like low resistance ohmic resistors, which vary
the conductivity depending on the trans-junctional voltage [44, 45]. In contrast
to membrane channels they do not show ion selectivity, but allow passage of
both cations and anions with a slightly preference for cations. They also provide
intercellular metabolic coupling [46].

The conductance of a gap junction depends on ionic factors such as the in-
tracellular concentrations of H+, Ca2+, Na+, and Mg2+ [47]. Thus, gap junction
conductance is influenced by application of drugs, which alters the concentra-
tion of these ions. Pathologies like myocardial ischemia varies gap junction
conductance, because the pH value of the extracellular fluid is changed and
that influences the concentration of intracellular H+.

Alteration of gap junctional conductance effects the overall electrical inter-
action between cardiac myocytes. Because connexins form the gap junction,
they are important determinants of myocardial coupling properties. Changing
genetic expression of connexins causes changes in the overall electrical conduc-
tance. Computer simulations and experimental studies showed that a reduction
in gap junctional conductance results in reduced excitation propagation veloc-
ity [48]. Measurements quantified that the density of gap junctions of the SA
node and of the AV node is less than in atrial and ventricular tissue [49].

4.6.2 Models of the Electrical Flow

Modeling of excitation propagation with simplified reaction-diffusion systems
describes the physiological and pathological excitation on organ level [50, 51,
52]. The reaction-diffusion systems include two components. One represents the
membrane activity termed the reaction part. The other describes the electrical
interaction of the tissue and is called the diffusion part. An early representative
is the two state Fitz-Hugh-Nagumo model [53]:

∂u

∂t
=

u − u3

3 − v

ε
+ D∇2u,

∂v

∂t
= ε(u + β − γv) (4.41)

with the state variables u and v for the activation and inactivation of Vm.
The diffusion term is formulated for isotropic media with the scalar diffusion
coefficient D. The parameters β, γ, and ε are the so-called membrane parameters
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and are influencing the course of the AP. The diffusion coefficient and the
membrane parameters are time dependent.

A modification of the FitzHugh-Nagumo equations allows a more realistic
description of the propagation in the myocardium [6, 54]. This model considers
the anisotropic features of the tissue by using a diffusion tensor. It includes
more membrane parameters to adapt the AP course to measured data and
achieves more realistic results.

The most common approach to reproduce the activity of cardiac tissue con-
sists of a model describing the anisotropic excitation propagation in combination
with an electrophysiologically accurate ionic model. The excitation propagation
model could be either based on resistor networks or can consider the electrical
flow of ions between adjacent cells using Poisson’s equation. The advantage
of resistor networks to describe electrical coupling of cardiac cells is the lower
computational cost compared to approaches based on Poisson’s equation. The
main disadvantage is that varying anisotropic conductivities in the tissue are
not reproducible with the resistor network methods.

A further distinction is made between models considering the extracellular
space to be on constant potential and thus calculating the current flow through
the intracellular space and through gap junctions (monodomain model) and
approaches taking the current flow in intra- and extracellular space as well as
through gap junctions into account (bidomain model). Both, monodomain and
bidomain model can be represented by resistor network or Poisson’s equation
based approaches. The implemented method in this work is based on the cal-
culation of Poisson’s equation.

4.6.3 The Bidomain Reaction Diffusion Model

The bidomain reaction diffusion model is an experimentally confirmed mathe-
matical tool used in the description of the electrical propagation in the cardiac
tissue [55]. In 1978, L. Tung proposed the method, replacing the cardiac tissue
by intra- and extracellular continua, each filling the space occupied by the actual
myocardium. The representation of bidomain model is illustrated in Fig. 4.12

Figure 4.12: Schematic representation of myocardium according to the bido-
main model. The method is replacing the cardiac tissue by intra- and extracel-
lular continua, each filling the space occupied by the actual myocardium.

The bidomain model describes a material incorporating the electrical prop-
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erties of two distinct, continuous spaces. A material, such as blood or fatty
tissue, containing no continuous intracellular space will be referred to as a mon-
odomain. A monodomain can be thought of as a bidomain with a nonconductive
intracellular space.

Cardiac tissue consists of cells tightly coupled by intercellular junctions,
which connect the intracellular space of one cell to the intracellular space of the
surrounding cells. The junctions are characterized by a higher resistivity than
the rest of the intracellular space.

Muscle fibers can be represented by a cable model. The fiber is separated
into regions of intracellular space, extracellular space, and the separating mem-
brane. Both the junctional resistance and the intracellular conductivity are
included in this model by an averaged intracellular conductivity, representing
a macroscopic equivalent to these microscopic quantities. The cable model can
be extended to two or three dimensions.

The governing equations for the bidomain model are Poisson’s equation
written in each region with the source term being the source current density
(unit A/m3) through the membrane (Im):

∇(σe∇Φe) = −Im (4.42)

∇(σi∇Φi) = Im (4.43)

In these equations, Φi (unit V) is the potential in the intracellular space
and Φe (unit V) is the potential in the extracellular space. The macroscopic
conductivities are denoted by the tensors σi and σe (unit S/cm) and often de-
scribe a tissue that is anisotropic. For a passive membrane, the transmembrane
current is given by a combination of resistive and capacitive currents,

Im = β(Cm
∂Φm

∂t
+ GmΦm) (4.44)

where β (unit m−1) is the membrane surface to volume ratio of the bido-
main space, Cm (unit F/m2) is the membrane capacitance, Gm (unit S/m2)
is the membrane conductance. The transmembrane voltage is defined as:
Vm = Φi − Φe. Having these relations, the bidomain system of equations can
be expressed by:

∇ ((σi + σe)∇Φe) + ∇ (σi∇Vm) = 0 (4.45)

∇ (σi∇Vm) + ∇ (σi∇Φe) = −Iinter. (4.46)

Physically, the extracellular space of a cardiac cell on the boundary of a
tissue in a surrounding bath is in contact with the monodomain bath region.
In the bidomain formulation this contact is defined by the boundary conditions
of a bidomain tissue. These conditions state that:
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• At the boundary the normal component of current between a bidomain
and monodomain tissue is continuous in the extracellular space.

• The normal component of current between a bidomain and monodomain
tissue is zero in the intracellular space.

• The extracellular potential and the monodomain potential are continuous.

σe∂Φe

∂~n
=

σmono∂Φmono

∂~n
(4.47)

σi∂Φi

∂~n
= 0 (4.48)

Φe = Φmono (4.49)

In this system of equations, ~n is the unit vector showing the normal direction
to the boundary between a bidomain region, with potentials Φe and Φi, and a
monodomain region, with potential Φmono.

Accordingly, the current density in the intracellular domain, ~Ji, is given by:

~Ji = −[σb
ix

∂Φi

∂x
~i + σb

iy

∂Φi

∂x
~j + σb

iz

∂Φi

∂x
~k] (4.50)

where σb
ix, σb

iy and σb
iz are the bidomain conductivities in the x, y and z directions

and~i, ~j and ~k are the unit vectors in x, y and z directions. By integration over
an homogeneous region with conductivity σ we obtain the electrical potential
being equal to:

ΦPi(x′, y′, z′) = −
1

4πσ

∫

v

∇ · ~Ji

r
dv (4.51)

where r is the distance from a field point P(x′, y′, z′) to an element of source at
dv(x,y,z). In the extracellular domain, the current density, ~Je, is equal to:

~Je = −[σb
ex

∂Φe

∂x
~i + σb

ey

∂Φe

∂x
~j + σb

ez

∂Φe

∂x
~k] (4.52)

−∇~Ji = ∇~Je = Im, (4.53)

where Im is the transmembrane current per unit volume.
Commonly the Poisson equations are solved with finite-difference or finite

element method, while Euler or Runge-Kutta are used to solve the underlying
ordinary differential equations (Sect. 2).

4.7 Cardiac Pathologies

4.7.1 Arrythmias

Arrhythmia (or dysrhythmia) is a problem that affects the electrical system of
the heart muscle, producing abnormal heart rhythms. It can cause the heart to
pump less effectively. An arrhythmia occurs when the heart’s natural behavior
is disrupted by a certain factor as discussed below.
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Normal or Abnormal Impulse Initiation The working myocardium is
not automatically active. As outlined in Sect. 4.3, the action potentials of
the myocytes are generated by a spread of excitation. In all cardiac cells that
are capable of autorhythmicity, depolarisation towards the threshold occurs
spontaneously. Normally only a few cells in the SA node are in fact responsible
for timing the contraction of the heart. All the other cells in the specialized
tissue are excited in the same way as the working musculature. As long as there
is no electrical stimulus these cells are in the resting phase. But the stability
of the resting potential can be lost under various conditions associated with
partial depolarisation of the membrane (hipokalemia, stretching, etc.). Then
the affected cells can develop diastolic depolarisations, similar to those produced
by pacemakers. In some circumstances the secondary depolarisation fronts can
interfere with the primary one and modify the normal heart rhythm. A source
of excitation apart from the regular pacemaker tissue is called an ectopic center
or ectopic focus.

The heart contracts as the electrical impulse moves through it. This nor-
mally occurs 60 to 80 times a minute when a person is at rest. The atria con-
tract a split-second before the ventricles. This lets the atria empty their blood
into the ventricles before the ventricles contract. A heart rate of less than 60
beats per minute is called bradycardia. A serious bradycardia is correlated to
insufficient blood flow to the brain. Rapid heart beating, called tachycardia
or tachyarrhythmia, can produce palpitations, rapid heart action, chest pain,
dizziness, lightheadedness, fainting or near fainting if the heart beats too fast
to circulate blood effectively. Heartbeats may be either regular or irregular in
rhythm.

When rapid heart beating starts in the ventricles, called ventricular tachy-
cardia, it can interfere with the heart’s ability to pump enough blood to the
brain and other vital organs. This dangerous arrhythmia can change without
warning into the most serious heart rhythm disturbance: ventricular fibrilla-
tion. In this, the lower chambers quiver and the heart cannot pump any blood.
Collapse and sudden cardiac death follow unless medical help is provided im-
mediately.

If treated in time, ventricular tachycardia and ventricular fibrillation can
be converted into a normal rhythm with electrical shocks. Rapid heart beating
can be controlled with medications or by identifying and destroying the focus
of rhythm disturbances. One effective way to correct these life-threatening
rhythms is by using an electronic device called an implantable cardioverter
(defibrillator).

In atrial fibrillation the atria quiver instead of beating effectively. Blood is
not pumped out efficiently and blood clots can be formed. If a part of a blood
clot formed in the atria leaves the heart and lodges through an artery in the
brain a stroke results.

Abnormalities of Impulse Generation A change of normal automaticity
can be induced by normal sinus node pacemaker failure, appearing in disease
states or if the normal SA node is excessively rapid due to sympathetic nerve
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stimulation.
The arrhythmia can also be correlated to the pacemaker in His Bundle-

Purkinje system, normally controlling the cardiac rhythm as escape pacemaker
or when sympathetic activity is increased. Such an event can be initiated during
sinus bradycardia or AV block of atrial impulses, characterized by a rate lower
than the intrinsic rate of His-Purkinje pacemaker. Another possibility occurs
if abnormal conditions like ischemia or medication treatment increases the rate
of firing of His-Purkinje system pacemaker to overcome the sinus node rate.

The abnormal automaticity in Purkinje cells, involved in a heart attack with
ischemic fibers (reduced oxygen) can also trigger dysrhythmias.

The myocytes can produce rapid firing during the repolarisation phase due
to premature beats, increased calcium blood levels, increased adrenaline levels
or digitalis toxicity.

Abnormalities of Impulse Conduction The abnormalities of impulse con-
duction are manifested through the existence of supplementary depolarisation
fronts and ordered or random reentries. Such cardiac activities can be mani-
fested due to the lowering of the electrical conductivity in a part of the my-
ocardium or by anomalous AV connections, causing a short PR and a wide
QRS interval. The additional, anomalous electrical path promotes rapid heart
beats called supraventricular tachycardia. When the abnormal electrical path
is destroyed tachycardia does not reoccur.

4.7.2 Flutter and Fibrillation

Flutter and fibrillation are arrhythmias resulting from an abnormal spread of
excitation, causing parts of the myocardium to contract while other regions
of the cardiac muscle are relaxing. The functional fragmentation can be both
localized in atria and in ventricles. Ventricular flutter is reflected in ECG by
waves with high frequency and large amplitude (Fig. 4.13 a). If flutter persists
for several minutes it changes into fibrillation. The fluctuation associated to
ventricular fibrillation are very irregular, changing rapidly in frequency, shape
and amplitude (Fig. 4.13 b).

(a) (b)

Figure 4.13: ECG changes during a) flutter and b) fibrillation. The arrow
indicates the initiation of arrhythmias.

Mechanisms of Flutter and Fibrillation There are two alternative con-
cepts for describing mechanisms underlying flutter and fibrillation. In 1875 En-
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gelmann presented a theory, assuming ectopic automaticity as the main cause
of fibrillation [56]. This hypothesis states that there are one or more ectopic
foci, firing at high rates. By this, the regular excitation and conduction of
impulses is disrupted. In 1914 Mines and Garrey postulated that circulating
excitation waves (reentry) are responsible for fibrillatory arrhythmia [56]. Ac-
cording to the second theory, fibrillation is attributed to a primary disturbance
in the spread of depolarisation, in which excitatory waves circulate throughout
more or less extended regions of the heart.

At the moment it cannot be decided under which conditions either of the
two mechanisms operate. However, most of the phenomena that accompany
initiation of fibrillation can be convincingly explained with the theory of reentry.
In 1973 Allessie et al. presented direct evidence in favor of this hypothesis for
isolated rabbit atria [56]. The concept is also sustained by experiments involving
left ventricles [57] and by theoretical research [58], [51].

A fundamental requirement for the appearance of reentries is the existence
of interconnected pathways along which excitation can proceed continuously.
Experiments indicated that in atria the regions surrounding the ostia of the
great veins can constitute pathways for reentry [59]. Allessie et al. (1977)
demonstrated that reentry may occur in a flat sheet of myocardial, without
macroscopically visible circuit pathways, due to electrophysiological differences
between the myocytes. Thus a refractory zone may simulate a nonexcitable
anatomical obstacle around which reentry can occur.

In a myocardial fiber assumed to be infinite in length, excitation would pro-
ceed in a wavelike fashion. The distance between the excited and the recovered
parts is about 0.3 m. The value can be calculated by multiplying the con-
duction velocity (approximatively 1.0 m/s) with the action potential duration
(higher than 0.3 s). It is obvious that under normal conditions, such a long
excitation wave cannot induce a reentry in the human heart. Thus a reentry
is exclusively correlated to the shortening of the excitation wave, induced by
decreasing the velocity of conduction and shortening of the refractory period.
The alteration degree until reentry occurs, strongly depends on the size of the
possible pathways.

The relationship between heart size and probability of fibrillation was an
early finding of Garrey [60], who introduced the notion of the critical my-
ocardium mass for reentry to occur. Furthermore, the theory explains the
experimentally observed fact that fibrillation is more likely to develop in large
hearts, while small hearts tend to defibrillate spontaneously.

Vulnerable Period Atrial or ventricular fibrillation can be induced by elec-
trical stimulation applied during the late systole, interval termed vulnerable
period. The term was introduced by Wiggers and Wegria (1939) to express the
fact that the susceptibility of the heart to ventricular fibrillation is more or less
confined to a certain phase of cardiac cycle [56].

In the ventricles the nonuniformity in recovery of excitability is maximal
preceding the apex of the T wave of the ECG. In this period, fully recovered
(resting phase), partly recovered (end of repolarisation phase) or absolutely
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refractory (an additional stimulus would not modify the value of Vm) myocytes
coexist in the tissue. The normal heart is susceptible to fibrillation only during
this phase. At other moments an extra electrical stimulus would not produce
a fibrillation. Under certain conditions, as it is during ischemia, the vulnerable
window may extend even beyond the T wave.

In addition to the induction of fibrillation by electrical stimulation, a sponta-
neously generated extrasystole that occurs during a highly nonuniform phase of
recovery may also induce fibrillation. The event is termed R-on-T phenomenon
in the ECG and it is considered a preliminary symptom of imminent fibrillation.

Figure 4.14: Relationship between stimulation and fibrillation threshold in the
isolated heart of guinea pig for rectangular pulses [61]. The electrical stimuli
were applied through large electrodes with a surface of 0.7 cm2 or through small
electrodes (0.05 cm2).

The Threshold for Fibrillation The fibrillation threshold is defined as the
minimal current intensity required to initiate this arrhythmia. This can be
considered as an index of the extra amount of nonuniformity in excitability that
must be added to the myocardium for creating a fibrillatory condition. Between
the nonuniformity degree of the myocardium and the strength of the electrical
stimulation necessary to produce fibrillation is an indirect dependence. Thus
diseased hearts may be more susceptible to arrhythmias induced by electrical
shocks then healthy ones.

The absolute value of fibrillation threshold also depends on the size and
position of the electrodes, the current waveform, the duration of current flow and
the transition resistance. Only if these characteristics are maintained constant
can relative changes in the fibrillation threshold be attributed to changes of
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vulnerability of the heart.

Fig. 4.14 depicts the threshold curves for fibrillation and stimulation, corre-
sponding to an isolated whole heart of a guinea pig. The results were gathered
after applying rectangular pulses with duration of 0.5-50 ms [61].

4.7.3 Myocardial Infarction

Ischemic heart disease, commonly named also coronary artery disease is a con-
dition in which fatty deposits (atheroma) accumulate in the cells lining the wall
of the coronary arteries. These fatty deposits build up gradually and irregu-
larly in the large branches of the two main coronary arteries encircling the heart
being the main source of its blood supply. The process called atherosclerosis
leads to the narrowing or hardening of the blood vessels supplying blood to
the heart muscle (the coronary arteries ). The following effect is occurrence
of ischemia (inability to provide adequate oxygen) in the heart and it may
damage the myocardium. Complete occlusion of the blood vessel leads to a
heart attack (myocardial infarction). According to its location, different types
of heart attacks were registered: acute inferior myocardial infarction, acute an-
terior myocardial infarction, acute posterior myocardial infarction, old inferior
myocardial infarction and acute myocardial infarction in the presence of left
bundle branch block.

4.7.4 Hypertrophy Patterns

Chronic elevation of myocardial stress due to pressure overload, as in hyper-
tension or aortic stenosis, causes cardiac muscle (ventricular and atrial) to hy-
pertrophy with a resulting increase in myocardial thickness. There is normally
little or no change in overall cardiac size, therefore the wall thickening occurs at
the expense of the cavity. Systolic function tends to remain normal in the pres-
ence of hypertrophy, but diastolic filling patterns are altered. Severe pressure
overload eventually leads to impairment of systolic function and finally to left
ventricular failure. As systolic function deteriorates, the cavity enlarges, but the
walls tend to remain thick. This is in contrast to the dilated cardiomyopathy
of ischemic origin.

4.7.5 Heart Block

Congenital heart block is known also as Adams-Stokes syndrome as well as
atrioventricular block. It is characterized by interference with the transfer of
electrical impulses that regulate the normal rhythmic pumping activity of the
heart muscle (heart block). The severity of such conduction abnormalities may
vary among affected individuals.

In the mild form of heart block (First Degree), the two upper chambers of
the heart (atria) beat normally, but the contractions of the two lower chambers
(ventricles) slightly lag behind. In the more severe forms (Second Degree), only
a half to a quarter of the atrial beats are conducted to the ventricles. In com-
plete heart block (Third Degree), the atria and ventricles beat independently.
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In most cases, infants with First or Second Degree experience no symptoms
(asymptomatic).

Another similar pathology is the bundle branch block. Normally, the elec-
trical impulse travels down both the right and left branches at the same speed.
Thus, both ventricles contract at the same time. Occasionally, there’s a block
in one of the branches, and electrical impulses are slowed or blocked as they
travel through His bundles.

4.7.6 Pre-excitation Syndromes

If there is an extra conduction pathway, like left lateral and anteroseptal path-
way, the electrical signal may arrive at the ventricles too soon. This condition
is called Wolff-Parkinson-White syndrome.

Lown-Ganong-Levine Syndrome is a form of pre-excitation characterized by
a short PR interval associated with a normal QRS complex.

The existence of pre-excitation syndromes in a heart increases the chance
of tachycardia apparition.

4.7.7 Long QT interval Romano-Ward Syndrome

Long Q-T syndrome is an infrequent, hereditary disorder of the heart’s electrical
rhythm that can occur in otherwise-healthy people. It usually affects children
or young adults. It can be identified with the ECG, presenting a prolonged Q-
T interval. People with this syndrome are susceptible to an abnormally rapid
heart rhythm (arrhythmia) called ”Torsade des pointes”. When it occurs, the
heart muscle cannot contract effectively. The effect is that the normal volume
of blood, meant to supply the body and the brain is reduced. If the brain is
starved of oxygen, the person faints within seconds. If the heart cannot regain
its normal rhythm, it may go into spasms that lead to ventricular fibrillation.

4.7.8 Brugada Syndrome

In 1992 Brugada et al. described a novel clinical entity, which is now frequently
called ”Brugada syndrome” (BrS) [62]. It is an inherited form of cardiac ar-
rhythmia, presenting with a typical electrocardiographic pattern of ST segment
elevation in leads VI to VIII , and incomplete or complete right bundle branch
block. In approximately 20% of cases, the underlying cause of BrS is a genetic
defect in the SCN5A gene, which encodes the sodium channel controlling the
depolarisation phase of the cardiac action potential.

Since no cardiac structural abnormalities are usually found in BrS patients,
the disease may be defined as a ?pure? electrical abnormality of myocardial cells
within an otherwise normal heart. Syncope, typically occurring at rest or during
sleep is a common presentation of BrS, and it is caused by fast polymorphic
ventricular tachycardia. When tachycardia does not terminate spontaneously
or if resuscitation maneuvers are not promptly carried out, it may degenerate
into ventricular fibrillation and lead to sudden death.
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In present, electrical defibrillation is the only known therapy, that can end a
fibrillation. The devices used for this treatment can be external or internal and
basically they function in the same way, being generators of electrical impulses,
delivered to the heart through electrodes. The constructional aspects are de-
scribed in detail in the first section of this chapter. Due to the fact that a
ventricular fibrillation is an extremely dangerous arrhythmia and because the
presently used therapies are not always effective, the phenomenon is intensively
investigated both experimentally and theoretically. The state of the art of the
research is presented in this chapter in separate sections for the experimental
and for the theoretical study. Based on the experimental data was formulated
the Weiss-Lapicque law, which is taken into consideration in constructing the
defibrillators and can be used as a link between theory and practice. Weiss-
Lapicque Law is described in detail in section 5.2.2.

5.1 Constructional Aspects

Development of practical defibrillators began in the 1920s with funding from
Consolidated Edison of New York in response to an increasing number of electric
shock accidents and deaths. In 1947, Beck et al performed the first successful
human defibrillation using specially designed internal cardiac paddles. He used
two 110V, 1.5 A, alternative current shocks to resuscitate a 14-year-old boy who
had become pulseless during elective chest surgery. In 1956, Zoll et al performed
the first successful human external defibrillation using a 15 A AC current that
produced 710 V applied across the chest for 0.15 s. In 1961, Alexander, Kleiger
and Lown first described the use of AC current for terminating ventricular
tachycardia (VT). Work by Lown et al in the early 1960s demonstrated the
superiority and safety of DC over AC for defibrillation. Currently two basic
types of defibrillators are used: external and internal.

Fig. 5.1 presents the diagram of an automatic external defibrillator. Early
models of external defibrillators (ED) required inserting an oral/epigastric elec-
trode and placing a second electrode on the chest. EDs today require the place-
ment of pads on epiderma, at the right sternal border and at the cardiac apex.
The geometrical form of the electrodes can be either rectangular or circular.
Between the surface of the electrodes and skin a high electrical conductive so-
lution must be applied, for substituting the capacitive medium with a galvanic
one. The treatment protects the skin of the defibrillated patient from burning.
The electrodes serve to monitor and to defibrillate. EDs also can inform the
user when lead contact is poor, when the machine is preparing to defibrillate,
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Figure 5.1: Diagram of an automatic external defibrillator.

when to check for a pulse, when a nonshockable rhythm is present, or when
motion is detected.

Fully automatic EDs shock at preprogrammed levels once ventricular fibril-
lation (VF) or VT is sensed. Electrodes are placed in position and the ED is
turned on after confirming that the patient is in cardiac arrest. The only way
to prevent firing once the machine is committed to discharge is by turning off
the ED.

Semiautomatic models inform the user when VF or VT is sensed, then advise
defibrillation. The operator must press a button to deliver the shock. The user
has the option to discharge the unit, even if the ED is not advising so. Many
models allow the operator to override the ED.

Early EDs were designed to respond primarily to a heart rate greater than
150 electrical complexes per minute and an electrocardiographic wave (QRS)
amplitude greater than 0.15 mm. Presently, the ECG rhythm is analyzed via a
combination of several methods. In addition to rate and amplitude criteria, the
QRS is analyzed as to its slope, morphology, power spectrum density, and time
away from the isoelectric baseline for preset levels defined as abnormal. Checks
are made in 2 to 4 s intervals. In general, if abnormal complexes are detected
for more than double the frequency of any other QRS for 3 consecutive checks,
the ED will be primed to deliver a shock.

Presently, many defibrillation producers exist. Each has developed his own
defibrillation wave form, which has been optimized in time (Fig. 5.2). The
optimum defibrillation pulse was defined by Irnich to be characterized by the
lowest necessary energy [63]. The most common defibrillation wave form is of
the biphasic type. When such a defibrillation shock is delivered, the polarity
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of the electrodes is inverted during the second phase of the procedure. The
shock-to-shock cycle time is typically less than 20 seconds.

(a) (b)

(c) (d)

Figure 5.2: Examples of different defibrillation wave forms presently used by
a) Zoll, Siemens, b) Philips, c) Metrax and d) Schiller.

The EDs are programmed such that the waveform parameters are adjusted
as a function of patient impedance (Fig. 5.2 b). The value of the patient
impedance can be measured directly or it can be determined from the slope
of the voltage time curve. With the presently in use capacitor discharge ap-
proach, the energy required for defibrillation is a primary factor that dictates
capacitor size and hence the size of the device. As a result the energy has
become a usual gauge for judging defibrillation, even though early and more
recent studies indicate that time averaged current is more closely related to
defibrillation efficacy.

According to the defibrillators design principles, the patients are divided in
two groups: adults and infants. To each class corresponds a certain amount
of defibrillation energy and a set of electrode sizes. For example, Philips con-
structed defibrillators, which deliver in a single output 150 J into a 50 Ω load
for adults and 50 J into a 50 Ω load for infants. The surface of the adult pads
developed by Philips is equalt to 137.1 cm2 and for infants is 101.6 cm2.
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Some defibrillators also include the option of event data transmission to a
computer using an infrared protocol. The data including parts of the ECG and
analysis decisions can also be stored by the defibrillator.

Figure 5.3: Schematic representation of the location of an implantable car-
dioverter defibrillator and its electrodes. Fig. from [64].

Patients who have had spontaneous and/or inducible life-threatening ven-
tricular arrhythmias and those who are at high risk for developing such arrhyth-
mias can obtain an implantable cardioverter defibrillator (ICDs). In addition,
these devices are indicated for prophylactic treatment of patients with a prior
myocardial infarction.

An implantable cardioverter-defibrillator (ICD) is a device designed to
quickly detect an abnormal heart rhythm (arrhythmia) and suppress it im-
mediately. The ICD can convert the arrhythmia back to normal rhythm by
delivering an electrical shock to the heart. This way the ICD can effectively
prevent sudden death.

An ICD is a minicomputer with a volume approximately equal to 10 cm3.
It consists of: a pulse generator with batteries and a capacitor that can send
a powerful shock to the heart, an electronic logic circuit to tell the ICD when
to discharge and lead electrodes to sense the cardiac rhythm and deliver the
shock to the heart muscle. During the implantation of an ICD, electrodes are
inserted through the veins into the heart, and the pulse generator is surgically
buried under the skin of the chest, generally below the left collarbone.

Modern ICDs also include pacing capabilities so that the device can act as
a pacemaker. Pacing may be necessary to support the heart in some instances
(for example, after a shock) or as a method to terminate certain arrhythmias.
The ICD permanently tests the heartbeats for regularity, but remains inactive
until it senses a rhythm deemed life-threatening. Then, the ICD delivers a
powerful electric shock to the heart. Each shock uses energy from the generator,
transformed before the shock to a capacitor. The ICD batteries are designed to
last 5 to 8 years. New defibrillation techniques with smaller amount of necessary
energy are searched for increasing the patient comfort and for prolonging the
ICD life.
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5.2 Research Aspects

5.2.1 Experimental Research

Despite extensive investigation, defibrillation mechanisms continue to be de-
bated. A part of the researchers involved in the study of defibrillation phenom-
ena are using experimental methods for gathering the results. The defibrillation
shocks can be applied to living animals, presenting ongoing arrhythmias, to per-
fused hearts or slices of myocardium. The experimental data are conventionally
gathered using measurements via 2 to 10 electrodes. More elaborate experi-
ments add the technique of optical recording with voltage-sensitive dyes or the
electrical mapping.

Optical recording using voltage-sensitive dyes has been used to investigate
the mechanisms of defibrillation because it (1) is immune to the artifacts pro-
duced by high-voltage shocks, (2) provides the time course of the membrane
action potential, and (3) can be used to make simultaneous recordings at many
sites. The researchers may use the laser scanning technique to record optically
action potentials from several sites with high temporal resolution (order of ms)
on the surface of the isolated, perfused heart during defibrillation [65]. The
data are typically analyzed by constructing maps of impulse propagation and
examining individual recordings from sites of interest.

Optical imaging of cardiac transtransmembrane voltage in dye-stained tissue
is an emerging technique in cardiac electrophysiology. Despite its widespread
application to studies of isolated hearts, it has been used traditionally to record
only a single view that presents the potential distribution of a fraction of the
cardiac surface. This poses a significant limitation in studying whole heart
electrophysiology, particularly when large-scale phenomena such as fibrillation
and defibrillation are topic of the study.

Of high interest in the defibrillation research is the time interval, follow-
ing the initiation of the electrical stimulation. Whole-heart electrical mapping
of defibrillation in animals has shown that after shocks near the defibrillation
threshold (DFT) in strength, the immediate postshock activation pattern is
mainly focal and is similar for both successful (SDF) and failed (FDF) defib-
rillation episodes. The similarity of the first postshock activations suggests
that the immediate myocardial responses to the shock alone may not determine
defibrillation success but rather that the first several postshock cycles may in-
fluence shock outcome. Electrical mapping, however, cannot detect activation
for up to tens of milliseconds after the shock and provides no direct measure of
repolarisation after the shock.

Optical mapping does not have these limitations. Citation of studies in iso-
lated rabbit hearts have reported that reentry caused by unidirectional propa-
gation of activation immediately after the shock is responsible for FDF. SDF
has been proposed to occur when a shock sufficiently prolongs and synchronizes
repolarisation, decreasing the dispersion of repolarisation and thus preventing
conduction block, which can lead to reentry and ventricular fibrillation (VF).
These results, however, were obtained from a relatively small epicardial region
with shocks well below the DFT.
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One of the drawbacks of conventional optical mapping procedure is the fact
that it delivers information only from the surface of the heart. The electrical
mapping presents an advantage from this point of view. Three-dimensional
electrical mapping is possible by inserting very thin (diameter of the order of 100
µm) fiberglass needles in the myocardium. Each of the needles can incorporate
several electrodes. The data obtained with electrical mapping is restricted to a
certain part of the transmural wall.

Presently, the research group of Arkady Pertsov is using a newly devel-
oped experimental technique, termed transillumination method [66]. The
electrophysiological mechanisms of polymorphic ventricular tachycardia and
fibrillation are analyzed using newly developed experimental tools for three-
dimensional (3D) visualization of the electrical activity in the thickness of my-
ocardial wall. The surface manifestations as well as limited 3D information
obtained using intramural plunge electrodes, suggested 3D vortex-like reentry
(scroll waves) as a mechanism of these arrhythmias. The new experimental
method (transillumination) significantly enhances the ability to study 3D reen-
trant activity via visualization of its organizing center - filament.

5.2.2 Weiss-Lapicque Law

During the 19th century considerable research was done to determine the effect
of electricity on various animal tissue structures. The main aim was the formu-
lation of a universal law for electrical stimulation. To sum up the results of his
study, Weiss formulated a law, stating that the minimum current required above
a certain threshold for stimulation, is inversely proportional to the duration of
the electrical stimulation.

I =
B

t
+ R (5.1)

The term I denotes the threshold current, B is the charge at electrode-
myocardial interface, t is the duration of the stimulation current and R rep-
resents the minimum stimulation independent of duration of the stimulus.

Figure 5.4: The representation of Weiss-Lapicque law.

Lapicque experimented with muscles of various invertebrates by measur-
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ing the stimulation thresholds for varying directions. He concluded that by
changing the time scale and normalizing the threshold at a point independent
of time, the stimulation curves of different tissues from various invertebrates
overlap. Consequently Lapicque introduced two new terms to define the tissue
stimulation threshold:

1. rheobase - the stimulation threshold independent of the duration of the
stimulus;

2. chronaxie - the time at which the minimum threshold is double the
rheobase. He called this the measure of excitability of the tissue.

The variation of the threshold current with time, according to Weiss-Lapicque
law is illustrated in Fig. 5.4. All implantable defibrillators deliver voltage
through a capacitor discharge, resulting in exponentially declining pulses. Early
studies in animals suggested that the strength-duration relationship for such
pulses was similar to the Weiss-Lapicque relationship for stimulation of cardiac
tissue with rectangular shaped pulses.

Weiss-Lapicque relationship predicts a rheobase or minimum mean current
for defibrillation and a chronaxie, the pulse width requiring twice the rheobase
current. This results in a U-shaped curve for energy or peak voltage as a
function of pulse width. For defibrillation pulses, the optimal pulse width is
believed to correspond to tilts of 60%. Very long duration or untruncated
pulses were ineffective in part because they resulted in refibrillation of the heart.
Accordingly, all implantable devices are programmed to truncate monophasic
defibrillation pulses or the first phase of a biphasic pulse close to a 60% tilt.

5.2.3 Blair Law

Weiss-Lapique law does not fit perfectly the experimental data. Therefore,
several alternative models have been proposed to describe the relationship be-
tween pulse width and defibrillation efficacy. One of the most known theories
was formulated by Blair in 1932 [67].

The two terms introduced with Weiss-Lapicque formalism, the rheobase and
the chronaxie were maintained by Blair. The main difference between the two
models is the expression of the time dependence. The formula proposed by
Blair, giving the excitation threshold as function of the applied voltage (V)
reads:

log
V

V − R
= k · t + C (5.2)

The term R denotes the rheobase, k measures the rate of decay of excitatory
process, t is the duration of the electrical stimulus and C is a constant.

Rearranging the equation 5.2 we obtain:

V =
R

ek·t+C − 1
+ R (5.3)
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Considering Ohm’ s law the voltage can be substituted by the current:

I =
R0

ek·t+C − 1
+ R0 (5.4)

where R0 represents the rheobase divided by the membrane resistance.
In his formalism Blair defined the chronaxie as:

τ =
1

k
(log2+C) (5.5)

From equations (5.6) and (5.5) the relation for intensity as function of im-
pulse duration, rheobase and chronaxie reads:

I =
R0

e
t·(log2+C)

τ
+C − 1

+ R0 (5.6)

Even though Blair’s formalism is more complex than the one presented by
Weiss-Lapicque it is not valid for long duration stimulations, neither for cases in
which the intensity of the electrical impulse is slowly increasing or it oscillates
in time. In 1933 W. Rushton published an article presenting in detail the
limitations of Blair’s model [68].

5.2.4 Theoretical Research

Many studies have been performed on animal hearts ranging from mouse, rat,
guinea pig, rabbit, dog and pig heart. However, the phenomena observed in
animal hearts are not necessarily the same as those, occuring in humans. For
example, the frequency of ventricular fibrillation in a human heart is about 5
Hz [69], whereas in the pig heart it is in the interval 10-14 Hz [70], although
they have comparable sizes. Another major limitation of experimental studies
is that patterns of excitation can be recorded with reasonable resolution only
from limited parts of the heart volume and mainly from the surface, whereas
the underlying excitation patterns are three-dimensional.

Computer modeling, especially simulations of human cardiac behavior can
play an important role in overcoming these types of limitations. In a simplified
model, the defibrillator and the living body can be represented by an electri-
cal circuit (Fig. 5.5). The generator of the electrical shocks comprises a power
supply and a RLC circuit, varying from one device to another according to the
programed waveform. The skin and the medium between the electrodes and the
heart are represented by resistances: Rs and Ri respectively. The myocardial
fiber that follows in the scheme, differentiates the intracellular medium from
the extracellular one. The resistances of the myocardium are selected in such
a way that the velocity of the excitation propagation is correctly described,
both in intra- and the extracellular medium. Even though such a schematic
representation can be used for certain studies, it lacks many important features
of the heart, like the electrophysiological properties, fiber orientation, repre-
sentation of the geometry, etc.. The bidomain model permits the inclusion of
cardiac characteristics. Therefore most of the present simulations of the electri-
cal behavior of the heart are based on electrophysiological models and bidomain
technique.
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Figure 5.5: Simplified model of the defibrillator and the living body from the
view point of electrical properties.

Due to the limited availability of human cardiomyocytes for experimental
research, most detailed electrophysiological models have been formulated for
animal cells (e.g. Noble model describes guinea pig ventricular cells [71], Luo-
Rudy models are for mammalian ventricular cardiomyocytes [30], etc.).

Utilizing electrophysiological models that describe the activity of animal’ s
myocytes many important features of defibrillation phenomena were discovered.
The research group of N. Trayanova, used mostly Luo-Rudy and Beeler-Reuter
electrophysiological models, presented new insights into defibrillation process.
They have been able to identify how some features of the architectural structure,
of the electrophysiology and of the electrical propagation influence the response
to electrical shocks. For example, they observed that success of defibrillation
depends on special electric field pattern in the heart called virtual electrodes and
they found that the formation of virtual electrodes far away from the primary
electrical sources strongly depends on the fiber orientation [72].

An important part of defibrillation studies is to understand effects of elec-
trical shocks on cardiac cells and tissues. The research group of I. Efimov,
investigated the phenomena both experimentally and theoretically. In 2004,
it was observed that the stimulation of the myocardium with high electrical
shocks destroys gap junctions in certain regions inducing a strong modification
of the response of the tissue [73]. The phenomenon was termed cell-uncoupling
effect.

In recent years more and more data on human cardiac electrophysiology has
been gathered. In 1998 Priebe and Beuckelmann published the first model of
human ventricular myocytes [33], which was largely based on Luo-Rudy phase 2
model. In 2000, Bernus optimized the electrophysiological model presented by
Priebe and Beuckelmann. In 2004 a new model for human ventricular myocytes
by Ten Tusscher, Noble, Noble and Panfilov (TNNP model) appeared [35]. This
model uses new formulations for all major ionic currents based on a now much
wider experimental data set.

Despite the fact that human electrophysiological cell models exist, not many
researchers study defibrillation by means of virtual human myocardium.





6 Features of a Human Ventricular

Myocardial Model

Theoretical investigations of the interaction between a myocardium and an
electrical field is only possible if a virtual cardiac wedge is predefined. The
virtual myocardium can produce various reactions depending on the features
included in the preparation and on the characteristics of the electrical field.

This chapter is focused on the study of the influence on the response to elec-
trical stimulation of each feature of the myocardial model. In each subchapter
is treated a cardiac characteristic that can be included in a human left ven-
tricular preparation. The studies present corresponding selection criteria and
comparisons with experimental data.

One of the first steps in the modeling of the myocardial tissue is the selec-
tion of the geometrical features corresponding to micro- and macroscopic levels.
The shape and the sizes of the myocytes and of the tissue are generally selected
according to computation considerations. An introduction of the selection cri-
teria and of the influence of the geometry is presented in the first section of this
chapter.

In the following section is proved the necessity of a correct implementation
of the electrophysiological variation of cell model across the human transmural
wall.

A key role in a realistic simulation of the path of the electrical current
inside the myocardium is played by the anisotropy of the electrical conductivity
together with the fiber orientation (Sect. 6.3). The unequal distribution of the
intra- and extracellular electrical conductivities corresponding to longitudinal
and transversal directions is due to microscopic properties. On a macroscopic
level, the anisotropic electrical conductivity is caused by directional differences
in cell-to-cell coupling.

Cleavage planes and a blood pool may also be incorporated in the myocar-
dial preparation. Both the region of the blood and of the fragmentizing clefts
exclusively comprise nonexcitable cells. The electrical current, passing from
the monodomain region into the myocardium is distributed between the intra-
and the extracellular domain. The redistribution of the electrical current may
induce the occurrence of secondary electrical sources as shown in Sect. 6.4,
6.5. If the excitation spreads from the formed secondary electrical sources, the
spatio-temporal distribution of Vm is modified. The corresponding changes are
described in detail.

The chapter closes with the summation of the inferences drawn from the
presented results.
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6.1 Geometry

Depending on the geometrical characteristics, the virtual myocardial prepara-
tions used in theoretical studies of cardiological phenomena can be classified as
one-, two- and three-dimensional models.

The one-dimensional model represents a straight fibre. Presently, it is rarely
used, because of the high restrictions connected with the dimension.

A two-dimensional model is used in general when high computation speed
is requested. In the two-dimensional myocardial sheet the fibres can be straight
or curved, the electrical unequal anisotropy ratio can be partially incorporated,
electrophysiological heterogeneity can be included and the tissue can be im-
mersed in bath.

Figure 6.1: Truncated ellipsoid representation of ventricular geometry. The
labels show the major left ventricular radius (R), minor radius (r), focal length
(f), Cartesian coordinates (X, Y, Z) and prolate spheroidal coordinates (φ, γ,
θ)

Three dimensional models usually present a high degree of complexity, clas-
sifying them as the best representation of the real ventricular myocardium. The
left ventricle can be modeled by an ellipsoid of revolution truncated at the base
(Fig. 6.1). The crescentic right ventricle wraps circumferentially about 180◦

around the heart wall and it extends longitudinally about two-thirds of the dis-
tance from the base to the apex. In Fig. 6.1 R and r are the principle axes of
the epicardium. With d was denoted the thickness of the myocardium. The
focal length, f is defined by: f2 = R2 − r2.

For describing mathematically a curved model of the myocardium, prolate
spheroidical coordinates are introduced.

x = f · cosh(γ)cos(φ)
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(a) (b) (c)

Figure 6.2: Different geometrical types of myocardial wedges. a) A paral-
lelepipedic section through the virtual myocardium that is commonly used for
studying fundamental phenomena of electrical stimulation. b) A thin slice of the
virtual myocardium, containing two large sides. This geometrical configuration
is generally utilized for simulating arrhythmic cardiac behaviors. c) A curved
section of the myocardium, often used for studying phenomena in which the
curvature of the tissue is very important.

y = f · sinh(γ)sin(φ)cos(θ)

z = f · sinh(γ)sin(φ)sin(θ) (6.1)

The disadvantage of the truncated ellipsoidal models is the correspond-
ing long computation time. Usually, in theoretical studies of the human my-
ocardium sections of the ellipsoidal model are utilized (Fig. 6.2).

With a parallelepipedic section of the virtual myocardium (Fig. 6.2 a) the
transmural heterogeneous cardiac characteristics can be investigated. The ge-
ometrical construction is also appropriate for the research of fundamental pro-
cesses that involve propagation across the transmural wall. The longest axis of
the parallelepipedic model is the one perpendicular to endo- and epicardial sur-
faces. The realistic dimension of the longest side of the parallelepipedic model
has the order of cm.

Self maintaining arrhythmic human cardiac behaviors, like fibrillation and
flutter are simulated in large models (Fig. 6.2 b). Two sides of the virtual
myocardium are a few cm long. Considering the geometry of the human left
ventricle in a realistic simulation the third dimension is decreased to a value
below one cm.

The curved section of the myocardium (6.2 c) is a finer description of the
myocardium than the parallelepipedic models. The construction can include the
realistic variation of the tissue curvature and of the wall thickness. The curved
virtual myocardium is appropriate for the research of internal defibrillation.

6.1.1 Parallelepipedic Myocardial Preparation

In the study presented in this section was considered a parallelepipedic my-
ocardial preparation, with the size 1 × 1 × 2 cm3, totally resting before the
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Figure 6.3: The position and the geometrical characteristics of the paddles
utilized for stimulating the tissue.

electrical stimulus was applied. The electrophysiology was described by the
Priebe-Beuckelmann cell model (Sect. 4.4.1). The myocytes were arranged in
fibers, characterized by realistic orientation and the electrical conductivity of
the media was set to be anisotropic (Table 6.1). The myocardium was excited
with a monophasic shock with the absolute value of 1 V, and a duration of 1
ms [74]. The characteristics of the electrodes is illustrated in Fig. 6.3. After
the initiation of excitation, the myocardium went through the following phases:

• hyperpolarization near the anode and depolarisation near the cathode
(Fig. 6.4 a);

• spread of excitation from the depolarized region all over the tissue (Fig.
6.4 b);

• isopotential state followed by the repolarisation of the myocytes (Fig.
6.4 c, d).

Due to the selected configuration the results presented symmetry with re-
spect to X and Y axis. Therefore the illustrated data are shown only for XZ
plane (Fig. 6.5, 6.4).

During the first phase, the results indicated an exponential decay of Vm

with the distance along the fiber. The myocardial layer beneath the anode pre-
sented a reduced Vm indicating the hyperpolarization. The cells incorporated
in the first plane next to the cathode presented a positive Vm marking the de-
polarisation (Fig. 6.4 a). The Vm value of the myocardial area neighboring the
hyperpolarized cells was higher than the one specific to the resting state. Very
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Figure 6.4: Temporal evolution of Vm, as a function of X and Z, measured in
voxels, in a virtual section of human myocardium, with realistic fiber orientation,
at different time steps: a) 1 ms, b) 30 ms, c) 50 ms, d) 390 ms, after 1ms
long monophasic electrical stimulation with the amplitude of 1V. The pictures
illustrate the typical post-stimulation phases of a parallelepipedic myocardial
preparation.

strong hyperpolarization can induce a depolarisation in these areas. The phe-
nomenon was termed virtual electrode. The appearance of secondary electrical
sources depends on many factors and not only on the stregth of the electrical
shock (Sect. 6.1.3, 6.3).

During the propagation of the depolarisation front Vm presented two val-
ues: a positive one corresponding to the excited myocytes and a negative one
characteristic to the resting tissue.

The time passing before complete depolarisation is reached depends on the
velocity of excitation propagation and on the length of the fiber. The depolari-
sation phase of the myocardium corresponds to the QRS interval of the recorded
ECG. For the chosen configuration the duration of the depolarisation phase was
50 ms.

While the myocytes were in the plateau phase the tissue was in the isopo-
tential state. The repolarisation velocity depends on electrophysiological char-
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(a) (b)

(c) (d)

Figure 6.5: Extracellular potential as a function of X and Z, measured in
voxels, in a virtual section of human myocardium, with realistic fiber orientation,
at different time steps: a) 1 ms, b) 5 ms, c) 10 ms, d) 50 ms, after 1ms long
monophasic electrical stimulation with the amplitude of 1V.

acteristics (Sect. 6.2). 390 ms from the initiation of the electrical stimulation,
the entire myocardium was completely repolarized.

Another parameter whose evolution can be observed in a myocardial prepa-
ration post stimulation is the extracellular potential. 1 ms after the electrical
stimulation, Φe presented an exponential variation along the fiber, near the
electrodes (Fig. 6.5 a). The space constant for Φe was bigger than the one
characteristic to Vm (Fig. 6.4 a). The modification of Φe was extended along
a total distance of 1 cm. At the same moment, Vm had a value different from
the one specific to the resting phase along a total distance of 0.012 cm. Due to
the symmetry of the system, Φe and Vm were spatially constant across the XY
plane.

Analyzing the time history of Φe it was observed that the exponential varia-
tion was transformed in 5 ms in a linear dependence on spatial dimension (Fig.
6.5 b). The angle formed by the spatial variation of Φe and the Z axis decreased
with time (Fig. 6.5 c). At the end of depolarisation phase the value of the an-
gle of Φe was reduced to 0◦. From the moment in which the myocardium was
completely depolarized Φe remained constant at 0 V (Fig. 6.4 d).
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Parameter Definition Value (mS/cm)

σil longitudinal conductivity in 2.13
the intracellular domain

σit transversal conductivity in 12.87
the intracellular domain

σel longitudinal conductivity in 4.72
the extracellular domain

σet transversal conductivity in 5.35
the extracellular domain

Table 6.1: List of the normal values of the electrical conductivities.

In conclusion, the temporal variation of Φe along the myocardium only
presents information about the initiation of excitation in the cardiac muscle
and the moment in which the entire muscle is depolarized. In contrast, Vm

provides a complete set of information about the spatio-temporal evolution of
the myocardium. Thus, Vm generally constitutes the parameter of interest,
both experimentally and theoretically. The variation of Vm calculated with the
bidomain model is in agreement with the experimental data [75].

Due to the fact that the longest side of the tissue was only 2 cm long and
the action potential duration of the human ventricular myocytes is around 350
ms, in the myocardial preparation the totally refractory did not coexist with
the partially refractory and the excitable state.

6.1.2 Large Virtual Section of Human Myocardium

For the study of large paralellipipedic myocardial slices a 3D preparation with
the size of 4 × 0.5 × 4 cm3 was utilized ([76], [77]). The electrophysiology was
described by the Priebe-Beuckelmann cell model (Sect. 4.4.1). The myocardial
fibers had realistic orientation.

The resting myocardium was initially stimulated with a monophasic shock
delivered through a pair of electrodes placed near the tissue, perpendicular
on Z axis (see system of coordinates in Fig. 6.2 b). The electrodes had an
area of 4 × 0.5 cm2, equal to the sides of the myocardium, parallel to the
paddles. The electrical shock had a duration of 1 ms and a strength of 1 V.
The induced base-line depolarisation was similar to the one described for the
smaller parallelepipedic tissue. The difference between the responses of the two
myocardial preparations was the time necessary to complete the excitation of
the myocardium. The prolongation of the depolarisation phase was induced
by the geometrical modification. For the present configuration the tissue was
completely depolarized 83 ms after the excitation initiation.

The repolarisation phase comprised a temporal interval, in which in the
myocardial wedge coexisted refractory with partly refractory and excitable my-
ocytes (Fig. 6.6 b). The period with these characteristics is termed vulnerable
window. Its length increases with the size of the tissue (Sect. 4.7.2). The elec-
trical stimulation of the myocardium during the vulnerable interval can produce
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Figure 6.6: Temporal distribution of Vm in a large virtual section of human
myocardium, with realistic fiber orientation, at different time steps: a) 20 ms,
b) 320 ms, after 1ms long monophasic electrical stimulation with the amplitude
of 1V. The rectangular electrodes were placed outside the myocardium, near
the ends of the longest side. A second stimulus applied in the center of the
tissue during the vulnerable window c) 375 ms from the initiation of the simula-
tion produces an abnormal depolarisation, which can develop in an arrhythmic
behavior d) 790 ms from the initiation of the simulation.

arrhythmic behaviors (Fig. 6.6 c, d, section 7.4). Therefore, such types of my-
ocardial preparations can be used for studying the effects of electrical shocks
on arrhythmic human hearts.

6.1.3 Curved Segment of Human Myocardium

For studying the reaction of a curved section of human myocardium a 3D
preparation electrophysiologically based on the Tusscher-Noble-Noble-Panfilov
model (Sect. 4.4.2) was used. The realistic myocardial fiber twist and electri-
cal anisotropy were incorporated in the used configuration. A specific feature
of the model was the varying curvature and thickness. The maximum thick-
ness (at the top) was equal to 24 mm and the minimum thickness was 20 mm.
The height and the width were chosen equal to 30 mm. The endocardial and
epicardial surfaces were bordered by blood.

The utilized electrical impulse was characterized by a duration of 5 ms and
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(a) (b)

Figure 6.7: Spatial distribution of Vm immediately after a monophasic electri-
cal stimulation with the duration of 1 ms and amplitude of 1 V. a) Electrodes
were oriented parallel to the endo- and epicardial surfaces. b) Large electrodes
were placed perpendicular to the endo- and epicardial surfaces. Same color code
as in Fig. 6.6.

an amplitude of 1V. The stimulation through electrodes parallel to the endo-
and epicardial surfaces produced in the curved tissue a different reaction than
the parallelepipedic preparations. Each stimulus, which induced a primary
excitation of the myocardium induced the occurrence of additional secondary
electrical sources with sufficient strength to depolarize the tissue. After the
electrical stimulation of the virtual wedge, depolarisation fronts were initialized
in subendocardial and subepicardial areas (Fig. 6.7 a).

The positioning of the electrodes perpendicular on endo- and epicardial
surfaces and between the two regions also induced the occurrence of secondary
electrical sources (Fig. 6.7 b). Another aspect related to the placement of
the electrodes orthogonal on endo- and epicardial surfaces was the formation
of both hyperpolarization and depolarisation beneath the electrodes, as both a
cathode and an anode would have been placed there. The depolarisation of the
myocardium, beneath the anode is termed occurrence of virtual electrode or
secondary electrical sources. The notion of secondary electrical sources is more
often used for denoting the depolarisation during the stimulation of a section
of myocardium far away from the electrodes.

The center of the region beneath the cathode was depolarized and the ex-
tremes were hyperpolarized. The myocardial layer bordering the anode pre-
sented an inverted reaction (Fig. 6.7 b). The phenomenon was also observed
experimentally by Knisley et al. [78].

The excitation propagation from the subendocarial and subepicardial sur-
faces can be observed by measuring the spatio-temporal distribution of Φe or
Vm. In the configurations, with paddles parallel to endo- and epicardium, the
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Figure 6.8: The distribution of Φe in a section through the curved myocardium
in the XZ plane. The resting tissue was excited by a monophasic electrical
stimulus characterized by a duration of 5 ms and an amplitude of 1V. The
response of the myocardium a) 1 ms, b) 15 ms, c) 55 ms, d) 65 ms after the
initiation of the electrical stimulation. The visualization of Φe, clearly indicated
the characteristics of the used electrical shock, together with the positions and
the dimensions of the electrodes. The initiation of excitation is not clearly
defined, but once the stimulation ends the depolarisation fronts can be observed
until the entire tissue is depolarized.

system presents a symmetry with respect to Y (Fig. 6.8 a). For such cases,
for presenting the results can be used a section through the tissue in the XZ
plane. The evolution of Φe in the curved preparation, as a difference to a paral-
lelepipedic myocardial wedge, indicates the depolarisation fronts simultaneous
with Vm (Fig. 6.8, 6.9). The tissue was completely depolarized in 65 ms and it
regained the complete resting state 405 ms after the initiation of excitation.

The results indicate that the inclusion of the curvature in the model modified
the response of the myocardium to electrical stimulation. Therefore, for the
research of the internal defibrillation the curvature must be included in the
models.

Discussion The calculation of bidomain equations presents the temporal evo-
lution of Φe and Vm. In a parallelepipedic myocardial preparation Φe indicates
the moment of the complete depolarisation of the tissue. In the curved my-
ocardial model the variation of Φe indicates both the depolarisation front and
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Figure 6.9: The distribution of Vm in a section through the curved myocardium
in the XZ plane. The resting tissue was excited by a monophasic electrical stim-
ulus characterized by a duration of 5 ms and an amplitude of 1V. The response
of the myocardium a) 1 ms, b) 15 ms, c) 55 ms, d) 65 ms after the initiation
of the electrical stimulation. The results indicate the occurrence of virtual elec-
trodes in subepicardial and subendocardial regions. The depolarisation fronts
propagate from both directions and meet in the middle of the myocardium.

the moment corresponding to complete tissue depolarisation. Invariant to the
geometry of the tissue, Φe does not give any information about the state of the
tissue after the depolarisation is complete. In contrast to Φe, the variation of
Vm conveys information about the reaction of the myocardium from the start
of the excitation until complete repolarisation. Generally only the value of Vm

is presented for indicating the state of the myocardium.

6.2 Electrophysiological Heterogeneity

Experiments have shown that a regional electrophysiological heterogeneity ex-
ists across the myocardium. Even though cardiac electrophysiology has been
intensively investigated, the underlying theoretical aspects are not completely
understood.

Subendocardial, subepicardial and midmyocardial (M) cells elicit different
action potential (AP) profiles and durations. Recent research identified the
electrophysiological characteristics inducing the differences among the cells in-
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corporated in the ventricular myocardium. Experiments and theory showed
that mainly responsible for the transmural variance are: the transient outward
potassium current (Ito) [79], the slow delayed rectifier potassium current (IKs)
[80], the fast sodium current (INa) [81] and calcium channels [82], [83].

One aim of this work was to identify the influence of the transmural elec-
trophysiological variation on the fundamental reaction of the myocardium to
electrical stimulation. Simulations were performed on two types of myocardial
preparations: a control electrophysiologically homogeneous and an electrophys-
iological heterogeneous human heart. The myocardial preparations were excited
by different electrical stimuli.

Constructional aspects of the myocardial preparations The cellular
electrophysiology of the cardiac preparations used in the study, was described by
the ten Tusscher-Noble-Noble-Panfilov model of a human ventricular myocyte
(Sect. 4.4.2). The main distinction between the two myocardial preparations
is constituted by the description of the electrophysiology. The control model,
denoted by NM, comprised a homogeneous distribution of the electrophysi-
ological properties. The model including the transmural electrophysiological
heterogeneity was denoted by HM.

The distinctive cell types comprising the HM wall were modelled by the
variation of Ito and IKs (Fig. 6.10). The heterogeneity in AP morphology is
prominent for isolated myocytes (Fig. 6.11). Subepicardial cells produce an AP
with a spike-and-dome profile, containing a deep notch. Subendocardial cells
display a longer plateau with a small notch. M cells develop the longest APD.

The components of the used electrical conductivities for intra- and extracel-
lular space correspond to the measured experimental values. The orientation
of myocardial fibers was adapted to measurements of human ventricular cells.
The geometry of the virtual cardiac wedges is shown in Fig. 6.2a. The size of
the preparations was 10 mm x 10 mm x 20 mm. The grid was composed of
cubic voxels with a side length of 0.2 mm.

Due to the constructional features, the APD and ECG profiles differ between
the two models. Fig. 6.12 depicts the transmural distribution of the action po-
tential at 90% of repolarisation (APD90), generated by the myocytes composing
coupled-cells environments. The values of APD90 are measured after a 1 Hz elec-
trical stimulation. In the electrophysiological heterogeneous myocardium, the
longest APD corresponds to the M cells and the shortest is registered in the
subepicardial region. The APD of NM is invariant across the transmural wall.

Fig. 6.13 depicts the simulated transmural ECGs corresponding to myocar-
dial preparations neighbored by bath. The virtual wedges, characterized by
equal electrical conductivities present the same ECG profile during the QRS
interval. The differences are formed in the T wave region, which corresponds
to the repolarisation phase. NM produces a negative T wave. The electrophys-
iological heterogeneous preparation presents a positive T wave.

For further enhancement of the reactions induced by electrophysiological dif-
ferences, the models were simplified for avoiding the occurrence of unnecessary
secondary electrical sources. The tissue was not surrounded by bath [84] and it
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(a)

(b)

(c)

Figure 6.10: Transmural variation of: a) τs,vHalf , τs,f2, τs,vHalf1, b) τs,f1,
τs,slope1, c) gKs, gto, implemented in the electrophysiological heterogeneous
model.

was not fragmentized by cleavage planes [21]. The electrical stimuli were cho-
sen to produce normal action potential profiles in the excited cells. Therefore,
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Figure 6.11: The action potential of isolated subendocardial, M and subepi-
cardial human left ventricular myocytes. The profiles were generated with the
Tusscher-Noble-Noble-Panfilov model.
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Figure 6.12: The action potential duration at 90% of repolarisation specific to
human left ventricular myocytes incorporated in the coupled-cells environment.

the model did not include the electroporation formalism neither cell uncoupling
[85].

The parameters of the electrical stimulation The results of the simu-
lations done by Clayton et al., suggest that the fibrillation patterns formed in
an electrophysiological homogeneous tissue differ from the ones developed in
an electrophysiological heterogeneous myocardium [86]. It also has been shown
experimentally that heart failure can lead to nonexcitable gap reentry [87] and
to development of early afterdepolarisations. The latter can trigger arrhythmia
[88]. Therefore, the failing heart conditions induce fibrillation patterns, different
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Figure 6.13: The simulated transmural ECG specific to an electrophysiologi-
cally homogeneous and a heterogeneous myocardial preparation. The profile of
the T wave indicates the formation of realistic data, when the electrophysiolog-
ically heterogeneous myocardial preparation is utilized.

to the electrophysiological normal heart. Since fibrillation characteristics would
not be similar in the myocardial preparations it was decided to set the tissue
completely in the resting phase at the initiation of the electrical stimulation.

The results gathered during a cardiac cycle formed the data set used to
compare the electrical responses of the myocardial preparations. The research
was extended to several types of electrical stimulation configurations (Table
6.2).

Results Due to the characteristics of the electrical stimulations and the fea-
tures of the myocardial preparations, Y is a symmetry axis for the Vm spatial
distribution. Therefore, the results will be presented in the form of sections
through the middle of the tissues, at constant Y.

The response of myocardial preparations to electrical stimulation con-

figuration 1 The variation of Vm produced by the virtual electrodes, in the
subepicardial zone, was not strong enough to induce a depolarisation front.
Therefore, the excitation was initiated exclusively by the primary electrical
sources. In the depolarisation phase and while the myocytes were in the plateau
phase, Vm presented a similar distribution in NM and HM. The differences in
the responses of the models culminated during the T wave interval. The follow-
ing presentation of the results is focused on comparisons between the reactions
of the myocardial preparations during the T wave interval.

At 330 ms, approximately 20% of the HM was already in the resting phase
(Fig. 6.15 a). At the same time, no section of NM reached the resting phase
completely (Fig. 6.15 b). The longest Vm interval was formed in NM. The
prolongation of the width of Vm interval corresponded to the dispersion of the
T wave of NM and the extension of the vulnerable window.
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Figure 6.14: The position and the geometrical characteristics of the needle
electrodes utilized for stimulating the tissue.

The response of myocardial preparations to electrical stimulation con-

figuration 2 In NM, the inversion of the polarities of the monophasic impulse
produced vertically flipped distributions of the isopotential surfaces (Fig. 6.15
c). The time corresponding to the end of refractory phase in NM was identical
for both monophasic electrical stimulations.

The inclusion of physiologic heterogeneity implied a distinct response to
each monophasic shock. The efficiency of the electrical stimulation depended
on the location of the depolarisation front initiation. When the cathode was
placed near to the epicardium, HM needed 28 ms more for reaching the complete
resting phase. The temporal difference was approximately equal to the APD
of subendocardial myocytes minus the APD of the subepicardial myocytes plus
the activation delay. 330 ms after the start of the stimulation approximately
43% of the tissue was already resting (Fig. 6.15 d), but the Vm interval was
enlarged by 15 mV.

The response of myocardial preparations to electrical stimulation con-

figuration 3 During the first half of the biphasic stimulation the cathode was
near to the endocardium. The tissue included in the spatial interval (19, 20)
mm of the Z-axis was depolarized during the first 5 ms. During the second half
the polarity was inversed and a depolarisation front was initiated at the oppo-
site end of the tissue. At 330 ms a nearly symmetric distribution of Vm can
be observed in NM. The axis of symmetry was displaced by 1 mm in the direc-
tion of the endocardium (Fig. 6.16). The displacement was more pronounced
in the HM (Fig. 6.16) due to electrophysiological heterogeneity. 330 ms after
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Number Electrodes characteristics Electrical stimuli

1 -10 mm x 10 mm paddle electrodes -type: monophasic
(Fig. 6.3)
-cathode and anode localized near -amplitude: +500 mV
to endo- and epicardium, respectively -duration: 10 ms

2 -10 mm x 10 mm paddle electrodes -type: monophasic
(Fig. 6.3)
-cathode and anode localized near -amplitude: +500 mV
to epi- and endocardium, respectively -duration: 10 ms

3 -10 mm x 10 mm paddle electrodes -type: biphasic
(Fig. 6.3)
-electrodes positioned at the -amplitude: +500 mV
ends of the longest axis of the tissue -duration: 10 ms

4 -0.2 mm x 10 mm needle electrodes -type: monophasic
(Fig. 6.14)
-electrical sources placed -amplitude: + 110 mA
at Z =1 mm and Z=19 mm -duration: 10 ms

5 -0.2 mm x 10 mm needle electrodes -type: monophasic
(Fig. 6.14)
-electrical sources placed -amplitude: + 110 mA
at Z =9 mm and Z=11 mm -duration: 10 ms

Table 6.2: List of the electrical stimulation configurations utilized in the study
of electrophysiological heterogeneity.

the initiation of the stimulation, 60% of HM was already in the resting phase,
in contrast to NM, which was mostly refractory. The Vm interval was (-60,
-85) mV and (-45, -75) mV for HM and NM, respectively. The variance of Vm

and the distribution of the isopotential surfaces corresponding to this moment
reflected a stronger dispersion of the T wave in NM than in HM. The virtual
wedges were faster completely repolarized after biphasic than after monophasic
stimulation.

The response of myocardial preparations to electrical stimulation con-

figuration 4 When the myocardium was stimulated with needle electrodes
(Fig. 6.14) the differences between the responses of the tissue models, formed
during the repolarisation phase underlined the influence of electrophysiological
heterogeneity. Monophasic stimulation produced symmetric patterns of excita-
tion dispersion due to the appearance of virtual electrodes.

The isopotential surfaces in NM presented almost a complete symmetry to-
wards the centre of the tissue all along the simulation. The curvature of the
wave fronts was an effect of the fiber twist combined with local electrical con-
ductivity anisotropy. After NM was excited by Ii1 (Fig. 6.14) the repolarisation
was completed first in the core of the tissue and finally at the ends (Fig. 6.17 a).

In HM, the patterns of Vm distribution were strongly influenced by the elec-
trophysiological heterogeneity. At 330 ms the isopotential lines were approxi-
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Figure 6.15: Distribution of Vm 330 ms after the first (a, b) and second (c,d)
configuration of the electrical stimulation in a section through the: NM (a,c),
HM (b,d). The grey bar indicates the value of Vm.

mately parallel (Fig. 6.17 b). The refractory part of the tissue was localized
in the interval (4, 12) mm of the Z-axis, corresponding to the M cells region.
After 353 ms all myocytes compounding HM were in the resting phase.
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Figure 6.16: Distribution of Vm in NM a and HM b 330 ms, after biphasic
external electrical stimulation.

The response of myocardial preparations to the electrical stimula-

tion configuration 5 At 330 ms the most refractory myocytes of NM were
localized in the subendocarial and subepicardial regions (Fig. 6.17 c). The in-
terval in which Vm varied remained invariant to the displacement of the needle
electrodes. 357 ms after the start of the excitation NM was in the resting phase.

Fig. 6.17 reflects that when the needle electrodes were placed near to the
centre of the tissue, the electrophysiological heterogeneity dominated the for-
mation of the electrical response of the myocardium. In HM the distribution of
Vm along the Z-axis corresponded to the variation of APD in the tissue (Fig.
6.17 d). In contrast to NM (Fig. 6.17 c) the last part of the myocardium, which
went into the resting phase was located not near the extremes, but between en-
docardium and M cells zone. The distinction between the results underlines
that the electrophysiological heterogeneity can drastically modify the response
of a cardiac tissue. The entire tissue was re-excitable after 330 ms and after
349 ms it was completely resting.

Discussion The results of the simulations were gathered after stimulating the
tissue with electrical shocks delivered by paddles and needles electrodes. During
the T wave interval were formed clear distinctions between the response of NM
and HM. The repolarisation following the excitation initiated through paddles
illustrated the shift of the most refractory region towards the M cells. During
the T wave interval, post-stimulation through needles the distribution patterns
of the reexcitable and refractory myocytes was oppositely formed in NM and
HM. The difference between the responses underlines the necessity of including
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Figure 6.17: Temporal evolution of Vm, as a function of X and Z in a virtual
section in NM (a,c) and HM (b,d), 330 ms after the fourth (a, b) and fifth (c,d)
configuration of the electrical stimulation. The grey bar indicates the value of
Vm.

electrophysiological heterogeneity in the description of the virtual myocardium.

The evaluation of Vm variation in HM reflected that the most effective
monophasic stimulation was the one in which the cathode was localized near
to the endocardium. The myocardium excited by a biphasic stimulation was at
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rest faster than after a monophasic stimulation. In agreement with previously
obtained results [89], the biphasic stimuli proved to be more efficient.

6.3 Myocardial Fiber Orientation

The reconstruction of the path of the electrical current in the virtual my-
ocardium is based on the diffusion tensor, incorporated in bidomain formalism.
The parameter includes the anisotropic distribution of the electrical conductiv-
ity (Table 6.1) and the myocardial fiber orientation. In the myocardium the
average conductivity is greater along fibers than across fibers. Extracellular
conductivity is greater than the intracelullar one. This indicates that a varia-
tion of the fiber orientation angle involves a change in the electrical anisotropy
of the tissue. Experimental measurements revealed that the orientation of ven-
tricular myocytes varies across the transmural wall [22]. The fiber orientation
throughout the ventricular wall can be modeled as a general helix, utilizing
simple differential equations. The position vector x of a point on a helix in-
scribed on an ellipsoidal surface is symmetric about the z axis (represented in
Fig. 6.18). In the human left ventricular epicardium the angle of the myocar-
dial fiber orientation is equal to −75◦, it is 0◦ in the midwall and 70◦ in the
endocardial area.

Figure 6.18: The fiber orientation across the transmural wall. In the human
left ventricular epicardium the angle of the myocardial fiber orientation is equal
to −75◦, it is 0◦ in the midwall and 70◦ in the endocardial area.

Previous theoretical investigations of animal hearts, indicated that the fiber
orientation is influencing the occurrence of secondary electrical sources, termed
virtual electrodes [90]. The aim of the research presented in this section, was
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to identify the effects of fiber orientation variation on the electrical current
diffusion in a human virtual myocardium.

The study is parted in two sections: two-dimensional and three-dimensional
model simulations. In both cases the attention is focused on the occurrence
of secondary electrical sources and features that induce and influence their ap-
pearance.

Figure 6.19: Configuration used for the study of the influence of fiber orien-
tation on a two dimensional myocardial preparation. The white curved arrows
indicate the myocardial fibers. The anode was placed in the centre and it was
surrounded by a circular cathode.

The two-dimensional sheet was represented by 100 x 100 voxels, with a
side length of 0.2 mm. A square anode was placed in the center of the tissue.
The cathode had a circular form with a radius of 10 mm and it symetrically
surrounded the anode (Fig. 6.19). The duration of the electrical signal was 1
ms. The magnitude of the electrical impulse varied from case to case between
0.1 V and 0.4 V. The angle of the fiber orientation varied from model to model
between 30◦ and 150◦.

For the three-dimensional simulations two models were used. The myocar-
dial preparations were 50 x 50 x 100 cubic voxels, large. The length of the sides
of the cubic voxels was equal to 0.2 mm. In one case the fiber orientation was
set constant throughout the tissue at 70◦. The other model included realistic
myocardial fiber orientation.

The myocardium was completely surrounded by a 1 mm thick blood layer.
The paddle electrodes were placed in bath at the ends of the longest axis. The
size of each electrode was 1 x 1 mm2. The myocardium was excited by 5 ms
long stimuli, which had an amplitude of 0.5 V. The propagated response of the
tissue was recorded through time until the volume was fully repolarized. The
time necessary for the reestablishment of the resting phase was approximately
equal to 400 ms.
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Figure 6.20: left: Transmembrane voltage in a tissue with 30◦ fiber orientation
1 ms after the (-0.4V, +0.2V) electrical signal is applied; right: Lattice with
110◦ fiber orientation 1 ms after the (-0.4V, +0.2V) electrical signal is applied.
The pictures indicate the correlation between the virtual electrodes polarization
magnitude and the fiber orientation.

Results The first effect of the applied electrical shock, that could be observed
in all cases, is the hyperpolarization of the area where current was injected and
depolarisation of the area in which current was withdrawn. Experiments also
reported this type of cardiac excitation [91]. Around the hyperpolarized region
cells were depolarized. The value of the transmembrane voltage in these regions
varied from case to case.

The two-dimensional model with 30◦ fiber orientation showed the existence
of virtual electrodes depolarisation (VEP) after the electrical signal was applied.
The intensity of the secondary electrical source was very low (see Fig. 6.20)
therefore its effects were completely extinguished in the following two seconds.
In the cases with the fiber orientation higher than 30◦ and the applied electrical
signal larger than 0.2 V the VEP was distributed elliptically (see Fig. 6.21) and
the entire tissue was depolarized in 20 ms. When the VEP did not occur the
entire tissue was depolarized in around 90 ms. After the tissue with 70◦ fiber
orientation was stimulated with (-0.2 V, +0.1 V) the effects of the VEP focused
around the intersection of the cathode with the diameter parallel to the fibers
(see Fig. 6.21).

The comparison between the registered results indicate the important role
of the virtual electrodes in the depolarisation of the tissue. The cases in which
the VEP appeared, the entire tissue got in the rest phase in less than 400 ms.
In the other situations or when the VEP vanished fast (two-dimensional tissue
with a fiber orientation of 30◦) more than 450 ms were needed for the entire
tissue to get in the resting phase.

In three-dimensional myocardial preparations, for identifying the relation-
ship between the occurrence of VEP and the orientation of the myocardial fiber
various arrangements of the myocytes were considered.

The model based on a realistic orientation of the myocardial fibers presented
the formation of VEP near to all corners. In the subepicardial region, near
the cathode the secondary electrical sources were more intense than in the
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(a) (b) (c)

Figure 6.21: The distribution of Vm in a 2D myocardium with a fiber angle
equal to a) 30◦, b 70◦ and c) 110◦, 15 ms after the (-0.4V, +0.2V) electrical
signal was applied. The pictures illustrate the influence of the fiber orientation
on the excitation propagation. Color code as in Fig. 6.20.

subendocardial zone (Fig. 6.22). The immediate effect was that at 10 ms
the number of the excited myocytes in the subepicardial part was more than
10 times higher than the numbers of the excited myocytes localized in the
subendocardial part. In 20 ms the myocardium was completely depolarized. In
380 ms the tissue was again at rest, the corresponding value of Vm being -80
mV.

In the myocardial preparations characterized by constant fiber orientation
VEP occurred only near the cathode and their intensity was lower than in the
myocardium with realistic fiber orientation. Therefore, the depolarisation front
was propagating only from one side of the subepicardial zone (Fig. 6.23). As
an effect, the time to complete depolarisation was drastically increased. The
myocardium was at rest after 425 ms.

Discussion The findings of the simulations presented in this section are in
agreement with experimental studies with animal hearts [55] indicate the sig-
nificant impact of the fiber orientation on the process of defibrillation. The
large gradient of extracellular current, caused by the non-uniformity of fiber
orientation, results in the formation of virtual electrodes in the tissue, away
from the defibrillation electrodes. These virtual electrodes play a major role
in the time needed for depolarizing the entire myocardium. Only if complete
depolarisation is achieved, arrhythmia or fibrillating waves are extinguished.
The secondary electrical sources were related to make and break phenomena,
which render the tissue refractory. In contrast the straight fibers, reduce the
formation of secondary electrical sources in a uniform electric field. In this
case the depolarisation front, which spreads from the region neighboring the
cathode could lead to an unsuccessful defibrillation. In conclusion, this study
determines the role that cardiac microstructure plays in ventricular fibrillation
and defibrillation.

In all simulations the time course of the transmembrane voltage was followed
until it touched the value of -80 mV in all cells of the tissue. This is indicating
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Figure 6.22: The distribution of Vm in a section through the model, which
contains a 3D myocardium incorporated in bath. The resting tissue, composed
of twisted fibers, was stimulated by paddles (Fig. 6.3). The duration of the
monophasic electrical shock was 10 ms and the amplitude was 1V. The electrical
response was registered at: a) 10ms, b) 15 ms and c) 19 ms. Secondary electrical
sources occurred near to the corners of the tissue, with a higher intensity in the
subepicardium.

the resting state of the myocardial bulk. The time needed by the tissue to
be again at rest depends both on the depolarisation phase and on the electro-
physilogical features. The resting state was firstly restored in the myocardial
preparations with the most intense secondary electrical sources. Practically,
this specific time interval has to be known, because it indicates how fast a heart
can be ”reset”.

6.4 Tissue-Bath Volumes Ratio

The blood is the natural volume conductor, bathing the myocardium. In ad-
dition, most experiments done for measuring the variation of Vm induced by
electrical shocks, use paddles placed in perfuseate. The physical formalism uti-
lized in computer simulations indicates that the influence of the bath on tissue
activation is determined by the resistance of the current flow paths through the
bath and the tissue and also the space constants of the tissue.

For studying the direct influence of the blood bath on the electrical reac-
tion of the human left ventricle three types of myocardial preparations had
been used. The cellular electrophysiology was simulated with TNNP model
(Sect. 4.4.2).

The geometry of each myocardial preparation was parallelepipedic. The
distinction between the three utilized types was constituted by the ratio between
the volume of the blood and of the myocardium. The size of the entire wedge
was equal to 10 x 10 x 20 mm3. For the research was utilized first a model,
with a 0.2 mm thick blood layer surrounding the myocardium. The second used
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Figure 6.23: The distribution of Vm in a section through the model, which
contains a 3D myocardium incorporated in bath. The resting tissue, composed
of straight fibers (70◦), was stimulated by paddles (Fig. 6.3). The duration
of the monophasic electrical shock was 10 ms and the amplitude was 1V. The
electrical response was registered at: a) 5ms, b) 10 ms and c) 20 ms. Secondary
electrical sources occurred only in subepicardial region.

model contained a larger volume of blood, in which was centered a myocardial
tissue with the size 4 x 4 x 19 mm3. The third model comprised the largest
blood volume and the myocardium had the size equal to 1 x 1 x 19 mm3. The
thinest myocardium was composed of straight fibers, while in the other two
models the realistic orientation of the myocytes was reconstructed.

The polarization of the tissue was induced by one of the three types of the
selected stimulation configurations. In one of the simulation sets the monopha-
sic electrical impulse was delivered through rectangular paddles localized in
bath. The anode was placed near the endocardium and the cathode near the
epicardium. The size of the electrodes was equal to the side of the model par-
allel to XY plane. The duration of the electrical shock was equal to 10 ms and
the amplitude was 1V.

For a further research of the influence of the bath surrounding the tissue,
needle electrodes were applied (Fig. 6.14). The duration of the monophasic
stimulation delivered through the needle electrodes was equal to 10 ms and the
amplitude was 75 mA.

It was observed that the modifications of the bath or the electrodes loca-
tions altered the patterns of membrane polarization. The physics, inducing the
modifications is presented below.

During stimulation, a part of the electrical current delivered to the tissue
by the two electrodes reaches the low resistance perfusion bath, characterized
by the same conductivity as the extracellular space. From the bath, the current
reenters the myocardium through the tissue-bath interface. The total current
that propagated in bath is parted between the intra- and the extracellular do-
main. In this way secondary electrical sources can be created at the tissue-bath
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Figure 6.24: The distribution of Vm in a section through the model, com-
posed of a medium sized myocardium incorporated in bath. The resting tissue,
composed of twisted fibers, was stimulated by rectangular paddles, localized in
bath, near the endocardium, respectively the epicardium. The duration of the
monophasic electrical shock was equal to 5 ms and the amplitude was 1V. The
electrical response was registered at: a) 5 ms, b) 7 ms and c) 10 ms.

interface.

The study was focused on the occurrence of primary and secondary electrical
sources. The phase of interest started with excitation initiation and it was
finalized with the complete depolarisation of the tissue.

Results The simulations showed that the modification of the tissue/bath vol-
umes ratio induces strong variations in the response of the myocardium to elec-
trical stimuli. At 10 ms, the preparation, containing the largest myocardial
volume presented depolarisation near to the cathode and the manifestation of
secondary electrical sources near to the anode. The excitation near the cathode
was stronger than in the neighborhood of the anode. The volume of the depo-
larized tissue, near to epicardium was approximately equal to 130 mm3. The
volume of the subendocarial excited region was approximately equal to 20 mm3.
The shape of the depolarisation fronts indicates that the electrical conductivity
is higher along the fiber than across the fiber. Before complete depolarisation,
reached 10 ms after the end of electrical stimulation no additional secondary
electrical sources formed.

At 5 ms, more than half of the medium sized myocardium was already depo-
larized. Due to cathodal stimulation, the tissue comprised in between Z= 10 mm
and Z= 20 mm was excited (Fig. 6.24). The secondary electrical sources, oc-
curring at the corners neighboring the anode excited a smaller volume of the
tissue. They were characterized by a smaller magnitude than the pair of sec-
ondary electrical sources, which occurred at the top. The depolarisation spread
only until Z= 4 mm. The curvature of the depolarisation fronts, due to the
value of the electrical conductivity and to the fiber orientation could be ob-
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Figure 6.25: The distribution of Vm in a section through the model, which
contains a very small myocardial volume incorporated in bath. The resting tis-
sue, composed of staight fibers, was stimulated by rectangular paddles, localized
in bath, near the endocardium, respectively the epicardium. The duration of
the monophasic electrical shock was equal to 5 ms and the amplitude was 1V.
The electrical response was registered at: a) 5 ms, b) 10 ms and c) 21 ms.

served in the lower part of the myocardium, until the 7th ms. The myocardium
was entirely depolarized 1 ms after the end of the electrical stimulation.

The preparation with the smallest myocardial volume presented initiation of
depolarisation only in the region, near to the cathode (Fig. 6.25). The excitation
spread from top to the bottom of the tissue and in 22 ms the entire tissue was
depolarized.

The simulations with needle electrodes indicated that the secondary electri-
cal sources are influencing the myocardium stronger than the primary electrical
sources even though they have a lower magnitude (Fig. 6.26). The response
of the myocardium to electrical sources placed in the sub-endocardial and sub-
epicardial regions was similar to the reaction of the preparation stimulated by
paddles placed in perfusion. The only distinction was formed by the elevated
value of Vm of the myocytes near to the needle cathode.

The placement of the primary electrical sources 1 mm above and below
the centre of the tissue presented an additional distinction to the myocardium
stimulated exclusively by secondary electrical sources. At 5 ms, the myocytes
surrounding the anode, placed 1 mm below the centre of the tissue were depo-
larized due to the occurrence of a virtual electrode. The additional secondary
electrical source reduced the time needed to complete depolarisation of the
whole myocardium with 1 ms.

The magnitude of the secondary electrical sources depended on how much
current entered the bath medium. By shifting the position of the electrodes
towards the center of the tissue the intensity of the electrical sources decreased.

Discussion The data of Spach et al are cited widely as evidence for secondary
electrical sources in cardiac tissue [92]. A part of the hypothesis presented by
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Figure 6.26: The distribution of Vm in a section through the model, which
contains a medium sized myocardium incorporated in bath. The resting tissue,
composed of twisted fibers, was stimulated by needle electrodes, localized inside
the tissue, 1 mm away from the endo- and epicardial wall (top) and 1 mm
above and below the centre on the tissue. The duration of the monophasic
electrical shock was 10 ms and the amplitude was 1V. The electrical response
was registered at: a), e) 3ms, b), f) 5 ms, c), g) 7 ms and d), h) 11 ms.

Spach et al was based on the supposition that excitation propagation in a tissue
is 1-dimensional. In contrast, the theoretical research indicated that excitation
propagation is three dimensional. In the three-dimensional myocardium, im-
mersed in perfusion, Vm gradients exist not only in the direction of propaga-
tion, but also in the direction perpendicular to the tissue surface. Reasoning
based on the 1-dimensional cable model presented by Spach et al, is not always
applicable.

The effects of primary and secondary electrical sources are additive. It can
be observed that the transmembrane voltage of the cells near to the tissue-bath
interface is dramatically altered, but there are also modifications near to the
center of the tissue predominantly induced by the variation of the magnitude
of the primary sources.

In several theoretical studies [93], [94], [95] it has been shown that the pres-
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ence of the perfusing bath may account for the acceleration of depolarisation
that was observed by Spach et al. The high-conductivity bath causes the wave-
front to be curved (surface leading bulk) and the surface excitation rate to
be slowed. This effect is more dramatic for longitudinal propagation than for
transverse propagation because of the unequal anisotropy ratios of the tissue.
For longitudinal propagation, the intracellular and interstitial conductivities
are approximately the same, so large interstitial potentials exist in the bulk,
although the potential in the high-conductivity bath is small. For transverse
propagation, the interstitial conductivity is 4 times greater than the intracel-
lular conductivity. Therefore, the extracellular potentials are small both at
the tissue surface and deep in the bulk. The smaller gradients of the extra-
cellular potential result in smaller gradients in the transmembrane potential
during transverse propagation compared with longitudinal propagation. Our
calculated changes in excitation propagation are qualitatively consistent with
previous numerical models [93], [94], [95] and with experimental data [92].

The results in Sect. 6.22 show that the influence of the perfusing bath ex-
tends at least 0.1 mm below the tissue surface. These results agree qualitatively
with the recent experimental data of Spach et al [96].

Quantitatively, the biggest discrepancy between our calculations and the
experimental data of Spach et al [96] lies in maximum size of the virtual elec-
trodes. The reason for the discrepancy could be due to the fragmentization of
the myocardium by cleavage planes or blood vessels.

One way to distinguish between the two mechanisms (capillaries versus per-
fusing bath) would be to repeat the simulations including cleavage planes (Sect.
6.5).

6.5 Cardiac Microstructure-Cleavage Planes

The exogenous current traverses the myocardium along convoluted intracellular
and extracellular domains. The redistribution of the current in the two media
induces changes in Vm distribution: regions of membrane hyper- and depolari-
sation of extent larger than a single cell are induced in the myocardium by the
defibrillation shock. Tissue inhomogenities also contribute to local membrane
depolarisation in the myocardium, superimposed over the large-scale depolari-
sation associated with the fiber orientation of the myocardium.

Consider what would happen if the conducting myocardial region is bounded
by an isolating medium and an electrical source is suddenly introduced. The
bidomain model predicts an initial current flow into the boundary, but no cur-
rent can escape into the nonconducting surrounding region. We must conse-
quently have a transient during which charge piles up at the boundary. The
process continues until the field from the accumulating charges brings the net
normal component of electric field to zero at the boundary. To characterize a
steady-state condition with no further increase in charge requires satisfaction
of the boundary condition: ∂Φ

∂n
= 0 at the surface (within the tissue). The

source that develops at the bounding surface is secondary to the initiation of
the primary field; it is referred to as a secondary source. The secondary electri-
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cal source is essential for satisfaction of boundary conditions and it contributes
to the total field everywhere else.

Figure 6.27: The formation of secondary electrical sources, due to tissue inho-
mogeneities, e.g. cleavage planes, according to the bidomain theory.

The same phenomena arise if the region would be bounded by a medium
with a different electrical conductivity. In this case, when the primary source is
applied the current flowing into the boundary is not equal to the current flowing
away from the boundary. The gradient induces an accumulation of charge and
a secondary source will develop satisfying the boundary condition:

−σ′

k

∂Φ1

∂n
= −σ′′

k

∂Φ2

∂n
= Jn (6.2)

The two neighboring regions are denoted by prime and double-prime super-
scripts. The vector ~n is oriented from the prime to double-prime region. The
accumulated single source density is given by:

Ks = Jn(
1

σ′

k

−
1

σ′′

k

)σ

The magnitude of the steady-state secondary source for the scalar function
Ψ = Φσ can be described as an equivalent double layer:

~Ki
k = Φk(σ

′′

k − σ′

k)~n (6.3)

The secondary potential field generated by ~Ki
k is given by:

Ψs
p = σpΦ

s
p

1

4π

∑

k

∫

k
Φk(σ

′′

k − σ′

k)~n∇(1/r)dS (6.4)

The superscript s denotes exclusively the secondary field component. Solving
the equation (6.4) one obtains:

Φs
p =

1

4πσp

∑

k

∫

k
Φk(σ

′′

k − σ′

k)~n∇(1/r)dS (6.5)

The total electrical potential can be calculated by adding the primary field.
Assuming that all applied currents lie in a region with conductivity σa, we have:
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Φs
p =

1

4πσa

∫
~Ji · ∇(1/r)dv +

1

4πσp

∑

k

∫

k
Φk(σ

′′

k − σ′

k)~n∇(1/r)dS (6.6)

The physical formalism indicates theoretically how the appearance of sec-
ondary electrical sources depends on the intensity of the stimulus. For the
enlargement of the understanding of the phenomena correlated to the cleavage
planes the electrical behaviour of a virtual myocardium intersected by interlam-
inar clefts was simulated.

Constructional aspects of the models The research presented in this sec-
tion was based on investigations of the influence of cleavage planes on the electri-
cal behaviour of the human left ventricle. The electrophysiology was described
by the Priebe-Beuckelmann electrophysiological model (Sect. 4.4.1). For ob-
serving the influence of the cleavage planes on the reaction of the myocardium
to electrical stimulation two cases were considered. Firstly, the tissue was ini-
tially at rest. Secondly, the tissue presented an arrhythmic behavior while the
electrical shock of interest was applied.

For the case in which the myocardium was resting the applied three-
dimensional structure was 1 × 1 × 2 cm3 in size. It included 0.1 cm blood
bath medium at both sides. The intracellular myocardial bulk was twice in-
tersected by isolating half filled grids. The extracellular domain remained con-
tinuous. The intracellular domain contained planes with uniformly distributed
voxels of zero conductivity. The geometrical pattern of the cleavage planes re-
produced the anatomical cardiac features. The cleavage planes comprised in
the myocardium are intersecting each other due to the varying angles. A pair
of planar electrodes, 1 × 1 cm2 large, were placed in the immediate vicinity
of the bath at the ends of the z axis. The electrical sources are not placed
directly on the myocardium for obtaining more precise spatial distribution of
membrane polarization in the cardiac tissue during the initial phase of electrical
stimulation. The duration of the (−5, +5) V biphasic electrical stimulation was
10 ms.

The size of the arrhythmic myocardium was 4 × 0.5 × 4 cm3 ([76], [77]).
The tissue was intersected by three cleavage planes centrally localized. The
rectangular paddles, placed near endo- and epicardium were 4 × 0.5 cm2 large.
The myocardium was stimulated with monophasic electrical impulses. The du-
ration of the applied electrical shock was 10 ms. The amplitude of the electrical
stimuli was 5 V.

The spatial discretization was set equal to 0.2 mm. The calculation time
step was 10 µs.

Results The results of the simulations indicated that the inclusion of in-
terlaminar clefts between layers of cardiomyocytes induces the appearance of
secondary electrical sources far away from the location of the electrodes.

The stimulation of a resting myocardium through paddle electrodes induced
the excitation of the entire region neighboring the cleavage planes. The first
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depolarisation front was formed by the primary electrical source. After 2 ms the
secondary electrical sources also induced a depolarisation front. A characteristic
of the response of the myocardium illustrated in the results is that the cleavage
planes nearest to the anode induce more intense secondary electrical sources
(Fig. 6.28). The inversion of the polarity of the primary electrical source
intensified the excitation of the myocytes neighboring the farthest away cleavage
plane.

The depolarisation phase was temporally reduced by the occurrence of sec-
ondary electrical sources in the middle of the transmural wall. Since the M
cells were excited few ms after the application of the electrical stimuli, the time
needed by the tissue to be completely at rest was drastically reduced.

The investigation of the influence of cleavage planes existence on the re-
sponse of an arrhythmic human myocardium brought important information
for understanding of defibrillation phenomena. 5 ms after the application of
the external electrical field the subepicardial region was depolarized, while the
myocytes forming the subendocardium were hyperpolarized (Fig. 6.29 a, b).

Few ms later, in the tissue containing an on-going arrhythmia, sections of
the cleavage planes induced the appearance of secondary electrical sources (Fig.
6.29 c). Only one of the three cleavage planes, intersecting the myocardium
induced a depolarisation front with a surface equal to 4×1 cm2. A part of
the myocytes near the middle cleavage plane were excited by the secondary
electrical source, while the refractory cells were not depolarized. Most of the
myocytes localized between the cathode and the centre of the myocardium were
depolarized by the arrhythmic wave. Therefore, the influence on the distribution
of Vm, of the cleavage plane localized near to the primary electrical source was
neglectable.

The formation of secondary electrical sources in the middle of the my-
ocardium modified the depolarisation patterns and increased the number of
excited cells.

Discussion The study reports observations on the influence of left ventricle
lamination on the response of myocardium to cardiac electric stimulation and
defibrillation.

In agreement with the data published by Hooks et al., [21], the simulations
with human three-dimensional cardiac preparations reflect that structural dis-
continuities induce the occurrence of secondary electrical sources. In particular
it was observed that interlaminar cleavage planes play a very important role in
the spatio-temporal distribution of Vm. Therefore a good representation of the
myocardium must take into consideration that the tissue is not continuous.

The investigations of the arrhythmic preparations reflected that the cleav-
age planes are partly activated post-defibrillation. The electrical sources formed
in the middle of the myocardial bulk increased the portion of the depolarized
tissue. Considering the critical mass theory (Sect. 4.7.2), the formation of
supplementary depolarisation fronts decreases the probability of a reentry ap-
pearance.

The experimental measurements indicate that the left ventricular my-
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ocardium is intersected by isolating regions in average after each 4 to 6 cells.
The orientation of the cleavage planes varies across the transmural wall (Fig.
3.4). In future studies a realistic description of the laminar cardiac features will
have to be implemented in the models.

6.6 Inferences

In this chapter the influence of the cardiac features, which can be incorporated
in a virtual human left ventricular myocardium was investigated.

The study presented in the first subchapter indicate the necessity of the
incorporation of variant tissue curvature and wall thickness for theoretical in-
vestigations of internal defibrillation. A tissue with parallelepipedic geometry
can be used in fundamental studies of transmurally propagating processes. A
large slice of myocardium manifests an electrical behaviour similar to the par-
allelepipedic section and it can be used in studies of arrhythmias.

The differences in electrophysiological characteristics of epi-, M- and endo-
cells are reflected mainly during the repolarisation phase. The distinctions
between the results found with an electrophysiological heterogeneous and an
homogeneous tissue reflect the necessity of including the physiologic transmural
variation.

The orientation of the myocardial fiber together with the existence of a blood
pool and of the cleavage planes influence the distribution of Vm during the de-
polarisation phase. The anatomical cardiac fiber twist must be represented in
the model for a realistic simulation of the tissues electrical behaviour. The mus-
cle/blood volume ratio strongly influences the occurrence of secondary electrical
sources. A model without blood pool reacts as a cardiac wedge immersed in a
large bath. The cleavage planes may induce the formation of secondary elec-
trical sources in the centre of the transmural wall, resulting in a reduction of
the depolarisation phase. In the theoretical studies of the identification of the
defibrillation success the cleavage planes must be included in the myocardium.

Therefore, for a most accurate study of the left ventricle electrical activ-
ity 3D myocardial preparations based on heterogeneous electrophysiology with
anisotropic electrical conductivity, realistic fiber twist and cleavage planes are
necessary.
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(a)

(b)

(c)

Figure 6.28: Transmembrane voltage in a tissue with realistic fiber orientation
and two cleavage planes, after (+5V, -5V) biphasic electrical signal is applied,
at different moments after the excitation initiation: a) 6 ms, b) 11 ms and c) 20
ms. Same color code as in Fig. 6.6. The interlaminar clefts are represented by
half filled grids, intersecting the intracellular space. The results indicate that
the secondary electrical sources, which occur near the cleavage planes present
different intensities. During the first phase of stimulation secondary electrical
sources occur near the cleavage plane furthest away from the cathode. The
inversion of the polarity induces secondary electrical sources in the neighborhood
of the other cleavage plane.
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(a) (b) (c)

Figure 6.29: The distribution of Vm in a section through the tissue with
realistic fiber orientation and 3 interlaminar clefts after (+5V, -5V) monophasic
electrical signal is applied, at different time steps: a) 1 ms before the electrical
stimulation, b) 5 ms and c) 15 ms after the defibrillation. Same color code as
in Fig. 6.6. The results indicate that the central cleavage plane is only partly
inducing secondary electrical sources. The modification of Vm created by the
upper cleavage plane is neglectable. The secondary electrical source formed near
the lowest cleavage plane excited a large fraction of the myocardium.



7 Influence of Electrical Stimulation

Characteristics

Presently, many types of electrical stimulation configurations are utilized in
cardiac therapies. The aim of the defibrillator producers is to improve the
existent products for enhancing the therapeutical efficiency.

In this chapter the features of the electrical stimulation configurations and
their influences on human myocardium are theoretically investigated. The first
subchapter describes the characteristics of the electrical stimuli. The data were
gathered from studies of the impact between a single cell or a myocardial wedge
and electrical stimuli with various phases, amplitudes and frequencies.

The second subchapter summs up the results of simulations with human
myocardial wedges excited by electrical impulses delivered by various types of
electrodes. A part of the study is focused on the modifications in the cardiac
behaviour implied by the variation of the location of the electrodes. In the
following subchapter a new therapeutical procedure is introduced.

In the last section is discussed the optimal timing for applying the defibril-
lation shock.

The results of the theoretical investigations are addressed mainly to the
scientists who are engaged in experimental investigations of the human heart.

7.1 Features of the Electrical Stimuli

7.1.1 Microscopic Level

Defibrillation efficiency depends on the activation of the cardiomyocytes. A cell
stimulated by an extracellular field is depolarized at one end and hyperpolarized
at the other [97]. If the electrical impulse is sufficient in amplitude and duration
the depolarisation will not disappear with the interruption of the stimulus. The
excitation threshold strongly depends on the way depolarisation influences the
activation and inactivation sodium currents. If the stimulus is large and rapid,
the membrane depolarizes quickly and activates the sodium current (opens the
m gate) before sodium inactivation variables, h and j can substantially change.
Further, the process is described in detail.

Quantitative information on the phenomenon was gathered from the excita-
tion of a virtual human ventricular myocyte. The electrophysiological character-
istics were simulated with TNNP model (Sect. 4.4.2). The cell was stimulated
by monophasic and biphasic impulses, with various frequencies and amplitude
(Fig. 7.1).
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The main purpose of the research was to identify the necessary strength of
an impulse with a specific frequency and duration to induce the formation of
an action potential (AP). The lowest intensity of the electrical impulse leading
to the occurrence of an AP is termed excitation threshold.

Another objective of the research was the identification of membrane pro-
cesses corresponding to the excitation threshold. The sum of these informations
enables the scientist to draw a conclusion on the stimulation efficiency.

(a)

(b)

Figure 7.1: Wave forms utilized for stimulating the cell: a) biphasic and b)
monophasic stimulation. Examples given for 500 Hz. The numbers written
in red indicate the number of the pulses, which can be odd or even for each
frequency. The waveforms are similar to the ”chopped” pulses of Schiller and
Metrax.

Biphasic Electrical Stimuli The research started with the injection into the
cell of a biphasic stimulus with a 100 Hz, 10 ms duration (Fig. 7.3 and Fig. 7.4).
As presented in Sect. 5, these are at present the most common characteristics
of a defibrillation stimulus.
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Figure 7.2: The excitation thresholds for a 10 ms long biphasic 100 Hz cellular
stimulation. The intensity of the electrical stimulus necessary to depolarize the
human ventricular myocyte is smaller if the amplitude is positive during the
first 5 ms.
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Figure 7.3: AP profile during a succesfull excitation with a biphasic 100 Hz
and 10 ms long stimulus. The amplitude of the first pulse was a) positive,
b) negative. The success of the biphasic stimulation depends on two factors.
First the positive amplitude must be high enough for creating a positive Vm.
Secondly, the current must be withdrawn from the cell at the beginning of the
early repolarisation or its amplitude must be small enough for facilitating the
start of the plateau phase.

Initially was investigated a resting single cell activated by a biphasic electri-
cal impulse having a positive amplitude during the first 5 ms. Vm varied slowly
from -85 mV to -40 mV (Fig. 7.3 a). The electrophysiological phenomenon was
mainly coordinated by the j gate which presented a stronger variation than m
and h (Fig. 7.4 left column). The -40 mV transition moment depended on the
amplitude of the electrical stimulus. A higher amplitude decreases the time
needed by Vm to reach the threshold. For the minimal successful amplitude,
the transition occurred at 4 ms. After Vm > -40 mV m and h gate variables



98 Influence of Electrical Stimulation Characteristics

0

0.5

1

1.5

2

0 2 4 6 8 10

h 
(g

at
e 

va
ria

bl
e 

fo
r 

I N
a)

Time (ms)

(a)

0

0.002

0.004

0.006

0.008

0.01

0.012

0 2 4 6 8 10

h 
(g

at
e 

va
ria

bl
e 

fo
r 

I N
a)

Time (ms)

(b)

-0.0005

0

0.0005

0.001

0.0015

0.002

0.0025

0.003

0 2 4 6 8 10

m
 (

ga
te

 v
ar

ia
bl

e 
fo

r 
I N

a)

Time (ms)

(c)

0

0.0005

0.001

0.0015

0.002

0.0025

0 2 4 6 8 10

m
 (

ga
te

 v
ar

ia
bl

e 
fo

r 
I N

a)

Time (ms)

(d)

0

2

4

6

8

10

0 2 4 6 8 10

j (
ga

te
 v

ar
ia

bl
e 

fo
r 

I N
a)

Time (ms)

(e)

0

2

4

6

8

10

0 2 4 6 8 10

j (
ga

te
 v

ar
ia

bl
e 

fo
r 

I N
a)

Time (ms)

(f)

Figure 7.4: The gate variables for INa during a successful excitation with a
biphasic 100 Hz and 10 ms long stimulus having a positive (left column) or a
negative (right column) amplitude in the first half of the stimulation interval.

presented strong modifications (Fig. 7.4 a, c). During the second phase the m
continued to increase, while h was decreasing and j was almost equal to zero.
The reduction of the inactivation current, h·j simultaneous with the amplifica-
tion of the activation current facilitated the initiation of the plateau phase.
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Figure 7.5: Excitation threshold of myocytes for a) 500 Hz and b) 1 kHz, of
biphasic stimulation. The results present different excitation threshold values
for distinct parities of the pulse numbers. The difference is higher for initial
negative amplitude.

The phenomena corresponding to initial positive-secondary negative electri-
cal stimulation were further researched with pulses of various amplitudes. The
results reflected the dependence of the stimulation success on two factors. First
the positive amplitude must be sufficiently high for creating a positive Vm. Sec-
ondly, the current must be withdrawn from the cell at the beginning of the early
repolarisation or its amplitude must be small enough for facilitating the start
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Figure 7.6: Excitation threshold of myocytes corresponding to a) 2 kHz, b)
4 kHz, of biphasic stimulation. The graphs illustrate the exponential variation
with the duration of the stimuli for odd and even numbers of pulses. The sign
of the amplitude corresponds to the value of the first pulse.

of the plateau phase. If the absolute value of the negative pulse is lower than
the positive amplitude the successful excitation range is higher. For example,
the impulses with equal amplitudes during both phases induced the occurrence
of an action potential profile in the interval (9, 17) mA/cm2. The biphasic
stimuli with a negative amplitude equal to 50% of the positive amplitude were
successful in the interval (8.3, 29) mA/cm2.
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Figure 7.7: AP profile corresponding to a successful excitation with a 2 kHz
and 5 ms long biphasic stimulus, during a) the first 5 ms and b) 500 ms.

-100

-80

-60

-40

-20

0

20

40

0 1 2 3 4 5

V
m

 (
m

V
)

Time (ms)

(a)

-100

-80

-60

-40

-20

0

0 100 200 300 400 500

V
m

 (
m

V
)

Time (ms)

(b)

Figure 7.8: Vm evolution after a failing stimulation corresponding to a 2 kHz
and 5 ms long biphasic stimulus, during a) the first 5 ms and b) 500 ms.

The inversion of the polarity modified both the temporal variation of Vm

and INa gate variables. The resting cell was hyperpolarized by the negative
electrical stimulus. In the first 5 ms, the cell membrane tended to regain the
normal resting state. During the second phase of the stimulation the variation
of Vm leading to a positive value became faster. The -40 mV threshold could
not be observed in Vm profile or in the variation of INa gate parameters.

Comparing the values of the INa gate variables corresponding to the two
biphasic electrical stimuli it was observed the formation of different temporal
evolutions. The strongest contrast was formed by the j gate. The parabolic
curve, characteristic to the cell excited from the resting state (Fig. 7.4 e) was
substituted by a triangular variation (Fig. 7.4 f). The results of the simulations
also indicated that the excitation threshold was increased from 9 to 21 mA/cm2

if the cell was first hyperpolarized and then depolarized (Fig. 7.2).

The investigation of cellular stimulation was further extended to higher fre-
quencies: 500 Hz, 1 kHz, 2 kHz and 4 kHz. The research included even and
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Figure 7.9: The gate variables for INa corresponding to a successful excitation
with a 2 kHz and 5 ms long biphasic stimulus, during the first 5 ms (left column)
and 500 ms (right column).

odd number of pulses. Both electrical stimuli starting with a positive or a neg-
ative amplitude were studied. The excitation thresholds corresponding to 500
Hz electrical stimuli varied very little with the impulse duration remaining in
the +(40, 60) mA/cm2 interval. The excitation thresholds for 1 kHz varied
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Figure 7.10: The variation of the gate parameters for INa during a failing
excitation with a 2 kHz and 5 ms long biphasic stimulus.

according to parity of the number of pulses and to the sign of the initial ampli-
tude. For odd numbers of pulses with positive initial amplitude the excitation
threshold was invariant with the impulse duration. The change of the pulses
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number parity induced a variation of the threshold with the stimulation dura-
tion. For impulses shorter than 4 ms the excitation threshold increased with
the reduction of the stimulation duration. The dependence was enhanced by
the inversion of the polarity of the signal. For even stimuli the variation of
the excitation thresholds was manifested in the interval (0, 5) ms and for odd
stimuli the interval was equal to (0, 8) ms. The entire spectrum of excitation
thresholds corresponding to 1 kHz biphasic electrical stimuli was included in
the interval (-150, 100) mA/cm2.

For 2 and 4 kHz the excitation threshold interval was broadened to (-350,
300) mA/cm2 and (-900, 800) mA/cm2, respectively. The dependence on im-
pulse duration was more clearer formed in the interval (0,6) ms than it was for
smaller frequencies.

The study was extended to the understanding of the gating processes asso-
ciated to high stimulation frequency. As an example is described the reaction
of the human left ventricle myocyte excited with a 2 kHz, 5 ms long stimulus.
The reaction of the cell to the threshold intensity is illustrated in Fig. 7.7 and
Fig. 7.9. In the first 3 ms Vm had a sawtooth evolution, corresponding to the
waveform of the stimulus. In this period the mean value of Vm was slowly in-
creasing. At 3 ms, the cell entered a new regime in which Vm increased rapidly
without reflecting any more the waveform of the applied stimulus. The vari-
ation of m and j gates also reflected the waveform of the stimulus during the
first 3 milliseconds. Afterwards, the evolution of INa gate parameters was inde-
pendent of the waveform of the electrical stimulus. Their variation during the
APD is typical for the successful activation of the myocyte.

In Fig. 7.8 and Fig. 7.10 is shown the reaction of the cell stimulated with a
2 kHz, 5 ms long electrical impulse having an amplitude a fraction smaller than
the excitation threshold. During the first 3 ms, Vm formed a sawtooth profile.
Due to the intensity of the impulse the amplitude and the temporal augmenta-
tion of the mean value of Vm were not big enough to lead to a depolarisation.
Simultaneously, the h gate remained opened, as its value was constantly equal
to zero (Fig. 7.10 a). The oscillations of the m and j gates were similar to
the ones induced by the more intense stimulus. The main difference was the
reduction of the amplitude, finally leading to failure of the cell excitation.

Monophasic Electrical Stimuli The investigation of cellular stimulation
was continued with monophasic stimuli of various frequencies. The utilized
waveform is presented in Fig. 7.1.

The plots of excitation thresholds as functions of impulse duration indicate
an exponential variation in the interval (0, 5) ms and invariance with time for
stimuli longer than 5 ms ( Fig. 7.11). The rheobase varies with the frequency.
The rheobase of 200 Hz was 15% smaller than for 500 Hz. The rheobase of
2 KHz was almost equal to the one of 4 kHz. The simulations indicated that
the excitation threshold is strongly increased for small numbers of pulses in the
4 kHz case.

The excitation of the cell with a high frequency monophasic impulse pro-
duced a linear increment of Vm in time (Fig. 7.12 a). The variation was mainly
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Figure 7.11: Excitation threshold of myocytes for various frequencies: a) 200
Hz, 500 Hz and 1 kHz, b) 2 kHz and 4 kHz, of monophasic stimulation. The
graphs illustrate the variation with the duration of the stimuli.

dictated by the j gate, which had a strong fluctuation. After the -40 mV thresh-
old was reached, Vm slope became steeper. At the same time h gate closed and
m opened.

In the Fig. 7.13 are shown the excitation thresholds as functions of fre-
quency for both mono- and biphasic impulse trains. The picture indicates a
small difference between the mono- and biphasic amplitude thresholds for low
frequencies, like 500 Hz. The difference was enlarged with the frequency, being
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Figure 7.12: Vm and the gate variables for INa after a successful excitation
with a 2 kHz and 5 ms long monophasic stimulus.

35 times larger for 4 kHz.

In the research was included a comparison between the excitation thresholds
corresponding to two distinct monophasic wave forms. First was considered a
rectangular impulse. Secondly was used a truncated exponential, having the
maximum amplitude equal to the amplitude of the other wave type. The two
wave form types are illustrated in Fig. 7.14. The investigation domain included
impulses with lengths in between 1 and 7 ms. The results indicated that the
excitation thresholds were smaller for rectangular stimuli than for truncated
exponential. The difference was larger for longer electrical stimuli than for
short impulse durations.

The Matlab’s fitting toolbox was used for fitting the curves of the excitation
thresholds corresponding to monophasic rectangular and truncated exponential
stimuli with Weiss-Lapicque and Blair laws (Fig. 7.15). The comparison be-
tween the fitting results indicated that Blair law was more accurate in the
description of the variation than Weiss-Lapicque law and both mathematical
equations described better the excitation thresholds curves for truncated ex-
ponential than for rectangular stimuli. Blair law overestimated near chronaxie
and underestimated the rheobase.
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Figure 7.14: a) Rectangular and truncated exponential monophasic stimu-
lation wave forms. b) Comparison between the excitation thresholds for the
two stimulation wave forms. The results indicate a reduction of the difference
between the thresholds with the impulse duration.

Blair formalism is based on a condenser theory. The charging of a capacitor
is described by the expression:

VC(t) = VC,Max · (1 − e−
t
τ ) (7.1)

For simplifying the comparison it is presumed that the cell crossed a steady
state evolution from the resting to the end of depolarisation phase. The formula
describing the process is the equation (4.28) for m∞ (Sect. 4.4.2).

Even though both functions contain an exponential dependence, the profiles
of the curves are different. The existence of a maximum limit above which the
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Figure 7.15: Excitation thresholds of monophasic rectangular and truncated
exponential stimuli fitted by Weiss-Lapique and Blair laws.

outcome of the function is constant implies a good fit in the short duration
pulses range.

7.1.2 Macroscopic Level

Recently, studies were done to evaluate cardiac rhythms following the first defib-
rillation shock, comparing biphasic truncated exponential, monophasic damped
sinusoidal and monophasic truncated exponential waveforms in patients experi-
encing out-of-hospital ventricular fibrillation cardiac arrest [89]. The results of
this research illustrated the defibrillation chances through a statistical method.
The impacts of specific electrical shock characteristics can also be studied with
computer models, which could actually bring a more detailed look over the
phenomena.

This subsection reports the influence of electrical shock features on the be-
havior of the human ventricular myocardium. For the investigation a three-
dimensional computer model of human cardiac tissue was used. The myocardial
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Figure 7.16: Biphasic stimulation of a continuous wedge of myocardium. The
transmembrane voltage distribution is presented at: a) 5 ms, b) 25 ms, c) 60 ms,
d) 350ms.

preparations were described in detail in Sect. 6.1.1 and Sect. 6.5. The cellu-
lar electrophysiology utilized for both models was based on the TNNP model
(Sect. 4.4.2).

Quadratic planar electrodes (1 × 1 cm2 in size), were placed in bath medium,
at the ends of the longest axis (Z=0, Z=2 cm). Because of the conditions chosen,
the applied electric signal had to cross 1 mm of the bath medium before entering
the myocardial area. In this way the extracellular potential was homogeneously
distributed to the myocytes placed on the boundary surfaces.

Biphasic Stimulation of Continuous Myocardium The first objective
was to study the cardiac tissue reaction to different types of biphasic signals
given by planar electrodes. Past studies revealed that cleavage planes are re-
ducing the time needed for the entire tissue to be depolarized after an electrical
shock [74]. Firstly a cardiac wedge, which was not fragmentized by cleavage
planes was used. In this way the differences between the obtained results were
enhanced. A continuous medium needs more time for passing from one phase
to another, especially when the depolarisation front is planar.

Considering experimental data we decided to initiate the investigation using
100 Hz exponentially decaying, sinusoidal and rectangular signals with magni-
tudes varying from 0.1 to 5 V. The two phases of the applied electric signal
were temporally symmetric and equal to 5 ms.

The first reaction of the myocardium after the biphasic impulse was the
appearance of depolarisation fronts at both ends. The most interesting feature
of this phase was the magnitude of Vm near to the border of the bath medium. A
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Figure 7.17: Excitation thresholds for biphasic stimulation of a continuous
wedge of myocardium corresponding to a) 500 Hz and b) 1 kHz

strongly hyperpolarization was induced in the cases with a too high magnitude
of the second phase. The depolarisation front was not able to annihilate it. In
the other cases the tissue reached the isopotential state after approximatively
150 ms. The time course of the transmembrane voltage was followed until
complete repolarisation. For identifying further differences between various
signals, the time needed in each case for the tissue to get from one state (resting,
depolarized, repolarized) to another was recorded and compared. The time
intervals corresponding to complete depolarisation and total repolarisation can



7.1 Features of the Electrical Stimuli 111

115

120

125

130

135

140

0 2 4 6 8 10

C
ur

re
nt

 d
en

si
ty

 (
m

A
/c

m
2 )

Time (ms)

Even
Odd

(a)

350

400

450

500

0 2 4 6 8 10

C
ur

re
nt

 d
en

si
ty

 (
m

A
/c

m
2 )

Time (ms)

Even
Odd

(b)

Figure 7.18: Excitation thresholds for biphasic stimulation of a continuous
wedge of myocardium corresponding to a) 2 kHz and b) 4 kHz.

give a measure whether a defibrillation shock will be successful or not.

For sinusoidal and exponentially decaying signals always less time was
needed for achieving complete depolarisation and total repolarisation in com-
parison to the rectangular ones. The time intervals could be further decreased
by increasing the ratio between the magnitudes of the first and second phase of
the electric signal. For example, a rectangular signal of + 1 V in both phases
induced the complete depolarisation in 90 ms and total repolarisation in 450 ms.
A rectangular signal of + 2 V in first phase and +1V in the second one induced
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Figure 7.19: Biphasic stimulation of a fragmentized wedge of myocardium.
The transmembrane voltage distribution is presented at: a) 5 ms, b) 15 ms, c)
37 ms, d) 342 ms.

the complete depolarisation in 85 ms and total repolarisation in 440 ms. The
shortest myocardial phases corresponded to the exponentially decaying signal
with the magnitudes maxima fixed at + 3 V and + 1 V.

The research was continued with the stimulation of the myocardium with
biphasic impulses of higher frequencies: 500 Hz, 1 kHz, 2 kHz and 4 kHz.
The myocardium was repeatedly stimulated with electrical impulses of various
intensities until the excitation thresholds were identified. For 500 Hz stimuli
for both even and odd numbers of pulses the values of the excitation thresholds
varied in a range of (36, 38.5) mA/cm2 (Fig. 7.20 a). The interval was broader
for higher frequencies. For 1 kHz, 2 kHz and 4 kHz excitation thresholds were
included in the interval (63, 67) mA/cm2, (117, 135) mA/cm2 and (330, 520)
mA/cm2, respectively (Fig. 7.20 b, Fig. 7.18 a, b).

Biphasic Stimulation of Myocardium Fragmentized by Cleavage

Planes Another objective of the biphasic stimulation study was to under-
stand the phenomena related to tissue discontinuities. For the research, the
model with interlaminar clefts between layers of cardiomyocytes was used.

After the application of + 1 V, 100 Hz biphasic stimuli with rectangular
waveform, the intramural myocardium was depolarized by secondary sources
created near to the cleavage planes. The side area closest to the anode was
depolarized, while the opposite one was hyperpolarized (Fig. 7.19). The my-
ocytes depolarized by secondary electrical sources presented a lower Vm than
the myocyrdial layer beneath the cathode. When the entire tissue was depo-
larized, the section that was initially hyperpolarized presented the lowest Vm,
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Figure 7.20: Excitation thresholds for biphasic stimulation of a wedge of my-
ocardium containing interlaminar clefts corresponding to a) 500 Hz and b) 1
kHz

even though it had a positive value. The formation of additional depolarisation
fronts simultaneously with primary electrical sources, implied a reduction of the
temporal length of the myocardial phases.

Inverting the polarity of the electrical impulse did not modify the electrical
behavior of the intramural region.

The excitation threshold of an impulse for the fragmentized myocardium
was the weakest electrical stimulus inducing secondary electrical sources near
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Figure 7.21: Excitation thresholds for monophasic stimulation of a continuous
wedge of myocardium corresponding to a) 500 Hz and b) 1 kHz

to both cleavage planes. The excitation thresholds of the tissue intersected by
cleavage planes were theoretically recorded for 500 Hz and 1 kHz. Fig. 7.20 a, b
is shown that the excitation thresholds are included in the intervals (36.3, 38)
mA/cm2 and (65, 69.8) mA/cm2 for 500 Hz and 1 kHz. The differences between
the rheobases of even and odd numbers of pulses were equal to 0.95 and 1.75
mA/cm2 for 500 Hz and 1 kHz.



7.1 Features of the Electrical Stimuli 115

100

150

200

250

300

0 2 4 6 8 10

C
ur

re
nt

 d
en

si
ty

 (
m

A
/c

m
2 )

Time (ms)

(a)

200

250

300

350

400

0 2 4 6 8 10

C
ur

re
nt

 d
en

si
ty

 (
m

A
/c

m
2 )

Time (ms)

(b)

Figure 7.22: Excitation thresholds for monophasic stimulation of a continuous
wedge of myocardium corresponding to a) 2 kHz and b) 4 kHz

Monophasic Stimulation of the Myocardium During the investigation of
the reaction of the continuous myocardium to monophasic electrical stimuli, the
wave form illustrated in Fig. 7.1 b was utilized. The rheobase corresponding to
500 Hz was equal to 43 mA/cm2 (Fig. 7.21 a). For stimulations shorter than 5
ms the excitation threshold increased inversely proportional with the duration.
The maximum value (192 mA/cm2) was recorded for 1 ms stimulus duration.
For 1 kHz, the rheobase was equal to 52 mA/cm2 (Fig. 7.21 b). The maximum
excitation threshold value, corresponding to the frequency of 1 kHz was of 291
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Figure 7.23: Excitation thresholds for monophasic transversal and longitudinal
stimulation of a continuous wedge of myocardium with a) realistic fiber twist,
b) straight fibers. The differences between the strength-duration curves indicate
the dependencies on the excitation path. The lowest values were recorded for
0◦, a nonexistent type of myocardium in reality. In the tissue with realistic fiber
twist the longitudinal stimulation was lower than the transversal variation.

mA/cm2. At 2 kHz, the value of the rheobase was almost the double of the
one specific to 1 kHz (Fig. 7.22 a). The excitation threshold started to increase
stronger for stimuli shorter than 6 ms and for the stimulus with 1 ms duration
and 2 kHz frequency it had the value equal to 309 mA/cm2. For 4 kHz the
excitation threshold varied in the interval (219, 395) mA/cm2 (Fig. 7.22 b).
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Figure 7.24: Monophasic stimulation of a fragmentized wedge of myocardium.
The transmembrane voltage distribution is presented at: a) 5 ms, b) 20 ms, c)
45 ms, d) 360 ms. The pictures show that the cleavage plane farthest away from
the cathode induces the strongest secondary electrical source.
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Figure 7.25: Comparison between excitation thresholds of 5 ms long biphasic
stimulations of different frequencies for a continuous wedge of myocardium.

In Fig. 7.23 are illustrated the excitation thresholds for single-pulse
monophasic transversal and longitudinal stimulation. The myocardial prepara-
tions used in the investigation were composed of realistically rotating or straight
fibers. The differences between the strength-duration curves indicate the de-
pendencies on the excitation path. The lowest values were recorded for 0◦, a
nonexistent type of myocardium in reality. The nearest to the minimal exci-



118 Influence of Electrical Stimulation Characteristics

tation thresholds were obtained by stimulating longitudinally the tissue with
realistic fiber twist. For pulse durations longer than 6 ms, the excitation thresh-
olds corresponding to longitudinal stimulation were only 30% smaller than for
transversal configuration. At 2 ms the difference is of 50%.

The next investigated problem was the influence of the cleavage planes on the
excitation thresholds. The stimulation of the fragmentized myocardium with
various frequencies can induce the formation of secondary electrical sources near
the cleavage planes (Fig. 7.24 a). The excitation spread from the centre of the
tissue towards the exterior and vice-versa leading to complete depolarisation at
45 ms (Fig. 7.24 b, c). At 360 ms the entire tissue was resting.

Fig. 7.25 illustrates the variation of the rheobase with frequency for both
mono- and biphasic electrical stimulations of the continuous myocardium. The
excitation thresholds of monophasic stimuli are lower than for biphasic signals.
Even though the difference was almost neglectable for low frequencies, at 4 kHz
it was approximatively equal to 100 mA/cm2.

Discussion The investigation of the influence of electrical stimuli character-
istics on the formation of the cardiac response started at the microscopic level.
The variation of the gate parameters of INa presented distinct profiles for bipha-
sic and monophasic stimulation. The value of the m gate parameter presented
fluctuations around the time average increasing slope. The temporal length of
the fluctuations corresponded to the frequency of the applied stimulus. Once
the Vm was higher than -40 mV the oscillations disappeared and the slope of
Vm became steeper. The reaction of the cell demonstrates that the theory pre-
sented by Roberts et al. [98], according to which the biphasic shocks higher than
200 Hz would not be efficient due to the capacitive behavior of the membrane
is false. The application of monophasic stimuli induced a continuous enhance-
ment of Vm and m during the application of the electrical shock, even while
the amplitude of the signal was zero. The success of the stimulation depended
mainly on the velocity of the Vm and m variation.

The excitation thresholds of monophasic stimuli were lower than the ones of
biphasic impulses, for each studied frequency. Nevertheless, experiments have
proven that biphasic stimulation is more efficient [99]. Keener and Lewis, sug-
gested that the biphasic stimulus is successful because the activation threshold
is lowered by an initial hyperpolarization [100]. The simulations with the vir-
tual human myocyte indicated a faster variation of Vm post-hyperpolarization
than the one associated to the resting cell. But the excitation threshold corre-
sponding to the biphasic stimulus with an initial negative amplitude is higher
than for the case with inverted polarities. Since the monophasic stimulations
indicated that the velocity of Vm variation is strongly dependent on the inten-
sity of the impulse, we conclude that the theory presented by Keener and Lewis
is not sustained by the simulations done with a human ventricular myocyte.
The investigations of frequencies up to 4 kHz also indicated that the excitation
threshold must be higher if the first pulse is negative.

The stimulation of the cell with rectangular and truncated exponential
pulses indicated that the waveforms corresponding to the higher energy present
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the lowest excitation threshold.

The outcomes of the fitting of the simulations results with Weiss-Lapicque
and Blair laws are very similar to the ones obtained by Mouchawar et al., who
compared the strength duration curves with experimentally obtained data from
the dog heart [101]. In conclusion, both Weiss-Lapicque and Blair fits are better
for short duration stimulation and they underestimate the rheobase. From the
two laws Blair’s relation proved to be the most accurate one.

For a better understanding of the differences between monophasic and
biphasic stimulations the investigation was continued on virtual sections of the
human left ventricle.

All along the study the reaction of resting tissue to an electrical shock was
shown. The results reflect the way a healthy tissue reacts, therefore it is helpful
for getting a general fundamental understanding of the phenomena. Information
gathered in this section is used in following sections, presenting the effects of
the electrical shocks on fibrillating tissue.

The data obtained from our simulations showed that the sinusoidal and
the exponentially decaying signals were more efficient in exciting a tissue than
the rectangular ones, due to a lower hyperpolarization induced during the first
phase. It was observed that a very strong hyperpolarization induced through
the second phase of the electrical shock may lead to a failure of the therapy.
The result indicates that the magnitude of the second phase of the electrical
shock has to be smaller than the magnitude of its first phase. Nevertheless,
the magnitude has to be high enough to produce depolarisation fronts at both
ends. The excitation threshold was for all studied frequencies higher when the
number of the pulses was odd than for even numbers. The strength-duration
curves for monophasic stimuli was lower than for any kind of biphasic stimuli.
The comparison of the reactions of the myocardium to the two types of stimuli
reflects some of the causes that can lead to the failure of complete depolari-
sation when monophasic impulses are applied. The results indicate that it is
recommended to create depolarisation fronts uniformly distributed in space for
producing secondary electrical sources in the intramural region. A planar depo-
larisation front is activating the areas near to the cleavage planes much easier.
Normally, a fibrillating tissue has already some refractory regions, so a depo-
larisation produced at both ends would increase the chance of the entire tissue
to be depolarized. Therefore, a biphasic stimulus can induce the formation of
more secondary electrical sources than a monophasic one.

In conclusion, the results indicate that the biphasic stimuli are more efficient
than the monophasic ones due to the myocardial structure.

7.2 Electrode Characteristics

The average current density increases inversely with the area for a constant
total current of the electrode. At the same time a smaller electrode could
be correlated to a decreased amount of excited tissue during the stimulation
duration.

Even though the electrode characteristics have been intensively researched,
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Configuration Electrodes Position of Position of Corresponding
number size (mm2) anode cathode figure

1 1310.4 top apical border Fig. 7.26 a

2 80 bottom left top right Fig. 7.26 b
endocardium epicardium

3 840 y=maximum y=minimum Fig. 7.26 c

4 80 y=maximum, y=minimum, Fig. 7.26 d
bottom top

5 1080 x=maximum x=minimum Fig. 7.26 e
top bottom

6 1080 centred, centred, Fig. 7.26 f
parallel to parallel to

epicardium endocardium

7 40 x=minimum x=maximum Fig. 7.26 g
z=0 z=0

Table 7.1: Configurations used in the investigation of electrode characteristics

a unified theory does not exist to predict the effect of the electrode area on the
excitation/defibrillation thresholds. Such a theory could not be formulated until
present because the corresponding phenomena have not been completely iden-
tified. The results presented in this section present an insight on the influence
of electrode characteristics on internal defibrillation.

Materials and methods For the investigations a curved section of the hu-
man left ventricle was utilized. The characteristics of the myocardial prepara-
tion were described in detail in Sect. 6.1.3.

As a selected condition, the myocardium was in the resting phase before
it was activated by the electrical shock. A pair of rectangular electrodes were
placed in the immediate vicinity of the myocardium. Their orientation and
area varied from case to case. The chosen configurations of the electrodes are
described in Table 7.1 and illustrated in Fig 7.26.

The duration of the applied electrical shock of was 10 ms. For the inves-
tigation of the correlation between the excitation patterns and the electrodes
locus the amplitude of the electrical impulse was 200 mV. For the study of the
dependence of the excitation thresholds on paddles positions 1 kHz and 2 kHz
stimuli with various intensities were applied.

The calculation time step is 10 µs. The simulations were performed on a 2
GHz Power Mac G5. The average time needed for each computation was 150
hours.

Results The simulations revealed that virtual electrode polarization (VEP)
plays an important role. The surface of the tissue immediately depolarized
after the start of the electrical shock was larger than the surface beneath the
cathode. If the subendocardial or subepicarial region was not directly excited
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(a) (b) (c) (d)

(e) (f) (g)

Figure 7.26: Models of the chosen configurations of electrodes for the study.

Figure 7.27: Schematic representation of the displacement of the most affected
area by electrical stimulation. Due to the varying tissue curvature and fiber
orientation the center of the most affected region (marked with yellow) appears
above the median of the paddles.

by the stimulus originated from the cathode, then secondary electrical sources
were formed. The further evolution of the myocardium was described in detail
in Sect. 6.1.3. Immediately after the stimulation, even though all the myocytes
composing the subendocardium and the subepicardium were depolarized, a part
of the cells presented a higher Vm than the rest. When the electrodes were
parallel to the endo- and epicardial surfaces, the cells with the highest Vm, were
localized in the subendocarial and subepicardial regions. Due to the varying
tissue curvature and fiber orientation the center of the most affected region
by the electrical stimulation did not intersect the median of the paddles. For
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Figure 7.28: Displacement of the area most affected by the electrical stim-
ulation. The enlargement of the electrodes size amplified the transmembrane
voltage differences and the distance between the centre of the most affected
region and the median of the paddles. Same colour code as in Fig. 6.6.

(a) (b)

Figure 7.29: Distribution of the transmembrane voltage at 5 ms, in an hetero-
geneous left ventricle myocardium beneath the electrodes oriented perpendicular
on endo- and epicardial surfaces. Same colour code as in Fig. 6.6.

the 7th configuration, the centre of the myocytes with the highest Vm was
3.2 mm above the median of the two electrodes (Fig. 7.27). The difference
between the highest Vm and the average value of Vm corresponding to the rest
of depolarized myocytes was equal to 7 mV. For the 5th configuration, in which
larger electrodes were applied, the Vm difference was equal to 23 mV and the
displacement was of 4.8 mm (Fig. 7.28). The centre of the most affected area
had an oval form, with the same orientation as the myocytes forming the region
where it appeared and it was surrounded by hyperpolarization. At the frontier
between the hyperpolarized and normally depolarized myocytes in four small
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Figure 7.30: Excitation thresholds corresponding to 1 and 2 kHz stimulation
for stimulation applied along (configuration 5) and across (configuration 6) the
fibers. For both frequencies the excitation threshold were elevated when the
stimulation was not along the fibers. The difference increased for stimuli with
short durations.

areas, the myocytes presented a Vm higher than average. The more intense
depolarisations corresponded to the corners of the rectangular electrodes.

In the configurations with paddles perpendicular on the endo- and epi-
cardium (Fig. 7.26 a, b, c, d), the most affected myocytes were localized beneath
the electrodes. The vertically placed electrodes induced both hyperpolarization
and depolarisation beneath both primary electrical sources (Fig. 7.29 a). In the
central region under the cathode, the tissue was depolarized and it was sur-
rounded by hyperpolarization. Beneath the anode, the distribution of positive
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and negative Vm was inverted. The stimulation of the tissue through horizon-
tally placed electrodes induces similar hyperpolarization-depolarisation patterns
as in the cases with vertically oriented electrodes. The differences occurred at 3
ms, when the depolarisation, that was surrounded by hyperpolarization was ex-
tinguished. The depolarisation formed at the extremes spread further together
with the excitation initiated in the subendocardial and subepicardial regions
(Fig. 7.29 b). The variation of the electrodes sizes modified the ratios between
the depolarized and hyperpolarized regions and also the Vm of the myocytes
corresponding to these areas.

The study of the excitation thresholds for the electrodes placed in bath as
described in configurations 5 and 6 indicated differences in the reaction of the
myocardium connected to the shift of the electrodes (Fig. 7.30). Both for 1 and
2 kHz the excitation thresholds were lower when the stimulation was along the
fiber. The differences induced by the shift of the electrodes were stronger for
the higher frequency and shorter impulse durations.

Discussion The study showed that the initiation of depolarisation near to
endocardium and epicardium is invariant to the position in which the bath elec-
trodes were placed. Supplementary regions from which depolarisation spread
were observed when one of the electrodes was placed at the apical border of
the myocardium while the other one was fixed at its top. The additive effect
implied the shorting of the time needed until the myocardium was overall de-
polarized. According to this aspect such electrodes configuration can increase
the defibrillation efficiency.

In all cases, the most excited cells appeared next to hyperpolarized my-
ocytes. The distribution of depolarized-hyperpolarized areas depended on the
size and the orientation of the paddles. Similar types of results were experi-
mentally obtained by Knisley et al. [78].

7.3 New Defibrillation Procedure: Electrodes

Array

In the previous sections was shown that the excitation threshold is higher for
biphasic than for monophasic shocks. Nevertheless, the biphasic shocks present
the advantage that they induce the occurrence of depolarisation fronts at two
sides of the cardiac wedges. Considering the disadvantages correlated to the
high electrical shocks therapy, like cells uncoupling and electroporation, a new
defibrillation procedure was proposed [76].

The nominated method consists of the utilization of spatially alternated
electrodes polarity. The efficiency of the proposed technique was investigated
on a virtual wedge of human myocardium. The characteristics of the utilized
preparation are presented in Sect. 6.1.1.

The electrodes were placed at the ends of the longest (Z) axis (Fig. 7.31).
We studied both the case in which the electrodes were placed directly on the
tissue and the case in which the electric signal had to pass through a blood
medium before reaching the myocardium. The electrical shock was applied to
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Figure 7.31: Electrodes array configuration. The arrangement presents a spa-
tial alternation of the electrodes polarity, inversely configures at the opposite
end. At the left end were placed more electrodes with negative polarities then
at the right one.

the myocardium through rectangular electrodes, having alternating polarities.
The number of electrodes was odd and varied between 3 and 49. At the left
end were placed more electrodes with negative polarities then at the right one.
The absolute value of the electric signal was the same all along the XY surface,
but the polarity was changed.

The magnitude of the electric impulse was included in the interval (0.01, 7)
V. The defibrillation shock was always applied for 1 ms. The temporal evolution
of Vm was followed in all cases for 500 ms. This time interval is 100 ms longer
than the action potential duration, meaning that we were able to gather data
from all tissue phases.

An optimal excitation range was searched by varying the number of the
alternating electrodes and the magnitude of the electrical signal.

Results The numerical simulations indicated that both too intense and too
weak stimuli cause side effects. When the amplitude of the electrical defibril-
lation shock was too low the depolarizing front did not advance towards the
centre of the cardiac muscle. The depolarisation threshold increased with the
number of alternating electrodes.

When the magnitude of the defibrillation shock was too high the hyperpo-
larized areas remained unexcited.

According to the geometrical features of the myocardial preparation and the
selected stimulation configuration XZ was a symmetry plane for the Vm spatial
distribution. The following pictures, illustrating the variation of Vm correspond
to the mediator plane of Y axis.

First was investigated the case with 3 electrodes placed at the ends of the
Z axis of the myocardium (Fig. 7.32, Fig. 7.33).

1 ms after stimulation, the configuration with the electrodes placed directly
on myocardium presented the depolarisation of the myocytes neighboring the
cathodes and hyperpolarization near the anodes (Fig. 7.32 a). The electrical
signal propagated in the tissue like light, which passes through slots. Hence the
depolarized areas were larger than the surfaces of the cathodes. At 5 ms, the
hyperpolarized myocytes were depolarized (Fig. 7.32 b). The initial nonuniform



126 Influence of Electrical Stimulation Characteristics

0
25

50 10 30 50 70 90

-100
-50

0
50

Vm (mV)

0
25

50 10 30 50 70 90

-100
-50

0
50

Vm (mV)

0
25

50 10 30 50 70 90

-100
-50

0
50

Vm (mV)

0
25

50 10 30 50 70 90

-100
-50

0
50

Vm (mV)

0
25

50 10 30 50 70 90

-100
-50

0
50

Vm (mV)

0
25

50 10 30 50 70 90

-100
-50

0
50

Vm (mV)

E

BA

F

C D

Figure 7.32: Transmembrane voltage, Vm as a function of distance, measured
in voxels, in a cardiac tissue after a (+ 0.2 V) electric signal is applied through
a 3 electrode array: A) 1 ms; B) 5 ms; C) 25 ms; D) 55 ms; E) 80 ms; F) 445
ms;

distribution of the depolarisation front diminished with time (Fig. 7.32 c, d).
At 80 ms the two depolarisation fronts reached the centre of the myocardium
(Fig. 7.32 e) and at 445 ms all the myocytes were in the resting phase (Fig. 7.32
f). The optimal impulse had the amplitude of 0.2 V.

When the electrodes were placed in bath the extracellular potential was
redistributed. In the first 5 ms a larger percentage of myocytes was depolarized
at the left than at the right end of the preparation (Fig. 7.33 a, b). At both
ends of the longest axis depolarisation fronts appeared (Fig. 7.33 c, d). The
excited surfaces were smaller than the areas of the cathodes. At 85 ms the
myocardium was completely depolarized (Fig. 7.32 e) and at 450 ms Vm had
the resting phase value (Fig. 7.33 f). The optimal strength of the electrical
stimulus was 5 V for this configuration.

The studied case with the largest number of alternating stimuli applied a
49 electrode array. At the right end 25 electrodes with negative polarity and
24 with positive polarity were placed. At the left end the arrangement was
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Figure 7.33: Transmembrane voltage, Vm as a function of distance, measured
in voxels, in a cardiac tissue, which is incorporated in blood medium after a
(+ 5 V) electric signal is applied through a 3 electrode array: A) 1 ms; B) 5 ms;
C) 25 ms; D) 55 ms; E) 85 ms; F) 450 ms.

inverted.

When the electrodes were placed directly near to the myocardium the opti-
mal value for the extracellular potential was 0.3 V. 1 ms after the defibrillation
shock was applied depolarizing fronts were produced at both ends of Z axis
(Fig. 7.34 A, B). The depolarisation spread in the tissue with same velocity
from both directions (Fig. 7.34 C, D). After 85 ms the complete depolarisation
phase was reached (Fig. 7.34 E). The time necessary for the tissue to regain the
resting phase was 445 ms (Fig. 7.34 F).

The spatial gradient of the electrical signal, passing through blood medium
was decreased. Because the depolarizing front was spreading only from the right
side, where a higher number of positive stimuli was delivered (Fig. 7.35 a, b).
Under these circumstances the time needed for the entire tissue to be entirely
depolarized was 155 ms. This prolonged the time needed by the tissue to get into
the resting phase to 480 ms. The optimal value for the extracellular potential
was in this case 6 V.
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Figure 7.34: Transmembrane voltage, Vm as a function of distance, measured
in voxels, in a cardiac tissue after a (+ 0.3 V) electric signal is applied through
a 49 electrodes array: A) 1 ms; B) 5 ms; C) 25 ms; D) 55 ms; E) 85 ms; F) 450
ms.

Figure 7.36 indicates that the excitation thresholds was almost constant as
long as the number of electrodes was smaller than 20 and afterwards it increased
faster and faster with the number of the electrodes. The values of the excitation
thresholds were 10 times larger when placed in bath than when located near to
the tissue.

Discussion The simulations done on the three-dimensional myocardial tissue
showed that using an electrode array, depolarisation fronts in the neighbourhood
of both electrically stimulated areas can be induced. In this way at least 5 ms,
which are the typical period after which the polarity of the biphasic defibrillation
shock is inversed, are saved.

The decisive differences between the models were formed in the first 5 ms.
The evolution of the myocardium was continuously observed, until the magni-
tude of the transmembrane voltage in all cardiac myocytes had the value -80
mV. The limit is showing the beginning of the resting phase. The comparison
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Figure 7.35: Transmembrane voltage, Vm as a function of distance, measured
in voxels, in a cardiac tissue, incorporated in blood medium, after a (+ 6 V)
electric signal is applied through a 49 electrode array: A) 1 ms; B) 5 ms; C) 25
ms; D) 55 ms; E) 155 ms; F) 480 ms.

done between cases with different numbers of electrodes revealed that if the size
of the electrode is too small the chance of the electric signal to penetrate the
myocardium is decreased. According to the obtained results, an arrangement
with a small number of electrodes with alternating polarities could increase the
defibrillation chance.

7.4 Electrical Stimulation Moment

This section is concerned with the influence of defibrillation moment on a fib-
rillating human ventricular myocardium. Presently, both the external and the
internal defibrillators deliver the electrical shocks at a moment independent of
the fibrillating patterns. In an ICD is integrated an ECG recorder and inter-
preter necessary for determining whether an electrical shock must be applied
or not. This component of the ICD can be adapted to identify if the fibrilla-
tion presents a periodicity. This would enhance the possibility of delivering the
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Figure 7.36: Variation of excitation threshold with the number of electrodes.
The primary electrical sources are placed a) directly near to myocardium, b)
in blood medium. The excitation thresholds increase with the number of the
electrodes and are 10 times larger when placed in bath than when located near
to the tissue.

defibrillation shock at the most efficient moment.

The proposed setup was tested on a large three-dimensional virtual wedge
of the human left ventricular myocardium. The constructional aspects were
described in detail in Sect. 6.1.2. Comparisons between continuous and laminar
cardiac muscles (Sect. 6.5) are made.

In order to obtain a good view on the influence of the moment in which the
defibrillation is applied, the amplitude of the electrical shock was kept constant
at +3 V. At selected moments the effects of cathodal-anodal arrangements were
investigated (Fig. 7.37).

Figure 7.37: The placement of defibrillation paddles used in the investigation
of electrical stimulation moment. In half of the cases the cathode was placed
near to epicardium and the anode near to endocardium. In the other half the
arrangement of the electrodes was inverted.
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Simulation Parameters For gaining the derived results, 24 simulations with
a three-dimensional virtual wedge of cardiac tissue were done. In half of them
continuous myocardial media were used and otherwise tissues fragmentized by
cleavage planes were utilized. In each case 500 ms of the post defibrillation elec-
trocardiac behavior were simulated. The numerics were performed on a 2 GHz
dual processor Power Mac G5. The average time needed for each computation
was 95 hours.
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Figure 7.38: The simulated ECG of the fibrillating human ventricular myocardium.

(a) (b) (c) (d)

Figure 7.39: Variation of transmembrane voltage in a continuos myocardium
after the 450 ms defibrillation. Distribution corresponding to a) 458 ms, b)
480 ms, c) 700 ms, d) 790 ms. The pictures reflect the utilized electrodes
configuration: cathode top and anode bottom. The electrical shock modifies the
excitation pattern is a small percentage, sufficient for a successful defibrillation.
Same colour code as in Fig. 6.6.

Results In the study fibrillating cardiac preparations were utilized. A spiral
wave was induced in the myocardium with two electrical stimuli: a baseline
driving stimulus (delivered in the first ms of the simulation) and a premature
stimulus (390 ms) (Fig. 6.6). The procedure is known under the term S1 − S2

protocol. The parameters of the spiral remained constant in time. Therefore,
the simulated ECG presented a periodical pattern (Fig. 7.38). The fibrillation
frequency was 5 Hz. Furthermore, a chaotically fibrillating state can be further
induced in the human left ventricle myocardium by delivering a weak electrical
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(a) (b) (c) (d)

Figure 7.40: Variation of transmembrane voltage in a myocardium fragmen-
tized by 3 cleavage planes, after the 450 ms defibrillation. Distribution corre-
sponding to a) 458 ms, b) 480 ms, c) 700 ms, d) 730 ms. The pictures reflect the
utilized electrodes configuration: cathode top and anode bottom. The electrical
shock induces the occurrence of secondary sources near the cleavage planes, thus
strongly modifying the excitation pattern, leading to a successful defibrillation.
Same colour code as in Fig. 6.6.

(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 7.41: Variation of transmembrane voltage in a continuos myocardium
after a 500 ms defibrillation. Distribution corresponding to a) 500 ms, b) 545
ms, c) 588 ms, d) 665 ms, e) 733 ms, f) 763 ms, g) 800 ms, h) 900 ms. The
pictures reflect the utilized electrodes configuration: anode top and cathode
bottom. The electrical shock induces a depolarisation front that propagates
from the bottom towards the centre and a strong hyperpolarization at the top.
At 588 ms the first reentry occurs at the right top corner. At 800 ms the second
reentry is observable. At 900 ms the activity of the tissue is chaotic, marking
the unsuccessful defibrillation. Color code similar to Fig. 6.6.

shock to the tissue. The effect of the additional impulse is that it forces the
single spiral wave to split in more waves.

In a fibrillating myocardium, it is of high interest to observe the volume ratio
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Defibrillation Polarity Number Outcome of Resting
moment (ms) of reentries defibrillation moment (ms)

450 -+ 0/0 success 870/ 790

450 +- 1/1 success 800/800

500 -+ 1/1 failure -

500 +- 3/1 failure -

600 -+ 2/1 failure -

600 +- 0/0 success 940/940

650 -+ 0/0 success 980/ 1030

650 +- 1/1 success 960/990

700 -+ 1/1 failure -

700 +- 1/1 failure -

800 -+ 2/0 success 1200/1100

800 +- 1/0 success 1180/1130

900 -+ 1/1 failure -

900 +- 2/2 failure -

Table 7.2: The reaction of human ventricular myocardium (continuous model/
fragmentized model) to defibrillation.

of the tissue, which is immediately affected by defibrillation. Thus, the areas
forming depolarisation fronts were identified. Some of the muscle discontinuities
like blood vessels, collagenous septa and cleavage planes induce the appearance
of secondary electrical sources. As it was previously predicted [102], when the
distribution of the electrical current is not uniform (as in a fibrillating tissue
case) only a part of the cleavage planes neighborhood is activated.

For better visualization, slices through the three-dimenssional tissues are
shown.

Fig. 7.39 illustrates the evolution of a continuous myocardium after a suc-
cessful defibrillation. The electrical shock was applied at 450 ms. The cathode
was placed at the top of the tissue and the anode was near the bottom. As an
effect a supplementary excitation front propagated from the top towards the
opposite end of the tissue (Fig. 7.39 a, b). 400 ms after the defibrillation the
spiral wave is totally extinguished and the myocytes are resting.

The reaction of a myocardium fragmentized by cleavage planes after a de-
fibrillation with the same characteristics as in the previously described case
is illustrated in Fig. 7.40. Immediately after the deliverance of the electrical
shock, secondary sources occured near to parts of the cleavage planes (Fig. 7.40
a). 35 ms after defibrillation the entire tissue was depolarized (Fig. 7.40 b).
Since no reentry appeared in the myocardium, at 730 ms the myocytes were
resting (Fig. 7.40 c, d).

In Fig. 7.41 is shown the spatial distribution of Vm after an unsuccessful
defibrillation applied at 500 ms. The anode was localized near the top and the
cathode at the bottom. The myocytes under the anode were hyperpolarized.
From the bottom propagated a depolarisation front towards the centre of the
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tissue (Fig. 7.41 a, b). At 588 ms was observed the occurrence of a reentry
(Fig. 7.41 c). The new excitation wave travelled towards the centre of the
myocardium (Fig. 7.41 d, e). After the intersection with a refractory area the
excitation wave splinted in two (Fig. 7.41 e, f). At 763 a second reentry was
visible (Fig. 7.41 f). The propagation of excitation was limited by the refractory
myocardial section (Fig. 7.41 g). 500 ms after the defibrillation of the tissue the
excitation waves propagated chaotically in the tissue, marking the defibrillation
failure.

The outcomes of the investigated cases are presented in Table 7.2.

Discussion The cleavage planes are an anatomical feature of the left ventric-
ular myocardium. The cardiac wedges fragmentized by cleavage planes manifest
different reaction to electrical stimulation even if the tissue is fibrillating. When
only a small part of the myocardium was depolarized by the fibrillating waves,
a big part of the cleavage planes produced secondary sources. Under these
circumstances, 100 ms difference was registered between the resting phase of
the fragmentized and of the continuous myocardium. These results underline
that the existence of the cleavage planes significantly increases the defibrillation
chances.

The results of the investigations illustrate that the number of the reentries
varies with defibrillation moment and type of the chosen model. Just a part
of the occurring reentries were strong enough to reinduce fibrillation. The rest
was extinguished in time, leading to a successful defibrillation.

The defibrillation statistics together with the ECG fibrillation pattern in-
dicate the optimal moments for the application of the therapy. The highest
success was registered when the electrical shock was applied at the peak of the
ECG up to 50 ms later. The defibrillation applied when Vdiff presented the
lowest value leaded to a substitution of the regular with a chaotic fibrillation.

7.5 Inferences

In this chapter the characteristics of electrical therapy were summed. Starting
with an investigation on the features of the stimuli, the superiority of biphasic
over monophasic signals for frequencies varrying from 100 Hz to 4 kHz was
shown. The higher efficiency of the biphasic impulses is not due to electrophys-
iology, but is connected with the temporal inversion of polarity. Based on this
result a new defibrillation method was proposed. The utilization of a spatial
alternation of the polarities can be more efficient than the standard biphasic
therapy. When using an electrodes array the amplitude of the monophasic im-
pulse can be lower and the stimulus duration shorter than it is necessary for a
successful biphasic therapy. The comparisons made with monophasic impulses
reflect some of the causes why standard biphasic stimulation can lead to the
failure of complete depolarisation, like the effects of the induced hyperpolariza-
tion.

The study of the electrodes position yielded results, which are in concor-
dance with experiments and reflected that beneath the electrode both hyperpo-
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larized and depolarized regions exist. The ratio between these strongly depends
on the size of the electrodes. The transmembrane voltage distribution in the
layer beneath the electrodes is more homogeneous for circular paddles.

The modeling of defibrillation showed that a certain stimulus applied 50 ms
or 100 ms later post-optimum moment may lead to a failure of the therapy.
According to the importance of defibrillation moment it is concluded that the
statistics formed from data of a limited number of animal experiments may be
inaccurate.

The simulations were done in three-dimensional human ventricular my-
ocardium, including a realistic fiber orientation and cleavage planes. All these
features, put together form a very complex representation of the cardiac muscle.
The clefts constitute one of the most important features of the left ventricular
model. In the past they have been poorly studied from the electrical point of
view [21]. Therefore it was necessary to understand the basic role of the cardiac
microstructure in the response to electrical stimulation. If a fibrillation would
be ongoing in the virtual myocardium an electrically chaotic behavior would
be present. In such circumstances it would be very difficult to identify the
exact influence of the cleavage planes. This information is needed in order to
take a good decision if the clefts should or not be included in the defibrillation
simulation of the fibrillating cardiac human heart.

The chances of the defibrillation success depend on many factors. This is
why this chapter not only focused on the total excitation time of the modeled
tissue, but also included identification of the depolarisation sources and excita-
tion thresholds. These combined informations give a measure of how fast the
myocardium can be brought in an electrically equivalent state.





8 Factors Modifying the

Vulnerability to Electrical Shocks

One fundamental purpose of the cardiac research is the development of thera-
peutical methods. Defibrillation is one of the most studied cardiac therapies.
The investigation of electrical shocks therapy must be extended to the factors
modifying the vulnerability of the heart to the stimulation. Various circum-
stances can induce dysfunctionalities of the cardiac response. In the first sec-
tion a new formalism describing in detail the electroporation is introduced. The
second section summarizes different degrees of heart failure.

8.1 Electroporating Membrane

The enlargement of knowledge about electrical stimulation phenomena is es-
sential for the development of cardiac interventional therapy. Electroporation
defines the formation of pores in the cellular membrane under exposure to high
electrical currents. The process constitutes a biotechnological tool, that can be
applied for modifying the inner part of a cell. More explicitely, electroporation
is used in the insertion of proteins, plasmids or foreign DNA into living cells,
fusion of cells, improving drug delivery and hence effectiveness in chemother-
apy of cancerous cells, activation of membrane transporters and enzymes, and
alteration of genetic expression in living cells.

The phenomenon additionally occurs as a side-effect in e.g. electric injury,
electrocution, and cardiac procedures involving electric shocks. Due to its man-
ifestation characteristics, electroporation was studied by scientists working in
various research fields.

Experimental research has been done on different types of living cells ([103],
[104]) and also for artificial vesicles [105]. Electroporation has been observed
also in myocytes with the aid of voltage-sensitive dyes ([106], [85]). Initiation of
electroporation in such experiments is generally achieved by applying electrical
stimuli higher than 100 mV for 1 to 10 ms.

An accurate model for defibrillation should include electroporation. In 1999,
Wanda and Krassowska published a formalism for electroporation [107]. The
theory was further developed by the research group of N. Trayanova, which
added a hypothetical outward current to the electroporation current [108], as
proposed by Cheng et al. [109]. The theoretical model does not consider long-
term damage effects and it does not present the transition between phases.

Based on the experimental data published by Cheng et al. [109] and Al-
Khadra et al. [85] it is presented a formulation, illustrating the physics of all
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phases of electroporation.

8.1.1 Physical Properties of Electroporation

The physical properties of electroporation are connected to the characteristics
of the cell membrane, which is the medium where the phenomenon may occur.

The cell membrane of a cardiomyocte (sarcolemma) consists of a semi-
permeable phospholipid bilayer. The lipids of the membrane halves are ori-
ented in such a way that the hydrophobic tails are connected to each other.
The hydrophilic heads are grouped to the outer side and are in contact with the
aqueous solution of the intracellular and the extracellular space. The thickness
of the sarcolemma ranges between 4 and 5 nm [110].

The cell membrane forms intrusions at certain distances spreading at the
z-discs along the junctional part of the sarcoplasmic reticulum into the cell
(Fig. 4.1). The activation of the cell can be conducted near to the sarcoplasmic
reticulum through the so-called transversal tubuli (T tubules). The T tubule
surface is between 10 % and 50 % of the whole sarcolemmal area [111].

Various pore forming proteins are included in the sarcolemma. These pro-
teins are mainly specific to distinct ion types e.g. sodium, potassium and cal-
cium. Also exchanger and pump proteins are located in the membrane. Specific
calcium channels are located in the membrane of the transversal tubuli to trigger
the calcium release of the sarcoplasmic reticulum into the intracellular domain
(cytoplasm). In contrast to membrane ion channels, the low resistance ohmic
coupling pore between adjacent cells, so-called gap junctions, do not show ion
selectivity.

When the cell is in a very strong electrical field additional pores are formed in
the phospholipid bilayer. Once electroporation starts, the cell membrane passes
through several phases before regaining the normal behavior. The formation of
the pores is followed by the enlargement of the radius of the pores, while the
stress is first released in the membrane and secondly in the fluid surrounding the
pores. Then the pores with the smaller radius start to close while the ones with
a bigger radius are enlarged. In this period the total opening of the electropores
is almost constant. While the number of the pores decreases, the tension in the
membrane becomes smaller.

First Phase The capacitive nature of the membrane will trigger the build up
of oppositely signed charges on either side of the membrane. This involves the
local alignment of the dipole moments existing in the normal conditions.

Immediately after the initiation of electrical stimulation the behavior of
the cells is modified. For understanding the formation of pores, the molecules
forming the cell membrane are treated as dipoles.

In the presence of an electrical field, E, an additional force F and a torque
T are exercised on the molecules. The force is expressed by:

F = (p∇)E (8.1)

The torque tends to align p parallel to E as it is reflected in the following
equation:
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T = p × E (8.2)

These two factors dictate the rotation of the phospholipids into the interior
of the membrane. If the effect of the torque is stronger than the attraction force
existing between the hydrophilic heads and the aqueous solution the dipoles
rotate, electropores characterized by a specific radius r0 are formed.

Figure 8.1: The bipolar molecule is rotating under the influence of external
electrical fields.

For obtaining the right physical description of the molecules rotation, the
moment of inertia, with an effect opposite to the torque is included. The mo-
ment of inertia reads:

I =
h̄

4πB
(8.3)

B is a rotational energy coefficient, which can be obtained spectroscopically.
The rotational constants define the coordinate system in which the inertia ma-
trix for the molecule is strictly diagonal.

The physics describing the kinematic gives the temporal evolution of the
angle θ and the angular velocity ω of the phospholipid:

ω = ω0 + αt (8.4)

θ = θ0 + ω0t +
1

2
αt2 (8.5)
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The parameter α is the rotation damping coefficient and it depends on the
moment of inertia, on the viscosity of the medium [112] and on the semi-axes
of the phospholipids.

While the dipoles are rotating, the conductivity of the cell membranes is
modified. Experiments indicated that the conductivity of the tissue varies dur-
ing electroporation. The mean value of the membrane conductance is time
dependent, and follows an exponential law([113]):

σm = A(1 − e
−

t
τi ) (8.6)

The parameter A can be determined from fitting the equation with the experi-
mental data. The value of τi=1,5 is the temporal length of the i−th electropo-
ration phase.

The maximal conductance of the membrane depends on the intensity and
the duration of the external electrical stimuli.

The time derivative of the membrane conductance is equal to:

σm′ =
A

τi
e
−

t
τi (8.7)

Second Phase In the investigation of defibrillation phenomena, the param-
eter of interest is the transmembrane voltage, Vm. We start by expressing the
pore energy in two ways. Equalizing the mathematical expressions is deter-
mined the formula describing Vm.

First the energy from the calculation of the field around a closed loop in the
region of the pore is derived [114].

The electrical field in spherical coordinates is:

Ê = Err̂ + Eθθ̂ (8.8)

Considering the symmetry of the cell Eφ=0. The components of the electrical
field can be expressed in terms of cartesian coordinates:

Er = Er0cos(90 − θ)x̂ + Er0sin(90 − θ)ŷ (8.9)

Eθ = Eθ0cos(θ)x̂ + Eθ0sin(θ)ŷ (8.10)

According to the Maxwell’s equations Er and Eθ can be written as:

Er = [
3σir(1 − 2d

r )

3rσm + 2dσi
]E0cos(θ) (8.11)

Eθ = [
−3σir(

σm
σi

+ d
r )

3rσm + 2dσi
]E0cos(θ) (8.12)

where σi denotes the electrical conductivity of the aqueous fluid. The con-
stant d expresses the thickness of the membrane. The parameters E0 and r are
the extracellular energy and the radius of the pore, respectively.
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Substituting the last two relations in equation 8.8 one obtains an equation
describing the energy in the pore.

E=̃
3σir(1 − 4d

r )
1
2

3rσm + 2dσi
E0cos(θ) (8.13)

The value of the extracellular energy, E0 and the radius of the pore, r are
functions of time. If the electrical stimulation ceases, the extracellular energy
decreases with time.

E0 = EM −
EM − Em

τ2
(t − τ1) (8.14)

With EM and Em the extracellular energy at the beginning and at the end of
the second phase, with the length τ2 are denoted. In case without interruption
E0 remains constant.

In the next step, an expression for the energy in the pores considering the
mechanical stress in the membrane is derived. During the expansion of the
pores radius, the mechanical stress in the membrane is decreasing. Γini denotes
the initial surface tension,

Γini = Ks
nπr2

∞

S
(8.15)

where Ks is the Young modulus, n is the number of pores, S the area of the
initial surface and the nominator the maximum possible area the membrane
surface can extend to. The elastic stretching modulus of the cell membrane Ks

is approximatively equal to 0.2 J/m2 [115]. The parameter r∞ expresses the
value of the radius, which the pores would eventually reach if the line tension
would decrease slowly.

The second phase has a duration of approximatively 100 ms. The exact
value can be calculated when Γini is known.

τ2 =
d · ηm

Γini
(8.16)

The viscosity of the membrane has a typical value of ηm = 5 × 10−1Pa·s [115].
The membrane is significantly more viscous than the intra- and extracellular
domains (ηi and ηe) [116]. The differences in the viscosities of the media imply
the radial dissipation of the surface tension inside the membrane around each
pore of increasing radius r(t) [117].

r(t)=̃
r∞r0√

r20 + (r2
∞

− r20)e
−

2t
τ2

(8.17)

Following is the derivative of r with respect to time which will appear in the
expression of transmembrane voltage time derivative.

r′ =
r∞r0
τ2

[r20 + (r2
∞

− r20)e
−

2t
τ2 ]−

3
2 (r2

∞
− r20)e

−
2t
τ2 (8.18)

Given the equatios (8.15) and (8.17), it is possible to express the surface
tension in a perforated finite membrane:
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Figure 8.2: The work done by the tension Γ(r) per unit time is dissipating
radially around each pore of increasing radius r(t).

Γ(r) = Γini
r2
∞

− r2

r2
∞

(8.19)

Knowing r and Γ(r), the pore energy in a finite membrane under initial
tension, in the presence of Vm [118], [119] reads:

E = 2πγr −

∫ r

0
Γ(r) · 2πr · dr − πapVm,ep

2r2 (8.20)

where γ is the energy of the pore boundary. The coefficient ap is equal to
[120]:

ap =
1

2d
(kw − km)ε0 (8.21)

The terms kw and km are the dielectric constants of water and membrane
and ε0 is the permittivity of vacuum. After calculating the integral in (8.20)
and using (8.19) the energy of the pore is given by:

E = 2πγr − Γiniπ(r2 −
r4

2r2
∞

) − πapVm,ep
2r2 (8.22)

This energy leads to an unstable local maximum at runs and an apparently
stable pore radius, req. In the case of strong initial tension and small pore line
tension (r∞ >> γ

Γini
) we have runs=̃

γ
Γini

and req=̃r∞[1 − γ
2Γinir∞

].
Based on these results from literature it is calculated in this work the value

of Vm as a function of time. Equalizing the equations (8.13) and (8.22) it
follows:

[
3σir(1 − 4d

r )
1
2

3rσm + 2dσi
][EM −

EM − Em

τ2
(t − τ1)]cos(θ) = 2πγr − Γini(r

2 −
r4

2r2
∞

) − πapV
2
m,epr

2

(8.23)
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It follows that Vm is equal to:

Vm,ep =

√√√√ 2γ

rap
−

Γini

πap
(1 −

r2

2r2
∞

) − (
3σi

rapπ
)

[
(1 − 4d

r )
1
2

3rσm + 2dσi

]
· E0(t) · cos(θ)

(8.24)
In many experiments dVm/dt is measured [85]. Considering that Vm is a

function of r and σm, which are variables of time, the derivative of Vm with
respect to time is given by:

dVm,ep

dt
= {

−2γ

r2ap
r′ +

Γini

πap
(
rr′

r2
∞

) −
3σi

r2apπ
r′

[
(1 − 4d

r
)

1
2

3rσm + 2dσi

]
· E0(t) · cos(θ)

−(
3σi

rapπ
)

[
−2dr′

r2(1 − 4d
r

)
1
2 (3rσm + 2dσi)

]
· E0(t) · cos(θ)

−(
3σi

rapπ
)

[
(1 − 4d

r
)

1
2

(3rσm + 2dσi)2

]
· (3r′σm + 3rσm′)E0(t) · cos(θ)

−(
3σi

rapπ
)

[
(1 − 4d

r
)

1
2

3rσm + 2dσi

]
· (−

EM − Em

τ2
)cos(θ)}

1

2

√√√√ 2γ
rap

− Γini

πap
(1 − r2

2r2
∞

) − ( 3σi

rapπ
)

[
(1− 4d

r
)
1
2

3rσm+2dσi

]
· E0(t) · cos(θ)

(8.25)

Rearranging the terms the expression reduces to:

dVm,ep

dt
=

1

2Vm
{
−2γ

r2ap
r′ +

Γini

πap
(
rr′

r2
∞

) −
3σi

r2apπ
r′[

(1 − 4d
r

)
1
2 E0cos(θ)

3rσm + 2dσi
]

+(
3σi

rapπ
){[

2dr′E0cos(θ)

r2(1 − 4d
r

)
1
2 (3rσm + 2dσi)

] − [
(1 − 4d

r
)

1
2 E0cos(θ)

(3rσm + 2dσi)2
]

[(3r′σm + 3rσm′) − (
EM − Em

τ2
)cos(θ)]}} (8.26)

Third Phase If ηir∞ > ηm one finds that the dynamic regime crosses over
to a third one dominated by the dissipation of the stress in the surrounding
fluid. The time scale of this phase is between 150-200 ms. It can be precisely
determined from:

τ3=̃
ηir∞
γini

. (8.27)

During this period the pore opening obeys:

r(t)=̃r∞
1 − a · e

−
2t
τ3

1 + a · e
−

2t
τ3

(8.28)

where
a = (r∞ − rc)/(r∞ + rc) (8.29)
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Figure 8.3: The work done by the tension Γ(r) per unit time dissipates in the
surrounding fluid.

and rc denotes the critical value of the radius, which leads to catastrophic
bursting of the membrane. Its value can be determined experimentally.

The derivative of the radius with respect to time is in this case:

r′(t)=̃
4r∞a · e

−
2t
τ3

τ3(1 + a · e
−

2t
τ3 )2

(8.30)

The temporal variation of the Vm is described by eq. (8.24), to which the ap-
propriate value of the radius and its time derivative will be fitted. The main
difference between the reversible and the irreversible electroporation process
occurs at the cross over to the third dynamic regime. The break of the mem-
brane could be easily misinterpreted as the occurrence of pore nucleation after
the end of the electric pulse. The phenomenon was observed by Wilhem et al.
[121].

Fourth Phase At the beginning of the fourth phase the pores are fairly equal.
The slight differences in the size is inducing small oscillations of the pores edges.
When the line tension of the small pores is not balanced by the average surface
tension in the relaxed membrane the smaller pores are contracting while the
bigger ones increase their radius. Therefore, a quasi-stable state is created
and the average electroporation opening is almost constant. With time the
smaller pores will start to close. The smaller the number of the pores, the
faster the average electroporation radius decreases. The final closure of the
pores is most probably controlled by the cytoskeleton dynamics and possibly
by other biological regulation mechanisms, which directly influence the ionic
currents flow.
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Figure 8.4: When the line tension of the small pores is not balanced by the
average surface tension in the relaxed membrane the small pores are closing
while the bigger one increase their radius.

The predominant event in the fourth phase is the exponential disappearance
of the pores. This phenomenon is described by:

r(t)=̃r3 − C41e
t·C42

τ4 (8.31)

The parameter r3 denotes the value of the radius at the end of the third phase.
The constants C41 and C42 can be determined by fitting the model to experi-
mental data. The derivative of the radius with respect to time is in this case:

r′(t)=̃ −
C41C42

τ4
· e

t·C42
τ4 (8.32)

The duration of the fourth phase can be calculated by considering the liquid
volume displaced during the closure of the pores ∆V. The sealing of the pores
ends in few seconds, therefore it can be precisely measured from the experimen-
tal point of view.

τ4=̃
η∆V

Ks
(8.33)

τ4=̃
4πηm · r24i · d

Ks
(8.34)

The term r4i represents the value of the radius at the beginning of the fourth
phase.

Fifth Phase This phase corresponds to the final state of tissue regeneration.
After the closure of the pores, the maximum value of Vm increases very slow in
time, regaining the normal value after tens of minutes.

lim
t→1s

dVm,max

dt
= 0 (8.35)
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Figure 8.5: When the line tension of the pores decreases to a certain limit, the
cytoskeleton dynamics induces the final closure of the pores.

Compared to the variation corresponding to the previous phases the maxi-
mum value of Vm, is approximately constant.

8.1.2 Application of the Electroporation Formalism to a

Specific Electrophysilogical Cell Model

TNNP electrophysiological model (Sect. 4.4.2) was used for observing the
changes induced in human myocardium, by electroporation in response to high
electrical stimuli. Using Euler-Cromer time-domain integration method one can
simulate the creation of the pores. This method was proposed for satisfying the
law of energy conservation. The process involving the pores creation lasts less
than a µs. For numerical simulations a time step of the order of ns would be
needed. For simulating the reaction of the myocardium to electrical stimuli we
need the temporal evolution of the transmembrane voltage during an interval
longer than the action potential duration (400 ms). Because of the computa-
tional constraints (time step is of the µs order) this phase was skipped in the
simulation.

For the second, third and fourth phase of electroporation the equation (4.26)
is substituted by:

∂Vm

∂t
= −

1

Cm,ep
(Imem + Ipore) +

∂Vm,ep

∂t
(8.36)

The leak current passing through the pore is proportional with the myoplasm
volume Vmyo, with the ionic valence (Z) and the ionic flux. It is inverse propor-
tional with the geometric membrane area, Ageo. The constant of proportionality
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is the Faraday’s constant F.

Ipore = −
Vmyo · F

Ageo
(ZCajCa + ZKjK + ZNajNa) (8.37)

The ion flux through the pore can be calulated by using Goldman-Hodgkin-Katz
equation [122]. For the fifth phase of electroporation the equation (4.26) is used
and Cm is kept at a constant value, 10% bigger than normally. As an effect, the
action potential duration will have the normal value, but the amplitude will be
reduced with 10%. The value of the pores radius at the end of each phase must
be equal to the value of the radius of the pores in the beginning of the following
phase.

ri = ri+1 (8.38)

This condition implies a continuous variation of the Vm trough phases. Fig.
8.6 shows how the action potential varies in time due to electroporation. The
variation of Vm indicates that electroporation does not follow time symmetry.
The modifications of the action potential due to pores formation is stronger
than the changes, appearing during the restoration of the normal membrane
functions. The obtained results resemble the experimental data published by
Al-Khadra et al. [85].
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Figure 8.6: The variation of transmembrane voltage after electroporation of
the membrane.

The influence of electroporation was than studied at the tissue level. The
size of the used virtual myocardial wedge was 1 cm × 1 cm × 2 cm. The tis-
sue was electrophysiologically heterogeneous in the direction of the longest axis.
The arrangement of the myocytes corresponded to the realistic fiber orientation.
The electrical current was injected in the myocardium through two punctual
electrodes. The sources were centred inside the tissue, 0.2 cm from the ends of
the longest axis. A monophasic electrical stimulus with the amplitude of 130 A
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was applied for 5 ms. Two sets of data were generated: one included electropo-
ration, the other yielded the control data. The distribution of Vm, 1 ms after
the end of the stimulation is illustrated in Fig. 8.7 and 8.8. The myocardium
neighboring both electrodes is excited, due to the appearance of virtual elec-
trodes. The spread of depolarisation is strongly influenced by fiber orientation.
The comparison of the two sets of pictures indicates that electroporation re-
duces the transmembrane voltage variation interval. As a consequence, the
distribution of Vm is more homogeneously around the electrodes location. The
introduction of electroporation also slightly modifies the depolarisation front.
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Figure 8.7: The distribution of isopotential surfaces after an electrical stimu-
lation of 5 ms, applied through needle electrodes. The anode was localized in
the subendocardial volume (a), while the cathode was placed in subepicardial
region (b). The pictures illustrate the data obtained with a model, which does
not contain electroporation.

Discussion The novelty of the formalism is that it describes both the elec-
trophysiological and mechanical properties of membrane during each electro-
poration phase. Presently still exist discrepancies between experimental and
theoretical results, which can be redissolved by using more accurate mathemat-
ical models.

The change in the distribution of the transmembrane voltage induced by
the inclusion of the new electroporation formalism are similar to the results
obtained by Ashihara and Trayanova, 2004 [108].

Even though momentary the scientists involved in the research of defibrilla-
tion phenomena are interested in the cardiac activity of approximately 1 s, the
investigation interval will be extended in the future. The prolongation of the re-
searched cardiac interval will enhance the need of more accurate mathematical
model.

The formalism presented in this section constitutes just a start of an accu-
rate description of electroporation. The model must be developed in future to
include the distribution of the pores in the membrane according to the distance
between the cell and the electrode. Another investigation necessary for the de-
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Figure 8.8: The distribution of isopotential surfaces after an electrical stimula-
tion of 5 ms, applied through needle electrodes. The anode was localized in the
subendocardial volume (a), while the cathode was placed in subepicardial region
(b). The subfigures show the results delivered by the model which includes the
mathematical formalism of electroporation.

velopment of the model is the determination of the constants included in the
equations, for fitting properly the reaction of human myocytes.

8.2 Heart Failure

The study of electrophysiological heterogeneity is often associated with the
study of factors, which are inducing a distortion in the AP. An example of the
case is the human tissue with terminal heart failure, which presents a prolonged
action potential duration [123]. The major currents responsible for repolarisa-
tion (Ito, IKs, the rapid delayed rectifier potassium current, IKr and the in-
ward rectifier potassium current, IK1) together with the electrical conductivity
were reduced in this pathology [124]. During heart failure also the intracel-
lular sodium concentration is elevated due to the alteration of the Na+-Ca2+

exchange function (NCX) [125]. Although expression of numerous ion chan-
nels is altered in heart failure, the mechanisms leading to electrophysiological
dysfunction and to arrhythmias are not completely known.

The aim of this work was to identify the influence of the modification of the
transmural electrophysiological variation on the fundamental reaction of the my-
ocardium to electrical stimulation. Simulations were performed on four types of
myocardial preparations representing electrophysiological heterogeneous human
ventricular wedge adapted to various degrees of heart failing conditions.

Common characteristics of the myocardial preparations The cellular
electrophysiology of the cardiac preparations used in the study, was described
with the ten Tusscher-Noble-Noble-Panfilov model of a human ventricular my-
ocyte (Sect. 4.4.2). The orientation of the myocardial fibers was adapted to
measurements of human ventricular cells (Sect. 6.3). The geometry of the vir-
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tual cardiac wedges is shown in Fig. 6.2 a. The size of the tissues was 10 mm
x 10 mm x 20 mm. The grid was composed of cubic voxels with a side length
of 0.2 mm.

Differences between the myocardial preparations The research was car-
ried out using four different myocardial preparations: a control heart failing
model (HFM), a model with increased NCX (HFMNCX) and two models with
reduced intra- and extracellular electrical conductivities (HFMσ1, HFMσ2). The
sum of their characteristics is presented in Table 8.1.

The electrophysiological modifications imply the change of the APD pro-
file. Fig. 8.9 depicts the transmural distribution of the action potential at 90%
of repolarisation (APD90), generated by the myocytes composing coupled-cells
environments. The values of APD90 are measured after a 1 Hz electrical stimu-
lation. In the electrophysiological heterogeneous myocardium, the longest APD
corresponds to the M cells and the shortest is registered in the subepicardial
region. The APD of HFM presents an elevation of the mean value and a re-
duction of the gradient compared to HM. To HFMNCX corresponds an even
stronger prolongation of the APD. The variation of the electrical conductivity
induces a negligible variation of APD.

Name of the model Notation Distinctive Characteristics

Heart failing HFM Normal electrical conductivity (Table 6.1)
control model Heterogeneous distribution of

electrophysiological properties
Ito, IKs and IK1 reduced by 25%

Heart failing model HFMNCX Normal electrical conductivity (Table 6.1)
with 25% increased Heterogeneous distribution of

NCX electrophysiological properties
Ito, IKs and IK1 reduced by 25%
Na+ − Ca2+ exchange function
increased by 25%

Heart failing model HFMσ1 Electrical conductivity reduced by 25%
with 25% decreased Heterogeneous distribution of

electrical conductivity electrophysiological properties
Ito, IKs and IK1 reduced by 25%
Na+ − Ca2+ exchange function
increased by 25%

Heart failing model HFMσ2 Electrical conductivity reduced by 50%
with 50% decreased Heterogeneous distribution of

electrical conductivity electrophysiological properties
Ito, IKs and IK1 reduced by 25%
Na+ − Ca2+ exchange function
increased by 25%

Table 8.1: The description of the myocardial preparations constructed for the
investigation of heart failure.
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Figure 8.9: Comparison between simulated APDs of healthy and failing heart
with normal electrical conductivities.

For further enhancement of the reactions induced by electrophysiological
differences, the models were simplified for avoiding the occurrence of unneces-
sary secondary electrical sources. The tissue was not surrounded by bath [84]
and it was not fragmentized by cleavage planes [21]. The electrical stimuli were
chosen to model normal action potential profiles in the excited cells. Therefore,
the model did not include the electroporation formalism neither cell uncoupling
[85].

The parameters of the electrical stimulation The results of the simu-
lations done by Clayton et al., suggest that the fibrillation patterns formed in
an electrophysiological homogeneous tissue differ from the ones developed in
an electrophysiological heterogeneous myocardium [86]. It also has been shown
experimentally that heart failure can lead to nonexcitable gap reentry [126] and
to development of early afterdepolarisations. The latter can trigger arrhyth-
mia [88]. The failing heart conditions induce fibrillation patterns, different to
the electrophysiological normal heart. Since fibrillation characteristics would
not be similar in the myocardial preparations it was decided to set the tissue
completely in the resting phase at the initiation of the electrical stimulation.

The results gathered during a cardiac cycle formed the data set used to
compare the electrical responses of the myocardial preparations. The research
was extended to several types of electrical stimulation configurations (Table
6.2).

Myocardial reaction after monophasic electrical stimulation applied

through external paddles Due to the characteristics of the electrical stim-
ulations and the features of the myocardial preparations, y is a symmetry axis
for the Vm spatial distribution. Therefore, the results will be presented in the
form of sections through the middle of the tissues, at constant y (Fig. 8.10, 8.11,
8.13).

The variation of Vm produced by the virtual electrodes, in the subepicardial
zone, was not strong enough to induce a depolarisation front. Therefore, the
excitation was initiated exclusively by the primary electrical sources. In the
depolarisation phase and while the myocytes were in the plateau phase, Vm

presented a similar distribution in HFM and HFMNCX (Fig. 8.10 a, b, e, f).
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Figure 8.10: Distribution of Vm in the heart failing models with normal elec-
trical conductivities after 10 ms long monophasic stimulation at: a), e) 50 ms,
b), f) 150 ms, c), g) 250 ms, d), h) 350 ms.

The distinctions between the behaviours of the tissues with equal electrical
conductivities were formed during the repolarisation phase. At 250 ms and also
at 330 ms Vm interval (the range in which Vm varies at a certain moment) of
HFM was shorter than in HFMNCX and the mean value of Vm was nearest to
the resting phase. HFMNCX was completely repolarized at 369 ms, 9 ms later
than HFM.

The reaction of HFMσ1 and HFMσ2 to monophasic stimulation reflected the
dependence of the depolarisation phase duration on the value of the electrical
conductivity (Fig. 8.11 a, e). The temporal modification of the depolarisation
phase induced the broadening of the Vm interval, from the start of the repolari-
sation phase. At 250 ms, when all myocytes were still refractory, the preparation
characterized by a reduction of the electrical conductivity by 25%, presented a
distribution of Vm in a 16 mV long interval (Fig. 8.11 b). The reduction to 50%
enlarged the Vm interval by 4 mV (Fig. 8.11 f). At 350 ms, when the top of the
preparation was already in the resting phase and the bottom was still refractory
the difference between the length of the Vm intervals was enlarged to 20 mV
(Fig. 8.11 c, g). While the tissue comprises refractory, partly excitable, and
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Figure 8.11: Distribution of Vm in the heart failing models with 25% (top) and
50% (bottom) electrical conductivities after 10 ms long monophasic stimulation
at: a), e) 50 ms, b), f) 250 ms, c), g) 350 ms, d), h) 420 ms.

excitable parts, arrhythmias can develop if an additional electrical stimulus is
applied [127]. The time, during which refractory, partly excitable, and excitable
cells coexist in the myocardium is termed vulnerable window. A prolongation
of the Vm interval indicates the enlargement of the vulnerable window.

Figure 8.12 depicts the simulated transmural ECGs corresponding to my-
ocardial preparations after monophasic stimulation. The virtual wedges, char-
acterized by equal electrical conductivities present the same ECG profile during
the QRS interval. The differences are formed in the T wave region, which cor-
responds to the repolarisation phase. The electrophysiological heterogeneous
preparations present positive T waves, which have different amplitudes and the
peaks are located in different positions on the time axis. The heart failing
conditions produce a dispersion of the T wave and a temporal delay in the ap-
pearance of the peak. The modification of the electrical conductivities induce
a change in the QRS complex associated with a temporal shift of the T wave.

As illustrated in Fig. 8.10 and Fig. 8.12 the differences in the responses of the
models characterized by equal electrical conductivities culminated during the
T wave interval. Therefore, the presentation of the following results is focused



154 Factors Modifying the Vulnerability to Electrical Shocks

-1

-0.5

0

0.5

1

1.5

0 100 200 300 400 500

V
di

ff 
(m

V
)

Time (ms)

HM
HFM

NM

HFMNCX

(a)

0

0.04

0.08

0.12

0 100 200 300 400 500

V
di

ff,
 H

F
M

 (
m

V
)

Time (ms)

σ100% σ50%

σ75%

(b)

Figure 8.12: Comparison between simulated ECGs of healthy and failing heart
with a) normal and b) reduced electrical conductivities. The electrophysiological
heart failing characteristics affect mainly the T wave, implying a reduction of
the amplitude and a displacement on the temporal axis. The modification of the
electrical conductivities induce a change in the QRS complex and a temporal
shift of the T wave.

on comparisons between the reactions of HFM and HFMNCX during the end of
the repolarisation phase.

The response of HFM and HFMNCX to biphasic electrical stimulation

applied though external paddles During the first half of the biphasic stim-
ulation the cathode was near to the endocardium. The tissue included in the
spatial interval (19, 20) mm of the Z-axis was depolarized during the first 5 ms.
During the second half the polarity was inversed and a depolarisation front was
initiated at the opposite end of the tissue. At 330 ms Vm axis of symmetry
was displaced in the direction of the endocardium both in HFM (Fig. 8.13 a)
and HFMNCX (Fig. 8.13 d). The Vm interval was (-35, -75) mV and (-30, -70)
mV for HFM and HFMNCX, respectively. The virtual wedges were completely
repolarized faster in the case of biphasic than after monophasic stimulation.

The response of HFM and HFMNCX to monophasic electrical stimula-

tion applied through internal needle electrodes When the myocardium
was stimulated with needle electrodes the differences between the responses of
the tissue models, formed during the repolarisation phase underlined the in-
fluence of electrophysiological heterogeneity. Monophasic stimulation produced
symmetric patterns of excitation dispersion due to the appearance of virtual
electrodes.

After the symmetrical propagation of depolarisation from the extremes of
the tissue towards the centre, the repolarisation patterns were asymmetrical
(Fig. 8.13 b, e). The median of the most refractory part of the tissue was
placed between the centre of the tissue and the M cells zone. At 330 ms, 50%
of HFM were completely repolarized (Fig. 8.13 b). At the same moment, even
though Vm interval was the same in HFMNCX, the percentage of completely
repolarized tissue was smaller (Fig. 8.13 e).



8.2 Heart Failure 155

(a) (b) (c)

X (mm)

Z
 (

m
m

)

0 2 4 6 8
0

2

4

6

8

10

12

14

16

18

−70

−65

−60

−55

−50

−45

−40

−35

−30

(d)

X (mm)

Z
 (

m
m

)

0 2 4 6 8
0

2

4

6

8

10

12

14

16

18

−80

−70

−60

−50

−40

−30

(e)

X (mm)

Z
 (

m
m

)

0 2 4 6 8
0

2

4

6

8

10

12

14

16

18

−75

−70

−65

−60

−55

−50

−45

−40

−35

−30

(f)

Figure 8.13: Distribution of Vm in HFM (top) and HFMNCX (bottom) at
330 ms after: a), d) biphasic external stimulation and monophasic stimulation
applied through needle electrodes placed 1 mm away from b), e) the centre, c),
f) extremes of the longest axis.

The shift of the electrodes towards the centre of the virtual wedge reduced
the time needed by HFM and HFMNCX to achieve the complete resting state
by 11 and 9 ms, respectively. The temporal reduction was induced by the
faster excitation of the M cells, presenting the longest APD. 330 ms after the
simulation initiation the refractory zone was located mainly in the M cells region
(Fig. 8.13 c, f). Compared to HFM, the most refractory region of HFMNCX was
spatially more extended and the average value of Vm was farther away from the
resting value. The modifications of Vm illustrate that the upregulation of NCX
implies an extension of the vulnerable window.
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Discussion The various heart failing conditions were gradually implemented
in the myocardial preparations. This enhanced the possibility to identify the
corresponding influence on the response to electrical stimulation. Initially, IK1,
Ito and IKs were homogeneously reduced by 25%. Then, Na+−Ca2+ exchange
function was increased and finally the electrical conductivities were decreased.
The simulations indicated that each heart failing feature is modifying the spatio-
temporal evolution of Vm in a specific way.

In contrast to canine cells [124] the reduction of Ito, IKs and IK1 in a human
electrophysiological cellular model did not modify the early repolarisation and
the plateau phase. A comparison of the gained data showed no substantial
differences between the responses of the virtual wedges with equal electrical
conductivities during the depolarisation phase. The results reflected that the
differences in electrophysiology induce distinctive changes during the T wave
interval. The responses differed in the formation of the isopotential surfaces,
the interval in which Vm varied and the moment corresponding to the full
repolarisation.

The modification of Ito and IK1 induced a prolongation of APD, which was
stronger in the subepicardial and subendocardial regions than in M cells area.
As a result the APD gradient showed a general decrease. The heterogeneous
prolongation of APD in the failing heart has been previously noticed by Akar
and Rosenbaum [128].

Experimental comparisons between failing and non-failing human cardiomy-
ocytes indicated that during heart failure the Na+−Ca2+ exchange function is
increased [125]. The up-regulation of NCX induced a further prolongation of
the APD.

The results also indicated that despite the prolongation of the APD the heart
failing preparations conserved the effects related to electrophysiological hetero-
geneity. The centre of the most refractory region presented a shift towards the
M-cells, exclusively manifested in the electrophysiological homogeneous cardiac
preparations. The influence of heart failure was most obvious after the electri-
cal stimulation through needle electrodes placed near the centre of transmural
wall. In NM the most refractory region was localized near the extremes of the
tissue, while in the other preparations it was centred in the M-cells area.

QT-interval prolongation is a well-recognized feature of human heart failure
[129]. In concordance with previous results, the ECG of HFM and HFMNCX

presented a displacement of the T wave peak together with a reduction of the
amplitude. The dispersion of the T wave could also be observed in the obtained
results. At 330 ms HFM and HFMNCX comprised a larger refractory zone than
HM. As a consequence, medical doctors can utilize the characteristics of the
T waves for identifying how much the electrophysiology was affected by heart
failing conditions.

During heart failure the myocytes tend to be more electrically uncoupled
than in the healthy myocardium because of fibrosis between cells [130]. Experi-
ments also pointed out that increased intracellular [Ca2+] and [H+] amplify the
resistance of the gap junctions [131, 132]. For researching the influence of fibro-
sis the electrical conductivity was homogeneously decreased by 25% and 50%.
The results were in agreement with previous experimental data, indicating the
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extension of the vulnerability window.
Experiments showed that during heart failure, a down regulation and re-

distribution of gap junction proteins exists in addition to the alterations in
ion channel expression [133]. Considering experimental data on gap junction
distribution, in future models the homogeneous reduction of the electrical con-
ductivity will be replaced by a heterogeneous modification.

The evaluation of Vm variance in HM, HFM and HFMNCX reflected that
the most effective monophasic stimulation is the one in which the cathode was
localized near to the midd-myocardium. The myocardium excited by a biphasic
stimulation was at rest faster than after a monophasic stimulation. In agreement
with previously obtained results [89], the biphasic stimuli proved to be more
efficient.

8.3 Inferences

In this chapter two distinct factors that modify the vulnerability of the tissue
to electrical shocks: electroporation and heart failure were presented.

The first section was mainly focused on presenting a new mathematical
formalism meant to describe more accurately the membrane reaction after ap-
plication of intense electrical stimuli. The model is more accurate than the
other existing methods used in the study of defibrillation. Nevertheless, the
electroporation modeling must be in future associated with cell uncoupling.

In the second part of the chapter different degrees of heart failure were de-
scribed. Another factor influencing the vulnerability to electrical shocks in a
similar way is the ischemia. Since both modify the T wave, a parallel investi-
gation of heart failure and ischemia must be completed in order to be able to
draw correct conclusions about the process denaturing the electrocardiogram.





9 Summary and Conclusions

Modeling the reaction of the human left ventricle to electrical stimuli is a promis-
ing approach to support the understanding of the complex mechanisms specific
to the cardiovascular system. Due to the enormous investigation of the topic,
the knowledge about the micro and macro cardiac structure is very vast. The
apparent contradiction between experimental results of research sustained at
various cardiac levels (cell, tissue, organ), indicates the existence of uncovered
gaps. This thesis demonstrates that theoretical investigation based on multi-
disciplinary tools, like biophysics, medicine and engineering can be combined
to resolve the phenomenological dilemma.

The variation of the characteristics of the human left ventricular model in-
dicated the importance of including realistic anatomical structures, fiber orien-
tation combined with realistic heterogeneous electrophysiology and anisotropic
electrical properties in order to reproduce the normal excitation pattern ob-
served experimentally. The outcomes of the simulations with electrophysiolog-
ical transmural heterogeneous distribution underlined a correct reconstruction
of the electrocardiograms and repolarization patterns inversely distributed as in
the homogeneous tissue. The experimentally recorded positive T-wave can only
be correctly reconstructed when including the transmural electrophysiological
heterogeneities. The inclusion of the cleavage planes, which are an anatomic
feature of the left ventricle, modify the overall reaction of the model, due to
the occurrence of secondary electrical sources. The variation of the tissue-
surrounding bath volumes ratio imply a modification of the magnitude of the
virtual electrodes polarization, explaining the cause of different magnitudes ex-
perimentally reported. The simulated ventricular fibrillation has the frequency
measured in vivo.

After the identification of the most appropriate features for cardiac modeling
the characteristics of the electrical therapy were researched. The investigation of
both cellular and tissue electrical behaviors reflected that the electrophysiology
is not the only determinant in the success of defibrillation. The results proved
that the hypotheses exclusively based on the capacitive nature of the membrane
are rough approximations, possibly leading to false conclusions. The simula-
tions with three-dimensional tissues indicated that the most efficient stimulation
configuration is the one producing the highest amount of depolarization fronts.
Accordingly, from the present days standard therapies the biphasic stimuli are
the most efficient. The same amount of depolarization fronts could be induced
with electrode arrays. The method presents the advantage that the stimulation
interval can be reduced by half and the intensity of the pulses can be lowered,
since the excitation thresholds corresponding to monophasic stimuli are lower
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than for biphasic ones. The defibrillation of the human myocardial preparation
also indicated the importance of applying the shock in the right moment. The
identification of the optimum interval being possible by studying the electro-
cardiogram.

The thesis also includes a new formalism describing electroporation more
accurately than the models presently used in defibrillation simulation. The
method incorporates the physics of each electroporation phase. The evolution
of the simulated transmembrane voltage is very similar to the produced experi-
mental data. The implementation of heart failure modified the electrocardioram
and the action potential profile as the experiments indicated.

The models utilized during the research present different limitations. The
implemented anatomical features are mainly based on the Visible Female data
set. The heart of this person was not completely healthy and the geometry and
shape have changed until the data acquisition. The rule-based system to set the
ventricular fiber orientation needs to be enhanced by a technique to measure its
orientation e.g. with diffusion tensor MRI. The modeling of the left ventricle can
also be enhanced by describing in addition to the transmural also the apico-
basal heterogeneity. Furthermore, the orientation of the cleavage planes and
their intramural distribution was neglected. The constants incorporated in the
electroporation formalism must be adapted to fit human data.

The methods described in this thesis offer the opportunity to state in future
work the interaction of anatomy, electrophysiology and excitation propagation
more precisely. The model provides insights into the phenomena correlated to
the cardiac response to electrical stimuli in such a detailed way that currently
cannot be achieved experimentally. All parameters during normal and abnormal
excitation can be traced and analyzed.

To validate the presented models, experimentally recorded ECGs on heart
and body surfaces have to be compared to simulated ECGs in physiological,
pathological, and pacing cases. Furthermore, a detailed model can consider in-
dividual human anatomy to get more information about the influence of varying
anatomical architecture on excitation conduction and its role in the initiation
of arrhythmia.

If the computing power and the availability of human measured data will
continue to increase as fast as in the past decades, it is expected that electrical
models of the full torso will soon become standard tools in clinical work. These
models will reconstruct physiological cases as an idealized representation of
humans and pathological cases of individual patients for personalized therapy
planning.
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