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Abstract
Atrial Fibrillation (AF) is the most frequently clinically diagnosed cardiac arrhythmia. AF is not directly lethal, but it increases the risk of stroke and congestive heart
failure. It is characterized by rapid and disorganized electrical activity at the atria.
It is believed that the disturbances are caused by reentry, which is exacerbated by
heterogeneities in the cardiac tissue. Vagal influence is suggested as amechanism
promoting AF. Acetylcholine (ACh) released from nerve endings during vagal activity shortens the action potential duration (APD) of the atrial cells in dose-dependent
manner, and therefore, can induce APD heterogeneity in the tissue.
To verify the effects of vagal nerve influence on AF, amorphologically realistic
canine atrial model constructed from the interconnected cable model was used to
simulate the electrical activity. Areas with higher [ACh], referred to as islands, were
introduced in the model. Island [ACh], size and location were varied under different
simulations, as well as basal [ACh]. Small differences between basal and island [ACh]
produced stable figure-of-eight patterns. Fibrillatory-like activity was observed when
there was alarge difference between basal and island [ACh] and islands size were
large.
After verifying vagal influence on AF, computational and experimental electrograms were studied and compared. Changes in the repolarization wave were observed
in the electrograms under vagal stimulation. APD and area under the repolarization
were analyzed and interpreted into APD/ACh mappings.
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Chapter 1
Introduction: Atrial Fibrillation
Atrial Fibrillation (AF) is the most common clinically diagnosed cardiac arrhythmia.
Rapid and irregular electrical activity in the atria leads to uncoordinated contraction
of the heart. An estimated 2.2 million people in the United States have AF[5]. AF
itself is not fatal, but it increases the risk of stroke[6] and congestive heart failure[7].
There were 9,451 AF related mortalities in 2004 and atotal of 71,000 AF related
moralities recorded in the United States[8]. In Canada, 1,214 AF related mortalities
were found in 2000[9]. The chance of having AF increases with age, with the median
age of patients being 75 years old. The prevalence of AF in the United States is
2.3% in people older than 40 years and 5.9% in those older than 65 years. About
70% of individuals with AF are between 65 and 85 years of age[5]. With the aging
population, the number will continuous to rise.
During AF, the atria beat rapidly at 400

-

600 times per minute. Unorganized

contraction results in poor pumping action and reduces blood flow to the ventricles.
Typical symptoms are palpitations, irregular heart beat, shortness of breath, chest
discomfort, and dizziness.

Some patients even have feelings of weakness, due to

lack of blood supply. There are many risk factors which lead to AF; for example,
high blood pressure, coronary disease, valve disease, heart failure, hyperthyroidism,
hypertension, etc. [10].
AF is diagnosed from electrocardiograms (ECG). Typically, an AF EGG consists
of irregular waveforms, which continuously change in shape, duration, amplitude and
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direction[11]. P waves are usually absent for the ECG and the ventricular response is
irregular but slower than the atria. The typical ventricle rate under AF is around 150
beats per minute[12]. The rapid electrical activity from the atria are filtered by the
atrioventricular node before reaching the ventricles. Sustained AF with uncontrolled
ventricular response can lead to congestive heart failure. Congestive heart failure is
caused by alack of blood to the body, which leads to blood congestion and swelling
in parts of the body[13].
An estimate by the American Heart Association showed 15-20% of strokes are
related to AF[8]. Due to poor pumping action during AF, blood is easily pooled
and clots inside left atrial appendage. When the clotted blood leaves the atria, it
can block one of blood vessels that lead to the brain and stroke will result. Studies
have shown that AF increases the risk of stroke 3to 5fold[6] and is the single most
important cause of ischemic stroke in people older than 75[14].
Antiarrhythmic drugs are the traditional way of treating AF. Quinidine, Sotalol,
Propafenone, Flecainide, Amiodarone, etc. are general oral antiarrhythmic drugs
that are used[15]. Antiarrhythmic drugs prevent AF by regulating the ionic currents
or the channels in the cardiac cell to control the irregular rhythm. Conversely, the
drugs available are non-specific to the atria; the electrical properties of the ventricles
are changed by the drugs as well. The ventricles are essential for the blood supply to
the body, so changes to their electrical properties are very dangerous, and can lead
to life-threading rhythm disorders, aso-called proarrhythmia[16].
Another treatment for AF is radiofrequency catheter ablation. It is anon-surgical
procedure performed by inserting thin flexible tubes (catheters) through the veins
to ablate the inside surface of the atria.

Open-heart surgery is needed for abla-

3
tion on the outside surface of the atria. Radiofrequency energy (heat) is released
at tip of the catheter to damage problematic tissue. Scar tissues forms after the
ablation and electrical propagation is permanently blocked in those areas. Ablation
is generally used to destroy areas with ectopic activity or areentry pathway. Pulmonary veins ablation is very effective, because the pulmonary veins are common
locations of ectopic activity. In addition, there is a surgical technique called the
Maze procedure[17, 18]. The maze procedure eliminates the formation of multiple
wavelets reentry by dividing the atria into electrically isolated areas.
An implantable device is the most efficient method for treating ventricular fibrillation, but only recently, is such method being considered for AF. There are two
types of implantable device for treating AF: apacemaker is abattery-powered device that sends out electrical impulses in the heart for controlling the heart rate.
In some cases, the atrioventricular node is ablated to prevent the rapid activity of
the atria affecting the ventricles, and therefore, apermanent pacemaker is inserted
to control the rhythm of the ventricles. The other implantable device is called the
atrial defibrillator. The defibrillator restores the normal rhythm by delivering lowenergy electric stocks to the atria[1O, 19]. Problems with the defibrillator are that
defibrillation stocks are painful and sometimes failed shocks occur.
The conditions for initiation and maintenance of AF are still not well understood.
Methods such as animal models[20, 21, 22, 23, 24], single cells recordings[25, 26]
and computer models[27, 28], have been used to help study the origin of AF. Animal models provides insight into the geometrical structure and heterogeneity of the
atrial tissue and how they relate to AF. Single cell recordings enable us to build
mathematical models to better describe and understand the electrophysiology of
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atrial cell.

Powerful computation tools allow us to study AF in economical and

non-invasive ways. Computer simulations offer researchers precise control over the
experiment and better visualization on the electrical activity in the atria.

1.1

Overview of the Thesis

This context of this thesis mainly concern with the effects of vagal stimulation on
atrial arrhythmias. Chapter 2gives abrief introduction to the anatomy and electrical system of the heart and the atria. It also explains some theories related to reentry
and AF. Chapter 3describes the computational and mathematical methods used in
our experiments: the Ramirez-Nattle-Courtemanche atrial action potential model,
the interconnected cable model and the morphologically realistic canine atria. Chapter 4describes our computational experiment on the effects of vagally induced action
potential duration heterogeneities on atrial arrhythmias. Chapter 5describes acomputational and experimental studies on the effects of vagal stimulation on unipolar
atrial electrogram.

Chapter 2
Backgrounds

2.1

Organization of the Heart

Our heart is responsible for pumping blood to supply nutrients and oxygen to our
body.

It consists of four chambers: two receiving chambers, the atria, and two

pumping chambers, the ventricles (see Figure 2.1). Blood enters the right atrium
(RA) from superior vena cava (SVC) and inferior vena cava (IVC). The RA pushes
the blood into the right ventricle (RV), and then the RV pumps it to the lungs
through the pulmonary artery. After the blood is oxygenated, it returns to the left
atrium (LA) through the pulmonary veins (PVs). The LA pushes the blood into the
left ventricles (LV), and then the IV pumps it out through the aorta and distributes
to the body. Muscles in the ventricles are much thicker than in the atria, because
they experience amuch stronger load.
The contraction of the heart is controlled by the electrical activity, the so-called
action potential (AP). The AP is an electric impulse measured by the transmembrane
voltage (Vm ). It is created by the exchange of ions across the cell membrane. Cardiac
cells contract after an AP and produce apumping action. The atria and ventricles
are electrically isolated chambers. Propagation of the AP throughout the heart relies
on the several conduction paths (see Figure 2.2). In anormal heart beat, an AP
initiates at the sinoatrial (SA) node in the BA of the heart. The AP reaches the
LA through the three interatrial connections, the Bachmann's bundle (BB), the rim
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Normal Heart

to Lungs
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Pulmonary Veins
from Lungs

Pulmonary
Veins from
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Superior
Vena Cava

Mitral Valve

Aortic Valve
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Tricuspid
Valve
Ventricular
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Interior
Vena Cava

Pulmonary Valve

• Oxygen-rich Blood
• Oxygen-poor Brood

AO
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LA
RA
LV
RV

Aorta
Pulmonary Artery
Left Atrium
Right Atrium
• Left Ventricle
Right Ventricle

Figure 2.1: Anatomy of the Heart. (Ref. [1])

of fossa ovalis (FO) [29] and the muscular sheath of the coronary sinus (CS) [23].
After depolarization of the atria, propagation continues to the ventricles through
the atrioventricular (AV) node; it is the only conducting path between the atria
and the ventricles. The AP is delayed by O.ls in the AV node, because of its slow
conduction system. This delay allows the atria to fully contract and fill the ventricles.
The conductive path divides into the left and right side at the bundle of His and
continues towards the apex of the heart without spreading. After reaching the apex,
APs spread upward quickly through the Purkinje fibers into the ventricles. The rapid
upward contraction creates apowerful force, driving the blood into the pulmonary
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Electrical System of the Heart

Bachmann's Bundle
Sinoatrial (SA)
Node

Left Bundle Branch

Conduction
Pathways

Atrioventricular (AV) Node

Right Bundle Branch

Figure 2.2: Conduction System of the Heart. (Ref. [1])

artery and aorta.
Cardiac arrhythmias arise when the electrical activity of the heart is distorted
from its usual path. Ventricular arrhythmias can result in fatal incidents, because
blood flow is affected. Atrial arrhythmias are not fatal, but they can lead to other
problems which might increase mortality.

2.2

Action Potential of Atrial Cell

An AP is produced by the movement of ions across the membrane of the cell. Major
ions contributing to the AP in atria cells are sodium

(Na+), potassium (K+)

calcium
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(Caj and chlorine (Cl- ). The Vm of the cell depends on the permeability of the
membrane to the ions and their concentration in the intra- and extracellular medium.
Those conditions are controlled by the number of activated channels, pumps and
exchangers at the membrane, which are voltage, time, chemical gradient and/or pH
dependent.
Under resting conditions, the Vm is negative (-80 to -85mV) meaning the intracellular medium is negatively charged relative to the extracellular medium. Table
2.1 shows the ion concentrations in the intra- and extracellular media of an atrial
cell under resting conditions[30]. An AP is elicited when the cell depolarizes to a
threshold in Vm (approximate .-40mV). If Vm does not reach the threshold, no AP will
be elicited. Once the threshold is reached, an AP will fire and cannot be stopped,
an all-or-nothing phenomenon.

Table 2.1: Ions concentration under resting condition
[Ca]
[Clj
[K]
[Na]
200nM
135mM 20mM
10mM
Intracellular
2mM
Extracellular 140mM 4.5mM 120mM

The Vm reaches threshold by astimulus. Figure 2.3 shows strength-duration curve
that illustrates the relationship between the stimulus strength (Is)and duration (r)
needed to elicit an AP. The least amount of current requires for Vm to reach the
threshold is called the rheobasic current. With this current, the time requires to
elicit an AP is infinite as shown on Figure 2.3. The duration needed to reach the
threshold with twice the rheobasic current is called chronaxy. Rheobase and chronaxy
are realistic measures found experimentally to help characterize the AP.
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Figure 2.3: Strength-Duration Curve. (Ref. [2])

The AP can be divided into 4phases: rapid depolarization, early repolarization,
plateau, and late repolarization. Figure 2.4 shows an AP of an atrial cell. When
the cell depolarizes, the voltage-gated Nat channels start to open. Influx of Na+
opens up more Na-dependent Nat channels and produces arapid regenerated Na+
inward current

('Na).

This is known as the rapid depolarization (phase 0). The

threshold for an AP is the point where enough Nat channels are opened to trigger
IN,,.

Since the regenerated current is afeed-forward system, the process cannot be

stopped once it has triggered. Near the peak of the AP, the time-dependent Na
channels start to become inactive. At the same time,
outward currents,

It,,

and

't,2•

'tol

'Na

is opposed by two transient

is produced by an efflux of

the opening of voltage-dependent rapidly activating K
by an influx of Cl - ions caused by the opening of Ca

K+

channels.

ions cause by

'to2

is produced

dependent Cl- channels.

The inward and outward currents neutralize at the peak. Then, the outward current
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continuous to repolarize the cell and known as the early repolarization (phase 1).
The slope of the repolarization decreases at the plateau (phase 2), caused by an
inward Ca

current,

'Ca'

Another task of Ca

cell. After the plateau, the delayed resting

K+

the cell in the late repolarization (phase 3).
(IK,Ach)

is to activate the contraction of the
current,

'K,

continues to repolarize

Acetylcholine-dependent K

current

also contributes to stabilize Vm to resting potential. Acetylcholine (ACh) is a

neurotransmitter released from vagus nerves to shorten the action potential duration
of cardiac cell[30]. In the SA node, autorhythmicity is produced by a current,
which causes aslow depolarization.

'K,ACh

opposes that current to produce alower

firing rate.

'K(ACh)

Figure 2.4: Action Potential of Atrial Cell: Phase 0, Rapid depolarization inward
Na+ current(INa); Phase 1, Early repolarization
transient outward current(It0 );
Phase 2, Plateau inward Ca
current(Ic a); Phase 3, Late repolarization delayed
K+ current(IK )and acetylcholine-dependent K+ current (IK,Ach).
-

-

-

-

The refractoriness of atrial cell is another important characteristic of the AP.
Refractoriness describes the reexcitability of the cell after an AP. After rapid depo-
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larization, the voltage-gated Nat channels go into an inactive stage leaving the cell
unexcitable for aperiod of time called the absolute refractory period. Following the
absolute refractory period, the Nat channels start to reactivate gradually. During
this time, the cell is excitable but astronger stimulus is required and shorter AP
results; this is called the relative refractory period. The total length of time for the
membrane voltage to return to rest is action potential duration (APD). The dependences of the APD on the times between APs will show by the APD restitution curve
in alater section.

2.3

Propagation of the Action Potential

Propagation of the AP is driven by the charge differences between coupled depolarizing and resting cells. The charge gradient between the cells favours the excess
positive charges to flow into the resting cell. When Vm reaches the threshold in the
resting cell, an AP is fired and the process continuous. Cells behind the propagation wave are in refractory period, therefore the excess charges will not have any
effect(see Figure 2.5). Propagation will terminate when there is no excitable cell
near the wavefront (front of the propagation wave).
The fibre-like structure of cardiac tissue creates the anisotropy in AP propagation. Propagation along the longitudinal direction (parallel to the fibre) is more
efficient than the transverse direction (tangent to the fibre). A gap junction is protein
channel located on the cell membrane that allows ions to flow between neighbouring
cells intercellularly. Cells are connected by more gap junctions in the longitudinal
direction than in the transverse direction, causing the anisotropy.
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Figure 2.5: Action Potential Propagation: Excess current (green arrows) from depolarizing cell spread to neighbour cell due to charges gradient. Cell in front of
the wavefront fires an AP when enough current activates the IN,,. Cells behind the
wavefront do not fire, because the Na+ channels are inactivated.

The curvature of the AP wavefront also contributes to the propagation velocity.
When the wavefront curves outward (convex), the propagation velocity decreases,
due to connections to alarger number of cells. The current to each cell is reduced
and it takes a longer time to reach threshold.

When a wavefront curves inward

(concave), the propagation velocity increases, due to connections to fewer cells. The
current to each cell increases and ashorter time is needed to reach the threshold[31].

2.4

Anatomy of the Atria

Propagation of AP largely depends on the fibre and structure of the tissue. To investigate the causes which lead to atrial arrhythmias, accurate geometry of the gross
structures and the myocardial fibres of the atria are very important. The anatomy
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and function of the atria are closely related to how electrical activity propagates in
the atria. The major electric components in the atria are the LA, the RA and the
interatrial connections. The RA is dominated by the pectinate muscles (PMs). The
LA is mainly made up of smooth muscle and the atrial septum is the wall dividing
the LA and RA. Due to the atrial septum obliquity, the RA usually lies anterior to
the LA.
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Figure 2.6: Anatomy of the Atria. (Ref. [3])

The RA can be divided into 4 sections: the appendage, the venous part, the
vestibule, and the septum[3]. The large triangular-shaped RA appendage (RAA)
forms the major portion of the RA. The venous part is the smooth muscle region
near the caval veins. The vestibule is the smooth muscle rim circulating around the
tricuspid valve, the value between the RA and RV. The atrial septum is shared by
the LA and RA (see Figure 2.6).
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The crista terminalis (CT) is the characteristic of the RA located subendocardially, separating the smooth wall of the venous part and the rough wall of the
appendage. The CT is a C-shape muscular bundle starting anteriorly around the
SVC, circulating around the RA and ending near the IVC. PMs arise perpendicularly
from the CT and spread throughout the appendage. PMs branch off and overlap
within the atrium and they extend into the vestibule. Studies suggest that the PMs
are for pulling the ventricle in atrial contraction[32, 33]. It has been reported there
are 15 to 18 PMs with 1to 2mm in diameter in the RA[32]. The SA node is located
in the between the CT and the SVC (see Figure 2.6).
The smooth wall of the LA is composed of one to three or more overlapping
layers of differently orientated fibres[34, 35, 36]. The LA can also be divided into 4
sections: the appendage, the venous part, the vestibule and the septum, but it has
aprominent body[3]. Unlike the RAA, which forms the major part of BA, the LA
appendage (LAA) is asmall finger-like extension from the LA. The junction with
LA is narrow and well-defined. The PMs are less regularly arranged and confined in
the LAA. The pulmonary venous part has four orifices for the PVs and the muscle
from the venous part extends various distance along the veins. The vestibular part is
the smooth muscle surrounding the mitral valve between the LA and LV (see Figure
2.6).
The orientation of the myocardial fibres in the LA is separated into afew layers.
The epicardial layer is the interatrial bundle, or the BB. The interatrial bundle runs
parallel with the circularly arranged fibres in the LA. The circular fibres arising from
the atrial septum blend with the leftward extension of the interatrial bundle and bifurcate before encircling the appendage (see Figure 2.7C,E). They rejoin in the lateral
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wall to form aboard band in the inferior wall of the LA (see Figure 2.7A,B). The next
layer is called the septopulmonary bundle[34]; it is mainly arranged longitudinally
with branches fanning out to pass around the PVs and continue as the muscular
sleeves surrounding the PVs. On the posterior wall, it separates into 2branches and
fuses with circular bundle (see Figure 2.7B). The deeper subendocardium layer is
called the septoatrial bundle [34]. The septoatrial bundle divides into three branches
and spread around the dome of the LA (see Figure 2.7D). The first branch combines
with the longitudinal fibres of the septopulmonary bundle and run toward the orifices
of the right pulmonary veins. The second branch combines with the leftward septopulmonary bundle and runs toward to the orifices of the left pulmonary veins. The
last branch surrounds the month of the LAA and then combines with the circular
fibres in the inferior wall (see Figure 2.7D,G).
There are few interatrial connections. Within the atrial septum, there is an interatrial connection formed by the FO, aleftover structure from the foramen ovale
of the fetus. Occasionally, fusion is incomplete and the myofibres circling the FO
provides an electric connection between the LA and RA. Another connection is the
sheath of the CS, acontinuation of the great cardiac vein from the BA. The muscular bridges from the LA wall often overlie and run into the wall of the CS forming
aconnection between the LA and RA. Fine bridges between the vein of Marshall,
extension from CS, and the LA have also been demonstrated[37]. The major interatrial connection is the BB, discussed previously. It is abundle of fibres arranged in
parallel between the LA and RA and it also extends to encircle the LAA and BAA
(see Figure 2.7A,C,E).
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Figure 2.7: Orientations of myocardial fibres in the heart. The broken lines highlight
the major orientations. (Ref. [3])
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2.5

Reentry

Reentry has been related to many types of arrhythmia. Reentry describes an AP
wave that fails to die out and reexcites the same region of tissue one or more times.
Reentry can be classified into several types: circus movement reentry, reflection
and phase 2reentry, etc[38]. Our study is mainly concerned with circus movement
reentry: reentry that circulates around an anatomical or functional obstacle. The
simplest form of circus movement reentry can be demonstrated by the ring model.

2.5.1

Ring Model

The ring model was introduced by A. G. Mayer in early 19th century using aring
of subumbrella tissue of jellyfish(sychomedusa cassiopea) and later ventricles tissue
from turtle heart [39, 40]. It is used to study the electrical activities in the excitable
media surrounding an anatomical obstacle. It is aone-dimension model, since propagation can only travel in 2 directions, clockwise or counter-clockwise.

Mayer's

discovered two fundamental conditions to initiate and sustain reentry in the ring
model: 1) unidirectional block, the initiated wavefronts must travel in one direction
only, otherwise they will collide with each other (see figure 2.8 and 2.9). 2) the circumference of the ring must be sufficient so when the activity returns to it original
location, the tissue has recovered its excitability. If the circumference is too short,
the tissue would still be refractory and the propagation would die out.
Further development in the ring model was done by C. R. Mines in 1914. He
named this type of reentry as circus movement reentry and identified it to be amechanism in cardiac arrhythmias[41]. He also recognized the reentry wave repeatedly
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Figure 2.8: Ring model without a unidirectional block. A single stimulus induces
two wavefronts propagation in both directions. Without the unidirectional block,
the two wavefronts collide and die out. Reentry is not sustained.

circulates around adistinct pathway. Interruption at any point along the pathway
will terminate the reentry. The ring model is still widely used in studying arrhythmias due to it simplicity[42].

2.5.2

Leading Circle Reentry

Circus movement reentry without involving anatomical obstacles or so-called functional reentry was first discovered by W. E. Garrey in 1914[43].

In his experi-

ment, 'circus contraction' around 'blocks of transitory character' was observed during
fibrillation [43, 44]. Unlike the ring model, functional reentry is mobile. Since lack
of information was given in his paper, it was assumed the observations were done
with the naked eye.

M. A. Allessie's group strengthened the theory by success-

fully recording the activities of the functional reentry using multiple intercellular
electrodes during an induced tachycardia[20, 21]. Tachycardia was induced in an
isolated rabbit left atria using properly timed premature extrastimuli.

A normal
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Figure 2.9: Ring model with unidirectional block. The unidirectional block terminates the wavefront propagates in counter-clockwise direction. The wavefront propagates in the clockwise direction is unaffected, and continues to propagate. Reentry
is sustained.

stimulus spreads throughout the atria in all directions, but a premature stimulus
propagates only in the direction of less refractory tissue.

They hypothesized the

leading circle reentry theory describing the properties of functional reentry in auniform myocardium tissue. In the leading circle reentry, the reentry wave circulates
around afunctional obstacle which is usually an area of refractory tissue. The refractory tissue is constantly reexcited by the leakage current from the surrounding
wavefront (see Figure 2.10). Allessie et al. showed only a subthreshold response
in the center of the leading circle reentry[22]. The leading circle reentry is mobile,

20
thus the refractory tissue can exist anywhere in the tissue. They also determined
the necessary conditions to sustain leading circle reentry in the idea of wavelength of
reentry [22]. Two parameters, pathlength and wavelength, are used to determine the
maintenance of reentry. Pathlength is the length of the reentrant circuit pathway
and wavelength is the distance travelled by the wavefront in one refractory period.
Wavelength of the tissue can be calculated by,
Wavelength

=

APD CV
.

(2.1)

where CV is the conduction velocity of the tissue. Refractory period is sometime
used instead of APD, because there is slight difference. Reentry is sustained when
the pathlength is longer than the wavelength. If the pathlength is shorter than the
wavelength, the starting point will still be refractory when the wavefront returns,
forcing the reentry to die out. The difference between the pathlength and the wavelength is called the excitation gap; reentry is sustained when there is an excitation
gap.

2.5.3

Spiral Wave Reentry

In recent years, the concept of spiral wave reentry has become more favourable in
describing functional reentry activity[45]. The name spiral wave comes from the
shape of the reentry activity; the reentry wavefront spirally radiates outward from
the center (core) of the reentry where the tip of the wave is located. The maintenance
of the spiral wave depends upon the ability of the activity to perpetuate in the tissue
with sufficient excitability to support the angle of the spirals curvature. The name
rotor is commonly used to describe spiral wave reentry in 2D and scroll wave is used
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Figure 2.10: Leading Circle Reentry: The wavefront circulate around an area of
refractory tissue (functional obstacles) that constantly reexcite by the surrounding
wavefront.

in 3D. Atrial spiral wave reentry is usually referred to as arotor, since the thin atrial
wall is considered as a2D structure.
Similar to the leading circle reentry, the wavelength of the tissue also plays an
important role in maintaining the spiral wave reentry. For spiral wave reentry, the
wavelength is proportional to the separation between the wavefront and waveback
(back of the propagating wave, refractory tail), or the excitation gap. Interaction
between the wavefront and waveback, or so called head-tail interaction, destabilizes
the reentry. Head-tail interactions happen at acritical wavelength when the wavefront follows very close to the waveback. If there is no excitation gap, the wavefront
and waveback overlap and the reentry dies out, following the wavelength of reentry
theory. If there is alarge excitation gap, the wavefront and waveback are far apart
and no interactions will happen; the spiral wave will continue to rotate indefinitely.
As described in leading circle reentry, functional reentry is mobile. Drifting was
observed in spiral wave reentry by Fast and Pertsov[46]. In their experiment, they
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sup erfused half of atissue by guanidine-containing solutions to create functional heterogeneity in refractoriness and conduction velocity, then aspiral wave was induced
by a premature stimulus. The induced spiral wave drifted at around one-fifth of
the conduction velocity along the border of heterogeneity. The drifting direction
depends upon the direction of wave rotation and electrophysiological heterogeneity.
In the case of the border of heterogeneity being horizontal, the spiral wave will drift
left if it is rotating counter-clockwise and right if it is rotating clockwise.
Anchoring of a spiral wave around a fixed core has also shown by mapping
experiment [47]. Spiral waves tend to anchor to small areas of unexcitable obstacles [48].
In the atria, openings such as the PVs, SVC and IVO are potential areas of fixation.
Along with drifting and anchoring effects, the movement of the core has also
studied by a number of research groups[49, 50, 51, 52, 53]. The core of a spiral
wave is called the rotor core in 2D and filament in 3D; It is mostly detected by its
phase singularity. The phase singularity is the crossing point between the resting,
depolarizing and refractory tissues, where subthreshold response are usually present.
By tracking the movement of the core, meandering is observed as the rotor becomes
unstable (see Figure 2.11). Twisting and bending in the filament are observed as the
scroll wave becomes unstable.

2.6

Reentry in Atrial Fibrillation

Atrial reentry is associated with atrial arrhythmias, such as atrial tachycardia, atrial
flutter (AFL) and AF. The type of arrhythmia is determined by the ECG recording.
During AFL, the atria beats very rapidly (300 beats/mm) with organized and pe-
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Figure 2.11: Trajectory of the rotor core. A) Stable rotor, the rotor core circulates
around the same path. B-D) Rotor starting to become unstable, the rotor cores
meander in the tissue. (Ref. [4])

riodic electrical activity. It has been recognized to be caused by amacro-reentrant
circuit with wavefronts circulating around anatomical structures of the atria. The
typical pathway between the BB and the right atrial free wall has shown by research groups[54, 55]. AF has avery rapid and unorganized electrical activity. Some
believed it is cause by more than one localized reentrant circuit. The mechanism
underling the highly disorganized electrical activity during fibrillation is agreed to
be wavebreak. Wavefront fragmentation causes unsynchronized contraction resulting
in weak or no pumping action of the heart.
In the following sections, how heterogeneity contributes to wavebreak activities
will be described and the hypotheses describing how the wavefronts interact, break
up and maintain during AF. Two classical hypotheses, the Moe's multiple wavelets
and the Lewis's mother rotor are presented, and another recent source identify to
produce AF, the ectopic foci, is presented.

2.6.1

Heterogeneity and Restitution

Preexisting heterogeneity and dynamic heterogeneity/instability were implicated as
the mechanisms of wavebreak[56, 57]. Preexisting electrophysiological heterogeneity
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is very usual in single cell recordings; the shape and characteristics of the AP varies
from cell to cell. A gradient in refractory period between LA and RA is recognized
by anumber of studies[58, 59]. More localized heterogeneity may also exist within
the atria.

As shown in many optical mappings [60, 61], the wavefront is always

uneven indicating heterogeneity in CV, and the recovery time is irregular. Preexisting
heterogeneity is suggested to encourage fibrillation by the multiple wavelet theory;
it is supported by both computational[62] and experimental[63] results (see Multiple
Wavelets section for details). Clinical observation suggested that diseased hearts
fibrillate more easily than normal hearts because of increased in anatomical and
electrophysiological heterogeneity from the disease process [56].
Dynamic instability is another cause of wavebreak activity.

In homogeneous

computer models, wavebreak can be determined from the electrical restitution of the
tissue, also known as the restitution hypothesis[64]. The wavelength of the tissue is
defined by the product of APD and CV; wavebreaks occur when wavelength goes to
zero, which means there is ablockage in the wave propagation. APD and CV are
dynamically controlled by the diastolic interval (DI), the time between repolarization
and the stimulation (see Figure 2.12a).
Changes in the APD restitution curve during wavebreak have been confirmed by
computation and experimental studies[64, 65]. The APD restitution curves display
the relationship between APD and DI. The curve is constructed by plotting the DI
along the x-axis and the APD along the y-axis (see Figure 2.12b). Typical APD
restitution curve starts with asteep constant slope, reflecting the relative refractoriness of the cell. The slope starts to decline as DI approaches the end of the refractory
period. The curve reaches aplateau when the DI exceed the refractory period. An-
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Figure 2.12: Construction of APD Restitution Curve, a) Shows how APD and DI are
identified from an AP recording. b) Example of arestitution curve, APD restitution
in black, CV restitution in blue.

alyzes of the restitution curve are mostly concentrated on the initial slope of the
curve. Computational and mathematical studies suggested wavebreak appears when
initial slope is > 1[64]. In experimental studies, the boundaries are not as precise as
the theory, but the same idea applies[66, 65].
The CV also varies with respects to DI, namely CV restitution. Without CV
restitution, each wave propagates at the identical velocity. Although, the wavelength
alternates with respect to APD, the wavelength remains fixed as it propagates, which
is called concordant alternans[56]. In the case of CV restitution, asufficiently short
DI will result in aslower moving wave. As the wave moves slower, the distance from
the previous wave increases, resulting in alonger DI. A longer DI lengthens the APD
and therefore changes the wavelength of the wave as it propagates. At the same time,
the change in APD affects the DI of the wave behind, causing an oscillation in the
wavelength of the individual wave. The change of wavelength along propagation is
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called discordant alternans[67, 681.

2.6.2

Multiple Wavelets

The multiple wavelet hypothesis was put forward by G. K. Moe in 1959[69]. He
believed that ectdpic foci and circus movement reentry are inadequate to describe
AF[69, 70].

He described AF as spontaneous wavebreaks that constantly gener-

ate randomly wandering wavelets. The wavelets collide with and annihilate other
wavelets or the boundary, and they also break up and form new daughter wavelets in
aself-sustaining process. Using acomputer model, Moe simulated the activity of AF
in 2D array of excitable cell with randomly distributed refractory periods. He found
acritical number of 23 to 40 wavelets was necessary to maintain the AF activity[62].
In 1985, Allessie et al. tried to verify the multiple wavelets theory in adog heart
but only found 4to 6wavelets propagating on the surface of the heart[63].

2.6.3

Mother Rotor

In 1925, T. Lewis suggested fibrillation is caused by asingle high-frequency source of
stable reentry, in most cases arotor[71]. Short-lived daughter wavelets break off from
the mother rotor and develop into fibrillatory activity. The maintenance of the fibrillation primarily depends on the life span of the mother rotor, but daughter wavelets
could take over as the mother rotor, if the original mother rotor were annihilated.
The mother rotor activity has been observed in numerous studies[72, 73, 74].

27
2.6.4

Ectopic Foci

Ectopic foci are cells within the heart that have pacemaker ability but are not located within the SA node. Ectopic foci can cause additional beats or take over the
pacemaker activity of the SA node. Some groups supports the idea that AF is caused
by rapid ectopic foci[75, 76, 77]. Ectopic foci are most likely to be found near individual pulmonary veins. The wavefront generated by the ectopic focus interacts
with the SA generated wavefront, and anatomic and/or functional obstacles, leading
to fragmentation and wavelet formation[78]. The idea is similar to Lewis's mother
rotor, but the source of activity is replaced by ahigh-frequency ectopic focus instead
of aspiral wave. The ectopic focus might be amicro-reentrant circuit.

2.7

Vagus Nervous Effects

The autonomic nervous system controls the heart rate; it is regulated by the balance
between its two subsystems, the sympathetic and parasympathetic (vagus) nervous
systems.

The sympathetic nervous system is activated by the fight or flight re-

sponse. The vagus nervous system is activated by relaxation. Vagus influence was
suggested to be one of the causes of AF, since clinical data reported some patients
being likely to develop AF during sleeping or after meals, situations with intense
vagal tone[79, 80]. Acetylcholine (Ach), a nero-transmitter, is released from the
vagus nerve endings during vagal stimulation. ACh activates the ACh-dependent
K+ channels and decreases the APD of atrial cells around the nerve endings and
therefore escalates the heterogeneity at the cardiac tissue. Heterogeneity in APD
increases the risk of fragmentation and fibrillation. Decreases in APD also shorter
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the wavelength of the reentry and more localized reentry can be formed.

Chapter 3
Computational Model

3.1

Action Potential Model

3.1.1

Hodgkin-Huxley Model

A. L. Hodgkin and A. F. Huxley were the first to quantitatively describe the AP[81,
82, 83, 84]. The excitable medium used in their experiment was the giant axon of the
squid, anerve fibre 0.5mm in diameter. The giant axon of squid was chosen because
it is large enough to permit the insertion of the two electrodes into the intracellular
space. The voltage champ method was used to record the ionic currents from the
cell [85].
Hodgkin and Huxley identified four basic ionic currents from their experiments: a
Na+ current, aK+ current, aleakage current, and amembrane (capacitive) current.
The leakage current accounted for all the unspecified ionic currents in the experiment
(mainly the Cl

ions). Hodgkin and Huxley constructed their ionic model by curve

fitting the experiment data combined with theoretical insight. The Hodgkin and
Huxley model, now called the parallel conductance model, assumes each current is
independent and arranged in a parallel circuit (see Figure 3.1 for the equivalent
electric circuit). The capacitive component of the membrane is represented by a
capacitance. The

Na+

and

K+

currents are represented by avoltage source with

avariable conductance in series. The value of the voltage source is equal to the
Nernst voltage of the ion which is dependent on the ion concentration in the intra-
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and extracellular media. The variable conductor is a function of transmembrane
potential and time. The positive direction of membrane current and Nernst voltage
is chosen from intra- to extracellular. In Hodgkin-Huxley model, the Nernst voltage
for the leakage current was calculated from the Cl - concentration.

The Nernst

voltage for each of ion is calculated from the following equation,

vx = RT

zF

In

where Vx is the Nernst voltage of ion X in V,

[Xe]
-[XeZX

(3.1)

is valence of the X ion, [X] with

i" and "e" subscription denotes the ion intra- and extracellular concentrations,
respectively (see Table 3.1 for variable definitions).

Intracellular medium
Vm = "r 1'o

a

GL

a

Extracellular medium

Figure 3.1: Equivalent circuit of the Hodgkin-Huxley model. (Ref. [2])

31
The mathematical expression for the Hodgkin-Huxley model can be written as,
(3.2)

ImIc+ IN. +IK+Istim

IM

=

Cmd

dt

+ GNa( Vm

-

VNa) + GK(Vm

-

(3.3)

VK) + 'stim

see Table 3.1 for variables definition. The voltage champ method was used to eliminate I from the other currents.
'K

'm

was measured under normal ions concentration.

was measured by altering the extracellular

Na+

concentration, so the Nernst volt-

age of Na+ was equal to the measuring voltage. Using such technique,

Na+

at equilibrium under the measuring voltage, leaving the measured current
'Na

was found by subtracting

'K

is always
'K

alone.

from I.,, (seeFigure 3.2 for the measured current).

The variable conductor of each ionic current is controlled by the permeability of
the ion to the membrane. By curve-fitting the ionic current recording, Hodgkin and
Huxley determined the expression for the conductance of each ion. GK will be first
described in this section because it has asimpler expression.
Hodgkin and Huxley noted that the initial part of the GK curve had to be fitted
by athird- or fourth-order equation, and afirst order kinetics equation was sufficient
toward the end (see Figure 3.2C). To achieve this characteristic, Hodgkin and Huxley
characterized GK to be proportional to the fourth power of avariable, which in turn
satisfied a first-order equation.

From this assumption, they determined that the

opening of a K+ channel is controlled by electrically charged particles, called nparticles. The probability of an n-particle being in the open position was illustrated
by the parameter n, and in the closed position by (1

-

n). The rate of changes

between opening and closing state of the n-particle is described in Equation 3.6.
It is governed by the transfer rate from open to close, a, and close to open /3. In
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VNa
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Table 3.1: Hodgkin and Huxley variables.
Definition
Membrane capacitance per unit area
Membrane current per unit area
Capacitive current from the membrane
Ionic current for Na+
Ionic current for K+
Ionic current for Cl Stimulus current
Transrnembrane voltage
Nernst voltage for Na+
Nernst voltage for K+
Nernst voltage for Cldeviation of the Vm from the resting voltage
V' = Vm
Vrest
Na+ conductance per unit area
K+ conductance per unit area
01 conductance per unit area
Maximum K+ conductance
Maximum Na+ conductance
Probability of an n-particle in the open position
Probability of an n-particle in the close position
Transfer rate for n-particles from closed to open state
Transfer rate for n-particles from open to closed state
Probability of an rn-particle in the open position
Probability of an rn-particle in the close position
Transfer rate for rn-particles from closed to open state
Transfer rate for rn-particles from open to closed state
Probability of an h-particle in the activating position
Probability of an h-particle in the inactivating position
Transfer rate for h-particles from closed to open state
Transfer rate for h-particles from open to closed state
Gas constant (8.314)
Temperature
Faraday's constant (9.649 * 104)

Unit
F/cm2
mA/cm2
mA/cm2
mA/cm2
mA/cm2
mA/cm2
mA/cm2
mV
mV
mV
mV
mV

-

GNa
GK
GL
GK,max
GNa,max
n
1 n
an
-

on

M
1 m
am
-

P.

h
1 h
-

ah

R
T
F

S/cm2
S/cm2
S/cm2
S/cm2
S/cm2

s1
s

s'
s1

s1
s
J/(mol K)
K
C/mol
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Figure 3.2: Measured ionic current from Hodgkin and Huxley experiment. (Ref. [2])
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addition, Hodgkin and Huxley justified that the K

channel opens only if four n-

particles are in the open position, reflecting the fourth-order response in the K+
channel. The probability for the opening of aK

channel becomes n'1.Using the

experiment recording, the mathematical expressions for each variable was resolved.
From the those expressions, the

K+

currents was modelled as,
0.1

cen

-

exp'

=

0.01V'
'" —1

(3.4)

°

0.125

(3.5)

=

dn

.;2i

The

Na+

=a(1—n)—/3n

(3.6)

GK

(3.7)

=

GK,maxfl4

conductance is more complicated than the K+, due to the rapid response

and time-dependent characteristic of the Na+ channel. Figure 3.2D shows an example
of

'Na

from the voltage champ experiment. A first order kinetic equation is not

enough to describe the opening and inactivating phase of the

Na+

channels, therefore

two equations were used by Hodgkin and Huxley. The opening of the Na

channel is

controlled by electrically charged particles called m-particles and the inactivating of
the Na channel is controlled by an h-particle. mis the probability of an rn-particle in
the open position and his the probability of an h-particle in the activating position.
Hodgkin and Huxley justified the probability of the channel being open equals the
joint probability that three rn-particles in the opening position. Together with the
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h-particle, the probability for opening of Na

channel is equal to m3h. By curve-

fitting the voltage champ recording, similar mathematical expressions to GK were
written for GNa

exp
2.52500.011P
' —1
"

am

(3.8)

-

4

13m
dm
=

=

a71 (1

ah

-

(3.9)

exp"/' 8

-

m)

/3m m

-

(3.10)

0.07
exp 005"

13h

1
exp 30 '1"

=

dh
Tt =ah(1—h)

GNa

=

+1

—

1
3hh

GNa,maxm3h

(3.12)

(3.13)

(3.14)

The Hodgkin-Huxley model provides the basic model to estimate AP characteristics.
More modern ionic models are available and are presented in the next section.

3.1.2

Ramirez-Nattle-Courtemanche Atrial Action Potential Model

The original Courtemanche human atrial AP model is published in 1998 by M.
Courtemanche[25]. The model is based on direct single cell measurements of the

36
ionic currents from human myocytes. Animal data was used when human data was
insufficient to characterize acurrent. The model builds primary on Luo and Rudy
ventricular AP model[86, 87], which in turn follows the same representation as the
Hodgkin-Huxley model for the ionic currents and cell membrane. In Courtemanche
model, more conductances and currents were added to account for more channel
types. The basic equations for the model are,
dV
dt
'ion

=

-

—(lion Istim)
Cm

(3 .
15)

-

IN. +IK1+ Ito +IKur +IKr +IKs +'Ca,L +Ip,Ca +INaK+INaCa +Ib,Na +Ib,Ca

(3.16)
The Courtemanche model has 12 ionic currents contributed by channels, pumps
and exchanges (see Figure 3.3 and Table 3.2 for details). It also has 3intracellular
compartments mainly concerned with Ca: myoplasm, sarcoplasmic reticulum (SR)
release compartment/junctional SR (JSR), and SR uptake compartment/network
SR (NSR). The model keeps track of the intracellular concentrations of Ca, Na
and

K+,

but the extracellular concentrations of all ions are kept constant.

The

calculations of each current are more complicated in the Courtemanche model, but
it still follows the same idea in Hodgkin-Huxley model. See Appendix A for the
variables, definitions and equations of Courtemanche model.
The Ramirez-Nattle-Courtemanche (RNC) model is a modified version of the
Courtemanche model for remodelling canine atrial AP [88, 28].

Animal model of

dogs are widely used in studying atrial arrhythmias. The RNC model provides a
useful tool to perform computer simulation for comparison with experimental data.
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Table 3.2: Courtemanche model definitions
Definition
Sarcoplasmic reticulum
SR
Junctional SR, SR release compartment
JSR
Network SR, SR uptake compartment
NSR
Total ionic current
'ion,
Fast inward Na+ current
'Na
Inward
rectifier K+ current
'Kl
Transient
outward K+ current
'to
Ultrarapid delayed rectifier K current
'Kur
Rapid delayed rectifier K current
'Kr
Slow delayed rectifier K+ current
'Ks
L-type inward Ca++ current
'Ca,L
Sarcoplasmic Ca2+ pump current
'p,Ca
Na+K+
pump current
'NaK
N
a
+/C
a
exchanger current
'NaCa
Background Nat current
'bNa
Background Ca
current
'b,Ca
Ca
release
current
from the JSR
'rel
Ca
uptake current into the NSR
'up
Ca
transfer current from NSR to JSR
it,
Ca
leak current from the NSR
'up,leak

'Kur,d
'CI,Ca
'K,ACh

Ramirez-Nattle-Courtemanche model
Dog ultrarapid delayed rectifier K current
Ca-activated C17 current
ACh-activated K current
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Figure 3.3: Schematic representation of currents, pumps, and exchanges in the
Courtemanche model. See Table 3.2 for definitions. (Ref. [2])

It has 14 ionic currents.
'ion

=

INa+IK1+Ito+IKur,d+'Kr +IK+IC a,L+IC1,C a+1K,ACh±Ip,C a+N aK+INaCa+Ib,Na+Ib,Ca

(3.17)
The RNC model includes anew
the

'Kur

'CI,Ca

and

in the human model. Given the

'K,ACh•

'K,ACh,

A specific

'Kur,d

for dog replaced

the RNC is able to reflect the effect

of ACh on the AP, and therefore enables us to study the effects of vagus influence
on atrial arrhythmias. See Appendix A for the variables, definitions and equations
of RNC model.

3.2

Interconnected Cable Model

In 1991, L. J. Leon introduced the Interconnected Cable Model (ICCM) for simulating the propagation of electrical activity in cardiac tissue[89]. It provides acompu-
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tationally efficient way to compute realistic cardiac electrophysiology simulation in a
reasonable time range. The ICCM has astrong representation of the fibre-structure
in cardiac tissue and easy implementation of anisotropy and fibre rotation.
The 10CM uses cables to represent the muscle fibre in the cardiac tissue and the
cables are interconnected by resistors to allow propagation in all directions. In a
sheet of 10CM, aseries of parallel cables are arranged in the longitudinal (muscle
fibre) direction and neighbouring cables are connected by resistors in the transverse
direction. However, not every element in the cable is connected to the other cables,
reflecting the anisotropy in gap junction density (see Figure 3.4). The resistor spacing

() is double of the element spacing (6).

The propagation velocity is controlled by the

resistivity of the cables (ri) in the longitudinal direction and coupling resistors (R,) in
the transverse direction. Fibre rotation is easily reproduced by changing the cables
orientation. 3D 10CM is built by assembling multiple layers of cables in its fibre
orientation interconnected by resistors in z-direction as in the transverse direction.
Each element is now connected to as least one other element in neighbouring cable
to the left, upper, right or below(see Figure 3.5)[90].
The cable equation governs the propagation of electrical activity along the cable
as follow,
1 d2
rjS,, dx

n
2

Cm

dVm
dt

+Izon

(3.18)

whereri is resistance in longitudinal direction(intracellular resistively), S is surfaceto-volume ratio, S

=

2/a, ais radius of the cable, xis distance and tis time. Ii,,,, is

supplied by ionic model. A semi-explicit approach was used to solve for this equation.
First, the cable equation was discretized in time and became afirst-order differential

40

)
longitudinal

Figure 3.4: Diagram of 2D Interconnected Cable Model. The resisters form a
brick-wall like network, each with a resistance of R. The cables have a radius
a. The elements are separated by spacing 6and the resistors by L.

equation.
1 d2Vt+l
dx 2
t&V + 1
dx 2

Vt+ 1
m

—cm

-

Vt+1

=

-

Vt

(3.19)

CmV + Aai.

(3.20)

where /t is the time step of the simulation. First order forward-difference was used
so that the solution, V', onlydepended on one step backward in time, V, saving
memory and computation power. If the time factor is ignored in Equation 3.20, the
equation became a differential equation with ahomogeneous part and aparticular
part to the solution.
1 d2Vm ()

72

dx 2

Vm (X)

=

F(x),

1

At

K 2 = rS

(3.21)

In aphysical sense, the particular solution represents calculating the AP propaga-
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z
A

K

Figure 3.5: Diagram of 3D Interconnected Cable Model. Each element is connected
to another cable in the left, upper, right or below. xis the longitudinal and yis the
transverse direction.

tion along the cables, and the homogeneous part represents calculating the currents
entering or leaving the cable through the resisters in transverse and z-direction.
The equation for the particular solution came from discreting Equation 3.21 in
space by central-difference.
1 Vm (x+1)2Vm (X)+Vm (X1)
K2
x2
K2x2 (Vin (X + 1)

Vm (X)=F()

(2+ K 2 X2)Vm (X) + Vm(X

-

1))

=

F(x)

(3.22)
(3.23)

Equation 3.23 can be written in matrix form as,
[G] [V,]

=

[F]

(3.24)

where V is the solution from the particular solution. Since, central-difference was
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used to solve the equation, the particular solution at each node only depends on two
of its neighbours. Therefore, [G] in Equation 3.24 is band-limited matrix, which can
be stored as asparse matrix to save memory and solved very quickly.
Elements with transverse connection, k

=

,.

. . ,

,

also have to satisfy the

homogeneous solution, since currents are injected into the cable at those locations.
The potential on element iwith transverse connection, V(x), can be written as the
sum of the homogeneous and particular solutions:

Vi

=

V + Vip

(3.25)

The homogeneous solution satisfies the equation,
1 d2Vm ()
Vm(X)

T2

=0

(3.26)

or
Vh

=

Ci expl<x

(3.27)

+c2 exp_'

By combining the homogeneous and particular solution, Vi became,
Vi

=

b1exp'

+b

2exp'

+V

(3.28)

The coefficient b1 and b2 can be calculated using aset of linear equation involving
R,, s
i and jump [dV/dx] at each x. To simplified this problem, b1 and b2 were
replaced with abasis function E(x,

.

The function is continuous, non zero at

iand+i, one at lj and with ajump of k1 in the first derivative at node i. An
example of abasis function, E-splines, which can be used in uniform separation is
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as follows,

ex p'

E(x,.k)

=

exp

eX p_K%.

-

K(

—

-

j)

pK_p_K

1)

expK(2

exp - exI
p.- exp

0,

exp

exp"

_

pK

expK(thi),

for

<x

expK(_),

for

a
j≤ x<

<

otherwise
(3.29)

With the basis function, Equation 3.28 can
V(x)

rewrite as,

(3.30)

V(x) +EajEj(x,k)

=

or,
n

(3.31)
i=1

Equation 3.31 is for calculating a2D model. jis the index of the cable. c
e
i is solved
by the current equations written from both sides of the resister,
ira2
Di

(
/ajump [dE(
dxX' )]

a

-

c4'

a1 dE_
dx
1(x) + a1 dE+i(x)
dx
.

-

Vi+'(x.)

-

)

V" (Xi)

(3.32)

19R
dE1(x)1
/ +1
I
r (64" jump
dx j

ira2

-

al

-

a 11

_1

dE _1(x)
1+1 dE1+1 (x)\
dx
+ a1•i
dx

J(x)

)

-

'r/i+l(x.)

=

(3.33)

R
In conclusion, the procedure for the ICCM is 1) Calculate Ij

of each element is

using the AP model. 2) Solve the particular solution or V2 for each cable individually.
3) Solve the homogeneous solution or a, using the new

VJ.

4) Add the homogeneous

and particular solutions together to generate the new V7 then repeats the procedure.

i+1
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3.3

Morphologically Realistic Atrial Model

E. J. Vigmond built amorphologically realistic atrial model using the ICCM architecture in 2001 [27], which is the state of the art model used in Chapter 4 and 5
experiments. The 3D model incorporated all the major anatomic features of atria:
physiologically based 3D fibre orientation; anisotropic conductivity; openings for the
major veins and valves; adiscrete CT with poor trans-CT coupling; PMs that branch
off from the CT and only connected to the endocardium at the ends; the conducting rim of the FO; the conducting muscular sheath of the Cs; and atrial walls with
thickness. The model was not generated from exact atrial geometric data, such as
MRI, but all the anatomic structures and electrical properties were included. Studies
between the interrelations of the anatomic structures during atria arrhythmia can
be done. Dimensions of the openings and structures were taken from human data
and scaled to preserve relative size and position. The entire model was then scaled
to be 3.3 cm wide to represent acanine atrium.
The atrium was constructed from multiple layers of concentric shells. It was made
from transformed sphere for better representation on the shape of the atrium and
the lower portion was removed as the AV opening. The fibres in each layer ran in
either longitudinal or latitudinal direction following the physiologic fibre orientation.
Holes were introduced in the shell to represent the openings of veins, four on the LA
for the PVs, three on the BA for IVC, SVC and CT (see Figure3 .6(a)). The fibres
at the vicinity of openings were locally deformed.
The outermost layer of the LA, the BB, followed avery complex fibre structure
(see Figure 3.6(b)). It started near the SA node of the RA with the fibre running
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predominantly in longitudinal direction. Then the fibres turned shapely into aparallel sheet connecting the LA and RA horizontally. In the LA, the fibres ran vertically
over the dome of the LA, and horizontally and circulated around the LA at the lower
part of the LA.
The CT was modeled as a thick endocardial cable circulated around the RA
(see Figure 3.6(b)). It started near the SA node and ended near the IVC. Poor
coupling across the CT was reproduced by assigning aresistance 10 times the normal
resistance to all resistors connecting to CT. Seventeen PMs branched off from the
CT at regular gap running longitudinally toward the AV groove. The PMs were well
connected to the CT and the endocardium at the end of their terminal near the AV
groove, but sparsely connected to the endocardium in the middle.
The conducting sheath of the CS was modeled as atube (see Figure 3.6(a)). It
started off perpendicularly from the CS opening in the RA and then turned sharply
to the left and met with the LA tangentially. It was only represented up until the
contact point with the LA, because its effect on propagation was negligible after that
point.
There were 12 shells in this model. The BA comprised of four shells with latitudinally running fibres and one shell that modeled the CT and the PM. The LA
comprised two inner shells of longitudinally running fibres, three outer shells of latitudinally running fibres, and an outermost shell that incorporated the BB. The
muscular sheath of the CS was represented by asingle layer of fibres oriented in the
direction of the CS. The LA and BA were connected by resistors in the region of FO
(see Figure3.6(a)).
The cables in the model were 5m in radius and discretized into 100im long
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elements. The intracellular resistively, r
i was 600fcm and the coupling resistance,
R, was 4l[27]. There were atotal of around 1,500 cables divided in 350,000 elements
connected by 75,000 resistors. The model incorporated the RNC ionic model. For a
2s simulation, it took around 8hours to compute on aprocessor with atime step of
25us.

3.3.1

Unipolar Electrogram

TJnipolar electrograms were also implemented for comparison with the experimental
data. An electrogram is an integrative recording of the extracellular potentials and
extensively used in experimental studies of AF. The equation used to generated the
electrogram in the computational atrial model is as follows,

(r, t)

-

1 I Im(?t) d F
4iro
jr -r'l

(3.34)

where cI is the integrated extracellular potential, ris the electrode location, iis the
source location,

'm

is the transmembrane current and a. is the extracellular conduc-

tivity. Computation of the electrogram only used the potentials of the endocardial
layer. Wave propagation existed in other layers, but was not involved in the electrogram calculation since activity was considered to be 2D in the atria, i.e., little
difference between endo- and epicardial layers. During simulation,

'm

was the only

changing variable. This simplified the calculation and it was computed every half a
second.
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(a) LA, RA and CS.

(b) BB, CT and PMs.

Figure 3.6: Fibre orientation of the atrial model. There are three interatrial connections, the BB, the CS and the FO. a) Superior view of the cables of the LA, RA
and CS. b) Superior and anterior view of the cables of the BB, CT and PM. LA,
left atrium; RA, right atrium; PV, pulmonary vein; FO, fossa ovalis; CS, coronary
sinus; SVC, superior vena cava; IVC, inferior vena cava; BB, Bachmann's bundle;
CT, crista terminalis; PMs, pectinate muscles.

Chapter 4
Effects of Vagually Induced Action Potential
Duration Heterogeneity on Atrial Fibrillation
The vagus nerves control heart rate by releasing acetylcholine (ACh) in the atria.
ACh slows down the heart rate by decreasing the firing rate of the pacemaker cell
of the SA node. Furthermore, it also decreases the action potential duration (APD)
and the refractory period of the atrial cell. The areas under the nerve terminals,
referred to as islands, experience ahigher [ACh.], creating heterogeneity in the tissue.
According to Moe's multiple-wavelet theory, nonuniformity in APD increases the
probability of AF[69, 70, 62]. Also, the 'wavelength of reentry' concept by Allessie's
group states that decreases in APD increase the probability of atrial reentry[22, 91].
A previous experiment from a 2D computer model by Kneller et al. [28] suggests
that ACh-induced island stabilize the rotor and disorganizes the tissue response.
Our experiment further investigated the effect of vagus stimulus on AF using the
morphologically realistic atria model.

4.1

Experimental Setting

Five levels of [ACh] were used in the experiment with APD given in bracket: 0
nM (200 ms); low, L =0.078 nM ACh (180 ms); medium, M =1.049 nM ACh (142
ms); high, H =2.449 nM ACh (115 ms); and very high, S =3.831 nM (100 ms),
using the Ramirez-Nattel-Courtemanche AP model[28] (see Figure 4.1). Islands with
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higher or equal [ACh] to the basal [ACh]

([ACh]B)

were uniformly distributed at

the atria. Using the five levels for the [ACh1 B and Island [ACh] ([ACh] 1), fifteen
combinations were created. See table on page 62. Those combinations are represented as [ACh]B:[ACh]I in this chapter. For example, 0:H represents [ACh] B =O
and [ACh] 1=H.
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Figure 4.1: Effect of ACh on Action Potential: the plot shows the AP at different
level of ACh and the table shows the APD values.

Three island sizes were studied in the experiment: small (radius=1.6mm), medium
(r=2.4mm) and large (r=3.2mm). To be consistent, the sum of all the island areas
were kept constant, but the locations and the number of islands varied. The island
configurations are shown in Figure 4.2 and the number of islands in small, medium
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and large were 36, 18 and 10, respectively. Since all homogeneous cases were the
same for different island sizes, the simulations for those cases were not repeated.

(a) Front r=O.2

(b) Front r=O.3

(c) Front r=O.42

np.•
66&
(d) Back r=O.2

(e) Back r=O.3

f;
(f) Back r=O.42

Figure 4.2: Islands Configurations.

4.1.1

S1-S2 protocol

Reentry was induced by first applying anormal beat (Si) at the SA node. During
recovery, an ectopic beat (S2) of acurrent was applied for 4ms around the upper left
PV (ULPV) sometime after Si. See Figure 4.3 for S1-S2 locations. S2 was applied at
different times to scan various types of reentry produced by each case. If the reentry
did not die out within 2seconds, they were assumed to be sustained reentries.
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Figure 4.3: S1-S2 location

4.2

Observation

The computational time for a 2s simulation is around 6 7hours. A total of 700
-

simulations were done in the study; 400 simulations were identified as sustained reentry. All sustained reentries were further analyzed and are presented in the following
sections.

4.2.1

Window of Vulnerability

A window of vulnerability is defined as the range of S2 times which resulted in
sustained reentries. Table 4.1, 4.2 and 4.3 show the starting time, ending time and
width of the window of vulnerability. The starting time is the earliest S2 time where
sustained reentry observed, the ending time is the latest. A simple way to visualize
the window of vulnerability is shown in Figure 4.4, aplot of the number of rotations
in the reentry against S2 times for all the homogeneous cases. Data points which
reach the peak are sustained reentry; the ones with low number of rotations mean
the reentry die out after certain rotations. Three major differences were identified
from plot as [AChI B increased. First, the number of rotations in reentry increased
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due to shorter APD and refractory period. Second, the windows shifted to the left
indicating that reentry was induced at an earlier time.

Third, the width of the

window of vulnerability increased. This implied ahigher chance of atrial reentry at
higher [ACh] B .A remark on the window of vulnerability is that not every S2 time
within the window resulted in sustained reentry; some reentries died out halfway.
See example of reentries with a lower number of rotations in M:M, L:L and 0:0
cases in Figure 4.4. The heterogeneity certainly had an effect on the window of
vulnerability, but no agreeable trend was found at this point. When looking at the
data in Table 4.1, 4.2 and 4.3 column by column, no patterns were found in the
window of vulnerability. Other factors such as island locations, coupling effects, etc.,
might also play arole in the window of vulnerability.
The reentry pattern changed with respect to the S2 time. In astable case such as
S:S, which always produced astable figure-of-eight pattern, one of the rotor moved
from lower right PV (LRPV) to lower left PV (LLPV) and the other from the centre
of the left wall of the LA to the front of the LA as S2 time increases. The detailed
analysis on the reentry patterns are shown in the next section.

Table 4.1: Width of Window of Vulnerability for Small Island Configuration
[AChJ
High
Super
Medium
Zero
Low
[ACh]b
S2
time(ms)
0.3
0
2.0
L S2 time(ms)
NR
12.5
0.1
M S2 time(ms)
0.0
19.0
9.0
0.5
H S2 time(ms)
0.0
23.5
1.2
17.0
9.0
0.0
S S2 time(ms)
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Figure 4.4: S2 time vs number of rotations in reentry in 2s for all the homogeneous
cases ([ACh]B= [ACh]i).

4.2.2

Reentry Pattern Analysis

Within the windows of vulnerability, different reentry patterns were obtained. The
reentry patterns were classified into 4 basic patterns: figure-of-eight (F08), single
rotor, anatomical reentry and quasi-stable. F08 had two stable rotors with opposite chirality and sharing a command pathway. The locations of the rotors varied
depending on the S2 time and islands configurations. F08 was considered to be the
most stable pattern, being that it was the initial pattern for all cases(see Figure 4.5).
Single rotor and anatomical reentry developed from F08 as the rotors became Un-
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Table 4.2: Width of Window of Vulnerability for Medium Island Configuration
[ACh]
High
Super
Medium
Zero
Low
[AChlb
0 S2 time(ms)
0.3
2.0
L S2 time(ms)
0.1
12.5
11.5
M S2 time(ms)
5.0
19.0
15.5
10.0
H S2 time(ms)
7.5
23.5
21.0
17.0
24.0
16.5
S S2 time(ms)

Table 4.3: Width of Window of Vulnerability for Big Island Configuration
[ACh]
High
Super
Medium
Low
Zero
{ACh]b
0 S2 time(ms)
0.3
2.0
L S2 time(ms)
0.0
12.5
12.0
10.0
M S2 time(ms)
19.0
14.0
18.0
H S2 time(ms)
3.5
23.5
22.0
20.0
5.0
0.5
S 92 time(ms)

stable, drifting around the atria. When the rotors came too close to the other rotor
or the boundary of the atria, they terminated. A single rotor resulted when one
rotor terminated, with one stable rotor remaining and typically stabilizing at avein
location(see Figure 4.6). Anatomical reentry appeared when both rotors terminated,
with one surviving wavefront circulating around the LA, CS, BA and FO(see Figure
4.7). The structural setting of the atria caused this macro-reentrant circuit. To
develop anatomical reentry, the wavelength of the tissue had to be very close to the
length of the pathway, in most cases the path along LA, CS, BA and FO. Anatomical reentry was most often obtained with [ACh]B=M. Quasi-stable was the most
unstable pattern with the excitation pattern constantly changing and rotors forming
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irregularly at any island and vein locations(see Figure 4.8). It was recognized to be
fibrillation-like activity.
Further justification was done by counting the number of wavefronts in the reentry pattern. Figure 4.9 shows examples of the number of wavefronts in each of the
patterns. Single rotor and anatomical reentry had amaximum of 3with periodic
activity. F08 had amaximum of 5wavefronts and also had periodic changes. Although, F08 had ahigher number of wavefronts, it was still considered as the most
stable pattern, being as it was the initial pattern for all cases. Quasi-stable had the
highest number of wavefronts, as the example in Figure 4.9 shows, amaximum of
up to 9wavefronts. The wavefront counting analysis was done by hand on selected
examples. It would be beneficial to automate the analysis and have it done on all
simulations.
Reentry patterns obtained within the window of vulnerability are shown in Table
4.4, 4.5, 4.6.

The reentry patterns were sorted by the frequency of the reentry

pattern occurred, with the dominated pattern starting from the left. By looking
at the medium island size, Table 4.5, three district regions dominated by different
reentry patterns were seen. F08 dominated all the homogeneous and low (one level)
difference between [ACh] B and [ACh]I(A[AChJBI) cases. As L[ACh]BI increased,
the reentry patterns started to be dominated by less stable single rotor or anatomical
reentry. With extreme (four levels)

[ACh] BJ ,the pattern became unstable and

was dominated by quasi-stable. The results demonstrate the stability of the reentry
pattern decreased as the /[ACh]BI increased.
The configuration with the smaller island size appeared to be more stable compare
the medium islands size. Table 4.4 shows the F08 and single rotor region moved
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(e) 1539ms

(f) 1548ms

(g) 1557ms
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(j) 1584ms

(k) 1593ms

(1) 1602ms

Figure 4.5: Figure-Of-Eight, S:S (no island) with S2r216.00ms: 2stable one located
at the left wall of the LA (counter-clockwise), and the other located at the LRPV
(clockwise). Both rotor shared acommom path around the LLPV.
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(h) 1374ms
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(i) 1383ms

(j) 1392ms

(k) l4Olms

(1) l4lOms

Figure 4.6: Single Rotor, L:S (small island) with 52=251.30ms: One stable rotor
located at the top of the LA rotating in counter-clockwise direction.
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(c) 1395ms
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(f) 1440ms
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(i) 1485ms

(j) 1500ms

(k) 1515ms

(1) 1530ms

Figure 4.7: Anatomical Reentry, M:M (no island) with S2=249.50ms: One wavefront
circulating around the anatomical sturture of the atira(RA, CS, LA and FO).
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(a) 759ms

(b) 768ms

(c) 777ms

(d) 786ms

(e) 795ms

(f) 804ms

(g) 813ms

(h) 822ms

(i) 831ms

(j) 840ms

(k) 849ms

(1) 858ms

Figure 4.8: Quasi Stable, N:S (big island) with S2=252.00ms: High number of rotors
and wavefronts with wavebreak frequently occured. Wavebeark occured at 795ms
and 858ms
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Figure 4.9: Number of wavefront in the reentry patterns

toward the region occupied the quasi-stable. Quasi-stable reentry was very rare, even
at extreme t[ACh]BJ. Yet, adrawback in the small island's data was the window of
vulnerability was very narrow. Very few sustained reentry patterns was obtained, so
the result might not be representative. In contrast, the larger island size was found
to be less stable. Table 4.6 shows the opposite affect: the quasi-stable region moved
toward the region occupied the single rotor leaving quasi-stable reentry dominating
at middle (two levels)

L.[ACh}BI.

A lower A[ACh]BJ was needed with large islands

to obtain fibrillation-like activities.
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4.2.3

Flutter-like Activities

Atrial Flutter(AFL) activities were identified to have very periodic changes in the
pattern. In this experiment, single rotor, anatomical reentry and F08 appeared to
be very similar to AFL. They were usually obtained at low or zero

L[ACh]BI,

and

rotors tend to develop around the PVs and very few other locations. A medium level
[ACh]

1

with medium or large islands was required for the rotors to develop at

island locations. For the small islands, the coupling effect might have reduced the
heterogeneity significantly. Therefore rotors seldom occurred at island locations.

4.2.4

Fibrillation-like Activities

Quasi-stable activities were always caused by the frequent occurrence of wave breaks
and higher number of unstable rotors. Those factors contributed to ahigh number of
wavefronts in quasi stable reentry. Rotors developed in the RA were always found at
extreme

[ACh]j with the medium or large island size. Development of rotors at

RA was purely dependent on heterogeneity in APD, since no stimulus was applied at
the RA. The required

L[ACh]BI

was lower in large islands, as example found under

L:S and O:M. Large islands appeared to have ahigher effect on anchoring the rotors;
alarge island can sometime anchor 2rotors and formed amicro F08 at one instance.
The differences in APD and area of heterogeneity have been shown to directly effect
the development of rotors.
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Table 4.4: Reentry patterns produced by the Small Island Configuration
Basal [ACh]

Small Island
Zero

Island [ACh]
Zero

Pattern

'

#of pattern
Low
Med

Low

T'F

Super

High

Super

2

Pattern

NR

#of pattern

0

24

Pattern

F

F

-A-

W 20-3-a

2

#of pattern
High

Medium

-

Pattern

S

F-S

#of pattern

1

2-2

F-Q
81

Pattern

S

F-S-Q

F-A-S-O

F

#of pattern

1

5-5-1

6-2-1- 11,

13

40
48

Table 45: Reentry patterns produced by the Medium Island Configuration
Basal [ACh]

Medium Island
Zero

Island [ACh]
Zero

Pattern

4

#of pattern I
Med

Pattern

I

24

S-A-0

S-F
1
4

20-3-2

10-1
SA Q

15.8-0

7

7_2 1

Pattern

0S

S FA 0

6-2-2
FS A

FS 0

#of pattern

16-3

9-2-1-1

14-6-1

15-4-1

#of pattern
Super

2

0

Pattern

Super

F-S

5-1-1

#of pattern
High

High

F

Pattern
#of pattern t.

Low

Medium

Low

I

39
48

Table 4.6: Reentry patterns produced by the Big Island Configuration
Basal [ACh]

Big Island
Island [ACh]
Zero
Low

Pattern

High
Super

F

#of pattern

2

Pattern

A

#of pattern
Med

Zero

Low

Medium

High

Super

-

1

Pattern

0-S-F

#of pattern

7-5-2

"2

4

F-S-A
--

I

20

-

3.2
F-

Pattern

0-A

Q-A-S-F

#of pattern

3-1

6-1-1-1

Pattern

0

S-F-Q

f-O

F

F

#of pattern

2

3-1-1

19-1

21

48

F-3

11. 1
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4.3

Discussion

The effects of vagus stimulus on the reentry activities induced by an ectopic beat
in a morphologically realistic atrial model have been verified in the experiment.
The stability of the reentry pattern was found relative to the size of the ACh island
and A[ACh]BI. Stable F08 patterns dominated at low A[ACh]BI and smaller island
sizes. As island size and L[ACh]BJ increased, the patterns became more single rotor.
Anatomical reentry appeared when the wavelength of the tissue ([ACh]B=M) came
close to the anatomical pathway, around the RA
reentry was observed when alarge

L4ACh]BI

=t>

CS

=

LA

FO. Quasi-stable

and island size existed.

In the experiment, the window of vulnerability increased as the {ACh] B increased.
However, the reentry patterns remain very stable at high and super [ACh] B .The
excitable gap for the higher [ACh] B became very short, and the activities is very
hard to distribute. As shown by lower [ACh] B sequence, aminimum of 2-3 levels of
,

[ACh]BI is needed to provide wavebreak activities. A 2-3 levels higher than the

higher and super [ACh]B is unrealistic in atrial cell.
Previous work by Kneller et al. [28] used the same ionic model and studies the
ACh effect on a 2D sheet of atrial tissue. We took the work a step further and
examined it in amorphologically realistic model. Similar observations were reached
by both studies. Small islands do not promote break up of activity but larger ones
do. A minimum

A[ACh]B.1

was needed in for wavebreak to occur. The minimum

was lower in Kneller's study, it is probably due to alarger tissue area in Kneller's
simulation.

However, they found that very large islands did not promote break

up, but such size was too large to be implemented in our model. The fibrillation
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activities in Kneller's study was found to be more consistent with aLewis's Mother
rotor hypothesis [71], rather than Moe's multiple wavelet hypothesis[69]. In our study
the situation vary. During fibrillation-like activity, constantly drifting, dieing and
regenerating rotors were identified, but the activities were not necessary origin from
one constant mother rotor.

4.3.1

Geometrical Constraints

The geometry of the atria restricted the pathways of the reentry. The discrete LA-RA
connections limited the movement of rotor between the atrium, rotor moving between
the atrium was never observed in the experiment. One anatomical macro-reentry
pathway uses the CS sheath was demonstrated in the model, it usually happens at
[ACh]B=M. With lower [ACh] B ,the wavelength is longer than the pathlength and
reentry cannot be establish. For higher [ACh]B, the wavelength is reduced but the
activity crossing from the BB reaches the attachment points of the CS sheath first
preventing the reentry. This short-circuiting of the reentrant circuit by invasion into
the excitable gap resembles observations of Boyden et al. described as afailure of
the terminal boundary[24].
As discuss in previous Chapter 2, anatomical obstacles usually provides apathway
for reentry. A number of anatomical obstacles are present in the model, such as
opening of the PVs, IVC and SVC. The location of the openings introduced different
properties in anchoring of the rotor.

The PVs in the LA are very close to each

other, rotor detached from one of the PV can easily anchor to the three other PVs in
close distance. The PV region is very effective in anchoring the rotor core which is
consistence with other clinical results [92, 77]. The caval veins in the RA. are separated
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by agreat distance compare to the PV, adetached rotor have avery slight chance
of anchoring to the other veins.

4.3.2

Effect of ACh-Islands on Reentry Pattern

The reentry pattern observed in this study follows the spiral reentry pattern described in previous chapter. Under low L[ACh]BI, rotors tend to anchor at the
openings, forming simple F08 or single rotor reentries. As the L[ACh]BI increased,
rotors started to anchor at the ACh-islands.

Larger islands tend to have better

ability to anchor the rotor. The electrotonic coupling of the tissue smooth out the
heterogeneities induced by asmall island, and therefore limited it effects on the reentry pattern. With the larger ACh-islands, the number of potential rotor anchoring
area significantly increased. Therefore, aquasi-stable reentry with higher number of
rotors was resulted.
The present of the ACh-islands also promoted wavebreaks during quasi-stable
reentry. Core wander and the pathways for reentry provided by the ACh-islands
enhanced wavebreaks. The wandering of the rotor core across the island area created
distribute to the regular reentry pattern, lead to head-tail interactions which could
result in termination or wavebreak. Bigger islands have abigger displacement of the
core. The ACh islands with shorter APD recover more quickly than the surrounding
tissue. When the wavefront found it way and returned to island most of the time, it
was already excitable and provided apathway for reentry to continue.
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4.4

Conclusion

In this research, vagus stimulation has been verified to be one of the ways of breaking
down more organized AFL into AF. The areas and the differences in APD seem to
be the origin of wave breaks and directly related to the stability of reentry patterns.
Stable F08 patterns were observed at low A[ACh]BI and smaller island sizes. A
larger island size and differences in APD were shown to have a higher chance of
breaking down into fibrillation. The fibrillation-like activity observed in our study
had ahigher number of wavefronts and wave breaks frequently occurred, which is
very similar to activity in AF.

Chapter 5
Vagus Effects on Unipolar Atrial Electrogram
Our computational study in the last chapter suggested vagal innervation as amechanism for promoting the breakdown of more stable atrial flutter into AF. Release
of ACh from vagus nerve endings encourages APD heterogeneity and promotes the
fragmentation of wavelets.

In this chapter, the effects of vagal influence on the

atria are studied. Both experimental and computational electrograms were analyzed.
Unipolar atrial electrograms were recorded from the canine atria during vagal nerve
stimulation. Data were provided by Yalin Yin and Pierre Page at Research Center,
Sacré-Coeur Hospital, Montreal. Computational electrograms were generated under
various ACh distributions from the morphologically realistic canine atrial model. Effects of ACh on the computational electrograms were identified and studied. Using
the information determined from the computational study, the experimental electrograms were analyzed and mappings of the ACh distribution were generated.

5.1
5.1.1

Experimental Settings
Experimental Electrogram Acquisition

In the experimental study, a plaque of 192 electrodes was sewn to the epicardial
surface of the canine atria for recording (see Figure 5.8). Unipolar electrograms were
recorded at 1kHz with pacing at the right atrial appendage. Each data set contained
three sequences: control, left and right branch vagal stimulation. The left/right vagal
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stimulation sequences were recorded during stimulation of the left/right cervical
vagosympathetic complexes. The stimuli to the cervical vagosympathetic complexes
were 1.5ms long at 15Hz with acurrent of 1-2mA. No vagal stimulation was applied
for the control sequence.

5.1.2

Computational Electrogram Simulation

In the computational study, electrodes were uniformly distributed on the endocardium of the left and right atrium (see Figure 5.3). The number of electrodes
varied from 196 to 761. Electrograrns were computed using Equation 3.34 on page
46. A control sequence was generated from ahomogeneous APD configuration with
no ACh present. The vagal stimulation sequence was generated with ACh assigned
to adiscrete area, referred to as island. Electrograms were computed from electrical
activity initiated by asimulated SA node pulse, a1ms long cylindrical volume stimulus. Tinder normal condition, the stimulus was applied around the SA node located
near the SVC. The location was varied in anumber of simulations to study the effect
of the wave propagation direction and stimulus location on the electrogram.

5.1.3

Data Analysis

The release of ACh from vagal innervation is known to decrease the APD of the
atrial cells. By comparing the control and the left/right stimulation sequences, noticeable changes were identified in the repolarization wave. Two methods were used
to quantity the change in electrogram: the estimated APD and the area under the
repolarization wave (Area,,).
The electrogram activity started when areas around the electrode depolarized.
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The depolarization complexes usually began with a sharp positive peak then the
potential dropped rapidly and followed by a sharp negative peak. Depolarization
complexes with multiple peaks were sometime observed; in very few cases, negative
peaks were not present in both computational and experimental data. The repolarization wave began when potential return to zero after the negative peak. In the
experimental electrogram, the repolarization wave sometimes started without fully
returning to zero. The repolarization is low in frequency context compared to the
depolarization complexes, and the repolarization wave can be positive or negative.
For the analysis, anumber of points were first detected from the electrogram: the
start of the depolarization complexes, the start of the repolarization wave, and the
end of the repolarization wave. The starting point of the depolarization wave was
detected by the rapid change in slope from rest to depolarization at the beginning of
the AP. The starting point of the repolarization wave was considered as the minimum
point in the depolarization complex. The end of the depolarization was described as
the point where the potential returned 90% to rest from the peak repolarization (see
Figure 5.1).
Estimated APD was approximated by the difference in time between the start of
the depolarization complexes and end of the repolarization wave. The difference in
APD induced by the releases of ACh was recognized by comparing estimated APD
of the control and stimulated sequences.
The Area,, was calculated by the difference in areas of the repolarization waves
between the control and vagal stimulation sequence. The equation for Area,, is as
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follows:
end

Areare

(ST

=

-

Ctl) Lit

(5.1)

i=startrc

where ST is the vagal stimulation data sequence, Ctl is the control sequence, start ,,
is the start of the repolarization wave and At is the sampling interval of the electrogram. In all data, the ending point was defined as 200ms after the starting point to
keep the Area re interval consistent between electrodes. Using Areare ,noise could be
cancelled by summing up the signal. Due to characteristics of the cable model, the
computational electrogram contained some noise at the depolarization complexes;
hence, they were low-pass filtered before the analysis and all data sequences were
normalized with respect to the positive peaks of the depolarization complexes.
The actual APD from the transmembrane recording was also measured for analysis. The APD 90 was defined the length from the starting for AP to the point to the
potential where the cell repolarized 90% to rest from the AP peak potential.

5.2

Computational Study

Major effects of [ACh] on the electrogram were identified in the repolarization wave.
The shape and amplitude of the repolarization wave was determined by the [ACh].
In the homogeneous case, the repolarization wave became shorter and the amplitude
increased as [ACh] increased (see Figure 5.2).

Depending on the location of the

electrode, if the repolarization wave peak had adownward direction, the amplitude
would increase negatively as [ACh] increased (see Figure 5.2).
The rep ola.rization wave responded differently when ACh heterogeneities were
assigned to the model. The presence of ACh would override the direction of the
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Figure 5.1: Experimental Electrograms under the same electrode. Control sequence,
no vagal stimulation (in blue). The repolarization wave was altered when the left (in
green) and right (in red) cervical vagosympathetic complexes were stimulated. Note
the similarity in the depolarization complexes.

repolarization wave. Electrograms under ACh influence always had an upward repolarization wave and the amplitude increased in the positive direction as the [ACh]
increased.

Figure 5.3 shows the computational electrogram from an electrode at

the center of an island under various [ACh] in the island. The amplitude and area
of the repolarization wave were much larger but modest shortening was observed
compared to the homogeneous case. On the other hand, repolarizations in the negative direction were always observed in areas outside of the island; the amplitude of
the repolarization wave increased negatively as the islands [ACh] increased. Figure
5.4 shows the electrogram from an electrode outside of the island. In anumber of
locations, extensive negative changes were observed. Those areas usually appeared

Normalized Potential

72

0.5

100

200

300

Time (ms)

-

-

4.00

100

200

300

Time (ms)

400

IACh1=OnM (APD2OOms) CH
lACh1O.O8nM (APD18Oms)
IAChi=1.O5nM (APD=l4lnis)
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{AChi3.81nM (APD=100ms)

Figure 5.2: Computational Electrograms from homogeneous configurations where
the entire atrial [ACh] was varied. Left) Electrode #30, the repolarization wave
becomes shorter and higher as the [ACh] increased. Ctl control sequence. Right)
Electrode #77, the original electrogram (in blue) repolarized downward, therefore the
amplitude increased negatively as the [ACh] increased. See legend for corresponding
[ACh] and intrinsic APD.
-

around the islands, openings and the stimulus location. The island configuration
and stimulus location were factors that affected the extensive negative locations.
From the changes determined from the computational electrogram, the [ACh]
could be estimated by analyzing the alteration in the repolarization wave. However,
others factors were also involved in the alteration of the repolarization wave. To
accurately estimate the [ACh], those factors have to be considered as well.
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Figure 5.3: Computational Electrograms from an electrode inside an ACh island in
LA #125. Recordings from an electrode at the center of an ACh island under various
[ACh]; the area of the repolarization wave increased positively as the island's [ACh]
increased.

5.2.1

Electrotonic Coupling Effect

Heterogeneities are smoothed out by the electronic effects when cardiac cells are
coupled together. ACh induced APD shortening in the model was not the same as
measured from isolated cell simulations. Figure 5.5(a) shows aconfiguration with 2
discrete islands, 0.6mm in radius, assigned with ahigher [ACh]. Figure 5.5(b) shows
the Area,, of the electrogram computed from the configuration in Figure5.5(a). The
Area re decreased gradually from the center of the island outwards (see the island at
the LA of Figure 5.5(b)). The [ACh] decayed very rapidly at the boundary of the
island parallel to the cables; there was no indication of ACh outside the island. In
the transverse direction, the ACh extended outside of the island. Stimulations with
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Figure 5.4: Computational Electrograms from an electrode outside an ACh island in
RA #330. Recordings from an electrode outside the ACh island with negative effect
under various [ACh]; the area of the repolarization wave increased negatively as the
island's [ACh] increased.

different island radii were compared, and the results showed the center electrogram
was not affected by the electrotonic effect when the radius was greater than 0.3mm.
Figure 5.6 shows the difference between the intrinsic APD and the average APD 9O
measured at the center of the ACh island. The electrotonic coupling lengthened the
APD of the atrial cells, and the average measured APD 90 was shifted upwards compared to the intrinsic APD. An exponential relationship could also be seen between
APD and [ACh] in Figure 5.6.
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(a) ACh islands and electrode locations

(b) Area,, under ACh regions

Figure 5.5: [ACh] Effect on the Arca re .a) ACh Island Configuration, anterior view.
The two ACh islands are indicated by orange areas and the 761 electrode locations
are display in red. b) Normalized Area re with linear interpretation between the
electrodes. In the LA island, the Area re peaked at the center and decreased gradually
as the distance between the electrodes and the center increased. The amplitude of
Area,, is lower in the RA; therefore, the effect was not as noticeable.

Figure 5.6: Difference between Intrinsic APD and Measured APD 90 .The measured
APD 90 was shifted upward compared to the intrinsic APD. The relationship between
[ACh] and APD is exponential.
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5.2.2

Electrode Locations

Variations in the computational electrogram at different locations were observed.
The depolarization complexes of some electrograms illustrated astrong or no negative
peak (see Figure 5.3) and some had astrong positive peak (see Figure 5.4). The shape
of the depolarization complexes also varied from location to location. The shapes of
the depolarization complexes were more consistent in the transverse direction than
in the longitudinal direction. As shown in previous section, in the homogeneous case,
the location decided the upward or downward fluctuation of the repolarization wave.

5.2.3

Stimulus Location and Propagation Direction

The stimulus location and propagation direction had some effect on the electrogram.
The stimulus location interacts with the island locations to determine the regions
with strong negative repolarization wave. The areas surrounding the island, venous
openings and the current injection area (stimulus location and interatrial connections) are common locations where the strong negative repolarization occurred. The
exact mechanism was not known, but achange to the stimulus or island location
would vary the strong negative repolarization locations.
Two extreme stimulus locations were examined in the experiment: left wall of
the LA, and right wall of the RA. The Area,, were compared in anumber of simulations, with an average difference of 47.77% between stimuli from the LA and RA
found. The cause of the large difference in Area,, was the normalization process.
Normalization of the electrograins was done with respect to the positive peak of the
depolarization complexes. By visualizing the value of the positive and negative peak
of the depolarization complexes over the atria, we found its amplitude reduced sig-
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nificantly near the end of the activation sequence. When astimulus was applied at
the left wall of LA, the right wall of BA showed significantly lower amplitude in the
depolarization complexes. To minimize the disparity in amplitude of the depolarization complexes, simulations were recorded from activity initiated at the SA node,
which was almost at the center of the model.

5.2.4

Data Fitting

For analyzing the electrograms, the estimated APD method was found more reliable
in detecting the changes in the homogeneous tissue repolarization wave as the duration changed with [ACh]. Area,,, was more efficient in detecting the [ACh] in the
heterogeneous case, since there was no critical changes on the duration of the repolarization wave, but the area increased significantly. The increase in Arear e reflected
the degree of APD heterogeneity.
To find the relationship between the Area,,, and [ACh], simulations under the
same island configuration with various [ACh] were analyzed. Electrodes with high
positive Area,, were picked, since those data were usually located at the centers
of the island and were least affected by electrotonic coupling. Figure 5.7 displays
the curve showing the relationship between Area,, and [ACh].

As shown in the

figure, the Areare and [ACh] have an exponential relationship [28]. The Areare and
decrease in APD 90 (iAPD 9o) have a linear relationship as shown in the bottom
figure of Figure 5.7.
By curve fitting the data, two mathematical functions were generated representing those relations. The relation between the zAPD 90 and Area,, is expressed as a
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Figure 5.7: Area re vs [ACh] and APD. The top figure shows the relationship between
the Area re vs [ACh]. The bottom figure shows the relationship Area,, VS APD 90 .

polynomial function:
i.APD 90

=

a Area re + b-Area re + C

(5.2)

For the Area re and [ACh], the equation is as follows:
[ACh]

=

a exp(b. Area re )

where a, b and care constant generated from curve fitting.

(5.3)
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5.3
5.3.1

Experimental Analysis
Mapping of the APD distribution

The effects of ACh on the repolarization wave of the electrogram enabled us to
identify the areas under ACh influence in the experimental data. The estimated
APD and Area,,, were computed for the experimental electrograms and areas under
ACh influence can be detected from those data. In,the experimental electrogram,
the depolarization complexes are fairly consistent over the atria. The electrograms
were normalized with respects to the peak of the depolarization complexes before
analysis.
In the computation electrogram, the control sequence always had aweak/flat
repolarization wave, but in the experimental recordings the control sometimes had
astrong repolarization wave possibly caused by pre-existing ACh gradient or other
kind of heterogeneity in the tissue. Figure 5.8 shows the result of the Area,, analysis
from the left and right vagal stimulation data. The left vagal stimulation affected
both LA and RA, while right vagal stimulation showed effects mostly in the BA.
For the estimated APD analysis, the results are shown in Figure 5.9. In the
control sequence, the APD gradient between the left and right atria was visible with
the average APD in the LA approximately 30ms shorter than the RA. See Table
5.1 for the average estimated APD in the LA and BA. Figure 5.9(b) and 5.9(c)
illustrates that the vagal stimulus at either side of the cervical vagosympathetic
complexes affected both atria with astronger ACh level on the stimulus side. Under
aleft vagal stimulus, the average APD of the LA was about 20ms lower than the
BA (see Table 5.1). Under aright vagal stimulus, the average APD of the LA was
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(a) Area,, between Control and Left Stimulation sequence

(b) Area,, between Control and Right Stimulation sequence

Figure 5.8: Normalized Areare between control and vagal stimulation sequence. See
Legend in Figure 5.5(b). Left vagal stimulation and Control Aveare comparison, ACh
areas have apositive Area re value and appear in red in the figure. ACh is detected
over the LA and also a small area near the SA node in the RA. b) Right vagal
stimulation and Control Area re comparison, large areas in the RA have apositive
response.
only lOms lower than the RA. Table 5.1 shows the average APD of the RA was
pretty much the same under both left and right vagal stimulation, but differences
could be seen in Figure 5.9(b) and 5.9(c). Studies have shown the changes in APD in
response to ACh is lower in the RA than the LA[61, 59]. The [ACh] released in the
RA during right vagal stimulation might be higher, but the changes in APD were
smaller compared the the LA.

Table 5.1: Average APD in LA and RA
Experimental Sequence LA (ms) RA (ms)
216.92
244.43
Control
197.40
Left Stimulation
175.78
185.51
197.88
Right Stimulation
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Figure 5.9: APD mapping of the experimental data. a) Control sequence, the APD
gradient between the LA and RA is shown in the data. b) Left stimulated sequence,
both LA and RA APD decreased with stronger effect on LA. c) Right stimulated
sequence, similar APD changes to both LA and RA. The response of RA to [ACh]
is less substantial compared to the LA.
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Using the mathematical function, Equation 5.2, relating the Area,, and LAPD
from the computational study, zAPD were calculated from the Area,,. Figure 5.10
compares both LAPD from estimated APD and Area,, determined from the same
data set. The estimated APD results showed alarger fluctuation of ±200ms compare
to Area,, results with fluctuation of only ±20ms. Deviations in the magnitudes of
the changes in APD were observed, but the mappings show very similar results.
The deviation in the magnitude can be finely tuned by adjusting the calculation of
Area,, from the computational electrogram. Since the mathematical function was
generated from the computational data, modifying the low-pass frequency, or the
normalization point, would change the magnitude in the mapping of LAPD.

5.4

Discussion

This chapter presented methods for estimating the ACh distribution of the atria
during vagal stimulation from unipolar electrogram. Shortening of the repolarization
wave was observed when the overall atria [ACh] increased. Increases in amplitude
and area of the repolarization wave were identified when ACh heterogeneities were
present. Electrodes under ACh influence also had an upward repolarization wave,
and the opposite was seen in electrodes outside of ACh influence. ACh activated the
ACh-dependent K channels and decreased the APD of the atrial cells. The alteration in the electrogram of the repolarization wave was caused by the heterogeneous
repolarization of the cells. Numerous factors, such as [ACh], electrotonic coupling,
electrode location, stimulus location and wavefront propagation contribute to the
alteration of the repolarization wave.
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Chapter 4has shown that ACh-induced APD heterogeneity breaking down stable atrial flutter in to AF. The stability of reentry pattern was found to depend
on location, size and [ACh] of the islands. Fibrillation-like activity was observed
when there was alarge difference between island and basal [ACh], and the effect was
more obvious in larger island sizes. ACh mapping was not available at that time,
and discrete areas of ACh were uniformly distributed over the atria, and the effect
of [ACh] was studied. Mapping of the ACh distribution on the whole atria would
improve the accuracy of the model to more realistically represent physiological conditions. The size of the ACh islands observed from the mapping data shows various
island sizes, some of which bigger than the largest island simulated in our previous
study. Although, simulation of such island sizes were not included in the study, but
we concluded that larger island have ahigher probability of leading to wavebreak
activity.
Most electrogram studies primarily concentrated on analyzing the depolarization
complexes during AF or atrial flutter with investigation of conduction velocity, tissue
anisotropy, reentry and collision of activation waves [93, 94, 95, 96, 97, 98]. Electrograms were classified by the shape, complexity, interval, etc. Various depolarizing
complexes were found in the computational study as discussed in the previous section
(See Figure 5.3 and 5.4 for computational examples), but it was not in our interest
to study the depolarization complexes in this experiment, since we were concerned
with the repolarization. However, consistent shapes were observed under the same
electrode.
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5.4.1

Limitation

There are some limitations in the computational electrogram. 1) Calculation was
performed independently between the LA and RA. Consequently, diversity in size,
shape and number of nodes between LA and RA contributed to the variations. 2) No
electrode was located in BB and CS and they were not involved in the electrogram
calculation. 3) Some noise was induced in the electrogram by the characteristics of
the interconnected cable model.
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Figure 5.10: Comparison of LAPD (ms) between Estimated APD and Area,, results.
a) z\APD in estimated APD between Ctl-Left stimulation sequence. b) LAPD in
estimated APD between Ct1-Right stimulation sequence. c) L\APD calculated from
Area,, between the Ctl-Left stimulation sequence. d) LAPD calculated from Area,,
between the Ctl-Right stimulation sequence.

Chapter 6
Conclusions
The major work of this thesis was to verify vagus nerve influence as amechanism promoting atrial fibrillation using our morphologically realistic computer atrial model.
Anatomy and the electrical system of the atria were explained in detail in the early
chapter in addition to theories related to reentry and AF.
In the first experiment (Chapter 4), we were able to produce fibrillatory-like activity from an ectopic beat and evenly distributed APD heterogeneity. We concluded
that the atrial model geometry had limited the formation of reentrant circuits. Discrete interatrial connections restricted the movement of the rotor between the two
atria. Anatomical obstacles, such as PV and venous openings, provided anchoring
locations for the rotor. A window of vulnerability was observed for each configuration, and various reentry patterns were observed under different S2 times. The
difference in basal and island [ACh] and the size of the ACh island were critical
to the formation of the reentry pattern. Wave fractionation occurred easily when
there was alarge difference in basal and island [ACh]. Large islands display more
wave break up and anchored the rotor. The results verified that ACh induced APD
heterogeneity promotes the breakdown of more stable atrial flutter into AF.
In the second experiment (Chapter 5), experimental and computational electrograms under vagal influence were analyzed. The computational electrograms generated from the atrial model were very similar to the experimental electrograms
recorded. From the computational study, changes in the repolarization wave were

86

87
discovered in areas with ACh. Electrograms near regions under vagus influence always had apositive repolarization wave and negative repolarization wave was found
everywhere else. The area under the repolarization wave reflected the [ACh] or APD
of the area around the electrode. When the entire atrial ACh was escalated, decreases
in the estimated APD were detected from the electrograms. Using the area under the
repolarization wave and estimated APD, mapping of the changes in the APD from
the experimental data were generated. With the mapping changes in APD/ACh
under vagal stimulation, we would be able to simulate the electrical activity of the
atria under more realistic physiological conditions.

6.1

Future Work

The morphologically realistic atrial model used in our experiments had proven its
ability to simulated many realistic properties of the atria. Reentry patterns reported
in Chapter 4, spiral wave reentry, figure-of-eight, and anatomical reentry, etc. were
found in many animal studies[43, 45]. The electrograms generated in Chapter 5,
were comparable to the experimental recordings.
There are a lot of potential ways to use this model.

At this point, only the

heterogeneity in APD was discussed in this thesis. The model can be used to study
other mechanisms inducing AF, such as ectopic foci in the PV, reentry caused by
reflection from scar tissue, ischemia, etc. Expansion to AP model would include more
localize AP characteristics in each section of the atria, such as the ACh gradient
between the LA and RA, AP model for PV and SA node, etc. The geometry of the
model would be more realistic if Mifi data is integrated with the model.
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Appendix A
Courtemanche Model
A.1

Glossary

Glossary
V
R
T
F
Cm
AP
Vm ax
APA
APO
APD
APD 50
APD 90
AF
I—v
Qio
SR
JSR
NSR
Vceii
V,

Vrei
[XJ 0
[X]
Cmdn
Trpn
Csqn
[Ca] re i
[Ca++]
up
[Ca]cmdn

Transmembrane potential
Gas constant
Temperature
Faraday constant
Membrane capacitance
Human atrial action potential
Maximal AP upstroke velocity (dV/dt m )
AP amplitude (peak AP voltage minus diastolic voltage at onset of AP)
AP overshoot (peak AP voltage> 0mV)
AP duration
APD measured from AP onset to 50% of total APA repolarization
APD measured from AP onset to 90% of total APA repolarization
Atrial fibrillation
Current-voltage
Temperature adjustment factor, k(T) = k(To)Q 10'_T0)/bo
Sarcoplasmic reticulum
Junctional SR, SR release compartment
Network SR, SR uptake compartment
Cell volume
Intracellular volume
SR uptake compartment volume
SR release compartment volume
Extracellular concentration of ion X
Intracellular concentration of ion X
Calmodulin, sarcoplasmic Ca
buffer
oponin, sarcoplasmic Ca
buffer
Calsequestrin, JSR Ca
buffer
Ca
concentration in release compartment
Ca
concentration in uptake compartment
Ca-bound calmodulin concentration
Continued on next page...
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Continued from previous page..
[Ca*]Tr

[Ca+ 4]
csqn
EX
lion
Ist
ax
P.
TX
'Na
9Na

M
h

j
'Kl
K1

9to

KQ 10
Oa

01
'Ku,
9Kur
Ua

Ui
'Kur,d
9Kur,d
Ua
UI
'Kr
9Kr
Xr

'Ks
gK8

'Ca,L
9Ca,L

d

Ca-bound troponin concentration
Ca-bound calsequestrin concentration
Equilibrium potential for ion X
Total ionic current
Stimulus current
Forward rate constant for gating variable x
Backward rate constant for gating variable x
Time constant for gating variable x
Steady-state relation for gating variable x
Fast inward Na+ current
Maximal INa conductance
Activation gating variable for 'Na
Fast inactivation gating variable for 'Na
Slow inactivation gating variable for 'Na
Inward rectifier K+ current
Maximal IK1 conductance
Transient outward K+ current
Maximal 'to conductance
Q10 -based temperature adjustment factor
Activation gating variable for 'to
Inactivation gating variable for 'to
Ultrarapid delayed rectifier K current
Maximal 'Kur conductance
Activation gating variable for 'Ku,
Inactivation gating variable for 'Kur
Tiltrarapid delayed rectifier K+ current
Maximal 'Kur,d conductance
'K'LLr,d activation variable
'Kur,d inactivation variable
Rapid delayed rectifier K current
Maximal 'Kr conductance
Activation gating variable for 'Kur
Slow delayed rectifier K+ current
Maximal 'Ks conductance
Activation gating variable for 'Ks
L-type inward Ca
current
Maximal 'Ca,L conductance
Activation gating variable for 'Ca,L
Continued on next page...
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f
fca

I
n c.
Ip,Ca(max)
'NaK
INaK(max)
fNaK
a

Km,Na(i)
Km,K(o)
'NaCa

'NaCa(max)
Km,Na
Km,a

Continued from previous page..
Voltage-dependent inactivation gating variable for 'Ca,L
Ca-dependent inactivation gating variable for 'Ca,L
Sarcoplasmic Ca++ pump current
Maximal ',Ca
Na+K+ pump current
Maximal 'NaK
Voltage-dependence parameter for 'NaK
[N a+] o dependence parameter for 'NaK
[N a+] j half-saturation constant for 'NaK
[K+] 0 half-saturation constant for 'NaK
Na+/Ca
exchanger current
INaCa scaling factor
[N a+] o saturation constant for 'NaCa
[C a++] o saturation constant for 'NaCa

Saturation factor for 'NaCa
Voltage-dependence parameter for 'NaCa
Ca-activated Cl current
'Ct,Ca
Ca++ flux-dependent activation gating variable for 'CI,Ca
ca
Background Na+ current
'b,Na
Maximal
Ib,Na conductance
gb,Na
Background
Ca
current
'b,Ca
Maximal 'b,Ca conductance
gb,ca
Ca++ release current from the JSR
'ret
Maximal Ca++ release rate for 'ret
kre t
Activation gating variable for Irel
U
Ca
flux-dependent inactivation gating variable for 're t
V
Voltage-dependent inactivation gating variable for 're t
w
Sarcoplasmic Ca++ flux signal for 'ret
F
Ca
uptake current into the NSR
'up
Maximal Ca++ uptake rate for I
Iup(mwe)
concentration in NSR
[Ca2+] up(max) Maximal Ca
Ca
transfer
current
from NSR to JSR
'tr
Ca++ transfer time constant
tr
Ca
leak current from the NSR
'up,leak
Total calmodulin concentration in myoplasm
[Cmdn] max
Total troponin concentration in myoplasm
[Trpn] max
Total calsequestrin concentration in JSR
[Csqrt] max
Ca
half-saturation constant for calmodulin
Km,Cmdn
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ksa t
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K m ,Trpn

Km,csqn
VIest

Continued from previous page..
Ca++ half-saturation constant for troponin
Ca
half-saturation constant for calsequestrin
Resting membrane potential
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Courtemanche Model Equations
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Differential Equations
Instantaneous equilibration of

Ca2+

with buffers is assumed in all cases
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Numerical Integration
At time step p, the updated value of atime-dependent variable is given by
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Differential Equations

Some fractional equations require evaluation of alimit to determine their
values at membrane potentials for which their denominator is zero
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Background Currents
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Transfer Current From NSR to JSR
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Numerical Integration
At time step p, the updated value of atime-dependent variable is given by

=xtp-fl

dt

for x= Vor any time-dependent ionic concentration, and
=

for y= any gating variable.

Uco + EII'

—ij001exp

( Al )
\

-

TV

