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Abstract 

The cardiac L-type calcium channel is an oligomeric complex consisting of α1, β, and α2δ 

subunits. The CaV1.2 α-1C, the pore-forming subunit is encoded by CACNA1C gene, while 

the CaV β2 and CaV α2δ-1 subunits encoded by CACNB2b and CACNA2D1 respectively, 

control the biophysical properties and trafficking of CaV channels. In human ventricular 

cells, CaV1.2 channel regulates the inward movement of the calcium ions. The dome profile 

of the ventricular action potential is the result of inward calcium movement which also 

triggers Ca2+ release from the sarcoplasmic reticulum (SR) that regulates the excitation-

contraction coupling. Genetic mutations in Cav subunits can be responsible for several 

phenotypes including the early repolarisation syndrome, the Brugada syndrome and the short 

QT syndrome. Short QT syndrome associated with L-type calcium channels are relatively 

new and rare clinical entity, manifested by an elevated ST segment and a shorter than normal 

QT interval. A short QT interval with an elevated ST segment can contribute to cardiac 

arrhythmia, ventricular fibrillation and sudden cardiac death (SCD). The work presented in 

this thesis is the development of a computational model to explain the functional behaviour 

of gene mutations associated with the SQT syndromes, initiation and maintenance of 

ventricular arrhythmias, and impairment of ventricular contraction. Three different 

mathematical models for SQT4, SQT5, and SQT6 were developed by using extant 

biophysical experimental data. The LTCC Hodgkin-Huxley formulation of the O’Hara & 

Rudy human ventricular single cell model (ORd) was reformed to integrate the kinetic 

properties of WT, SQT4 (A39V and G490R), SQT5 (S481L) and SQT6 (S755T) mutations. 

The validated formulations were then incorporated into the O’Hara & Rudy ventricular 

single cell and anatomically detailed tissue models (1D and 2D) to demonstrate how these 

variants advance to ventricular arrhythmias. The ORd electrophysiological short QT models 

were coupled with the myofilament model to investigate the functional impact of mutation 

on the mechanical coupling in single cell models. Simulated results showed that each 

mutation uniquely increased the temporal vulnerability of tissue to arrhythmogenesis in 

response to the premature excitation stimulus, indicating an increased risk of arrhythmia. 

Electromechanical single and 3D models illustrate a reduction of contractility in all three 

short QT models. These results provide better understanding into the mechanisms by which 

genetic variants of SQT4 (A39V and G490R), SQT5 (S481L) and SQT6 (S755T) mutations 

are pro-arrhythmic. 
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CHAPTER 1 

Introduction 

1.1 Cardiac Anatomy 

The heart is a “hollow, muscular” organ. It contracts repeatedly in a rhythmic pattern to 

supply blood to the entire body through the blood vessels. The term "cardiac" comes from 

the Greek word Kardia which means “related to the heart”. The Heart is located between the 

lungs in the thoracic cavity. Structurally it can be defined as a four-chambered, double pump. 

The cardiac muscle has an ability of self-excitation, which means it has its own conduction 

system. Although in a healthy heart, contractions occur at regular intervals, any change in 

the nervous or hormonal system can influence the rhythmic pattern such as exercise or the 

perception of danger. The heart is enclosed by a thick membranous cavity called pericardium 

which is divided into two layers, the serous pericardium and the fibrous pericardium. The 

pericardial cavity is positioned between the two layers of serous pericardium i.e. between 

the parietal layer and visceral layer (epicardium). The pericardial cavity secretes a fluid that 

reduces friction as the heart beats [1]. 

The cardiac system can be divided into two pumps which operate in series i.e. the right 

atrium, the right ventricle, the left atrium and the left ventricle.  

Right atrium: the deoxygenated blood from the body enters the right atrium through the 

inferior and superior vena cava. The blood then flows to the right ventricle.  

Right ventricle: the deoxygenated blood is pumped to the lungs for the oxygenation process 

via the pulmonary circuit, through the pulmonary artery.  

Left atrium: the oxygenated blood from the lungs flows into the left atrium via the 

pulmonary veins.  

Left ventricle: blood from the left atrium is received via the bicuspid valve. The oxygenated 

blood is pumped to the aorta and supplied to the rest of the organs via the systemic circuit 

[2].   

The muscular walls of the ventricle are thicker than the upper chambers (the atrium walls) 

as the blood pumps out of this chamber at a greater pressure (the systolic/ diastolic pressure 

is 25 mmHg/4 mmHg and 120 mmHg/10 mmHg for the right and left ventricles) as 
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compared to the atrium (0-4 mmHg and 8-10 mmHg for right and left atrium). The 

thicknesses of the left and right ventricle are not identical [3]. The interventricular septum 

of the right ventricle is much thinner (3-5 mm) than that of the left ventricle (10 mm). 

Stronger forces are required to pump blood through the systemic circuit than the pulmonary 

circuit. The left and right cardiac pumps are divided by a vertical wall known as the septum. 

The septum inhibits the mixing of oxygenated and deoxygenated blood. The Atrioventricular 

(AV) valves prevent backward flow of the blood from the ventricles into the atria within the 

heart [3, 4]. 

 

Figure 1.1: Schematic representation of the structure and the conduction system of the 

heart [Modified from 5]. The electrical conduction is controlled by the pacemaker cells 

in the sinoatrial node. Electrical impulses initiated in the SA node spread to the 

atrioventricular node and the bundle of His, through the bundle branches, and then 

into the ventricles via the cardiac conduction system [6, 7]. 
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1.2 Cardiac Electrophysiology 

The origin of the heartbeat is a biological phenomenon that depends on the cardiac 

conduction system. The detailed study of the fundamentals of the cardiac conduction system 

is essential to cardiology and clinical cardiac electrophysiology (EP). Clinical 

electrophysiology serves as a source to understand the electrical disorders of the heart. This 

particular area of research has been embellished by adopting techniques from different 

disciplines, including molecular biology, biophysics, molecular biology, genetics, cell 

biology, biochemistry, and computer modelling. These tools are very beneficial to 

understand the underlying phenomena of different cardiac diseases. 

Each cell in the body including cardiac cells, accommodates ion channels that are 

specifically permeable to Na+, K+, Ca2+ and Cl-. These ions move across these channels, thus 

generating an electric current. Ion channels are coded by proteins implanted in the cardiac 

membrane and serve as a passage between the extracellular and the intracellular spaces for 

different ion types [10, 11]. The ion channel defects can lead to life-threatening diseases, for 

example the Short QT syndromes where patients exhibit an abnormally short QT interval on 

the electrocardiogram (ECG) or the long QT syndromes (LQTS), where a patient have an 

abnormally long QT interval on the ECG [10-12]. These protein channel defects can lead to 

life threatening arrhythmias.  

In order to understand the detailed background of cardiac electrophysiology and the Short 

QT Syndrome, which is the main objective of this thesis, this chapter gives an overview of 

the action potential, its features and the ion channels, particularly those with gene mutations 

associated with the SQTs. The present Chapter will give a review of different ion channels 

which play an important role in the generation of the cardiac action potential, and the 

following chapter (Chapter 2) further describes the functional consequences of mutations to 

these channels. 

1.3 Cardiac Action Potential  

The systematic and rhythmic contraction of cardiac myocytes is initiated by an electrical 

impulse generated by a sequence of ion movement across the lipid bilayer through 

specialised ion channels, producing a difference in the membrane potentials between the 

intra-cellular and the extra-cellular spaces that is called the action potential (AP).  The action 

potential can be measured as an electrical signal and it demonstrates the time dependent 

changes in the membrane potential of the cardiac myocytes [6].  
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There are five phases of the cardiac action potential (Figure 1.2) [7]. Phase 4 is known as 

the resting phase with a resting potential of -90 mV in normal myocardial cells. A leakage 

of K+ ions through open K+ inward rectifying channels, keeps the transmembrane potentials 

(TMP) stable at resting potentials [18-21]. During the phase 0 (rapid depolarisation phase) a 

rapid activation of the sodium channel shifts the transmembrane potential (TMP) towards 

the positive voltage, reaching around −70 mV [20]. Then the Na+ current rapidly shifts the 

TMP to 0 mV and slightly above 0 mV for a short period of time called the upstroke. L-type 

(“long-opening”) Ca2+ channels open when the transmembrane potential is greater than −40 

mV, and it generates a constant influx of Ca2+ ions down its concentration gradient [19, 20]. 

Potassium channels activate slowly on a later stage [18-20], producing phase 1 of the early 

repolarisation phase. In this case, TMP is slightly positive, which opens K+ channels for a 

brief period producing a transient outward potassium current Ito, repolarising the 

transmembrane potential to nearly 0 mV [18-29]. The plateau phase or the phase 2 of the AP 

is the longest phase. It describes the refractory period of the cell due to the inward movement 

of the L-type ions and the efflux of potassium ions [18-24]. Delayed rectifier K+ channels 

open later in phase 2 and K+ ions flow outward, down their concentration gradient. The 

electrical balance of these two counter-currents maintain the TMP value just below 0 mV 

during the phase 2 [21-23]. Phase 3 of the action potential is a rapid repolarisation phase. 

During the phase 3, the inactivation of calcium channels and the efflux of the potassium ion 

drops the transmembrane potentials back to the resting potential of −90 mV [18-25, 34]. 
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Figure 1.2: Illustration of 5 phases of a typical atrial and ventricular action potential 

(AP), and the corresponding primary ion currents during these phases. The lower panel 

describes the schematic diagrams representing the contribution of depolarisation and 

repolarisation currents during the AP [Modified from 7].  

1.4 Features of the Action Potential 

The action potential is one of the most important concepts in electrophysiology. To quantify 

and describe an action potential, different features of the action potential have been proposed 

and widely used in electrophysiology. Here, the most commonly used biomarkers are 

introduced. 
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Figure 1.3: Schematic diagram of an action potential (AP) illustrating the key 

characteristics of an AP. The upstroke velocity (Vmax) is defined as the maximum 

change in voltage per unit time during the phase 0 of an AP. The maximum 

transmembrane voltage a myocyte can achieve during an AP is defined as the 

overshoot. The difference between the resting membrane potential and the overshoot 

is defined as an AP amplitude [6, 7]. 

1.4.1 The Transmembrane Potential (TMP) 

TMP can be defined as an electrical potential difference across the plasma membrane of the 

cell. When the net movement of positive ions is in the outward direction, the TMP becomes 

more negative, while it is more positive when there is a net movement of positive ions into 

the cell [4, 8-14]. 

1.4.2 The Action Potential Duration 

Action potential duration is the total time between phase 0 and phase 3 [1]. AP starts with 

the depolarisation of the cell membrane due to the influx of sodium ions at phase 0 and ends 

with the rapid repolarisation phase 3 due to the rapid efflux of K+ ions [1, 2, 18-26, 41]. The 

duration of the action potential varies in different regions of the heart. 

1.4.3 The Excitation Threshold 

The minimal excitation energy delivered by an excitation stimulus that triggers a propagating 

action potential in a cardiac tissue [1] is known as excitation threshold. In a few cases the 

stimulus does not have enough energy to elicit an AP though, it shows a slight change in 
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membrane potential, but is not strong enough to generate an AP. That stimulus is known as 

sub threshold stimulus [1, 2, 3, 4, 15]. 

1.4.4 The Diastolic Interval (DI) 

It can be defined as a time interval between the end of repolarisation and the start of next 

action potential as explained in Figure 1.4 [1, 16]. 

1.4.5 The Basic Cycle Length 

The basic cycle length can be defined as the combined length of the APD and DI. It is 

the total time of a single heart beat including all events between two consecutive 

heartbeats [1, 40]. 

 

Figure 1.4: Illustration of a simulated action potential, describing the APD90, diastolic 

interval (DI) and the basic cycle length (BCL) [16]. 

1.4.6 Resting Membrane Potential (RMP) and 

Depolarisation 

RMP is a constant potential at which a cell shows no current passing through the plasma 

membrane [17]. It has been predicted that at constant membrane potential the outward 

ionic concentration gradient is balanced by the inward concentration gradient i.e. the 

intercellular space of the cell membrane is more negative as compared to the 

extracellular space. The RMP for a more excitable cell is -60 mV to -80 mV, while for a 

less excitable cell its value varies between -20 mV and -40 mV [17-19]. 
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 An upstroke in the membrane potential can be seen with the depolarisation stimulus, as 

it opens the Na+ channels activation gates rapidly. Phase 2 represents the inactivation of 

sodium channels, with a drop in potential due to the early repolarisation [1, 41]. 

 1.4.7 Refractory Region 

During the refractory phase, an influx of calcium ions and the outward delayed rectifying 

component of the potassium current, IKr balances the influx and efflux of ions, which 

generates the plateau region of the action potential. The plateau region represents the 

cell in a refractory state during which a 2nd AP cannot be generated. The Na+ channels, 

responsible for the depolarisation of the cell, are closed and remain inactive for a time 

called the refractory period. Inactivation of Ca2+ channels, responsible for the late 

repolarisation of the cell, and the increase in IKr ion channels conductance are the ionic 

changes which can explain the refractory period of a cell [20, 21]. 

Absolute refractory period: it can be defined as a time interval during which the cell 

is completely unexcitable to a new stimulus. 

Effective refractory period: a 2nd stimulus may cause a minimal depolarisation of the 

cell membrane during this phase, but it’s not strong enough to propagate a conducting 

wave.  

Relative refractory period (RRP): the cell can be depolarised, and an action potential 

can be propagated if a greater than normal stimulus is applied during this period. 

Super-normal period: it is considered as a hyper-excitable period. A relatively weaker 

than normal stimulus can depolarise the cell membrane and initiate a propagating action 

potential during the super-normal phase of the refractory region [21]. 

1.4.8 Synchronous Contraction  

All cardiac myocytes are coupled electronically through the gap junctions. The periodic 

action potential generated in the pacemaker cells is conducted through the cardiac 

conduction system and to the whole heart via the gap junctions. The cell to cell 

communication of the cardiac action potential is essential for the rapid and uniform 

contraction of the heart [20, 21]. 
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1.5 Morphology of the Action Potential in Different Parts 

of the Heart  

The heart functions properly if a group of atrial and ventricular cardiac cells activate rapidly. 

The ionic channels in the heart enable the electrical activity and generate an action potential 

which initiates from the sinoatrial node, located at the junction of the superior vena cava and 

the right atrium. It is responsible for the initiation of the heart’s spontaneous activity (Figure 

1.5) [4, 8, 12, 13]. The spontaneous electrical activity initiated in the SA node spreads to the 

surrounding atrial tissue via the gap junctions which couple cardiac cells electrotonically. It 

then spreads to the atrioventricular node (AVN) from which it excites the His Bundle 

Purkinje system, which in turn conducts the electrical activity to the ventricular myocardium 

(Figure 1.5) [4, 8, 12, 13]. 

 

Figure 1.5: Schematic representation of the heart, the action potentials from different 

regions and the electrocardiogram (ECG). It illustrates the regional difference of action 

potentials based on their upstroke velocity and the AP duration. The differences in 

action potential configuration in different regions of the heart are caused by the 

variability of ion channel expressions in different regions. The different components of 

the body surface ECG reflect different events in the cardiac cycle (as indicated by the 

colour coding) [22]. 
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Based on the depolarisation rate during the upstroke (Phase 0), cells in different regions of 

the heart can be divided in to two groups. This difference is mainly due to the inward current 

during the depolarisation phase; Ca2+ for slow response cells and Na+ for fast response cells. 

The atria, His Bundle, Purkinje and ventricular myocardial have rapid depolarisation phases, 

and are thus considered to be fast response cells, while the SAN and AVN cells are classified 

as slow response cells due to the slow depolarisation phase (phase 0) [23]. 

1.5.1 Sinoatrial Node 

The sinoatrial node generally known as the SA node is a complex band of spontaneously 

depolarising cells (pacemaker cells) having a diameter of about 5-10 μm. The action 

potential duration (APD) range is between 100-200 ms with a propagation velocity that is 

less than 0.5 m/s and demonstrates the fastest rate of generating action potentials in the heart. 

The SAN contains slow response cells with a low upstroke velocity of about 5 V/s in human. 

Its diastolic potential ranges from -60 mV to -50 mV. SAN cells located peripherally have 

more negative diastolic potentials due to their electrical coupling with the atrial cells (atrial 

cells have more negative resting electrical impulses potentials than the SAN).  It controls the 

pace of the heartbeat and thus this mechanism is considered as a normal pacemaker of the 

heart [24]. The signal generated in SA node is instantaneously transmitted to the rest of the 

heart through cardiac conduction system [23, 24].  

1.5.2 Atria  

Atrial cells have a diameter of about 10-15 μm and a propagation velocity between 0.3-0.4 

m/s. The resting membrane potential of the atrial cells is more negative than the SAN (-80 

mV as compared to -60 mV in SAN), which suggests atrial cells have a more stable resting 

potential with no spontaneous activity [12, 13, 25, 26]. In mammalian hearts, the APD is 

different in left and right atria (between 100-300 ms). It is longer in the right atrium than in 

the left atrium. Atrial cells are classified as fast response cells, with a rapid upstroke (the 

upstroke velocity is between 100-200 V/s) followed by a plateau phase (phase 2) in the 

mammalian hearts. The atrial cells show a gradual repolarisation with no clear distinction 

between the plateau phase (phase 2) and a final repolarisation phase (phase 3) [8, 13, 14]. 

1.5.3 AV Node 

The atrioventricular node (AV node), is a group of self-exciting cells having a diameter of 

about 5-10 μm. The group of AV nodal cells is situated within the atrial septum, between the 
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right ventricle and atrium. These cells have a resting potential of -60 mV to -70 mV with a 

depolarisation rate of 5-15 V/s. The action potential propagates at a velocity of 0.1 m/s. The 

AVN cells have an action potential duration of 100-300 ms in mammalian hearts. The AV 

Node transmits the electrical signal from the atria to the ventricles through the bundle of His 

[24-27]. The AV node has a slow conduction pattern and delays impulses for 0.1 seconds 

before transmitting them to the ventricular tissue cells through the His bundle. This delay 

ensures that the atria contracts and empty its contents before it transmits electrical impulses 

to the His bundle [26, 27]. 

1.5.4 Purkinje Fibres 

Purkinje fibres are myocardial fibre cells positioned in the interior of the ventricular walls 

of the heart [8, 9, 10]. The diameter of the Purkinje fibre cells is 100 μm [19, 24, 26]. These 

cells are classified as fast response cells with the fast depolarisation rate of 500-700 V/s and 

the resting potential of -90 mV to -95 mV. The APD is about 319 ± 23 ms in the human heart 

[35] depending on the frequency of stimulation. The AP has a propagation velocity of 2 m/s 

to 5 m/s. During a ventricular contraction, the Purkinje fibres conduct a contraction impulse 

from the right and left bundle branches to the ventricular myocardium [9], which results in 

the contraction of the ventricular tissues and the blood is forced out of the heart either to the 

pulmonary circulation or to the systemic circulation. A network composed of Purkinje fibres, 

AV node and SA node controls the heart rate [9, 10]. 

1.5.5 Ventricle 

Transmurally, the ventricular myocardium has divided into three cell types; the endocardium 

(ENDO), the midmyocardium (MCELL) and the epicardium (EPI) cells with a diameter of 

10-20 μm [19, 24, 38, 39]. The innermost layer of the ventricular wall is composed of ENDO 

cells, the EPI cells composed the outermost layer while between these two layers are the 

MCELL region. In a ventricle tissue MCELL has the longest APD, while the EPI cells 

demonstrate the shortest APD in all species. However, experimental evidence has been found 

where ENDO has exhibited a shorter APD as compared to the EPI in human ventricular cells 

[37-39]. The ventricular myocardial cells show different features in different regions of the 

ventricles. The APD is shorter in the right ventricle than in the left ventricle and has a more 

marked phase 1 repolarisation [19, 24]. The EPI and the MCELL cells have a marked phase 

1 repolarisation as compared to ENDO which results in a prominent notch, giving the AP a 

spike-dome appearance [24, 25]. The resting potential of the ventricular cells is about -80 
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mV to -90 mV, with an upstroke velocity of 100-200 V/s [24-26] in the mammalian heart.  

The AP propagates at about 0.3-1.0 m/s [19, 24, 25, 26] and spreads from the endocardium 

near the apex to the epicardial wall at the base [26]. 

1.6 Ionic Basis of Resting and Action Potential 

Each body cell including cardiac cells, accommodates ion channels. Ions are constantly 

moving across these channels, thus generating an electric current. These ion channels are 

coded by proteins implanted in the cardiac membrane and serve as a passage between the 

extracellular and intracellular spaces for different ion types [10, 11]. 

1.6.1 The Cell Membrane  

The plasma membrane is the most important feature of a cardiac cell to understand ionic 

excitation. Its insight helps to understand the ion exchange, the action potential and 

eventually the whole heart. It consists of lipid bilayers with embedded proteins. Some of 

these proteins are involved in an exchange of different ions between extracellular and 

intracellular fluids [12, 35]. They act as ion permeation pathways, the lipid bilayer separates 

the extracellular lipids from the intracellular lipids, and it acts as a dielectric with a 

capacitance of about 1.0 μF/cm [12, 35]. It serves as a barrier in a cell which selectively 

restricts and controls the movement of organic molecules and ions to enter or to leave the 

cell [12, 13, 14, 35] and thus acts like a protective shield. The cell membrane can be 

considered as a “leaky” capacitor and not as an ideal isolator between the extracellular and 

intracellular lipids. A resistor in parallel with a capacitor can then be considered as the 

electrical equivalent of the cell membrane [14]. The thickness of the cell membrane is 

between 7-8 nm, while the resistance varies with membrane potential i.e. it is a measure of 

ion flow through the lipid bilayer. A change in membrane potential can be calculated by 

using Ohm’s law (V=IR, where V is the voltage in Volts, I is the current in Amperes and R 

is the resistance in Ohms) [14]. A detailed discussion of cell equivalent circuits is given in 

Chapter 3.  
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Figure 1.6: A plasma membrane consists of lipid bilayers with embedded proteins 

[14]. Some of these proteins are involved in an exchange of different ions between 

extracellular and intracellular fluids. They act as ion permeation pathways. The 

lipid bilayer separates the extracellular lipids from the intracellular lipids, and it 

acts as a dielectric with the capacitance of about 1.0 μF/cm [37]. 

The phenomenon of ion channel gating can be considered as a change in protein anatomy, 

that permit or prevent ion exchange. The gating mechanism is a complex phenomenon which 

still requires an additional research. For a basic understanding, ion channels can be 

considered to remain in one of three states: open, inactive and closed. A channel is considered 

at rest (closed channel) when ions do not transmit through the pore. The channel is open and 

ion exchange can be possible with an appropriate stimulus. The channel is also closed while 

it is in an inactivated state which restricts any ion movement through the channel [15, 16]. 

The ion movements across the cell membrane through ion channels generate an action 

potential. Ion permeation and gating [15] are the two fundamental properties of an ion 

channel which are necessary to understand the contribution of a specific ion channel during 

the action potential. The gating mechanism explains the kinetics of the opening and closing 

of the channel, where permeation illustrates the selectivity of the channel for a specific ion 

[15, 16]. The selectivity of the ion channel depends upon the pore formed by the protein of 

the channel. The selectivity filter can be defined as the narrowest conduction passage through 

the pore of different channels [15, 16]. 
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Figure 1.7: Illustration of the voltage-gated Na+ channels and selectivity filter. It 

illustrates activation and inactivation gates and the successive activation and 

inactivation of the sodium channels with the change in the membrane potential (Vm). 

The selectivity filter can be defined as the narrowest conduction pathway [4]. 

1.6.2 Ion Transportation 

Ions transported either directly through lipid bilayers or through the protein channels 

follow two different transport mechanisms, passive and active transport.   

 

Figure 1.8: Active and Passive ion channel transport. Passive transport can be 

combined, facilitated (channel mediated, or carrier mediated) and simple diffusion. 

In active transportation, an additional energy is required to transport an ion 

against its concentration gradient [17]. 
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Figure 1.8 [17] explains the mechanism of active and passive transportation. Diffusion 

or passive transport occurs either directly through lipid bilayers or through the protein 

channels (open channel or voltage-gated channel) [18]. Facilitated diffusion of 

substances crossing the cell (plasma) membrane takes place with the help of channel 

proteins and carrier proteins. Channel proteins are less selective than carrier proteins, 

and usually mildly discriminate between their cargo based on size and charge. The 

carrier proteins are more selective, often only allowing one particular type of molecule 

to cross. In the case of active transportation, an additional energy is required to transport 

an ion against its concentration gradient [17, 18, 22]. 

1.6.3 Passive Transport 

Passive transport can be combined, facilitated (channel mediated, or carrier mediated) 

or simple diffusion (Figure 1.8). Simple diffusion is the transport of ions either through 

the space between the lipid bilayer or through a membrane opening without interacting 

(chemically) with a carrier protein [22]. The rate of diffusion (cm2/sec) depends on the 

kinetic motion of the ions, ion concentration in a certain region and the size of the 

membrane opening [18, 19, 22]. 

Translocation of ions across a lipid bilayer from a low concentration region to a high 

concentration region through a carrier protein can be explained as facilitated diffusion 

[18, 22]. In the case of facilitated diffusion, ions do not require any additional energy 

for their transportation as they move along the direction of their concentration gradient 

[18, 19, 22]. 

1.6.4 Active Transportation 

Active transport through a selectively permeable protein is an opposite phenomenon to 

that of passive transport. It transports ions from a low concentration region to a high 

concentration region, i.e. it moves the ion against its concentration gradient. An ion 

moving through the cell membrane against its concentration or electrochemical gradient 

requires an additional energy. In the case of cardiac cells, this excessive energy is derived 

by the breakdown of adenosine triphosphate (ATP) molecules directly or by other 

phosphate compounds [20]. 
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1.6.5 Ion Permeability 

As we have discussed earlier that the proteins embedded in the lipid bilayer of a cell 

membrane control the movement of ions between extracellular and intracellular fluids.  

These proteins provide an alternative pathway for ion transportation. Ion channel 

classification is based on their selective permeability, size, valence and hydration energy 

[22, 23, 35]. Channel proteins allow free movement of water and selective ions while 

carrier proteins fasten ions which are to be transported between the lipid bilayers. A 

configurational change in a protein channel directly affects the movement of the 

substance that is transported [18-23]. The concentration difference and selective 

permeability of ions through different protein channels between the inner and outer 

fluids of plasma membrane creates a potential difference [21]. 

Sodium (Na+), calcium (Ca2+) and potassium (K+) ions play a vital role in cardiac 

electrophysiology [18, 33, 34, 35]. They have a great contribution to the construction of 

the cardiac action potential [12, 18].  A patch clamp experiment shows that the 

intracellular potential of a resting cardiac myocyte is more negative in comparison to its 

extracellular environment [23]. According to electrophysiological convention, the 

movement of positively charged ions across the plasma membrane is referred to as the 

inward current, while the movement of negative current is the outward current [20].  

Most inward currents are generated in the heart due to a rapid influx of positively 

charged ions (sodium Na+ and calcium Ca2+ ions). An outward movement of a negative 

ion from the interior of a cell is also referred to as an inward current and has the same 

impact on membrane potential as that of a positive ion [15, 21, 23]. 

The ion channel’s permeability changes for each ion during the AP. The inward or 

outward movement of an ion is determined by the electrochemical gradient [23, 24]. The 

inward movement of positive charge (inward current) causes depolarisation of the cell 

membrane by opening the voltage gated channels. A cardiac action potential is initiated 

when a depolarisation pulse passes through the resting myocyte [19, 24]. The action 

potential is propagated along the cells when this depolarisation wave opens the voltage-

gated channels, resulting in an additional flow of the inward current. This additional 

depolarisation causes adjacent cells to similarly depolarise through the gap junctions 

[24]. The translocation of ions across the cell membrane is influenced by three major 

forces [25-27]: 
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Chemical potential: the ion moves down the concentration gradient under the influence 

of chemical potential (the free energy per particle) [26, 27]. 

Electrical potential: ions repel the other ions or molecules with same charge under the 

influence of the electric potential [25-27]. 

Mechanical forces: these forces are generally associated with stretch-activated channels 

[26, 27]. 

1.7 Mechanism of Ion Channel Gating 

1.7.1 Ligands Gated Ion Channels 

The closing and opening of ion channels as well as the transportation of ions through 

protein channels is regulated by the membrane potential [26]. However, ion translocation 

can be modulated in the presence of other factors such as membrane-bound ligands, 

mechanical forces or chemical signals [26, 27]. The most important of these are ligand 

gated channels in the nervous system. In the ligand gated channels, the opening of the 

channel depends on the binding of a ligand to a receptor [26]. For example, in the APT 

sensitive K+ ligand-gated channel, the opening probability is proportional to the ratio of 

the adenosine triphosphate (ATP) ([ADP] / [ATP]) to concentration of intracellular 

adenosine di-phosphate (ADP) [26, 27, 34].   

1.7.2 Stretch-Activated Ion Channels 

The electrical impulses propagating through the heart cells trigger an excitation-

contraction [26-28]. Whereas a mechanical contraction enables the heart to modulate its 

electrical activity [29, 30]. This is generally known as a mechano-electric feedback [28, 

29, 30]. Shortening of the AP, changes in AP morphology, premature excitation and after 

depolarisation [29-33] are phenomena which are associated with the stretch-related 

electrical activities [29, 30]. The stretch-activated channels convert stretch into an 

electric impulse by altering the conductance of the ion channels [31-33]. 
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1.7.3 Voltage-Gated Channels 

Ion channels are voltage sensitive, so a distinct range of TMP is obligatory for the 

opening of a specific ion channel [23]. A specific ion channel will be closed and 

impermeable if TMP is out of that range [22, 23]. During an action potential different 

ion channels open and close depending on the TMP changes, allowing the movement of 

different ions at different times. Once closed, these channels cannot be opened again 

until the TMP is back to resting values, which control the excessive influx/efflux of ions 

[18, 40]. 

1.7.4 Leakage Channel 

There is no actual driving force for the opening of leakage channel. They open at random 

events with an intrinsic rate of switching between the closed and open states [19, 16]. 

1.8 Cardiac Ion Channels 

Ion channels are the key to understanding cardiac rhythmicity and contractility. It is 

important to understand these fundamental participants and their physiological roles in a 

cardiac cell [1, 2, 3, 40, 41, 42]. 

1.8.1 Sodium Channels 

The voltage gated Na+ channels commonly coexist as protein complexes composed of an α 

subunit with one or two β subunits [42]. Studies have described a total of nine α subunits to 

date [42]. The additional β subunits (β1−β4) are not compulsory to construct the operative 

channels but can affect the trafficking or the biophysical properties of the channel [42]. The 

influx of sodium ions through the Na+ channel is responsible for the rapid depolarisation of 

the cell membrane (Phase 0, upstroke). The magnitude of the sodium current increases 

between -60 mV to 10 mV. The sodium current reverses at about 50 mV. The recovery 

process is very rapid for the sodium channel (1-10 ms) and it increases with the 

hyperpolarisation [18-20, 42, 43]. Sodium channels are found in the atria, ventricles and 

Purkinje fibre cells where they play a substantial role during the depolarisation phase (phase 

0 shows a sharp upstroke for a duration ≈2-3 ms) of the action potential. In SAN and AVN 

the depolarisation phase (phase 0) is not very rapid (20-30 ms), which suggests sodium  
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channels play little or no active role in these cells due to their absence or low diastolic 

potential in these cells. 

1.8.1.1 NaV1.5 

The cardiac sodium channel NaV1.5 is encoded by the SCN5A gene. INa expression is not 

the same in all excitable and non-excitable cells. Its activation and inactivation are dependent 

on the membrane potential. It opens and inactivates rapidly in response to the depolarisation 

stimulus. The basic functionality of this channel is to initiate the action potential and 

encourage its propagation in the neighbouring cells. The initial influx through the NaV1.5 

channels will increase the TMP to a more positive voltage and serves as the depolarisation 

trigger for the Ca2+ and K+ channels [42]. The activation of calcium is followed by a calcium 

induced calcium release from the sarcoplasmic reticulum (SR), which leads to the shortening 

of the sarcomeres. The ventricular depolarisation, the atrial depolarisation and the gap 

junctions responsible for the conduction between adjacent cardiomyocytes express a high 

local concentration of NaV1.5.
 
INa influx through the SCN5A channels is responsible for the 

phase one (upstroke) of the action potential in the atrial and ventricular myocardium [42]. 

1.8.2 Calcium Channels 

Calcium current influx initiates with the activation of voltage dependent calcium channels 

[43, 44]. It also regulates the calcium-induced calcium release concentration in the 

sarcoplasmic reticulum through the ryanodine receptor 2 (RyR2) [43]. The gain in the 

intracellular calcium concentration leads to the electromechanical (EC) coupling [43, 44]. 

Ca2+ controls the integrity of the cell and is fundamental for the evolution of the heart [43]. 

Calcium channels are composed of polypeptide complexes, which are composed of α1, β2, 

α2/δ subunits. Studies have also revealed the presence of γ subunits in a few tissues i.e. 

skeletal muscles and brain [44]. These subunits are considered as the functional units of the 

Ca2+ channel complex. In the channel, complex β and α2/δ subunits are tightly attached to 

the α1 subunit without any covalent bonding. Although these additional subunits can 

manipulate the functionality of the channel, the major changes in electrophysiological and 

pharmacological properties of calcium channels are controlled by multiple α1 subunits [43, 

44]. Based on these pharmacological and electrophysiological properties, voltage-gated 

calcium channels are divided into different subfamilies and are named after their α1 subunits 

[44]. These subfamilies are defined as CaV2.2 (N-type), CaV2.1 (P/Q-type), CaV3.1–3.3 (T-

type) and CaV2.3 (R-type). CaV1.1, CaV1.2, CaV1.3, and CaV1.4 belongs to the subfamily of 
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L-type calcium channels [44]. L is used to label these channels due to the long-lasting length 

of activation process. In the human ventricular cells CaV1.2 channel mediates the ICal flux 

and it is composed of α1, β, and α2-δ1 subunits [43, 44]. 

Cardiac myocytes have two different types of calcium channels. In a cardiac cell L-type Ca2+ 

channels are the prime source of Ca2+ ions and play the major role in the regulation of the 

pacemaker activity, and the electromechanical coupling. While the cardiac T-type Ca2+ 

channel expression levels change with different factors i.e. various cardiac disorders, age, 

heart regions and mammalian species [43, 44]. 

1.8.2.1 CaV1.2 

In a normal functional heart, CaV1.2 channel is an essential cell membrane protein complex 

that regulates the inward movement of Ca2+ ions. The cardiac ventricular myocytes express 

only the L-type component of CaV1.2 channel [44].  A strong depolarisation (threshold for 

the activation is approximately -40 mV) is required for the activation of CaV1.2 channels. 

The CaV1.2 channels are regarded as high voltage-gated channels [43, 44].  

 

Figure 1.9: The current (I/IMax) voltage (Vm) relationship for the L and T type calcium 

channels. CaV1.2 and CaV1.3 belongs to the L-type subfamily, while CaV3.1 belongs to 

the family of T-type calcium channels. Cav1.2 channel protein is expressed in human 

ventricle and classified as a high voltage chancel (activates at -40 mV), while the T type 

channel activates at relatively lower membrane potentials and is regarded as low 

voltage channels [46].   
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1.8.2.2 α1 Subunit of Cav1.2 

The largest subunit α1, is the main modulator in the CaV1.2 channel, as it contains the voltage 

sensor and the conduction pore. It also controls the channel gating mechanism [43, 44]. The 

systematic arrangement of α1 subunit
 
is a complex of four homologous domains (I-IV), with 

six transmembrane segments (S1-S6) in each domain [43, 44, 45]. 

 

 

Figure 1.10: Predicted topology of the L-type calcium channel showing α1, β, and α2δ 

subunits [47]. S4 segment is the voltage sensor. S5 and S6 segments are the pore loops 

in each domain and regulate ion conductance and selectivity. S1–S6 segments are linked 

through the intracellular loops and connected to the cytosolic N- and C-termini.  C-

terminus plays a vital role in channel trafficking to the cell surface. It is an important 

location in the channel complex for the interaction of signalling proteins that either 

decode local Ca2+ signals or regulate LTCCs [43-45]. 

1.8.2.3 β Subunits of CaV1.2 Channel 

The CaV1.2, β subunit has four distinct subfamilies (β1–β4), encoded by four different genes, 

each subunit has different extending variants [45]. The I–II intracellular loop of α1 subunits, 

the known α1 interaction domain has a high-affinity site and acts as a link between α1 and β 

subunits. The β subunit controls several properties of CaV1.2 channel physiology that 

includes surface expression, degradation, and gating [44]. 
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1.8.2.4 α2δ Subunit 

The α2δ subunit has four isoforms (α2δ-1–α2δ-4), which are produced from the transcription 

of a single gene [44]. The α2 protein is situated in the extracellular region, and the δ subunit 

serves as a link to connect it to the plasma membrane [44, 45]. The α2δ subunits play a vital 

role to regulate the voltage-dependence and the kinetics of the channel. In a heterologous 

system, these subunits are able to increase the amplitude of L-type calcium channel currents 

by approximately two to three-fold [44, 45]. 

1.8.2.5 γ Subunit 

The γ subunits are membrane proteins and have eight specific isoforms (γ1–γ8) [44, 45].
 
 

They have four transmembrane segments and intracellular N- and C-termini. γ4, γ6, γ7, and 

γ8 isoforms of γ subunits have been demonstrated in human cardiac myocytes [44]. 

1.8.2.6 T-Type Calcium Channels 

The voltage dependent Ca2+ channels are classified as either high voltage-activated or low 

voltage-activated Ca2+ channels [43, 44]. T-type calcium channels fall in the category of low 

voltage-activated channels, Figure 1.9 [46] (its threshold of activation is about -75 mV to -

50 mV), as they activate at low membrane potentials (as compared to ICaL) and have fast 

inactivation. Both the T-type and L-type Ca2+ channels have been identified in cardiac 

myocytes [44]. As discussed earlier L-type Ca2+ channels have four subunits, α1, γ, β and 

α2δ. Only the pore-forming subunit α1 is identified for T-type channels [44, 45]. CaV3.1 

(α1G), CaV3.2 (α1H) and CaV3.3 (α1I) isoforms are considered to compose the T-type Ca2+ 

channel complex [44].  

Two isoforms, CaV3.1 and CaV3.2, of the T-type Ca2+ channel, are identified in embryonic 

hearts [45]. Their expression is insignificant in an adult’s ventricular myocyte as it visibly 

declines during the development of an embryonic heart. However, its expression is more 

dominant in the conduction system. In the SA node, it facilitates the pacemaker 

depolarisation. L-type and T-type Ca2+ channels can be distinguished based on their 

conductance properties and gating mechanisms, as described in Figure 1.9 [44, 45]. 

1.8.3 Calcium-Induced Calcium Release 

Cardiac tissue has an ability to perform synchronised contractions [44], APs spread by the  
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gap junctions of intercalated discs to regulate the coordinated contraction of the cardiac 

muscle [46, 47]. The phenomena of excitation-contraction coupling involve the conversion 

of an electrical impulse into a mechanical response that facilitates muscle contraction [47].  

In a cardiac muscle, action potentials serve as an electrical impulse that triggers the 

mechanical response through the sliding of filaments [47]. The phenomena of the mechanical 

contraction require calcium induced calcium release (CICR) from intracellular spaces. CICR 

is the fundamental tool for the activation of SR calcium (depolarisation of sarcolemma), 

which is essential for the electromechanical coupling in the cardiac tissue. The L-type 

calcium channels are activated during the action potential [47, 48], calcium ions flow into 

the cell, the influx of Ca2+ stimulates ryanodine receptors (RyR) to release calcium ions from 

the sarcoplasmic reticulum which increase the cytosolic Ca2+ [47]. The mechanism of 

contraction is not fully understood, researchers are still trying to find out what causes the 

ryanodine receptor to open. It can be linked to the physical opening of the L-type calcium 

channels or the presence of calcium [47, 48]. 

The mechanical contraction in a cardiac muscle involves the myofilament model of 

contraction, the myosin filaments slide over the actin filaments, which helps the muscle fibre 

to contract and relax with a change in the fibre length [47, 48]. The entire process can be 

described: an action potential, generated by the pacemaker cells, is propagated to initiate the 

contraction through the gap junctions [48]. After the rapid depolarisation phase, calcium 

enters the cell through L-type calcium channel. The influx of Ca2+ ions then triggers the 

depolarisation of RyR, that will initiate the release of calcium through the SR into the 

cardiomyocyte. The intracellular calcium returns to the SR with the end of the contraction 

[48]. 

 

 

 

 

 

 

 

https://en.wikipedia.org/wiki/L-type_calcium_channel
https://en.wikipedia.org/wiki/L-type_calcium_channel
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Figure 1.11: The schematic diagram of the intracellular Ca2+ cycle. The red 

arrows illustrate the direction of Ca2+ influx, while the green arrows explain the 

behaviour of the Na+/Ca2+ exchanger, ATPase (ATP), phospholamban (PLB), 

sarcoplasmic reticulum (SR), ryanodine receptor (RyR). Insert: time course of the 

intracellular Ca2+ concentration and the contraction initiated by the action 

potential. The calcium that enters through the L-type Ca2+ channels stimulates the 

SR to release Ca2+ into the cytoplasm. This process produces a rise in intracellular 

Ca2+ concentration from a diastolic level of less than 0.1 μM to systolic levels of 1-

10 μM [51]. 
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Figure 1.12: The Actin–Myosin cross-bridge cycle.  a) The resting stage, b) the calcium 

binding to the troponin exposes the myosin-binding sites on the actin filament. The free 

myosin heads bind with the exposed sites on actin and forms the cross bridges. c) These 

actin–myosin cross bridges then allow myosin to drag the actin towards the middle of 

the sarcomere, resulting in a shortening of the sarcomere, d) ATP attachment to myosin 

head weakens the bond between the myosin head and the actin. Hydrolysis of ATP to 

ADP and phosphate (Pi) detach the myosin from the actin which effectively ends the 

contraction [50].  

Calcium in the cytoplasm binds to troponin and exposes the binding site on the actin 

filament. This will allow the myosin head to be bound to an actin filament to initiate 

contraction. The myosin head changes the conformation and drags the actin filaments toward 

the centre of the sarcomere. The ATP activates the myosin head, which weakens the bonding 

between the myosin head and the actin. The troponin complex returns to its initial position 

on the binding site of the actin filament, with a drop in the intracellular calcium concentration 

from the sarcoplasmic reticulum, which effectively ends the contraction [44, 46, 47, 48]. 
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1.8.4 Sodium-Calcium Exchange 

Specific transport proteins play a very important integral part in the exchange of ions across 

the cell membranes. These proteins can be classified as ATP-driven transporters and 

secondary active transporters. Secondary active transporters are the second largest group of 

transporter proteins after the G-protein coupled receptors [47]. 

The participation of Na+/Ca2+ exchanger systems in the regulation of intracellular Ca2+ draws 

a lot of attention. It is now quite clear that Na+/Ca2+ exchange has a significant physiological 

effect in cardiac myocytes. In the cardiac cell, the Na+/Ca2+ exchanger is the dominant Ca2+ 

efflux pathway [1, 44, 48]. 

1.8.5 Potassium Channels 

Potassium ions play an important role in the construction of cardiac action potentials. In the 

heart, several different potassium channels conduct potassium in a single action potential at 

different TMPs [1, 2, 8]. 

The impulse generated by the depolarisation of sodium channels will activate the transient 

outward potassium current (Ito) during the start of phase 1. Ito plays a very important part in 

the atria and in sub epicardial ventricular myocytes. IKr and IKs, the rapid and slow delayed 

rectifier potassium currents, respectively, along with IK1 the inward rectifier currents, are 

responsible for the repolarising phase of the cardiac myocyte. IKr, IKs and IK1 currents are 

responsible for the phases 3 and 4 in both atria and the ventricular APs [1, 2, 25]. 

1.8.5.1 The Transient Outward (Kv4.x/Ito) Potassium 

Channels 

The ionic current Ito is involved in early repolarisation phase of the cardiac action potential. 

A visible decrease of TMP can be observed with the activation of Ito channels. Ito, the 

transient outward current, can be divided into two groups, Itof, rapidly activating and 

inactivating current and Itos, a current with slow recovery kinetics [7, 8]. KV1.4 channels 

regulate Itos [8]. Although KV1.4 channels are expressed throughout the ventricular and atrial 

wall, their expression is not very strong. The faster component of transient outward 

potassium current, Itof activates rapidly while the inactivation is a slow process [7, 8]. Itof is 

responsible for the characteristic notch (phase 1 repolarisation) in the cardiac action 

potential, which is more dominant in atria. The Itof expression is not heterogeneous across 
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the ventricular wall, the amplitude of current is substantial in epicardial and mid-myocardial 

layers but it’s not very prominent in the endocardial layer. As a result, a notch can only be 

seen in epicardial and midmyocardial ventricular action potentials [1, 3, 4, 7, 8]. 

1.8.5.2 The Fast-Delayed Rectifier (hERG1/IKr) Potassium 

Channels 

The hERG1 gene, encoding KV11.1 channel is responsible for IKr. It plays a substantial role 

in the repolarisation process of the nodal tissue, atria, Purkinje fibres and ventricular cells 

[8, 53]. These channels have very distinctive biophysical properties. They inactivate rapidly 

followed by a slow deactivation, allowing a relatively large potassium current to be 

conducted through these channels, which will slowly accelerate the membrane potential 

towards the resting membrane potential [1, 3, 4, 7, 8]. 

1.8.5.3 The Slow Delayed Rectifier (Kv7.1/IKs) Potassium 

Channels 

The voltage-gated KV7.1 channel is encoded by KCNQ1 genes. These genes activate the 

voltage-gated potassium channels during the repolarisation phase of the cardiac action 

potential with a progressive change in the TMP. The IKs channel has slow activation and 

deactivation kinetics, which allows the KCNQ1 channels to inactivate over longer 

depolarisation periods. IKs channels are expressed in various body tissues and modulate 

important physiological functions [1, 3, 7, 8, 28]. The most important role of cardiac IKs is 

the slow repolarisation phase of the cardiac action potential. Mutations in IKs channels are 

associated with long QT syndromes, Jervell and Lange-Nielsen syndrome, and familial atrial 

fibrillation [8, 25]. 

1.8.5.4 The Inward Rectifier (Kir2.X/IK1) Potassium 

Channels  

The inward rectifier K+ channels Kir2.X (Kir2.1, Kir2.2 and Kir2.3) regulate cardiac IK1. IK1, 

the inward rectification current, can be described as a novel current that rectifies in the 

inward direction [25, 53]. It plays an important role to stabilise the membrane potential in 

the heart [25]. 
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The structure of the IK1 channel is composed of four subunits. Unlike the other voltage gated 

channels each subunit of Kir2.X contains only two transmembrane domains, M1 and M2 [7, 

8, 53]. The density of IK1 in ventricular myocytes is generally greater than that in atrial 

myocytes, where it illustrates a substantial and complete inward rectification, with a marked 

negative conductance slope at depolarised potentials when compared to atrial myocytes. This 

may cause a different morphology of action potentials in atrial and ventricular myocytes [7, 

8, 25]. 

1.9 Thesis Overview  

Chapter 1 gives a brief background of the fundamental elements involved in cardiac 

electrophysiology. Chapter 2 will explain the gene mutations involved in the SQT syndromes 

and its consequences on the QT interval. Chapter 3 contains the methodology and Short QT 

model developments while Chapter 4-7 presents results computed from the single cell, 

transmural 1D, 2D and 3D models of WT, SQT4, SQT5 and SQT6 mutations. The main 

objective of the current study was to investigate the functional behavior of the SQT mutation 

and investigate the arrhythmogenic consequences of the Short QT mutations using 1D and 

2D tissue models of the human ventricle cell. 
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CHAPTER 2 

 

Cardiac Arrhythmias and Diseases 

2.1 Introduction 

In general, sinus rhythm refers to the normal rhythm of the heart, where the electrical activity 

initiated in the SA node further spreads into other parts of the heart through the cardiac 

conduction system. Normal adult heart rates range between 60 to 100 beats/min. Any 

abnormality in the sinus rhythm is referred as an arrhythmia, which stands for something 

‘without rhythm’. In cardiology, arrhythmia results in an irregular contraction, which 

reduces the heart’s ability to pump efficiently and, in severe cases, causes death. Many 

cardiac structural or electrophysiological diseases can lead to arrhythmias. This Chapter will 

describe a few of the most common of these diseases. It is worth noting that many of the 

cases described below are often not distinct from each other [1]. 

2.1.1 Bradycardia 

Bradycardia can be described as a slow heart rate. It can be caused by a defect in the 

parasympathetic regulatory system. Trained athletes often exhibit bradycardia. A very slow 

heart rate can reduce the amount of oxygen and nutrients delivered to the body, which can 

put strain on the organs. Bradycardias are also linked with Sinus Exit and AV-nodal block 

[2, 3]. 

2.1.2 Tachycardia 

Tachycardia is associated with the fast-cardiac activation. Generally, it is linked to a fast-

pacing ectopic pacemaker or the presence of re-entrant spiral waves, that can make the heart 

more susceptible to tachycardia. Dizziness, palpitation and chest pain are the most common 

symptoms in patients with tachycardia. In severe conditions, it can lead to unconsciousness 

and cardiac arrest [2, 3]. 

2.1.3 Fibrillation 

Fibrillation also refers to fast and irregular cardiac activation, but it is marked by the presence 

of multiple re-entrant spiral waves instead of one as in tachycardia [2]. Fibrillation can cause 
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severe effects on cardiac output by significantly impairing the synchronised contraction of 

the heart. More irregular conduction patterns and ECG waveforms are found with fibrillation 

as compared to tachycardia [2, 3]. Atrial fibrillation, which can be sustained for long periods, 

is the most common form of cardiac fibrillation [4]. While ventricular fibrillation, in most 

cases, immediately leads to a heart attack and can cause death, it has also been observed that 

atrial fibrillation can provoke ventricular fibrillation, heart attack, stroke and, in few cases, 

sudden death [5, 6]. 

2.1.4 Ischemia 

Ischemia is usually caused by a lack of blood flow to a certain region of the heart, which can 

result in the formation of dead cells. These regions can reduce the heart’s ability to contract 

efficiently. They can also contribute to the break-up of regular propagation waves and lead 

to re-entry [3]. 

2.2 Genetic Mutation Induced Cardiac Arrhythmias 

For several years, researchers have tried to discover the answers to many unresolved cardiac 

phenomena which have no links to the cardiac structure [7]. Finding the defects in cardiac 

genes was a big revolution in cardiology and electrophysiology. Genetic studies have 

revealed that most of the gene mutations have no significant effects on impairing cardiac 

functions [7]. However, some gene mutations can alter different properties of the heart. For 

example, mutations in the SCN5A, encoding INa, can lead to the reduced excitability of the 

heart and may lead to Sinus node exit block [7, 8]. Mutation in CACNA1C, encoding α 

subunit of Cav1.2 can lead to SQT / Brugada syndrome, which can cause AF/VF, palpitation 

or sudden cardiac death [9]. 

2.3 SQT Syndrome, QT Intervals and ECGs 

A syndrome is defined as a condition characterised by a group of symptoms which 

consistently occur together. The QT syndromes are linked to the abnormal morphology of 

the QT interval on ECGs. In electrophysiology, ventricular depolarisation and repolarisation 

are represented by the QT interval on the electrocardiogram. The QT interval is the time 

between the beginning of the Q and the end of T-wave (Figure 2.1b). An ECG records the 

electrical activity of the heart; each heart beat can be described as a train of waves, arching 

away from the baseline [10]. 



54 

 

 These deflections, labelled as P, Q, R, S and T on each of its deflection points, on an ECG 

describe the time dependent transformation of electrical activity in the heart [10].  

The ECG is divided into the following sections [10]: 

• P-wave; a small low voltage deflection on Figure 2.1b, which is caused by the depolarisation 

of the atria, as the depolarisation impulse propagates from the SA node through the atria 

[10]. 

• PQ-interval describes the time between the beginning of the P-wave and the beginning of 

the QRS complex. It is the time gap between the beginning of atrial depolarisation and the 

beginning of ventricular depolarisation. The only transmission route of the depolarisation 

impulse from atria to ventricles is the AV node, because an electrically inert fibrous ring 

separates the atria from the ventricles in a normal heart. The AV node slows down the cardiac 

conduction from the atria to the ventricles, allowing the atria to contract and empty their 

contents before the depolarisation impulse conducts through the bundle of His and the right 

and left bundle branches into the right and left ventricles [10]. 

• The QRS complex has the largest-amplitude section of the ECG. It represents the ventricular 

depolarisation. The downward deflection in figure 2.1b describes the initial depolarisation 

of the ventricular wall before the depolarisation spreads in the right and left ventricles [10]. 

• The QT-interval represents the total time between the start of ventricular depolarisation and 

the end of ventricular repolarisation [10]. 

• The ST segment is the time between the end of the S-wave (commonly known as the J- point) 

and the beginning of the T-wave [10]. 

• The T-wave describes the process of ventricular repolarisation. As the action potential 

duration of epicardium cells are shorter than the endocardium, a repolarisation process 

occurs first in the epicardium, followed by the repolarisation of the endocardium cells which 

causes the T-wave to have an upright structure [10]. 
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(a) 

 

(b) 

Figure 2.1: Schematic representation of a cardiac electrocardiogram. a) An ECG is a 

plot of voltage (mV) on the y-axis against the time on the x-axis. A 12 lead ECG explains 

the electrical activity of the heart at different positions on the cardiac system. The y-

axis of the ECG graph represents the amplitude of the wave deflections i.e. 10 mm 

equals 1 mV with standard calibration (10 small boxes are equal to 1 mV, as shown in 

2.1b). 1 mm (small) horizontal box represents time equals to 40 ms. b) An ECG 

waveform illustrating the P, Q, R, S and T waves representing the atrial and 

ventricular depolarisation and repolarisation on the ECG [Modified from 11 and 55].  
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Based on the duration of the QT interval, QT syndromes are divided into two distinct 

pathological clinical entities, Long QT and Short QT syndromes [12]. The QT abnormalities 

can be congenital or acquired. The congenital QT syndromes are linked with the mutations 

in the regulatory protein coding genes or in the ion channel subunits with an autosomal 

inheritance or sporadic pattern. Acquired QT abnormalities are more common than the 

congenital form. Drug induced prolonging of QT intervals are the most common cases of the 

acquired QT form [23]. Researchers have been working on Long QT Syndrome (LQTS) 

since 1856 [12]. In contrast to LQTS, SQTS are described by an abnormally short QT 

interval on the ECG with an increased risk of atrial and ventricular arrhythmias [12, 13]. 

Short QT syndrome is a rare, inherited genetic disease, associated with ion channel defects. 

It is a relatively new clinical entity as compared to the LQTS [13]. Genetic studies have 

concluded that the shortening of the QT interval can be associated with cardiac ion channel 

defects [14, 15, 16], or in other words, SQT syndrome is caused by a mutation in the proteins 

that regulate the kinetics of the ion channels [17].  In 2000, Gussak et al. [26] described 

SQTS as a new clinical entity, associated only with hyperkalaemia, hypercalcaemia, 

hyperthermia, acidosis and endocrine disorders. The inherited nature and arrhythmogenic 

probabilities of SQTS were further described by Gaita et al [54].  

The inherited long and short QT syndromes are identified by an abnormal QT interval on the 

ECG. The QT duration changes with the heart rate; the faster the heart rate, the shorter the 

QT interval. Cardiologists still struggle to assess the upper and the lower boundaries of the 

normal QT interval. Two different population-based studies have helped to set the upper and 

the lower limit of the QT interval [14, 26, 54]. These studies have described the distribution 

of QTc intervals in a large population of healthy individuals, where QTc refers to the 

corrected QT interval (QTc, using the Bazett formula) [19, 20, 21, 24], 

QTc =
QT

√RR
  (𝟐. 𝟏) 

The QTc is the corrected QT interval in milliseconds (ms), QT is the measured QT interval 

for each beat, while RR is the time interval between the two consecutive beats (Figure 2.1b). 

Based on these studies, the normal QTc values for males are between 350 ms to 450 ms and 

for females they are between 360 ms to 460 ms [20, 21, 22]. However, the QTc intervals of 

both healthy population and individuals affected by SQTS or LQTS, overlap considerably 

in practice [21, 22].  
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Patients are diagnosed with extremely short QT (QTc < 300 ms) intervals in initial SQT 

studies [21, 22]. More recent studies have described individuals with QTc intervals of 320 

ms and 360 ms. QTc < 330 ms is very rare in a generally healthy population. According to 

the population-based studies, QTc < 340 ms prevails only in 0.5% of a generally healthy 

public [22]. Table 2.1 describes the QT scale based on different studies for defining the 

spectrum of QT intervals, extending from extremely short to tremendously long in males and 

females [20, 21, 22]. 

 

Table 2.1: The QT scale based on different studies, illustrating the QT spectrum, 

extending from extremely short to enormously long in males and females. SQTS refers 

to the Short QT Syndrome and LQTS refers to the Long QT Syndrome [Adopted from 

23]. 

2.4 Short QT Syndrome  

The SQT syndrome is a very rare cardiac electrical disorder. SQTS probands have 

structurally normal hearts, without any evident disease and with extremely short QT 

intervals, due to abbreviated atrial and ventricular effective refractory periods [26]. The 

shortening of the effective refractory period in SQTS patients can increase atrial and 

ventricular susceptibility to premature stimuli, which can lead to the development of atrial 

and ventricular fibrillation [19, 20, 24, 25]. This irregular atrial rhythm leads to palpitations, 

shortness of breath, dizziness, chest tightness and fatigue. Clinical data have suggested that 

the probability of ventricular arrhythmias and sudden cardiac death is also very high in SQT 
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patients. Sudden cardiac death (40%) and palpitation (30%) are the most common symptoms 

[24, 25]. Genetic studies of patients suggest, a high risk of SCD over their entire life span, 

with a peak between their 20s and 40s [26, 27]. Gollob et al. [28] have proposed a more 

specific criterion for the diagnosis of SQT syndrome patients, and it was based on four 

different analyses, i.e. ECG, clinical history, family history and genotype [28]. 

Six different variants of the short QT syndromes have been diagnosed to date, SQT1 to 

SQT6. The first variant of SQTS was identified in the KCNH2 (hERG) gene, which regulates 

the rapidly rectifying outward component of potassium current IKr [15, 30]. SQT2 is 

associated with the KCNQ1 gene, which regulates the slow-delayed outward rectifier 

potassium channel IKs [15, 16, 46]. A mutation in the Kir2.1 channel responsible for the 

inwardly-rectifying potassium channel current (IK1), encoded by KCNJ2 gene, is mentioned 

as SQT3 [15, 16, 46]. SQT4, SQT5 and SQT6 are more recently identified variants; these 

mutations are associated with CACNA1C, CACNB2b and CACNA2D1 genes [29] 

respectively. The SQT4, SQT5 and SQT6 mutations are associated with a combined short 

QT/ Brugada syndrome phenotype [29]. An elevated ST-segment on the ECG is observed in 

these cases along with the QT abbreviations [29, 30]. The sixth variant of short QT syndrome 

is the newest among all of them and is associated with CACNA2D1 [51]. 

2.4.1 SQT1/ KCNH2/hERG/IKr Mutation 

The first variant of short QT syndrome (SQT1) was discovered in two separate families, 

where members of both families exhibited the hERG mutation. The first family exhibited a 

C to G substitution, while a C to A substitution was displayed by the other family, which led 

to an Asparagine to Lysine substitution in hERG/IKr channel [31]. In a different study, the 

same exchange of Asparagine to Lysine at position 588 was discovered in a 3rd family [31, 

33]. Affected individuals displayed abbreviated QT (QTc) intervals on ECGs, 225-240 ms 

over the normal heart range [33, 46]. 

The KCNH2 gene encodes an α-subunit of the Kv11.1 channel, which regulates the outward 

component of the potassium current (IKr) [15, 31, 33, 46]. The human hERG gene N588K is 

located between S5-P linker in the extracellular region, as shown in Figure 2.2, and 

inactivation of the Kv11.1 channel is dominated by this region. Data shows the N588K 

mutation shifts the inactivation of hERG channels towards more positive potentials, which 

leads to an increase of IKr function [32, 33, 46]. 
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Figure 2.2: The proposed topology of the α subunit of Kv11.1 channel encoded by the 

KCNH2 gene, illustrating the position of the N588K mutation. The N588K mutation is 

located in the S5-P-loop linker region of hERG. The S5-P-loop region is known to 

influence the inactivation process of the hERG channel [33]. 

 2.4.2 SQT2 / KCNQ1/IKs Gene Mutation 

KCNQ1 protein is co-expressed with KCNE1; it regulates the slow delayed rectifier current 

IKs. KCNE1 is the β-subunit of the basic IKs channel complex that controls trafficking and 

behaviour of the KCNQ1 α subunit [45]. The second variant of SQTS was identified in a 70-

year-old man, who effectively recovered from ventricular fibrillation. The patient’s genetic 

data revealed an amino acid substitution of Valine to Leucine at position 307 (V307L) in the 

α subunit of KCNQ1 channel protein. A QTc interval of ~300 ms was observed on an ECG 

[32, 45]. In vitro electrophysiological studies suggest a shift of the voltage reliance of the 

activation towards more negative voltages for the V307L mutation. It also accelerates the 

time duration of activation, by not only impairing the activation, but also by terminating 

inactivation [31, 46]. Incorporating these changes into a human ventricular model described 

an enhanced influx of IKs during the repolarisation phase, which has been believed to reduce 

the total duration of the action potential, preceding an abbreviated QT interval [31, 45, 46]. 

However, due to insufficient experimental animal data, the exact mechanisms responsible 

for the increased risk of arrhythmogenesis in SQTS patients, has not been fully classified 

[45, 46]. Electrophysiological studies of SQT2 mutation have also shown considerable 

shortening of effective refractory periods (ERP), and significant changes in the transmural 

distribution of the AP across the ventricular wall [36].  The second case of SQT syndrome 

was diagnosed in a baby girl, born at 38 weeks. The patient was diagnosed with bradycardia 
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and irregular rhythm before birth [35]. Her heart rate was noticeably bradycardic after birth. 

ECGs revealed atrial fibrillation, slow ventricular response and an abbreviated QT interval 

of 280 ms [35, 36]. Further investigation revealed a substitution of Valine to Methionine at 

position 141 (V141M) in the S1 domain of the KCNQ1 protein channel. The baby girl had 

no family history of SQT syndromes, and therefore, it is defined as a de novo mutation in 

the infant [35]. 

2.4.3 SQT3 /KCNJ2/ IKs Mutation  

The SQT3 was first reported in 2005 when an asymptomatic 5-year-old child was diagnosed 

with an irregular ECG during a routine clinical examination; data showed a QTc interval of 

315 ms with a tall narrow T-wave [37]. Further investigation revealed her mother showed no 

complications in her ECG, while her father showed a history of palpitations and pre-syncopal 

episodes [37]; the ECGs revealed a proband and her father had almost identical QT intervals 

and T-wave morphology. The father's family history had unremarkable ECGs and no 

reported sudden cardiac deaths [37, 38]. 

Genetic screening was performed for proband and her father showed no mutations in 

KCNH2 or KCNQ1; instead they exhibited a G to A substitution at position 514 in KCNJ2 

[37]. This resulted in an amino acid substitution of Aspartate (D) to Asparagine (N) at 

position 172 in the Kir2.1 K protein. Genetic data of the family suggested that the D172N 

mutation may have developed as a de novo in the father, in the transmembrane region of 

Kir2.1, Figure 2.3. As discussed in Chapter 1, Kir2.1 protein, responsible for the inwardly 

rectifying current IK1 is expressed in both human atrial and ventricular tissue [39]. It 

contributes during phase 4 of the AP to maintain the negative resting potential of both atrial 

and ventricular tissue [40]. This property of IK1 channel makes its presence very important 

in ventricular repolarisation. A loss of IK1 expression during phase 4 can lead to Andersen’s 

syndrome [41], while a gain of function (V93I mutation) can cause a genetic AF [42, 43, 

44]. 

In Figure 2.3, the D172N mutation is situated in the transmembrane region of the Kir2.1 

channel, and studies showed that the region is involved in the binding of polyamines and 

Mg2+ ions, which accelerates the inward rectification of the Kir2.1 channel current [36]. An 

increase in outward IK1 with a rightward voltage shift of peak current cannot be seen 

experimentally for D172N mutations due to the impairment of that binding [36, 38].  
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To understand the heterozygous state of the SQT3 mutation, a co-expression of WT and 

D172N channels were incorporated in computer modelling which resulted in an increase of 

the outward component of IK1 current that is approximately halfway between WT and D172N 

[38]. 

 

Figure 2.3: The proposed topology of the Kir2.1 channel, indicating the location of the 

D172N mutation in the transmembrane region of the IK1 channel [38]. 

Unlike the 1st three variants of Short QT syndrome, the 4th, 5th and 6th variants are relatively 

new, and are associated with the L-type calcium channel [9]. The 4th and the 5th variant of 

SQTSs were diagnosed by Antzelevitch et al. [9] in 2007. They analysed 82 probands for 

BrS and early repolarisation syndromes. Data revealed that seven probands (8.5%) had 

mutations in the genes encoding the α1 and beta β2 subunits of L-type calcium channels [47, 

48]. ECGs showed short QT intervals (<360 ms) associated with an elevated ST segment [9, 

49].  

2.4.4 SQT4/ CACNA1C/ G490R/ ICaL Mutation  

The 1st variant of SQT4 was found in a white Turkish male, diagnosed with atrial fibrillation 

with a QTc interval < 346 ms. He had a family history of SCD, his brother having died of 

sudden cardiac arrest. Further analysis showed an elevated ST segment in V1 to V2 leads 

[9], while the QT interval demonstrated very insignificant rate dependence. Coronary 

angiography ruled out any structural defects. The study carried out by Antzelevitch et al. [9, 

27] described the proband with a mutation in exon 10 of CACNA1C. Genetic data revealed 

a heterozygous substitution of an Adenine to Guanine, which leads to a substitution of an 

Arginine to Glycine at position 490, and they named it G490R [9]. Two of his daughters 

were also diagnosed with G490R mutation, having QTc interval of 360 ms and 373 ms, 

respectively [9, 27, 49]. 
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2.4.5 SQT4/ CACNA1C/ A39V/ ICaL Mutation 

The 2nd variant of SQT4 was found in a 44 years old European male. The ECG exhibited a 

marked ST segment elevation in lead II and a prominent J-wave in lead III. The family 

history showed a mother with syncope leading to SCD, while the 75-year-old father showed 

no significant ECGs. Genetic screening of the proband showed a heterozygous C to T 

transition at position 116 in exon 2 of CACNA1C protein, which anticipated a Valine to 

Alanine substitution at position 39, A39V [9, 47, 49]. 

 

Figure 2.4: The proposed topology of the α and β subunits of Cav1.2 channel [Modified 

from 9]. (a) α subunit: both mutations are positioned within a highly-preserved region 

of the CaV1.2 protein. G490R (red) is positioned in the cytoplasmic linker between 

domains I and II, while A39V (blue) is positioned near the N-terminus, (b) β subunit: 

the mutation S481L (green) is situated in the C-linker region of the β subunit of Cav1.2 

[49]. 
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Studies have suggested that the A39V mutation impairs the trafficking of the CaV1.2 channel, 

which will result in a loss of current function. In control variants, the channels' surface 

expression increases vigorously when an α subunit of the CaV1.2 channel is co- expressed 

with Cavβ, as Cavβ binds the intracellular I-II linker of the α subunit [47]. 

Recently, researchers have found mutations in the N-terminus of Nav1.5 [48], which displays 

trafficking defects similar to A39V. Based on these studies, it can be assumed that, in general 

the N-terminus structure is associated with trafficking of cardiac voltage-gated channels [47, 

48]. 

G490R, identified by Antzelevitch et al [9], is located in the I-II linker of the CaV1.2 channel. 

Experimental data showed a reduction of current density to a large extent in the presence of 

the G490R mutation. The central and peripheral pattern of fluorescence suggests a normal 

trafficking pattern for the G490R channels [9]. 

2.4.6 SQT5/ CACNB2b β2/ S481L / ICaL Mutation 

The β-subunit of Cav1.2 channel, encoded by the CACNB2b gene, is involved in the gating 

and traffic modulation of L-type calcium channels [49]. The first reported case of CACNB2b 

mutation was that of a 25-year-old European male, diagnosed with ventricular fibrillation 

(VF) which led to SCD [9, 47, 49]. ECG presented a QTc interval of 330 ms, with a curved 

shape ST-segment elevation [9]. Genetic data of the proband revealed a heterozygous 

transition from C to T at position 1442, in exon 13, that anticipates a Leucine to Serine 

substitution at position 481 (S481L) of CACNB2b [9]. His 23-year-old brother also 

displayed symptoms of syncope since the age of 21. A further clinical and genetic 

investigation of the family revealed a positive phenotype in 6 family members based on the 

elevation of ST-segment (ST segment elevation >2 mm) and a QTc interval < 360 ms and 

370 ms in males and females respectively. S48IL was present in all six family members with 

a positive phenotype. A few family members exhibited tall peaked T-waves, with shorter-

than-normal QT. The mutation is located in the C-linker region of β subunit of CaV1.2 as 

shown in Figure 2.4 [9, 49].  

2.4.7 CACNA2D1 α2δ-1 S755T/SQT6 ICaL Mutation 

The 6th variant of SQTS was identified by Templin et al. [51] in a 17-year-old Caucasian 

female. She suffered a sudden loss of consciousness due to ventricular fibrillation, which 
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was successfully stopped after two external defibrillation shocks. The ECG explains a QT 

interval of 317 ms (QTc 329 ms) with tall, narrow T-waves. Genetic screening of the patient 

diagnosed no mutations in KCNH2, KCNQ1, KCNJ2, CACNA1C and CACNB2b genes. 

Genetics revealed a heterozygous transition from G to C at position 2264 in CACNA2D1 

assuming a Threonine to Serine substitution at position 755 (S755T). S755T is positioned at 

the external C-terminal of CaV α2, Figure 2.5 [51].  The S755T mutation leads to a loss of 

current function with barium as the charge carrier. Surprisingly, surface biotinylating 

experiments detected no defects in trafficking. However, Templin et al. observed positive 

shifts in the activation and inactivation curves, consistent with those found in cells lacking 

CaV α2δ1 [51]. 

 

Figure 2.5: The predicted topology of the α2δ-1 subunit of the CACNA2D1 gene, 

indicating the position of the S755T (red circle) mutation at the external C terminal 

of the δ-1 subunit of the CACNA2D1. AID, α-subunit-interacting domain. BID, β-

subunit-interacting domain [51]. 

2.5 Discussion 

To date, SQTS mutations are identified in three potassium ion channels KCNH2, KCNQ1, 

KCNJ2 and three calcium ion channels, CACNA1C, CACNB2b, CACNA2D1 respectively. 

Probands having calcium channel mutations lead to diseases, such as Brugada syndrome or 
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early repolarisation syndrome [9, 30]. Table 2.2 described a short summary of all the SQTS 

and the genes related to them [8, 15, 47, 48]. 

SQTS Gene Mutation Functionality 

SQT1 KCNH2 (Brugada et al., 2004; Hong, 

Bjerregaard, Gussak, & Brugada, 2005) 

N588K Increase in IKr current. 

 

SQT2 KCNQ1 (Bellocq et al., 2004) V307L Increase in IKr current. 

 

SQT3 KCNJ2 (Priori et al., 2005) D172N Increase in IKr current. 

 

SQT4 CACNA1C (Antzelevitch et al., 2007) A39V 

G490R 

Reduction in L-Type Ca2+-

channel current 

 

SQT5 CACNB2b (Antzelevitch et al., 2007) S481L Reduction in L-Type Ca-

channel current 

 

SQT6 CACNA2D1 (Templin et al., 2011) 

 

S755T Reduction in L-Type Ca-

channel current 

 

Table 2.2: A short summary of all the Short QT Syndromes, the relevant experimental 

data, mutations and their effects on the relevant channel currents. SQT1 affects the IKr, 

SQT2 affects IKs, SQT3 is linked to IK1, while SQT4-6 affects the α, β, and α2δ-1 

subunits of the L-Type calcium channel current, ICaL [8, 15, 47, 48]. 

Studies have suggested that the majority of SQTS patients have an autosome dominant 

pattern [8, 15, 47, 48] i.e. a single effected gene from one parent can cause this defect. A 

very rare case of SQTS is classified as sporadic and occurs in people with no apparent history 

of short QT syndrome in their family [8, 47, 48]. Short QT syndrome appears to be rare. At 
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least 100 cases have been identified worldwide since the condition was discovered in 2000 

[47, 53]. However, the condition may be underdiagnosed because some effected individuals 

never experience any symptoms. In the healthy population, the prevalence of QTc <340 ms 

is approximately 0.5% [53, 54]. Males with QTc <330 ms and females with QTc <340 ms 

should be diagnosed with SQTS even if they don’t show any related symptoms [53, 54], 

since these values are extremely unlikely in the general healthy population. The individuals 

with QTc intervals < 360 ms for males and QTc < 370 ms for females are considered 

diagnostic of SQTS only when backed by the symptoms or family history, as these QTc 

intervals overlap with the healthy population [21, 52].  

The majority of patients diagnosed with Short QT Syndrome have been males at the age 

from new-born to very old [52]. Haissaguerre et al. [53] reported that, among patients with 

idiopathic ventricular fibrillation, the QT interval was shorter in patients with early 

repolarisation than in those without, suggesting a correlation of early repolarisation and QT 

interval shortening [53, 54]. Gene mutations reduce the heart's ability to pump blood 

effectively. The most common symptoms found in SQT patients are palpitations and 

unexplained syncope (loss of consciousness) [15, 47, 48, 53, 54]. This abnormal 

repolarisation appears as a short QT interval on an electrocardiogram [15, 53]. Cardiac arrest 

is another frequent symptom (34%) [47]. 
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CHAPTER 3 

Mathematical Electrophysiology 

3.1 Introduction  

Advanced computing plays a significant role in understanding the functionality of 

human organs.  Hodgkin and Huxley published the first mathematical model of an 

Action Potential (AP) in the squid giant axon [1]. Their formulations of the ionic 

channels are based on passive ion currents. The cell membrane and different ionic 

currents were represented by different electrical components making up a simple electric 

circuit. This approach made their model very simple and open to wider applications. 

Almost all of the modern mathematical models of APs are based on Hodgkin and Huxley 

style equations. Denis Noble in 1962 used these equations for the first time to model the 

action potentials of the canine Purkinje fibre [2]. 

3.2 Cell Equivalent Circuit 

The cell membrane acts as a capacitor, which separates intercellular and extracellular 

charges. The ion channels, pumps and exchangers act as a passage for ion translocation. 

The ion movement is dependent on the membrane potential and has an associated 

resistance, which can change over the course of time and voltage. Hence, cell 

membranes can be represented as variable resistors. The ion channels, pumps or 

exchangers are independent of each other and are aligned in parallel. A cell membrane 

is not a perfect insulator; Ohm’s law describes the resistance experienced by the ionic 

current flowing across the cell membrane [3]: 

R =
Vm
Iion 

(3.1) 

where R is the resistance in ohms (Ω), Vm is the potential of the membrane in volts (V) 

and Iion is the ionic current in amperes (A). The membrane conductance (g, µS/cm) can 

be described as a reciprocal of the resistance [3]:           

g =
Iion
Vm

(3.2) 



73 

 

To understand the physiological behaviour of the cardiac myocyte, it is very important 

to recall the basic phenomena of permeability and conduction as discussed in Chapter 1. 

Both allow the ions to flow across the cell membrane, but with completely different 

characteristics [4]. 

Permeability describes the flow of ions across the cell membrane in either direction. The 

permeability of a system at equilibrium, or near equilibrium, can be mathematically 

described as [5]: 

J =  −Pion
∂Cion
∂x

(3.3) 

Where J is the diffusion flux (mol/cm2s), Pion is the permeability coefficient, ∂Cion is the 

difference in ion concentration on both sides of the cell membrane (mol/cm3). Based on 

these equations, Ohm’s law can be modified as: 

Iion = gion (Vm − Eion) (3.4)                  

where Vm is the membrane potential (mV), gion is the conductance (µS/cm) and Eion is 

the transmembrane potential (mV) at equilibrium when there is no net flux across the 

membrane [5].              

The plasma membrane of a cell acts as a parallel plate capacitor with a dielectric between 

the two plates. A conductive current can be described due to the movement of single ions 

across the cell membrane under the influence of an electromotive force. The capacitance 

of a parallel plate capacitor [3, 5] is equal to  

Cm =
Q

V
  (3.5) 

The charge stored by the capacitor is:       

Q = CmV (3.6)               

The capacitive current can be derived as [3, 4]: 

Ic =
dV

dt
 Cm (3.7) 
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Figure 3.1: Electric Circuit equivalent of an excitable axonal cell membrane. IK, INa 

and Io represents the K+, Na+ and leakage currents respectively. EK, ENa, Eo and gK, 

gNa, g0 represents the equilibrium potentials and conductance of the relevant 

current channels, while Vm and Cm represents the membrane potential and 

capacitance [Modified from 6]. 

The membrane current is the combination of ionic and capacitive current [3, 5], 

Im = Iion + Ic (3.8)      

Im = Iion +
dV

dt
Cm (3.9) 

While the total ionic current can be described as [5]          

Iion = Ik + INa + IL    (3.10)                   

Figure 3.1 explains the circuit analogy of a cell membrane [5].  

The electromotive forces can change the membrane potentials. Any change in membrane 

potential can directly affect the flow of a specific ion by changing the conductance of 

the voltage gated channels for that specific ion [3, 7]. 

3.2.1 Nernst Equations 

Nernst described the magnitude of forces acting on the ions on either side of a cell 

membrane [8]. The electromotive forces for a specific ion generate a concentration 

gradient for that ion across the membrane and control its diffusion [7]. An electrical 
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potential is generated due to the movement of those ions and prevents further ion 

diffusion across the membrane. An equilibrium is established, referred to as a Nernst 

potential. Simple thermodynamic laws govern the Nernst equation [8, 9]. 

The diffusive flux in Equation 3.3 can be described in terms of the diffusion coefficient, 

Dx (cm2/s) and the local concentration (Cx) [9]: 

Jx = −Dx  
∂Cx
∂x
 (3.11) 

The diffusive flux in-terms of ion mobility, Ux (m
2s-1V-1), local concentration, Cx 

(mol/m3) and local potential, Φ (V) can be described as:               

Jx = −UxCx  
∂Φ

∂x
 (3.12) 

Based on the fundamental insights of Nernst and Planck, the above two diffusion fluxes 

are additive [8]:   

 

Jx = −Dx  
∂Cx
∂x
 −UxCx  

∂Φ

∂x
 (3.13) 

To construct the Nernst equation, recall the Nernst-Einstein relationship [8, 9]:      

Dx = Ux
RT

ZxF
(3.14) 

where R represents the universal gas constant (cal/mol. K), T is the absolute temperature 

(K), F is the Faraday constant and Zx is the valence number of a selective ion [5]. It 

should also be understood that the potential across the membrane is due to the ionic 

current, and not due to flux. The valence and Faraday constants can be used to convert 

diffusion into an ionic current density (Ix) [5]. 

             

Ix = JxZxF (3.15) 

Using equation 3.13 

Ix = (JxZxFx) = −DxFZx (
∂Cx
∂x
+
FZxCx
RT

 
∂Φ

∂x
) (3.16) 

In the Nernst equation, the equilibrium is established when the electrical gradient is 

balanced by the concentration gradient [8, 9], i.e., no net current passes through the cell 

membrane Ix = 0. Equation 3.16 can be rewritten as: 
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∂Φ

∂x
= −(

RT

ZxCxF
)
∂Cx
∂x

(3.17) 

 Let’s assume that equation 3.17 varies only in one direction, i.e. the x direction [5]. 

Integrating the cell from outside to inside gives the following equation: 

Φi −Φo =
−ZxF

RT
ln (

[Cx]i
[Cx]o

) (3.18) 

Vm =
−ZxF

RT
ln (

[Cx]i
[Cx]o

) (3.19) 

where Vm is defined as the difference between the intracellular and extracellular 

potentials [5]: 

Vm = Φi −Φo (3.20) 

This is the potential at which the rate of diffusion of an ion from one side of the 

membrane is balanced by the opposite side of the membrane. This is known as Nernst 

equilibrium, or more commonly as an equilibrium potential [3, 7, 8, 9]. 

3.3 The Hodgkin-Huxley Model  

The first model for cellular ionic activity was developed by Alan Lloyd Hodgkin and Andrew 

Fielding Huxley in 1952 [1]. They were awarded the Nobel Prize for this achievement. Their 

cell model was capable of producing the Action Potential of the Squid Giant Axon, and the 

model was based on the ionic conductance of Na+ and K+ currents [1]. 

The Hodgkin-Huxley (HH) model formulations are still used as the basis for most later ionic 

channel model developments. It can be used in modern computational methods to estimate 

the mandatory parameters needed to replicate the experimental data. They concluded that a 

cell membrane has freely moving particles, which allows ion movement across the cell. They 

developed mathematical equations for ionic currents [1] and numerically solved these 

nonlinear ordinary differential equations using a simple computing device (a hand 

mechanical calculator), although their work did not identify ion channel proteins. Following 

further study, it has now been established that proteins within the membrane act as channels 

and gates or pathways. It has already been discussed that these protein pores are selectively 

permeable to different ions. The permeability of these pores is dependent on numerous 

aspects, including voltage sensitivity and ligand binding [10, 11]. The ionic data obtained 

from these cell models explain the activity of different ion channels, they show rapid 

transitions depending on the structural changes in proteins. Markov chain models illustrate 

these configurational changes more precisely through state diagrams. Markov chain models 
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explain ion channel kinetics more precisely than HH models [13]. The only disadvantage of 

Markov chain models with respect to the HH models is the complexity in calculating the 

obligatory variables from the experimental data. 

3.3.1 The Hodgkin-Huxley Cell Model Formulation 

Alan Lloyd Hodgkin and Andrew Fielding Huxley quantified the casual link between the 

membrane potential and the currents. Based on their experimental data, they were able to 

derive individual equations for three different ionic currents. This can be described by Figure 

3.1, which represents their cell model.  Using Figure 3.1, the following currents are used to 

construct the Hodgkin-Huxley cell model [1, 2, 5, 15]. 

a) INa the inward Na+ current (pA/pF), 

b) The outward component of K+ current, IK (pA/pF), and 

c) Il, the leakage current translocated by other unclassified ions. 

The total ionic current can be described as in equation 3.21: 

Iion = INa + IK + IL   (3.21) 

The membrane potential and current illustrate a linear relationship (in the squid giant axonal 

membrane). The ionic current, Iion, moves under the influence of the instantaneous function 

of potential. The driving force is equivalent to Vm – Ex, where Vm represents the membrane 

potential and Ex is the equilibrium potential of a particular protein channel, permeable to that 

specific ion [1, 5]. The second factor is the ion conductance, which describes the change in 

permeability of ion channels (the activation and inactivation of ion channels under the 

influence of membrane potential) [1, 5]. 

                  gx =
IX

Vm − Ex 
  (3.22) 

Conductance, gx (µS/cm) represents a steady change in the permeability of a specific ion 

across the membrane. The mathematical equations for the Huxley and Hodgkin cell model 

for three ionic currents can be described as [5]: 

INa = gNa(Vm − ENa) (3.23) 

    IK = gK(Vm − EK) (3.24) 

  IL = gL(Vm − EL) (3.25) 
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Where Vm is the membrane potential (mV), gNa, gK, gL are the conductance of Na+, K+ and 

leakage current channels while INa, IK and IL and ENa, EK and EL are the respective channel 

currents and equilibrium potentials. These equations quantitatively described the movement 

of the ionic current and the gating of ionic channels. It was postulated that the movement of 

ionic current is regulated by the membrane potential, and ions move in and out of the cell 

under the influence of a driving force. Any change in membrane potential can allow ions to 

translocate from the intracellular region to the extracellular region or vice versa. The opening 

or closing states of the channel gates depend on the voltage which regulates the ion 

movement through the cell membrane [1, 5]. 

 

Figure 3.2: A two-state transition diagram of the HH model and the steady state gating 

variable example. (a) C represents the closed state and O stands for the open state. The 

transition rate contents, αm and βm explain the voltage dependent transition rate from 

one state to the other state, (b) the relationship between the steady state value of a 

gating variable (M∞) and membrane potential (Vm), the sign of gradient (a) will define 

the direction of the variable. [Modified from 1]. 

Let’s suppose that M is the fraction of gates in the open state, while (1-M) is the fraction of 

gates in the closed state [1, 5]. The rate of change of the fraction of open gates can be defined 

as; 

dM

dt
= α(1 − M) − βM (3.26) 

Where dM/dt=0 at the steady state. The fraction of open gates (M∞) at steady state can be 

defined as,  

  M∞ =
α

α + β
(3.27) 
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A change in membrane potential will cause a deviation from the steady state and 

consequently, a change in the fraction of open gates. The time it takes for the channel to 

return to the steady state is given by the time constant: 

τM =
1

α + β
(3.28) 

Based on the fraction of open gates, Hodgkin and Huxley represented the conductance of a 

channel by: 

gNa = g̅NaM
3h (3.29) 

The final formulation for Hodgkin and Huxley equation for the Na+ current is:  

INa = g̅NaM
3h(Vm − ENa)  (3.30) 

where M3 represents three activated sodium channel gates, and h represent the fraction of the 

inactivated Na+ channel. g̅Narepresents the maximum Na+ conductance. They assumed that 

potassium channels can be characterised by four identical, distinct voltage dependent 

activation gates (n), and postulated it as [1, 5, 14]: 

  gK = g̅Kn
4 (3.31) 

IK = g̅Kn
4(Vm − EK)            (3.32) 

and the leakage current (IL) carried by other unspecified ions is defined as: 

  IL = gL(Vm − EL) (3.33) 

All the gates of an individual channel should be in the open state to conduct current. 

Depolarisation causes the M and n gates of Na+ and K+ channels to open. However, the h 

gate of the Na+ channel is closed by the depolarisation, resulting in the termination of the 

entire channel activity [1]. 

3.4 The Markov Chain Model 

Although the Hodgkin-Huxley cell model can reproduce the microscopic characteristics of 

the currents very precisely, the theory of independent gating has not been supported by 

experimentation. For an ionic channel to be inactive, it must first be in an activated state. 

Markov chain models can be described as an alternative method to express the channel 

conductance (g). The formulation for maximum current flow is similar to the Hodgkin-

Huxley model. However, Markov models use a chemical transition formulation to express 

the channels, instead of different gates [1, 12, 15,16]. 
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The Markov chain model can be described by the state diagrams. These state diagrams 

illustrate the structural changes of the ion channels. The transition from one state to the other 

is assumed to be dependent only on the existing state. The HH model’s formulation can be 

described by Markov chain models, but its reverse is not applicable [12, 16]. The Markov 

chain models describe different conformational states of the channel. The activation and 

inactivation states are independent of each other, according to the assumptions made by 

Hodgkin-Huxley formulations. However, Markov models show an interconnection. As 

compared to the basic HH model, Markov chain models are more complicated, as they 

contain a larger number of equations. Hence, they are more computationally intensive to 

solve [12, 16, 17]. 

3.5 The O'Hara & Rudy Model 

Cellular electrophysiology has had a significant impact on modern cardiology and 

electrophysiology in trying to understand several cardiac structural and electrical diseases in 

humans [1, 13]. Early cardiac mathematical models were based on non-myocytes or non-

human myocytes [13]. To understand a broad range of physiological phenomenon taking 

place in the heart, the development of an accurate model of healthy human ventricular action 

potentials (AP) was vital. This required not only extensive experimental data, but the 

additional missing elements in the Hodgkin-Huxley (HH) model [1, 13]. 

In 2011, O'Hara and Rudy et al [13] developed a validated mathematical human cardiac cell 

model by using substantial experimental data from human myocytes. The model responds 

identically to the pacing rate and premature beats, as in experiments. This model was capable 

of measuring the shift in intracellular calcium concentrations with every beat, at high pacing 

rates. The electrophysiological behaviour was observed to be the same as in human heart 

experiments [13]. 

To develop such a model, they acquired experimental data from a healthy human ventricular 

tissue. They modelled the Ca2+ dependent versus voltage dependent inactivation of the L-

type Ca2+ current (ICaL) and explained the kinetics of the transient outward current Ito, the 

rapid delayed rectifier potassium current (IKr), the Na+/Ca2+ exchange (INaCa) and the inward 

rectifier currents IK1. They were able to calculate the APD at various physiological cycle 

lengths and also calculated the rate dependence and restitution of APD. They were able to 

develop several models for different transmural cell types, based on healthy human mRNA 

and the protein expression data [13]. 
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L-type Ca2+Current (ICaL) modelling was based on two different studies, Magyar et al [18], 

estimated the steady state activation and inactivation and current voltage relationship. Fulop 

et al., [19] studied recovery from inactivation. However, neither model was able to separate 

Ca2+ dependent inactivation (CDI) from voltage dependent inactivation (VDI). They used 

different charge carriers to measure this effect [13]. 

O'Hara & Rudy’s measurements were carried out at 37oC [13], with Ca2+ as the charge 

carrier, allowing both CDI and VDI, while VDI was allowed only with Ba2+ as the charge 

carrier. The simulated data for Ba2+ as the charge carrier showed a monotonically decreasing 

fractional remaining current, with an increase in membrane potential at all times after the 

peak current, which is justified as the inactivation is only dependent on the voltage in this 

case. Results for Ca2+ FRC curves were voltage independent, although they did not decrease 

monotonically with increasing voltage. They postulated that at certain voltages, Ca2+ ions 

caused an additional inactivation, where VDI-alone was relatively weak [13].  Their work 

validated the proposition that currents carried by Ba2+ ions inactivate due to VDI only, while 

Ca2+ current inactivation is caused by both VDI and CDI [13, 20]. To incorporate the concept 

of VDI and CDI, they introduced a gate n representing the fraction of channels operating in 

CDI mode, as the inactivation of ICaL channel is dependent on both CDI and VDI [13]. The 

experimental data was obtained from Kim et al. [21]. 

A schematic diagram of the human ventricular AP model is described in Figure 3.3 [13]. This 

design is a modification of the recent dog ventricular model by Decker et al. [22]. It was 

largely unchanged but, based on new findings, additional targets for CaMK were included 

in the model.  In their model, the formulations of currents represented by the green elements 

(Figure 3.3) in the model were based on human specific measurements [13]. 
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Figure 3.3: A schematic diagram of the O’HRd human ventricular myocyte model [13]. 

O’HRd Model includes four compartments, the bulk myoplasm (myo), the junctional 

sarcoplasmic reticulum (JSR), the network sarcoplasmic reticulum (NSR), and the 

subspace (SS), representing the space near the T-tubules. The myoplasm, subspace and 

background currents along with the sarcolemmal Ca2+ pump current, ionic fluxes, 

diffusion fluxes and Ca2+ buffers labelled in the above figure are defined in Appendix 

A. 

3.6 Development of the SQT4-6 O’Hara & Rudy Models. 

3.6.1 The Base ICaL Model 

The O’Hara and Rudy el.al [13] formulations are modified to model SQT4-SQT6. The ORd 

ICaL channel current equations were formulated by using data from the Magyar and Fulop et 

al. model [18, 19]. The O’Hara &Rudy current equations are based on the Hodgkin and 

Huxley formulations [13]. Computationally, the ORd model is very diverse.  

The basic principle of the ORd model made it very simple for computer modelling as more 

comprehensive Markov models, or drug effects, can be added to the model, if required. 

Intracellular Ca2+ handling and various signalling pathways can be well explained [13].  
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The model has high stability as it prevents the system of differential-algebraic equations 

getting overly stiff [13]. The O’Hara & Rudy model formulations for ICaL were thus modified 

to formulate the SQT4-SQT6 models. 

To intergrade the experimentally perceived properties of the control type (WT), SQT4, 

SQT5 and SQT6, the base ICaL O'Hara & Rudy model equations were modified to include 

the changes caused by the genetic mutations.  These changes included the marked reduction 

of ICaL current through CaV1.2 channel subunits, although the voltage at peak current 

remained unchanged for the SQT4 and SQT5 mutations with respect to the control type [23]. 

3.6.2 The SQT4 O’Hara & Rudy Model 

The modified equations of WT, A39V and G490R, ICaL current [23] were obtained by 

reforming the base model [13] parameters. The experimental current voltage (I-V) 

relationships for WT, A39V and G490R ICaL were obtained by using the voltage clamp 

protocols from Antzelevitch et.al [23].  

The voltage clamp protocol for the CACNA1C control type was performed for a holding 

potential of -90 mV with the total simulation time of 250 ms. The clamp voltage range was 

between -50 mV and 50 mV, with an increment of 10 mV for each step. The same voltage 

clamp protocol was applied for A39V and G490R. Simulations showed a decrease in the 

amplitude of A39V and G490R channel currents. The voltage at the peak current remained 

the same for WT, A39V and G490R, which satisfied the experimental data [23]. The 

modified model formulation was achieved by minimising the least squared difference 

between the simulation and the experimental data. The Nelder-Mead Simplex algorithm [48] 

was used for the minimisation of the new parameters. Equations 3.34-3.45 describe the 

parameters that yield perfect agreement of the macroscopic currents with respect to the 

experimental data and produced the best I-V fit. The modified SQT4 model closely 

reproduced the experimental data for the WT and both mutations. 

 WT 

Za = 2.0 (3.34) 

γCai = 0.80ms
−1 (3.35) 

γCao = 0.35ms
−1 (3.36) 

 

 



84 

 

φCaL = Za  
VF2

RT
( γcai [Ca

2+]ss e
(
ZaVF

RT
) − 

γcao[Ca
2+]o

e
(
0.995(Za VF)

RT
)
−1.0

) (3.37)

A39V 

Za = 2.0 (3.38) 

γCai = 0.97ms
−1 (3.39) 

γCao = 0.24ms
−1 (3.40) 

φCaL = 0.88 ∗  Za  
VF2

RT
( γcai [Ca

2+]ss e
(
ZaVF
RT

) − 
γcao[Ca

2+]o

e
(
0.1818(Za VF)

RT
)
− 1.0

) (3.41) 

G490R 

Za = 2.0 (3.42) 

γCai = 0.98ms
−1 (3.43) 

γCao = 0.34ms
−1 (3.44) 

φCaL = 0.87 ∗ Za  
VF2

RT
 ( γcai [Ca

2+]ss e
(
ZaVF
RT

) − 
γcao[Ca

2+]o

e
(
0.1265 (Za VF)

RT
)
− 1.0

) (3.45) 

   

3.6.3 The SQT 5 O'Hara & Rudy Model 

The voltage clamp protocol for the β2 subunit of the CACNB2b control type was performed 

for a holding potential of -90 mV with the total simulation time of 250 ms. The clamp voltage 

range was between -50 mV and 50 mV, with an increment of 10 mV for each step. The same 

voltage clamp protocol was applied for the S481L mutation conditions. The modified 

equations and parameters were obtained by minimising the least squared difference between 

the simulation and the experimental data. The Nelder-Mead Simplex algorithm [48] was 

used for the minimisation of the new parameters. Simulations showed a decrease in the 

amplitude of the S481L channel currents, which showed an agreement with the experimental 

data [23].  

The modified formulation for CACNB2b/ICaL can be described as: 
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WT 

Za = 2.0 (3.46) 

γCai = 0.76ms
−1 (3.47) 

γCao = 0.35ms
−1 (3.48) 

φCaL =  Za  
VF2

RT
( γcai [Ca

2+]ss e
(
ZaVF
RT

) − 
γcao[Ca

2+]o

e
(
0.975(ZaVF)

RT
)
− 1.0

 ) (3.49) 

S481L 

ZCa = 2.0 (3.50) 

γCai = 1.67ms
−1 (3.51) 

γCao = 0.35ms
−1 (3.52) 

φCaL = 4 ∗ Za  
VF2

RT
( γcai [Ca

2+]ss e
(
2(ZaVF)
RT

)
− 

γcao[Ca
2+]o

e
(
0.995(ZaVF)

RT
)
− 1.0

 ) (3.53) 

 

3.6.4 The SQT6 O’Hara & Rudy Model 

The voltage clamp protocol for CACNA2D1 ICaL was performed as follows: the holding 

potential was -80 mV and the clamp voltage range were between -60 mV and 60 mV, with 

an increment of 10 mV for each step. The clamp time was 200 ms. The modified formulation 

of SQT6 model was obtained by minimising the least squared difference between the 

simulation and the experimental data. The Nelder-Mead Simplex algorithm [48] was used 

for the minimisation of the new parameters. 

The I–V relationship for ICaL demonstrates a marked difference of I-V between the WT and 

S755T models (almost 69%) (Figure 6.1a), which is in accordance with the experimental 

data [24].  

The modified formulation for CACNA2D1/ICaL can be described as: 
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WT 

Za = 2.0 (3.54) 

γCai = 1.12ms
−1 (3.55) 

γCao = 0.052ms
−1 (3.56) 

φCaL = 0.88 ∗  Za  
VF2

RT
(  γcai [Ca

2+]ss e
(
ZaVF
RT

) − 
γcao[Ca

2+]o

e
(
1.9318(ZaVF)

RT
)
− 1.0

  ) (3.57) 

 

 S755T 

Za = 2.0 (3.58) 

γCai = 1.25ms
−1 (3.59) 

γCao = 0.051ms
−1 (3.60) 

φCaL = 0.88 ∗  Za  
VF2

RT
  (γcai [Ca

2+]ss e
(
ZaVF
RT

) − 
γcao[Ca

2+]o

e
(
0.238636(ZaVF)

RT
)
− 1.0

) (3.61) 

3.7 Experimental Protocols 

3.7.1 APD90  

APD90 is most commonly used in computational modelling to calculate the ventricular 

repolarisation time. APD90 represents the action potential duration at 90% membrane 

repolarisation. Experimental studies have suggested that the dispersion of APD90 and the QT 

interval are corelated [25, 26, 27]. 

3.7.2 Action Potential Duration Restitution 

The APD restitution curve generally explains the recovery of the action potential duration 

(APD) as a function of cardiac diastolic interval (DI) [28]. The S1-S2 protocol is used as the 

most common tool to determine the restitution properties of cardiac myocytes [28]. For the 

current study, the cardiac myocyte was paced at a basic cycle length (BCL) of 1000 ms until 

it attained stability. The action potential was initiated by a train of 10 S1 stimuli, applied at  
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a pacing frequency of 1 Hz with twice the threshold value. A second premature stimulus (S2) 

was applied after a time interval by using a variable length of the DI.  

The APD90 restitution (APD-R) curves were obtained by reducing the length of DIs and 

plotting the APD90 triggered by the S2 stimulus versus the diastolic intervals. The results 

suggested that the duration of each proceeding action potential depends on the previous 

diastolic interval (DI) [30-32]: 

                     APDn = ʄ(DIn−1) (3.62)      

For the nth cycle, 

DIn = BCL − ʄ(DIn−1) (3.63) 

where APDn represents the nth action potential, DIn is the nth diastolic interval and BCL is 

the basic cycle length. 

3.7.3 Steady State Restitution Curves 

The steady-state APD90 restitution curves were computed by pacing the single myocyte 

models at several basic cycle lengths and plotting the APD90 against the BCLs [30-32]. 

3.7.4 ERP Restitution Curves  

Chapter 1 has a detailed discussion of the effective refractory period; a second premature 

stimulus can elicit an action potential during the relative refractory period only if the strength 

of S2 exceeds the normal threshold value. No activity is observed when S2 is applied during 

the absolute refractory period. ERP-R curves were computed at varying basic cycle lengths, 

the ERP was calculated as the shortest diastolic interval at which S2 stimulus can evoke an 

AP with an overshoot reaching 80% of the action potential triggered by the 10th S1 stimulus 

of each individual BCL [32, 33]. 

3.7.5 The Single Cell Model Simulation 

The modified equations of SQT4-SQT6 models were incorporated into the 2011 O’Hara- 

Rudy human ventricular cell model [13]. For the single cell, the current equivalent circuit 

model approach was considered [5, 13]. The cell membrane served as a capacitor, the 

different ionic channels, exchangers and ionic pumps acted as variable resistances and 

batteries were connected parallel to the cell membrane. The electrophysiological behaviour 

of a cell can be described by equation 3.64,  
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dV

dt
=  

1

Cm
(−Iion + Istim ) (3.64) 

 where t is the time (ms), V the voltage (mV) and Istim the stimulus current (pA/pF). Iion and 

Cm represents the sum of all the ionic currents and the capacitance per unit surface area 

respectively [5, 31]  

The explicit Euler method was applied to integrate the equations of the ICaL O’Hara-Rudy 

model (SQT4-SQT6) with a time step of 0.05 ms.  The Euler method is preferred to avoid 

the rigidity of the system of Ordinary Differential Equations (ODEs) [31]. 

3.7.6 1D Heterogeneous Transmural Strand Model 

To construct a 1D network which correlates with the typical range of human transmural 

ventricle width [32, 35, 36], a 15 mm long single fibre was considered. The fibre was 

composed of 100, 150 μm cylindrical cells, with a spatial resolution of 0.15 mm. 

The cell distribution is described in the Table 3.1. 

Cell Type Number of each cell type Average length (mm) 

EPI 40 6.00  

MCELL 35 5.25  

ENDO 25 3.75  

Table 3.1: The distribution of EPI, MCELL and ENDO cell types along the 15 mm long 

strand. The strand is composed of 40 epicardial cells (EPI), 35 middle cells (MCELL) 

and 25 endocardial cells (ENDO) representing 6.00 mm, 5.25 mm and 3.75 mm of the 

EPI, MCELL and ENDO regions respectively on the 15 mm long strand [32, 35, 36]. 

This distribution of each region, i.e. EPI, MIDDLE and ENDO, is similar to the geometry 

used in other studies [32, 37, 38]. The value of the diffusion coefficient (D) was fixed at 

0.00152 cm2/ms, which gave a conduction velocity of 67 cm/s through the 1D strand at a 

rate of 1 Hz, very similar to the conduction velocity in the human ventricular myocardium 

which is approximately 70 cm/s [39]. 
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3.7.7 AP Propagation in 1D Heterogeneous Transmural 

Ventricular Tissue Model 

A continuum approach to model gap junctions is more practical than explicit modelling [32]. 

Let’s suppose that the intracellular and extracellular conductivities are the same, the 

propagation of the AP can be defined by a Monodomain equation [11]. It explains the 

propagation of a conduction wave in a tissue model [11, 14-16]: 

dV

dt
=  ∇. (D∇V) − (

Iion
Cm
) (3.65) 

where D stands for the tensor of the diffusion coefficients (cm2/sec) defining the electrical 

conductivity in a tissue. ∇2 is a 3D spatial Laplacian, Iion is the total transmembrane current 

and Cm is the capacitance per unit area. As the cardiac tissue has a fibrous structure, 

propagation is faster along the fibre direction [34].  

3.7.8 Computation of Conduction Velocity  

The 1D strand model was used to calculate the conduction velocity [32]. The activation time 

was described for each point i.e. the time at which the maximum upstroke velocity was 

obtained. A train of 10 S1 conditioning stimuli was applied at a frequency of 1 Hz. The 

conduction velocity (CV) was calculated in the 1D tissue model by evaluating the time ΔT 

for the conducting wave to propagate from x–Δx to x+Δx. The conduction velocity can be 

calculated as [32, 37, 38], 

CV =
2Δx

ΔT
(3.66) 

To construct a CV restitution curve, the CV was calculated over a range of BCLs. The CV 

was plotted against each BCL for which it was calculated. 

3.7.9 Evaluation of the Tissue Excitation Threshold (TET) 

The excitation threshold of the tissue is defined as the minimal stimulus strength, required 

to initiate and sustain the action potential in cardiac tissue [40]. In simulations, the S1-S2 

protocol was utilised to measure the TET. A S1 stimulus with an amplitude of -80 uA/µF and 

spatial size of 0.2 mm, was applied at one end of the strand for a duration of 0.5 ms. A 2nd 

premature stimulus with an equal spatial size and duration as S1 was applied after a time 
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delay in the middle of the strand. The tissue excitation threshold was a measure of the 

minimal S2 strength that can initiate a propagating action potential along the 1D strand. 

3.7.10 Computing the Pseudo-ECG 

The Gima and Rudy [43] method was utilised to compute the pseudo-ECG in the 1D strand 

model. Extracellular unipolar potentials (Φe), generated by the fibre placed at positions x’, 

y’ and z’, can be computed from the transmembrane potentials at position x, y and z on the 

strand using: 

Φe(x
′, y′, z′) = −

(r2σi)

(4σ)
∫∇Vm (

1

d
) dx (3.67) 

                                d = √
(x − x′) + (y − y′) + (z − z′)

.
                                          (3.68)                      

where extracellular and intracellular conductivities are represented by σe and σi respectively, 

r is the radius and d represent the distance between the source point (x, y, z) and the field 

point (x’, y’, z’) [43]. 

3.7.11 The Temporal Vulnerable Window Measurement  

In a 1D tissue model an excitation wave was evoked by applying a S1 stimulus to the ENDO 

region. This conditioning excitation wave evoked so that S1 propagates from the ENDO to 

the EPI region, followed by a refractory tail. A second premature stimulus S2 was applied 

after a time delay. The excitation wave elicited by S2 could propagate in both directions 

along the strand, if S2 was applied too late after the refractory tail (bi-directional conduction) 

[11, 42], as the S2 site and surroundings were adequately recovered from the preceding 

excitation wave [11]. In our simulations, a complete conduction block was observed along 

the 1D strand, if S2 was applied too early after the refractory tail, as the tissue had still not 

recovered from the previous conducting wave. A temporal window known as the 

vulnerability window (VW) exists between these two extreme time periods. A premature test 

stimulus applied within the VW elicited an excitation wave that propagated uni-directionally 

i.e. either in the antegrade or retrograde direction. The time at which the test stimulus was 

applied, the tissue was still refractory either in retrograde (backward) or antegrade (forward) 

directions which led to a complete condition block in one direction and propagation of the 

excitation wave along the opposite direction in the 1D tissue strand [11, 42]. 
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3.7.12 Induction of the Re-entry in the 2D Sheet 

To initiate and propagate re-entry in an idealised 2D tissue model a standard S1-S2 protocol 

was used. A plane excitation conduction wave was initiated by applying a train of 10 S1 

stimuli at the ENDO end of the 2D sheet. The excitation conduction wave evoked by S1 and 

it propagated from the ENDO end to the EPI end of the 2D tissue sheet.  Following a time 

delay, S2 was applied in the EPI region (within the VW of EPI region of 2D sheet). The 

excitation wave evoked by S2 was blocked by unrecovered MCELL, as the MCELL region 

was still refractory due to the slower repolarisation as compared to the EPI and ENDO 

regions. This then gave rise to unidirectional conduction towards the EPI side. The 

unidirectional block facilitated the growth of spiral re-entrant excitation waves with their 

counterrotating tips moving towards each other. These re-entrant waves will sustain if their 

tips have a sufficient distance between them [11]. The length of the premature test stimulus 

(S2) plays a very important role in the development of spiral re-entrant excitation waves in 

the 2D tissue model. The tissue’s susceptibility to re-entry is defined by the minimal spatial 

size of S2 [11, 42]. 

3.7.13 Tip Trajectories  

The tip trajectories were computed by using the phase singularity method. Phase mapping 

allows for a closer look at the activation wave front of the spiral wave evoked by S2. It 

describes the wave front, the wave tail and the point at which the wave front meets the curved 

wave tail. As the cardiac impulse moves forward the wave front represents a region 

composed of depolarised cells, while the wave tail represents an area with a group of cells 

returning to rest (repolarisation). The point where the wave tail meets the wave front is 

explained by Gray et al [44, 45] as a phase singularity (PS). The singularity point plays an 

important role in understanding the characteristics of the spiral wave [46]. The phase of the 

spiral wave was calculated by using the formulation of M. A. Bary et.al [47], 

Φ(x, t) = tan−1
v(x, t) − v′

u(x, t) − u′
(3.69) 

where tan-1 is the four-quadrant inverse tangent, such that ϕ (x, t) is in the range of −π and 

π), u is the fast variable corresponding to the transmembrane potential and v represents the 

tissue recovery. The choice of origin points v’ and u’ in the state space plays an important 

role in the calculation of the phase of the spiral wave and it cannot be selected randomly 

[47].  In an ideal situation, the phase should progress through 2π during a complete rotation 
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and be uniquely defined at each spatial point. The condition relative to this specific point 

creates a phase-space trajectory which encloses an origin during the complete rotation 

through 2π. In the phase space the trajectories from points close to the filament form smaller 

orbits as the amplitude of the action potential reduces as it approaches the filament. The 

origin of an ideal state-space can be defined as a point encircled by all the trajectories 

regardless of its initial spatial location. The choice of origin points may differ for different 

excitable models. In the current models to choose u’  and v’ points, a 2D spiral wave 

simulation was performed using the WT compared with the mutation models for a complete 

rotation after the spiral had been fully formed. The trajectories of all the points were plotted 

in the phase space, the point encircled by the smallest trajectories was selected as the origin 

[47]. 

 

Figure 3.4:  Trajectories in phase space from all the elements of a 2D idealised model 

containing a spiral wave, generated by the equational system described by M. A. Bery 

[47], where u (t) is a fast variable analogous to the transmembrane potential, and v (t) 

is a slow variable representing tissue recovery. The points (v’, u’) encircled by the 

smallest trajectories was selected as the origin point. 

3.8 Numerical Methods 

Different numerical methods can be used to discretise continuous equations, which makes 

them much easier to solve in an iterative manner on a computer. There are different 

numerical methods available, depending on different types of specific problems. In the 

current models, the governing mathematical equations are either ordinary differential 

equations (ODEs) or partial differential equations (PDEs). The numerical methods for 

solving these problems are introduced separately.  
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A group of ODEs are usually used to represent a single cell model. All the state variables 

are defined as first-order differentials over time. For non-stiff systems, the ODEs can be 

solved by using the forward Euler method. Although, the forward Euler method is very 

efficient in terms of computing, large time steps can incur stability concerns. For a system 

of stiff ODEs, the Euler method may not be favourable as this method could necessitate 

extremely small integration steps. In this case, other robust, implicit schemes should be 

implemented. There are many open source ODEs solvers available to use, including the Intel 

ODE [49] and CVODE [50]. 

The PDEs can be used to model tissue level structures. In cardiac modelling, the excitation 

wave propagation described by Equation (3.70) and the mechanics equations describing the 

beating of the heart are examples of PDEs. Currently, PDEs in cardiac modelling are solved 

by using the finite difference method (FDM). FDM is a simple and commonly used method 

for discretising the monodomain equations. In a 1D problem, for a given cell at location x, 

time step Δt and spatial interval 𝛥𝑥, the voltage in Equation (3.70) is solved using the FDM 

as: 

Vx
t+Δt = Vx

t + ∆t
D

(∆x)2
 (Vx−∆x

t + Vx+∆x
t − 2Vx

t) (3.70) 

The forward Euler method is used for the discretisation over time. The term ΔtD/(Δx)2 is 

related to the stability of the solution and must be smaller than 0.5 in order to achieve the 

convergences [11, 14-16, 34]. 
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Overview of Chapters 4, 5 and 6 

The work presented in Chapters 4, 5 and 6 is based on the single cell, transmural 1D and 2D 

models of WT, SQT4 (A39V and G490R), SQT5 (S481L) and SQT6 (S755T) mutations. 

The main objective of the current study was to investigate the functional behavior of the 

SQT mutations and investigate the arrhythmogenic consequences of the A39V, G490R, 

S481L and S755T mutations using 1D and 2D tissue models of the human ventricle cell. 

This study also attempted to normalise the QT interval by potential pharmacological action 

to enhance the ICaL currents. Results have suggested an increase in the amplitude of the QRS 

interval instead of a normalised QT interval. In simulations, a different approach was used 

to normalise QT interval by blocking the IKr. The blockade of IKr normalised the QT interval, 

while ST segment elevation can be reduced by blocking Ito. The blockade of Ito not only 

controlled the J-wave elevation but also reduced the ST-segment elevation. Prior studies 

have suggested different pharmacological techniques to treat patients with the potassium-

related SQT syndromes, although the pharmacological treatment for the short QT syndromes 

associated with L-type calcium channels are yet to be developed. 
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CHAPTER 4 

CACNA1C Linked Short QT4 Syndrome 

4.1 Introduction 

The voltage-dependent L-type calcium channel (LTCC) CaV1.2 plays a vital role in the 

ventricular AP process [1]. LTCC channels activate with the depolarisation of the cell 

membrane, with a long-lasting nature as the inactivation process is very slow.  After the early 

repolarisation phase (phase1), Ito channels deactivate, and calcium starts to enter the cell 

through L- type calcium channels, it plays an insignificant role during the upstroke and late 

repolarisation but dominants during the plateau phase of the ventricular AP (phase 2) as 

described in Chapter 1. The changes in the membrane potential are almost negligible during 

the plateau phase, as there is a balance between the inward and outward currents [1, 2, 4]. 

Voltage-dependent L-type calcium channels start deactivating at the end of phase 2 (plateau 

phase) [3], with the decline of ICaL influx, and IKr channels start activating later in phase 2 of 

the AP [1, 2, 3]. 

Mutations in the voltage dependent current channels can be arrhythmogenic [10] which can 

lead to sudden cardiac deaths (SCD). For example, a loss of a functional mutation to the 

CaV1.2 channel encoded by CACNA1C protein, can result in the Brugada syndrome linked 

to a shorter than normal QT interval [9]. Such mutations can accelerate the ventricular 

repolarisation which could lead to a shorter than normal AP duration and an elevated ST 

interval on the electrocardiogram [5, 6, 9]. Similarly, a gain of function of the Kir2.1 channel 

encoded by the KCNJ2 gene can also lead to an accelerated ventricular AP with a shorter 

than normal QT interval. In this specific mutation condition, patients’ electrocardiograms 

have revealed abnormally narrow and peaked T-waves [7, 8]. As discussed earlier in Chapter 

2, SQT4 mutations, A39V and G490R, in voltage-dependent calcium channel CACNA1C, 

can lead to a loss in the function of the calcium channel current, which can cause palpitations, 

VF and AF. These mutations can be arrhythmogenic and lead to sudden cardiac deaths which 

are common in infants [8, 9].  

The main object of the current study was to investigate the functional behavior of A39V and 

G490R on the α1 subunit of CACNA1C channel. 
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4.2 CACNA1C SQT4/G490R Mutation 

The 1st case of the 4th variant of short QT syndrome was diagnosed in a white male of 

Turkish descent, proband exhibited AF, with a QTc interval < 346 ms. Genetic studies 

revealed a family history of sudden cardiac death. The patient’s brother died of sudden 

cardiac arrest at the age of 45. A twelve lead ECG investigation revealed the ST segment 

elevation in V1 and V2 leads, while a very insignificant rate dependence was shown by the 

QT interval [9]. Coronary angiography ruled out any structural defects [9]. The study carried 

out by Antzelevitch et al. [9] described the proband with a mutation in exon 10 of 

CACNA1C, with a heterozygous exchange of an Adenine to Guanine, which resulted in a 

substitution of an Arginine to Glycine at position 490 and named it G490R. The family's 

genetic analysis showed the same mutation in two of his daughters with a QTc interval of 

360 ms and 373 ms, respectively [9]. 

4.3 CACNA1C SQT4/A39V Mutation  

The 2nd case of the SQT4S was found in a 44-year-old European male [9]. ECG exhibited 

a notable ST segment elevation in V2 and a marked J-wave in V3. Family history showed 

the mother with syncope led to SCD, while her 75 years old father showed no significantly 

abnormal ECGs [9]. Genetic screening of the proband showed a heterozygous C to T 

transition at position 116, which anticipated an exchange of a Valine to Alanine at position 

39, A39V [9]. 

A direct demonstration of G490R and A39V mutations on the CACNA1C channel can be 

obtained by in vitro ventricular AP clamp experiments. The results of these experiments have 

shown a loss of function of CaV1.2 currents during the plateau phase of the AP [9]. Until 

now, there is very limited experimental data available for SQT4 [4, 8, 9, 10]. 

4.4 Simulation of Single Cell ICaL for the CACNA1C α1 

WT and SQT4/A39V /G490R Mutation Conditions 

A detailed discussion of SQT4 modelling and equations for WT, A39V and G490R are given 

in Chapter 3. The voltage clamp protocol for the α1 subunit of the CACNA1C control type 

was performed for a holding potential of -90 mV with a total simulation time of 250 ms. The 

clamp voltage range was between -50 mV and 50 mV with an increment of 10 mV for each 

step. The same voltage clamp protocol was applied for mutation conditions A39V and 

G490R (Figure 4.1 d, e and f). Simulations showed a decrease in the amplitude of A39V and 
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G490R channel currents which showed an agreement with the experimental data (Figure 4.1, 

4.2) [9]. 

The simulated (solid lines) and experimental (dots) data on I-V relationships for the WT, 

A39V and G490R mutations are presented in Figure 4.2a. The WT conductance was 

regulated to acquire a peak current density which corresponds well with the ICaL formulation 

current density during the I-V relationship of the original O’Hara & Rudy model [11] (Figure 

4.2b), maintaining the overall current densities, APD90 and functional characteristics of the 

O’Hara & Rudy human ventricular model [11]. Simulations (Figure 4.2a) show the voltage 

at peak current remains the same for WT, A39V and G490R which matches the experimental 

data [9]. 

 

Figure 4.1: Voltage clamp protocol, experimental and simulated L-Type calcium 

current traces for the WT and mutations. (a, b, c) WT, A39V and G490R experimental 

current traces [9]; (d) the voltage clamp protocol (insert), the clamp range was between 

-50 mV and 50 mV with an increment of 5 mV. The total simulation time was 250 ms. 

(d, e, f) WT (4.1d), A39V (4.1e) and G490R (4.1f) are the simulated current traces 

corresponding to the experimental data (4.1 a, b, c) 
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Figure 4.2: Computed I-V relationship for the L-Type calcium channel (CACNA1C α1-

subunit) with the WT, A39V and G490R conditions. (a) Normalised I-V relationship for 

WT (blue), A39V (green) and G490R (red), the solid lines represent the simulated data 

while the dotted points represent the experimental data. Simulations showed a decrease 

in the amplitude of A39V and G490R channel currents which showed an agreement 

with the experimental data [9]. (b) The WT conductance was regulated to acquire a 

peak current density which corresponds well with the ICaL formulation current density 

during the I-V relationship of the original O’Hara & Rudy model [11].  

To obtain physiologically accurate ventricular single cell and tissue models (1-2D) with 

structural and transmural heterogeneity, the modified equations of the CaV1.2 channel 

current for both the WT and the SQTS conditions were incorporated into the 2011 O'Hara & 

Rudy human ventricular cell model [11]. Figure 4.3 shows simulated action potentials and 

ICaL (α1-subunit of CACNA1C) current profiles for LVEPI, LVMCELL and LVENDO 

ventricular cells for the WT, A39V and G490R conditions respectively. Results showed that 

A39V and G490R mutations, shortened the action potential duration in all three cell types. 

For the WT condition, the early repolarisation (phase1) is caused by a transient outward 

current (Ito) [12]. However, the repolarisation is delayed and a plateau region can be seen in 

the ventricular AP due to an increase in the slow influx of calcium current through the L-

type calcium channels, that open when the cell membrane depolarises to about -40 mV [12]. 

This plateau phase prolongs the action potential duration after which the ICaL declined. This 

inward component of ICaL, declined for A39V and G490R conditions (Figure 4.2), while the 

voltage for peak current remained the same for the WT and the mutations, which is consistent 

with the experimental data [9]. The peak currents for G490R and A39V mutations are 

significantly reduced as compared to the control type, which resulted in a significant 
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shortening of the APD in both the G490R and A39V conditions [9]. The APD90 values were 

computed for WT, G490R and A39V conditions for LVEPI, LVENDO and LVMCELL cells. 

The AP values were decreased for the G490R and A39V conditions. The shortening of the 

AP duration was caused by the decreased influx of ICaL during the phase 2 of the AP, as 

illustrated by the time-course of ICaL (Figure 4.3). The reduction of APD90 by the G490R and 

A39V conditions was rate-dependent. The simulated resting potential values were -88 mV, -

87 mV and -88 mV for the WT, A39V and G490R conditions respectively.  

 

Figure 4.3: Simulated action potentials and ICaL time traces. (ai, bi, ci) Action potential 

paced at the frequency of 1 Hz for LVENDO (ai), LVMCELL (bi) and LVEPI (ci) cells 

for WT (blue), A39V (green) and G490R (red) conditions. (aii, bii, cii) Relative 

CACNA1C ICaL current profiles for LVENDO (aii), LVMCELL (bii) and LVEPI (cii) 

cells under WT (blue), A39V (green) and G490R (red) conditions. 
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Table 4.1:  Computed APD90 (ms) values for the LVEPI, LVMCELL and LVENDO cell 

types for the WT, A39V and G490R mutation conditions. 

Simulations (Table 4.1 and Figure 4.3) have shown that, the shortening of APD90 for G490R 

and A39V conditions is non-uniform in different cell types. The extent of APD90 shortening 

is of different amplitude in all three cell types (Table 4.2) with the greatest abbreviation in 

the LVMCELL cell for both the A39V and G490R conditions. 

 LVEPI (ms) LVMCELL (ms) LVENDO (ms) 

A39V 25 61 55 

G490R 51 87 62 

Table 4.2:  APD90 shortening in different cell types. The APD90 reduction is the largest 

in the LVMCELL under both the A39V and G490R conditions. 

Results showed that, the transmural dispersion of APD90 across different cell types of the 

ventricular wall has been decreased in G490R and A39V conditions (Figure 4.16), which is 

similar to prior studies of SQTS1-3 [13-15]. 

4.5 Rate Dependent Restitution Properties of WT and 

SQT4 (A39V and G490R) Conditions 

The reduction of APD90 due to G490R and A39V mutation conditions was rate- dependent 

as shown in Figure 4.4(a-c) and 4.5(a-c). Simulations showed that, the values of APD90 were 

smaller for G490R and A39V conditions as compared to the controlled condition over the 

range of the diastolic intervals (DIs) under investigation. 

The APD restitution curve illustrates the recovery of action potential duration (APD) as a 

function of cardiac diastolic interval (DI), which is obtained by applying S1-S2 protocol as 

described in Chapter 3. Results have shown that, A39V and G490R mutations shortened the 

APD90 in all three cell types (Figure 4.3), which caused a flattened APD90 restitution curves 

 LVEPI (ms) LVMCELL (ms) LVENDO (ms) 

WT 232 359 275 

A39V 207 298 229 

G490R 181 272 213 
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with a leftward shift and decreased maximal slopes (Figure 4.6). According to the previous 

studies, SQTS patients exhibit a poor rate-adaptation of their QT intervals [13, 16-18]. Single 

cell simulations indicated reduction of rate-adaptation of ventricular APD90. The APD90 

abbreviation was rate-dependent as shown by the APD-Restitution (APD-R).  

 

Figure 4.4: APD90 restitution curves for WT and A39V. APD90 is plotted against the 

diastolic interval (DI). (a, b, c) APD90 restitution curves for the LVEPI (a), LVMCELL 

(b) and LVENDO (c) cells respectively under the WT (blue) and A39V (green) 

conditions. The A39V mutation caused the flattening of the APD90 restitution curves 

with a prominent leftward shift in all three cell curves. (ai, bi, ci) Gradients of APD90 

restitution curves illustrating the change in the slope of APD90 restitution curves as a 

function of DI (ms). Mutation has reduced the slopes of LVEPI and LVENDO curves.  
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Figure 4.5: APD90 restitution curves for WT and G490R. APD90 is plotted against the 

diastolic interval (DI). (a, b, c) APD90 restitution curves for the LVEPI (a), LVMCELL 

(b) and LVENDO (c) cells respectively for the WT (blue) and G490R (red) conditions. 

The G490R mutation caused the flattening of the APD90 restitution curves with a 

prominent leftward shift in LVEPI and LVMCELL curves. (ai, bi, ci) Gradients of 

APD90 restitution curves showing the change in slope as a function of DI (ms). Mutation 

has reduced the slopes of EPI and ENDO cell curves, although increased steepness can 

be seen at relatively slow heart rates (BCL >500) for the MCELL curve (bi) under the 

G490R condition.  
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Figure 4.6: The maximal slope of the APD90 restitution curves, WT (blue), A39V (green) 

and G490R (red) obtained from Figure 4.4 and 4.5 (ai, bi, ci). The slopes were measured 

at the minimum diastolic interval (DI) before the conduction block and calculated for 

the individual curves of LVEPI, LVMCELL and LVENDO cell types. The shortening 

of APD90 under A39V and G490R conditions reduced the maximal slopes of the 

restitution curves. This reduction is more marked in the LVENDO cell model. 

To further investigate the rate dependence of the APD90 on the basic cycle length (BCL), the 

steady state restitution curves were plotted. The G490R and A39V mutations caused a 

leftwards shift and flattening of the restitution curves, Figure 4.7 and 4.8 (a, b, c).  A small 

steepness in the steady state restitution curves of the LVEPI cells for the G490R condition 

can be seen between 600 ms and 1200 ms, Figure 4.8(ai). 
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Figure 4.7: Steady-state APD90 rate dependence curves for WT (blue) and A39V (green) 

condition. APD90 is plotted against the basic cycle length (BCL). (a, b, c) Steady state 

APD90 restitution curves for LVEPI (a), LVMCELL (b) and LVENDO (c) cells 

respectively for the WT (blue) and A39V(green) conditions. The steady state restitution 

curves were plotted to examine the rate dependence of APD90(ms) with BCL (ms).  The 

A39V model showed greater reduction of APD90(ms) than the WT model, which suggest 

an attenuation of the rate adaption of the ventricular APD in the A39V model. (ai, bi, 

ci) Gradients of steady state restitution curves illustrating the behaviour of steady state 

restitution curves under the WT and A39V conditions.   
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Figure 4.8: Steady state APD90 rate dependence curves for WT (blue) and G490R (red) 

condition. APD90 is plotted against basic cycle length (BCL). (a, b, c) Steady state APD90 

restitution curves for LVEPI (a), LVMCELL (b) and LVENDO (c) cells respectively for 

the WT and G490R conditions. APD-R curves showed a greater abbreviation of APD90 

under G490R mutation condition, which suggest a greater attenuation of rate adaption 

of the ventricular APD in the G490R model as compared to the WT and A39V mutation 

conditions. (ai, bi, ci) Gradients of steady state restitution curves illustrating the 

behaviour of steady state restitution curves under the WT and G490R conditions.   
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Figure 4.9: Slope for Steady-state APD90 restitution curves for WT (blue), A39V (green) 

and G490R (red) obtained from Figure 4.7 and 4.8 (ai, bi, ci). A reduction in the slope 

of the steady state restitution curves can be seen with the reduced APD90 for the A39V 

and G490R. A more dominant reduction of slope can be seen in the curve of the 

LVENDO cell under the G490R condition.  

The effect of the A39V and G490R mutations on ERP restitution curves can be seen in 

Figures 4.10 and 4.11 (a, b, c). The ERP restitution curves were plotted as described in 

Chapter 3 (3.7.4). The leftward shift of the restitution curves permitted the ventricular cells 

to reinforce electrical activity at fast heart rates [14, 15, 16]. The reduction in the ERP was 

also rate-dependent [15 ,21, 22, 27]. Results showed that the ERP values were reduced for 

G490R and A39V conditions across the range of basic cycle lengths.  The restitution curve 

of the middle cell has a steeper slope (at slow heart rates BCL >700 ms) for G490R condition 

Figure 4.11 (bi), while the slopes of ERP-R curves of LVEPI and LVENDO have been 

reduced for A39V and G490R.  Results showed an attenuation of the rate adaptation of ERP 

under both the A39V and G490R mutation conditions (Figures 4.10, 4.11). 
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Figure 4.10: ERP restitution curves for WT and A39V were obtained by plotting the 

effective refractory period (ERP) against the basic cycle length (BCL). (a, b, c) ERP 

restitution curves for WT (blue) and A39V (green) models. (ai, bi, ci) Gradients of the 

steady state restitution curves illustrating the behaviour of the steady state restitution 

curves under WT and A39V condition. A reduction in the maximal slope of the ERP-R 

curves along with the shift of ERP-R curves towards left side for A39V condition can 

be seen in all three cell types. 
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Figure 4.11: ERP restitution curves for LVEPI (a), LVMCELL (b) and LVENDO (c) 

cells for the α-subunit of CACNA1C/ICaL model formulation. ERP restitution curves 

for WT and G490R were obtained by plotting the effective refractory period (ERP) 

against the basic cycle length (BCL). (a, b, c) ERP restitution curves for the WT (blue) 

and G490R (red) models. (ai, bi, ci) Gradients of the steady state restitution curves 

illustrating the behaviour of the steady state restitution curves under the WT and 

G490R condition. G490R flattened the EPI and ENDO curves along with a leftward 

shift in all three cell types while change in steepness can be seen in the MCELL slope 

under the G490R condition at slow heart rates, BCL > 600 ms (bi). 
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Figure 4.12: The maximal slope of ERP-R curves of the LVENDO, LVMCELL and 

LVEPI cell types. WT (blue), A39V (green) and G490R (red) obtained from Figure 4.10 

and 4.11 (ai, bi, ci). A39V and G490R reduced ERP-R curve’s slopes in all three cell 

types except for the LVMCELL maximal slope which remained unaffected under the 

A39V condition. 

4.6 Membrane Potential Heterogeneity 

In previous studies, Gima and Rudy [19] suggested that an increased spatial gradient of the 

membrane potential (δV) can cause a tall T-wave and is associated with hyperkalemia [20]. 

It was also found to be relevant in our laboratory [20, 21].  To investigate the effects of 

increased spatial gradient on the amplitude of T-wave for the G490R and A39V mutation 

condition, the effects were investigated on membrane potential heterogeneity (δV) during 

ventricular APs between the three cell types. The research shows a pair-wise differences of 

δV, over the course of time between the cell types for both the WT and SQT4S conditions. 

In Figure 4.13-4.14, membrane potential heterogeneity was calculated as the difference of 

membrane potential (Vm) between LVEPI, LVMCELL and LVENDO cell types. A decrease 

in δV for both G490R and A39V mutations can be seen in each pair-wise comparison of 

different cell types. As we have already discussed, the tall T-waves are associated with 

hyperkalemia, and medically it is associated with higher potassium levels in the blood which 

can cause nonspecific repolarisation abnormalities [19, 20]. To validate this, the values of 

δV were adjusted by using a heterogeneous distribution of IKr between LVEPI and 

LVMCELL [27]. With ratios of 1.6:1:1 (Figure 4.13b), the A39V mutation increased the δV 

between MIDDLE and LVEPI cells, whereas an increased δV could also be seen between 

MIDDLE and LVEPI cell with an IKr radio of 1.6:1:1 for the G490R mutation (Figure 4.13d).  
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This can be considered to cause an increased T-wave amplitude in these simulation 

conditions [19, 21]. 

 

Figure 4.13: Membrane potential heterogeneity (δV) is plotted as a function of time. (a, 

b) δV versus time for WT (continuous lines) and A39V (dotted lines) conditions for 

different LVEPI: LVMCELL: LVENDO IKr density ratios; (a) 1.0:1:1 (b) 1.6:1:1. (c, d) 

δV versus time for WT (continuous lines) and G490R (dotted lines) conditions for 

different LVEPI: LVMCELL: LVENDO IKr density ratios; (c) 1.0:1:1 (d) 1.6:1:1. 
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Figure 4.14: Maximum δV during repolarisation between the LVMCELL-LVEPI, 

LVENDO-LVEPI and LVENDO-LVMCELL cells in the WT, A39V and G490R 

conditions. (a) IKr density ratios of 1.0:1:1 for LVEPI: LVMCELL: LVENDO for WT 

(blue), A39V (green) and G490R (red) conditions, (b) IKr density ratio of 1.6:1:1 for 

LVEPI: LVMCELL: LVENDO for WT (blue), A39V (green) and G490R (red) 

conditions. 

4.7 1D Simulations for CACNA1C WT and SQT4/A39V/ 

G490R Conditions  

The 1D strand model of the ventricular cells, explained in Chapter 3 has been utilised in the 

simulations. The wave propagated from the LVENDO end of the1D strand towards the 

LVEPI end through the middle region (Figure 4.15 a-c). In Figure 4.15 (a-c), time runs 

horizontally from left to right, while space runs vertically from the LVENDO end at the 

bottom to the LVEPI end at the top of the 1D sheet. Figure 4.16 shows the spatial distribution 

of APD90 along the 1D strand. 
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Figure 4.15: Space-time colour-mapping of membrane potential in a 15 mm long 

ventricular wall strand during the propagation of an action potential cycle (BCL=1000 

ms). (a, b, c) WT (a), A39V (b) and G490R (c). Positions (mm) run vertically with 

LVEPI at the top and LVENDO at the bottom, while the time (ms) runs horizontally. 

Colour mapping of membrane potentials of cells along the strand changes from blue (-

87 mV) to red (47 mV). 

 

Figure 4.16: Spatial distribution of APD90 along the 15 mm long 1D strand for the WT 

(blue), A39V (green) and G490R (red) models. 

4.7.1 ECG and QT Interval 

Pseudo-ECGs were computed for the WT, A39V and G490R conditions (Figure 4.17a). The 

value of the QT interval was 351 ms in the WT condition. Results have suggested that the 

QT interval reduced to 287 ms for the A39V and 262 ms for the G490R condition (Figure 
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4.17a). The time interval between the T-peak and T-end (the T-wave half width) was 49 ms 

for the WT condition.  

The value of the T-wave half width changed to 72 ms for the G490R and 56 ms for the A39V 

condition. The short QT interval and the wider Tpeak-Tend width are the key features observed 

in the ECGs of the SQTS patients [14, 16, 17, 23, and 24]. Simulations thus reproduced these 

features. Another feature of the ECGs which is very prominent in SQT4 patients is the 

elevation of the ST segment [9, 24]. The ST segment elevation distinguishes the potassium 

related SQT syndromes from the calcium related SQT syndromes [9]. A study by Yan and 

Antzelevitch has suggested that a decrease in the amplitude of AP dome of EPI as compared 

to ENDO creates a transmural voltage gradient across the ventricular wall, which can elevate 

the ST segment [44, 45] The ST segment elevation can be measured on the pseudo-ECG; 

the J-point plays a very important role to measure the elevation of the ST segment. Elevation 

of the ST segment can be measured at a local region on the ECG at 60 ms after the J-point 

[44]. Simulations have reproduced this feature for both the G490R and A39V mutation 

conditions. For the A39V mutation condition, the ST segment elevation was measured as 3 

mm as compared to the WT baseline, while the elevation of the ST segment was 3.4 mm for 

G490R. The J-wave elevation has also been observed in G490R and A39V mutation 

conditions. Previous studies have suggested that, the J-wave elevation can be associated with 

the elevation of the ST segment (Brugada syndrome) [25, 26, 27]. The 1D strand model for 

A39V and G490R mutation reproduced the QT interval shortening and the ST segment 

elevation. It did not show tall T-waves for the SQT4 ECGs, which is consistent with the 

clinical observations [9].  

Gima and Rudy [19] have suggested that the tall T-waves are linked with hyperkalemia 

which is associated with high levels of potassium in blood [20]. A study by I. Adeniran et al. 

[27] acquired a heterogeneous distribution of IKr along the 1D ventricular strand to obtain 

tall T waves. To investigate the key difference between the SQT4 and K+ related SQTS 

ECGs, the same approach was followed in simulations, by considering a heterogeneous 

distribution of IKr density in the 1D strand model. The IKr density was adjusted between 1.3-

1.6 times greater in the LVEPI region compared to the MIDDLE region. The model was able 

to reproduce the increased T-wave amplitude following this adjustment, but the QT value 

was further reduced due to an increased efflux of IKr current (Figure 4.17b). Based on these 

results (Table 4.3), it can be assumed that tall T-waves are linked with the increased 

potassium current efflux levels in the SQT1-3 syndrome patients. The potassium current 

density remained unaffected for SQT4 mutations. 
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Figure 4.17: Pseudo-Electrocardiograms associated with the WT and SQT4 (A39V and 

G490R) conditions. WT (blue), A39V (green) and G490R(red). a) ECGs with the IKr 

densities of 1:1:1 in the EPI: MCEL: ENDO cells for the WT, A39V and G490R 

conditions. b) ECGs with the IKr densities of 1.6:1:1 in the EPI: MCELL: ENDO for 

the WT, A39V and G490R conditions. The relevant parameters of the Pseudo-ECGs 

are given in Table 4.3, which describes the ST segment elevation, T-wave amplitude, T-

wave half width and the QT interval under WT, A39V and G490R conditions. 

 WT WT A39V A39V G490R G490R 

IKr LVEPI-LVENDO 

and LVMCELL 

density ratio. 

1:1:1 1.6:1:1 1:1:1 

 

1.6:1:1 

 

1:1:1 1.6:1:1 

QT Interval (ms) 351 341 287 276 262 252 

T-Peak to T-end (ms) 49 57 58 60 72 76 

ST Segment elevation 

(mm) 

0 

Baseline 

0 

Baseline 

3.0 3.0 3.4 3.6 

T-wave Amplitude  Increased Decreased Increased Decreased Increased 

Table 4.3:  Comparison of different features of ECGs with different IKr current 

densities, while the ICaL ratio is 1:1:1 across LVEPI, MIDDLE and LVENDO cell types. 
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4.7.2 Investigation of the Arrhythmogenic Substrate in 

CACNA1C WT and SQT4 1D Simulations 

The 1D strand model was constructed to investigate the behavior of the arrhythmogenic 

substrate in WT, A39V and G490R conditions. The susceptibility of the WT, G490R and 

A39V tissue to a unidirectional block was investigated by applying a premature stimulus 

during the refractory tail of a preceding excitation wave. A train of 10 S1 stimuli paced at a 

frequency of 1 Hz was applied at the LVENDO end of the 1D transmural strand to initiate a 

propagating wave. A second stimulus (S2) was applied after the 10th S1 following a time 

delay (ΔT). The amplitude and the duration for S1 and S2 were similar. ΔT (T2-T1) 

represents the maximal and minimal values of a temporal window during which the 

propagation of the excitation wave initiated by the S2 stimulus was unidirectional in the 1D 

strand. Figure 4.18 (a-b) shows the width of the vulnerability window across the ID strand. 

This width represents the time during which a premature stimulus can lead to re-entry. For 

the A39V mutation condition, the width of the vulnerability window was increased across 

the whole 1D strand Figure 4.18 (a). In G490R the vulnerability was increased across the 

1D strand except in a very small region in the middle of the strand (Figure 4.18b). Although 

the 1D tissue model showed a greater vulnerability width for the G490R condition as 

compared to WT and A39V in the marked region. Figures 4.18-4.19 show the temporal 

vulnerability window width for the marked region under WT, G490R and A39V conditions. 

The width of the vulnerable window measured within the marked regions is 19.2 ms, 25.7 

ms and 31.5 ms for the WT, A39V and G490R conditions respectively. 
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Figure 4.18: The Vulnerable Window across the transmural 1D strand was plotted as a 

function of position on a 15 mm long 1D strand of ventricular myocytes, with each cell 

having a spatial resolution of 0.15 mm. The width of the Vulnerable Window (VW) is 

measured between the marked region depicted by an arrow. a) VW for the WT and 

A39V, b) Vulnerable Window for the WT and G490R. 
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Figure 4.19:  Measured Vulnerable Window (VW) widths within the marked region (an 

average of different VW widths within the marked region depicted by an arrow) in 

Figure 4.18, for WT (blue), A39V (green) and G490R (red). 

4.7.3 Computation of the Conduction Velocity across the 

1D Strand 

For WT, G490R and A39V conditions, the conduction velocity (CV) was computed across 

the 1D ventricular strand model (Figure 4.20). Results have shown a decrease in CV at slow 

heart rates (rate < 109 beats/minute, PCL > 420 ms) due to the mutation. While an increase 

in CV under A39V and G490R can be seen at higher heart rates (280 ms < PCL < 360 ms). 

This trend of CV has been seen in previous studies [27, 28]. The reduced tissue excitability 

(Figure 4.21) at lower heart rates in A39V and G490R could be a reason for the lower values 

of CV at rates lower than 109 beats/minute as no change in the intercellular electrical 

coupling was considered at these rates. 

The CVs were calculated at a rate of 60 beats/minute (BCL=1000 ms). The measured CV 

was 66 cm/s for the WT, 64 cm/s for A39V and 62 cm/s for the G490R conditions. However, 

the CV values measured at higher rates, between 130 and 170 beats/minute (280 ms >PCL< 

340 ms) were higher in the A39V and G490R conditions as compared to WT. The increased 

CV in A39V and G490R at high rates is due to short effective refractory periods as compared 

to WT [29]. The fastest heart rate which supported conduction in ventricular tissue for the 

WT, A39V and G490R conditions was 134 beats/minute (SI<330 ms), 156 beats/minute 

(SI<280 ms) and 168 beats/minute (SI<260 ms) respectively. A large part of the tissue was 

still refractory in the WT, which caused the failure of conduction in WT at higher heart rates 

as compared to the mutations. 
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Figure 4.20: Conduction velocity (CV) restitution curves for the WT (blue), A39V 

(green) and G490R (red) conditions. The CV curve was plotted against the Pacing Cycle 

Length (PCL). 

 

Figure 4.21: Excitation threshold plotted against the Stimulus Intervals (SI) for the WT 

(blue), A39V (green) and G490R (red) mutation conditions. The tissue excitation 

threshold is a measure of the minimal stimulus amplitude that can initiate a 

propagating action potential in a cardiac tissue [43]. The fastest heart rates which 

supported conduction in ventricular tissue for WT, A39V and G490R conditions were 

134 beats/minute (SI < 330 ms), 156 beats/minute (SI <280 ms) and 168 beats/minute 

(SI < 260 ms) respectively 

4.8 Investigation of the Arrhythmogenic Substrate in an 

Idealised 2D Tissue Sheet 

An idealised 2D ventricular tissue model was constructed to compute the minimal spatial 

length of a premature stimulus which can initiate and sustain a re-entrant wave in both WT 
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and mutations i.e. G490R and A39V conditions. To produce a 2D tissue model, the 1D strand 

was extended along the y-axis by keeping the regional symmetry the same as that of the x-

axis. Similar to the 1D strand, the 2D tissue sheet had three distinct regions LVENDO, 

LVMCELL and LVEPI. 

An excitation wave was evoked by applying a conditioning stimulus (S1) at the LVENDO 

end of the 2D sheet. The excitation wave initiated by the S1 stimulus propagated from the 

LVENDO end to the LVEPI end of the 2D tissue sheet.  Following a time delay, a 2nd test 

stimulus (S2) was applied in a localised region of LVEPI section of the sheet (Figure 4.22 a, 

b, c). The time delay was chosen such that S2 was applied during the Vulnerable Window 

(VW) of LVEPI region of the 2D sheet. The excitation wave evoked by S2 was blocked by 

unrecovered LVMCELL, as the LVMCELL region is still refractory due to the slower 

repolarisation as compared to LVEPI and LVENDO regions (the refractory period of 

LVMCELL is longer than LVEPI and LVENDO). This hence gave rise to unidirectional 

conduction towards the LVEPI side. The same procedure was repeated for the A39V and 

G490R conditions. This unidirectional block resulted in the formation of spiral re-entrant 

excitation waves in the WT, A39V and G490R conditions. For WT, A39V and G490R, the 

time delay between S1 and S2 was 381 ms, 219 ms and 217 ms respectively. In WT, the 

excitation re-entrant wave terminated within 315 ms after the time of its initiation, but it was 

sustained for both the A39V and G490R (Figure 4.22). My results are consistent with the 

previous studies for SQT syndromes [27, 28, and 29] i.e., re-entry was sustained over the 

entire cycle of 1000 ms. 

A sufficient S2 size is required to initiate a sustainable re-entry in a ventricular tissue, and it 

is proportional to the wavelength of the spiral wave (the product of the conduction velocity 

and APD90). In order to evaluate the critical size of the re-entrant pathway of the tissue, the 

minimal spatial S2 length that is necessary to initiate and sustain re-entry was measured for 

WT and both mutation conditions (A39V and G490R). The minimal substrate lengths for 

WT, A39V and G490R were measured as 24 mm, 20 mm and 17.5 mm respectively (Figure 

4.23). Results have suggested that it’s much easier to induce re-entry in A39V and G490R 

as compared to the WT. Hence the tissue is more susceptible to ventricular arrhythmias in 

the A39V and G490R conditions.      
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 Figure 4.22: Snapshots of initiation and conduction of the spiral re-entrant excitation 

wave in a 2D idealised model. a) A schematic representation of the 2D model. (b, c, d) 

A spiral wave was developed by applying the S2 stimulus during the VW of LVEPI 

region for the WT and mutations (S2 was applied at 381 ms, 219 ms and 217 ms for the 

WT, A39V and G490R conditions). The spiral wave initiated by S2 was terminated 

under the WT condition after 319 ms, while it sustained over the entire cycle of 1000 

ms for the A39V and G490R conditions. 

 

Figure 4.23: The minimal spatial length of the premature stimulus S2 that is necessary 

to initiate re-entrant spiral waves in the WT (blue), A39V (green) and G490R (red) 2D 

models. 
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4.9 Formation of a Spiral Wave and its Behavior in a 2D 

Idealised Tissue  

The phase mapping technique allows for the precise identification of Phase Singularity (PS) 

points for the WT and mutations in space over time, as illustrated in Figure 4.26. Every phase 

in the excitation recovery cycle is defined by a colour. The point where all the phases 

converge is defined as the Phase Singularity (PS) point. However, the surrounding regions 

displayed a continuous progression of phases that is equal to ±2π around the PS [31, 32]. 

Plotting the dynamics of the spiral wave on the phase space has many advantages, as it allows 

a more detailed study of the initiation, maintenance, and the termination of excitation waves 

under the normal and the mutation conditions [32]. In many cases, the spiral wave can be 

terminated if there is a collision of the PS with a boundary [31-33]. Phase mapping allows 

for a closer look at the activation wavefront of the spiral wave evoked by the S2. It illustrates 

the wave-front, the wave-tail and the point at which the wave-front meets the curved wave-

tail. As the cardiac impulse moves forward, the wave-front represents a region composed of 

depolarised cells, while the wave tail represents an area with a group of cells returning to the 

resting potential (repolarisation). The point where the wave tail meets the wave-front is 

explained by Gray et al [32, 33] as a singularity point or Phase Singularity (PS), represented 

by a white asterisk in Figure 4.26 (a, b, c). The singularity point plays an important role in 

understanding the dynamics of the spiral wave tip trajectory [31] in space over time.  

The wave tip and the core play a very important role to determine the trajectory of the spiral 

wave in a 2D tissue. The combination of both can yield different patterns i.e. a flower like 

pattern either with inward or outward petals. The direction of the petals is dependent on the 

direction of the core and the wave tip. Inward petals are formed when both the tip and the 

core of the spiral wave rotates in the same direction., i.e. clockwise (CW) rotation. On the 

other hand, an outward flower pattern is obtained when both the tip and the core rotate 

counterclockwise (CCW) [42]. It’s not necessary to always expect to obtain flower like 

episodes. A drift pattern was also previously described by Pertsov et al. [30, 32]. Furthermore 

Dave T. Kim et al. has observed drift pattern in one episode of swine RV [31] 

The tip trajectories for WT, A39V and G490R mutations were calculated by using the Phase 

Singularity method [32, 33], Figure 4.24. For the A39V condition, a drift can be seen in the 

tip of the spiral wave, Figure 4.24(aii). It illustrates a CW rotating excitation wave 

perpendicular to the fiber orientation, Figure 4.24(aiii) shows the behavior of the spiral 

excitation wave in the G490R model. The trajectory of the wave showed that the wave had  
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a stationary tip and a flower-like pattern, with outward petals. It can be assumed that both 

the wave tip and the core are rotating counter-clockwise (CCW) [31-33, 42]. For WT and 

A39V to calculate phase the computed values for v’ and u’ in this case were -40 mV and -50 

mV respectively (v’ and u’ are the origin points in the state-space as defined in Chapter 3), 

while it is different for G490R. The values of v’ and u’ were -35 mV and -45 mV respectively. 

The total life span of the re-entrant excitation wave in the WT condition was measured as 

220 ms (Figure 4.22a, Figure 4.25a). For A39V, the re-entry was sustained for the entire 

cycle of 1000 ms (Figure 4.22b, Figure 4.25a). In the case of G490R, the re-entrant wave 

also was sustained for the entire stimulus duration of 1000 ms (Figure 4.22c, Figure 4.25a). 

The power spectrum of the recorded local electrical activity for WT revealed a dominant 

frequency of 3.2 Hz, while the dominant frequencies for A39V and G490R were 3.6 Hz and 

3.32 Hz respectively (Figure 4.25b). 
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Figure 4.24: Illustration of the trajectories and the electrical activity of the spiral waves 

in a 2D model of the human ventricle cells. The geometry of the 2D sheet is same as 

described in Figure 4.22a. (ai, aii, aiii) The re-entrant wave tip trajectories for WT 

(blue), A39V (green) and G490R (red) in x and y space (mm) illustrate the path followed 

by the spiral wave in the 2D tissue sheet of the left ventricular cells. (bi, bii, biii) Time 

course of localised electrical activity illustrating the life span of the re-entrant wave.  
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Figure 4.25: a) Life Span of the re-entrant spiral waves in the 2D tissue models of WT, 

A39V and G490R.b) The dominant frequency obtained from the power spectral density 

analysis of the WT, A39V and G490R conditions (Appendix C). 
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Figure 4.26: Phase mapping of the re-entrant excitation wave for the WT (a), A39V (b) 

and G490R (c) conditions. The layout of the 2D sheet is the same as that defined in 

Figure 4.22a. The white asterisk on the figures represents the phase singularity point 

where the wave tip meets the wave tail. The wave front represents the group of 

depolarised cells while the tail is composed of cells, returning to rest. T1, T2, T3 and T4 

are the time intervals at which the activity of the spiral wave was recorded. ±𝛑 

represents the changes in phase from +π to -π [31-34]. 

4.10 ICaL Enhancement as a Potential Therapeutic Target 

in the SQT4 

Implantable Cardiovascular Defibrillators (ICD) are commonly used to treat SQT syndrome 

patients [34, 35]. They are not suitable for every patient especially infants. Another issue is 

that ICDs do not restore the QT interval precisely. Therefore, it is very important to develop 

a pharmacological alternative which can restore the QT interval to its normal duration and 

protect it from arrhythmias and other side effects [36-38]. 
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Pharmacologically, very little information is available on the SQT4 syndrome. ICaL can be 

selectively enhanced by using calcium agonists or calcium channel enhancers [39]. These 

compounds have an ability to increase contractility by increasing the calcium ion movement 

across the cell wall [39, 40]. In SQT4 patients, the influx of ICaL was reduced due to the 

A39V and G490R mutations; however, recently it has been seen that ICaL influx can be 

enhanced by Aplidine [41]. Although no evidence has been found that it has been used to 

treat SQTS patients, Aplidine is a very useful drug for the treatment of congestive heart 

failure and atrial fibrillation. 

4.10.1 Single Cell  

A theoretical “pseudo-pharmacological” approach to normalise QT interval in an adult SQT4 

patient is to enhance the ICaL influx density by drugs and determine the extent of 

enhancement required to normalise the QT interval. The increase of ICaL influx by drugs was 

mimicked to determine the extent of enhancement required to normalise the QT interval. For 

A39V, ICaL was enhanced to different percentages in the LVEPI, MIDDLE and LVENDO 

single cell types. Figure 4.27 shows the results for the LVENDO, LVMCELL and LVEPI 

cell types under A39V and G490R conditions. It has been observed that the increase of ICaL 

influx will affect the shape of the plateau region of the AP (a hump-like shape of AP is 

obtained), Figure 4.27. A small change in calcium influx can be a massive effect on the AP 

morphology. To resolve this issue, another approach is applied in simulations, by blocking 

IKr at the same time. Figure 4.27 (ai, aii, aiii) illustrates the extent of ICaL enhancement and 

IKr blockade to obtain normalised AP durations. For A39V (LVMCELL), 1.1 % increase of 

ICaL and 40% IKr blockade was required to make the AP duration comparable to that of WT. 

For LVEPI cell ICaL enhancement and the IKr blockade were 1.2% and 25% respectively. A 

1.09% ICaL increase and 28% blockade is required to normalise the APD in the LVENDO 

cell. 

The same approach was applied for G490R, it gives the plateau region a hump-like shape. 

To control the ICaL increment to a certain level and blocking IKr gave the required result as 

seen in Figure 4.27 (bi, bii, biii). Simulations were repeated for LVENDO, LVMCELL and 

LVEPI cells. 

4.10.2 1D Strand Model 

The 1D strand tissue model was used to investigate the effects of an increased influx of 

calcium ions on ECGs. In the tissue model, APDs are smoother due to the electrical coupling  
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between cells via gap junctions. The augmentation of ICal increased the amplitude of the QRS 

interval and an increased elevation of the J-point was observed in simulations. This issue 

was resolved by blocking Ito and IKr, for the A39V and G490R. Results suggested that the 

blockade of Ito controlled the elevation of the J-point and the ST segment while the IKr 

blockade normalised the QT interval and T-wave amplitude (Figure 4.28 a, b). In 

simulations, 45% Ito and 30% IKr blockades were necessary to normalise the QT interval for 

A39V. 35% IKr and 45% Ito was blocked to normalise QT interval in the G490R condition. 
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Figure 4.27: Current enchantment/blockade to normalise the AP durations under the 

A39V (ai-aiii) and the G490R (bi-biii) conditions. The extent of ICaL enhancement and 

IKr blockade to obtain the normalised AP durations is demonstrated. For the A39V 

(LVMCELL), a 1.1 % increase of ICaL and a 40% IKr blockade were required to make 

the AP duration comparable to that of the WT. For the LVEPI cell, ICaL enhancement 

and the IKr blockade were 1.2% and 25% respectively.  1.09% ICaL increase and 28% 

IKr blockade were required to normalise APD in the LVENDO cell. For the G490R 

(LVMCELL), a 3% increase of ICaL and a 65% IKr blockade were required to make the 

AP duration comparable to that of the WT. For the LVEPI cell, ICaL enhancement and 

the IKr blockade were 1.5% and 40% respectively. A 4% ICaL increase and 50% IKr 

blockade is required to normalise the APD in the LVENDO cell. 
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Figure 4.28: The current enhancement/blockade used to normalise the QT interval. A 

45% Ito and a 30% IKr blockade was necessary to normalise the QT interval for A39V 

(a). A 35% IKr and a 45% Ito was blocked to normalise the QT interval in the G490R 

(b) condition. 

4.11 Summary 

In the absence of an accurate experimental SQT4 model for human ventricular myocyte, the 

use of in silico models provide an alternative means to understand the functional behavior 

of SQT mutations, which can be beneficial to avoid ventricular arrhythmias. The major 

findings of the present study are: 

a) A39V and G490R reduced the AP duration in all three cell types and caused the 

shortening of the QT intervals. 

b) Although simulations were unable to reproduce a tall T-peak, a ST segment elevation 

was observed in the simulation which was not found in short QT1-3 patients.  In 

previous studies, Gima and Rudy [19] have suggested that a tall T-wave is associated 

with hyperkalemia, which represents high levels of the potassium current. To validate 

this, a heterogeneous IKr density along the 1D strand was considered. Tall T-waves 

were obtained for A39V and G490R, for IKr densities as 1.6:1:1 for LVEPI, 

LVMCELL and LVENDO. Similar to the previous studies [27], to obtain a tall T-

wave, a heterogeneous IKr density across the ventricular strand model was found to 

be necessary. 

c)  The tissue's temporal vulnerability at some localised regions was increased under 

the A39V and G490R mutation conditions. In the 2D tissue, the minimal substrate 
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size that was necessary to initiate and maintain the re-entry was decreased for the 

mutation condition. 

d) The ST Segment elevation was reproduced which shows that SQT4 mutations are 

also linked with Brugada syndrome [22]. 

e) Blocking of ICaL alone did not normalise the QT interval, instead it increased the 

amplitude of the QRS interval which is corelated with high blood pressure. My 

results are consistent with previous studies [34, 39, 40].  

These findings gave a clear link between the shortening of the QT interval and the SQT4 

mutation. It gave a detailed explanation of increased vulnerability to re-entry in A39V and 

G490R.  
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CHAPTER 5 

CACNB2b S481L SQT5 Syndrome  

5.1 Introduction  

As discussed in the previous chapters, mutations in the L-Type calcium channels can lead to 

shorter than normal QT intervals and are linked to the Brugada syndrome (BrS) [1]. The 

Brugada syndrome is a rare inherited disease which increases the risk of ventricular 

arrhythmia in young adults with apparently normal hearts and is more of a risk in healthy 

males than females [2]. BrS is characterised by an abnormal ECG morphology, in other 

words, an abnormal ST segment [3, 4]. It is important to understand the basic morphology 

of the ST segment to compute the ST segment elevation. The ST segment represents the time 

interval between the J-point (a notch at the end of an S-wave) and the start of the T-wave. 

Generally, it is a flat section on an ECG, as it represents the beginning of the ventricular 

repolarisation, or the plateau phase of the AP [5, 6, 7]. 

A recent study on canine ventricles has shown a loss of function of the L-type calcium 

channel CaV1.2 is linked with a BrS phenotype [8, 9]. The mutations in CACNA1C α1 

subunits and CACNB2b β2 subunits of L-type calcium are associated with accelerated 

inactivation of calcium channels, linked with both BrS and SQTS [9]. The mutation in the 

α1 (CACNA1C) subunit of Cav1.2 and its effects on the electrophysiological behaviour of 

ventricular cell and tissue models were described in Chapter 4. 

This chapter will describe the 5th variant of SQT syndrome associated with the β2 

(CACNB2b) subunits of L-type calcium. The β-subunit of Cav1.2, Cavβ2, is involved in the 

gating and trafficking modulation of L-type calcium channels [10]. The 1st case of the 5th 

variant of SQT syndrome was reported in a 25-year-old European male, diagnosed with 

ventricular fibrillation (VF), which led to SCD [1, 11]. ECGs presented a QTc interval of 

330 ms, with a curved shape ST-segment elevation. The patient’s genetic data revealed a 

heterozygous transition from C to T at position 1442 in exon 13, which anticipates a Leucine 

to Serine substitution at position 481 (S481L) of CACNB2b. His 23-year-old brother had 

also been symptomatic with syncope since the age of 21. A further clinical and genetic 

investigation of the family revealed a positive phenotype in six family members based on an 

ST-segment elevation (ST segment elevation > 2 mm at baseline or after ajmaline, and a QTc 

< 360 ms in males and QTc <370 ms in females). S48IL was present in all six family 

members with a positive phenotype. Few family members exhibited tall peaked T-waves, 
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with shorter-than-normal QT intervals. The mutation is in the C-linker region of the β subunit 

of CaV1.2 [1, 11, and 12]. The central and peripheral pattern of fluorescence suggested 

normal trafficking patterns for S481L channels [1]. 

5.2 Simulation of Single Cell ICaL for the CACNB2b β2 

with Control and SQT5/S481L Mutation Conditions 

A direct effect of the S481L mutation on the CACNB2b channel can be reproduced by the 

in vitro ventricular AP clamp experiments [1]. The results of these experiments have shown 

a loss of function of the CaV1.2, CaVβ2 channel current during the plateau phase of the AP 

[1]. A loss of function mutation linked with BrS in the L-type Ca
2+

 channel has yet not been 

fully established [1, 8]. 

The aim of this study is to examine the detailed impacts of S481L mutation on the β2 subunit 

of the CaV1.2 channel encoded by the CACNB2b gene. A detailed discussion of the SQT5 

model and the equations are presented in Chapter 3. The voltage clamp protocol for the β2 

subunit of the CACNB2b control type was performed for a holding potential of -90 mV with 

a total simulation time of 250 ms. The clamp voltage range was between -50 mV and 50 mV, 

with an increment of 10 mV for each step. The same voltage clamp protocol was applied for 

the S481L mutation condition. Simulations showed a decrease in the amplitude of S481L 

channel currents, which showed agreement with the experimental data [1]. 
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Figure 5.1: Voltage clamp protocol, experimental and simulated L-Type calcium 

current traces for the WT and mutation. Change in color in the voltage clamp protocol 

represents a voltage step of 5 mV. The color information is given in Appendix C. (a, b) 

WT and S481L experimental current traces [9]; (c) the voltage clamp protocol, the 

clamp range was between -50 mV and 50 mV with an increment of 5 mV. The total 

simulation time was 250 ms. (d, e) WT (5.1d) and S481L ICaL (5.1e) are the simulated 

current traces corresponding to the experimental data (5.1a, b). 

The simulated I-V relationship for the WT and S481L mutation are represented in Figure 

5.2a. The WT conductance was regulated to acquire a peak current density which 

corresponds well with the ICaL formulation current density during the I-V relationship of the 

original O’Hara & Rudy model [13] (Figure 5.2b), thus maintaining the overall current 

densities, APD90 and functional characteristics of the O’Hara & Rudy human ventricular 

model [13]. The voltage at the peak current remained unchanged for the S481L condition 

compared to the WT, which supports the experimental data [1]. 
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Figure 5.2: Computed I-V relationship for L-Type calcium channel (CACNB2b β2-

subunit) for the WT (blue) and S481L (green) conditions, (a) Normalised I-V 

relationship for WT (blue) and S481L (green), the solid lines represent the simulated 

data while the dotted points represent the experimental data. Simulations showed a 

decrease in the amplitude of the S481L channel currents which showed an agreement 

with the experimental data [1]. (b) The WT conductance was regulated to acquire a 

peak current density which corresponds well with the ICaL formulation current density 

during the I-V relationship of the original O’Hara & Rudy model [13].  

The WT and the S481L formulation were incorporated into the 2011 O’Hara & Rudy model 

[13] to visualise the functional effects of the WT and the S481L mutation on ventricular APs. 

Figure 5.3 shows simulated action potentials and ICaL (β2 subunit of CACNB2b) current 

profiles over time (t) for LVEPI, LVMCELL and LVENDO ventricular cells, under the WT 

and S481L conditions respectively. The results suggest a shortening of AP in all three cell 

types for the S481L condition due to the loss of function of the CACNB2b β2 calcium 

current, Figure 5.3 (aii, bii, cii). 

The APD90 values were computed for LVEPI, LVMCELL and LVENDO cells for the WT 

and the S481L conditions. A reduction in the AP duration can be seen in the S481L 

conditions. The results suggest that this shortening of the AP is linked to the decreased influx 

of L-type calcium currents during the plateau phase of the AP (Figure 5.3 aii, bii, cii), which 

is consistent with previous studies [1, 8]. The shortening of the APD90 under the S481L 

conditions was rate-dependent. The simulated resting potential values were - 86.72 mV and 

-86.64 mV for the WT and S481L conditions respectively. 
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Figure 5.3: Simulated action potentials and ICaL time traces. (ai, bi, ci) Action potential 

paced at the frequency of 1 Hz for LVEPI (ai), LVMCELL (bi) and LVENDO (ci) cells 

for WT (blue) and S481L (green) conditions. (aii, bii, cii) Relative CACNB2b ICaL 

current profiles for LVEPI (aii), LVMCELL (bii) and LVENDO (cii) cells under WT 

(blue) and S481L (green) conditions. 

 LVEPI (ms) LVMCELL (ms) LVENDO (ms) 

WT 232 369 275 

S481L 203 290 208 

Table 5.1: Computed APD90 (ms) values for the LVEPI, LVMCELL and LVENDO cell 

types under CACNB2b β2 CaV1.2 for WT and the S481L mutation conditions. 
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The results suggest that the extent of APD90 shortening is at different levels in different cell 

types under S481L conditions as shown in Table 5.2.  

 LVEPI (ms) LVMCELL (ms) LVENDO (ms) 

S481L 29 79 67 

Table 5.2: Shortening of the APD90 under the S481L mutation condition. The S481L 

reduced the APD90 in all three cell types with a marked reduction in the LVMCELL 

type.  

Results showed that the transmural dispersion of APD90 across different cell types of 

ventricular wall has been decreased in the S481L condition (Figure 5.11), which is similar 

to prior studies of SQTS1-3 [14-16]. A heterogeneous reduction of the action potential can 

lead to an increased transmural dispersion of repolarisation under S481L conditions with 

more risk of the development of the ventricular arrhythmia [14-16].  

5.3 Rate Dependent Restitution Properties of the WT and 

SQT5/S481L 

The reduction of APD90 in S481L mutation conditions is rate-dependent. Figure 5.4 (a-c) 

described the APD90 restitution (APD-R) curves for different cell types. The APD90 over the 

range of diastolic intervals (DIs) under investigation decreased in the S481L condition as 

compared to the control condition. The obtained results suggest a leftward shift and 

flattening of APD90 restitution curves. The abbreviated values of APD90 decreased the 

maximal slopes of APD90 restitution curves (Figure 5.4 ai, bi, ci). According to previous 

studies, SQTS patients exhibit a poor rate-adaptation of their QT intervals [14, 18, and 19]. 

Results suggest a reduction of rate-adaptation of ventricular APD90, which corresponds well 

with the prior studies [20]. 
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Figure 5.4: APD90 restitution curves for WT and S481L. APD90 is plotted against the 

diastolic interval (DI). (a, b, c) APD90 restitution curves for the LVEPI (a), LVMCELL 

(b) and LVENDO (c) cells respectively for the WT (blue) and S481L (green) conditions. 

A prominent reduction of the APD90 can be seen in the LVEPI and LVMCELL cell 

curves, while APD-R curve for the LVENDO cell remained least affected under the 

S481L condition. (ai, bi, ci) The S481L mutation has reduced the maximal slopes of the 

APD90 curves in all the three cell types.  
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Figure 5.5: Maximal slopes of the APD90 restitution curves, WT (blue) and S481L 

(green), obtained from Figure 5.4 (ai, bi, ci). The slopes were measured at the minimum 

diastolic interval (DI) before the conduction block and calculated for the individual 

curves of the LVEPI, LVMCELL and LVENDO cell types. The shortening of APD90 

under S481L condition reduced the maximal slopes of the restitution curves. This 

reduction is more marked in LVEPI cell type. 

 

To investigate further, the steady state restitution curves were plotted for the WT and S481L 

conditions. The same behaviour was observed as for APD90 restitution curves. In other 

words, mutation flattened the steady state restitution curve and caused a leftward shift 

(Figure 5.6 a, b, c).   
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Figure 5.6: Steady-state APD90 rate dependence curves under the WT (blue) and S481L 

(green) condition.  APD90 is plotted against the basic cycle length (BCL). (a, b, c) Steady 

state restitution curves for the LVEPI (a), MIDDLE (b) and LVENDO (c) cells for the 

WT (blue) and the S481L (green) conditions respectively. The S481L results have shown 

the flattening of all three curves, while a leftward shift is more prominent in the 

LVMCELL curve. (ai, bi, ci) Flattening of the restitution curves suggest a reduction of 

the maximal slopes, illustrating the effect of the S481L mutation on the slopes of the 

steady state-restitution curves. 
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Figure 5.7: Maximal Slopes of the steady State restitution curves obtained from Figure 

5.6 (ai, bi, ci). WT (blue) and S481L (green) for the LVEPI, LVMCELL and LVENDO 

cell types. A small reduction in the slopes of the steady state restitution curves can be 

seen with the reduced APD90 for the S481L condition.  

The reduction in the effective refractory period is also rate-dependent [20]. The effect of the 

S481L mutations on ERP restitution curves can be seen in Figure 5.8 (a, b, c). A reduction 

in the maximal slope of the ERP-R curves for LVEPI, LVMCELL and LVENDO can be seen 

in Figure 5.9. The effective refractory period was reduced under mutation as compared to 

the WT condition over the range of basic cycle lengths (BCL) investigated. The maximal 

slope of LVMCELL cell was reduced in Figure 5.8bi, while steepness can be seen in the 

beginning of the LVEPI and LVENDO ERP-R curves (Figure 5.8 ai, ci) at fast heart rates 

(BCL < 490 ms), which gradually settled down at slow heart rates (BCL > 500 ms).  

A leftward shift can be seen in all three restitution curves (APD-R, APD-R steady state and 

ERP-R restitution curves) under S481L conditions for LVEPI, LVMCELL and LVENDO 

cell types. This leftward shift enables ventricular cells to support electrical activity [20, 27] 

at fast heart rates under the S481L condition. This condition is also commonly observed 

during VF and AF [20, 27]. 
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Figure 5.8: ERP restitution curves for the WT and the S481L were obtained by plotting 

the effective refractory period (ERP) against the basic cycle length (BCL). (a, b, c) ERP 

restitution curves for the LVEPI (a), MIDDLE (b) and LVENDO (c) cells for the WT 

(blue) and the S481L (green) conditions respectively. (ai, bi, ci) The maximal slope of 

LVMCELL curve was reduced, while steepness can be seen in the beginning of LVEPI 

and LVENDO ERP-R curves at fast heart rates (BCL < 350 ms), which gradually 

settled down at BCL > 400 ms. 
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Figure 5.9: Slope of ERP restitution curves obtained from Figure 5.8 (ai, bi, ci). WT 

(blue) and S481L (green) for the LVEPI, LVMCELL and LVENDO cell types. The 

S481L reduced the ERP-R curves’ slopes for the LVMCELL while the maximal slope 

of LVEPI and LVENDO cells increased under the S481L mutation condition. 

 

5.4 Investigation of the QT Abbreviation and the 

Elevation of the ST Segment on the Electrocardiogram 

5.4.1 1D Model Simulations 

The 1D strand model of the left ventricular wall presented in Chapter 3 was used in the 

simulations. The wave once generated, propagates from the LVENDO end towards the 

LVEPI end (Figure 5.10 a-b) of the 1D strand. In Figure 5.10 (a-b), time runs horizontally 

from left to right, while space runs vertically from the LVENDO region at the bottom to the 

LVEPI region at the top of the 1D sheet. 
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Figure 5.10: Space-time colour-mapping of the membrane potential in a 15 mm 

ventricular wall strand during the propagation of an action potential cycle (BCL=1000 

ms). (a, b) WT (a) and S481L (b). Positions (mm) run vertically with LVEPI at the top 

and LVENDO at the bottom, while the time (ms) runs horizontally. Colour mapping of 

membrane potentials of cells along the strand changes from blue (-87 mV) to red (47 

mV). 

  

Figure 5.11: Distribution of APD90 along the transmural 1D strand model of the 

ventricular cells for the WT (blue) and S481L (green) conditions. 

5.4.2 ECGs 

Pseudo ECGs were calculated for the WT and S481L conditions (Figure 5.12) by utilising 

the 1D strand model of the left ventricular cells. The value of the QT interval was 358 ms 

for the controlled condition, which was reduced to 294 ms for the S481L mutation condition 
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(Figure 5.12). The T-wave half width (Tpeak-Tend) was 50 ms for the WT condition. The value 

of the T-wave half width changed to 56 ms for the S481L condition. Short QT interval and 

wider T-wave half widths are the major characteristics observed clinically in the ECGs of 

the SQTS patients [1, 17, 18, 19, 21 and 22]. Simulations therefore reproduced these 

features. 

 

Figure 5.12: Pseudo-Electrocardiograms associated with the WT and SQT5S (S481L) 

conditions. WT (blue), S481L (green). The QT interval is 358 ms for the WT and 294 

ms for the S481L model. 

Another key feature that has been clinically observed for SQT5 patients is an elevated ST 

segment. It is the key link between BrS and SQTS [1, 8]. The ST segment elevation can be 

measured on pseudo ECGs, with the J-point playing an important role in measuring the 

elevation of ST segments. Elevation of the ST segments can be measured in a local region 

on the ECG at 60 ms after the J-point [1, 8, 23, 24]. Simulations have reproduced this feature 

for the S481L mutation condition, although the elevation was not prominent, as seen in 

Chapter 4 for the A39V and G490R SQT4 mutations. For the S481L mutation condition, the 

measured ST segment elevation was < 2 mm, compared with the WT baseline. A study by 

Yan and Antzelevitch [25] suggested that a decrease in the amplitude of the AP dome of the 

EPI cells compared to ENDO cells creates a transmural voltage gradient across the left 

ventricular wall. This heterogeneous dispersion of the AP dome along the left ventricular 

wall increases transmural dispersion of repolarisation, which may not only elevate the ST 

segment, but can also lead to phase 2 re-entry and re-entrant substrate for VF [3, 25, 26]. 

5.5 Investigation of the Unidirectional Block and 

Arrhythmogenic Substrate in the SQT5 



153 

 

 

A 1D strand model was used to investigate arrhythmogenic substrates with the WT and 

S481L conditions. The susceptibility of the WT and S481L tissue to a unidirectional block 

was investigated by applying a premature stimulus during the refractory tail of a preceding 

excitation wave. A train of 10 S1 stimuli paced at a frequency of 1 Hz was applied at the 

LVENDO end of the 1D transmural strand to trigger a propagating wave. A second stimulus 

(S2) was applied after the 10th S1 following a time delay of ΔT. The amplitude and duration 

for S1 and S2 were similar. ΔT (T2-T1) represents the maximal and minimal values of a 

temporal window, during which the propagation of the excitation wave evoked by the S2 

stimulus was unidirectional in the 1D strand. Figure 5.13 illustrates the width of the 

vulnerability window across the 1D strand. Prior studies have suggested that this temporal 

window corresponds to a time, during which the tissue is more vulnerable to a premature 

stimulus that can trigger arrhythmogenic events [14, 17, 20]. The width of the vulnerability 

window under S481L condition increased across the entire 1D strand (Figure 5.13). Figure 

5.14 shows the width of the temporal vulnerability window within the marked region under 

the WT and S481L conditions. The 1D tissue model showed a greater vulnerability width for 

the S481L condition compared to the WT condition in the marked region. The vulnerability 

window width measured within the marked region is 19 ms for the WT and 26 ms for the 

S481L conditions respectively. 

 

Figure 5.13:  The Vulnerable Window across the transmural 1D strand plotted as a 

function of position on a 15 mm long 1D strand of ventricular cells, with each cell 

having a spatial resolution of 0.15 mm. The width of the Vulnerable Window (VW) is 

measured between the marked region depicted by the arrow. VW for the WT (blue) 

and S481L (green) models. 
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Figure 5.14: The measured Vulnerable Window (VW) width in the marked region (an 

average of different VW widths within the marked region depicted by arrow) in Figure 

5.13 for the WT (blue) and S481L (green) models.  

5.6 Computation of the Conduction Velocity and 

Excitation Threshold Across the 1D Strand 

The conduction velocity was computed for the WT and S481L conditions across the 1D left 

ventricular strand (Figure 5.15) model. Results have shown a decrease in the CV at slow 

heart rates (heart rate < 125 beats/minute, PCL > 410 ms) due the mutation, while an increase 

in CV under the S481L condition can be seen at fast heart rates (280 ms < PCL < 360 ms). 

This trend of CV has also been seen in previous studies [27, 20]. The reduced tissue 

excitability (Figure 5.16) at lower heart rates for the S481L could be a reason for the reduced 

CV at rates slower than 125 beats/minute, as no change in the intercellular electrical coupling 

was considered at those rates. CV was calculated at a rate of 60 beats/minute (BCL=1000 

ms), the measured CV was 67 cm\s for the WT and 62 cm\s for the S481L conditions. 

However, the values measured for CV at higher rates, between 147 and 178 beats/minute 

(280>PCL<340), were slightly higher under the S481L conditions than those under WT 

conditions. The increased CV in the S481L at high rates is due to short effective refractory 

periods [28]. The fastest heart rates that supported conduction in ventricular tissue under WT 

and S481L conditions were 138 beats/minute (SI<380 ms) and 178 beats/minute (SI<320 

ms) respectively. A large part of tissue was still refractory in WT conditions, which caused 

the failure of conduction at higher heart rates under these conditions compared to the 

mutations. 
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Figure 5.15: Conduction velocity (CV) restitution curves. WT (blue) and S481L (green) 

conditions. The CV curve was plotted against the Pacing Cycle Length (PCL). 

 

Figure 5.16: The relationship between the excitation threshold potential and the 

Stimulus Intervals (SI). WT (blue) and S481L (green) mutation conditions. The tissue’s 

excitation threshold is a measure of the minimal stimulus amplitude that can initiate a 

propagating action potential in the cardiac tissue [27].  The fastest heart rates that 

supported conduction in ventricular tissue under the WT and S481L conditions are 138 

beats/minute (SI < 380 ms) and 178 beats/minute (SI < 320 ms) respectively. 
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5.7 Investigation of Arrhythmogenic Substrate in the 2D 

Idealised Geometry for the WT and SQT5 Variants of 

CACNB2b β2 Cav1.2 

The idealised 2D ventricular tissue model was utilised to compute the minimal spatial length 

of a premature stimulus which can initiate and sustain a re-entrant wave in both WT and 

S481L mutation conditions. A propagating excitation wave was initiated by applying a 

conditioning stimulus (S1) at the LVENDO end of the 2D sheet. The excitation wave 

generated by S1 spread from the LVENDO end to the LVEPI end of the 2D tissue sheet 

under WT and S481L (Figure 5.17 b, c) conditions. Following a time interval, a second test 

stimulus (S2) was applied in the LVEPI region (a local region within the VW of the EPI 

region of the 2D sheet). The excitation wave triggered by S2 was blocked by the unrecovered 

middle region, as the LVMCELL region is still refractory due to the slower repolarisation 

compared to LVEPI and LVENDO regions (the refractory period of the LVMCELL is longer 

than LVEPI and LVENDO). It therefore gave rise to a unidirectional conduction towards the 

EPI side. This unidirectional block resulted in the formation of spiral re-entrant excitation 

waves in WT and S481L conditions. For WT and S481L, the time delays between S1 and S2 

were 372 ms and 219 ms respectively. In WT, the excitation re-entrant wave terminated 

within 315 ms after the time it started, but it was sustained for the S481L condition (Figure 

5.17c). My results are consistent with previous studies of SQT syndromes [22, 29 and 30].  
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Figure 5.17: Snapshots of the initiation and conduction of the re-entrant excitation 

waves in a 2D idealised tissue model for the CACNB2b β2 CaV1.2 WT and S481L 

models. a) A schematic representation of the 2D tissue model, b) WT and c) S481L. S2 

was applied after a time delay of 372 ms and 219 ms for the WT and S481L conditions 

respectively. The excitation wave generated by S2 was terminated under the WT 

condition while it sustained over the entire BCL in the S481L mutation model. 

The minimal tissue substrate length necessary to initiate re-entry was measured for both WT 

and S481L mutation conditions. The minimal substrate lengths for WT and S481L were 

measured as 29.8 mm and 11.5 mm respectively (Figure 5.18). The results suggest that it is 

much easier to induce a re-entrant wave under S481L condition than WT condition. The 

tissue is therefore more susceptible to ventricular arrhythmias under S481L condition. 



158 

 

 

 

Figure 5.18: The minimal spatial length of the premature stimulus S2 that is necessary 

to initiate a re-entrant excitation wave under the WT (blue) and S481L (green) 

conditions. 

 

Figure 5.19: Total life span of the re-entrant excitation spiral wave in the 2D idealised 

tissue model for the WT (blue) and S481L/SQT5 (green) conditions. 

 

The total life span of the re-entrant excitation wave under the WT condition was measured 

as 362 ms, for S481L the re-entry sustained over the entire cycle of 1000 ms (Figure 5.19). 
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5.8 Phase Mapping and the Trajectory of the Excitation 

Spiral Wave in 2D Idealised Tissue for CACNB2b β2 WT 

and S481L 

As explained in Chapter 4, phase mapping allows for the precise identification of Phase 

Singularity (PS) points for the WT and the mutations in space over time [31-34], as 

illustrated in Figure 5.20. Phase mapping allows for a closer look at the activation wavefront 

of the spiral wave evoked by the S2. It illustrates the wave-front, the wave-tail and the point 

at which the wave-front meets the curved wave-tail. The point where the wave tail meets the 

wave-front is defined by Gray et al [32, 33] as a singularity point or Phase Singularity (PS), 

represented by a white asterisk in the Figure 5.20 (a, b). The singularity point plays an 

important role in understanding the dynamics of the spiral wave tip trajectory [31] in space 

over time. The trajectory of the spiral wave is defined by the rotor. In other words, when the 

rotor is stationary, it rotates and forms a circular trajectory however, for a meandering rotor, 

the trajectory can be more complicated [31, 35]. To calculate phases, the computed values 

for v’ and u’ under the WT and S481L conditions were -40 mV and -50 mV respectively, 

where v’ and u’ are defined as origin points in the phase space and are explained in Chapter 

3.  

The rotor tip and the core play a very important role in determining the trajectory of the 

spiral wave in a 2D tissue [31-36]. The combination of both defines the pattern and the path 

followed by the excitation re-entrant wave in any medium, presenting a flower-like pattern 

or a drag episode, depending on the movement of the tip and the core of the wave. It is not 

necessary to always expect to obtain flower-like episodes. Drift patterns were also previously 

described by Pertsove et al. [34]. Dave T. Kim et al. observed drift patterns in one episode 

of swine RV [37]. 
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Figure 5.20: Phase mapping of the spiral wave in a 2D idealised tissue model of the left 

ventricular myocytes for the CACNB2b β2 CaV1.2 WT (a) and S481L (b) conditions. 

The layout of the 2D sheet is the same as that defined in Figure 5.17a. The white asterisk 

in the figure represents the Phase Singularity point where the wave tip meets the wave 

tail. The wave front represents the group of depolarised cells while the tail is composed 

of cells that are returning to rest. T1, T2, T3 and T4 are the time intervals at which the 

activity of the spiral wave was recorded. ±𝛑 represents the change in the phase in the 

range of +π to -π [31-34]. 

The tip trajectories for WT and S481L mutations were computed using the Phase Singularity 

method [31, 37] in Figure 5.21 (ai, bi). For the S481L condition, a drift can be seen in the 

tip of the spiral wave Figure 5.21bi. The figure illustrates a CW rotating excitation wave 

perpendicular to the fibre orientation, with an outward movement of the tip. 



161 

 

 

 

Figure 5.21: Behaviour of the re-entrant spiral wave in the 2D idealised tissue model 

for the WT and S481L variants of the CACNB2b β2. The geometry of the 2D sheet is 

the same as that described in Figure 5.17a. (ai, bi) The re-entrant wave tip trajectories 

for WT (blue) and S481L (green) in the x and y space (mm) illustrate the path followed 

by the spiral wave in the 2D tissue sheet of the left ventricular cells. (aii, bii) The time 

course of localised electrical activity discribing the life span of the re-entrant wave. (c) 

Dominant frequency values for the WT and S481L obtained from the power spectral 

analysis of the recorded electrical activity. 

 

The dominant frequency was calculated by using a power spectrum analysis of the recorded 

local electrical activity. The values for the dominant frequencies were obtained as 3.2 Hz 

and 5.7 Hz for the WT and S481L respectively, Figure 5.21c and Figure C1 (Appendix C). 

These values are consistent with previous studies of the SQT syndromes [20, 27, 30]. 
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5.9 Investigating the Enhancement of ICaL as a Potential 

Therapeutic Target in the SQT5 

As previously discussed, Implantable Cardiovascular Defibrillators (ICD) [38, 39] are not 

suitable for all cardiac patients, especially infants, because they do not restore the QT interval 

precisely. Development of a pharmacological alternative that not only restores the QT 

interval to its normal duration, but also protects it from arrhythmias and other side effects, 

is therefore very important [38-40]. 

L-type calcium influx can be selectively enhanced by using calcium agonists or calcium 

channel enhancers. These compounds have the ability to increase contractility by increasing 

the calcium ion movement across the cell wall [41]. In SQT5 patients, the influx of ICaL was 

reduced under the S481L mutation condition [1]. However, it has recently been discovered 

that calcium influx can be enhanced by Aplidine [41]. Although no evidence of it being used 

to treat SQTS patients has been found, Aplidine is a very useful drug for the treatment of 

congestive heart failure and atrial fibrillation [41]. 

A theoretical “pseudo-pharmacological” approach to normalise the QT interval in an adult 

SQT5 patient is to enhance the ICaL influx density using drugs to determine the extent of 

enhancement required to normalise the QT interval. For S481L, ICaL was enhanced to 

different percentages in the LVEPI, MIDDLE and LVENDO single cell models. Figure 5.22 

shows the results for LVENDO, LVMCELL and LVEPI cell types under WT and S481L 

conditions. A small change in calcium influx could have an immense effect on the AP 

morphology (Figure 5.22b). In LVMCELL, 2% augmentation of ICaL could normalise the AP 

duration. The AP duration can also be restored by blocking 40% IKr (Figure 5.22b). In 

LVENDO cells (Figure 5.22c), a 60% blockade of IKr restored the AP duration, while IKr 

blocking to restore the APD90 in LVEPI cells was 40% (Figure 5.22a). 

The 1D strand tissue model was used to investigate the effects of the increased influx of 

calcium ions on ECGs. In tissue models, APDs are smoother due to the electrical coupling 

between cells via gap junctions [19]. The augmentation of ICaL affects the ST segment 

morphology in the simulations (increased the ST-segment elevation). This issue was resolved 

by blocking IKr, which normalised the QT interval. Results suggest that a 38% IKr blockade 

normalised the QT interval, while the T–wave amplitude was also increased by blocking IKr 

(Figure 5.23). 
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Figure 5.22: Current enhancement/blockade to normalise the AP duration under the 

S481L condition. (a, b, c) Show results for the LVEPI, LVMCELL and LVENDO cells 

respectively. In LVMCELL (b), a 2% augmentation of ICaL normalised the AP duration. 

AP duration can also be restored by blocking 40% IKr. In LVENDO cells (c), a 60% 

blockade of IKr restored the AP duration, 40% IKr blockade restored the APD90 in the 

LVEPI cell (a). 
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Figure 5.23: Current enhancement/blockade to normalise the QT interval. A 38% 

blockade of IKr normalised the QT interval under the S481L condition. The red dashed 

line represents the normalised QT interval. 

5.10 Summary 

In the absence of an accurate experimental SQT5 model for human ventricular myocyte, the 

use of in silico models provide an alternative method to understand the functional behaviour 

of SQT mutations on gene functionality, which can be beneficial to an understanding of this 

disease and help to develop different pharmacological alternatives to control and prevent VF 

or VT. 

The major findings of the present study are: 

a) The CACNB2b S481L mutation reduced the AP duration in all three cell types and 

caused the shortening of QT interval on ECGs. Although the AP morphology was 

not as affected as under SQT4 A39V and G490R conditions, a depression can be 

seen during the plateau phase. 

b) The 1D model was unable to reproduce a tall T-peak for the S481L conditions. In 

previous studies, Gima and Rudy [19] have suggested that a tall T-wave is associated 

with hyperkalemia, which represents high levels of a potassium current as seen in 

SQT1-3 patients [20, 27]. To validate this, a heterogeneous distribution of IKr was 

considered along the strand i.e. the IKr density in LVEPI cell was increased 
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comparative to the middle region. A tall T-wave was obtained for S481L condition 

by adjusting the IKr densities to 1.5:1:1 for LVEPI, LVMCELL and LVENDO cells. 

Like the previous studies [15], to obtain a tall T-wave, a heterogeneous IKr density 

across the ventricular strand model was found to be necessary. 

 

 

Figure 5.24: The effect of an increased IKr density on the amplitude of the T-

wave. A tall T-wave was obtained for the S481L conditions by adjusting the IKr 

densities to 1.5:1:1 for the LVEPI, LVMCELL and LVENDO cells. 

 

c) An ST segment elevation was observed in the simulation, which was not found in 

short QT1-3 patients. ST segment elevation was reproduced, which depicts that, 

SQT5 mutations are linked with Brugada syndromes [3, 25]. 

d) A study by Yan and Antzelevitch has suggested that a decrease in the amplitude of 

the AP dome of the LVEPI creates a transmural voltage gradient across the 

ventricular wall, which may not only elevate the ST, but can also lead to phase 2 re-

entry and VF [3, 25]. 

e) The tissue's temporal vulnerability at some localised regions was increased under the 

S481L condition. 

f)  In 2D tissue, the minimal substrate length that is necessary to initiate and maintain 

the re-entry was decreased under the S481L condition. 

g)  Blocking the calcium current normalised the AP duration, but a high amplitude of 
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the QRS interval on ECG could be seen by enchaining calcium influx, which is 

correlated with high blood pressure. My results are consistent with previous studies 

[40-43]. 

These findings gave a clear link between the shortening of the QT interval and the SQT5 

mutation. It gave a detailed explanation of increased vulnerability to re-entry under the 

S481L CACNB2b condition.  
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CHAPTER 6 

S755T CACNA2D1 α2δ-1 Linked Short QT 6 Syndrome 

6.1 Introduction 

The 6th variant of the SQTS was identified by Templin et al. in 2011[1]. The patient was a 

17-year old Caucasian female with no apparent cardiac disorders. She suffered a sudden loss 

of consciousness due to ventricular fibrillation. The ventricular fibrillation was successfully 

abolished after two external defibrillation shocks. Her ECGs showed a QT interval of 317 

ms (QTc = 329 ms) with a tall, narrow T-wave. Structural heart diseases were excluded by 

using transthoracic echocardiography techniques [1]. Genetic screening of the family 

revealed the father with a boarder-line QTc interval and an asymptomatic paternal 

grandmother. Both the family members had no history of syncope, seizures, or arrhythmic 

events and no SCD was previously recorded in the family. Baseline ECG did not exhibit a 

Brugada syndrome (BrS) pattern for either the father or grandmother. The T-wave 

morphology suggests an SQT Syndrome in the patient [1]. Genetic screening of the patient 

diagnosed no mutations in the previously known SQT genes i.e. KCNH2, KCNQ1, KCNJ2, 

CACNA1C, and CACNB2b genes [1, 2]. A genetic study revealed a heterozygous transition 

from G-to-C at nucleotide 2264 in the CACNA2D1 domain, assuming a Threonine to Serine 

substitution at position 755 (S755T) of CACNA2D1 [1, 2]. The S755T mutation was 

positioned at external C-terminal of the Cavα2 that produced a large loss of currents with 

barium as the charge carrier [1]. 

A carboxy-terminal transmembrane helix fastens CACNA2D1 to the cellular membrane 

(Chapter 2). A large part of the protein is in the extracellular space, including the location of 

S755T, which is suggested to be located in a sensory domain with a position more towards 

the interior of the protein. The substitution of Threonine to Serine is not well accommodated 

by the protein core, as Threonine has an additional methyl group which cannot be 

accommodated by the core and clashes with the side chain of Val799 in the core. This may 

change the functionality of the CACNA2D1 protein. However, most of the functions of this 

protein channel are not yet completely known [1]. 
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6.2 Simulation of Single Cell ICaL for the CACNA2D1 α2δ-

1 Control and SQT6/S755T Mutation Conditions 

The experimental studies of the SQT6 syndrome have considered barium ions (IBa) as the 

charge carrier through the calcium channel for obtaining voltage clamp data on the ICaL 

channel kinetics in the SQT6 condition [1].  In simulations, to obtain the best model 

equations which reproduce well the experimental data, the O'Hara & Rudy model was 

changed to the voltage dependent inactivation (VDI) mode (n=0). VDI mode only allows 

voltage dependent inactivation when Ba2+ is the charge carrier [3] and there is no additional 

inactivation due to the Ca2+ ions in the S755T model.  

The voltage clamp protocol for the α2 δ-1 subunit of the CACNA2D1 control type was 

performed for a holding potential of -80 mV with the total simulation time of 200 ms. The 

clamp voltage range was between -60 mV and 60 mV with an increment of 5mV for each 

step. The same voltage clamp protocol was applied to the S755T variant of the Cavα2 δ-1 

subunit of the L-type calcium channel [1]. 

Figure 6.1a shows the simulated (solid lines) I-V relationships for the WT and S775T 

mutation, which corresponds well with the experimental data (dotted lines) [1]. The 

conductance for the WT was adjusted to obtain the same peak current density as that of 

original O’Hara & Rudy model [3], Figure 6.1b, thus maintaining the overall current 

densities, APD90, and the dynamic properties of the O’Hara & Rudy human ventricular 

model [3]. Simulations showed a decrease in the amplitude of IBa when expressed for the 

S755T variant of Cavα2δ-1 subunit which showed an agreement with the experimental data 

[1]. A small positive shift in the activation and inactivation voltages was overserved 

experientially [1]. S755T model was able to reproduce those effects, Figure 6.1c. 
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Figure 6.1: Computed I-V relationship for the WT and S755T models. (a) Normalised 

I-V relationship for WT (blue) and S755T (green). The solid lines represent the 

simulated data while the dotted points represent the experimental data. Simulations 

showed a decreased amplitude of S755T channel currents which matched to 

experimental data [1]. (b)  The WT was adjusted to obtain the same peak current 

density as the original ICaL of O’Hara & Rudy model [3], thus maintaining the overall 

current densities, APD90, and dynamic properties of the O’Hara & Rudy human 

ventricular model. (c) Activation and inactivation mechanisms of the CACNA2D1 

channel under the WT (blue) and S755T (green) conditions for IBa as the charge carrier.  

The WT and S755T formulations were incorporated into the 2011 O’Hara & Rudy [3] single 

cell model to visualise the functional behaviour of S755T mutation on ventricular APs. 

Figure 6.2 shows simulated action potentials and IBa current profiles over the time “t” for 

LVEPI, LVMCELL and LVENDO cells under the WT and S755T conditions respectively. 

The APD90 values were measured for left ventricular EPI, MCELL, and ENDO cells for the 

CACNA2D1 WT and S755T conditions. A reduction in the AP duration can be seen under 
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the S755T conditions. Results have suggested that this abbreviation of AP is linked to the 

decreased influx of barium ions through the L-type calcium channel during the plateau phase 

of the AP as shown by the time-course of the IBa (Figure 6.2 bi, bii, biii), which is consistent 

with previous studies [4, 5]. The abbreviation of APD90 under S755T condition was rate-

dependent. The simulated resting potential values were -83.72 mV and -86.64 mV for the 

WT and S755T conditions respectively.  

 

Figure 6.2: Simulated action potentials and IBa time traces. (ai, aii, aiii) Action potential 

paced at the frequency of 1 Hz for LVEPI (ai), LVMCELL (aii) and LVENDO (aiii) 

cells for WT (blue) and S755T (green) conditions. (bi, bii, biii) Relative CACNA2D1 IBa 

current profiles for LVEPI (bi), LVMCELL (bii) and LVENDO (biii) cells under the 

WT (blue) and S755T (green) conditions. 
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 LVEPI (ms) LVMCELL (ms) LVENDO (ms) 

WT 268 349 285 

S755T 200 298 211 

Table 6.1: At a pacing of 1 Hz, Simulated APD90 (ms) values for LVEPI, LVMCELL 

and LVENDO cell types under the WT and S755T mutation conditions. 

The extent of APD90 shortening is of a different amplitude in all three cell types for the 

S755T condition, with the greatest attenuation in the LVENDO cell, Table 6.2. 

 LVEPI (ms) LVMCELL (ms) LVENDO (ms) 

S755T 68 51 73 

Table 6.2: Shortening of the APD90 in different cell types under the S755T condition 

with the largest reduction in the LVENDO cell type, Figure 6.2 (ai-aiii).   

Results showed that, the transmural dispersion of APD90 across different cell types of 

ventricular wall has been decreased in the S755T condition (Figure 6.10), which is similar 

to prior studies of SQTS1-3 [6, 7]. A heterogeneous reduction of the action potential in 

different cell types can lead to an increased transmural dispersion of the repolarisation with 

a greater risk of the development of ventricular arrhythmia under the S755T condition [4, 

5]. 

6.3 Rate Dependent Restitution Properties of WT and 

SQT6/S755T 

A reduction in the total duration of the AP is observed for the S755T variant of Cav α2 δ-1. 

This reduction in APD90 under mutation conditions is rate-dependent [4, 5, 7, 12]. The APD90 

restitution (APD-R) curves are shown in Figure 6.3 (a-c). Observations show that the APD90 

has decreased for S755T conditions as compared to the WT condition in all three cell types, 

over the range of the diastolic intervals (DIs) investigated. Incorporation of S755T mutation 

led to a leftward shift in all three cell types as compared to the control variant of Cav α2 δ-1. 

Flattening of APD90 curves can also be seen for LVEPI and LVENDO cell types. For the 

Middle cell, APD90 restitution curve shows a constant steepness over a selected range of 

diastolic intervals (DI> 600) Figure 6.3bi. The abbreviated values of APD90 decreased the 
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maximal slopes of APD90 restitution curves (Figure 6.4) in all three cell types. According to 

the previous studies, SQTS patients exhibit a poor rate-adaptation of their QT intervals [6, 

9-10], and results suggested an attenuation of rate-adaptation of the ventricular APD90, which 

is consistent with the previous studies of SQTSs [11].      

 

Figure 6.3: APD90 restitution curves for WT and S755T. APD90 is plotted against the 

diastolic interval (DI). (a, b, c) APD90 restitution curves for the LVEPI (a), LVMCELL 

(b) and LVENDO (c) cells respectively under the WT (blue) and S755T (green) 

conditions. The S755T mutation caused the flattening of the APD90 restitution curves 

with a prominent leftward shift in all three cell curves. (ai, bi, ci) Gradients of the APD90 

restitution curves illustrating the change in the slopes of APD90 restitution curves as a 

function of DI (ms).  
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Figure 6.4: Maximal slopes of APD90 restitution curves. The slopes of the APD90 

restitution curve for WT (blue) and S755T (green). The slopes were measured at the 

minimum diastolic interval (DI) before the conduction block and calculated for the 

individual curves of the LVEPI, LVMCELL and LVENDO cell types. The shortening 

of the APD90 under the S755T condition reduced the maximal slopes of the restitution 

curves.  

The steady state restitution curves were plotted for WT and S755T conditions to investigate 

the rate adaption phenomena in more detail. The same behaviour was observed, i.e. the 

mutation flattened the steady state restitution curve and caused a leftward shift in all three 

curves, Figure 6.5 (a, b, c).  A small steepness can be seen in the LVMCELL curve at fast 

heart rates (BCL > 550 ms & BCL< 900 ms), which gradually settled down at slower heart 

rates, Figure 6.5bi. 

Studies have suggested that the reduction in the effective refractory period is also rate 

dependent [12, 13]. The effect of the S755T mutations on ERP restitution curves can be seen 

in Figure 6.7 (a, b, c). A reduction in the maximal slope of the ERP-R curves for LVEPI, 

LVMCELL and LVENDO is very prominent, Figure 6.8. The effective refractory period was 

reduced under mutation as compared to the WT condition across the range of basic cycle 

lengths (BCLs) investigated. The slope of the LVEPI cell type did not change much, while 

steepness can be seen in the beginning of LVMCELL ERP-R curve (Figure 6.7bi) at fast 

heart rates, which slowed down at slow heart rates. This trend is consistent with the steady 

state restitution curves (Figure 6.5bi and Figure 6.7bi). 
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Figure 6.5: Steady-state APD90 rate dependence curves for WT and S755T conditions. 

The APD90 is plotted against the basic cycle length (BCL). (a, b, c) Steady state APD90 

restitution curves for LVEPI (a), LVMCELL (b) and LVENDO (c) cells respectively for 

the WT (blue) and S755T (green) conditions. The steady state restitution curves were 

plotted to examine the rate dependence of APD90(ms) with the BCL (ms). The S755T 

model showed a greater abbreviation of the APD90(ms), which suggest an attenuation 

of the rate adaption of the ventricular APD in the S755T model. (ai, bi, ci) Gradients 

of steady state restitution curves illustrating the behaviour of steady state restitution 

curves under the WT and S755T conditions.  
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Figure 6.6: The maximal slope of steady-state restitution curves. WT (blue) and S755T 

(green) for the LVEPI, LVMCELL and LVENDO cell types. A reduction in the slope of 

the steady state restitution curves can be seen with the reduced APD90 for the S755T 

condition. The LVENDO cell curve has a more marked reduction in its slope under the 

S755T condition. 

A leftward shift can be seen in all three restitution curves, i.e. APD-R, APD-R steady state, 

and ERP-R restitution curves for a CACNA2D1 Cavα2δ-1 S755T condition for the LVEPI, 

LVMCELL and LVENDO cell types. This leftward shift enabled ventricular cells to support 

electrical activity at fast heart rates [5, 12, 17] under the S755T condition (as normally seen 

during VT and VF), while the steepness of restitution curves represents the instability of the 

re-entrant excitation wave [14]. 
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Figure 6.7: ERP restitution curves were obtained by plotting the effective refractory 

period (ERP) against the basic cycle length (BCL). (a, b, c) WT (blue) and S755T 

(green) ERP restitution curves for the LVEPI, LVMCELL and LVENDO cells. (ai, bi, 

ci) The slope of ERP restitution curves shows their behaviour under the WT and S755T 

conditions. A reduction in the maximal slopes of the ERP-R curves along with the shift 

of ERP-R curves towards the lower cycle lengths for the S755T condition can be seen 

in all three cell types, while steepness is also very prominent in the LVMCEL curve (bi).  
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Figure 6.8: The slope of ERP restitution curve for WT (blue) and S755T (green). S755T 

reduced ERP-R curves slopes in all three cell types with a more marked reduction in 

the LVENDO cell, while the maximal slope of the LVMCELL curve is slightly higher 

for the S755T model as compared to the WT. 

6.4 1D Tissue Modelling and ECG Computation  

The 1D strand model of left ventricular cells as explained in Chapter 3 was utilised to 

investigate the effects of S755T on ventricular action potential along a 1D strand of 100 

cells. The action potential was generated by applying a train of 10 S1 stimuli at the ENDO 

end of the strand. The wave generated propagated from the ENDO end towards the EPI end 

Figure 6.9 (a-b) of the 1D strand model. In Figure 6.9 (a-b), times runs horizontally from left 

to right, while space runs vertically from the ENDO end at the bottom to the EPI end at the 

top. 
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Figure 6.9: Space-time colour-mapping of the membrane potential in a 15 mm 

ventricular wall strand during the propagation of an action potential cycle (BCL=1000 

ms). (a, b) WT (a) and S755T (b). Positions (mm) run vertically with LVEPI at the top 

and LVENDO at the bottom, while the time (ms) runs horizontally. The colour 

mapping of the membrane potentials of the cells along the strand was from blue (-87 

mV) to red (47 mV). 

 

Figure 6.10: Spatial distribution of APD90 along the transmural 1D strand model of the 

ventricular myocytes for the WT (blue) and S755T (green) conditions. 

Pseudo ECGs were calculated for WT and S755T conditions (Figure 6.11) by utilising the 

1D strand model of the left ventricular cells. 
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Figure 6.11: Pseudo-ECGs corresponding to the WT (blue) and SQT6 (S755T, green) 

conditions. The circle shows an elevation of the J-point under the S755T condition as 

compared to WT. A prominent T-wave can also be seen for the S755T model. 

The value of the QT interval was 360 ms for the WT condition which was reduced to 299 

ms for the S755T mutation condition (Figure 6.11). The time interval between T-peak and T-

end (T-wave half width) was 62 ms and 68 ms for WT and S755T conditions respectively. 

For the Short QT6 Syndrome a tall and peaked T-wave is the key feature observed in the 

clinical ECGs of SQT6 syndrome patient [1]. My simulations thus reproduce this key 

feature. Another feature which has been clinically observed for SQT4-5 patients is an 

elevated ST segment. It is the key to linking the BrS to SQTS [4,5]. The SQT6 patient's ECG 

did not show any prominent elevation of the ST segment [1]. A study by Yan and 

Antzelevitch has suggested that a decrease in the amplitude of the AP dome of the EPI cell 

as compared to the ENDO cell creates a transmural voltage gradient across the ventricular 

wall, which can elevate the ST segment [20, 21]. In simulations, the depression in the ENDO 

dome is greater than EPI dome (Figure 6.2), which might control the elevation of the ST 

segment and amplitude of the T-wave for the S755T condition.  
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6.5 Investigation of the Unidirectional Conduction Block 

and Size of the Arrhythmogenic Substrate in 1D Strand 

Model of the Left Ventricular Myocyte for the 

CACNA2D1 α2δ-1 WT and S755T 

The unidirectional conduction block in the WT and S755T models was investigated by 

utilising the 1D strand model. The arrhythmogenic substrate for WT and S755T conditions 

was computed by applying a premature stimulus during the refractory tail of a previous 

excitation wave. A train of 10 S1 stimuli paced at a frequency of 1 Hz was applied at the 

ENDO end of the 1D transmural strand to initiate a conducting wave. A second stimulus (S2) 

was applied after the 10th S1 stimulus, following a time delay ΔT. The amplitude and duration 

for S1 and S2 were similar. ΔT (T2-T1) represents the maximal and minimal values of a 

temporal window during which the propagation of the excitation wave triggered by the S2 

stimulus was unidirectional in the 1D strand. Figure 6.12 shows the width of the vulnerable 

window across the 1D strand for both WT and S755T conditions. The width of the temporal 

window represents the time during which the tissue is more vulnerable to any premature 

stimulus that can trigger arrhythmic events. The width of vulnerability window for S755T 

condition increased across the entire 1D strand (Figure 6.12).  

 

Figure 6.12: Vulnerable Window across the transmural 1D strand plotted as a function 

of position on a 15 mm long 1D strand of ventricular cells, with each cell having a 

spatial resolution of 0.15 mm. The width of the Vulnerable Window (VW) is measured 

between the marked region depicted by the arrow. VW is shown for the WT (blue) and 

S755T (green) models. 
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Figure 6.13 shows the temporal vulnerability window width for the marked region in the 

Figure 6.12. The width of the vulnerability window measured within the marked region is 

21.3 ms for the WT and 30.2 ms for the S755T conditions respectively. 

 

Figure 6.13: Measured Vulnerable Window (VW) width in the marked region (an 

average of different VW widths within the marked region depicted by arrow) in the 

Figure 6.12 for the WT (blue) and S755T (green) models. 

6.6 Computation of Conduction Velocity and Excitation 

Threshold 

Conduction velocity (CV) was computed along the 1D strand model (an array of the left 

ventricular cells) for the WT and S755T conditions (Figure 6.14). As seen previously [5, 12, 

17], the SQT mutation reduced the conduction velocity at low heart rate while an increase 

in CV can be seen at fast heart rates [12, 22]. Similar results were obtained by computing 

CV for the S755T mutation. The CV decreases at slow heart rates (rate <119 beats/minute, 

PCL > 420 ms) while an increase in CV under S755T condition can be seen at fast heart 

rates (250 ms <PCL< 390 ms). The reduced tissue excitability (Figure 6.15) at lower heart 

rates could be a reason for the reduced values of CV at rates slower than 119 beats/minute, 

as changes in the intercellular electrical coupling were not very strong at those rates. CV was 

calculated at a rate of 60 beats/minute (BCL=1000 ms) and the measured CV was 64.14 cm/s 

and 62.7 cm/s for the WT and S755T conditions respectively. However, the values measured 

for the CV at higher rates between 128 and 201 beats/minute (250 ms >PCL< 390 ms) were 

slightly higher for the S755T condition as compared to WT. The increased CV for the S755T 

condition at high rates is due to short effective refractory periods as compared to the WT 

[15, 22, 23]. 
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 The fastest heart rates which supported conduction in the left ventricular tissue for WT and 

S755T conditions were 135 beats/minute (SI < 370 ms) and 203 beats/minute (SI < 245 ms) 

respectively. A large part of tissue was still refractory in WT, which caused a failure of 

conduction in WT at fast heart rates as compared to the mutations. 

 

Figure 6.14: Conduction velocity (CV) restitution under the WT (blue) and S755T 

(green) conditions. The CV curve was plotted against the Pacing Cycle Length (PCL). 

 

Figure 6.15: Excitation threshold plotted against Stimulus Intervals (SI) for the WT 

(blue) and S755T (green) mutation conditions. The tissue excitation threshold is a 

measure of the minimal stimulus amplitude that can initiate a propagating action 

potential in a cardiac tissue [22, 23]. The fastest heart rates which supported 

conduction in the left ventricular tissue for the WT and S755T conditions were 135 

beats/minute (SI < 370 ms) and 203 beats/minute (SI < 245 ms) respectively.  
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6.7 Investigation of the Arrhythmogenic Substrate in an 

Idealised 2D Geometry for the CACNA2D1 WT and 

S755T 

An idealised 2D tissue model of the left ventricular cells was utilised to investigate the 

behaviour of the re-entrant wave in WT and S577T conditions and compute the minimal 

spatial length of a premature stimulus required to initiate re-entry for both WT and S755T 

conditions. An excitation wave was evoked by applying a conditioning stimulus (S1) at the 

ENDO end of the 2D sheet. The excitation wave evoked by the S1, propagated from the 

ENDO end to the EPI end of the 2D tissue sheet under WT and S755T (Figure 6.16 a, b) 

conditions. Following a time delay, a 2nd test stimulus (S2) was applied within the VW of 

EPI region. As the MCELL region was still refractory due to the slower repolarisation as 

compared to EPI and ENDO regions, the excitation wave evoked by S2 was blocked by the 

unrecovered MCELL, which gave rise to a unidirectional conduction towards the EPI side. 

This unidirectional block resulted in the formation of spiral re-entrant excitation waves in 

both the WT and S755T conditions. For WT and S755T, the time delay between the S1 and 

S2 was 380 ms and 221 ms respectively. For WT, the excitation re-entrant wave was 

terminated within 390 ms (Figure 6.16a) after the time of its initiation, but it sustained for 

the S755T condition (Figure 6.16b). My results are consistent with the previous studies of 

SQT syndromes [12, 24 and 25]. The minimal tissue substrate lengths which were necessary 

to initiate re-entry were measured for WT and S755T mutation conditions as 26.8 mm and 

13.5 mm respectively (Figure 6.17). Results have suggested that it is substantially easier to 

induce a re-entry in the S755T model as compared to the WT. Hence, the tissue has more 

susceptibility to ventricular arrhythmias under the S755T condition. 
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Figure 6.16: Snapshots of initiation and conduction of re-entry in a 2D idealised model. 

a) Schematic representation of the 2D tissue model.  (b, c) S2 was applied after a time 

delay of 380 ms for the WT(a), the spiral excitation wave evoked by the S2 was 

terminated within 390 ms. For the S755T(b) S2 was applied after a time delay of 221 

ms, the spiral wave initiated by the S2 under the S755T condition, sustained for the 

entire cycle of 1000 ms. Colour mapping of the membrane potentials of the cells along 

the 2D tissue sheet from blue (-87 mV) to red (47 mV).  
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Figure 6.17: The minimal spatial length of the premature stimulus S2, that is sufficient 

to initiate re-entrant spiral waves in the WT (blue) and S755T (green) models. 

 

Figure 6.18: Total life span of the re-entrant excitation spiral wave in the 2D idealised 

tissue model for the WT (blue) and S755T/SQT6 (green) conditions, computed from 

Figure 6.16 (b, c). 

The total life span of the re-entrant excitation wave for the WT condition was measured as 

769 ms. For S755T, the re-entry sustained over the entire cycle of 1000 ms (Figure 6.18). 

6.8 Phase Mapping of the Re-entrant Excitation Wave 

Similar to Chapters 4 and 5, the phase mapping technique was applied for a clear 

identification of the Phase Singularity (PS) points in space over the entire cycle length 

investigated, for both the WT and S755T conditions. In the Figure 6.19, every phase point 

in the excitation recovery cycle is defined by a colour; the point where all the phases 

converged is defined as the Phase Singularity (PS) point. However, the surrounding regions 

displayed a continuous progression of phase that is equal to ±2π around the PS point [26-

29].  
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Phase mapping also allows for a closer look at the activation wave-front of the spiral wave 

evoked by the premature stimulus. It shows the wave front, wave tail, and the point at which 

wave-front meet the curved wave tail. The phase singularity point is represented by an 

asterisk in Figure 6.19. The trajectory of the spiral wave is defined by the rotor, i.e. when 

the rotor is stationary; it rotates and forms a circular trajectory. However, for a meandering 

rotor, a trajectory can be more complicated [26, 30]. The computed values for the v' and u' 

(origin points in phase space as explained in Chapter 3) under WT and S755T conditions 

were -37 mV and -48 mV. 

The rotor tip and the core define the trajectory of the spiral wave in a 2D tissue. Their 

combination defines the pattern and the path followed by the excitation re-entrant wave in 

any medium, i.e. a flower-like pattern or a dragging episode. The tip trajectories for the WT 

and S755T mutation were computed by using the phase singularity method [26, 31] Figure 

6.20 (ai, bi). For S755T condition, a drift can be seen in the tip of the spiral wave (Figure 

6.20bi). The Figure 6.20bi illustrates a CCW rotating excitation wave perpendicular to the 

fibre orientation. 

 

Figure 6.19: Phase mapping of the re-entrant excitation wave for the WT (a) and S755T 

(b) conditions. The layout of the 2D sheet is same as defined in Figure 6.16a. The white 

asterisk on the figures represents the phase singularity point where the wave tip meets 

the wave tail. The wave front represents the group of depolarised cells while the tail is 

composed of cells returning to rest. T1, T2, T3 and T4 are the time intervals at which 

the activity of the spiral wave was recorded. ±π represents the change in phase from 

+π to -π [31-34]. 
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Figure 6.20: Behaviour of the re-entrant spiral wave in the 2D idealised tissue sheet for 

the WT and S755T models. The geometry of the 2D sheet is the same as described in 

Figure 6.16a. (ai, bi) The re-entrant wave tip trajectories for WT (blue) and S755T 

(green) in x and y space (mm) illustrate the path followed by the spiral wave in the 2D 

tissue sheet of the left ventricular cells. (aii, bii) The time course of localised electrical 

activity shows the total life span of the re-entrant wave in the 2D sheet for WT and 

S755T conditions.  

The dominant frequencies for the WT and S755T were obtained by the power spectral 

density analysis (Appendix C) of the localised electrical activity, shown in the Figure 6.21. 

 



192 

 

 

 

 

Figure 6.21: Dominant frequency values computed from the power spectral 

distribution function (Appendix C). The dominant frequency for the WT is 3.2 Hz and 

4.0 Hz for the S755T model. 

6.9 Summary 

The major findings of the present study are: 

a) The CACNA2D1 Cavα2δ-1 S755T mutation reduced the AP duration in all three cell 

types with a major attenuation in the middle cell and caused the shortening of QT 

interval on ECGs. A strong depression is very visible in the dome of the AP for all 

three cell types. 

b) The 1D model reproduced the Tall T-wave with a shorter than normal QT interval. 

c) A ST segment elevation was observed in the simulation, which was not found in 

short QT1-3 patients. The ST segment elevation was reproduced which depicts that 

SQT6 mutations are linked with Brugada syndromes [19, 20]. Although the elevation 

of ST segment was not very prominent i.e. ST < 2 mm, an elevated J-wave was 

observed in the 1D model, which depicts an early repolarisation pattern. Early 

repolarisation patterns associated with Brugada syndromes are seen in previous 

studies [34]. 

d) A study by Yan and Antzelevitch has suggested that a decrease in the amplitude of 

AP dome of the EPI cell (as compared to the decrease in the amplitude of ENDO 

dome region) creates a transmural voltage gradient across the ventricular wall, which 

could elevate the ST segment [19, 20]. As illustrated in Figure 6.3, the difference in 

the amplitude of the EPI and ENDO dome regions is not very large, which may cause 

a very small elevation of the ST segment for S755T with respect to the WT baseline.   
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e) The tissue's temporal vulnerability was increased for the S755T condition.  

f)  In the 2D tissue, the minimal substrate size that is necessary to initiate and maintain 

the re-entry was decreased under the S755T condition. 

These findings gave a clear link between the shortening of QT interval and SQT6 mutation. 

It gave a detailed explanation of the increased vulnerability to re-entry under the S755T 

CACNA2D1 condition. 
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CHAPTER 7 

Electromechanical Cardiac Myocyte Model 

7.1 Introduction  

In the previous Chapters (4-6) the results were based purely on the electrophysiological 

behaviour of the O'Hara & Rudy model [1]. The results represented in Chapter 4-6 have 

described the localised electrical activity of the human left ventricular myocyte under control 

and SQTS conditions. These results have provided a path to examine the functional 

behaviour of the conduction of cardiac electrical excitation wave under control and SQTS 

conditions. 

The previous studies [2, 3] have suggested that the repolarisation time can have a great 

impact on electromechanical coupling in the SQTS episodes. An electromechanically 

coupled model was utilised to interrogate the impact of the short QT syndrome on cardiac 

mechanical functionality. 

7.2 Myofilament Model 

In simulations, Rice et al.’s [4] myocyte contraction model (RMM) was utilised to illustrate 

the mechanical dynamics of cardiac myocyte. The mechanical contraction was based on the 

cross-bridge cycling model [2, 3]. The model was capable of reproducing a wide range of 

cardiac mechanical dynamics which includes: 

• sarcomere length-steady state force relations; 

• calcium-steady state force relations; 

• calcium-steady state sarcomere length relations. 

7.2.1 Electromechanical Modelling 

The intracellular calcium concentration [Ca2+]i and the Ca2+ handling dynamics related to it, 

are the key links to couple the electrophysiological model and the myofilament mechanics 

model (MM). The intracellular calcium [Ca2+]i generated from the electrophysiological 

model serves as an input to trigger the mechanical model [1, 2, 3]. In the O'Hara & Rudy 

electrophysiological model, the concentration of myoplasmic calcium is computed using 

Equation 7.1 [1]: 
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𝑑[𝐶𝑎2+]i

𝑑𝑡
= 𝐵𝑐𝑎𝑖  (−( IPCa + ICab − 2.0 INa𝐶𝑎𝑖) 

Acap

2.0 F 𝑉𝑚𝑦𝑜
−
Jup 𝑉𝑛𝑠𝑟

𝑉𝑚𝑦𝑜
+
Jdiff.Ca 𝑉𝑠𝑠
𝑉𝑚𝑦𝑜

) (7.1) 

To couple the electrophysiological model to the myofilament mechanics model, the change 

in the calcium to troponin binding from the mechanics model is added to the Equation 7.1, 

The myoplasmic calcium concentration for the electromechanical model can be written as: 

𝑑[𝐶𝑎2+]i

𝑑𝑡
= 𝐵𝑐𝑎𝑖  

(

 
 
−( IPCa + ICab − 2.0 INa𝐶𝑎𝑖 +

Isac
3.0
) 

Acap

2.0 F 𝑉𝑚𝑦𝑜
−
Jup 𝑉𝑛𝑠𝑟

𝑉𝑚𝑦𝑜
+

Jdiff.Ca 𝑉𝑠𝑠
𝑉𝑚𝑦𝑜

−
TropToTdt
1000.0 )

 
 

(7.2) 

TropToT illustrates the concentration of calcium linked to the troponin. To reproduce an 

effectively coupled electromechanical model of a human ventricular myocyte, all the 

relevant state variables along with equation 7.2 were added to the O’Hara & Rudy [1] model. 

The new model is based on a system of differential-algebraic equations (DAE) [4, 5]. Stretch 

activated channels were introduced in the model to investigate the effect of stretch on the 

mechanical systole for the WT and SQT mutation conditions.  

7.2.2 Stretch-Activated Channel 

Different categories [6-10] of stretch activated channels have been discovered in a wide 

range of cell types after stretch was first identified in chick skeleton muscles by Guharay 

and Sachs et al. [13, 25, and 26]. In a cardiac cell, different types of stretch-activated 

channels have been identified; i.e. CI--selective anion channels, ATP-sensitive potassium 

channels, non-selective cation channels and potassium-selective channels [6-12]. Stretch-

activated channels are considered as a mechano-transducer of the mechano-electric feedback 

[14]. In cardiac tissue, many ionic channels have been identified [14-17] which are activated 

by the mechanical stretch. It is well established that the mechanical stretch can induce 

changes to the myocardial Ca2+ transient levels [14, 18], which have very strong links with 

the stretch-activated reforms in the contractile force and electrical activity [6].  An increase 

in the open probability of stretch-activated channels has been noticed as a response of 

mechanical stimulus, rather than the channel conductance [19]. The work done by 

Kelderman and Panfilov [20], Youm et al. [21], and Kohl and Sachs [19] formulated 

expression to describe stretch-activated channels:  

 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2269835/#b7
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2269835/#b7
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2269835/#b7
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Isac = gsac Pm (VmEsac) (7.3) 

 where Vm is the membrane potential (mV), gsac is the maximum membrane conductance 

(µS/cm), and Esac is the reversal potential (mV). For an electromechanical model, the value 

of Esac is typically 1 [23, 24]. The channel’s open probability is defined as Pm and is described 

as [21, 22]: 

   Pm =
1.0

1 + e
(ε+ε1

2

) kε⁄

(7.4)
 

kε is the activation slope, ε and ε1/2 are the full and the half-activation strains [21, 22] 

respectively.  

For this typical electromechanical model, ε has a strong dependence on the sarcomere length. 

There is enough evidence that the stretch-activated channels are not only permeable to Ca2+, 

but are persistently cation selective, i.e. they are selective to other monovalent cations such 

as Na+ and K+; studies have suggested that in a few cases they are more selective to K+ than 

Na+ [25, 26]. In the electromechanical model, the values of PCa: PNa: PK were set to 1:1:1, 

where PCa, PNa, and PK represent the relative permeability of Ca2+, Na+, and K+ respectively. 

7.2.3 Tissue Mechanics Model 

In a tissue mechanics model, under the hypothetical network of the nonlinear finite element 

method, the boundary value problem is composed of three fundamental concepts [27, 28],  

a) Equations of motion,  

b) Constitutive relations,   

c) Kinematics.  

The motion and deformation of the cardiac tissue is governed by the equations of the 

kinematics. These equations define the link between the displacement of the body and the 

strain field. The equations of the motion describe the fundamental laws of physics governing 

the motion of a continuum, while the constitutive relations describe the response of a 

particular material to an applied load [27, 28, 29].          

Similar to the I. Aderinran et al. [3] model, the electromechanical cardiac tissue is modelled 

as an incompressible, inhomogeneous, anisotropic nonlinear material [3].  In this study, an 

active strain approach was adopted, as it does not require adjustment of the active forces 

produced by the single cell models to drive observed deformations in the cardiac tissue. The 
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two-field variational principle was used to formulate the potential energy, deformation 

vector u and hydrostatic pressure p as the two fields [3, 29]. The total potential energy was 

formulated as: 

𝚷(u, p) = 𝚷int(u, p) + 𝚷ext(u) (7.5) 

 where 𝚷 (u, p) is the total strain energy of the body, 𝚷int (u, p) and 𝚷ext (u) are the internal 

and external potential energies representing that potential energy is linked to the external 

loading of the body. The deformation gradient (F) is an important quantity in nonlinear 

continuum mechanics, as it transforms elements from the undeformed configuration to the 

deformed configuration. Within the composition of the active strain, the deformation gradient 

F is disintegrated into two components, an active component and a passive component [3, 

29]:  

F =  FeFo (7.6) 

where the active component Fo describes the micro-scale change in the length due to the 

active contraction and the passive component Fe describes the passive mechanical 

deformation caused by both the internal microscopic deformation and the external loads. The 

active component Fe is linked with the microscopic active strain through: 

F0 = I +  η ʄ ⊗ ʄ (7.7) 

where I is the identity tensor, 𝜂 is the active strain field that is dependent on the sarcomere 

length of the cells and 𝒇 is the fibre orientation. 𝜂 can be defined as:  

η =
 SL − 𝑆𝐿𝑜
𝑆𝐿𝑜

(7.8) 

where SL0 is the sarcomere length of a cell at rest. 

Therefore, the passive (macroscopic) component Fe can be obtained from: 

Fe = FFo − 1 (7.9) 

thus, the resultant Right Cauchy-Green strain tensor is given as:  

C = Fe
TFe (7.10) 

It quantifies the squared length of infinitesimal fibres in the deformed configuration. (4.11)  
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7.2.4 Mechanical Feedback in the Electrophysiology 

Tissue Model 

Monodomain equations are applied to define electrical activity in the electrophysiological 

tissue model explained in Chapter 3. The relation in Chapter 3 can be modified to account 

for the effect of deforming the tissue in terms of diffusion [30, 31]: 

Cm
𝑑𝑉

𝑑𝑡
= −(Iion + Istim) + ∇. (D C

−1∇V) (7.11) 

where Cm is the cell capacitance per unit surface area, Vm is the membrane potential, Iion is 

the total ionic currents, Istim represents an externally applied stimulus current, D is the 

diffusion tensor governing the intercellular electrical coupling and C-1 represents the inverse 

of the right Cauchy-Green deformation tensor [30]. Based on this we can assume that the 

propagation of the electrical wave across the gap junctions in the deformed and non-

deformed tissue is different [30].   

7.3 Single Cell Electromechanical Simulations without 

Stretch- Activated Current Isac 

7.3.1 SQT Syndrome 4\ Cav1.2 CACNA1C α1 A39V and 

G490R 

Equation 7.2 and all the state variables defining the parameters of the myofilament [4, 28] 

model were added to the single cell O'Hara & Rudy [1] electrophysiological model to 

investigate the dynamics of the intracellular Ca2+ concentration, sarcomere length (SL) and 

the growth of the active force for an electromechanically coupled single cell model. The 

results were computed for both control and mutations (A39V and G490R). 

As discussed earlier, the APD90 is abbreviated under A39V and G490R SQT4 mutation 

conditions. The extent of the AP abbreviation is different for A39V and G490R for different 

cell types as seen in Chapter 4. The human left ventricular single cell electromechanical 

model was able to reproduce the action potentials for LVEPI, LVMCELL and LVENDO cell 

types. The abbreviation of the AP under SQT4 A39V and G490R conditions is shown in 

Figure 7.1, LVEPI (Figure 7.1ai), LVMCELL (Figure 7.1bi), and LVENDO (Figure 7.1ci). 
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Consider Table 4.1, to compare the values of the AP reproduced by the pure 

electrophysiological model to the AP values obtained from the mechanically coupled single 

cell model in Table 7.1. The computed AP values for LVEPI and LVMCELL cell types 

indicate that the shortening of the AP for both models has no significant differences (less 

than 1%); although, the extent of the AP abbreviation for the LVENDO cell is different for 

both the models. For the LVENDO cell type the difference is quite significant; for the A39V 

condition the difference is 17.12% while this difference is 24% for the G490R SQT4 

condition (Table 4.1 and Table 7.1), 

 

Figure 7.1: Simulated single cell electromechanical dynamics from the WT, A39V and 

G490R mutation models.  The action potential was paced at a frequency of 1 Hz. (ai, 

bi, ci) The computed APD90 for the 49th AP, the corresponding intracellular calcium 

concentration (Ca2+) (aii, bii, cii), the sarcomere length (aiii, biii, ciii), the normalised 

force (aiv, biv, civ), and the time course of ICaL (av, bv, cv) for the LVEPI, LVMCELL 

and LVENDO cell types under the WT (blue), A39V (green) and G490R (red) 

conditions.  
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Table 7.1: The APD90 values for the LVEPI, LVMCELL and LVENDO cell types 

obtained from the electrophysiological (EP) and the electromechanically (EM) coupled 

single cell models at a pacing frequency of 1 Hz. 

At a pacing frequency of 1 Hz, the intracellular calcium concentration is lower in the A39V 

and G490R models as compared to the WT. Figure 7.1 (aii, bii, cii) shows that intracellular 

calcium activity was reduced by ~22% in LVEPI and by ~41% in the LVENDO cells for 

A39V, while the Cai reduction was ~53% and ~42% for the G490R condition in the LVEPI 

and LVENDO cells respectively. The abbreviation of intracellular calcium concentration was 

~32% in the LVMCELL for the A39V and G490R mutation conditions respectively (Figure 

7.1bii).  The initial sarcomere length was set to 2.2 μm for all cell types under the WT, A39V 

and G490R conditions (Figure 7.1 aiii, biii, ciii). The minimum contracted sarcomere length 

(SL) in the WT condition was ~2.17 μm (LVEPI), ~2.14 μm (LVMCELL), and ~2.10 μm 

(LVENDO).  For A39V the SL was reduced to ~2.19 μm (LVEPI), ~2.18 μm (LVMCELL), 

and ~2.18 μm (LVENDO) respectively. Under the G490R condition the reduction was 

computed as ~2.2 μm (LVEPI), ~2.19 μm (LVMCELL), and ~2.19 μm (LVENDO), Figure 

7.1 (aiii, biii, ciii) for LVEPI, LVMCELL and LVENDO respectively. 

For both A39V and G490R the reduction in the intracellular calcium concentration was 

produced by a reduction in the contractile force which can be seen in Figure 7.1 (aiv, biv, 

civ). The sarcomere length is dependent on the contraction force i.e. the greater the force of 

contraction, the smaller is the sarcomere length [2, 3, 4]. 

Table 7.2 contains a detailed summary of all the relevant results. 
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SL (μm) Normalised force (%) 

 LVEPI LVMCELL LVENDO LVEPI LVMCELL LVENDO 

WT 2.17 2.14 2.10 100 100 100 

A39V 2.19 2.18 2.18 28 30 20 

G490R 2.20 2.19 2.19 3 25 18 

Table 7.2:  Computed minimal contracted sarcomere length from the WT, A39V and 

G490R models and the consequent normalised force relative to WT at the pacing 

frequency of 1 Hz. The initial sarcomere length was set to 2.2 µm. The smaller the 

sarcomere length, the greater is the force of contraction. 

7.3.2 CACNB2b β2 SQT5/S481L 

The S481L SQT5 mutation reduced the calcium concentration in all cell types (Figure 7.2 

aii, bii, cii). Results have suggested that the intracellular calcium transient was reduced by 

~45% in the LVEPI and LVENDO cell types, while the abbreviation of intracellular calcium 

concentration was 54% in the LVMCELL under the SQT5 mutation condition respectively 

(Figure 7.2 aii, bii, cii). The initial sarcomere length was set to 2.20 μm for LVEPI, 

LVMCELL and LVENDO cell types for the WT and S481L conditions (Figure 7.2 aiii, biii, 

ciii). The minimum contracted sarcomere length (SL) under the WT was ~2.08 μm for 

LVEPI, ~2.11 μm for LVMCELL and ~2.07 μm for LVENDO cell types. For S481L the SL 

was ~2.19 μm for LVEPI, ~2.18 μm for LVMCELL and ~2.19 μm for the LVENDO cell 

types respectively. The intracellular calcium concentration reduction was associated with the 

abbreviation of the contractile force which can be seen in Figure 7.2 (aiv, biv, civ). 
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Figure 7.2: Simulated single cell electromechanical dynamics from the CANCB2b β2 

WT and S481L models. The action potential was paced at a frequency of 1 Hz. (ai, bi, 

ci) The computed APD90 for the 49th AP, the corresponding intracellular calcium 

concentration (Ca2+) (aii, bii, cii), the sarcomere length (aiii, biii, ciii), the normalised 

force (aiv, biv, civ), and the time course of ICaL (av, bv, cv) for the LVEPI, LVMCELL 

and LVENDO cell types with the WT (blue) and S481L (green) conditions. 
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 SL (μm) Normalised force (%) 

 LVEPI LVMCELL LVENDO LVEPI LVMCELL LVENDO 

WT 2.08 2.115 2.075 100 100 100 

S481L 2.19 2.18 2.19 12 5 10 

Table 7.3: Computed minimal contracted sarcomere length from the WT and S481L 

models and the consequent normalised force relative to the WT at the pacing frequency 

of 1 Hz. The initial sarcomere length was set to 2.2 µm. The smaller the sarcomere 

length, the greater is the force of contraction. 

7.3.3 CACNA2D1 α2δ-1 SQT6/S755T 

The SQT6 electrophysiological model was incorporated with the electromechanical model 

[1, 4, 30] to see the effects of mutation on the mechanical dynamics of a single cell. A 

reduction can be seen in the calcium concentration in all cell types under the S755T mutation 

conditions (Figure 7.3 aii, bii, cii). Results have suggested an abbreviation of ~35% for 

LVEPI and ~40% for LVENDO cells, while the abbreviation of the intracellular calcium 

concentration was ~36% for the LVMCELL. The initial length of the sarcomere was set to 

2.20 μm for LVEPI, LVMCELL and LVENDO cell types for the WT and S755T conditions 

(Figure 7.3 aiii, biii, ciii). The minimum contracted sarcomere length (SL) for the WT 

condition was ~2.15 μm, ~2.15 μm, and ~2.16 μm for LVEPI, LVMCELL and LVENDO 

respectively. For the S755T mutation the SL was 2.18 µm, and 2.19 µm for LVEPI, 

LVMCELL and LVENDO respectively. Results suggested a marked reduction in the 

intracellular calcium concentration (7.3 aii, bii, cii) which resulted in a reduction of 

contractility, Figure 7.3 (aiv, biv, civ). 

 

 



207 

 

 

Figure 7.3: Simulated single cell electromechanical dynamics from the WT and S755T 

models. The action potential was paced at a frequency of 1 Hz. (ai, bi, ci) The computed 

APD90 for the 49th AP, the corresponding intracellular calcium concentration (Ca2+) 

(aii, bii, cii), the sarcomere length (aiii, biii, ciii), the normalised force (aiv, biv, civ), and 

the time course of IBa (av, bv, cv) for the LVEPI, LVMCELL and LVENDO cell types 

with the WT (blue) and S755T (green) conditions. 
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SL (μm) Normalised force (%) 

 LVEPI LVMCELL LVENDO LVEPI LVMCELL LVENDO 

WT 2.15 2.15 2.16 100 100 100 

S755T 2.19 2.18 2.19 24 26 17 

Table 7.4: The computed minimal contracted sarcomere length from the WT and 

S755T models and the consequent normalised force relative to the WT at the pacing 

frequency of 1 Hz. The initial sarcomere length was set to 2.2 µm. The smaller the 

sarcomere length, the greater was the force of contraction. 

7.4 Single Cell Electromechanical Dynamics with Stretch 

Activated Channels   

To investigate the effects of stretch-activated channels, equation 7.3 was incorporated into 

the electromechanically coupled [4, 30] model. APD90 values for LVEPI, LVMCELL and 

LVENDO cells were obtained from an EM coupled model for SQT4-SQT6 with the stretch 

given in Tables 7.5, 7.7, and 7.9. 

APs and intracellular Ca2+ 
transients are inter-related; all mechanisms which can increase 

the amplitude of Ca2+transients would have a sensitive impact on the shape of APs. This 

phenomenon is strongly dependent on the initial length of the AP [32]. This has suggested 

that activation of the same Ca2+ pathway has a different impact on AP for the different types 

of myocytes [33]. Incorporation of Isac (at the permeability of PNa: PCa: PK =1:1:1) has 

resulted in the lengthening of the AP in all three cell types for the WT and mutation 

conditions, which has also been observed in previous studies [2, 3, 34, and 35]. Results have 

suggested that the changes in AP can be linked to the inward Ca2+ current. The exchanger 

current INaCa is dependent on the inward [Ca2+]i, and INaCa is also suggested to couple these 

two cellular events [3, 35]. This complex relation between the action potential and Ca2+ 

transients makes it difficult to describe these cellular events induced by mechanical stretch. 

7.4.1 SQT4 

The following results have been obtained by incorporating Isac to the SQT4 single cell 

electromechanical model; 

a)  An increased amplitude of the intracellular Ca2+ concentration (Figure 7.4 aii, bii, 
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cii), 

b)  An increased sarcomere length shortening (Figure 7.4 aiii, biii, ciii), 

c) An increased active force of contraction (Figure 7.4 aiv, biv, civ). 

 

Figure 7.4: The role of the Isac on the dynamics of the SQT4 electromechanical single 

cell model.  The action potentials were paced at a frequency of 1 Hz. (ai, bi, ci) The 

computed APD90 for the 49th AP, the corresponding intracellular calcium concentration 

(Ca2+) (aii, bii, cii), the sarcomere length (aiii, biii, ciii), the normalised force (aiv, biv, 

civ), and the time course of ICa (av, bv, cv) for the LVEPI, LVMCELL and LVENDO 

cell types under the WT (blue), A39V (green) and G490R (red) conditions. 

Tables 7.5-7.6 give a quantitative comparison of the action potentials, SL shortening, and 

increased active force respectively. 
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 LVEPI (ms) LVMCELL (ms) LVENDO (ms) 

WT 245 366 275 

A39V 229 311 257 

G490R 216 298 223 

Table 7.5: Changes in the APD90 (ms) with the incorporation of the Isac. At the pacing 

frequency of 1 Hz, the APD90 is computed for the 49th AP with the WT, A39V and 

G490R models. The incorporation of Isac increased the AP duration in all three cell 

types as compared to the EM cell model without the consideration of stretch (Table 

7.1). 

 

Table 7.6: Role of Isac on the minimal contracted sarcomere length and the 

corresponding normalised force. At the pacing frequency of 1 Hz, the minimal length 

of the contracted sarcomere and the normalised force were computed for the WT, A39V 

and G490R conditions with the consideration of stretch activated current (Isac). The 

initial sarcomere length is 2.2 µm. The smaller the sarcomere length, the greater is the 

force of contraction. 

7.4.2 SQT5 

The following results have been obtained by incorporating Isac into the SQT5 single cell 

models; 

a)  An increased amplitude of the intracellular Ca2+ concentration (Figure 7.5 aii, 

bii, cii), 

b) An increased shorteningof the sarcomere length (Figure 7.5 aiii, biii, ciii), 
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c)  An increased active force of contraction (Figure 7.5 aiv, biv, civ). 

 

Figure 7.5: The role of Isac on the dynamics of the SQT5 electromechanical single cell 

model.  The action potential was paced at a frequency of 1 Hz. (ai, bi, ci) The computed 

APD90 for the 49th AP, the corresponding intracellular calcium concentration (Ca2+) 

(aii, bii, cii), the sarcomere length (aiii, biii, ciii), the normalised force (aiv, biv, civ), and 

the time course of ICa (av, bv, cv) for the LVEPI, LVMCELL and LVENDO cell types 

with WT (blue) and S481L (green) models. 

Tables 7.7-7.8 give the quantitative values of the action potentials, SL shortening, and active 

force respectively. 
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 LVEPI  

(ms) 

LVMCELL  

(ms) 

LVENDO 

 (ms) 

WT 245 367 269 

S481L 237 346 250 

Table 7.7: Changes in the APD90 due to the Isac. At 1 Hz the APD90 is computed for the 

49th AP with the WT and S481L models. The incorporation of stretch activated current 

(Isac) increased the AP duration in all three cell types. 

Table 7.8: The role of the Isac on the minimal contracted sarcomere length and the 

corresponding normalised force. At the pacing frequency of 1 Hz, the minimal length 

of the contracted sarcomere and the normalised force were computed for the WT and 

S481L conditions with the consideration of stretch activated current (Isac). The initial 

sarcomere length is 2.2 µm. The smaller the sarcomere length, the greater is the force 

of contraction. 

7.4.3 SQT6 

The following results have been obtained by incorporating Isac into the SQT6 single cell 

models; 

a) An increased amplitude of the intracellular Ca2+ concentration (Figure 7.6 aii, bii, 

cii), 

b) An increased sarcomere length shortening (Figure 7.6 aiii, biii, ciii), 

c) An increased active force of contraction (Figure 7.6 aiv, biv, civ). 

Tables 7.9-7.10 give the quantitative values of AP, SL shortening, and increased active force 

respectively. 
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Figure 7.6: Role  of the Isac on the dynamics of WT and S755T variant of CACNA2D1 

electromechanical single cell model. Action potential was generated by pacing the 

model at 1 Hz. (ai, bi, ci) The computed APD90 for the 49th AP, the corresponding 

intracellular calcium concentration (Ca2+) (aii, bii, cii), the sarcomere length (aiii, biii, 

ciii), the normalised force (aiv, biv, civ), and the time course of IBa (av, bv, cv) for the 

LVEPI, LVMCELL and LVENDO cell types under WT (blue) and S755T (green) 

conditions. 

 LVEPI (ms) LVMCELL (ms) LVENDO (ms) 

WT 313 412 368 

S755T 299 376 326 

Table 7.9: Changes in the APD90 due to the Isac. At 1 Hz the APD90 was computed for 

the 49th AP with the WT and S755T models. The incorporation of stretch activated 

current increased the AP duration in all three cell types. 
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Table 7.10: Role of Isac on the minimal contracted sarcomere length and the 

corresponding normalised force. At the pacing frequency of 1 Hz, the minimal length 

of the contracted sarcomere and the normalised force were computed for the WT and 

S755T conditions with the consideration of stretch activated current (Isac). The initial 

sarcomere length was 2.2 µm. The smaller the sarcomere length, the greater was the 

force of contraction. 

7.5 Tissue Simulations 

7.5.1 Re-entrant Excitation Wave Dynamics in a 2D 

Electromechanical Tissue Model 

To investigate the dynamics of re-entrant excitation waves and the minimal substrate size to 

initiate and sustain re-entry in SQT4, SQT5, and SQT6 electromechanical models, a 2D 

transmural, idealised electromechanical sheet of the left ventricular ENDO, MCELL and 

EPI cells was created. 

The S1S2 protocol was utilised to initiate the re-entry into the 2D electromechanical model; 

an excitation wave was evoked by applying a train of 10 S1 stimuli paced at 1 Hz at the 

ENDO end of the 2D sheet. The excitation wave generated by S1 propagates from the ENDO 

end to the EPI end of the 2D tissue sheet for the WT (Figure 7.7a) and (Figure 7.7 b-e) 

mutation conditions (SQT4, SQT5, and SQT6). A second premature stimulus (S2) was 

applied after a time delay. S2 was applied to a localised region in EPI region within its VW. 

The excitation wave evoked by S2 was blocked by an unrecovered middle region, as the 

MCELL region was still refractory due to the slower repolarisation comparative to the 

ENDO and EPI regions. Hence, this gave rise to a unidirectional conduction towards the EPI 

side. This unidirectional block evoked spiral re-entrant excitation waves in the WT (Figure 

7.7) SQT4, SQT5, and SQT6 conditions. Results described for the pure electrophysiological  
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model have suggested that re-entry was terminated in the WT, while it was sustained for the 

mutation condition (SQT4, SQT5, and SQT6). 

In an electromechanically coupled 2D model, for the WT condition, the spiral re-entrant 

wave was terminated after 660 ms (within 340 ms after its initiation) while it was sustained 

for a longer duration in a pure electrophysiological model; i.e. it was terminated after 851 

ms, 851 ms, and 855 ms for the control variants of CACNA1C, CACNB2b, and CACNA2D1 

calcium channels respectively. For A39V SQT4 S2 was applied after a time delay of 275 ms; 

S2 was applied at 236 ms for the A39V electrophysiological tissue model, which indicates 

that there are longer AP lengths in mechanically coupled tissue models. As discussed earlier, 

the re-entrant wave was sustained in the A39V electrophysiological 2D tissue model 

(Chapter 4). In an electromechanically coupled model re-entry was terminated after 675 ms 

(within 400 ms of its initiation) (Figure 7.7c). For G490R the S2 was applied after a time 

delay of 270 ms; the excitation-re-entrant wave was terminated after 688 ms, and it was 

sustained for 418 ms in an electromechanically coupled 2D sheet (Figure 7.7d). For S481L 

the re-entrant wave was terminated within 370 ms after the time of its initiation. For SQT6 

S755T re-entry was sustained over a span of 490 ms, which is 330 ms shorter than the 

electrophysiological tissue model. Although the difference between the time spans of re-

entrant waves is not very significant in the WT and mutation conditions, the life span of the 

re-entrant wave is still shortest for the WT electromechanical 2D tissue model. 

The length of the S2 is very important for the generation of the spiral re-entrant excitation 

waves. The minimal tissue substrate length which is necessary to initiate and maintain re-

entry was measured for the WT and mutation conditions. The minimal substrate length for 

the WT was measured as 30 mm; for A39V and G490R the minimal substrate lengths to 

initiate re-entry were 26 mm and 28 mm respectively. For SQT5 S481L it was 28 mm while 

the length of the substrate to initiate re-entry for SQT6 S755T was 27 mm. Results have 

suggested that the length of substrate to induce re-entry into the WT was almost the same 

for both the electrophysiological and electromechanical 2D tissue models. However, a much 

larger sized substrate is needed to trigger re-entry into the SQTS electromechanical tissue 

sheets (Figure 7.7). 
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Figure 7.7: Snapshots of the initiation and conduction of the re-entrant excitation 

waves in a 2D idealised tissue model of the left ventricular cells. The geometry of the 

2D sheet (a) is the same as described for the 2D idealised electrophysiological model. 

(b, c, d, e, f) A spiral wave was developed by applying the S2 stimulus during the VW 

of the LVEPI region for the WT and mutations (S2 was applied at 380 ms, 275 ms, 279 

ms, 280 ms and 283 ms for WT, A39V, G490R, S481L and S755T conditions). In the 

electromechanically coupled model, the spiral wave initiated by S2 was terminated in 

all conditions before 800 ms. 
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Figure 7.8: Minimal length of the S2 stimulus necessary to initiate re-entry in the 2D 

electromechanical tissue models of the WT, A39V, G490R, S481L and S755T. 

7.5.2 3D Electromechanical Consequences of SQT 

Syndromes 

Structural heart diseases, electrical disorders, non-cardiac diseases, and metabolic disorders 

are considered to be the most common causes of sudden cardiac deaths (SCD). The 

remaining cases were considered as idiopathic disease [36, 37]. These idiopathic cases have 

been reduced to a large extent with the invention of several complex molecular mechanisms 

that can generate potentially life-threatening arrhythmias. SQTS patients have a high risk of 

sudden cardiac death (SCD) [40]. A reduced or enlarged ejection fraction can be a criterion 

to diagnose therapies for patients with a risk of heart failure [38]. An ejection fraction of 

50% to 75% is considered normal for LV, while for the RV between 45% and 55% is 

considered normal [39, 40]. 

In this section a three-dimensional (3D) left ventricular tissue model [2, 4, 30] has been 

utilised to examine the impact of short QT syndrome on the mechanical systole and ejection 

fraction.  

To compare the reduction in contractility under the WT and SQT mutation conditions, a 

truncated ellipsoids geometry for the left ventricular (LV) has been used for the 3D 

simulations in this section. The left ventricle is geometrically segmented into three explicit 

regions, endocardial (60%), central (30%) and epicardial (10%) regions. The proportion of 

cells selected for each region reflects the experimental data for cells spanning the left 
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ventricular wall of the human heart [46]. Although the existence and functionality of 

MCELLs in the human heart is controversial [47], we included MCELLs in our model based 

on the studies of Li et al., [48] that demonstrate their existence in cells isolated from the right 

ventricle of the patients with heart failure, and a study by Drouin et al., [46] which give proof 

of their existence in a perfused piece of left ventricular wall. The conditional activation sites 

were empirically determined across the ventricle wall and were validated by reproducing the 

activation sequence and QRS complex as measured in the 64-channel ECG of a 34 years old 

healthy male [49]. 

 Figure 7.9 illustrates the incorporation of the single cell WT and SQTSs electromechanical 

models into a three-dimensional truncated ellipsoid representation of LV.  The changes in 

the ejection fraction due to the reduced contractility of left ventricular for SQTS models are 

shown in Figure 7.10. The ejection fraction is calculated as the stroke volume (mL) divided 

by the end-diastolic volume (mL) [41, 42]. 

 In simulation at 0ms, the LV is at rest before the activation. At about 100 ms, the LV was 

completely activated for the WT and A39V models, but the depolarisation process has 

already begun for the G490R, S481L and S755T conditions.  This electrical impulse is 

followed by the contraction in the WT, A39V, G490R, S481L and S755T conditions. By 200 

ms, repolarisation has started in the LV under all conditions, and LV was undergoing 

relaxation. By 425 ms, repolarisation and relaxation were completed in the WT model, 

however, the repolarisation and relaxation timing are reduced under the mutation conditions 

as compared to the WT (Figure 7.9). These simulation results can account for a loss of 

cardiac contractility and a reduced left ventricular Ejection Fraction (at the 3D organ level 

Figure 7.10) in the short QT syndrome conditions. Few experimental results have suggested 

that the shortening of the action potential duration may result in a reduction in contractility 

[42, 43].  
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Figure 7.9: Snapshots of the electrical wave propagation and mechanical contraction 

at 0 ms, 100 ms, 200 ms, 300 ms,400 ms and 500 ms in the 3D model of left ventricular 

cells under WT (a), A39V (b), G490R (c), S481L (d), and S755T (e) mutation conditions. 

An early repolarisation and reduced contractility can be seen in all mutation 

conditions, while the reduction in contractility is severe in the G490R (c) condition. 
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Figure 7.10: The Ejection Fraction is a measure of the % blood flowing out of the LV 

with each contraction. A reduction in the effective contractility (Figure 7.9) lead to a 

reduced EF in all the mutation conditions. Ejection fraction is severely affected under 

the G490R condition.   

7.6 Discussion   

The active force of contraction is associated with the sarcomere length. Results have shown 

that the active force was severely affected in the absence of Isac as seen in the single cell 

simulations. The force generated was only 25% in EPI, 30% in MCELL and 20% in ENDO 

for the A39V condition. It was only 3% in EPI, 25% in MCELL and 20% in ENDO in the 

G490R condition. This behaviour is also observed for the S755T and S481L conditions, and 

the generated force was also severely affected in S481L and S755T conditions. In mutation 

conditions the greater force of contraction in MCELL is due to the longer AP duration than 

the EPI and ENDO cells. This major reduction in the contraction force is very drastic. It can 

cause heart failure, heart collapse and the death of the patient [45, 46]. 

It is very important to relate and validate the results produced by these models to the 

experimental data of the SQTS patients. Very limited SQTS experimental data on the 

ventricular mechanical contraction is available at present to compare and validate with the 

above results. Two individual families identified with SQTS, first reported were studied by 

Gaita et al. [44]. He found no structural irregularities in the hearts of any of the family 

members. Bellocq et al. [45] also studied a 70-year old male, who was diagnosed with a 

SQT2 mutation. Further investigation revealed no structural abnormality in his heart, while 

the ejection fraction from the left ventricle was 49% [45]. Schimpf et al. [40] made a few 

59%

40%

9%

30%
35%

WT A39V G490R S481L S755T

Ejection Fraction (%)
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very important findings; in their study of the SQTS, they found that both control cases and 

the SQTS patients had no major differences in ejection fraction, end diastolic volume and 

end systolic volume. Their findings put a question mark on the marked reduction in 

contractility in the SQT4-6 electromechanical simulation results without the incorporation 

of Isac; although, a study by Aderiran et al. [3] has also shown a severe reduction of 

mechanical contraction in SQT1 and SQT2 patients in the absence of stretch. Still, clinically 

it has been seen that SQTS is identified with an increased risk of sudden death [32]. Studies 

have suggested that a drastic reduction in the contractility in SQTS could be related to 

reduced SR Ca2+ loading [32]. Abbreviated AP values alter the dynamics and provide less 

time for the SR Ca2+ loading, which consequently reduces the contraction [32].  
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CHAPTER 8 

8.1 Discussion 

The work presented in this thesis is focused on the in silico investigation of the functional 

impact of the L-type calcium channel mutations associated with short QT syndromes, the 

cardiac L-type calcium channel is an oligomeric complex consisting of α1, β, and α2δ 

subunits [1]. The pore-forming CaV1.2 α-1C subunit is encoded by the CACNA1C gene, 

while the CaVβ2 and CaVα2δ-1 subunits are encoded by CACNB2b and CACNA2D1 

respectively, they control the biophysical properties and trafficking of Cav channels [2, 3]. 

The CaV1.2 channel modulates the calcium channel activity in the human ventricular cells 

and is responsible for the dome appearance of the action potential. It also regulates 

excitation-contraction coupling by inducing Ca2+ release from the sarcoplasmic reticulum 

(SR) [2, 3]. Genetic mutations in CaV subunits can cause various phenotypes, including short 

QT syndrome, Brugada syndrome, and early repolarisation syndrome [4, 5]. Short QT 

syndrome associated with L-type calcium channels is a relatively new and rare clinical entity 

that consists of an ST segment elevation and shorter than normal QT intervals [4, 5]. A short 

QT interval with an elevated ST segment can contribute to cardiac arrhythmia, ventricular 

fibrillation, and sudden cardiac death (SCD) syndrome [2, 4, 5]. 

The work presented in this thesis is a computational model to explain the functional 

behaviour of the SQT syndromes, propagation and maintenance of ventricular arrhythmias, 

and impairment of the ventricular contraction. Three different mathematical models for 

SQT4, SQT5, and SQT6 were developed by using extant biophysical experimental data [4, 

5]. The LTCC Hodgkin-Huxley formulation of the O’Hara & Rudy [6] human ventricular 

single cell model (ORd) was reformed to integrate the kinetic properties of WT, SQT4 

(A39V and G490R), SQT5 (S481L). and SQT6 (S755T) mutations. The validated 

formulations were then incorporated into the O’Hara & Rudy ventricular single cell and 

anatomically detailed tissue models to demonstrate how these variants advance to ventricular 

arrhythmias. The ORd electrophysiological short QT models were coupled with the 

myofilament model to investigate the functional impact of the mutation on the mechanical 

coupling in single cell and 3D models. Simulated results showed that each mutation uniquely 

enhanced the temporal vulnerability window to the premature excitation stimulus, leading 

to increased risk of arrhythmia, it also reduced contractility in all three short QT models. 
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8.1.1 SQT4/A39V and G490R  

The major findings of the current SQT4S study are: 

a) A39V and G490R reduced the AP duration in all three cell types and caused a shortening of 

the QT intervals. 

b) Although simulations were unable to reproduce a tall T-peak, a ST segment elevation was 

observed in the simulation which was not found in short QT1-3 patients. In previous studies, 

Gima and Rudy [7] have suggested that a tall T-wave is associated with hyperkalemia, which 

represents high levels of potassium current. Adeniran et al. [8] have suggested that to obtain 

a tall T-wave, a heterogeneous IKr density across the ventricular strand model was found to 

be necessary. To validate this, a heterogeneous IKr density along the 1D strand was 

considered. Tall T-waves were obtained for A39V and G490R models, for the IKr densities 

of 1.6:1:1 for LVEPI, LVMCELL and LVENDO cells.  

c) The tissue's temporal vulnerability at some localised regions was increased under the A39V 

and G490R mutation conditions. In the 2D tissue, the minimal substrate size that is necessary 

to initiate and maintain the re-entry was decreased under mutation conditions. 

d) ST Segment elevation was reproduced which shows that SQT4 mutations are also linked 

with Brugada syndrome [9]. 

e) Blocking of ICaL alone did not normalise QT intervals; instead it increased the amplitude of 

QRS interval which predicts high blood pressure. My results are consistent with previous 

studies [10, 11].  

The results provide a clear correspondence between the shortening of QT intervals and the 

SQT4 mutation. The models give a detailed explanation of increased vulnerability to re-entry 

in A39V and G490R.   

The work done on SQT4 mutations in this thesis is the first attempt to investigate the 

arrhythmogenic consequences of the A39V and G490R mutations using 1D and 2D tissue 

models of the human ventricles. This study also attempted to normalise the QT interval by 

enhancing the ICaL currents. Results have suggested an increase in the amplitude of the QRS 

interval instead of a normalised QT interval. In simulations, a different approach was  

used to normalise QT interval, by blocking the IKr. The blockade of IKr normalised the QT 

interval, while ST segment elevation could be reduced by blocking Ito. The blockade of Ito 

not only controlled the J-wave elevation but also reduced the ST-segment elevation. Prior 

studies [8, 12] have suggested different pharmacological techniques to treat patients with the 

potassium-related SQT syndromes, although the pharmacological treatment for the SQT 
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syndromes associated with L-type calcium channels are yet to be developed.  

The current study has also investigated the minimal substrate length to trigger and facilitate 

the re-entry in both electrophysiological and electromechanically coupled idealised 2D 

tissue models. The minimal substrate length necessary to facilitate and sustain re-entry was 

reduced for the A39V and G490R mutation conditions in an electrophysiological model. A 

larger size of the tissue substrate was required to initiate re-entry in a 2D idealised 

electromechanical model for A39V and G490R. For the electromechanical model, the re-

entrant wave sustained longer for A39V and G490R mutations as compared to the WT but 

did not sustain for the entire cycle length of 1000 ms as seen for the electrophysiological 

model. 

8.1.2 CACNB2b β2 SQT5/ S481L 

The major findings of the present study are: 

a) The CACNB2b S481L mutation reduced the AP duration in all three cell types and caused 

the shortening of the QT interval on ECGs. Although the AP morphology was not as affected 

as under SQT4 A39V and G490R, a depression can be seen during the plateau phase. 

b) The clinical ECGs of the SQT5 patients did not show any tall T-waves, although they have 

suggested an elevation of the ST segment [4].  

c) An ST segment elevation was observed in the simulation which was not found in short QT1-

3 patients. ST segment elevation was reproduced which indicates that SQT5 mutations are 

linked with Brugada syndromes [4, 13]. A study by Yan and Antzelevitch [13] has suggested 

that a decrease in the amplitude of the AP dome of LVEPI creates a transmural voltage 

gradient across the ventricular wall, which may not only elevate the ST but may also lead to 

phase 2 re-entry and VF [13, 14]. 

d) The tissue's temporal vulnerability at some localised regions was increased under the S481L 

condition. 

e) In an idealised electrophysiological 2D tissue model, the minimal length of the substrate that 

is necessary to trigger and maintain the re-entry was decreased for the S481L condition. The 

minimal substrate length necessary to initiate the re-entry is larger for the electromechanical 

model, although it was still unable to sustain the re-entry for both WT and S481L conditions.  

f) In a 1D idealised tissue model, a high amplitude of the QRS interval and a J point elevation 

were seen by enchaining the calcium influx, which predicts high blood pressure and an early 

repolarisation syndrome [15-18]. The QT interval was normalised by blocking ~38% of IKr 
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instead of enhancement of ICaL to control the amplitude of QRS interval and J-wave 

elevation. My results are consistent with previous studies [10, 11]. 

g) The steepness in the slopes of the APD-R and ERP-R curves is linked to the increased 

vulnerability of re-entrant excitation waves, which are more prone to break up into several 

re-entrant excitation wavelets [7, 8]. 

Similar to the SQT4 model these results show a clear relationship between the shortening of 

the QT interval, arrhythmogenic events, and the CACNB2b SQT5 mutation. It gives a 

detailed explanation of increased susceptibility to re-entry under S481L CACNB2b β2 

condition. The work done on SQT5 mutations in this thesis is the first attempt to investigate 

the arrhythmogenic consequences of the A39V and G490R mutations using 1D and 2D tissue 

models of the human ventricles.  

The idealised 1D O’Hara & Rudy S481L model was able to reproduce the elevation of the 

ST segment which was clinically observed for the SQT5 patients [4]. Results have suggested 

an increased tissue temporal vulnerability at some localised regions for the S481L condition. 

Yan and Antzelevitch [13] suggested that an elevation of the ST-segment can lead to a phase 

2 re-entry, but no prior study has discussed the detailed phenomena involving AF and VF in 

S481L/SQT5 patients.   

8.1.3 CACNA2D1 α2δ-1 SQT6/S755T 

The significant findings of the current study are: 

a) Unlike the SQT4 and SQT5 mutations, SQT6 experimental data was based on Barium ions 

as the charge carrier through the calcium channel. The simulated results were obtained by 

switching the O’Hara & Rudy model to VDI mode (n=0) only. This shows the CDI mode is 

switched off and the inactivation of L-type calcium channel for the S755T model is only 

voltage dependent when Ba2+ is the charge carrier (CDI and VDI models are explained in 

Chapter 3).  

b) The CACNA2D1 Cavα2δ-1 S755T mutation reduced the AP duration in all three cell types 

with a major attenuation in the middle cell and caused the shortening of QT interval on 

ECGs. A strong depression is very visible in the dome of AP for all three cell types, which 

leads to the elevation of the ST segment.  

c) The 1D model reproduced the Tall T-wave with a shorter than normal QT interval. 

d) A ST segment elevation, ST < 2 mm, an elevated J-wave, and a prominent T-wave were 

reproduced by the idealised 1D tissue model. The ST segment elevation and early 
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repolarisation patterns (J-wave elevation) are associated with the Brugada syndromes that 

can lead to the AF and VF [19]. 

e) A study by Yan and Antzelevitch [13] suggested that a decrease in the amplitude of AP dome 

of EPI (as compared to the decrease in the amplitude of ENDO dome region) creates a 

transmural voltage gradient across the ventricular wall, which could elevate the ST segment. 

As seen in the results, the difference in the amplitude of EPI and ENDO dome regions is not 

very large, which may cause a very small elevation of ST segment for S755T with respect 

to the WT baseline.   

f) The tissue's temporal vulnerability was increased for the S755T condition.  

g) In the 2D tissue, the minimal substrate length that is necessary to start and maintain the re-

entry was decreased under the S755T condition. 

The above results show a clear relationship between the shortening of QT interval and SQT6 

mutation. They give a detailed explanation of increased vulnerability to re-entry under 

S755T CACNA2D1 condition.   

8.2 SQT4, SQT5 and SQT6 Electro-Mechanical Model 

The active force of contraction and the shortening of the sarcomere are correlated. The 

shorter the length of the sarcomere, the greater the force of contraction, which can be seen 

in the results of the electromechanical single cell model. Results have suggested that the 

active force was severely affected in the simulations of the single cell model, without stretch 

activated channel consideration. 

a) For A39V and G490R the reduction in the contractile force was ~74% and ~82% 

respectively, without the consideration of Isac. This major reduction in the contraction force 

is very drastic. It could cause the death of the patient in a real heart. Previous studies been 

suggested that incorporation of stretch activated channels improved the contractile force [8, 

20]. The stimulated results have suggested that the abbreviation of the normalised force was 

reduced to ~32% and 44% for A39V and G490R after the incorporation of stretch.  

b) Similar to the A39V and G490R mutations the force of contraction is much stronger in S481L 

and S755T conditions, with only the consideration of stretch. 

c) A premature stimulus was able to evoke re-entry in the idealised 2D tissue models of SQT4-

SQT6, although these re-entrant waves were terminated after a short duration.  

The work in this thesis has suggested a severe reduction of mechanical contraction in SQT4, 

SQT5 and SQT6 patients in the absence of stretch, which is consistent with the study of 
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Aderiran et al. [3]. His work has also shown a severe reduction of mechanical contraction in 

SQT1 and SQT2 patients in the absence of stretch.  Studies have suggested that a drastic 

reduction in the contractility in SQTS could be related to reduced SR Ca2+ loading [21]. 

Abbreviated AP values alter the dynamics and provide less time for SR Ca2+ loading, which 

consequently reduces the contraction [21].  

8.3 Common Mechanisms between the SQT 1-6 Variants 

Short QT syndrome is a relatively new and rare cardiac condition [22, 23]. Short QT patients 

are diagnosed with two different genetic patterns: 

a) An autosomal dominant pattern in patients with family history of Short QT [22, 23]. 

b) People with no known history of Short QT syndrome in their family have been diagnosed 

with Sporadic dominant patterns [23]. 

To date, a total of six mutations have been identified in potassium and calcium channel 

genes. A gain-of-function mutation of the potassium channel and a loss-of-function mutation 

of the calcium channels result in the abbreviation of repolarisation phase of the AP, which 

causes a shortening of the QT interval. The most recently diagnosed short QT variants 

(SQT4, SQT5 and SQT6) described in this thesis and the first three variants of SQT 

syndrome share common elements. All these elements make the SQT Syndromes pro-

arrhythmic thus enabling them to stabilise, accelerate and perpetuate re-entry. 
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Figure 8.1: Common mechanism observed in SQT1-6 mutation. These elements make 

the SQTSs pro-arrhythmic thus enabling them to stabilise, accelerate and perpetuate 

re-entry.  

8.4 Limitations 

a) The O'Hara & Rudy ventricular single cell model increases the human specific accuracy as 

it is based on healthy human experimental data. It is suggested to be the most recent and 

well-defined model to investigate the phenomena of re-entrant arrhythmia [6]. Although 

most of its integral ion channel kinetics are obtained from human ventricular experimental 

data [6], it still has its limitations. For example, direct measurement of INaK in the healthy 

human ventricular myocyte is lacking [1]. The ENDO APs were measured in small tissue 

preparations to avoid possible enzymatic degradation of K+ channel proteins [24, 25], 

affecting the currents and the action potential. 

b) The distribution of EPI, MIDDLE, and ENDO cell types in the ventricular wall is not very 

clear to date due to the lack of the experimental data [26] of human ventricular myocyte. For 

the 1D tissue simulations, a cell type proportion was considered such that the measured value  

 

http://journals.plos.org/ploscompbiol/article?id=10.1371/journal.pcbi.1002061#pcbi.1002061-Rajamani1
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of conduction velocity across the ventricular wall corresponds well with the experimentally 

observed values [26]. This proportion has been used in prior studies [8, 27, 28, 29]. 

c) There is a disagreement regarding the M-cell presence and its role in the human heart [8]. 

Drouin et al. [30] observed the presence of M-cell APs in the human heart, and more recently 

it has been identified by Glukhov et al. [31]. In the current model M-cell was defined by its 

transmural location as observed by Glukhov [31]. 

d) All the tissue simulations resume a mono-domain representation of tissue structure as 

opposed to a bi-domain representation. 

Although understanding the possible limitations of the models used in this thesis is very 

important, they do not reproduce any conflicting effect on the conclusions, explained by the 

substrates and the corresponding mechanisms which can initiate, stabilise, and sustain 

arrhythmia for SQT4, SQT5 and SQT6 mutations. 

8.5 Future Developments 

The work presented in this thesis is based on the experimental data obtained from the intact 

L-Type calcium channel. As discussed in Chapter 1, the L-type calcium channel is an 

oligomeric complex, composed of α, β2 and α2δ-1 subunits. The functional impacts of the 

mutations associated with these genes will be better understood if specific experimental data 

of these subunits and the relative formulation of LTCC are available.  

Another significant finding illustrated in this thesis is the elevation of the J-wave which 

represents the early repolarisation syndrome. The SQTS models developed in this thesis can 

be used to investigate the relationship between the J-wave and the SQTS. 

Contractility is severely reduced in simulations. Prior studies have suggested that the 

experimental and in silico data to reach a definite conclusion is not enough for the 

electromechanical modelling [32]. Based on the simulations represented in this thesis, 

additional investigations can be performed to understand the behaviour of the mechanical 

systole in SQT4-6 patients.  

8.6 Closing Words 

In silico models of the most recent variants of the SQTS that affect calcium channels have 

been developed; O’Hara & Rudy models for the SQT4, SQT5, and SQT6. These models 

have been further used to investigate the functional impact of SQT 4-6 in the human left  
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ventricular at the single cell, 1D, 2D, and 3D levels. 

 The observations in this thesis provide an extensive explanation for clinical findings of these 

SQTS in terms of abbreviation of repolarisation and vulnerability to arrhythmia. The 

multiscale ventricular models are further used to understand the mechanisms initiating and 

facilitating arrhythmia and the investigation of therapeutic interventions for the SQTS. 
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Appendix A 

AP                      Action Potential  

APD                   Action Potential Duration (ms)  

APD90   Action Potential Duration at 90% repolarisation 

AF   Atrial Fibrillation  

BCL                  Basic Cycle Length (ms)  

BSR                             Anionic SR Binding Sites for Ca2+ in Subspace  

BSL                             Anionic Sarcolemmal Binding Sites for Ca2+ Buffer in Subspace  

CDI     Ca2+ Dependent Inactivation of L-type Ca2+ Current  

CICR   Calcium Induce Calcium Release  

Cm     Total Membrane Capacitance, 1μF  

CMDN                        Calmodulin, Ca2+ Buffer in Myoplasm  

CSQN                          Calsequestrin, Ca2+ Buffer in JSR 

CaMK                          Ca2+ / Calmodulin-Dependent Protein Kinase II/ 

DI     Diastolic Interval, Relative to APD90 (ms)  

Diffusion flux              Jdiff,Na
+, Jdiff,Ca

2+ ,Jdiff,K
+ 

ERP   Effective Refractory Period (ms) 

EM Model  Electro-Mechanical Model 

ES               Reversal Potential for Ion S (mV)  

ECG   Electrocardiogram 

F     Faraday Constant, 96485 coul/mol  

HH model   Hodking and Huxley Cell Model 

I-V Curve      Current Voltage Relationship  

ICab                                              Ca2+ Background Current 

ICaL      Ca2+ Current through the L-type Ca2+ Channel 

ICaNa    Na+ Current through the L-type Ca2+ Channel 

ICaK    K+ Current through the L-type Ca2+ Channel 

IKb                                               K
+ Background Current  

IKr    Rapid Delayed Rectifier K+ Current 

IKs    Slow Delayed Rectifier K+ Current 

IK1   Inward Rectifier K+ Current 
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INa      Na+ current 

INab                                              Na+ Background Current 

INaCa   Total Na+/Ca2+ Exchange Current 

INaCa,i                           Myoplasmic Component of Na+/Ca2+ Exchange Current 

INaCa,ss              Sub-Space Component of Na+/Ca2+ Exchange Current 

IpCa                                              Sarcolemmal Ca2+ Pump Current 

Isac    Stretch Activated Channel  

Istim      Stimulus Current (μA/μF)  

Ito                                 Transient Outward K+ Current 

Jdiff, Ca
2+                                     Diffusion of Ca2+ from Sub-Space to Myoplasm 

Jdiff, K
+                                         Diffusion of K+ from sub-space to myoplasm 

Jdiff, Na
+

                                       Diffusion of Na+ from Sub-Space to Myoplasm                  

Jrel                                SR Calcium Release Flux via Ryanodine Receptor  

JUP                                Calcium Uptake via SERCA Pump  

JTR                                Calcium Translocation from NSR to JSR  

JSR                              Junctional SR Compartment  

LVEPI    Left Ventricular Epicardial Cell 

LVMCELL   Left Ventricular Myocardial Cell 

LVENDO   Left Ventricular Endocardial Cell 

MM model    Mechanical Model 

NSR                              Network SR Compartment 

ORd model   O’Hara-Rudy Dynamic Human Ventricular Cell Model  

PSD    Power Spectrum Distribution 

RyR       Ryanodine Receptor  

R      Gas Constant, 8314 J/kmol/K  

SCD     Sudden Cardiac Death 

SQTS    Short QT Syndrome 

SI    Stimulus Interval 

SS                                 Subspace compartment  

SR                                 Sarcoplasmic Reticulum  

T               Temperature, 310oK  
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TRPN                         Troponin, Ca2+ buffer in myoplasm  

VF   Ventricular Fibrillation  

VW   Vulnerable Window 

VDI     Voltage Dependent Inactivation of L-type Ca2+ Current 

V, or Vm    Membrane Voltage (mV)  
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Appendix B 

Amplitude              -80.0 µA/µF 

BCL                             1000ms 

[Ca2+]
o   1.8 Mm 

[Ca2+]
i   8.54∙10−5 mM 

[Ca2+]
ss   8.43∙10−5 mM 

[Ca2+]
nsr  1.61 mM 

[Ca2+]
jsr  1.56 mM 

CaMKtrap              0.0124065 

Duration                      0.5 ms  

j               0.69mM/ms 

jCaMK    0.692413mM/ms 

Jrel,NP                                          2.5mM/ms 

Jrel,CaMK              3.1mM/ms 

Jdiff,Ca                                         0.2ms 

[K+]i   143.79 mM 

[K+]ss   143.79 mM 

[K+]o   5.4 mM    

L                                  0.01cm 

n_CDI+VDI                1 

n_VDI                          0 

[Na+]i              7.23mM 

[Na+]ss    7.23 mM 

[Na+]o   140 mM 

Vm            −87.84  

Vcell                           38.10 e-6 µL 

Vnyo                           25.54 e-6µL 

Vnsr                            2.098 e-6µL 

Vjsr                            0.182 e-6µL 
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Appendix C 

 

Table C1: Colour codes representing the change of voltage in Figure 5.1, the voltage 

range is between 50 and -50 mV with a voltage step of 5 mV.  
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Figure C1: The power spectral distribution of the recorded local electrical activity of 

the WT, A39V, G490R, S481L and S755T models. Power spectral density (PSD) shows 

the strength of the electrical signal variation as a function of frequency. 

 

 


