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Abstract

Major cardiac organisations recommended U wave abnormalities should be reported during
ECG interpretation. However, U waves cannot be measured in patients with atrial fibrillation
(AF) due to the obscuring fibrillatory wave.

The first aim of the research was to provide a validated algorithm to clean the ECGs of AF
patients by removing the atrial fibrillatory waves so that the characteristics of ventricle
repolarisation components, U and T waves, could be detected and measured accurately without
fibrillatory wave contamination.

Having established a validated algorithm to measure the waveform features, the second aim
was to use this algorithm to investigate the effect of beat interval dependency on the
repolarisation waves, especially U waves, during AF and to compare them to those in sinus
rhythm (SR) of healthy subjects. The research could provide mechanistic insight into the origin
of U waves since AF is unique in its rapidly changing ventricular beat intervals. The preceding
beat interval has a direct impact on ventricular filling dynamics and hence also on mechano-
electrical coupling, one of the leading hypotheses of U wave genesis.

Algorithms were developed to remove the contaminating fibrillatory waves in AF recordings
and to measure features of the ventricular repolarisation waves.

The ventricular repolarisation features, U and T waves, are measurable and dependent on
preceding beat interval in AF and SR. The beat interval dependency of repolarisation features,
especially the U wave, supported the mechano-electrical hypothesis during AF and SR.

The research provides tools to facilitate the detection and reporting of U waves and their
abnormalities in AF patients and provides mechanistic insight into rate dependency of
ventricular repolarisation features.
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List of Abbreviation

Abbreviation

Explanation

AF
AV
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bpm
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ECG
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Atrial fibrillation
Atrioventricular

Beat averaging
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Blind source separation
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Excitation-contraction
Electrocardiographic signal
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Ejection fraction
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left anterior descending artery
Left ventricular
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Introduction

The thesis consists of seven chapters which present the studies and investigations to address
the aims of the research.

Chapter one reviews the literature associated with the investigations and to support the theories
proposed to explain the thesis finding and its outcome. The chapter includes five main parts.
The first is the introduction and the second part introduces the anatomy and electrophysiology
of the normal heart. The cardiac mechanical properties are considered as they play a significant
and essential role to understand the underlying mechanisms for the proposed theories.
Additionally, the physiological and electrical principles of cardiovascular response during
exercise are described as exercise was used to modulate heart rate in one of the studies.

As the main focus of the research was to investigate ventricular repolarisation features,
particularly the challenging U, the third part of this chapter contains a review of the U wave of
the electrocardiogram, exploring the wave’s characteristics, controversial genesis, pathology
and abnormalities.

In the fourth part of this chapter, the T wave of the electrocardiogram is described. Since the
thesis seeks to present a wide view of the repolarisation characteristics in AF and healthy
subjects, the characteristics of the normal T wave are described, and the wave’s origin and
abnormalities reviewed. Additionally, QT interval is reviewed due to its association to the
interval between R wave and T wave peaks (R-T interval) that was investigated as part of this
research.

Atrial fibrillation is one of the most common arrhythmias and can affect people’s lives severely.
It is famous for its rapid heart rate changes which makes it a unique model to investigate the
beat interval dependency of ventricular repolarisation features. Thus, the last part of this
chapter focuses on cardiac arrhythmias and atrial fibrillation particularly. Atrial fibrillation
characteristics, classification, symptoms, causes and risk are reviewed.

In Chapter two, all research ethics and ethical approvals are presented along with descriptions
of the ECG databases used in the studies.

Chapter three proposes three potential techniques to clean the atrial fibrillation recordings
from the atrial activity and provide clean beats to allow ventricular repolarisation components
to be measured without the contamination by these atrial fibrillatory waves. This is important
because in atrial fibrillation, the atrial fibrillatory waves contaminate the ventricular
repolarisations components, completely obscure the U wave, and prevent the accurate
measurement of their features. Therefore, it is essential to remove these atrial fibrillatory waves
before any analysis or measurements. The three techniques: principal component analysis
(PCA), independent component analysis (ICA) and beat averaging technique (BA), were
examined, and their ability to remove the atrial activity was evaluated. It was found that the
beat averaging technique offered an effective tool to remove the atrial fibrillatory activity in
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atrial fibrillation recordings and was used for this purpose in the subsequent studies of this
research.

Chapter four deals with validation and implementation details of the computerised
measurement techniques used throughout the research.

First, an algorithm for automatic measurement of the ECG repolarisation features is introduced
and validated against manual measurements. Repolarisation features include U and T wave
amplitudes and the intervals between R wave and T wave peaks (R-T interval) and between T
wave and U wave peaks (T-U interval).

Second, validation of the beat averaging algorithm is presented. It demonstrates the presence
of U waves in SR and AF recordings for the same individuals. Significant differences in the
amplitudes of U waves between AF and SR recordings were measured suggesting that U waves
might be influenced by heart rate.

In the final and third part of this chapter, since the quality of the extracted ventricular
repolarisation waveforms is dependent upon the number of beats used in the beat averaging
algorithm, the number of beats to remove atrial fibrillatory waves effectively is established.

Much of the work presented in this chapter was published under the title ‘Validation of an
algorithm to reveal the U wave in atrial fibrillation’ [1].

Providing efficient and validated algorithms to clean and measure ventricular features in AF
and SR, facilitated the possibility to inspect the effect of rate dependency on the repolarisation
characteristics in AF and healthy subjects. Therefore, the thesis continues in Chapter five with
two significant investigations. Both demonstrate the importance of considering the preceding
beat interval as a major influence on the repolarisation features in AF and healthy subjects.
However, the rate dependency of ventricular repolarisation features in AF is shown to be
different to that in healthy subjects. The observed rate dependencies suggest that mechano-
electrical coupling plays a significant role in determining U and T wave features.

Chapter six presents the perspective of future works and Chapter seven provides a
comprehensive summary and discussion dealing with all studies mentioned above.

11



Chapter 1

Literature Review
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Chapter 1. Literature Review

1.1. Introduction

This chapter reviews the literature associated to the conducted studies. The chapter is divided
into four main parts. The first part (section 1.2) reviews the cardiac anatomy and
electrophysiology, mechanical properties of the heart, and the principles of heart physiology
during the exercise. The second part of the chapter (section 1.3) focuses on the U wave in the
ECG as it represents the main investigated repolarisation feature in the conducted studies. It
describes U wave characteristics, and the controversial hypothesis of the wave’s origin.
Additionally, the section reviews the U wave pathology and the importance of its abnormalities
from the clinical perspective. The third part (section 1.4) reviews the T wave in ECG as the
second main repolarisation feature investigated during the research. The T wave characteristics,
origin and the abnormalities are reviewed in this part. The fourth and last part in this chapter
(section 1.5) reviews cardiac arrhythmias with a focus on atrial fibrillation (AF) as it plays a
significant role during the research since the main investigation is to detect and measure
repolarisation features in this arrhythmia. This part reviews AF characteristics, types,
symptoms, factors and risks.
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1.2. Cardiac Anatomy and Physiology

1.2.1. The Heart Anatomy

1.2.1.1. Location of the Heart

The human heart is located in the chest and occupies a small region between the third and sixth
ribs in the central portion of the thorax cavity of the body as Figure 1.1-a shows. The heart rests
on the diaphragm behind the sternum, between the lower parts of the lungs [2,3] as illustrated
in Figure 1.1-b.

Trachea

Midsternal line

2nd rib

Sternum
Diaphragm Point of
maximal
intensity
(PMI)

Figure 1.1: Location of heart within the thorax cavity (anterior view), where a) shows the
position of the heart relative to sternum and ribs, and b) shows the great vessels location above
the heart [2,3].

A typical adult heart has an inverted conical shape, measures approximately 12.5 cm from the
base (top) to the apex (bottom) and 7.5 cm at its widest point, leaning towards the left side of
the body and slightly forward [2,3]. The right atrium and right ventricle dominate an anterior
view of the heart. The great vessels are located above the heart, and they are: the left and the
right of pulmonary arteries and veins (two on both sides), the superior and inferior vena cava
and the aorta [2,3]. Figure 1.2 displays the frontal section of the heart.

1.2.1.2. Heart Walls

The heart is a muscle organ self-adjusting pump which works in harmony to propel the blood
to all tissues of the body [4]. The heart muscle is enclosed in a protective sac knows as the
pericardium, illustrated in Figure 1.3, which protects and stabilises its position. The ultimate
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purpose of the heart is to provide the tissues with the oxygen. The hearts chambers play the
main part in this process [4].

Aorta

Right pulmonary
artery

Left pulmonary artery

< Pulmon runk
Superior vena cava ulmonary tru

Right pulmonary
veins

Left pulmonary veins

) Pulmonary valve
Interatrial

septum < Left atrium
Right atrium ( Aortic valve
Fossa ovalis " ——‘L Left AV valve

l (bicuspid)
Pectinate muscles -

Left ventricle
Right AV valve

(tricuspid)
Papillary muscle

Interventricular septum

\‘E‘— Endocardium
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Figure 1.2: Internal Anatomy of the heart (frontal section of the heart, anterior view) [3].

The walls of the heart are composed of cardiac muscle and have three distinct layers shown in
Figure 1.3. The wall layers are: [4,5].

1) The Epicardium is the outer thin membrane (visceral pericardium) that covers the outer
surface of the heart and contains the lymphatic and blood vessels that supply the
myocardium.

2) The Myocardium is the cardiac muscle tissue (middle) and forms the atria and ventricles.
This layer is the thickest and responsible for the pumping action of the heart.

3) The Endocardium is the inner thin membrane lining inside the cardiac muscle, it gives a
smooth lining for the hearts chambers and covers the valves too.
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Figure 1.3: Pericardium and heart wall. a) the three layers of the heart wall and relationship to
pericardium, b) pericardial sac details and c) a fist in balloon illustrates, by analogy, how the
pericardium wraps around the heart [3].

1.2.1.3. Chambers and Valves of the Heart

The human heart has four chambers, the right and left atria and ventricles (Figure 1.2). The
two smaller superior chambers are receiving chambers, called left atrium and right atrium
divided by the interatrial septum. They receive blood from blood vessels and contract to push
the blood into the lower chambers. The two inferior chambers called ventricles, are divided by
a thick wall called the interventricular septum and are primarily responsible to eject blood out
of the heart into blood vessels called arteries and keep it flowing around the body [3,6,7].

Ventricular muscles anatomically are thicker than atrial muscle [3,8]. This comes from the fact
that the ventricles pump blood over long distances through vasculature relative to atria, thus
they must work harder to push the blood. Further, the left ventricular free wall and the septum
are much thicker than the wall of the right ventricular (two to four times). This is necessary
since the left ventricle pumps blood to all organs through systematic circulation (except lungs),
and that essential to generate higher pressure than the right ventricle. The right ventricle pumps
the blood to the lungs only through the pulmonary circulation [7,8]. Figure 1.2 and 1.4 shows
the difference between the thickness of atrial and ventricular muscles.
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Figure 1.4: The thickness of the right and left ventricle muscles [8].

The heart needs valves to pump the blood efficiently and ensure one-way flow. It has four
valves, which they are divided into two categories: atrioventricular valves and semilunar
valves (Figure 1.2). The atrioventricular (AV) valves are, the tricuspid valve (right AV valve)
sited between the right atrium and ventricle, and mitral (bicuspid, left AV valve) valve between
the left atrium and ventricle. The semilunar valves are, the pulmonary (pulmonic) valve lies
between the right ventricle and the pulmonary artery, whereas the aortic (aortic semilunar)
valve locates between the aorta and the left ventricle [4,7].

The right side of the heart receives poorly oxygenated blood from the body during systemic
circulation and pumps it through pulmonary valve to the lungs for oxygenation during
pulmonary circulation. The right side does not need to work very hard to drive the blood
through the pulmonary circulation, thus it works with low pressure in comparison to the left
side of the heart [5,7]. The left side of the heart receives rich oxygenated blood from lungs and
pumps it through the aortic valve to the aorta for distribution to the body. The left side does
most of the work as has been mentioned, and functions with high pressure to push the blood to
the whole systematic circulation to the entire body (except lungs) [6,7,9].

1.2.1.4. The Cardiovascular Circuits and Blood Flow

For healthy adults, cardiac circulatory system forms a closed loop of two circuits, both
generated and terminated in the heart. The blood pumped out of the heart via set of vessels and
returns to the heart by a different set [9]. The two circuits are divided into two halves lengthwise
[10].
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Figure 1.5 displays the circulatory system showing the two circulations. The pulmonary
circulation contains blood pumped from right ventricle via the lungs and then pushed to the
left atrium. The blood then pumped through the systemic circulation from the left ventricle
through the body organs and tissues (except the lungs) back then to the right atrium [10]. The
vessels that carry the blood from the body organs and tissues towards the heart are called veins
whereas those carry the blood away from the heart called arteries [9,10].

The blood in systemic circuit leaves the left ventricle through a large artery, the aorta as Figure
1.5 shows. The arteries of the systematic circulation divided into progressively smaller arteries
branch arterioles to smallest capillaries in which they unite to form large dimeter vessels the
venules. Then the venules in the systemic circulation unite to construct the veins. The veins
unite from different organs and tissues to form two large veins, the inferior vena cava and
superior vena cava. The inferior vena cava collects from below the heart whereas the superior
vena cava collects the blood from above the heart, see Figure 1.5. The blood is returned to the
right atrium through these two veins [10].

In the pulmonary circulation, blood leaves the right ventricle through large pulmonary trunk
which divided into two pulmonary arteries, one for the right lung and the other for the left lung.
Through four pulmonary veins, the blood leaves the lungs and is pushed into the left atrium [8-
10].

The blood flows via the lung capillaries where it collects oxygen (O2) that is provided to the
lungs via breathing. Hence the blood in pulmonary veins, systemic arteries and left side of the
heart are highly oxygenated. The oxygen diffuses to be used by cells as the blood flows through
the organs and tissues resulting in lower oxygen (O2) content. In other words, in normal cardiac
circulations, the blood pumps to the lungs in order to exchange the O, and CO> during the
pulmonary circulation. Whereas the heart pumps the blood to all other tissues through
systematic circulation [9-11], see Figure 1.5.

The blood flows from the heart in one direction (unidirectional) achieved by the valves
arrangements, and occurs by the dilatation of the aorta and its branches during ventricular
contractions (systole) and by elastic regression of the large arteries walls with blood forward
pushing during the ventricular relaxation (diastole) [11-14]
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Figure 1.5: The systemic and pulmonary circulations. The circulatory system comprises of two
separate vascular loops, the systemic circulation which carries blood between the heart and the
organ system, and the pulmonary circulation which carries blood between the heart and the

lungs [15].
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1.2.2. Cardiac Electrophysiology

1.2.2.1. Electrical Activity of the Heart

The cardiac muscle is unique among other types of muscles, in being able to generate and
conduct its own electrical impulses or its action potentials without hormonal or neural
stimulation. This property known as automaticity which is essential to excite the muscle fibre
throughout the myocardium and produce the conduction which helps generate the current that
spread through the entire body [4,16].

The cells that initiate and distribute the stimulation through the heart to contract are part of a
network of specialised cardiac muscle cells known as the cardiac conduction system that
initiate and distribute the electrical impulses of the heart [4,16].

1.2.2.1.1. The Cardiac Conduction System

The cardiac conduction system in Figure 1.6 consists of the following components [8,14,16]:

1) The sinoatrial (SA) node, is embedded in the wall of the right atrium, near the entrance of
the superior vena cava (SVC) and contains the pacemaker cells.

Normally cardiac excitation starts from the SA node. The nodes’ cells have no stable resting
potential. However, they depolarise to threshold spontaneously, creating the pacemaker
potential, and establishing the heart rate (HR). When the pacemaker potential reaches the
threshold, it will trigger the action potential. Each action potential propagates from the SA
node through the atria cell by cell as Figure 1.7 shows. After the action potential, both atria
contracts at the same time.

2) The atrioventricular (AV) node, located at the junction between the atria and ventricles
in the internal septum.

After conducting along the atrial muscle cells, action potential arrived at the AV node,
where it significantly slows due to the differences of cells structure and the impulse takes
about 100 ms to pass through AV node. This delay (the AV nodal delay) is important to the
atria to give them time to contract before the ventricles.

3) The atrioventricular (AV) bundle

The bundle called also bundle of His, it is the only electrical connection between atria and
ventricles. The action potential enters the AV bundle coming from the AV node, and that
take place only if the action potential succeeds to conduct from atria to the ventricles.

4) The right and left bundle branches

The action potential enters the right and the left bundle branches after the propagation goes
through the AV bundle, and continue towards the apex of the heart. The left bundle branch
supporting the massive left ventricle; therefore, they are larger than the right bundle branch.
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Both branches extend to the apex of the heart, and at the end they diverge and conduct to
Purkinje fibres through moderator band and papillary muscles.

5) Purkinje fibres

Purkinje fibres are the extensive network of branches spread through the ventricular
myocardium taking place from the apex upward towards the cardiac valves [8]. At the final
stage, the Purkinje fibres rapidly conduct the action potential starting at the apex of the
heart to the rest of the ventricular myocardium, causing the contraction at the ventricles and
pushing the blood upward to the pulmonary and aortic (semilunar) valves [9].
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Figure 1.6: The conduction system of the heart showing the initiation of depolarisation wave
by sinoatrial (SN) node passes via atrial myocardium to the atrioventricular (AV) node, right
and left bundle branches, and finally to Purkinje fibres in ventricular walls [8].

1.2.2.1.2. Depolarisation and Repolarisation of Cardiac Cells

The cardiac cells are surrounded and filled by many ions. The major three ions are sodium
(Na*), potassium (K* and calcium (Ca?*). During the cell resting period, the inside of the cell
membrane is considered negatively charged (-) whereas the outside of the cell membrane is
positively charged. The movement of these ions from inside and across the cell membrane
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initiates the flow of electrical activity that generates electrical signal known as
electrocardiography ECG [17,18].
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Figure 1.7: The electrical connections among cardiac muscle cells, where a) shows an action
potential generated by the cells of SA node spontaneously and spreading to the adjacent cells
via electrical current passing through gap junction in intercalated disks, and b) shows a
schematic view between two adjacent cells presenting the gap junction their desmosome [8].
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When an electrical impulse is initiated in the heart, the inside of the cell quickly becomes
positive relative to the outside of the cell. This excitation state occurs because of this electrical
impulse and accordingly it changes the polarity of the cell which is known as depolarisation.
The electrical impulse starts at one end of the cardiac cell, the repolarisation wave propagates
through the cell to the opposite side (the other end).

The return of the stimulated cell to its resting state is known as repolarisation. In this phase,
the cell recovered allowing the inside of the cell to return to its normal negativity (resting state).
Repolarisation starts at the cell that just depolarised and the resting state is preserved until the
new arrival of the next wave of depolarisation [17,18]. Figure 1.8 shows the depolarisation and
repolarisation of cardiac cells. It is important to note that once the cells have been depolarised,
the depolarisation second wave cannot arise until the first one is entirely finished. This is
known as absolute refractory period [17].

1.2.2.1.3. Cardiac Action Potential

In the normal condition the SA node is the pacemaker for the entire heart, where its
depolarisation initiates the action potential that leads to depolarisation of all other cardiac cells
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[10]. The electrical excitation is coupled with the mechanical contraction of the cardiac muscle
(check excitation coupling section 1.2.2.3), hence the rate of discharge of the SA node
determine and controls the heart rate [10].
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Figure 1.8: Depolarisation and repolarisation of cardiac cells [18].

The action potential generated by the SA node travels through the conduction system and
spreads to excite the atrial and ventricular muscle fibres. These fibres, called the contractile
fibres, are where the action potential takes place. Cardiac muscle has long action potential due
to Ca?* entry which plays a very important role. The rapid depolarisation phase is the results
of Na* entry while steep repolarisation phase is due to K* leaving the cardiac cells.

The action potential has five phases and by convention they start with phase 0. Figure 1.9 shows
the action potential phases for the contractile cells [10,14]. Note that the main study focuses on
the contractile cells behaviour during the action potential, therefore the action potential for
these cells have addressed rather than the pacemaker cells and their action potential.

The typical action potential phases of the contractile cardiac cells are (Figure 1.9) [10,14]:
Phase 4: Resting membrane potential

The cardiac contractile cells have stable resting potential of around -90 mV [10,14].
Phase 0: Depolarisation

The membrane potential becomes more positive when a wave of depolarisation moves into a
contractile cell via gap junctions. Voltage-gated Na* channels open allowing Na* to enter the
cell and consequently depolarise it rapidly. Before the Na* channels close, the membrane
potential reaches about +20 mV [10,14].
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Phase 1: Initial repolarisation

When the Na* channels close, the cell begins to repolarise as K* leaves through open K*
channels [10,14].

Phase 2: The plateau

The initial repolarisation is very brief. Then the action potential flattens to a plateau due to the
results of two actions: a decrease in K* permeability and the increase in Ca?* permeability. The
voltage gated Ca?* channels activated according to the depolarisation where they have been
slowly opened during phases 0 and 1. The Ca?" enters the cardiac cell when their channels
finally opened. During the same time, some fast K* channels close. Due to both the influx of
Ca?" and the decreased of K* efflux causes the flattened the action potential and produce the
plateau phase. The influx of Ca lengthens the total duration of the cardiac action potential
[10,14].

Phase 3: Rapid repolarisation

The plateau phase finishes when Ca?* channels close and K* permeability increases. The slow
K* channels are responsible for this phase. When the channels of slow K* open, the K* exits
quickly in which help the cell to return to the resting potential (i.e. phase 4) [10,14].
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Figure 1.9: The cardiac action potential from ventricular muscle cell showing the principal
ionic currents and channels during the phases. Phase 0 shows the entry of Na* into the cell
through fast Na* channels to generate the upstroke. Phase 1 shows the efflux of K* to generate
early partial repolarization. Phase 2, the plateau phase, shows the net influx of Ca?* through
Ca?" channels is balanced by the efflux of K*. Phase 3 shows the efflux of K* and Ca?* channels
close. Phase 4 shows the efflux of K™ and returning to resting membrane potential [8,11].
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1.2.2.1.3.1. The Interval-Duration Relation

The interval-duration relationship is a physiological mechanism where the duration of cardiac
action potential prolongs when the heart rate slows and shortens at faster heart rates. This
response is significant during rapid heartbeats, where the shorter cardiac cycle needs to allow
adequate time for the ventricles to fill [19].

The normal action potential duration for the ventricle when the heart rate 75 beat/minute (bpm)
is approximately 0.35 s (total cycle length is 0.8 s). So far, the athletes can reach to a heart rate
180 bpm where the total cycle length is 0.33 s [19]. This is important during rapid heart rate
when the need to activate the cardiac myocytes is increased, the action potential must become
shorter to produce an inverse relationship between the cycle length and heart rate known as
interval-duration relationship, this will allow a long diastolic interval to prolong the
subsequent action potential, and shortens the action potential that succeed the short diastolic
intervals [19]. Figure 1.10a-b shows an example for action potential response to slow and fast
heart rates respectively.

With an irregular cardiac heart rhythm such that exhibited by the patients with atrial fibrillation
(AF), the effect of the preceding diastolic interval on the duration of the following action
potential is govern by interval-duration relationship where the long diastolic intervals are
followed by longer action potential and similarly short diastolic intervals followed by shorter
action potential. Such a response known as the Ashman phenomenon is typically seen in atrial
fibrillation beats [19]. Figure 1.10-c shows an illustration of irregular action potential for
variable heart rhythm.

There are several possible reasons for the interval-duration relationship. The shortening of the
action potential for fast heart rates, where the diastolic interval is short could be due to the
incomplete decrease of the delayed rectifier current ik, and ixs. Also, the plateau phase is
shortened due to the slow recovery of the Ca?* channel that had been activated by the preceding
beat interval. Further, action potential could be shortened due to the increase of the frequency
of ina channel opening which increase the cytosolic Na concentration and that leads to early
repolarisation [19].

1.2.2.1.3.2. Afterdepolarisation

Afterdepolarisation and triggered activity are abnormal action potential. Afterdepolarisation is
spontaneous depolarisation that can occur during the repolarisation on phase 3 or early in phase
4 after the cell repolarised [19,20]. Afterdepolarisation can arise when the heart becomes
calcium overloaded, in which can be related to the inward current generated by Na-Ca [19,20].
There are two types of afterdepolarisation, first, early afterdepolarisation (EAD) and second,
delayed afterdepolarisation (DAD). Figure 1.11 compares between the normal action potential,
EAD and DAD.
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Figure 1.10: Interval-duration relationship. a) the action potential for slow heart rate, b) the
action potential for fast heart rate and c) irregular action potential for variable heart rate [19
edited].

The EAD are depolarisation that occurs before the end of action potential (before the complete
repolarisation) when the potential of cell membrane ranges between -10 and -30 mV during
phase 2 or phase 3 (Figure 1.11-b) [21]. Thus, conditions that associated to prolonging action
potential duration and QT intervals enhance the EAD development [21,22]. Note that EAD is
mostly thought to be the mechanism that underlies the torsade de pointes (TdP) [22].

The DAD can occur after the of phase 3 or early in phase 4 when membrane potential returned
to its resting state i.e. when the membrane completely repolarised (Figure 1.11-c) [20,21]. The
DADs are mainly associated with the conditions such as digitalis toxicity and ischemia [21].
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Figure 1.11: Illustration of cardiac action potential. a) Normal ventricular action potential
(AP), b) early afterdepolarisation (EAD) are interruption of repolarisation before it completed.
EAD are assumed to be the results reactivation of calcium current or Na-Ca exchanger current.
c) delayed afterdepolarisation (DAD) are membrane depolarisation that arise after the end of
the repolarisation. If the DAD is of adequate amplitude, it may trigger single or runs of action
potentials [20 edited].

1.2.2.2. Cardiac Muscle Cells Structure (Histology)

The heart is composed of special cardiac muscle cells known as myocardium [14]. Mostly, the
cardiac muscle is contractile, however, only 1% of the myocardial cells are have unique
property to generate action potential spontaneously without any outside signal. Impressively,
the heart is capable to contract without a connection to the other parts of the body organs
because the contraction signal is myogenic. In other words, the signal originates in the muscle
tissue itself rather than from a nerve impulse. As has been explained in conduction system
section 1.2.2.1.1, the signal of myocardial contraction comes from the special pacemaker cells
instead of the nervous system and they set the cardiac heartbeat rate. These cells are different
anatomically from the contractile cells as they are smaller and have fewer contractile fibres
since they do not contribute to the contractile force of the heart [14]. The study focuses on the
repolarisation process; therefore, this section focuses on the cardiac contractile cells structure
as they represent mainly the ventricles cells.

Typically, the contractile cells are striated muscle in which the contractile fibrils in the cells
are aligned in parallel bundle. The muscle fibres organised into sarcomeres [5,14]. Figure 1.12
shows the muscle structure in which have the following properties [5,14]:

1) Cardiac muscle has small fibres and usually have a single nucleus for each fibre.
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2) The individual muscle cells diverge to branches and join the adjacent cells end to end to
create a complex network as Figure 1.12-a shows. The junction between the cells are
known as intercalated discs which contain the interdigitated membranes. The intercalated
discs consist of two components: desmosomes and gap junctions. The desmosomes
represent strong connections that can tie the neighbouring cells together and allow force
that created in one cell to be transferred to the neighbouring cell (see Figure 1.7 for closer
look) [14].

3) Gap junctions in the intercalated discs connect the cardiac muscle cells electrically and
chemically from one to another. These junctions allow the depolarisation waves to spread
quickly from cell to cell in which help the muscles cells to contract nearly at the same
time [14]. (see Figure 1.7 for closer look).

4) The transverse tubules (t-tubules) are where they branch inside the myocardial cells.

5) Myocardial sarcoplasmic reticulum is an extensive branching network close to t-tubules.
This structure regulates intracellular Ca®* concentrations which is essential for the
relaxation and contraction [5,14].

6) Mitochondria take about one-third from the cell volume of the contractile fibre. This
reflects the fact that muscle cells demand high energy. Presumably, the cardiac muscle
cells consume around 70-80% of O that delivered to them through the blood [14].

If there is increase in the activity, the heart nearly uses all the O> that is transferred by the
coronary arteries. Accordingly, the only way to get more Oz is to exercise the cardiac muscle
to increase the blood flowing [14]. In cardiac muscles, the action potential initiates excitation-
contraction coupling (EC coupling) which is essential to complete the mechanism of the
cardiac muscle fibres contraction. This process will be discussed in the section 1.2.2.3 as part
of the mechanical activity of the heart. To understand how the excitation-contraction coupling
works, it is important to understand the structure of sarcomeres and how they work.

Each muscle fibre includes thousands of myofibrils that form most of the intracellular volume.
Each myofibril consists of several types proteins ordered into repeating contractile structure
known as sarcomere. Myofibril proteins include the motor protein myosin which forms thick
filaments, and the microfilament actin forms the thin filaments. See Figure 1.12-b. the myosin
has the ability to create the movement and helps to determine the muscle’s speed of
contractions [14].

Each sarcomere contains the following elements [5,14] (Figure 1.12-b):

1) Z discs: One sarcomere is formed by two Z discs, filaments found between them. The
Z disc is a protein with zigzag structure. It serves as the attachment position of the thin
filaments.

2) | bands: The lightest colour bands of the sarcomere which represents the region that
taken place only by thin filaments. The Z disc take place through the middle of I band,
hence each half of an | band belongs to a different sarcomere.

3) A band: The darkest band of the sarcomere and occupies the entire thick filament. The
thick and thin filaments overlapped at the outer edge of A band.

4) H zone: The central region of A band
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5) M line: the protein that forms the attachment region of thick filaments. It is equivalent
to the Z disc of the thin filaments. The A band divided by the M line.
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Figure 1.12: Cardiac muscle tissue histology. a) Cardiac muscle fibres where they connected
to their neighbouring fibres via intercalated discs which contain desmosomes and gap
junctions. b) Cardiac muscle fibres components showing the sarcomere structure [5 edited].

The distinction of the cardiac muscle structure helps the muscle fibres to contract in a
remarkable process that enable the muscle to create a force to move or resist a load in which
physiologically called the muscle tension [5]. The contraction is defined as the tension that
created in the muscle and it requires energy input, whereas the relaxation is defined as the
release of this tension that created by the contraction [5,14]. One of the major steps that is
essential for the cardiac muscle contraction is excitation-contraction coupling [5].
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1.2.2.3. Excitation Contraction Coupling

The excitation-contraction coupling (EC coupling) is the process where the cardiac action
potential stimulates the contraction by initiating the calcium signals that activate a contraction-
relaxation cycle [8,14] . In other words, it is the mechanism that takes place from the electrical
excitation of the cardiac myocyte to the contraction of the heart where the blood pushed out
[22].

The process of the EC coupling starts when the action potential stimulus in the cardiac muscle
cells. Figure 1.13 illustrates the EC coupling step by step. This stimulus is a current coming
through the gap junction. The action potential enters a contractile cell and spreads across the
plasma membrane down into the t-tubules cleft. This opens the voltage-gated L-type Ca*? in
cell membrane. During this and through these channels, the Ca*? enters the cell shifting down
their electrical activity (this process is responsible for the plateau phase of the action potential
as it sensitive to calcium) [8,14,22].

The calcium that passes inside the cell during the plateau phase works on the voltage-sensitive
channels that trigger Ca*? release in sarcoplasmic reticulum and stimulates them to remain open
for longer period. The rise of calcium entry opens ryanodine receptor Ca*? release channels
(RyR). Consequently, sarcoplasmic reticulum releases more calcium with each action
potential. This process of EC coupling is known as calcium-induced calcium release (CICR)
[8]. When the channels RyR open, the stored Ca*2 influx out the sarcoplasmic reticulum and
moves into the cytosol. This creates a Ca*? spark, and multiple sparks initiated from different
RyR channels sum to generate a Ca*? signal [8].

Calcium excites contraction of the cardiac muscle where the calcium released provides nearly
90% of the calcium needed for the contraction and the remained 10% enters the cell from
extracellular fluid [8]. Calcium diffuses to the contractile components in which the ion binds
to the troponin (globular protein complex involved in muscle contraction) and initiate the cycle
of crossbridge formation and movement [8].

Contraction then takes place using the sliding filament movement theory [8,14]. In this theory,
overlapping actin and myosin filaments of fixed length slide, exceed one another in an energy
required operation in which results to contract the muscle [8,14]. With closer look to the
myofibril structure in Figure 1.14-a where it presents the sarcomere resting state, the end of
the thick (myosin) and thin (actin) filaments slightly overlapped. In relaxed state, the sarcomere
has a large I band (thin filament), and the A band length is in the same length of thick filament.
On the other hand, when the muscle contract (Figure 1.14-b), both thin and thick filaments
slide past each other, and the sarcomere’s Z discs move closer together and in which results to
shortening the sarcomere length. The | band and the H zone (area where actin and myosin do
not overlap during the resting state) were almost disappeared.
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Figure 1.13: Excitation-contraction coupling in cardiac muscle. The illustration shows the
cellular events in the cardiac muscle that leads to the contraction and relaxation in the
contractile cells [14].

The relaxation process requires the removal of the calcium from the cytosol of cardiac muscle.
When the reduction of cytoplasmic Ca*2 concentration leads to Ca*? unbind from troponin,
consequently myosin releases actin, and the contractile filaments slides back to their relaxes
location. Then Ca*? is transferred back into sarcoplasmic reticulum (i.e. removed from the
cardiac cell) by Na*-Ca*? exchanger (NCX). It is important to note that, calcium release is rapid
and does not require energy since the concentration of calcium gradient is large during the
diastole. On the contrary, the removal of calcium from the cytosol and unbinding from the
troponin is an energy requiring process [14].

Finally, one Ca*? moves out of the cell and exchanged by 3 Na*entering the cell in which down
their electrochemical gradient. Note that the Sodium that entered the cell through this transfer
is removed by the Na*-K*-ATPase [14].

The EC coupling and sliding filament theory illustrate how the cardiac muscle can contract and
create force without making movement. According to the theory of sliding filaments, the
muscle fibres generates a tension which is directly relative to the force cross-bridges between
the thick and thin filaments [8,14]. In other words, the force generated by the cardiac muscle
is relative to the active cross-bridges which they determined according to the bound between
the Ca*? and troponin [14].
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With low cytosolic Ca*? concentrations, less cross-bridges are activated which lead to smaller
force of contraction. However, if additional Ca*2 enters the cells from extracellular fluid, more
Ca*? is released from sarcoplasmic reticulum [14]. Consequentially, more Ca*? bind the
troponin, increasing the ability to form cross-bridges between the myosin and actin, hence
produce additional force inside the muscle cells [14].

Additionally, another significant factor that influence the contraction force is the length of the
sarcomere at the beginning of the contraction (see section 1.2.3.1, the passive filling phase in
the cardiac cycle). Fundamentally, in the intact heart, the stretch on the individual fibres is
defined as the function of how much blood fills in the chambers (i.e. blood volume). The
relationship between the ventricular volume and the force will be addressed in section 1.2.3.4
of this chapter as it represents an essential part of explaining the results of the thesis
investigations.
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Figure 1.14: The length of sarcomere during a) the relaxes and b) contracted states. During
the contraction, the sarcomere shortens, actin and myosin do not change, instead they slide past
each another [14].

1.2.2.4. Electrocardiogram

As the action potentials propagate through the cardiac muscle during the depolarisation and
repolarisation, they generate electrical current that can be detected on the body surface using
recording electrodes placed on the skin [5,8,15]. The measured signal is known as
electrocardiogram or ECG (sometimes EKG). The ECG represents electrical current that
spread overall the heart as a function of the time during the cardiac cycle (i.e. heartbeat).

Historically, the first human ECG was recorded in 1887 [5], however, it was not processed for
clinical use until the early years of the 20™" century. Willem Einthoven, a Dutch physiologist
was considered the father of the of the modern ECG. Where he named the ECG components
as we know them today and created the hypothetical ‘Einthoven’s triangle’ [5,8,15].
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The ECG electrical signal can be detected by placing electrodes appropriately on the skin,
amplified and viewed on the chart recorder or a computer screen. The instrument that used to
detect and record the ECG is called electrocardiograph [16]. Figure 1.15-a depicts the typical
ECG signal showing the deflection points that are designated by the letters P, Q, R, S, T and
U.

Before explaining the ECG components and their formation, it is important to note that the
ECG recording represents the surface electrode voltage difference between two points. The
normal ECG signal exhibits major components, waves, intervals and segments. Each represents
the electrical activity that associated to a specific part of the cardiac muscle during the cardiac
cycle. The following section explains these components and their formation [16].

1.2.2.4.1. ECG Components (Waves, Intervals and Segments )

The atria and ventricles depolarise and then at different times contract because of the action
potential triggered by the cardiac conduction system along a specific pathway. The phase of
contraction is known as systole whereas the relaxation phase is known as diastole [4,5]. The
ECG waves represents the timing of the atrial and ventricles systole and diastole. Figure 1.15-
b shows the major ECG components on the ECG graph in a typical record, the waves are
[4,5,23]:

1) P wave: the first recognisable small wave in the ECG. It represents the depolarisation of
the atria.

2) QRS complex: which arise as the ventricles depolarise. This signal is prominent and
strong since the ventricles muscles are bigger than those of the atria. In addition, it forms
acomplex signal presumably because of the complexity of the pathway that depolarisation
propagates through the ventricles. The ventricles begin to contract shortly after the peak
of R wave.

3) T wave: represents the ventricles repolarisation. Note that atrial repolarisation is not
visible because it takes place during the ventricle depolarisation i.e. during QRS complex
electrical wave [23].

4) U wave: it has been believed that U wave represents the last phase of the ventricular
repolarisation. The wave has controversial origin; however, it usually follows the T wave.

The ECG signal is analysed by measuring the amplitude and duration (time) of the different
components. The time between waves is known as segments or intervals. Fundamentally, the
segments defined as the duration from the end of one wave to the beginning of the another
[23,24]. The segments and intervals are [23,24]:

1) P-Q segment is the time between the beginning of P wave to the beginning of the QRS
complex, where it represents the conduction time starting from the atrial excitation to
the start of ventricles excitation.
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2) P-R interval begins from the start of the atrial depolarisation to the beginning of QRS
when the ventricular depolarised. Lengthening in P-R interval with more than 200 ms
indicates a damage of AV node or conduction pathway.

3) S-T segment starts at the end of S wave and ends at the start of T wave. This segment
represents the time when the ventricles muscle depolarised during the plateau phase of
action potential. It is worth to mention that S-T segment elevated above the baseline or
depressed below it when the heart muscle receives inadequate Oo.

4) Q-T interval begins from the start of the QRS complex to the end of T wave. It
represents the time of ventricular depolarisation to the end of its repolarisation. The
lengthening of the Q-T interval is related to conduction abnormalities, myocardial
ischemia or myocardial damage. In addition, the Q-T may indicate a patient with a
congenital heart defect which can cause a sudden death [4].
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Figure 1.15: The ECG signal with six components (P, Q, R, S, T and U) showing a)
representative phase for the depolarisation and repolarisation of the atria and ventricles, b)
a strip of graph paper with annotated waves (P, Q, R, S, T and U), intervals (P-R and Q-T)
and segments (P-R, and S-T) [16].

1.2.2.4.2. ECG Normal Characteristics

1.2.2.4.2.1. Heart Rate

The heart rate in the normal sinus rhythm at resting is usually between 60 to 100 bpm. Note
that heart rate during the nocturnal sleeping (about 50 bpm) is different from the normal day
(average 75 bpm) [23]. There are several methods that can be used to assess the heart rate from
the ECG. The most famous method uses graph paper with the standard recording speed of 25
mm/second [16,23].
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1.2.2.4.2.2. Cardiac Rhythm

The cardiac rhythm can be normal which is defined as sinus rhythm (SR) which originates from
the sinus node. Mainly, P wave presence is the key to decide whether the rhythm is SR or not
[23]. Also, there is ectopic rhythm which originates from a site other than sinus node [23].The
abnormal rhythms are described in section 1.5 of this chapter.

1.2.2.5. ECG Lead System

The conduction system of the heart produces electrical activity (current), and as has been
mentioned the potential difference of these currents can be detected and measured through the
electrocardiograph [23]. The body served as a conductor of this electrical activity, thus
recording electrodes placed on the skin in distance from the heart, for instance chest, wrists,
and ankles can detect the voltage that produced by the cardiac currents in which conducted to
these places [23,24]. These electrodes convert the iconic current to electron current, so the ECG
potential amplify it, record it then display it [25].

The famous way to detect and record the voltage of the heart (electrical potential) is by using
the 12 standard leads. However, there are different configuration such as 3 leads system or 5
leads system. Using multiple leads are essential to capture the full picture of the 3D electrical
activity of the heart. Each lead presents different angle to the same signal (same activity) [25].
The following section reviews the 12 leads ECG system as it represents an essential part during
the study.

1.2.2.5.1. The 12 Lead ECG System

The routinely and widely used method by cardiologists to diagnose cardiac diseases is 12 lead
ECGs system. The 12 lead ECG uses 10 electrodes placed in 10 standard locations on the
patient’s skin. The 12 leads system uses three types of leads: the limb leads, the augmented
leads, and the precordial leads [25]. Figure 1.16 illustrates the placement of the 10 electrodes
that produced the 12 leads ECG. The electrodes are positioned on the arms and legs (limb leads)
and six positions on the chest (chest leads) to record the ECG [25,26].

The electrical signal of the heart is amplified by the electrocardiograph and produce 12
different tracings from different combinations of the limb and chest leads. Each electrode of
limb and chest records electrical activity with a little difference because of the difference in the
angles and position relative to the heart. These records help the cardiologists to discover if the
heart is enlarged, if a specific region of the heart is damaged, or if the cardiac conducting
pathway is abnormal [25,26].
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Figure 1.16: The 12 Leads ECG system showing the location of the limbs leads and the chest
leads (precordial leads) annotated as V1, V2, V3, V4, V5 and V6 [26].

The three limb leads I, 11 and 111 record the potential differences between two parts of the body.
To record these leads, electrodes are placed on the right arm, left arm, and left foot [27] as

Figure 1.17 shows.

These bipolar leads reveal the direction and magnitude in the frontal plane. Lead | records the
differences in potential between the left arm (+) and right arm (—). Lead II records the
differences in potential between the left leg (+) and right arm (—). Lead III records the
differences in potential between the left leg (+) and left arm (—). The potential differences
recorded by these leads are explained in Figure 1.18 [28].

The right leg electrode (Figure 1.17) is required for reducing the interference and could be
placed anywhere in the body; however, it is placed at this limb by convenience [29]. Lead IlI
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can be found by subtract lead | from lead Il. The vector that represents the limb leads known
as Einthoven’s law as shown in Figure 1.19a-b [25].

Right arm Left arm
electrode electrode
Chest
electrodes
Right leg Left leg
electrode electrode

Figure 1.17: The placement of the electrodes of the limb leads [28].

Figure 1.18: The bipolar limb leads, i) lead I, ii) lead Il and iii) lead I1I [28].
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Figure 1.19: a) Einthoven’s triangle, b) Einthoven’s triangle superimposed on the human
thorax and c) vector directions of the limb leads and augmented limb leads [30].

The augmented leads known as aVR, aVL and aVF, shown in Figure 1.19-c. The positive
electrode for these leads recorded in reference to the average of the other electrodes thus they
considered as unipolar recordings. Lead aVR, established when the right arm potential is
recorded in reference to the average of the left arm and left leg potential. Where lead aVL, the
left arm potential is recorded referencing the average of the right arm and left leg potentials.
Whereas lead aVF, the left leg potential is recorded relative to the average of the right and left
arm potentials. Additionally, the augmented leads can be derived from standard limb leads |
and Il [25]. Figure 1.19-c shows vector combination of the limb leads, and augmented leads.

The precordial leads consist of six leads named as V1, V2, V3, V4, V5, and V6 as shown in
Figure 1.16. The precordial leads are unipolar leads that use a reference known as Wilson’s
central terminal. Wilson’s central terminal is defined as the average potential of the right arm,
left arm, and left leg electrodes [25]. These six positive electrodes are placed on the chest
surface over the heart to record the heart’s electrical activity in the horizontal plane
perpendicular to the frontal plane as Figure 1.20 displays [31]. Electrode for V1 is placed to
the right of the sternum over the fourth intercoastal space whilst electrode for V6 is placed
laterally on the chest over the fifth intercostal space [31]. According to this placement, lead
V1, lies on the top of right ventricular free wall as Figure 1.20 shows whereas lead V6 lies over
the left ventricular lateral wall. Lead V1 during the normal electrical activity shows negative
deflection whereas as V6 is positive as shown in Figure 1.20 [31].

38



Posterior

Left
Lateral

Vs

_,. ':'J
- - 4
Vi Vp V3
Anterior

e
sn

Figure 1.20: The six precordial leads (V1-V6) placement and their appearance on the ECG
recordings. Leads V3-V6 shows mostly in normal condition high amplitudes [31].

1.2.3. Cardiac Mechanical Properties

1.2.3.1. Cardiac Cycle and Mechanical Events

The cardiac cycle contains all the events related to the flow of blood through the heart during
a one heartbeat. The review in this section concentrates on the following aspects of the cardiac
cycle that are needed to explain the study investigation, which includes: the various phases in
the pumping action of the heart, the periods of valve opening and closure, the changes in atrial,
ventricular, and aortic pressure, as they reflect contraction and relaxation of the heart muscle;
and the changes in ventricular volume as it reflect the amount of blood inflowing and leaving
the ventricle during each heartbeat [8].
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Figure 1.21 depicts Wigger diagram that shows the major events and their relationship of the
cardiac cycle. The Figure is divided into coloured and numbered bars to match the following
phases and to help to explain the phases through the text. Typically, all these events are
completed in less than 1 second [3]. The following examination of the cardiac cycle starts from
the middle of diastole in which the atria and ventricles fully relaxed [3]:

1)

2)

3)

Ventricular filling

The ventricles expand during diastole, and their pressure falls below the pressure of
atria. Consequently, the AV valves open and blood flows into the ventricles, and that
causes ventricular pressure to rise and atrial pressure to fall.

Fundamentally, Ventricular filling occurs in three phases (see Figure 1.21) [3]:

1a) The first one-third is rapid ventricular filling when blood enters the ventricles
rapidly.

1b) The second one-third, known as diastasis, is featured by slower filling. At the end
of diastasis, P wave of the ECG can be seen, indicating the depolarisation of the atria.
1c) In the last one-third, atrial systole finalises the filling process. The right atrium
contracts slightly before the left as it receives the signal firstly from the SA node. At the
end of ventricular filling phase, each ventricle contains an end-diastolic volume (EDV).
The EDV is the amount of blood in the ventricle at the end of diastole just before a
contraction starts [3], more details of the EDV are reviewed in section 1.2.3.2.1.
Isovolumetric contraction

At this phase, the atria repolarise, relax, and stay in diastole during rest phases of the
cardiac cycle. The ventricles depolarise and generate the QRS complex of the ECG, then
start to contract. Wave Q indicates the end of ventricular filling while R indicates the
transition from atrial systole to isovolumetric contraction of the ventricles. The S takes
place during isovolumetric contraction.

The pressure in the ventricles increases sharply and accordingly the pressure gradient
between atria and ventricles reverses. The AV valves close as ventricular blood flows
back against the cusps. At the beginning of this phase, the heart sound S1 occurs.

In spite of the ventricles contract, they do not eject blood and their volume has no
change. This is why the phase called as isovolumetric. The reason is because pressures
in the aorta and pulmonary trunk are still larger than the pressures in the corresponding
ventricles and thus oppose the opening of the semilunar valves. The cardiomyocytes
exert force; however, the blood cannot go anywhere as the four valves closed [3].
Ventricular ejection

When the ventricular pressure exceeds arterial pressure, the ejection of blood begins,
and forces the semilunar valves open. Typically, the pressure peaks at about 120 mm Hg
in the left ventricle and around 25 mm Hg in the right. Blood flows out of each ventricle
quickly at first (rapid ejection), then it flows out more slowly under less pressure
(reduced ejection). Ventricular ejection takes nearly 200 to 250 ms. It corresponds to
the plateau phase of the myocardial action potential but delays somewhat behind it. Late
in this phase, T wave occurs at beginning at the moment of peak ventricular pressure.
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The ventricles do not eject all their blood. At the resting, each ventricle contains an EDV
of around 130 mL, however, the amount ejected is about 70 mL, this is called the stroke
volume (SV) [3].

This represents about 54% of the EDV, the percentage called the ejection fraction (EF).
The blood that remained behind, around 60 mL in presented case, is known as the end-
systolic volume (ESV). The EDV-SV = ESV. In strong exercise, the EF can reach 90%.
Ejection fraction is a significant measure of cardiac health [3].

4) Isovolumetric relaxation

This phase represents the early ventricular diastole. The T wave ends, and the ventricles
begin to enlarge.
At the onset of ventricular diastole, some blood from the aorta and pulmonary trunk
flows backward via the semilunar valves. The backflow, however, rapidly fills the cusps
and closes them, generating a minor pressure rebound that appears as the dicrotic notch
of the aortic pressure curve (the top curve in the Wiggers diagram). Heart sound S2
occurs at this phase when the semilunar valves closed, and the ventricles expand.
This phase is known as isovolumetric because the semilunar valves are closed, the AV
valves have not yet opened, and hence the ventricles are taking in no blood. When the
AV valves open again, ventricular filling (phase 1) starts again. If occurs, the heart sound
S3 supposed to be a result from the transition of expanded empty ventricles to rapid
blood filling [3].

During the resting when the heart beats at 75 bpm, atrial systole takes around 0.1 s, ventricular

systole takes 0.3 s, and the period when all four chambers are in diastole (quiescent period)

takes around 0.4 s. Therefore, the total duration of the cardiac cycle is 0.8 s [3].

1.2.3.2. Cardiac Performance (Cardiac Output)

The heart’s efficiency as a pump is measured in terms of cardiac output which is the amount
of blood that heart pumps each 1 minute. The cardiac output CO (sometimes termed as Q) is
determined as the product of the amount of blood that the heart ejects with each beat known as
stroke volume (SV) and the heart rate (HR) when the heart beats each minute (i.e. CO = SV x
HR) [3,16].

In the normal condition, many factors influence the cardiac output such as the body size,
temperature and the metabolic needs of the muscle tissues. It increases with physical activity
(e.g. exercise) and decreases during rest and sleep. The value of cardiac output can increase to
high level during maximum exercise (e.g. in the highly trained athlete) [3,16].
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Figure 1.21: The phases of the cardiac cycle showing two cycles, Wiggers diagram (modified)

3].

The ability of the heart to regulate the SV or to increase its output according to body needs is
mainly govern by four factors: i) the preload or ventricular filling, ii) the afterload or defined
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as the resistance to the ejection process of blood from the heart, iii) cardiac contractility, and
finally iv) the heart rate. The heart rate and contractility are mainly cardiac factors, i.e. they
are originated in the heart, despite they are governed by various neural and humoral
mechanisms. On the other hand, preload and afterload, are reliant on the performance of both
the heart and blood vessels [3].

The review will focus on the factors that are associated to study proposed theories, such the
preload and its relation to the heart rate, however the other factors will be reviewed briefly as
the study demands.

1.2.3.2.1. Preload and End Diastolic Volume (EDV)

The preload represents the amount of tension (stretch) in the ventricular myocardium
immediately before it begins to contract [5, 31]. The term preload is used because it represents
the load imposed on the heart before the contraction begins. As more blood enters the heart, a
greater stretching occurs in the myocardium according to the length—tension relationship (see
the details in section 1.2.3.3) [5, 31]. Consequently, as more blood fills the heart during
diastole, the greater the force of contraction during systole [3,5, 31]. This relationship is known
as the Frank—Starling law of the heart.

The preload is related to the end-diastolic volume (EDV) which is defined as the volume of
blood that fills the ventricles at the end of diastole [3,5]. Typically, the greater the EDV, the
more forceful the next contraction. There are two factors that regulate EDV, first, the duration
of ventricular diastole (considered in this study) and second, the venous return (represents the
volume of blood returning to the ventricle) [3,5, 31].

Less filling time in the ventricles means a smaller EDV, and the ventricles possibly contract
before they are sufficiently filled. In contrast, when venous return increases, a larger volume
of blood flows into the ventricles, and consequently the EDV is increased. In the fast heart rate
when it exceeds 160 bpm, SV generally declines due to the short filling time. At such fast heart
rates, EDV is less, and the preload is lower [3,5].

Therefore, patients with slow resting heart rates mainly have large resting SV due to the
prolongation of filling time, and preload is larger. The heart’s Frank—Starling law equalises
the output of both right and left ventricles and preserves the same volume of blood to flow for
both the systemic and pulmonary circulations [5, 31].

1.2.3.2.2. Contractility and Afterload

The SV is directly relative to contractility, when the ventricles contract more forcefully, they
propel more blood. To eject blood, the generated pressure in a ventricle when it contracts must
be higher than the pressure in the arteries as blood flows only from higher pressure to lower
pressure. When blood starts to be ejected from the ventricle, the added volume of blood in the
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arteries causes an increase in pressure presented by the peripheral resistance. The total
peripheral resistance consequently generates an impedance to the ejection of blood from the
ventricle known as afterload. This is medically important because a person with a high total
resistance has a high arterial blood pressure, and hence high afterload imposed on the
ventricular muscle [3,5, 31]. The SV is inversely related to the total peripheral resistance, where
the greater the peripheral resistance, the lower the SV [3,5, 31,32]. Figure 1.22 shows the
determination of cardiac output by the SV and the heart rate, and how SV is determined by
preload, afterload, and contractility [32].

/} Cardiac output (-\
| | i
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Heart rate

Stroke volume

Preload Afterload

Contractility

Figure 1.22: An illustration shows the cardiac output is determined by both stroke volume and
heart rate. Stroke volume is determined by preload, afterload, and contractility [33].

1.2.3.3. Frank-Starling Law of the Heart

The Frank-Starling law (or sometimes called Frank-Starling mechanism) elucidates the
relationship between the contraction force and the initial length of muscle cells, in other words
the heart’s ability to increase its force of contraction when stretched [11,31].

It stated that “ ability of the heart to change its force of contraction and therefore stroke volume
in response to changes in venous return” [31]. Simply, it stated that SV is directly related to
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the EDV. Which means the ventricles tend to expel as much blood as they receive, and the
more they stretch the harder the contract on the next beat [3].

In fact, when the ventricles fill with blood, the cardiac muscle wall (myocardium) stretches so
that the actin overlap with myosin only at the edges of the A bands as Figure 1.23 illustrates.
This process increases the number of interactions between actin and myosin, which allows
additional force to be established during contraction. As the overlapping of actin and myosin
is more valuable via stretching of the ventricles, and because the level of stretching is controlled
by the level of filling (EDV), hence the strength of contraction is intrinsically regulated by the
EDV [32].

The muscle length (i.e. the sarcomere length) is strongly affected by the contraction strength
(force). This is assumed to be due to an increased sensitivity of stretched cardiac muscle to the
stimulation impacts of Ca?* [11].

Resting sarcomere lengths

P s
b | ——
[ Pe———
(A —24 pm——
(d) Actin

z ¥ Z
W‘_#—Myosin
A (c) |
© -‘:.3 Frrmr—r
E [ (€) —o22 pm—
g (b) ®
'_
(a)
| anaassmmannass
. i b)) —2.0 um—
0 500 1000
msec L e xaammanana]
Timeg ————————————
(@) 1.5 um—

Figure 1.23: The Length-Tension relationship according to the Frank-Starling mechanism. If
the heart muscle is exposed to an increasing degree of stretch (a through d), it contracts more
forcefully. The y-axis as the tension indicates contraction strength. Interestingly, the time
required to achieve maximum contraction remains constant, regardless of the level of stretch

[32].
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1.2.3.4. Ventricular Pressure-Volume Relationship

The pressure volume loop gives a powerful tool to analyse the cardiac cycle and characterise
the ventricular function as a pump [31].

Figure 1.24 shows pressure—volume loops and the mechanical event of the cardiac cycle, where
the loop in Figure 1.24a-b is generated by plotting left ventricular pressure against left
ventricular volume at various time points during a complete cardiac cycle. The cardiac cycle
phases are annotated in Figure 1.24-a. Figure 1.24-c illustrates the loop of the mechanical
events for one cardiac cycle to follow the description during the pressure-volume diagram
explanation. The EDV (the largest volume reached) at the end of filling, and ESV (residual
volume) of the ventricle shown at the end of ejection (Figure 1.24-a). Thus, the difference
between EDV and ESV is represented by the width of the loop which is the stroke volume (SV)
[31-35].

The filling phase passes along the end-diastolic pressure-volume relationship (EDPVR) as
shown in Figure 1.24-b, or as it is known a passive filling curve for the ventricle. The highest
pressure that can be established by the ventricle at any given left ventricular volume is defined
as the end-systolic pressure—volume relationship (ESPVR) as displayed in Figure 1.24-b
[31,35].

Figure 1.24-a shows the hemodynamic changes during a one cardiac cycle. The rise in
ventricular pressure during the phase of filling ends when the mitral valve closes, and reflects
the compliance of the ventricular wall. During the phase of isovolumic contraction, pressure
increases sharply while volume stayed constant [31,35].

Ventricular pressure increases to a level to exceed the aortic pressure; accordingly, the aortic
valve opens, and blood is ejected. Ventricular ejection phase (i.e. systole) continues until
ventricular pressure decreased below aortic pressure and the aortic valve closes. The phase of
isovolumic relaxation follows, which is recognised by a sharp fall in pressure and without
change in the volume. Accordingly, the mitral valve then opens, hence completing one cardiac
cycle [31,35].

The end-systolic points in Figure 1.22-b in the series of loops emulate a linear relationship of
pressure-volume with the ESPVR. The End-systolic elastance (Ees) describes the slope of
ESPVR. On the other hand, the diastolic pressure-volume points (Figure 1.24-b) define a non-
linear end diastolic relationship (EDPVR). Typically, a constant contractility and afterload,
leads to progressive reduction in preload which causes the loops to shift toward smaller
volumes at end-systole and end-diastole, which leads to a decrease in stroke volume SV
[31,35].
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Figure 1.24: The pressure—volume loops and the mechanical event of the cardiac cycle. a)
Pressure-volume loop of the left ventricle [35]. b) Multiple pressure-volume loops generated
by progressive reductions in preload. c) The mechanical event of one cardiac cycle [14].

1.2.4. Principles of Heart Physiology During Exercise

All types of the movement regardless of the duration, the intensity or the mode, demand power
and energy above the resting rate. Oxygen plays a big role to provide more energy to the
working muscles, and to achieve this, cardiovascular and respiratory systems work together.
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There are many types of physical exercises, however there are two main general groups of
exercise: dynamic exercise (e.g. running, walking, swimming and cycling) and isometric
exercise (e.g. plank and side bridge and many yoga poses such as chair and tree poses). The
isometric exercises involve holding a position rather than moving as is the case with dynamic
exercise [36,37].

The dynamic exercise has the major effect on the cardiovascular and respiratory systems in
many ways during the individual life. The study of exercise physiology can provide a useful
insight to understand the circulatory system behaviours and response, and how the system
interacts with the respiratory system since they have a strong bond of working together. There
is strong relationship between the exercise intensity and the cardiorespiratory parameters, such
as heart rate, left ventricle stroke volume, cardiac output, atrial pressure, and atrial and venous
blood oxygen contents. Clinically, exercise stress is used to diagnose, assess and quantify the
intensity of the cardiovascular/respiratory disease [37].

Since the variation of heart rate is one of the factors of the exercise activity, therefore it could
provide a useful model to investigate the effect of this changes on the electrocardiogram (ECG)
and the cardiac phases including the waves of depolarisation and repolarisation.

So far, there are several studies investigated the effect of the heart rate changes on the T wave,
however there are no studies about U wave behaviours with respect to these changes in healthy
subjects. In the study (see section 5.3 of Chapter five), the effect of the heart rate changes was
investigated on the repolarisation waves.

1.2.4.1. Cardiovascular Response to the Exercise

Exercise is a powerful physiological exertion leads to a disturbance in entire body homeostasis.
In response to exercise, neural and hormonal alteration results in the inotropic (force or speed
alteration of the muscle contraction) and chronotropic (effects that changes the heart rate) state
of the heart [2]. The influence of these changes results in increased cardiac output to plateau
within two minutes, to reach a ‘steady-state’ as a result of increased heart and stroke volume
(cardiac output (Q) = HR x SV) [36,38-40], as Figure 1.25-a. shows. This reflects the fact that
cardiac output is adequate to transport the demanded oxygen to support the metabolic needs
during the activity [36,38,39].

Heart rate increases directly at the onset of the exercise due to the repaid withdrawal to the
parasympathetic system (vagal tone). Simultaneously, sympathetic nerve activity starts to
contribute to increase the heart rate following the beginning of exercise and becomes
progressively significant as heart rate increases [36,38,39].

Typically, when the cardiorespiratory system meets the requirements of the body’s metabolism,
the exercise is often called the “steady-state” or “steady-rate”. During the steady state, the
energy provided to cardiovascular system is balanced to energy required to the working
muscles [36].
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Figure 1.25: Cardiovascular response to submaximal exercise, a) Cardiac output (Q), b) Stroke
volume (SV), and c) Heart Rate (HR) [36].

The changed action potential duration, contractile velocity and conduction velocity, related to
the increase in heart rate results in several ECG changes during exercise (reviewed in the
following section). Similar to heart rate, stroke volume SV also increases during exercise
(Figure 1.25-b and c). The increase in SV is associated with changes in end diastolic volume
(EDV) and ‘sympathetic stimulation and adrenaline’ control [36].

Exercise results in an increased EDV combined with an increased return of blood to the heart,
and rapidly changing intrathoracic pressure. The increased EDV leads to an increased SV
associated with an increased length of myocardial fibre i.e. sarcomere length (see section
1.2.3.3). This capacity to increase stroke volume has a higher limit associated with the
maximum myocardial length [36,38,39]. Figure 1.26 illustrates the difference of ventricular
volume during the supine, standing and during exercise conditions.
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Figure 1.26: Illustration shows the volumes of the heart during a) supine, b) while standing,
and c) during exercise. * indicates atrial contribution to ventricular filling [40].

The ventricles’ rapid filling during early diastole (see section 1.2.3.1) is substantial during
exercise when the heart rate increases, and diastole is significantly reduced. An increased
sympathetic input associated with raised circulating adrenaline results in an increased

49



myocardial contractility. Increased atrial contractility increases EDV, while increased
ventricular contractility decreases end systolic volume (ESV) due to the increased force and
velocity of contraction. The result is an increased ejection fraction (EF) during exercise in
which results in an increased SV [40].

At higher heart rates, despite a reduction in systole, the fast ejection of blood during early
systole results in a minimal effect on stroke volume. EDV, however, at maximal exercise
remains close to resting values although a sympathetic-derived increase in ventricular
relaxation due to the reduced time for the slow phase of diastolic filling (diastasis) and the AV
valves resistance to higher flow rates [36-40]. As a result, SV increases during light and
moderate exercise but then followed by plateau once the steady state is achieved [36-40].
Figure 1.27. illustrates the changes of EDV and ESV to initiate the SV during the rest and the
exercise.

The consumption of the myocardial oxygen rises during the exercise, because the heart must
do more work to increase cardiac output and then provides the working muscle with the needed
oxygen. Consequently, the myocardial blood flow increased dramatically (workload) to the
working muscles to support the energy production [36].

Figure 1.28. shows the oxygen consumption through time changes from the beginning of the
exercise to the recovery state. At the start of the exercise, oxygen consumption starts to
increase, and then continue to raise at the first minute of sustained exercise, and then plateaus
as oxygen uptake matches the muscles and tissues need. At the end of the exercise, the oxygen
consumptions start to decrease gradually during recovery period [37].
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Figure 1.27: The changes of end-diastolic volume (EDV) and end-systolic volume (ESV) to
initiate the stroke volume (SV) during the rest and the exercise [37].
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Figure 1.28: Oxygen consumption (O2 uptake) as a function of time during and after steady-
state, dynamic exercise. With initiation of the exercise (at time 0), oxygen uptake increases
over the first 1-2 minutes and levels off at a steady-state value. During the first minute of
exercise, oxygen uptake does not match oxygen requirement, resulting in an oxygen deficit
(crosshatched area, upper left). During the plateau, oxygen need of the exercise is matched to
oxygen supply. During recovery period, there is a gradual decrease in the oxygen uptake down
to resting levels [37].

Notably, cardiovascular physiological response to the dynamic exercise has the same behaviour
for both genders. However, the magnitude of the response varies according to variables
associated to the differences in the body size and structure, and factors such as duration,
intensity, the environmental conditions and frequency of the exercise [36,39,41,42].

1.2.4.2. ECG During Exercise

Exercise is commonly used in the clinical setting to create a strong physiological stress to the
cardiovascular system. Examining the cardiovascular system responses to exercise helps
clinicians and researchers identify underlying cardiovascular disease and clarify the
mechanisms underlying abnormal responses [40]. It has been described in section 1.2.4.1, as
exercise intensity increases, the heart rate, arterial blood pressure, stroke volume SV and
myocardial oxygen demand increases [40].

Exercise testing can be employed to diagnose underlying diseases of cardiovascular system
and evaluate the efficacy of pharmacotherapy. Exercise testing is valuable to understand the
cardiorespiratory capacity, diagnostic testing (A diagnostic test is a procedure performed to
confirm or determine the presence of disease in an individual suspected of having a disease,
usually following the report of symptoms, or based on other medical test results. e.g. angina
and dyspnea), and disease severity [40]. One of the efficient methods to view the response of
exercise testing is the ECG results as the exercise physiological stress evolves various

51



responses on the ECG. The ECG response before, during and after exercise plays a significant
role in the analysis of the subject condition by the experts.

The changes in the ECG during exercise in normal subjects were first described by Simonson
in 1953 [43]. Later, several studies were conducted to describe the ECG components and their
response during the exercise or recovery period. However, the main focus was on the P wave,
QRS complex, and T wave; or the intervals or segments between them. However, it has been
rarely described U wave or quantify it during exercise process. A possible reason is that U
wave is a small defection with low amplitude and has widely reported that with fast heart rate
U wave cannot be seen [43].

The change of action potential duration, cardiac conduction velocity, and contractile velocity
that associated with the increase in heart rate (HR) during exercise, results in several ECG
changes in normal heart of healthy subjects, including the following [40]:

* R-Rinterval decreases
= P-wave amplitude and morphology experience minor changes

= Q-wave amplitude increases

» R-wave amplitude reduces to a minimum at maximal exercise

* The QRS complex undergoes minimal shortening

= J-point depression occurs

= Tall, peaked T waves occur (becomes symmetrical)

= ST segment becomes upsloping

= QT interval experiences a rate-related shortening (rate dependent)

In the recovery period, these changes are mostly reversed [43]. Further, Lloyd-Thomas and
Palmer [44,45] briefly reported that inversion of the U wave after exercise was considered to
be pathological. Its amplitude increased after exercise in several leads with depression of the
T-U segment.

1.3. U wave in Electrocardiogram

The electrocardiographic U wave was firstly described by Willem Einthoven in 1903 [46].
Despite the long period since the wave’s description, however, the underlying
electrophysiological basis of U wave origin has not been yet fully understood or precisely
explained [47-50]. Several hypotheses have been proposed to explain the U wave genesis,
however, none of them has been universally accepted [48-50]. The objective of this section is
to review the recognised characteristics of the U wave, its genesis related to the proposed
hypotheses, its pathology and abnormality.

Observed U waves can have considerable amplitude in pathological cardiac cases, nevertheless
it was present in 50% of all persons with normal heart as wave with small amplitude [48,51,52].
He made two observations; firstly, U waves had various amplitudes in all hearts. Secondly, the

52



end of the U wave lies after the second heart sound [48,49]. In 1912, Lewis and Gilder observed
that in 75 % of all ECG. The U wave was distinguishable with an amplitude of around 0.1 mV
and a duration of 0.16 s [53]. They considered the U wave as an early diastolic event, because
they found that U wave initiation coincides with closure of the semilunar valves and the second
heart sound [53].

For long period, the U wave was thought to have no significant diagnostic information in the
ECG, and thus it has rarely been included in the routine analysis of the ECG. Unfortunately,
that has been reflected in most of the old reports and clinical books where they neglected U
wave. Recently, due to the scientific revolution and modernise investigations using computer
simulation, echocardiographic inspection and high-resolution ECG, with growing knowledge
of the cellular basis of cardiac repolarisation, together have led to new insight into the role and
the genesis of the U wave in the cardiac electrophysiology and pathology [49,50].

1.3.1. The Characteristics of U Wave

The U wave is characterised as the last small rounded inconstant diastolic deflection of the
ECG, following the T-wave [48,49,52]. The U wave is a separate wave under physiological
conditions and starts with the second heart sound during phase 4 of the cardiac action potential,
in other words it begins at the beginning of ventricular relaxation [48,49]. Figure 1.29-a
illustrates the position of U wave during monophasic action potential and Figure 1.29-b shows
its coincidence with the second sound S> during the mechanical cycle.

U wave morphology is mainly monophasic positive or negative however it can be biphasic
[48,49,52]. According to the recent investigation, the U wave is usually best recognised in the
precordial leads V2-V6, when heart rates between 50 and 100 bpm. The wave’s timing is
identical in all leads. The highest amplitude of the U wave is in leads V2-V3, and seldom
exceeds 0.2 mV in human [48,49,51,54,55].

The interval from the end of the T-wave to the peak of the U wave is almost rate independent,
which is unlike the QT interval regardless of whether heart rate is raised (e.g. hypercalcaemia
or due to digitalis) or decreased (e.g. during atrial fibrillation) [48,50,56]. Nevertheless, the U
wave becomes indistinguishable, if the QT interval increases more than 100 ms, this comes
under pathophysiological conditions such as long QT syndrome (LQTS) where the U wave can
be difficult to discern from the T-wave [48-50,56] or following administration of class IlI
antiarrhythmic drugs [48,49]. The interval from the end of the T-wave to the apex U wave is
approximately 90-110ms [48,51], and the duration from Q wave to the U end interval increases
with the prolongation of R-R intervals [48-50].

In normal subjects U wave always directed similarly to the polarity of the T wave [48-50,52],
hence the U wave is called ‘the U wave inverted’ if its polarity inverted relative to the T wave
and considered diagnostically important [49,57,58]. Regarding the pathological U wave
polarity, there are three described categories of U wave: patients with negative T waves and
positive U waves are called ‘Type I discordance’, positive T waves with negative U waves are
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called ‘Type II discordance’, and the combination of negative T and negative U waves are
called ‘concordant polarity’ [49,57,58].

The U wave under normal conditions is upward except in lead aVR where it is reported negative
and occasionally in lead Il and aVF [48,49,59]. The U wave in atrial fibrillation (AF), is best
seen in the precordial leads V2-V6, however the maximal amplitudes recognised in lead V4
[1,55]. As the main interest of the investigation is to examine U wave particularly in AF, thus
U waves were investigated using either 12 leads ECG for multichannel studies or lead V4 for
single channel studies, since lead V4 represents optimum lead for observing U waves due to
their higher amplitudes [1,31,49,54].
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Figure 1.29: The U wave of ECG in the cardiac action potential and during the mechanical
cycle in normal condition. a) The U wave is coincident during phase 4 of the action potential.
On the surface ECG, U wave is located on the TP interval. b) The U wave during the cardiac
mechanical cycle showing its relationship to the second heart sound S [49].
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The precordial leads, particularly V2-V4, are best to examine the repolarisation features
including U wave. The reason is their placement is close and towards the left and the front
ventricular which has large muscle mass [17,31,60] (see Figure 1.20). This helps to record
higher electrical activity associated to the repolarisation waves compared to the rest of leads.
Interestingly, the instantaneous amplitude of the measured potentials depends upon the
direction of the electrode, and the voltage amplitude is directly associated to the mass of cardiac
tissue undergoing depolarization or repolarization [17, 31,60]. Figure 1.30 shows the precordial
leads placement relative to the ribcage and heart anteriority. Further, a preliminary study to
investigate U wave in AF [54] showed that precordial leads V2-V6 have higher amplitudes
compared to other leads, and lead V4 was the largest among the 12 leads as shown in Figure
1.31.
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Figure 1.30: The precordial leads placement. a) Position of the chest electrodes relative to the
ribcage [60]. b) Diagram illustrating the position of the precordial leads (V1-V4) relative to
the heart anteriorly [61].

1.3.2. Origin of U Wave

The origin of the U wave is unknown. Since the Einthoven’s first description of the U wave
100 years ago, a number of controversial theories have been proposed to explain its origin
including papillary muscles, Purkinje system, negative afterpotentials, mechano-electrical
feedback and early or delayed afterdepolarisations [48-50,62-64]. However satisfactory
clarification is still outstanding, and the debates continue regarding whether the U wave is a
purely electrical or mechano-electrical phenomena [48-50,62-64]. This is because the U wave
is the only component of the ventricular features of the ECG during the cardiac cycle that
cannot be derived evidently or obviously from the ventricular action potential dynamics
[63,64].
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Figure 1.31: Amplitude distribution of U waves across the 12 leads in 10 atrial fibrillation
patients [54].

There are several hypotheses to explain the genesis of the U wave as mentioned above.
However, only three hypotheses were widely investigated, and they are [48-64]:

i) Delayed repolarisation of the His-Purkinje system [65,66].

ii) Delayed repolarisation of certain regions of the ventricular myocardium like the papillary
muscle or mid-myocardial (M cells) [67-69].

iii) Stretch-induced delayed after-depolarisations, caused by expansion of the ventricular wall
during diastole. The hypothesis currently called mechano-electrical coupling hypothesis
or mechano-electrical feedback [48,51,64-71].

The following section discusses the three major hypotheses to explain the genesis of U wave.

1.3.3. The Hypotheses of U Wave Genesis

The three major hypotheses to explain the genesis of U wave are:

1.3.3.1. Hypothesis 1: Delayed Repolarisation for His-Purkinje System

The first theory introduced to explain the U wave genesis is “delayed repolarisation of the
intraventricular conduction system of the ventricular Purkinje fibres”. It was introduced in 1960
by Hoffman and Cranefield [65]. In this theory, it has been suggested that the U wave might
reflect repolarisation of the Purkinje system, since the action potential duration in these fibres
are the longest for any cells in the heart [48,49,65].

In canine model experiment using microelectrode techniques, Watanabe [66] conducted a study
to compare the action potential of Purkinje and ventricular muscle fibres under conditions
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accentuating the U wave. The author concluded that the U wave represents Purkinje fibres
repolarisation. The duration of phase 3 was distinctly increased and the difference between
Purkinje fibre and ventricular action potential duration significantly increased. These
comparisons detected a good temporal correlation between phase 3 repolarisation in Purkinje
fibres and the U wave [66].

There are many arguments against His-Purkinje hypothesis which make it implausible theory
to explain U wave genesis. The arguments against this theory include the fact that the involved
tissue mass of Purkinje relative to the large mass of the ventricles, is too small to be recorded
on the surface ECG and generate U waves [72]. Furthermore, the interval between the end of
the T-wave and apex of the U wave is heart rate independent, whereas Purkinje fibre action
potential duration is heart rate dependent [51]. Moreover, amphibian hearts have no Purkinje
fibres, but they do exhibit U waves [48,49]. Additionally, in patients with right bundle branch
block, the timing of the U wave correlates better with the presence of right myocardial
hypertrophy than with timing of intraventricular conduction [50]. Furthermore, the U wave
morphology does not fit the Purkinje fibres repolarisation pattern. The rising limb of the T-
wave is longer than its descending limb, which is like the repolarisation pattern of ventricular
and Purkinje fibres, while the U wave ascending faster than it decays [48].

1.3.3.2. Hypothesis 2: Delayed Repolarisation of Certain Regions of the
Ventricular Myocardium

The delayed ventricular repolarisation of certain regions of the ventricular myocardium like
the papillary muscle or mid-myocardial (M cells) is one of the proposed hypotheses to explain
the origin of U wave of ECG.

Regarding the papillary muscles region, in 1956, Furbetta and A Bufalari [73] characterised
the ‘papillary muscle syndrome’ and assumed that the U wave represents repolarisation of the
papillary muscle and neighbouring components. The authors supposed that various papillary
muscle abnormalities, whether anatomic or functional, can be detected by modifications of U
waves and the T-U segment [51,73].

Regarding this hypothesis from the M cells region perspective, the theory is attributed to the
key feature of M cells (located in the mid-myocardium) which is their ability to prolong action
potential duration during decreasing of the heart rate more than epicardial or endocardial
cardiomyocytes [51]. Figure 1.32 displays the action potential in different cardiac tissues where
M cells in midmyocardium has the longest action potential. The M-cells relative to the
epicardial or endocardial have different electrophysiological and pharmacological features
[51].

Antzelevitch and et al [74] suggested that M cells have abundant tissue mass comparable to
Purkinje cells and their delayed afterdepolarisation could be sufficient to give the rise to
pathophysiologic U wave in the presence of developed or congenital long QT interval (LQTS).
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The discovery of M cells and their electrophysiologic behaviour has an impact to understand
the cellular basis for repolarisation and has contributed to further understanding of U-wave
genesis [74]. On the contrary, another experiment suggested that M cells may give rise to a
second component of the T-wave, as an accentuated or inverted U wave [51]. Antzelevitch and
et al suggested to use the terms ‘T1’ and ‘T2’ to describe the two adjoining repolarisation
waves, or ‘bifurcated T-wave’, which is separate from the U wave [51,64].

The T and U waves as separate deflections was also found in patients with acute myocardial
ischaemia, where the monophasic transformed ventricular complex is independent of the
morphology and timing of the U wave [48].

Sinus node

Atria

AV node

His-Purkinje

Endocardium

Midmyocardium— Ventricles

Epicardium

Figure 1.32: Different action potential in different cardiac tissues . The His-Purkinje tissue has
the fastest upstroke speed for rapid conduction of electrical impulse to activate the ventricles
synchronously. The ventricular epicardium, endocardium, and midmyocardium have distinct
action potential formations [75].
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1.3.3.3. Hypothesis 3: Mechano-Electrical Coupling

Lepeschkin in 1957 firstly suggested the concept of mechano-electrical coupling as a
contributor to, or a cause of, the U waves [51,76]. As the T wave end coincides with the second
heart sound (Sz), the mechano-electrical hypothesis suggests that after potentials caused by
stretching of the cardiac muscle layers of the left ventricle would give rise to the U wave
[51,53,77]. The mechano-sensitive ion channels transduce the changes in the cardiomyocytes
mechanical environment into electrical signals [51,78-80]. Up to now, there is no decisive
proof to support the U wave via mechano-electrical hypothesis. However, this hypothesis
produced principally because it links between the timing of U wave and ventricular relaxation
which makes it more favourable among the other hypotheses [51] .

Schimpf et al. [63] found in echocardiographic measurements that the presence of the U wave
in short QT syndrome (SQTS) patients synchronised with aortic valve closure and isovolumic
relaxation, in which supports the hypothesis that the U wave is associated to mechanical stretch.

Clinically, there is a considerable dissociation between the ventricular repolarisation and the
mechanical systole termination in SQTS patients. The coincidence of the U wave with ending
of mechanical systole provides a favourable support for the mechano-electrical coupling
hypothesis for the genesis of the U wave [63].

There is a reason to believe the U wave is generated due to triggered potential by stretching of
cardiac ventricular muscle during the time of rapid blood filling into the ventricles [48]. In
other words, the combination of the afterpotential with the triggered activity are presumably
contributed to the wave’s genesis [48]. Afterpotentials (see section 1.2.2.1.3.2) arise in
stretched cardiac fibres and physiologically the endocardial tissue is subjected to a greater
stretch than the epicardial muscle.

Also, Lepeschkin [76] assumed that U waves were initiated by the potential differences
between larger negative afterpotentials and smaller afterpotentials of the cardiac muscle.
Further, Di Bernardo and Murray [81] proposed a simple process to model repolarisation in the
left ventricle and its corresponding T waves on the surface ECG. They modelled the action
potentials of the cardiac cell in the left ventricle with differences in only the duration of the
plateau phase. The authors concluded that repolarisation of the left ventricle can be
demonstrated independently of the depolarisation sequence and action potential duration
gradients. This method has produced an easy and powerful instrument to characterise the
repolarisation ventricular features. The same authors using their left ventricle repolarisation
computer model have demonstrated that the delay of repolarisation in different regions of the
heart cannot explain the U wave. Whereas the presence of after potentials on the cardiac cells
does explain the polarity of U wave and other characteristic and features. additionally, the
authors also found that the timing of abnormal after-potential correlated with abnormal U wave
inversion [82].
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1.3.4. U Wave Pathology

1.3.4.1. Abnormalities of U Wave

The U wave in the normal subjects has the same polarity as the T wave [48-50,57,58].
Typically, the U wave is lower than the 50% of the width and between 3 to 24% (average 11%)
of the preceding T wave amplitude [48,49]. Therefore, if the U wave inverts with the respect
to the T wave polarity or exceeds 1.5 mm, it considered abnormal and diagnosed as clinically
important as it may be the earliest and the only marker of heart disease [48,49,64]. Major
cardiac organisations such as American Heart Association (AHA) and Heart Rhythm Society
(HRS) and American College of Cardiology (ACC) recommended that all U wave
abnormalities should be reported during ECG interpretation [49,52].

There are two types of U wave abnormalities [48,49]:

1.3.4.1.1. U Wave Inverted

An inverted or negative U wave appears in various pathological conditions and around 93% in
ECG abnormalities of cardiac diseases. In the normal condition, the negative U wave appears
in the standard ECG lead aVR and occasionally 1l and aVF. Itis rarely occurring in the absence
of heart disease or other ECG abnormalities [48,49,73,83].

The U wave inversion has been reported during attacks of variant angina pectoris and during
exercise testing [73,80]. The lone inverted U wave after exercise is highly predictive of
significant coronary artery disease [49,84]. Generally, in cases of hypertensive, ischemic, or
left-sided valvular heart disease, the inverted U wave is reported in the left precordial leads;
however, in patients with right ventricular hypertrophy the inverted U wave is usually reported
in the right precordial leads [49,84,85].

Moreover, negative U waves is a significant sign of ischemia and related with coronary artery
disease (CAD) stenosis, usually in the LAD artery [48,86]. Also, it associated with
hypertension (high blood pressure nearly 40% cases), and congestive heart disease [48,86]. The
association of negative U waves and stroke is dependent on the presence of CAD [86].
Additionally, inverted U wave can be seen in hyperthyroidism, primary cardiomyopathy
[48,49,86]. Figure 1.33 presents an example of inverted U wave in lead V2 and V3.
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Figure 1.33: An example of ECG showing inverted U waves in the leads V2 and V3 as
annotated by the arrows [87].

1.3.4.1.2. Prominent U Wave

If the U wave reaches 1.5 mm/0.15 mV or 25% of the amplitude of the T wave or more, it
considered a high or ‘prominent’ U wave [49]. However, it could be 2 mm (0.2 mV) in the lead
I1, and the precordial V2-V4 [48,49].

It has been reported that the amplitude of U wave is inversely related to the heart rate (1/R-R),
thus it is can be seen readily in bradycardia [49,83]. The amplitude of the U wave increases
during slow rates which is associated with the increase in ventricular filling and longer ejection
period. This is clear in the cases of long QT interval [49,83].

Also, hypokalemia is one of the condition famous for prominent U waves and distinctive
changes in the ST-T complex. It may produce a combination of ST depressions with prominent
U waves and overall prolonged repolarisation [88]. Figure 1.34 displays an example ECG with
different hypokalemia’s patterns showing prominent U waves. Typically, the U waves with
hypokalemia become enlarged and may even exceed the amplitude of the T waves [88]. In the
hypokalemia, the repolarisation process is prolonged, and clinically represented by the
prominent U waves, however the QT interval may remain normal. Technically, because the T
wave and U wave frequently merge, the measurement of the QT interval cannot always be
accurate, the term ‘T-U fusion’ wave can be applied in this case [88].

Furthermore, there are many other causes of prominent U waves including: early repolarisation
variant, hypomagnesemia, hypocalcaemia, hypothermia, digitalis effect, mitral valve
prolapses, endocranial hypertension, and cardiomyopathies. Additionally, U wave represents a
significant sign to identify the congenital long QT syndrome [59,89].
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Figure 1.34: Example presents ECG patterns that may be seen with hypokalemia showing the
appearance of prominent U waves, sometimes with ST segment depressions or T wave
inversions [88 edited].
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1.4. T Wave in Electrocardiogram

1.4.1. Characteristic of T Wave in Normal ECG

The electrocardiographic T wave represents the period of ventricular repolarisation
corresponds to phase 3 of the cardiac action potential [62,90,91]. Because of the slow rate of
repolarisation compared to depolarisation, the T wave is wide, has a slow rising, and returns
rapidly to the isoelectric line that follows its peak. In other words, it has slow rising and rapid
falling. Hence, the T wave is asymmetric with a rounded peak, and the amplitude is variable
[52,90,91].

The T wave in normal adults, is positive in most limb and precordial leads except leads aVR,
aVvL, lll and V1; and its higher voltage is reported in leads V2 and V3 [94,95]. Otherwise,
Opposite direction of T wave and QRS complex (discordance) could be due to pathology [91-
93]. The T wave can be seen as positive and negative as mentioned, also can be seen biphasic.
The variation of T wave amplitude or shape in periodic beat to beat is called T wave alternans
[52,64, 91-93].

T wave amplitudes and morphology are influenced directly by the heart rate. T wave becomes
more symmetrical with higher amplitudes with the increasing of the heart rate due to the
increasing of dispersion of the repolarisation as the action potential are linearly correlated to
heart rate [94,95]. Additionally, T wave amplitude is affected by the pressure, where the
pressure increases the T wave amplitude increases due to stretch of the left ventricular
repolarisation by mechano-electrical coupling [96,97].
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1.4.2. Origin of T Wave

The T wave represents the ventricular repolarisation. Depolarisation starts at the cardiac
endocardial surface and propagates to the cardiac epicardium, whereas repolarisation starts at
the epicardial surface and propagates to the endocardium, which means the direction of
ventricular depolarisation is opposite to that of ventricular repolarisation. Consequently, in the
normal condition the T wave polarity on the ECG is similar to the direction of the QRS
[52,64,90-92]. In other words, the QRS and T wave axes are usually concordant. T wave
discordance is due to pathology and various diseases [92,97].

In the last decades, many studies were conducted [92,98] to understand the T wave formation.
However, the ionic and cellular basis for the genesis of the transmural gradient was not
recognised until ‘M cells’ were discovered by Antzelevitch and his colleagues in the early 1990
[98].

The three myocardial layers, epicardial, endocardial and M cells; histologically are similar,
however electro-physiologically and pharmacologically they are different, mainly due to their
repolarisation properties [98]. The distinction of M cells is tended to prolong more than the
cells of epicardium or endocardium during slow heart rate, or in response to the prolongation
of the action potential due to drugs. This plays an essential role in abnormal ventricular
repolarisation such as long QT syndrome (LQTS) [92,99].

The electrical interaction among these three myocardial layers during ventricular repolarisation
underlies the genesis of various T wave morphologies as demonstrated in the isolated arterially
perfused ventricular wedge preparation under both physiologic and pathologic conditions.
[92,99,100].

For the positive T wave on the ECG trace, always the peak of the T wave is corresponding with
the repolarisation of epicardium [92] while the end of T wave is associated with either the
repolarisation of M cells or by the repolarisation of the endocardium [92,99]. Figure 1.35
illustrates the T wave formation regarding the difference between the action potential of the
myocardial layers. Nevertheless, the interval from the T wave peak to the T wave end
represents the maximum transmural dispersion of repolarisation of the ventricle. Technically,
the T peak-T end interval shows a rate dependence in humans [93,97,101] and has played a
significant index in the assessment of arrhythmic risk in patients with the LQTS [102,103].
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Figure 1.35: The inscription of the T wave from the voltage gradients of the action potential
of myocardial layers. The top shows action potentials recorded from endocardial, epicardial,
and M cells of an arterially perfused canine left ventricular wedge preparation. The middle
presents the ECG recorded across the wedge, and the bottom exhibits the computed voltage
differences between the M region and epicardial ‘M-Epi’ action potentials and between the M
region and endocardium ‘Endo-M’ responses [64 edited].

1.4.3. Abnormalities of T Wave

Abnormalities of the T wave are associated with a variety of cardiac conditions and diseases
and can be life threating or can be sign for the risky cardiac conditions [52]. The abnormalities
of T-waves can be seen in the presence or absence of ST-segment abnormalities.

In normal adults, the T-wave amplitude is most positive in lead V2 or V3. Several terms such
as peaked, biphasic, symmetrical, hyperacute, flat, ‘camel hump’ and inverted are being used
to T wave abnormalities descriptors.

Mainly the T wave abnormalities regarded to quantitative descriptors or the morphology. The
negative T-wave in the precordial leads V5 and V6 is clinically important [49]. It is proposed
that the T wave amplitude in leads I, 11, aVL, and V2 to V6 when its ranging from -0.1 to -0.5
mV is reported as inverted, as deep negative when the amplitude is from -0.5 to -1.0 mV, and
if the amplitude is less than -1.0 mV as giant negative [52]. The inverted T wave is highly
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associated to the myocardial ischemia [52] and seen with many conditions such as bundle
branch block, hypertrophic cardiomyopathy, and ventricular hypertrophy [52].

Further, if the T wave amplitude is less than 10% of the R-wave amplitude it is called low and
flat when the T-wave peak amplitude is ranging between 0.1 and -0.1 mV in leads I, 11, aVL
[52]. Flattened T wave can be caused by hypokalemia or due to digitalis which leads to
prominent U wave [52]. Additionally, biphasic T wave can be caused by myocardial ischemia
and hypokalemia. Moreover, it is difficult to distinguish notching (bifid) of the T wave from a
U wave that is superimposed on the downslope of an upright T wave. Note, it is rare to find the
notched T wave in all 12 leads, and usually the interval between the two peaks of a notched T
wave is less than the interval between the peak of a monophasic T wave and the following U
wave [52].

1.4.3.1. QT Interval

The QT interval represents the duration of ventricular systole during the cardiac cycle [83]. It
is measured from the start of the QRS complex to the end of T wave [83]. To obtain an accurate
measurement of QT, multichannel recorders are used as it allows more accurate determination
of the QRS onset and the T wave end. The QT interval is inversely related to the heart rate,
where it decreases when the heart rate increases [83]. Short and long QT intervals represent
pathophysiologic state. Abnormal shortening of QT interval occurs as a result of a shortened
or absence of ST segment. It is rarely distinguished except in hypercalcemia and due to digitalis
effects [83,103]. So far, the short QT syndrome that associated with the sudden death became
more distinguishable with the channelopathy [83,88].

On the other hand, lengthening of the QT interval is more common clinically, and might occur
because of increasing QRS duration or the lengthening of repolarisation [83]. Both the
congenital and acquired forms of long QT syndrome are mainly associated with sudden death
due to the cardiac arrest or death after acute myocardial infraction [83,104,105]. Additionally,
lengthening of QT interval could contribute to arrhythmias, or are associated with the risk of
torsade de pointes (TdP) [83].

Moreover, the QT interval is affected by the left ventricular pressure, where the pressure
increases the QT interval is prolonged due to the increase of the dispersion because of stretch
of repolarisation by mechano-electrical coupling [96].

It is important to note; the thesis study did not investigate the QT intervals either in atrial
fibrillation or healthy subjects. Instead, RT intervals and R-TU nadir intervals were examined
and associated with the QT interval.
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1.5. Abnormal Heart Rhythm

The normal rhythm of heartbeats, initiated by the SA node, is known as normal sinus rhythm.
The defect in the cardiac conduction system leads to establish irregular rhythm, this abnormal
heart rhythm called arrhythmia [5].

The heart could beat irregularly, erratically, too quickly, or too slowly. This leads to many
symptoms including chest pain, dizziness, light-headedness, shortness of breath and fainting.
Many factors may stimulate the heart and cause arrhythmia, such as stress, cocaine, alcohol,
nicotine, and specific drugs that include caffeine or other stimulants [5]. Furthermore,
arrhythmia may also be produced by a congenital defect, myocardial infarction, coronary artery
disease, defective heart valves, hypertension, hyperthyroidism, or potassium deficiency [5].

1.5.1. Types of Arrhythmias

Arrhythmias are characterised by their rhythm, speed, and disorder origin and categorised into
several types. If the heart rate is slow and below 50 bpm, it called Bradycardia. Whereas
tachycardia refers to a fast heart rate with over 100 bpm; and fibrillation refers to rapid,
uncoordinated heartbeats. If the arrhythmias begin in the atria, they are called supraventricular
or atrial arrhythmias; while those that initiate in the ventricles are called ventricular
arrhythmias [3,5].

The study has focused the ventricular features in one of the supraventricular arrhythmias known
as atrial fibrillation (AF) which will be reviewed in depth during this chapter. However, the
most famous arrhythmias can be classified as [3,5,8]:

1) Atrial fibrillation (AF)

Atrial fibrillation AF is a common arrhythmia, mostly affecting elderly adults. In AF the
contraction of the atrial fibres is asynchronous (not in harmony). The atria may beat 300—
600 bpm and the ventricles may also accelerate, which results in a rapid ventricular rate up
to 160 bpm [3,5,8]. Typically, the ECG characteristics of subjects with AF has no clear P
waves combined with irregularly occurring QRS complexes (i.e. irregular R-R intervals).
Atrial fibrillation can cause stroke [3,5,8], since blood may stagnate in the atria and
generate blood clots. A stroke occurs when part of a blood clot blocks an artery that supplies
the brain [3,5,8]. More detail of AF and its symptoms, causes and physiology are reviewed
in the following sections of this chapter. Figure 1.36 presents an example of ECG with AF
compared to normal beat.

2) Atrial flutter
Atrial flutter has rapid but regular atrial contractions (around 240-360 bpm) combined by
an atrioventricular AV block in which few of the nerve impulses from the SA node is
conducted through the AV node [3,5,8]. Figure 1.36 presents an example of ECG with atrial
flutter.
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3)

4)

5)

6)

Heart block

This arrhythmia occurs when the electrical pathways between the atria and ventricles are
blocked, resulting in the slow transmission of nerve impulses. The common location of the
blockage is the atrioventricular node. This condition is called atrioventricular (AV) block
and is classified into several degrees. first degree AV block, the interval P-Q is prolonged
(Figure 1.36), usually due to the slow conduction through the AV node compared to the
normal. In second-degree AV block, some of the action potentials from the SA node are not
conducted via the AV node, which results in dropped beats as the excitation does not always
reach the ventricles. Accordingly, there are fewer QRS complexes compared to the
presence of P waves on the ECG (Figure 1.36). In third degree (complete) AV block, the
SA node action potentials cannot get through the AV node. The fibres in the atria and
ventricles pace the upper and lower chambers individually. With third degree (complete)
AV block, the rate of ventricular contraction is less than 40 bpm (Figure 1.36) [3,5,8].
Ventricular premature contraction

This arrhythmia occurs when a region of the heart other than the conduction system (an
ectopic focus), becomes more excitable than normal and accordingly causes an occasional
abnormal action potential to arise. As a wave of depolarization propagates outward from
the ectopic focus, it causes a ventricular premature contraction (i.e. ectopic beat) [3,5,8].
Figure 1.36 shows an example of ECG with ventricular premature.

Ventricular tachycardia (VT)

This arrhythmia originates in the ventricles, where it is characterised by four or more
ventricular premature contractions. VT causes the ventricles to beat rapidly at a minimum
120 bpm, see Figure 1.36. VT is idiopathic; however, it is correlated with cardiac disease
or a recent myocardial infarction. Continued VT is dangerous because the ventricles do not
fill appropriately and therefore do not pump enough blood. The result may produce low
blood pressure and heart failure [3,5,8].

Ventricular fibrillation (VF)

VF is the deadliest arrhythmia in which ventricular fibres contractions are completely
asynchronous; therefore, the ventricles shiver rather than contract in a harmonised way.
Consequently, ventricular pumping stops, blood ejection stops, and circulatory failure and
death occur unless there is immediate medical intervention [3,5,8]. During VF, the ECG
has no clear P waves, QRS complexes, or T waves (seed Figurel.36). The most common
cause of VF is insufficient blood flow to the heart because of coronary artery disease, as
occurs during a myocardial infarction. Other causes include cardiovascular shock, electrical
shock, drowning, and very low levels of potassium. VF causes unconsciousness in seconds
and, if untreated, seizures occur, and irreversible brain damage may happen after 5 minutes.
Death soon follows [3,5,8].
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Figure 1.36: Examples of ECGs with normal and abnormal rhythms (Arrhythmias). AV =
atrioventricular [31].

1.5.2. Atrial Fibrillation (AF)

In the clinical practice, atrial fibrillation (AF) is the most common arrhythmia in adults which
needs therapeutic interventions [106,107]. Its prevalence is increasing and the number of
patients with AF is growing along with the aging population [106-108]. The impact of atrial
fibrillation is on the quality of life due to the rapid irregular heartbeats or palpitation attacks. It
is also one of the most prevalent risk factors of ischemic stroke which may lead to the death.
Mostly, AF requires therapeutic interventions, in contrast to many other arrhythmias in clinical
practice, even for patients who are not subjected to the discomfort from their arrhythmia [106-
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The prevalence of atrial fibrillation increases with aging where it estimated as 0.5% in
individuals below 50 years, 1.5-2% in 50-60 years, and around 3% and higher in patients
above 70 years [106,109] as Figure 1.37 present. Generally, AF is significantly more common
among men, especially at a young age, nevertheless, gender-related variances decrease with
increasing age (Figure 1.37).
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Figure 1.37: The AF prevalence with respect to age and gender [106].

The following sections provide an overview of basic concepts related to the AF characteristics,
underlying mechanisms, classification of AF, symptoms, causes and its risks and impact on the
human health.

1.5.2.1. Atrial Fibrillation Characteristics

Atrial fibrillation is a supraventricular tachyarrhythmia [106,110]. It is characterised by
uncoordinated atrial electrical activation and accordingly leads to inefficient atrial contractions.
In many cases, AF diagnosis is based on three morphological features in the ECG [106,110]:

a) Irregular R-R intervals (irregular heart rate)

b) Absence of P waves

¢) Presence of fluctuating atrial waveforms known as fibrillatory waves or ‘f” waves.

Figure 1.36 presents an example ECG with atrial fibrillation (third row) compared to the normal
ECG (first row). Irregularity of R-R intervals were considered a key feature of AF where their
irregularity is detectable by the human eye [106,110]. In addition, the absence of P waves is
controversial in subjects with low-amplitude f waves. However, large-amplitude f waves can
mimic P waves, particularly in the right precordial leads V1 and V2 [106,110].

69



1.5.2.2. Cardiac Activity Difference Between Normal Rhythm and AF

It is necessary to understand the mechanism and the normal physiology of the conducting
cardiac system to understand the mechanism of AF. The AF mechanism is complicated and
needs a combination of triggers, usually characterised by ectopic atrial firing which enhance
perpetuation of AF.

The conduction system and electrical pathways of the heart during sinus rhythm (SR) has been
explained extensively in section 1.2.2.1.1. However, both electrical pathways, during SR and
AF will be reviewed to understand the difference between them.

Figure 1.38 shows the electrical conduction during sinus rhythm (SR) and atrial fibrillation
(AF). Primarily, the heart rate and rhythm are controlled by the electrical conduction system of
the heart. The normal heart rhythm SR originates in SA node (Figure 1.38-a), which it acts as
the physiological pacemaker [111]. The impulse propagates from the SA node through the atria
as Figure 1.38-b illustrates, then it travels through the Purkinje fibres. These fibres convey the
impulse through the AV node (between the atria and the ventricular) to reach the ventricles
(Figure 1.38-c) causing the cardiac muscle contraction [111].

Figure 1.38-d displays the ‘last normal beat’ before the onset of AF episode in Figure 1.38-e.
In contrast to the atrial activation in SR, in AF the atrial activity is very fast and irregular. There
is no synchronised atrial contraction; and the ventricles response is irregular and rapid and
depends on the filtering effect of the AV node [111].

The electromechanical consequences of AF have significant clinical implications [111]. The
absence of efficient atrial contraction increases the risk of blood coagulation and thrombosis,
especially in the left atrial (LA) appendage (see Figure 1.38-a). The irregular and rapid
ventricular rate during AF episodes affects the ventricular contraction by decreasing its
efficiency and may worsening to develop heart failure or sometimes even causing ‘de novo’
heart failure [111].

The AF rapid and irregular rhythm can be maintained by each of three main mechanisms [111-
113] that are illustrated in Figure 1.39. First, in this mechanism one or more firing atrial ectopic
foci may be present (Figure 1.39-a), leading to irregular conduction towards the rest of the atria
creating irregular fibrillatory activity. Second, one or a small number of ‘primary re-entry’
circuits (or rotors which arise when an action potential travels through a potential conducting
circuit in a continuous fashion) may initiate rapid local activation as shown in 1.39-b with
fibrillatory conduction in which causes AF episodes [111-113]. Finally, AF may be preserved
by many functional ‘re-entry’ waves or rotors with irregular forms and no consistent activation
pattern [111-113] as illustrated in Figure 1.39-c.
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Figure 1.38: Schematic diagrams of electrical conduction pathway during sinus rhythm (SR)
and atrial fibrillation (AF). The cardiac mechanisms (top of each row) and electrocardiograms
(ECGs; bottom of each row) in normal SR (parts a—c) and AF (parts d and e). a) The SA node
is located in the upper wall of the right atrium (RA), originates the electrical impulses. b)
Impulses are spread through the heart, firstly through working atrial muscle cells and then
though the conduction system (in green), in which depolarise the cardiomyocyte membrane
and causing subsequent contraction. On an ECG, atrial depolarisation and contraction is
represented by the P wave. c) The AV node delays the conduction between the atria and the
ventricles, to ensure that atrial contraction, and blood propelling into the ventricles precedes
ventricular contraction. On an ECG, ventricular depolarisation is denoted by the QRS complex,
ventricular repolarisation by the T wave and the span taken for the electrical impulse to travel
from the SA through the AV node is represented by PR interval (measured from the beginning
of the P wave to the start of the QRS). d) The ‘last normal beat’ before the start of AF. e) AF
is characterised by fast and uncoordinated atrial activity in which causing ineffective atrial
contraction. Consequently, the ventricles respond with irregular and fast electrical activity that
makes the contractions weaker than normal. LA: left atrium; LV: left ventricle; PV: pulmonary
vein; RV: right ventricle [111].

71



|

AF

LA appendage

SA node

AV node

Purkinje
fibres

{ !

a Rapidly discharging focus b Primary rotor(s)

(

>

\

¢ Multiple functional
re-entry waves/rotors

L

Figure 1.39: The three mechanisms that can maintain atrial fibrillation (AF). Ectopic electrical
impulses that spread throughout the atrial myocardium cells in an irregulated way can be
maintained through different mechanisms. a)| A rapidly discharging atrial focus. b) A primary
re-entrant rotor. ¢) Multiple functional re-entry circuits. AV: atrioventricular; LA: left atrium;
LV: left ventricle; PV: pulmonary vein; RA: right atrium; RV: right ventricle; SA: sinoatrial.
[111]

1.5.2.3. Classification of Atrial Fibrillation

Atrial fibrillation is classified into three main categories in general practice.

The main categorises are [114,115]:

i)

Paroxysmal atrial fibrillation
In this category of AF, the episodes of arrhythmia are self-terminating and last for less than
7 days [114,115]. Typically, this begins in the 50s-60s age group but can start earlier in
life. If AF paroxysms are going to self-terminate, they usually last 24 to 48 hours. This type
of AF may be associated with mitral valve disease, ischaemic heart disease and
thyrotoxicosis [114,115].

ii) Persistent atrial fibrillation
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In this category of arrhythmia, the AF episodes lasts for more than 7 days but either self-
terminates, need drugs or direct current cardioversion (DC cardioversion) for their
termination [114,115].

iii) Permanent atrial fibrillation
When the arrhythmia has been long standing for more than one year it is classified as
permanent AF. Typically, the treatments to restore AF rhythm back to SR are unsuccessful.

Despite of the three AF categories above, AF may occur in a single episode which may be due
to cardiac surgery, chest infection, pulmonary embolus, or electrolyte disturbance; and once
this cause has been removed, the AF episode does not return [114,115].

Generally, patients diagnosed with paroxysmal AF can develop persistent AF because episodes
become more regular. Similarly, people diagnosed with persistent AF are vulnerable to develop
permanent AF. Increasing the frequency of episodes and with longer the duration, leads to
remodelling the heart.

Furthermore, many patients have no specific cause or underlying detectable diseases; this is
known as ‘idiopathic’ or “lone” AF. It commonly diagnosed in younger people and can affect
those diagnosed with paroxysmal AF (about < 20% ) [114,116].

1.5.2.4. Atrial Fibrillation Symptoms, Causes, Factors and Risks

1.5.2.4.1. Symptoms

Patients with AF may experience various symptoms. The most common symptoms include
palpitations, tiredness or fatigue, shortness of breath, generalized weakness, dizziness or light-
headedness, exercise intolerance and irregular pulse [117,118]. Furthermore, severe symptoms
include hypertension, chest pain (angina), and decompensated heart failure (causes respiratory
distress) [117,118].

Some of these symptoms may be related to the natural ageing process, however taking patients
history in the consultation may lead to suspicions of AF [117,118]. If any individual presents
palpitations, shortness of breath and light-headedness, a health investigation should take place
since they considered warning signs. Diagnosis and assessment are significant in such cases so
that a risk assessment can take place, and then appropriate treatment planned to avoid any
complications associated with AF [117,118].

1.5.2.4.2. Causes, Factors and Risks

Atrial fibrillation is usually associated with underlying structural abnormalities of the heart
[117,119]. There are many causes for AF that can be classified as cardiac (e.g. Ischaemic Heart

73



Disease, hypertension, cardiomyopathy and heart failure) or non-cardiac (e.g. thyroid disease,
acute infections, and chronic lung diseases such asthma) [117,119].

The possible causes are the result of heart tissue damage itself, which may produce extra
impulses or stimuli. Also, stretching and remodelling of cardiac muscle tissue can increase
atrial pressure, which increases the pressure on the pulmonary veins. This is believed to be a
contributing factor in other causes associated with atrial fibrillation, for instance valve disease,
heart failure, left ventricular hypertrophy (related to hypertension), atherosclerosis and obesity
[119].

On the other hand, alcohol, smoking, caffeine, medication, drug use, high-intensity sport and
psychological and physical stress are thought to be stimulants that can trigger AF [120]. Also,
aging is a common risk factor for AF. There is evidence to show that obesity, metabolic
syndrome, and diabetes can be risk factors for cardiovascular disease leading to AF [121].
Furthermore, research shows that genetic factors may be associated with AF. Where some
families tend to develop AF, especially in younger patients, including long and short QT
syndromes, Brugada syndrome , and some cardiomyopathies [121].

Significantly, AF can lead to heart failure and embolic strokes, causing either severe
disablement or death [121,122]. The reason is when atria are fibrillating, the blood flow from
the ventricles becomes slow, which increases the risk of developing a ‘blood clot’, see Figure
1.40. If the clot is pumped out of the heart, it could travel to the brain and increases the risk of
stroke [122].
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Figure 1.40: Mechanisms of stroke in atrial fibrillation, showing the clot formation resulting
from blood stasis in the poorly contracting left atrial during atrial fibrillation episodes [122].
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Chapter 2. Research Ethics and ECG Recordings

2.1. Introduction

This chapter outlines the research ethical considerations and the ethical approvals obtained,
then describes the ECG databases that were used to conduct the research studies in the thesis.

Three databases were utilised to accomplish the research. The first database includes historical
data for long duration AF recordings. The second database contains recordings for which both
AF and SR in the same patients were available. The third database contains recordings that
were recorded in healthy subjects both before and after treadmill exercise. Table 2.1
summarises the databases and lists the studies within this thesis to which they contribute. The
full details of the databases are described in section 2.3.

Table 2.1. Summary of the ECG databases

Database name AF/SR database SR exercise database
Longdgij ;t?:s%n a3 PhysioNet Locally acquired P Post-
Feature recordings recordings exe:?:}se exercise
AF SR AF SR

No. of subjects 10 14 11 20
Length (minutes) 15 5 30 4 0.5 6
Sampling rate (Hz) 500 128 1953 500
Resolution (uV) 5 - - 4.9
No. of leads 12 leads 2 leads V4 12 leads

= Chapter 3
Data used in = Chapter 4 Chapter 4 Chapter 4 Chapter 5

= Chapter 5
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2.2. Research Ethics

Medical ethics are the moral principles and practices that control the conduct of the physicians
and researchers in the treatment of patients [123]. They help to govern the difference between
acceptable and unacceptable behaviours and avoid misconduct during the research. The ethical
considerations and standardisation are very important in any research because they prevent
against the fabrication or falsification of data and hence, promote the knowledge which
represent the main objective of research [124,125].

Ethical behaviour is critical for cooperative work and investigations because it enhances an
environment of trust, responsibility, and mutual respect among researchers. This is particularly
significant when considering issues related to data-sharing, authorship, copyright strategies,
confidentiality, and many other issues [124,125].

It is essential to adhere to ethical standards in order for the public and scientific committees to
support and believe in the research and to be assured that researchers in their works and
investigations followed the guidelines for issues such as human rights, animal welfare,
compliance with the law, conflicts of interest, safety, and health standards [123-125]. The
ethical issues critically impact the integrity of the research project and investigations [125,126].

The PhD research including all the investigated studies and publications [127] is compliant
with all ethical standards and adheres to the ethical requirements of the research [127-129].
The ethical approval for the PhD study and uses of existing recordings was by the Faculty of
Science and Engineering. The research approvals are provided in appendix A.

2.3. Descriptions of the ECG Databases

2.3.1. Long Duration AF Database

These recordings were 12 lead ECGs for 10 patients in AF. The recordings arel5 minutes in
length. The database was recorded with a sampling rate of 500 Hz and amplitude resolution of
5 uV. The recordings were used before in a preliminary study [54].

It has been used mainly in the following analysis and studies:

i) Development of techniques which enable the measurement of ventricular repolarisation
features in the ECGs of patients with atrial fibrillation (Chapter 3).

i) Validation of automatic measurements for ventricular repolarisation features against
manual measurements (Chapter 4).

iii) The number of beats required to remove the AF activity to allow effective measurement
of the U wave in AF (Chapter 4).

iv) The effect of beat interval on the ventricular repolarisation features (Chapter 5).
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2.3.2. AF/SR Database

This database contains recordings from the same patient in both AF and SR, allowing the
comparison of ventricular repolarisation features in both rhythms. Recordings from two
sources are in this database.

2.3.2.1. PhysioNet Recordings

The PAF database recordings were openly available from the PAF Prediction Challenge
database from PhysioNet [130].

The database contains recordings from 25 patients for which both AF and SR recordings in the
same patient were available. Recording duration for AF and SR were 5 and 30 minutes
respectively; the recordings had a sampling rate of 128 Hz.

From the recordings of 25 patients, only 14 were suitable for use in this research. 11 recordings
from the database had poor quality ECG signals with strong baseline wander and
unrecognisable AF characteristics (e.g. no obvious rapid heartbeat changes) so were not used.
The recordings are from two unspecified leads, named as E; and E>. As the reason for using
these recordings is to investigate U wave and ventricular features, the lead with the most
prominent U wave was analysed.

Table 2.2 summarises the 14 PhysioNet subjects that has been processed, and which ECG
channel has analysed in accordance with U wave presence.

Table 2.2. Summary of 14 PhysioNet subjects, shows the analysed ECG channels.

Subject  PhysioNet Record Lead analysed

1 P02 =)
2 P06 E>
3 P08 E>
4 P10 E:
5 P14 E:
6 P20 E;
7 P24 E
8 P30 Ex
9 P32 E:
10 P34 E>
11 P38 E>
12 P40 E;
13 P48 E;
14 P50 =)
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2.3.2.2. Local Hospital Acquired Recordings

Similar to the PAF database described above (section 2.3.2.1), these recordings had both AF
and SR for the same patient but were standard 12-lead ECG and were acquired specifically for
this PhD study during routine electrophysiological studies at Castle Hill Hospital, Kingston
upon Hull.

The recording duration for AF or SR was 4 minutes with sampling rate of 1953Hz. Lead V4
was used as part of the data analysed in study 4.3 of Chapter four.

2.3.3. SR Exercise Recordings

These recordings were 12-lead ECGs from 20 healthy subjects previously acquired for other
research studies [131]. For each subject there were pre-exercise recordings at rest and during
post-exercise recovery after a treadmill exercise to age-adjusted maximum heart rate [131].
The sampling rate was 500 Hz, and amplitude resolution was 4.9 uV. The pre and post-exercise
recording durations were 30 and 360 seconds respectively.

This database was used in the investigation ‘The effect of heart rate changes due to exercise on
U and T waves amplitudes in healthy subjects’ for which full study details can be found in
Chapter five.
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Chapter 3. Development of Techniques which Enable the
Measurement of Ventricular Repolarisation Features in the ECGs
of Patients with Atrial Fibrillation

3.1. Introduction

This chapter investigates the cleaning atrial fibrillation (AF) ECG recordings by examining
three different techniques and evaluating their abilities to remove the atrial fibrillatory waves
that contaminate the ECG signal.

The chapter initially presents three techniques separately, 1) principal component analysis
(PCA), ii) independent component analysis (ICA), and iii) beat averaging (BA) as potential
processing tools to remove the atrial fibrillatory waves. This is followed by a comparison study
for the performance of these three techniques to reveal the ventricular repolarisation features
in AF recordings.

The aim of this study is to establish an algorithm capable of cleaning AF recordings of atrial
fibrillatory waves that contaminate the ECG signals. Removing the atrial activity would offer
the opportunity to accurately measure the ventricular repolarisation features such as T waves,
and particularly the most challenging feature the U wave, which is almost always undetectable
in the ECGs of AF patients.
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3.2. Candidate Techniques

The ECG signal in patients with AF is contaminated by the atrial activity which makes it
impossible to observe the U wave as it masked by the atrial fibrillatory waves [1,53,132]. T
waves are also affected by the presence of atrial activity. Figure 3.1 presents an example of
ECG signal with AF activity in which impossible to recognise the U wave.

The conventional filtering schemes, such as low and high pass filters [133,134], to filter the
ECG recordings have the potential to change the ECG frequencies or shift the phase of the low
amplitude components [135,136]. Since this study requires unadulterated observations of
ventricular repolarisation features, particularly the U wave in AF, such filtering techniques are
to be avoided as they could obscure the signal or distort its features. Therefore, it was necessary
to find alternative schemes to clean noise from AF recordings including the atrial activity
without deforming the ECG signal.

The techniques principal component analysis (PCA) and independent component analysis
(ICA) are famous statistical techniques universally known as blind source separation (BSS)
methods [137-141]. Both techniques are commonly used for signal and noise separation [137-
141]. These two techniques employ the signal data representation in a statistical domain rather
than time or frequency domain, so the data are projected onto a new set of axes where they
presumed orthogonal (according to PCA) or independent (according to ICA) [137,138].
Orthogonality of two vectors implies a lack of dependence. This lack of dependence, in turn,
implies a lack of correlation [142]. Any projection onto an alternative combination of axes is
fundamentally a method for data separation into separate components (or sources). This helps
to view clearly a significant structure in a specific projection, and that helps to increase the
signal to noise ratio for a particular signal source and can produce effective filtering to desired
signal [138,141]. Hence, PCA and ICA techniques attempt to find a combination of axes which
are independent from each other and contain the desired properties of the signal.

In medical research, the PCA technique is widely used for different ECG analyses, such as,
feature extraction, noise reduction, beat detection and classification, and source separation
[139,144,145]. Recently, the PCA technique has become an important tools in ECG processing
where it used as a ‘source separator’ during atrial fibrillation to separate the activities, ‘atrial
activity’ and ‘ventricular activity’, and both activities can be characterised and studied with
reduced noise interference [133,136]. Such separation is based on the assumption that the atrial
and ventricular activities originated from two different bioelectrical sources [133,136,138] but
they are overlapped in time and frequency during AF episodes [133,136,139]. Several PCA
algorithms been demonstrated to separate atrial and ventricular components of the ECG in atrial
fibrillation (AF) [160]. These algorithms fall into two categories: those which exploit the
dissociation between the atrial and ventricular components, and those which exploit the concept
that the AV activities are generated from different bioelectric sources [160].The authors in
[159] used the PCA method to separate the atrial and ventricular activities in AF recordings.
Their aim was to retrieve the information about the atrial rhythm non-invasively from the body
ECG and investigate the stability of this arrhythmia. In their experiment, they have used 12
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lead ECG recordings of AF subjects. They stated that the PCA reduces the number of variables
when the variables are correlated.

It is reasonable to use 12 leads ECG in the PCA processing. The PCA lends itself to 12-lead
ECG analysis since all electrodes measure the same source of electrical activity (the heart) and
leads are correlated [145]. Additionally, in [159] the PCA was applied to each of the 12-lead
data to derive 12 orthogonal data components. Each principal component describes a
proportion of the variability in the 12-lead ECG [159]. Principal component 1 describes the
greatest proportion and principal component 12 the least. The authors effectively extract
different features of the ECG and assigns them to specific principal components dependent
upon their relative dominance across the 12-lead signals.

Also, the PCA algorithm was proposed in [158] as a method to analyse beat to beat changes of
the ECG features. Their PCA algorithm showed the ability to track beat to beat changes in
different ECG features. However, their work used to extract the respiration activity from the
ECG recordings.

Similarly, independent component analysis (ICA), is a BSS method [138,140-143], used
extensively in medical research [138,141,143]. The technique has a major contribution to
electroencephalography (EEG) and magnetoencephalography (MEG) studies [131].
Furthermore, the technique is also used widely with ECG applications, such as the fetal ECG
extraction from the maternal recordings [144], separating breathing artefacts from the ECG,
and recently used to extract the atrial activity from the atrial fibrillation recordings [145,146].
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Figure 3.1: Example of ECG signal with atrial fibrillation for leads V1,1l and V5. P waves are
absent and replaced by irregular electrical activity, the ventricular rate is irregular. U wave is
impossible to recognise, and T wave is affected by the atrial fibrillatory waves [143].

The ICA algorithm was firstly developed in 1984 [147], but it remained relatively unused until
1994 when the algorithm was introduced with a new concept [140] and became universally
well-recognised. The ICA method is considered to be an extension of the PCA technique
[139,140]. The PCA uses variance to determines the axes and adjusts the covariance matrix of
the datasets leading to a set of the orthogonal axes which represents the second order statistics
where the data are decorrelated (i.e. the covariance matrix is diagonalised). ICA uses higher
order statistics known as kurtosis (kurtosis is the fourth moment; mean, variance and skewness
are the first three statistical moments) [139,140,145]. It is based on the non-Gaussianity without
the necessity of orthogonal axes. The PCA finds uncorrelated components (principal
components ‘PCs”) whilst ICA technique finds the independent components (ICs) [139,140].

The ICA algorithm, similar to PCA, has been proposed as a potential technique to separate the
wanted ventricular activity from undesirable atrial fibrillatory waves during the AF episodes
[139]. Several ICA techniques have been proposed mainly based on higher order statistics HOS
(the fourth order cumulant or kurtosis) due to their ability to measure statistical independence
[145,161]. For instance, FastICA [141,148,149], JADE ICA [150], and infomax [151]. In the
current investigation, the ‘FastICA’ algorithm has been applied to AF recordings to separate
the two overlapped activities. The algorithm was chosen due to its performance and fast
convergence in previous studies [141,148,149].

Rieta et al [145] extracted the atrial activity (AA) of AF recordings using ICA method. The
authors argued that AA and ventricular activity (VA) are generated by independent sources of
bioelectric activity. This activity exhibits non-Gaussian character [145]. In their experiment,
the ICA method is applied to real recordings (12 leads) obtained from patients suffering from
AF.

Furthermore, Castells et al [162,163] and Rieta et al [164], described the statistical
characteristics of AA and VA sources in AF, and presented the ICA as a suitable separation
method that separates them to study AA. They described that VA sources are the ECG
components with highest amplitudes. These components have high amplitude during
ventricular depolarisation and repolarisation (QRS complex and T wave respectively).
However, the rest of the time, they have low values close to zero due to the non-activity period
of the ventricular cells. Thus, VA sources are described as a super-Gaussian signal. In AF
episodes, AA consists of small and continuous wavelets and considered as a random variable
with a pdf described as a sub-Gaussian signal [164].

In the section 1.5.2.2. of Chapter one, the AF mechanisms were explained during the cardiac
cycles compared to the normal cycle of healthy heart. This uncoordinated operation of AA and
VA during an AF episode makes it reasonable to regard both activities as physically
independent and, in turn, as generated by statistically independent sources of cardio-electric
activity [145].
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Therefore, in our research, we proposed the two techniques of blind source separation: PCA
and ICA to separate the desired ventricular activity from the unwanted atrial activity. The two
techniques were proposed to clean AF and track the ventricular characteristics changes beat by
beat. Regarding the ECG baseline wander, in [161,165] the ECG signal was denoised through
the fast ICA with multiple adjustments to improve the baseline drift estimation of ICA
algorithm.

The third potential technique to clean AF recordings is the beat averaging algorithm (BA).
Signal averaging is widely used to reduce noise from the signal without deforming the
waveforms. It increases the signal to noise ratio which facilitates the detection of the low
amplitude bioelectric potentials [133,152,153]. The technique was originally used for
extracting the encephalographic signals (EEG) from noise [136,154]. The studies of Scherlag
et al were a milestone in electrocardiography, where they used the technique with ECG to
separate, non-invasively, atrial and His-bundle activity, and later for ventricular late potential
[154-53]. Over time, the technique was developed and used for differentiating the maternal
from fetal ECG, and separate ECG signal from movement artefacts during exercise [154].

In fact, the signal averaging method has been used widely to separate repetitive epochs of signal
from uncorrelated noise [25,133]. However, the processing required the following conditions
i) the desired signal to be repetitive and invariable, therefore any premature or ectopic beats
should be removed before the process, ii) the desired signal should be aligned to a timing
reference point (fiducial) such as the peak of the QRS complex in the ECG signal since it meets
the condition and easily detectable, and iii) the wanted signal and the noise must be
uncorrelated and remain independent during the averaging [1,25,133].

In the current investigation, the beat averaging algorithm (BA) developed uses the signal
averaging concept, where, i) the fixed length window relative to fiducial point, ii) the timing
reference, fiducial, is identified as the R wave, and iii) the unwanted atrial fibrillatory waves
and other types of unwanted components ‘noise’ such as electromagnetic interference (EMI)
and power line artefacts are assumed to be uncorrelated with R-R intervals.

The BA algorithm was utilised to generate an average ventricular beat free from the atrial
activity as well as the noise. By averaging fixed length windows of ventricular beats after
aligning them carefully to their R wave peaks (time reference), the amplitude of uncorrelated
noise is decreased and averaged out while the desired ventricular signal is recovered without
noise in the resulting average beat. In theory, the reduction of noise level, depends on the
number of the averaged signal epochs (N), where it can be reduced by the factor of VN [133].
Therefore, the quality of the averaged beat depends upon the number of beats that are used to
generate it [1,136,152].

Finally, the aim of this chapter is to find, from the potential candidate techniques above, which
are capable of cleaning the AF recordings of the atrial fibrillatory activity to enable the accurate
detection and measurement of ventricular repolarisation features. The three techniques PCA,
ICA, and BA have been examined in the following sections to discover their capabilities to
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fulfil the aim of the study. The most challenging ventricular repolarisation feature is the U
wave since it is impossible to measure it during AF, the focus from hereon is on how well each
of the proposed techniques are able to reveal the U wave in AF.

3.2.1. Principal Component Analysis

Principal component analysis (PCA) has the potential to clean the AF recordings by separating
the atrial and ventricular activities of the ECG signals. The following section explains the PCA
statistical approach as an ECG separation tool and the algorithm concept.

3.2.1.1. PCA Basic Model

Principal component analysis (PCA) is a statistical multivariate method. It is used to reduce
the dimensionality of a vector of random variables, to describe the total variation with fewer
orthogonal combinations of the original variables. The purpose is to find a smaller set of
variables with less redundancy that would give as good a representation as possible. The
redundancy is measured by correlations between variables. The new orthogonal combinations
of variables are found by diagonalising the second order statistics (covariance) of the original
data [157].

Consider a set of random variables {X;,i = 1,--- N}. Inthis thesis, random variables are usually
ECG samples from a specific time from different channels. The covariance matrix X of this
set of variables is given by:

%, = E[(X - X)X - X)]

where E| ] is the expected value, X, = E[X;] and * denotes complex conjugate. The covariance
matrix is often estimated from measured data. Let D € R¥*M be a matrix with columns being
M samples of a N-vector of zero-mean random variables. The covariance matrix may be
estimated by:
hX ! DDt
M

The singular value decomposition of D yields: D = UAV*® where U and V are orthonormal
matrices and A is a diagonal matrix of singular values. Consequently:

MX = UAVY(UAVYHt = UAV'VAU' = UA?U® (1)
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where U is a matrix whose columns are eigenvectors and A? is a diagonal matrix of eigenvalues.
When X is a covariance matrix then the eigenvectors and eigenvalues are known as principal
components and principal variances respectively.

PCA can be applied to multi-channel ECG recordings in an attempt to separate components of
the signals exhibiting different correlations. Each ECG (differential) channel is treated as a
random variable. Electrical processes in the heart are measured simultaneously on all electrodes
but after distortion/filtering due to the position of the electrodes and intervening tissue. Atrial
activity produces larger amplitude signals on electrodes near the top of the heart while ventricle
activity is larger below the heart. Noise processes often produce uncorrelated signals on all
channels. This suggests that different processes would have different correlation patterns across
channels, and could possibly be separated by PCA. In particular, intermittent processes, like
AF, will have quite low correlations as they occur for small proportions of the time. SR
patterns, with high amplitude QRS waves, are highly correlated across channels.

The following sections (3.2.1.2 and 3.2.1.3) present the implementation of the PCA algorithm
and a qualitative assessment of its ability to remove the contaminating fibrillatory wave from
AF recordings.

3.2.1.2. ECG Processing

The database used for testing all the proposed techniques (PCA, ICA and BA) was the Long
Duration AF Database which contains 12 lead ECGs of 10 atrial fibrillation (AF) patients. The
database details were described in section 2.3.1 of Chapter two.

Figure 3.2 demonstrates the source separation methods including PCA and ICA to separate the
ECG activities and noise in AF recordings.

In the analysis, PCA was applied to 12 lead ECGs to derive 12 orthogonal data components
(principal components, PC1 to PC12) as Figure 3.3 illustrates, where each principal component
(PC) describes a combination of the variability in the 12 leads ECG.

For each recording, the filtered 12 differential ECG channels were used to calculate the
covariance and hence the principal component decomposition. The reconstructed signals (RS)
were then calculated from a linear combination of PCs with weights that passed the first three
PCs and tapered down to zero over PCs 4 to 9. The aim was to remove or reduce low correlation
signals as these are likely to be dominated by noise and intermittent AF processes. At the same
time passing high correlation signals dominated by strong ventricular activity and SR signals
that occur in the majority of beats. The filter cut-off and taper were chosen by visual inspection
of the explained covariance. The reconstructed 12 lead ECGs were assessed by the ability of
an expert to identify U-wave activity.

87



AF

IS

| I III aVR aVL aVF V1 V2 V3 V4 V5 Ve

l

Source separation methods
(PCA,ICA)

Ventricular activity Atrial activity Noise

e A

Figure 3.2: An illustration for source separation method including the principal component
analysis (PCA) and independent component analysis (ICA). The source separation method
applied to 12 leads to separate the ventricular activity, the atrial activity and reduce the noise
from AF recordings.
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Figure 3.3: lllustration for the method workflow using the PCA processing. For each
recording, 12 leads {I...,V6} were input to PCA algorithm. 12 principal components {PC;...,
PC12} were derived from the 12 leads during the processing. The principal components are
ordered according to the explained variance. A linear combination of principal components
were used for the ECG reconstruction to establish 12 reconstructed signals {RS: to RS12}.

3.2.1.3. Implementation Examples

Figure 3.4 illustrates an example of a 12 lead ECG for one of the AF recordings used in the
study. The signals have been band-pass filtered to remove baseline wander and high frequency
non-heart signals. This is essential to estimate the covariance matrix as otherwise covariance
is dominated by baseline wander. Each subplot shows a 3-second segment of ECG in AF where
atrial fibrillatory waves spread through the signal and the U wave is obscured by the atrial
activity. It is difficult to distinguish whether or not there is a U wave.

Figure 3.5 shows 12 principal components (PC1 to PCi2) derived from the 12 lead ECGs
presented in Figure 3.4. Note that the PCA components are zero-mean, unit norm, and mutually
orthogonal (orthonormal), consistent with equation (1). The components with the largest
contribution to covariance put highest weights on the high number channels where the ventricle
signal is strongest. These weights can change sign between channels as differential
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measurements can have the QRS complex peaking positive or negative. The PCA analysis is
not changed by multiplying a component by -1, and so the polarity of these changes is not
important. The higher-order components become more random and are largely determined by
noise.

Each subplot in Figure 3.6 presents the principal component weight (or score) for each sample
time. The measured signals can be reconstructed by summing the principal components (PC:
to PCy2) after weighting with each component score. The PCA components are normalised and
so dimensionless, while the scores have units of mV. For the high-order components, both the
components and scores become random. Note that the scores are associated with PCA
components and not channels, and so are not associated with a physical electrode location.

Figure 3.7 illustrates the variance of each principal component. There is a large step between
components 8 and 9, with the last four components describing random noise at the third
significant figure in the ECG data. These components can be removed without distorting the
heart signal and increasing the signal-to noise ratio (SNR). The first 8 components decline
rapidly, approximately as component number to the power of -4. These observations suggest
the filter weights of zero for components 9 to 12, weights of 1 for the first 3 components
reducing smoothly to zero by component 9. The smooth transition of weights greatly reduces
Gibbs ringing in the PCA filtered traces.

The 12 reconstructed ECG signals (reconstructed leads) are presented in Figure 3.8. Each
subplot represents a 3-second interval of the reconstructed differential channel that corresponds
to the original leads (presented in Figure 3.4). The observation for the reconstructed ECG
signals showed clearly that atrial activity and noise was reduced in most of beats. However,
not all the beats were ‘fully’ clean from the unwanted atrial activity. In fact, there were still
residual fibrillatory waves covering a considerable number of the reconstructed beats, hence,
masking U wave.

Figure 3.9 displays an example to compare few beats for one of the AF recordings (lead 1),
compared to the same beats after the reconstruction process. Figure 3.9-a displays a 4 second
interval of ECG in AF, where the 4 beats show clearly the atrial fibrillatory waves and the
difficulty discerning U waves, while Figure 3.9-b displays the corresponding reconstructed
beats where generally the noise has been reduced, and AF activity reduced. In Figure 3.9-b the
reconstructed beats 1, and 2 showed less noise than beats 3 and 4, and most likely, U waves
were visible in both despite of the residual noise. While in beats 3 and 4, the noise level has
been reduced but the atrial activity remaining after reconstruction, obscures the beat, covered
underneath the U wave, and decreases the ability to detect the U wave.

Since the atrial activity has not ‘fully’ removed, the clarity of the reconstructed beats is poor,
hence U wave detection becomes difficult and uncertain. The U waves were visible and
discernible in a large number of beats despite of the small level of noise contamination;
however, this level of noise can affect the accuracy of the U wave measurement and hence the
clinical implication.
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The results have demonstrated that PCA technique was able to reduce the atrial activity and
the noise in the AF recordings and reduce their propagation among the ECG beats. The
technique has partially separated the desired ventricular activity (ventricular beats) of AF
recordings as the method suggested, however, the separation was imperfect. This was clear
since the fibrillatory waves remained visible for a large number of beats after the reconstruction
process, as the example shows (Figure 3.9).

Based on the qualitative visual examination, many ventricular beats were cleared from the atrial
activity and had a reduced but variable level of the residual noise. On the other hand, several
others had kept the fibrillatory waves and different levels of noise. In section 3.3 a statistical
quantitative analysis of the ability of the PCA algorithm to reveal the U wave in comparison to
the other techniques (ICA and BA) is presented.
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Figure 3.4: An example for 12 leads in one AF patient. Each subplot shows 3 seconds strip of
ECG in AF where the atrial activity is clear and masking the U wave.
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Figure 3.8: The 12 reconstructed ECG signals that associated to the 12 lead ECGs for one AF
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Figure 3.9: Comparison example to show the PCA algorithm performance on one AF
recording used in the study. a) represents a 4 seconds interval including (4 beats) of ECG in
AF (lead I) where AF activity is strong, and it is impossible to distinguish the U wave. b) the
corresponding reconstructed ECG beats where the noise has been reduced, and the atrial
activity slightly reduced. In (b) the beats 1, 2, the U wave most likely was visible despite the
small level of noise, beat 3 showed higher level of noise and glimpse of noisy U wave, and
beat 4 showed clear AF activity, hence it is difficult to distinguish U wave.
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3.2.2. Independent Component Analysis

The following section presents the ICA statistical approach as an ECG separation tool and
presents the algorithm concept without the full mathematical details.

3.2.2.1. ICA Basic Model

ICA is a statistical signal processing tool usually used to decompose a set of mixed signals into
their components of signals that are mutually statistically independent [143,149,150] by
finding the underlying components (factors) from these multidimensional signals [149]. In
other words, the ICA tries to find a liner representation for the signals so that the fundamental
structure is made more accessible or visible [149,150]. It is worth mentioning that
‘independency’ means the value of one of the components gives no information on the level of
the other components [149].

The ICA model forms a linear combination of source signals, [138,143, 149]:
x =As

Where x represents the mixture of the ‘observable variables’, A is the unknown ‘mixing
matrix’, and S represents the ‘source’ signals. The objective of using ICA is to estimate s and
A from the observation x [149]. In order to achieve the source separation process, a linear
transformation given by a matrix W, so that random variables that are statistically independent
can be estimated (i.e. components ), using [138,143,148, 149]:

s=Wx
where matrix W is the inverse of the matrix A.

As mentioned above, the ICA method aims to estimate source signals s that would be as
independent as possible, and their linear combinations are the original data. The estimated
sources are called ‘components’ (shortly ICs). The components estimation is accomplished by
either an iterative algorithm which maximises the metric of independence, or by a non-iterative
algorithm which is based on joint diagonalisation of correlation matrices [141].

Interestingly, the ICA method has disadvantage (ambiguity) [140,141]: where the magnitude
associated with each component has no order (contrasting the PCA).

In ECG signal processing, the objective of ICA is to obtain the independent component signals
that are the original source signals which form the ECG [136,141]. Therefore, in this study, the
ICA algorithm is used to decompose the AF ECG signal to extract the desired ventricular
activity and separate the unwanted atrial activity from AF recordings, with the goal to be clean
enough to investigate ventricular features including U wave.

The ICA requires two mains assumptions to make it applicable in the current investigation: i)
atrial activity and ventricular activity are originated by independent bioelectric sources (atria
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and ventricles), and ii) the two independent source signals (i.e. activities) are non-Gaussian
(non-Gaussianity can be measured by kurtosis, the fourth order statistics of the variables) [145].

With respect to the source independency; Rieta et al [145] elucidate that during the atrial
fibrillation episodes, both activities ‘atrial and ventricular’ are initiated by independent
generators (i.e. atria and ventricles) and their amplitude distributions are non-Gaussian
[140,145]. Further, regarding the non-Gaussian behaviour (statistically), ‘ventricular activity’
shows high amplitude during the heart beats (i.e. QRS complex) compared to low values during
the rest of the cardiac cycle, thus the ‘ventricular activity’ revealed a super-Gaussian behaviour,
whilst ‘atrial activity’ shows a sub-Gaussian behaviour during the AF episodes [140,145].

The variables that following the Gaussian distribution have zero kurtosis. Sub-Gaussian
variables (variables whose pdf falls at a slower rate than the Gaussian, for the same variance)
have negative kurtosis. Super-Gaussian variables (corresponding to pdfs that fall at a faster rate
than the Gaussian) have positive kurtosis [169].

Thus, if we keep the variance fixed (e.g., for variables normalized to unit variance), maximizing
the sum of squared kurtosis, it results in maximizing the non-Gaussianity of the recovered ICs.
Usually, the absolute value of the kurtosis of the recovered ICs is used as a measure of ranking
them. This is important if ICA is used as a feature generation technique [145,169]. Figure 3.10
shows some typical examples of a sub-Gaussian and a super-Gaussian together with the
corresponding Gaussian distribution.

The Gaussian distribution is the one that maximizes the entropy under the variance and mean
constraints. In other words, it is the most random one, under these constraints, and from this
point of view the least informative with respect to the underlying structure of the data. In
contrast, distributions that have the least resemblance to the Gaussian are more interesting as
they are able to better unveil the structure associated with the data. This observation is at the
heart of projection pursuit, which is closely related to the ICA family of techniques. The
essence of these techniques is to search for directions in the feature space where the data
projections are described in terms of non-Gaussian distributions [169].

99



Figure 3.10: A Gaussian (full grey line), a super-Gaussian (dotted red line) and a sub-Gaussian
(full red line) [169].

3.2.2.1.1. FastICA Algorithm

The FastICA algorithm was presented by Hyvarinen and Oja in 2000 [140] employing the ICA
method with few modifications based on the target purpose. The algorithm was introduced as
a separation tool based on maximising the non-Gaussianity function [140,148,149].

The algorithm is based on the concept of using the ‘central limit theorem’ as a measure of
independence, which states “The distribution of a sum of finite variance independent random
variables tends toward a Gaussian distribution” [170]. In other words, the sum of two
independent random variables has a distribution closer to Gaussian than the original two
random variables, hence maximising the non-Gaussianity leads to more independent signals
[140,141].

Statistically, to find independent sources, the matrix W should be de-mixed in the way to
maximise the non-Gaussianity of each source.

Notably, the classical way to measure the non-Gaussianity is to use kurtosis [140], which is
basically a normalised version of fourth order statistics (moment).

FastICA algorithm has two versions [141] : i) ‘one unit’ algorithm where the algorithm tries to
estimate one independent component by maximising the non-Gaussianity, based on a fixed-
point iteration scheme, and ii) ‘several units’ algorithm estimates several independent
components by using the one-unit algorithm several times.

One of the advantages of the FastICA is that it can estimate both the sub-Gaussian independent
components (i.e. atrial activity in AF), and the super-Gaussian independent components (e.g.
ventricular activity in AF) [141], a fundamental requirement in the current processing.

Full mathematical details of the FastICA algorithm can be found in [148,149], and a Matlab
implementation of the algorithm is available on the internet [171] free of charge and was used
in the subsequent implementations.

3.2.2.2. ECG Processing

The FastICA algorithm was applied to the 12 leads of the 10 AF recordings to estimate the
independent components, resulting in the 12 ICA estimated sources (S1to Si12). Figure 3.2
shows the overview of the separation method using source separation scheme.

To understand the algorithm process based on the basic statistical model, the 12 leads represent
the observation matrix x. To achieve the separation, the algorithm projects x onto orthogonal
basis W so the estimated sources s are maximally independent (S1to S12), i.e. the independent
components. The 12 estimated sources (S1to S12) were examined visually to decide whether
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the algorithm succeeded removing the atrial activity form the AF recordings. Figure 3.11
demonstrates simple illustration for the ICA method employing FastiCA algorithm in the
analysis.

I 1 11 aVR aVL aVF VI V2 V3 V4 V5 V6

FastICA algorithm

Si S Sy Sy S5 S¢S, S S Sy Sy Sp

Figure 3.11: Simple illustration shows the ICA method using FastICA algorithm. 12 leads
ECG applied to the algorithm and the process produces 12 estimated components (sources), S1
to S12.

3.2.2.3. Implementation Examples

In this section, some implantation examples are presented while a statistical quantitative
analysis of the ability of ICA to remove the atrial fibrillatory activity is presented in section
3.3.

The visual inspection of the results showed the majority of the estimated independent sources
(S1to S12) had kept the atrial activity as well as a high level of noise. However, a few others
showed obscured separation and presented intensive level of noise.

Figure 3.4 illustrates an example of 12 leads ECG for the same AF recordings used in the PCA
study. Each subplot shows a 3 seconds interval of ECG in AF where the U wave is obscured
by the atrial activity and shows the difficulty to distinguish whether there is U wave or not.
Figure 3.12 presents the corresponding 12 ICA sources (S1to Si2) estimated from these 12
leads.

It is clear, with the closer look at Figure 3.12, the FastICA algorithm achieved poor separation
for both overlapped activities, atrial and ventricular in AF. The estimated sources Sz and Se
showed part of the separated ventricular activity by presenting sharp QRS complex waves;
however, the T wave is almost indistinguishable in the resultant beats. Despite the reduction in
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the presence of atrial activity, considerable noise remains. On the other hand, sources Si, Sz,
and Ss showed clearly the presence of atrial fibrillatory waves despite the spike of the R waves
(i.e. ventricular activity) that appeared in each beat. Interestingly, source Sg, showed clear noisy
T wave in company with the reduction of QRS complex followed by tiny ripple where it is
impossible to decide whether this is a U wave or not since the noise was intensive and covered
the beats. Sources S4,S7,S9-S12 presented high level of separated noise.

In contrast to the PCA technique where the principal components (PCs) are ordered from the
most to the least significant according to their explanation of variance, the ICA technique
presented the independent components (estimated sources) randomly with no order. Therefore,
subjective visual inspection has a key role to decide whether the two activities had separated
successfully, and which source has atrial or ventricular activity, hence if there is a noticeable
U wave in the separated ventricular beats.
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Figure 3.12: The 12 ICA estimated sources (S1to S12) that associated with the 12 lead ECGs
in AF patient.
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3.2.3. Beat Averaging Technique

The beat averaging (BA) algorithm was the final technique implemented to obtain clean
ventricular beats free from the atrial fibrillatory waves that contaminate ECG signals during
this arrhythmia. It is described in the following section.

3.2.3.1. ECG Processing

The processing for the beat averaging technique demands long duration recordings, thus long
AF recordings were used for the analysis. The database used includes 12 lead ECGs of 10 atrial
fibrillation (AF) subjects. The database details were provided in section 2.3.1.

The signal averaging technique has been used to reduce noise from AF signals without
deforming the waveforms, by improving signal to noise ratio, so the low amplitude features,
such as U waves, can be inspected.

It is important to note; the study assumes that the ‘preceding’ R-R interval has a major influence
on the subsequent ventricular characteristics such as T and U wave amplitudes. This is
demonstrated in the study presented in Chapter five (section 5.2.1.2). Furthermore, since the
technique depends on averaging repetitive epochs of the ECG signal, long ECG durations are
essential to collect enough beats for the processing, if there are to be sufficient number of beats
to reduce the noise effectively. Since a further objective was to assess the rate dependency of
ventricular repolarisation features, it was a requirement that average beats could be generated
from beats with a particular beat interval. This placed a further requirement for the use of long
duration AF ECG recordings.

To generate an ‘averaged beat’, the algorithm had four methodological stages:

1) R wave detection

2) R-R histogram (to allow selection of individual beats of specific beat interval)

3) Beats selection and collection

4) Averaged beat calculation.
The methodological details for each lead are illustrated in Figure 3.13, and the details are as
the follows.

1) R wave detection
R wave peaks were detected automatically using the Matlab function (findpeaks). Since
the QRS complex represents the most prominent repeating peak in the ECG signal, the
Matlab function detects R wave peaks by thresholding the peaks above certain value (e.g.
0.5 mV). The R wave peaks detection was confirmed with visual inspection by plotting
the detected points, as illustrated in Figure 3.13-a. If present, ectopic beats and their
adjacent intervals were removed.

2) R-R histogram
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3)

4)

The R-R histograms with bin size (R-Ruin) of 50 ms were constructed (Figure 3.13-b),
and R-R intervals were identified. Hence, number of beats at particular R-R intervals
could be identified.

Beats selection and collection

Beats were selected from all constructed R-Ryins When they meet selection criteria (Figure
3.13-c). Therefore, N groups were created relative to N R-Ryin. In other words, each group
includes number of beats that belong to one R-Ryin. Figure 3.13-c illustrates for the N
groups, where each group (layer in the Figure) represents the collected beats that belong
to the associated R-Ryin.

The selection criteria were chosen to calculate R-R intervals as R-Ri.1 = Ri-Rj.1 as
illustrated in Figure 3.13-d. Note that all collected beats in Figure 3.13-d were selected
from one R-Ruyin.

A careful selection for the beats with respect to the ‘preceding’ R-R interval (R-Ri.1) were
aggregated to build the desired average beat, represented by the interval corresponded to
the ‘grey shaded’ area in Figure 3.13-d.

The averaged beat constructed by using all the selected beats within similar ‘preceding’
R-R intervals (R-Ri.1) that i.e. within the R-R histogram bin (R-Rpin). In other words, the
qualified beats had R-Ri.1 = R-Ruin£25 ms, where R-Ryin Was the histogram bin with the
selected beats within that interval. A further requirement needed to remove the beats with
‘short’ following R-R intervals (R-Ri) (current beat) to avoid the contamination of the
averaged U wave with the QRS complex of the following beat. Therefore, beats with R-
Ri less than a threshold (R-Rmin) of 650 ms were excluded, see Figure 3.13-d.

Average beat calculation

All qualifying beats selected in stage 3 were aligned to their R wave peaks (R;) (Figure
3.13-d) and the ‘averaged beat’ for the collection of beats for each R-Rpin Was calculated
as the mean amplitude across the beats. The same process of beat collection and
averaging was repeated to all R-R bins. Figure 3.13-e shows the averaged beats generated
from all R-R bins (R-Rupin).

The generated averaged beat is illustrated in Figure 3.13-f. All generated averaged beats
were inspected visually to decide whether the fibrillatory waves and the noise, were
reduced in the AF record.

It is important to note that histogram bins (R-Ruin) with less than 10 beats were excluded
since the number of beats influences the quality and the value of the averaged U wave.
For more details, the study in section 4.4 of Chapter four has examined the effect of the
number of beats on the quality of the averaged beat and ventricular repolarisation
characteristics.
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Figure 3.13: The signal processing workflow for beat averaging technique to clean AF
recordings. (a) R wave peaks (V) were detected in the ECG lead. (b) the R-R histogram (bin
size R-Rpin = 50 ms) was created (R-Ruyin1 t0 R-Rupinn, Where N= all R-Ryins). (C) collect and align
the beats from each bin. Collected beats from one of the bins is shown in (d). (e) averaged beats
for N R-Reuins were calculated resulting in the average beat containing the ventricular
repolarisation features (T and U waves) as illustrated in the averaged beat generated from one
of the R-R bins in (f).

3.2.3.2. Implementation Examples

In this section some implantation examples are presented while a statistical quantitative
analysis of the ability of the beat averaging technique to remove the atrial fibrillatory activity
is presented in section 3.3.

The beat averaging technique succeeded to clean AF recordings and generate ventricular
averaged beats with reduced atrial fibrillatory waves that contaminate the ECG signal. Figure
3.13-f shows a clean averaged beat where the ventricular repolarisation features including U
waves were revealed after processing.

Figure 3.4 shows a 5 seconds interval of ECG for 12 leads of the same AF recordings that were
used in PCA and ICA analysis. The low amplitudes of the fibrillatory waves are obscuring the
ventricular features. Clearly, it is difficult to recognise U waves as they have same morphology
and amplitude of the fibrillatory waves.

Figure 3.14 presents the corresponding averaged beats for thel2 leads. It can be seen the noise
was reduced including the atrial fibrillatory waves, and the desired ventricular characteristics
revealed (corresponding to the grey shaded area), particularly the most challenging feature:
The U wave. The averaged beats in the Figure 3.14 were generated using the maximum number
of beats (R-Ruin with maximum number of beats, 252 beats) with similar preceding R-R interval
(725 £ 25 ms).

The beat averaging algorithm improved the signal to noise ratio (SNR) and the process of
creating an averaged beat by careful alignment and summation of a large number of beats
helped to separate the uncorrelated noise and atrial fibrillatory waves from the repetitive
ventricular beats, without introducing signal distortion. The resultant averaged beats were
relatively clean and revealed all desired ventricular characteristics which can facilitate an
accurate investigation of the repolarisation waves (e.g. T and U waves) and intervals (e.g. R-T
and T-U) in AF.

It is important to note factors that affect the accuracy and quality of the generated averaged
beats. First the accurate alignment of R waves for the chosen beats (i.e. reference time point
where all beats aligned) and second the number of beats that averaged during the processing
by the algorithm. Hence, it is important to understand their influence on the averaged beats.
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To understand the role of the precise alignment for the collected beats to their R wave peaks,
Figure 3.13 illustrates the effect of ‘accurate alignment’ and ‘misalignment’ for R waves peaks
(fiducial point) on the resultant averaged beat. The example presents two main parts using one
of the AF recordings, where i) presents qualified beats collected by the beat averaging
algorithm, and ii) the corresponding averaged beat. It has been explained in the method, all
chosen beats were aligned carefully to their R wave peak as in Figure 3.15 (i) considering the
preceding intervals.

Evidently, all beats are aligned accurately to their R peaks as illustrated in Figure 3.15 (i-C),
only noise is reduced and averaged out, while the wanted signal is unchanged as in the resultant
averaged beat in Figure 3.15 (ii-C).

However, if the beats are misaligned with the timing reference and then averaged, the signal
and the noise will be effected because of reference jitter from beat to beat [132,148], and that
leads to an amplitude reduction or distortion of the averaged signal depending on the reference
jitter degree (i.e. how many beats misaligned); as an example, Figure 3.15 for the areas (iB)
where the beats misaligned to (Rk) timing reference, the corresponding area (iiB) for the beats
averaged showed a reduction for the (Rk) amplitude after the averaging. Similarly, areas (iA,
iD) showed strong reference jitter (i.e. strong misalignment) from beat to beat, the averaged
results in the corresponding area (iiA and iiD) where both signal and noise were averaged out,
causing a distortion to the resultant signal.

The other important factor is the number of beats used for averaging. It has been hypothesised
that the number of beats aggregated into the averaged beat has a direct effect on the quality of
the resultant beat. In other words, increasing the number of averaged signal epochs would
achieve greater noise reduction, and hence higher-quality averaged beat. This has important
implications for the algorithm since it demands a long duration of AF recordings. This study
has been investigated extensively in study three (section 4.4) of Chapter four.
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Figure 3.14: Example averaged beats for 12 leads for one AF recording. The beats generated
by the beat averaging algorithm are free from the atrial fibrillatory waves, and U waves are
revealed in the grey shaded area along with uncontaminated T waves.
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Figure 3.15: An example of accurate alignment and misalignment effects on the averaged beats in beat averaging method using one of the AF recording.
i) represents example of beats collection were aligned to their R wave peaks (part C) where all waves placed accurately to generate an averaged beat with
respect the preceding interval (R-Ry). The parts A, B, C, and D show different regions of the collected beats during the alignment, part C demonstrates the
desired region where all R peaks are aligned carefully. In part B, there is a reference jitter (slight R« peaks misalignment), while undesired parts A and D
have strong misalignments to the beats’ peaks. ii) represents the corresponding averaged beat showing the corresponding averaged parts A, B, C and D. In
the averaged part C, where all R peaks aligned accurately, the noise averaged out and the desired ventricular beat remains. Part B, the noise and part of the
signal averaged out causing lower amplitude for Rk peak (i.e. lower QRS) because the collected beats in part B have slight peaks misalignment. Parts ‘A
and D’ are noisy and the signal distorted since the corresponding parts A and D in i) have strong variations and misalignments.
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3.3. Comparison Study Between BA, PCA and ICA Techniques

The aim of this study was to quantitatively assess the three processing techniques PCA, ICA
and beat averaging (BA) presented in the previous sections for their ability to clean the AF
recordings from the unwanted fibrillatory waves.

3.3.1. Method

The three developed techniques PCA, ICA and BA in the sections (3.2.1, 3.2.2 and 3.2.3), were
applied to 12 leads of 10 AF recordings of the Long Duration AF Database to remove the atrial
fibrillatory waves from AF recordings and provide clean ventricular beats.

The quality of the resultant beats of the three developed technique was inspected visually. The
presence of U wave in these beats was the metric used to compare the techniques’ ability to
clean AF recordings from the atrial activity, as it represents the most challenging feature of the
repolarisation process. Subsequently, the techniques were compared statistically to determine
their suitability for further studies to investigate the ventricular features.

To assess the three techniques ability to clean AF recordings, 300 generated beats were
examined visually by an expert (PL) to check whether the U wave was visible in these beats.
The 300 beats were gathered after applying the 3 techniques on 10 AF recordings.

Each technique was used to provide 100 beats; therefore, the total number of beats were 300.
The 300 beats were gathered as the following:

a) Using the PCA technique (section 3.2.1), 100 beats were gathered from the reconstructed
lead V4. The first consecutive 10 beats of reconstructed lead V4 were collected from each
AF subject. The reconstructed lead V4 was chosen as the U wave amplitude is known to
be higher in this lead (see section 1.3.1).

b) Using the ICA technique (section 3.2.2), 100 beats were gathered from the visually
inspected IC3. The IC3 was chosen as it showed visually less contamination by the
remaining atrial activity compared to the other components. The first consecutive 10 beats
of IC3 were collected each AF subject.

c) Using the BA technique (section 3.2.3), 100 averaged beats were generated using lead
V4, the U wave amplitude is known to be higher in this lead (see section 1.3.1). In the
processing, 10 different averaged beats were generated from each AF subject.

As has been explained above, in the PCA method, we used the reconstructed lead V4 to provide
10 consecutive beats from each AF subject (total 100 beats = 10 beats x 10 subjects). In ICA
method, we used the ICzto provide 10 consecutive beats from each AF subject (total 100 beats
= 10 beats x 10 subjects). While in BA method, we used the lead V4 to provide 10 different
averaged beats from each AF subject (total 100 beats = 10 beats x 10 subjects). The total
number of inspected beats was 300 beats.
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The 300 collected beats were presented randomly and U wave presence was examined visually
in the beats. Figure 3.16 shows representative examples of the examining method. The example
shows 5 random beats produced by the 3 techniques. As has been mentioned, the visual
examination focused on ‘U wave presence’ to report a decision by answering the question: “Is
U wave visible in the beats?”

The answers were categorised as:

i) “Yes’ if U wave presence has confirmed in the presented beat.

i) ‘No’ if the U wave was not observed in the presented beat.

i) ‘Not Sure’ if the U wave presence or absence could not be determined in the presented
beat, e.g. there was potentially a U wave, but the expert was not confident due to
contaminating noise.
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Figure 3.16: An example illustrates the assessment method for the generated beats, where they
presented randomly to be examined visually by an expert. The beats were generated using 3
techniques, BA, PCA and ICA. The total number of examined beats are 300. The visual
examination addresses the question “Is U wave visible in the beats?”. The answers were
categorically classified into ‘Yes’, ‘No’, and ‘Not sure’ depending on certainty of the presence
of a U wave.

The frequency of the categorical answers (Yes, No, Not Sure) were gathered and compared
among their 3 associated techniques (BA, PCA, and ICA). The results were statistically
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assessed using Fisher Freeman-Halton exact test. The test was two sided and p-values less than
0.05 were considered statistically significant.

Note that the duration of the analysed AF recordings allowed the BA algorithm to provide only
10 generated beats for each lead (check section 5.2 of Chapter five for more details). Therefore,
only 10 beats were selected from each lead for all the 3 techniques.

3.3.2. Results

The results of the visual inspection showed that ‘beat averaging algorithm’ was the best
technique to remove the atrial activity from the AF recordings, compared to the PCA and ICA
techniques.

Figure 3.17 shows the statistical results of U wave inspection in 300 beats produced by the 3
developed techniques (BA, PCA and ICA). The triple bars for each technique illustrate the
frequency of the state of recognisable U wave during the visual examination, where ‘Yes’ refers
to the number of distinguished U wave, ‘No’ refers to the number of unrecognisable U wave,
and ‘Not Sure’ refers to the number of indicates the uncertainty of distinguishing U wave.
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Figure 3.17: The frequency of U wave presence that examined visually for 300 produced beats
by the techniques beat averaging (BA), PCA, and ICA. The positive, negative and uncertainty
outcome to report U wave presence indicated by ‘Yes’, ‘No’ and ‘Not Sure’ respectively.
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U waves were discernible for the 100 beats that has been generated by BA technique, and for
35 beats using PCA technique whereas only 1 beat confidently showed visible U wave using
the ICA technique, as shown in Figure 3.17. The Uncertainty for distinctive U wave dominated
PCA and ICA techniques results with 51 and 84 beats respectively. The difficulties in
recognising U wave in many beats associated to PCA and ICA are due to either the remaining
fibrillatory waves, or residual noise that obscured the beats, this suggesting a failure to clean
the beats from the atrial activity using these two techniques.

Figure 3.18 displays comparison example produced by the 3 techniques BA, PCA, and ICA
compared to their associated AF recording. Figure 3.18-a shows a strip of AF signal where it
is difficult to distinguish U wave due to spreading atrial activity, 3.18-b illustrates two
associated average beats generated by BA technique for i) short beat duration and ii) long beat
duration, in both U wave where discernible with high quality since the atrial activity as well as
noise were averaged out. Figure 3.18-c presents two beats collected from the reconstructed lead
V4 provided by PCA, where the beat in i) suggests an obvious U wave while ii) shows
difficulties to distinguish U wave since the beat still suffers from the AF activity according the
visual inspection. Similarly, for the beats in Figure 3.18-d where the two presented beats
collected form the 3" estimated component (ICs) provided by ICA, i) shows potentially a
visible U wave despite the considerable level of noise that covered the beat, while ii) shows
difficulties to distinguish U wave due to remaining AF activity and high level of noise.

Table 3.1 provides the contingency Table for U waves presence that has been examined for
300 beats related to their generated mechanism (BA, PCA, and ICA). The statistical assessment
for the U wave presence among the 3 technique was extremely significant with (p=0.000) using
the categorical Fisher Freeman-Halton exact test.

a) AF

b) BA ¢) PCA d) ICA
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Figure 3.18: Example to compare U wave presence in resultant beats by the techniques BA,
PCA and ICA to their AF recording. (a) an interval of ECG in AF where it is difficult to
distinguish U wave, and (b) the corresponding two generated averaged beats using BA
technique 1) for short beat duration and ii) for long beat duration where in both beat, U wave is
visible following T wave. (c) two collected beats from the corresponding the reconstructed lead
V4 provided by PCA where i) shows potentially a clear U wave in the beat while ii) shows
uncertainty of U wave presence due to the remaining AF activity. (d) two collected beats from
the corresponding estimated 1Cz provided by ICA technique where i) shows potentially
discernible U wave in the beat despite of the residual noise whereas ii) shows uncertainty of U
wave presence due to the remaining AF activity and high level of noise.

Table 3.1: Contingency table of the presence of U wave for three techniques BA, PCA, and
ICA in AF recording according to the visual examination (using categorical Fisher Freeman-
Halton exact test).

Visible U wave

Techniques Total
Yes No Not Sure

BA 100 0 0 100

PCA 35 14 51 100

ICA 1 15 84 100

Total 136 29 135 300

3.3.3. Discussion

The techniques BA, PCA and ICA were applied to 10 AF ECG recordings. They were applied
to remove the atrial activity from the ECG signals and provide clean ventricular beats that can
facilitate further investigations of ventricular features in AF including U wave. Their ability to
clean AF was compared by examining U wave presence visually in 300 resultant beats obtained
by these 3 techniques, 100 beats from each technique. The BA technique produced outputs
where a U wave could be observed in all cases compared to the PCA and ICA were far fewer
were observable. The U waves were visible for all 100 beats produced by BA, compared to 35
beats for PCA, while only 1 beat showed discernible U wave for ICA (see Figure 3.17).

The presence of U wave was chosen as criteria for the techniques’ assessment and efficiency
because, on one hand U wave is a desirable ventricular feature for further research studies in
AF. On the other hand U wave is a low amplitude deflection compared to other ventricular
waves, lies in same amplitude range of atrial fibrillatory waves [54], thus discernible U wave
in the resultant ventricular beats can provide a clear indication of the techniques’ ability to
observe such a small feature as a U wave. In other words, clean visible U wave is a quality
measure of the technique ability to provide clean ventricular beats in AF and hence fulfilling
the principal aim of the study.
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Clearly, BA algorithm succeeded to average out the atrial activity from the AF recordings,
reduce the noise, and produced clean ventricular beats with high quality (see Figure 3.18-b).
As has been mentioned, U wave was discernible in all averaged beats. This is an interesting
finding to find U wave visible in such a condition.

The performance of the PCA technique was less reliable, where only 35 beats showed
detectable U waves from 100 inspected beats output by the PCA technique. The technique has
separated the atrial activity and the noise from AF recordings; however, many beats preserved
their fibrillatory waves, which makes it difficult to observe the U wave during the inspection
as the wave is contaminated and masked by the atrial activity, thus making it difficult to observe
the U wave in 51 beats (i.e. ‘Not Sure’).

The ICA technique showed poor ability when removing the atrial activity and noise form the
AF recordings compared to the PCA and BA techniques. The beats produced remained
contaminated by the atrial activity as well as noise; only one beat showed a noticeable U wave
from 100 examined beats despite of the high level of noise. Visible U waves were uncertain
for high number of inspected beats (84 beats), this indicates the ICA technique has failed to
remove the atrial fibrillatory waves completely from AF recording, which makes it unqualified
technique for further studies in AF.

Fundamentally, accuracy in the medical studies is vital, therefore the quality of the produced
beats is essential for further studies as they could be used for measurement purposes and
medical diagnosis. Hence to evaluate the 3 techniques from the quality point of view, BA
technique generated high quality clean beats which qualifies them for further studies of
ventricular features. Additionally, for the acceptable beats that produced by the PCA technique,
despite the presence of U wave, however, there is a low level of residual noise which varies
from beat to beat. Moreover, the beats produced by ICA technique showed poor quality as they
were noisy and contaminated by the residual atrial activity combined by considerable level of
noise, which make them disqualified for further studies in AF.

In fact, the nature of the PCA and ICA processing presumed can separate the atrial activity
from AF recordings and produce clean ventricular beats for the full length of the recordings.
This can offer the potential to study the ventricular repolarisation characteristics beat by beat,
and track their changes in such arrhythmia (AF) by inspecting the waves T and U, and
ventricular intervals. However, the techniques PCA and ICA, were not able to remove the
undesired fibrillatory waves and hence cannot facilitate such studies.

The BA technique compared to PCA and ICA provides a favourable candidate to clean AF
recordings from the unwanted atrial activity, which can offer a wider potential to study the
repolarisation characteristics, including the most challenging feature: U wave in AF. It is
important to note a few considerations when using the BA technique to clean AF recordings.
The technique demands long duration recordings for higher effectiveness since it depends on
collecting a number of beats to be averaged and produce ‘one’ clean averaged beat.
Consequently, the number of beats collected has a direct impact on the quality of the averaged
beat, i.e. more beats collected means a higher quality averaged beat. Additionally, producing
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one clean averaged beat for certain beat interval can limit the potential to investigate the
variation of the ventricular feature changes (such as U wave) from one beat to another.
Although the focus of this study has been on the U wave, it is reasonable to assume that any
remaining contamination of atrial fibrillatory activity will also be present during the T wave,
hence the BA algorithm is likely to provide cleaner T waves than the other evaluated
techniques.

3.4. Chapter Summary

The study critically investigated three proposed techniques (BA, PCA, and ICA) to provide a
reliable tool to clean AF recordings from atrial activity and provide ventricular beats free from
the fibrillatory waves. The BA technique shows a reliable performance with high quality of the
generated ventricular beats compared to PCA and ICA techniques. The BA algorithm is highly
recommended to clean AF recordings. Consequently, the beat averaging algorithm is used to
clean AF recordings in the following chapters as it facilitates further studies in this project. The
BA algorithm is validated in Chapter four and used for the research investigations in Chapter
five.
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Chapter 4

Validation of the Ventricular
Repolarisation Measurement Techniques
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Chapter 4. Validation of the Ventricular Repolarisation
Measurement Techniques

4.1. Introduction

This chapter is dedicated to establish and validate the proposed techniques to detect and
measure ventricular repolarisation features in atrial fibrillation. The chapter consists of three
essential studies. The first study is to develop an algorithm for the automatic measurement of
ECG ventricular repolarisation features and to validate it against manual measurements. The
second study is to validate the ‘beat averaging algorithm’ to reveal the U wave, by comparing
the U waves extracted from AF recordings to the U waves that are observable in SR recordings
for the same patients. Finally, third study is conducted to establish the ‘number of beats’ that
are required to extract U waves effectively with high quality using beat averaging algorithm in
AF.
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4.2. Validation of Automatic Measurements for Ventricular
Repolarisation Features Against Manual Measurement

The aim of this study is to develop an algorithm for the automatic measurement of ECG
ventricular repolarisation features and to validate it against manual measurements. First, the
ECG measurement algorithm is described. Second, a Matlab application to assist the
measurement of the same features manually is described. Finally, validation of the algorithm’s
automatic measurements against manual measurements is presented.

In the previous chapter, the beat averaging algorithm exhibited a strong performance to clean
atrial fibrillation (AF) recordings from the contamination of fibrillatory waves and succeeded
in providing clean ventricular beats from which ventricular repolarisation wave features (e.g.
U and T amplitudes and intervals) can be measured. We now deal with the measurement of
these features.

There are two broad approaches to quantify the ECG features, i) manually or ii) automatically
[172,173]. Manual measurements have been observed to exhibit large inter-observer
variability, while automatic measurements are repeatable because they do not suffer the
subjectivity of manual measurement [172,173].

Fundamentally in medical research, visual examination serves as a gold standard of the analysis
[173,174]. However, this process is time consuming and cumbersome for large amounts of
data. Alternatively, automated measurement provides fast, robust and repeatable analysis for
large amounts of data [174]. However, automatic techniques require validation to quantify any
measurement bias associated with technical processing.

As the ‘automatic ECG feature measurement algorithm’ is used throughout the various studies
of this project, this study presents a validation of the automatic measurement technique against
the ‘gold standard’ manual technique.

4.2.1. Method

4.2.1.1. ECG Database

The 10 recordings of the Long Duration AF ECG Database were used in this study. Full details
of the database have been described in section 2.3.1 of Chapter two.

Lead V4 was analysed for all 10 AF recordings. V4 was chosen because the amplitude of
ventricular waves, particularly the desired U wave, is higher in the precordial leads V2-V4 [54]
(see section 1.3.1 of Chapter one) so this aids the visual inspection and manual measurement
of the ventricular repolarisation features.
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4.2.1.2. ECG Processing

The validation approach consisted of three methodological stages. First is the recordings pre-
processing stage where AF recordings were processed to clean the ECG signal from the
contamination of atrial fibrillatory waves to generate clean ventricular beats. The beat
averaging algorithm was used in this stage. Second, the ventricular repolarisation features were
measured using two approaches, automatically through an automatic measurement algorithm
and then manually through bespoke software used by two observers. Finally, the results of the
manual and automatic measurements were compared and statistically tested.

Figure 4.1 illustrates the method stages of the validation analysis, demonstrating the three
methodological stages in sequence. The following sections describes the processing details of
each stage individually.

4.2.1.2.1. ECG Pre-processing

The objective of this stage is to prepare clean beats to implement the measurement techniques.

The beat averaging algorithm was used to generate 100 ventricular clean averaged beats from
10 AF recordings (total number of generated beats = 10 beats per lead V4 x 10 subjects). For
each patient the 10 average beats had different preceding R-R interval. The ventricular
repolarisation features of these 100 averaged beats were then measured automatically and
manually as described in the following sections.

The full details of beat averaging algorithm processing have been described in section 3.2.3 of
Chapter three.

4.2.1.2.2. Automatic Measurement

An ‘automatic ECG feature measurement algorithm’ was used to measure the ventricular
repolarisation features for the 100 ventricular averaged beats in AF.

The algorithm was designed to quantify the desired features automatically. The desired
ventricular repolarisation features in the validation study are: U and T wave amplitudes referred
to as U amp and T amp, the interval between R and T waves (peak to peak timing points)
referred to as R-T, and the interval between T and U waves (peak to peak timing points) referred
to as T-U. Figure 4.2 illustrates the desired repolarisation features presented on a generated
average beat.
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Figure 4.1: Illustration of method stages of validation study. Pre-processed averaged beats
(100 beats) of 10 AF recordings were prepared for the measurement. Two measurements
approaches were implemented to measure the ventricular repolarisation features. Both
measurements were compared and statistically tested.

The automatic algorithm measured the amplitudes of the U and T waves from a stable baseline
to their peaks. The stable baseline amplitude (referred to as Ref in Figure 4.2) was estimated
automatically from a 10-sample point window of the electrically quiescent period before the
onset of the QRS complex. The window selection of 10 samples was relative to the location of
R wave peak. The location of R wave peak (R) was already known from beat averaging
algorithm, therefore by stepping a selected threshold (flexible depending on sampling rate and
the type of records i.e. AF/SR) from R wave peak backward to skip the location of Q wave in
AF (or P wave in SR), then the stable window of 10 samples was selected. The selected window
was visually inspected to confirm its appropriateness.

With the location of the R wave peak in the average beat already known, the location of the T
and U wave peaks were detected using the Matlab findpeaks function as the next two peaks
following the R wave. The findpeaks function was used with amplitude and time thresholds to
reject small peaks resulting from noise being detected as T or U waves.

The interval between R wave and T wave (R-T) was measured as the duration between their
peaks. Similarly, the interval between the T and U waves (T-U) was measured as the duration
between their peaks.
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Figure 4.2: A representative example of measurement points shows an averaged beat with the
repolarisation features indicating T wave amplitude (T amp), U wave amplitude (U amp), R-T
interval (R-T), T-U interval (T-U), T wave end amplitude (TUn amp) and the intervals (R-
TUnN). Ref = reference for the stable baseline amplitude (electrically quiescent period).

4.2.1.2.3. Manual Measurement

The manual measurement was applied to the same averaged beats used in the automatic
measurement to measure the same repolarisation features, T wave amplitude (T amp), U wave
amplitude (U amp), R-T interval, and T-U interval.
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The measurement was conducted using bespoke Matlab software. The software application
was built specifically for this purpose to enable the potential users (e.g. researchers and
clinicians) to observe the generated averaged beats on the computer screen and decide the
location of the desired features according to their experience.

The measurement of the above features was obtained by two observers (PL, MSA) where they
used the software independently to select the repolarisation features manually. The software
displayed the averaged beats individually on the computer screen at a size corresponding to
ECG paper speed of 50 mm/s and 20 mm/mV. Figure 4.3 shows the GUI main window with
one of the averaged beats loaded into software application.

The software enabled the observers to mark independently a stable isoelectric baseline in the
period immediately just before the onset of QRS complex, as well as the T peak, and U peak
time points. Figure 4.3 illustrates a representative example of these selected marks on the
computer screen placed on the loaded averaged beat.

Beside the interest to measure the above main ventricular features, the software application
was designed with the flexibility to investigate additional features that cannot be predicted
accurately by the automatic measurement algorithm. The additional features are, TU nadir
amplitude referred to as TUn amp and its time point, from which the interval between the R
wave and TU nadir (referred to as R-TUn) can be calculated. It is important to note that these
are not part of the current validation study, thus these will not be presented further in this
chapter. However, they represent essential parts of the software application and they have been
used in other studies presented in section 5.2 of Chapter five of this thesis.

After the manual selection of the reference baseline window and T peak and U peak time-points
the desired features values were calculated based on the manually selected points. The location
of R wave peak was already known from beat averaging algorithm since R peak is the reference
time point for alignment of multi-beat averaging and always lies in the centre of average beat
window. T wave amplitude (T amp), and U wave amplitude (U amp) were automatically
calculated from the manual selected baseline to the selected wave peaks. Likewise, T wave end
amplitude (TUn amp) was automatically calculated from the manual selected baseline to the
TUn point. The intervals R to T wave peaks (R-T), T to U wave peaks (T-U) and R peak to TU
nadir (R-TUn) point were automatically calculated from their manually selected points. Figure
4.2 illustrates the mentioned repolarisation features presented on a generated average beat.

The software created is capable of sequential loading of all the generated averaged beats and
presenting them on the screen annotated with their recording details (e.g. recording identity,
and length of the beat interval) as presented in Figure 4.3. A full description of the software
user guide is presented in the appendix B.
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4.2.1.3. Statistical Comparison

A statistical comparison and correlation test were applied between manual and automatic
measurements associated with each measured feature. In other words, statistical assessments
were carried out for the following measurement:

1) Manual U amp against automatic U amp
2) Manual T amp against automatic T amp
3) Manual R-T interval against automatic R-T interval
4) Manual T-U interval against automatic T-U interval

The statistical significance of the differences between manual and automatic measurements for
each feature was assessed using Wilcoxon signed rank test (paired samples test) following the
normality assessment of data distribution for each set by Kolmogorov-Smirnov test. The
correlation between manual and automatic measurements for each feature was assessed using
Pearson correlation.

Additionally, since the manual measurement was examined by two observes (PL and MSA),
inter-observer variation analysis between their measurements was implemented and tested
using intra-class correlation (ICC). The average of the two manual measurements for each ECG
feature was calculated and was used to validate the automatic measurements.
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4. GUI for U Wave Manual Measurement

- O
ECGFile Tools
(i) Selected A004a RR725 Points Instructions
- . - 2

isoelectric baseline - ' ' ‘ ' ' ' ¥ PR LA S L A ' ' ' ]
— \ T ;
= 15 F H ‘ Pl E
g i P E ]
L B : - E
L s : S 1
8 HE . . . . E

é @ A 1 F ‘ - E Enter User Load
— . H - E
o f t : : 3
S '\ 3
I & = 05F | A 3

g = | .]f ";. / \ 3 Accept Reject
% 8‘3, g A | /o H A f E
A I A e Y § ISR N ) S AP RIS s SV

o ( : : 3 Save Data and Workspace
(o] ]
~ 05 F \| E

S Check Workspace
3 ¥ S =
'l:: T [ FFPRETETIN FPETETETI FETTTRTIT PPTTTTETE FPTPETTret FEven lll':l;l uux].lﬁ.; | 1 PETPETI FETETETETY FETERTETI |

0 100 200 300 400 500 600 700 8O 900 4 1000] 1100 1200 1300 1400 1500
e > Samples

1s=50mm

(on the computer screen) (i) Selected T wave peak (iv) Selected U wave peak

(iii) Selected TUn

Figure 4.3: The GUI main screen of the bespoke Matlab software that was used for manual measurement. It shows an average beat with the
manual selected (i) isoelectric baseline window, (ii) T wave peak, (iii) TU nadir (TUn), and (iv) U wave peak.
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4.2.2. Results

4.2.2.1. Comparison Between Automatic and Manual Measurements

Automatic and manual measurements showed a significant positive similarity for all desired
repolarisation features.

Figure 4.4 compares the manual and automatic measured ventricular features. Bars and
whiskers indicate mean and standard deviation (mean + SD) of the measured values across 100
beats. Table 4.1 presents the statistics for both measurements, where all measured features
showed great similarity with no statistical significance difference (p>0.05) between the two
sets of measurements.

Statistically, the amplitudes of U waves measured manually and automatically (mean £ SD,
44+14 nV vs 43£13 pV respectively) showed a strong linear positive correlation, where the
correlation coefficient R was 0.9802. The Wilcoxon signed rank statistical test was not
significant with p = 0.5708 between the paired measurements. Similarly, T wave amplitudes
were almost identical (manual vs automatic, 34614 pV vs 344+13 puV) and highly positively
correlated where R was 0.9995. The Wilcoxon signed rank statistical test was not significant
with p = 0.3075 between the paired measurements.

Likewise, the manual and automatic measurements of the intervals R-T (260+5 ms vs 260+4
ms) were positively correlated with R equal to 0.9794. The Wilcoxon signed rank statistical
test between the paired measurements was not significant with p = 0.5708. The intervals of T-
U (224+4 ms vs 223+5 ms) were positively correlated with R equal to 0.9893. The Wilcoxon
signed rank statistical test between the paired measurements was not significant with p =
0.9698. Figure 4.5 and Table 4.1 present the correlation between the manual and automatic
measurements for the features: U wave amplitudes, T wave amplitudes, R-T intervals, and T-
U intervals respectively.

Clearly, there is similarity between the two sets of the measurements (Figure 4.4 and Table
4.1) combined with strong correlation (Figure 4.5) for all the desired features. This indicates
that the automatic measurement algorithm performed closely to the standard manual approach.
For example, the automatic algorithm underestimated U wave amplitude by an average 1 pVvV
from manual measurement. While for T wave amplitude the mean difference was 2 uV. For
the intervals, R-T for both measurements were identical where the average duration was 260
ms, whereas T-U of automatic algorithm underestimated by average 1 ms (see Table 4.1)
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Table 4.1: Statistical summary of the validation study for manual and automatic measurements
of 100 average beats from 10 AF patients using lead V4. P value indicates the significance
between the paired measurements using the Wilcoxon signed rank statistical test.

Measurement Manual Automatic A value Correlation
mean +SD P value  coefficient
Features mean + SD mean + SD B R
U amp (UV) 44 + 14 43+ 13 1+3 0.5708 0.9802
T amp (LV) 346 + 14 344 + 13 2+4 0.3075 0.9995
R-T (ms) 260 £ 5 260 + 4 0+2 0.5708 0.9794
T-U (ms) 224+ 4 2235 1+2 0.9698 0.9893
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Figure 4.4: The automatic and manual measurement results for a) U wave amplitude, b) T
wave amplitude, ¢) R-T interval and d) T-U intervals for 100 beats. Bars and whiskers indicate
mean and standard deviation (mean + SD) of the values across 100 beats.
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4.2.2.2. Inter-observer Variation

The repolarisation features measured manually by two observers showed some variation, as
expected in any manual measurement, and were positively correlated. Table 4.2 presents the
statistics of the measurements of the observer 1 and observer 2. The amplitudes of the waves:
U (mean £ SD, 45 + 13 uV vs 44 £ 14 pV respectively) and T (345 = 14 pV vs 346 + 14 pVv
respectively), and the interval T-U (222 £ 5 ms vs 226 + 5 ms respectively) showed similarity
for the measurements of the two observers. The results were positively correlated (Table 4.2)
with no statistically significant difference between the paired measurements (p>0.05, Wilcoxon
signed rank statistical test).

Interestingly, R-T interval presented a significant mean difference (p<0.05) between observers.
Figure 4.6 shows the results (mean = SD) for the manually measured features (U and T wave
amplitudes, the intervals R-T and T-U), where obviously R-T intervals (Figure 4.6-c) presents
differences between observers 1 and 2 (265 = 5 ms vs 254 = 5 ms respectively). On average

there was an 11 ms difference in R-T interval measurement between observer 1 and observer
2 (Table 4.2).
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Figure 4.5: The correlation between manual (gold standard) and automatic measurements in
the validation study for 100 beats. a) U wave amplitude, R=0.9802, b) T wave amplitude,
R=0.9995, c) R-T interval, R=0.9794 and d) T-U interval, R=0.9893.

Table 4.2: Statistical summary for manual measurements of two observers to measure the
ventricular features in 100 beats. P value indicates the significance between the paired
measurements using the Wilcoxon signed rank statistical test.

Observer 1 Observer 2 value Interclass
Feature (PL) (MSA) A value P correlation (ICC)
mean =+ SD
mean £ SD mean + SD p R
U (LV) 45+ 13 44 + 14 11 0.1655 0.8392
T (uV) 345 + 14 346 + 14 1+9 0.064 0.801
R-T (ms) 2655 254 £5 11+26 0.0000 0.8622
T-U (ms) 222 £5 2265 -4 + 25 0.0698 0.7918
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Figure 4.6: The manual measurements by two observers for a) U wave amplitude, b) T wave
amplitude, c) R-T interval and d) T-U intervals. Bars and whiskers indicate mean and standard
deviation (mean x SD) of the values across 100 beats.

4.2.3. Discussion

This study has described the ‘automatic ECG feature measurement algorithm’ developed to
quantify ventricular repolarisation features in AF. The algorithm was used to measure U and T
wave amplitudes and the intervals R-T and T-U in AF subjects. The algorithm’s ability to
automatically measure the ventricular features was validated against a manual measurement
for the same features. The manual measurement was implemented by two observers via
bespoke software built for ventricular features measurements. The measurements, manual and
automatic, were strongly correlated without significant difference between them.

The automatic algorithm showed the ability to process large numbers of beats to measure the
repolarisation features in AF, particularly the challenging U wave. Evidently, the algorithm
measurements were reliable as they were not statistically significantly different to the manual
measurements for the same features.

This indicates that the automatic algorithm is reliable and validated to measure the
repolarisation wave amplitudes (U amp and T amp) and the intervals (R-T and T-U). The
automatic algorithm underestimated U wave amplitudes by average 1 uV, which is a similar
magnitude of difference between observers (see Table 4.2). While for T wave the amplitude
difference was 2 uV compared to 1 pV between observers. R-T intervals were identical with
no average differences between the manual and automatic measurement. However, there was
an average 11 ms difference in R-T interval measurement between observer 1 and observer 2.
The R-T interval difference between the two observers is related to the difference of their
selections of the peak of T waves. The automatic algorithm underestimated T-U interval by
average 1 ms relative to the manual measurement (see Table 4.1), whereas the differences with
inter-observer was on average 4 ms (see Table 4.2).

Note that the quality of the averaged beat plays a significant in the peak detection and hence
the accuracy of the features’ measurement. This is because the noisy beat leads to a higher
amplitude for the detected peak due to the residual noise. Therefore, it is important to ensure
averaging a sufficient number of beats to produce high quality beat. For more details, the study
in section 4.4 of this chapter has investigated the number of beats required to generate high
quality beats using beat averaging algorithm.

The algorithm offers a wide potential to satisfy the need of clinicians and researchers to
investigate the repolarisation features including the challenging U wave, and their changes
during the repolarisation process in such arrhythmia (AF).

The manual measurement was considered the ‘gold standard’ in the validation study [173]. The
manual measurement software was designed with the flexibility to select and inspect the main
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ventricular features. Additionally, the software provides the researchers with the potential to
inspect features of the end of the T wave (TU nadir).

Although the manual measurement is considered as a gold standard in medical studies, it is
subjected to the observers’ experience which can provide variation in the results as presented
above. Furthermore, manual examination is a time-consuming process for large amounts of
data, therefore a validated automated measurement algorithm is needed to facilitate further
medical research efficiently, and to ensure repeatable measurements.

The automatic measurement algorithm and the manual measurement software, both can be used
to perform further studies to examine the repolarisation processing characteristics. The
validation study was implemented using AF recordings; however, the two techniques
developed are capable of measuring the repolarisation features in any ECG recordings.
Critically, in AF recordings, both techniques require the removal of the atrial fibrillatory wave
to achieve accurate detection and measurement for the desired features. This is why beat
averaging algorithm was used to pre-process the AF recording before the measurement.
Notably, beat averaging algorithm provides a useful tool to clean any recordings from the noise
contamination and generate noise free beats.

Building on the results and discussion presented in this chapter, this study has proposed an
automatic algorithm to measure the ventricular features in ECG recordings such as AF. The
algorithm’s automated measurement has been validated against manual measurement for the
same features. The ‘automatic ECG feature measurement algorithm’ provides a useful tool to
quantify the repolarisation waves and intervals. Hence, it will be used to measure the desired
repolarisation features in the thesis studies.
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4.3. Validation Study for the Beat Averaging Technique to Extract U
Waves in AF Patients by Comparison with U Waves in the Same
Patients During SR

In Chapter one, section 1.3 the importance of being able to measure the U wave was
established. It was discussed how the U wave cannot be recognised in AF, and the beat
averaging technique demonstrated its ability to clean AF recordings in Chapter three (section
3.2.3).

With good quality SR recordings, the U wave can be easily seen without significant processing.
However most clinical recordings present some noise which can also obscure U waves, and by
applying the same beat averaging algorithm as for the AF recordings the resulting noise
reduction allows for easier identification of U waves. It is hypothesised that U wave is present
in SR are also present during AF in the same patient and also that basic U wave morphology
such as polarity and amplitude are unchanged by the arrhythmia [1,54].

Having established a suitable technique for removing the atrial fibrillatory waves, the aim of
the study is to validate the ‘beat averaging algorithm’ to reveal the U wave, by comparing the
U waves extracted from AF recordings to the U waves that are observable in SR recordings for
the same patients. This study was part of the published work under the title “Validation of an
algorithm to reveal the U wave in atrial fibrillation” [1].

4.3.1. Method

4.3.1.1. ECG Recordings

The database used in this study was the AF/SR Database described in Chapter 2, section 2.3.2.
As a brief reminder it contains data from 25 subjects for which both of AF and SR recordings
were available for the same patient.

From this database, of the 11 local hospital recordings, lead V4 was analysed since it has the
most prominent U wave [49,54]. Lead V4 was not available in the 14 PhysioNet recordings so
the lead with most clearly observable U wave was analysed.

4.3.1.2. ECG Processing

The beat averaging algorithm was used to clean both the AF and SR recordings. The beat
averaging algorithm was described comprehensively in Chapter three (section 3.2.3), however
the methodological steps for both phases are described in the following sections since it is
necessary to describe specific implementation according to the recording type (i.e. AF or SR).
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4.3.1.2.1. AF Recording Analysis

The beat averaging algorithm was used to extract U waves from AF recording, by generating
an averaged beat clean from the atrial activity using only beats with similar preceding R-R
intervals. It is important to note that careful beat selection according the preceding beat interval
and the subsequent accurate alignment of these beats is essential to ensure the optimum
extraction for U wave and to reduce the heart rate impact on the U wave amplitude and timing.
As will be shown in section 5.2.2.1 of Chapter five it is demonstrated that the preceding beat
interval is a major determinant of ECG repolarisation characteristics, including the U wave, in
AF.

As a reminder for the reader the processing stages illustrating the beat averaging algorithm are

shown in Figure 4.7.
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Figure 4.7: Signal processing stages to extract U waves from AF recordings. R wave peaks
(V) were detected in the ECG lead (a) from which the R-R histogram (bin size R-Rpin =100
ms) was created (b). Beats meeting the selection criteria (R-Ri.1 = R-Rmode = R-Ruin/2 and R-R;
> R-Rmin) Were extracted from the ECG lead and aligned to the R peak (Ri) (c). The average
beat (d) was calculated from the collection of beats over the interval corresponding to the grey
area in (c) revealing the U wave.

The processing stages of average beat calculation consisted of:

1) R wave detection
R wave peaks (Ri) were detected automatically and inspected visually, as described in
Figure 4.7-a. If present, ectopic beats and their adjacent beats were removed.
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2) R-R histogram
The R-R intervals were calculated as (R-Ri-1 = Ri- Ri-1). The R-R histogram with bin size
(R-Ruin) of 100 ms was created (Figure 4.7-b), and that facilitated classifying the number
of beats at specific R-R intervals.

3) Qualifying beats selections
To ensure the average beat was constructed from the maximum number of beats with
similar R-R intervals, ensuring maximum noise reduction, the beats from the R-R bin with
the greatest number were selected (Figure 4.7-b and 4.7-c). In other words, the qualifying
beats had (R-Ri-1 = R-Rmodex50 ms), where (R-Rmode) Was the histogram bin with maximum
number of beats.
To prevent the contamination of the U wave in the resulting average beat by QRS
complexes of beats with short following interval (R-R;), following beats with interval (R-
Ri) less than a threshold (R-Rmin) of 650 ms were removed.

4) Averaged beat calculation and U wave identification.
All qualifying beats were aligned to their R wave peaks (Ri) as shown in Figure 4.7-c. The
averaged beat was calculated as a mean amplitude, sample-by-sample, across the collected
beats (Figure 4.7-d), and the presence of U wave was identified from that generated
averaged beat.

4.3.1.2.2. SR Recordings Analysis

The U wave can be easily discerned from good quality SR recordings without the need for
significant processing. However, clinical recordings usually show some noise such as
powerline and electromagnetic artefact and by using the same ‘beat averaging algorithm’ used
to clean the AF recordings, such noise can be reduced. That allows the extraction of cleaner U
waves. Therefore, SR recordings were processed by the same ‘beat averaging algorithm’ used
for the AF recordings. However, it is essential to note that SR recordings have P waves
compared to their absence in AF recordings, therefore, at fast heart rates in SR, the P wave can
impinge on the U wave, and accordingly it was necessary to extend R-Rmin interval to 750 ms
to prevent the beat averaged U wave contamination by the following P wave.

4.3.1.3. The Validation Assessment

The presence and absence of U waves in the generated averaged beats was assessed visually
and independently by two observers (MSA, PL) for each patient for both AF and SR recordings.

The validation assessment was defined according to the criteria: positive validation outcome,
according to the presence of U waves having the same polarity in both AF and SR recordings
for the same patient, otherwise a negative validation outcome was recorded.

Validation outcomes were collected in a contingency Table, and statistical significance of the
agreement between U waves in AF and SR was assessed by McNemar’s test.
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4.3.1.4. U Wave Measurement

The difference in U wave amplitudes was assessed in SR and AF from the generated averaged
beats. The amplitudes of the U waves were measured automatically and confirmed visually for
both recordings in AF and SR for the same patient. Figure 4.8 illustrates the method of U wave
measurements in both AF and SR averaged beats.

The amplitude of U wave was measured from the stable baseline to the U wave peak. The stable
baseline (ref) was estimated from 10 samples window from the electrically inactive period
before the onset of the QRS complex in AF recordings (Figure 4.8-a), and before the onset of
P wave in SR recordings (Figure 4.8-b). The significance of the amplitude differences (A
amplitudes) between the AF and SR recordings was assessed by the paired t-test.
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Figure 4.8: An illustration for U wave amplitude (U amp) measurement in two generated
averaged beats. a) averaged beat example from AF recording. b) averaged beat example from
SR recording from the same patient. ref = reference for the stable baseline amplitude
(electrically quiescent period).

4.3.2. Results

From the 25 patients processed for which recordings of AF and SR were available, 3 patients
were excluded because the rapid heart rate during SR obscured the potential U waves by the
following P waves in these patients.

After applying the ‘beat averaging algorithm’ to the AF and SR recordings to the remaining 22
patients, the results showed that all 22 patients had observable U wave in both AF and SR
recordings. There were no discrepancies of reporting U waves presence between the two
observers (MSA, PL).
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Table 4.3 displays the contingency Table for the extracted U wave from AF and SR recordings.
The statistics showed there is no significant difference in the presence of U wave in AF
compared to SR in the same patients (p=0.88) assessed by McNemar’s test.

Table 4.3: Contingency table of presence of U waves in AF and SR for 22 subjects of the
validation study (McNemar’s test).

Visible U wave

ECG Yes No Total
AF 22 0 22
SR 22 0 22

Total 44 0 44

Figure 4.9 demonstrates a representative example of the U wave extraction from AF and SR
recordings for the same patient. The difficulties of discerning the U wave in AF are illustrated
in Figure 4.9-a. It displays a 5 second period of ECG in which the irregular beat intervals and
atrial fibrillatory wave cover the underlying U wave. However, after applying the beat
averaging algorithm to the record, the U wave was revealed as shown in Figure 4.9-b. The U
wave extracted from the AF recording is clear and, as expected, follows the T wave. Validation
of the algorithm is provided in Figure 4.9-c and d which presents a 5 s period and average beat
respectively for the same patient but in SR. The extracted U wave by the algorithm in AF were
of the same polarity and morphology to that extracted from the SR recording, but with larger
amplitude.

Note that 3 patients were removed from the study since they had no observable U wave during
SR due to fast heart rate. Having applied the beat averaging algorithm to the AF recordings
for these 3 patients, U waves were visible in the corresponding AF recordings. Figure 4.10
shows an example for one of these patients where, after application of the beat averaging
algorithm, the AF recording had discernible U wave, whereas the SR recording had no
observable U wave. The fast heart rate during SR is likely the reason that the U wave cannot
be seen as it may be obscured by the P wave of the next cardiac cycle.

The U wave amplitudes showed a wide range between the patients for both AF and SR
recordings. Figure 4.11 presents the paired relationship between the U wave amplitudes in SR
and AF recordings. The amplitudes of U waves during AF were significantly larger than during
SR (mean (SD), 55(39) vs 37(28) uV, p=0.005), with most patients (16/22, 73%) having larger
U wave during AF in comparison to SR. This may imply a rate dependency of U wave since
the average R-R in AF was 780 ms whereas in SR was 909 ms.
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Figure 4.9: Example to illustrate the presence of U waves in a patient in both AF (top row)
and SR (bottom row). (a) 5 s interval of ECG in AF in which it is impossible to discern the U
waves and (b) the corresponding extracted average beat in AF with clear U wave following the
T wave. (¢) 5 s interval of ECG of the same patient during SR demonstrating clear U waves at
each beat and (d) the corresponding average beat in SR showing a clear U wave with the same
polarity and morphology as those in (b) and (c).
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Figure 4.10: Example to illustrate the presence of U waves in a patient in AF (top row) and
the apparent absence of U wave in SR (bottom row). (a) 5 s interval of ECG in AF in which it
is impossible to discern the U waves and (b) the corresponding extracted average beat in AF
with clear U wave following the T wave. (c) 5 s interval of ECG of the same patient during SR
with no visible U waves at each beat and (d) the corresponding average beat in SR also showing
no U wave. The U wave in SR is probably hidden by the following P wave of the next cardiac
cycle.
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Figure 4.11: A paired comparison of U wave amplitudes measured during SR and AF for 22
patients in the validation study.

4.3.3. Discussion

This study validates the beat averaging algorithm as a method to reveal U wave in AF patients.
Clearly, in all 22 patients U waves were observable during the episodes of AF recordings for
which U waves could also be recognised in the corresponding SR recordings in the same
patients.

U waves in AF had the same polarity and morphology as those in SR, but with larger amplitudes
in majority of the subjects. Certainly, the increased amplitude in AF could not be regarded as
the residual noise including atrial fibrillatory waves since none could be seen in the generated
averaged beats after close visual inspection as presented in Figure 4.9. However, it might be
due to the differences in heart rate (1/R-R), where average R-R in AF was 780 ms whereas in
SR was 909 ms if U wave is rate dependent. The rate dependency of ventricular repolarisation
features is quantified in Chapter 5.

The U waves have rarely been described in patients with AF, and that is not surprising because
of the measurement difficulties due to the atrial activity that masks U waves in AF. Now, with
the beat averaging algorithm capability to clean the AF recordings from the fibrillatory waves,
U wave can be detected and measured, which provides wide opportunities. First, for researchers
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to explore possible mechanisms which might explain differences in U waves during AF and
SR. Second, for clinicians to determine the extent of U wave abnormalities in AF patients,
including those with permanent AF.

Interestingly, after applying the beat averaging algorithm to 3 patients, who showed no visible
U wave in their SR recordings, a U wave was discernible in the corresponding AF recordings.
Figure 4.10 illustrates an example of one of those patients. Although U waves could not be
seen in these 3 SR recordings, it is likely that U waves were existent but buried by the P wave
of the next cardiac cycle. Surawicz reported that U waves cannot be distinguished with fast
heart rates [48].

The beat averaging algorithm satisfies a clinical need as it has been difficult to observe U wave
in atrial fibrillation. Many studies had reported the importance of the U wave abnormalities
and its diagnostic value, especially inverted U waves [52,86,87]. Although there was no
detection for any U wave’s abnormalities during the analysis, the algorithm has the capability
to reveal abnormal U waves in AF patients as has been recommended by the major cardiac
organisations [49,52]. As a minor limitation, since the algorithm generates an averaged beat by
averaging a collection of beats, it is unlikely to detect U abnormalities with changing
morphology beat by beat.

Moreover, the algorithm enables a wider insight to understand the genesis of U wave since AF
is unique in its characteristics (i.e. rapid changing beat intervals) and can provide a useful
model to study U waves in such condition. Interestingly, the preceding R-R interval is known
to influence the dynamics of ventricular fillings [49,175,176], which may link to the genesis of
U waves through the electro-mechanical hypothesis of the U wave [48,51,63]. The effect of
changes in beat interval on ECG repolarisation characteristics, including U wave, are explored
in section 5.2 of Chapter five.

In conclusion, the ventricular beat averaging algorithm developed in this project reveals U
waves in AF patients and has been validated against SR recordings in the same patients. The
amplitudes of U wave were larger than during SR. The algorithm enables the detection and
reporting of U wave and their abnormalities in AF patients.
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4.4. The Number of Beats Required to Remove the Atrial Fibrillatory
Activity to Allow the Effective Measurement of the U Wave in AF

The beat averaging algorithm has been validated as an effective technique, allowing the
extracted U wave to be successfully observed in the averaged beat. The algorithm provides
ventricular beats with reduced atrial fibrillatory activity which can facilitate further studies into
the repolarisation process and the ventricular features in AF, specifically U waves and T waves.
U waves are particularly challenging due to their low amplitude.

The effectiveness of the technique relies on the accurate alignment and averaging of a number
of ventricular beats, and consequently, the amplitude of the uncorrelated noise is reduced while
the desired U wave is revealed in the resulting averaged beat. It has been hypothesised that the
noise reduction level is dependent on the number of the averaged signal epochs [1,177,154],
hence, the ‘number of beats’ is a key factor affecting directly the quality of the averaged beats,
and accordingly the quality of resulting U wave.

Therefore, it is important to define the requirement for the number of beats needed for the beat
averaging algorithm to generate averaged beats with sufficiently reduced atrial fibrillatory
activity to enable effective extraction of U waves in AF. In fact, a large number of averaged
beats may yield high level noise reduction but collecting a large number of beats requires long
duration for ECG recordings in patients. Therefore, it has important implications for the clinical
application of the algorithm since the number of beats determines the ECG recording duration.

Thus, the aim of this study was to establish the ‘number of beats’ that are required to extract U
waves effectively using the beat averaging algorithm during AF. The approach was to generate
an average beat from a large number of individual beats which benefits from high noise
reduction (i.e. reduction of the contaminating AF activity). This is referred to as the reference
beat. Then, average beats were generated using systematically reduced numbers of individual
beats and compared to the reference beat in terms of U wave amplitude. It was hypothesised
that as the number of beats used to generate the average beat is reduced, the U wave amplitude
would increase due to higher levels of noise in the resulting average beat.

The study was part of the published research under the title “Validation of an algorithm to
reveal the U wave in atrial fibrillation” [1].
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4.4.1. Method

4.4.1.1. ECG Recordings

The analysis required long ECG recording durations in order to secure a large number of beats.
Therefore, the Long Duration AF Database described in section 2.3.1 of Chapter two was used
in this study. The dataset includes 12-lead ECG from 10 AF recordings, and lead V4 was
analysed for this study.

4.4.1.2. ECG Processing

The ‘beat averaging algorithm’ was used repeatedly, each time with a reducing number of beats
used to generate the average beat, to investigate the effect of the number of beats (Npeats) on the
revealed U wave in AF.

It is important to provide as many beats as possible during the analysis and the maximum
number of beats at any particular preceding R-R interval is dependent upon two factors; i) the
duration of the ECG recordings, and ii) the bin size used to collect the beats with specific R-R
interval (i.e. R-Ruin). These will be explained in the following methodological sections.

The methodology stages for this study were divided into three:

a) ECG pre-processing
b) Average beat generation using different numbers of beats in the beat averaging
algorithm
c) An assessment of the relationship between the resulting U wave amplitudes against the
number of beats used
Fundamentally, in the ECG pre-processing stage (a), beat averaging algorithm used to remove
atrial fibrillatory waves from AF recordings and provide clean ventricular beats. Below, the
beat averaging algorithm is highlighted describing the changes required during the processing
in order to collect and then generate the desired beats. However, the full methodological steps
for beat averaging algorithm were described in section 3.2.3 of Chapter three. In stage (b) U
waves were generated and measured using defined number of beats; and in final stage (c) the
relationship between U wave amplitudes and number of beats was assessed.

It was hypothesised that as the number of beats used to generate the average beat reduced, U
wave amplitude would increase due to higher levels of noise in the resulting average beat. This
was expected since the automatic U wave measurement algorithm detects the peak (i.e.
maximum) value, so any noise can be expected to increase the U wave amplitude depends upon
frequency of noise. Therefore, relative to the U wave amplitude of the reference beat, a higher
amplitude indicates U wave acquired some noise.

The three stages are described as following.
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a) ECG pre-processing
The processing in this stage is identical to the processing in section 4.3.1.2.1 of this chapter
where AF recordings were analysed to remove atrial activity via beat averaging algorithm.

It is important to note the size of R-Ruin (check Figure 4.7 in Section 4.3.1.2.1 of this chapter)
was widened from 50 ms (the default algorithm bin size) to 100 ms, the reason was to collect
more beats for defined R-R interval since the number of collected beats depends on the bin
size. The potential consequence of this is that there is more dispersion of wave features in the
average beat.

b) Average beat generation from different number of beats

From the R-R bin with the maximum number of beats (Max Npeats), 100 beats were collected.
It is important to note that, across all recordings the maximum bin count was at least 100 beats
so 100 beats were taken as the maximum number of beats to generate the reference average
beat.

The beat averaging algorithm was systematically iterated with decreasing number of beats used
for the averaging in each iteration, and the 100 beats considered a (reference) in the study.
Trials were conducted where the number of beats was systematically reduced from 100 beats
(reference) in steps of 10 down to 10 beats (i.e. Npeats = {100, 90, 80, 70, 60, 50, 40, 30, 20,

10}).

Rather than remove some beats for trials where Npeats Was less than 100, multiple sub-trials
were conducted in which all 100 beats were analysed across all the sub-trials. This was
achieved by dividing the 100 beats into adjoining groups of 10 beats. For each Npeas trial, 10
sub-trials were conducted, systematically including the suitable number of groups of 10 beats
so by this within the 10 trials all the beats were used, as the example in Figure C.1 in appendix
C shows.

At the end of stage b, 10 U waves were acquired, and their amplitudes were measured including
the reference U (U amp reference).

c) Differences of U wave amplitudes

The differences between U wave amplitudes for each Npeats trail and the U amp reference (Nbeats =
100 beats) were calculated as AU amp = U amp (Noeats) - U amp reference. The statistical difference
with the respect to the zero mean amplitude difference was assessed by ‘within subject
ANOVA” and post-hoc t-test. The p value less than 0.05 considered statistically significant and
all tests were two sided.
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4.4.2. Results

The analysis showed that changing number of beats (Nbeats) Used to generate the averaged beat
influences the extracted U wave amplitudes for all recordings. Figure 4.12 illustrates the effect
on the U wave amplitudes by changing the number of beats (from 100 to 10 beats) used to
construct the averaged beats for all 10 AF patients. Each subplot represents one AF patient. In
all cases, the effect of decreasing the number of beats from 100 beats (Nbeats = 100) to 10 beats
was to increase the U wave amplitudes gradually.

Combining all the subjects and analysing the difference of U wave amplitudes (AU amps)
relative to the reference U amplitudes (U amp reference), Figure 4.13 shows there was a gradually
increasing amplitude difference as the number of beats was reduced. The mean amplitude
difference was 5 pV when using 10 beats rather than 100 beats to generate the averaged U
wave, which implies that the noise amplitude increased by average 5 pV.

The statistics showed that the mean amplitude differences were significantly greater than zero
across the trials (p=0.0000183, within subject ANOVA). In addition, the post-hoc analysis
showed that there were no significant differences in the amplitudes with respect to the reference
when at least 70 beats were used (mean (SD) AU amps = 0.2(0.4) uV, Npeats=70 beats,
p=0.1063). Figure 4.14 demonstrates three averaged beats generated from the same AF
recording by averaging (a) 100 beats (b) 70 beats and (c) 10 beats. The averaged beats in (a)
and (b) were almost identical, with clean U wave, whilst the averaged beat in (c) shows
increment in the noise level however the U wave presence is readily discernible. The residual
noise had high frequency, so was unrelated to the atrial fibrillatory activity.

When expressed as a percentage of the U wave reference amplitude, the mean amplitude
increase was less than 1% when using 70 or more beats and was 14% when using only 10 beats
However, as is illustrated in Figure 4.14 U waves could be seen in some subjects even when
10 beats (Nneats=10) were used regardless of the increase of the noise level.
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Figure 4.12: The U wave amplitudes (U amp) for 10 AF patients, each subplot represents one
patient. The effect on U wave amplitude by reducing the number of beats from 100 to 10 used
to generate the averaged beat is presented. Bars and whiskers indicate mean and standard
deviation of amplitude across the 10 sub-trials for Npeats = {90, 80, 70, 60, 50, 40, 30, 20, 10}.
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Figure 4.14: Three averaged beats generated from the same AF recording by averaging a) 100
beats, b) 70 beats and c) 10 beats. Increased noise level can be seen in c), but the U wave is
readily discernible.
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4.4.3. Discussion

The ‘number of beats’ is a fundamental part to calculate the averaged beats using the developed
beat averaging algorithm. The quality of these generated averaged beats depends on the number
of beats that used for their calculation and hence U wave quality. The greater the number of
beats, the greater the noise reduction. On the other hand, the greater the number of beats, the
longer duration of recording which is required with associated resource implications.
Therefore, it is important to identify the required number of beats that is effective for revealing
the U wave in AF patients.

The ‘number of beats’ study showed that decreasing the number of beats from 100 to 70 did
not significantly affect the U wave amplitude. However, in some recordings the U wave was
effortlessly observable when the average beat was generated from few beats such as 10 beats
with an average increase in noise amplitude of only 5 uV or 14% of reference amplitude.

It is important to note that the data used are standard clinical recordings, and as such will be
subject to typical clinical noise levels. Hence, the results should be generally applicable.

The data used are standard clinical recordings, and therefore they will be subject to different
typical clinical noise levels (such as movement artifact, breathing artifact, powerline
interference and muscle noise) [152]. The low amplitude noise such as atrial activity corruption
with the frequency band of the signal and may completely obscure the signal. Thus,
conventional filtering schemes fail when the signal and noise frequency spectra significantly
overlap. Signal averaging is a noise reduction technique that has been widely adopted for use
with repetitive physiological signals (e.g. ECG) without introducing signal distortion. Hence,
the results should be generally applicable.

The beat averaging algorithm exploits the fact that the U wave is reliable, invariant feature in
its occurrence in every ventricular beat at the end of the ventricular cycle after the T wave. In
theory, the reduction of noise level, depends on the number of averaged signal epochs, where
it can be reduced by a factor of VN where N is the number of epochs [152,177]. By averaging,
the total noise components in the averaged ECG signal are reduced since the ECG features
(including U wave) are uncorrelated to the noise (which includes the atrial fibrillatory waves).
The noise is effectively averaged out depending on the number of ventricular beats.

It is the noise nature that makes signal averaging useful. Each time epoch (i.e. R-R) is
intentionally aligned with the previous epochs so that the digitised samples from the new epoch
are added to the corresponding samples from the previous epochs. Thus, the time-aligned
repetitive signals S in each epoch are added directly together so that after 10 epochs (as an
example), the signal amplitude is 10 times larger than for one epoch (10S).

If the noise is random and has a mean of zero and an average rms value Noise, the rms value
after 10 epochs is the square root of the sum of squares (i.e. V10Noise?). In general, after N
repetitions the signal amplitude is NS and the noise amplitude is+N Noise . Thus, the SNR
improves as the ratio of N to VN [154].
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For example, averaging 100 repetitions of a signal improves the SNR by a factor of 10. This
can be proved mathematically in appendix D [154].

Note that, the selection of 100 beats as reference was taken because of the
unavailability of longer recordings for all AF subjects. Additionally, since in general lead V4
produces higher amplitude U waves than the other leads [17,31,54,49] it was used in the
analysis.

This study has shown that the number of beats used to generate the average beat is an important
consideration. The results can be used to guide the requirement for the number of beats to use
for the medical investigations dependent upon the required application but in general U waves
can be revealed with relatively low numbers of beats.

4.5. Chapter Summary

Three studies were conducted in this chapter. The first study (section 4.2) has proposed an
automatic algorithm to measure the ventricular features in ECG recordings. The algorithm’s
automated measurement has been validated against manual measurement for the same features.
The ‘automatic ECG feature measurement algorithm’ provides a useful tool to quantify the
repolarisation waves and intervals. Therefore, it will be used to measure the desired
repolarisation features in the thesis studies.

In the second study (section 4.3), the developed ventricular beat averaging algorithm reveals
U waves in AF patients and has been validated against SR recordings in the same patients. The
study showed the amplitudes of U wave were larger in AF than during SR. The algorithm
enables the detection and reporting of U wave and their abnormalities in AF patients.

The final study (section 4.4) has shown that the number of beats used to generate the average
beat is an important consideration for the beat averaged quality and hence extracted U wave.
The results can be used to guide the requirement for the number of beats to use for the medical
investigations dependent upon the required application but in general U waves can be revealed
with relatively low numbers of beats.
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Chapter 5

Investigation of Rate Dependency of
Ventricular Repolarisation Features in
Atrial Fibrillation Patients and Healthy
Subjects
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Chapter 5. Investigation of Rate Dependency of Ventricular
Repolarisation Features in Atrial Fibrillation Patients and
Healthy Subjects

5.1. Introduction

The beat averaging algorithm is exploited in this chapter to investigate beat interval
dependency of ventricular repolarisation features in AF and healthy subjects.

The chapter includes two studies. The first study inspects the effect of beat interval on
ventricular repolarisation characteristics in AF. The second study examines the effect of the
heart rate changes due to exercise on U and T waves amplitudes in healthy subjects.

The rate dependency of the features in AF and healthy subjects are compared and provide
evidence consistent with the mechano-electrical coupling influence on ventricular
repolarisation features.
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5.2. The Effect of Beat Interval on Ventricular Repolarisation
Characteristics in Atrial Fibrillation

As was discussed in section 1.5.2.1, AF is characterised by rapid changes in beat intervals from
one beat to the next. Here this characteristic was exploited to investigate the effect of such rapid
beat interval changes on ventricular repolarisation characteristics in AF. It was hypothesised
that ventricular repolarisation characteristics such as T and U wave amplitudes and intervals
exhibit a beat interval dependency. This dependency was confirmed by the present study. By
reviewing potential mechanisms, it is postulated that ventricular filling and stretch, mediated
by the preceding beat interval, are major determinants of ventricular repolarisation
characteristics in AF. The aim of this study is to investigate the effect of the preceding and
current beat interval changes on the repolarisation features in atrial fibrillation.

5.2.1. Methods

5.2.1.1. ECG Recordings

The study required long duration ECG recordings to provide a large number of beats over a
range of beat intervals. Thus, the Long Duration Database described in section 2.3.1 of Chapter
two was used in this study. It contains 12-lead ECGs of 10 AF patients.

5.2.1.2. ECG Processing

The beat averaging algorithm was used in this analysis to clean AF recordings and generate
clean averaged beats free from the atrial activity.

Each lead of the 12-lead ECG AF recording was analysed to generate 10 averaged beats formed
using only beats with similar preceding beat interval (R-R). The preceding beat intervals were
defined within ranges R-R £ 25 ms duration centred on 625, 675, 725, 775, 825, 875, 925, 975,
1025 and 1075 ms. Details of the averaging process have been extensively described in section
3.2.3 and the workflow of the ECG processing was illustrated in Figure 3.11 of Chapter three.

It was discussed in section 4.4 of Chapter four that the quality of the averaged beat is subject
to the number of beats used to generate the average beat, i.e. the greater the number of beats
employed for averaging, the higher quality of the resultant averaged beat. Therefore, in the
current study only averaged beats generated from 10 or more individual beats were analysed.

From each average beat the main ventricular repolarisation features U and T wave amplitudes
and intervals were inspected visually but detected and measured automatically by the automatic
feature measurements algorithm described in section 4.2.1.2.2 of Chapter four. To highlight
the measurement method, the amplitudes for U wave (U amp) and T wave (T amp) were
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calculated from a stable baseline to their peaks. The stable baseline was estimated from a 10
samples window before the onset of the QRS complex. The intervals R-T and T-U were
calculated as the duration between their peaks respectively. Figure 5.1 illustrates the features
measured.

Additional data was provided by the manual measurement described in section 4.2.1.2.3 of
Chapter four. Manual measurements of the TU nadir (amplitude and timing) were also
analysed. However, these measurements were only available in a single lead, lead V4.

5.2.1.3. Statistical Analysis

Boxplots of the change in measured features relative to the shortest beat interval bin (625 + 25
ms) were used to show the relationship between the ventricular repolarisation characteristics
and beat interval.

Statistical analysis was facilitated by grouping the measurements from the 10 beat interval bins
into two groups: ‘Short R-R’ containing beat interval bins centred on 625, 675, 725, 775 and
825 ms, and ‘Long R-R’ containing beat interval bins centred on 875, 925, 975, 1025 and 1075
ms.

The terms ‘Short R-R” and ‘Long R-R’ are subsequently used to refer to these two R-R interval
groups. For each set of measurements (amplitudes and intervals) that related to ‘Short R-R’
and ‘Long R-R’, the mean, standard deviation (mean = SD) were calculated across the 10 AF
patients for each lead (reported in the Tables 5.1 — 5.6 and the paired non-parametric Wilcoxon
signed rank test was used between the paired groups in the tables).

Also, the differences in the mean amplitudes of U and T waves (designated A) were calculated
(see Figures 5.4 and 5.6).

The statistical difference in the measured amplitudes and intervals of ventricular features was
assessed by within subject ANOVA (i.e. the measurement (amplitudes or durations) in each
lead was tested across 10 R-R intervals for 10 subjects using ‘within subject ANOVA’ test).

Additionally, to test the significance of rate dependent difference between U wave and T wave
amplitudes (delta U and delta T in Figure 5.8), the paired non-parametric Wilcoxon signed rank
test was used.

All statistical tests were two sided and p-values less than 0.05 considered statistically
significant.
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Figure 5.1: Illustration of the ventricular repolarisation characteristics of an average beat,
indicating U wave amplitude (U amp), T wave amplitude (T amp), R-T interval (R-T) and T-
U interval (T-U). Ref represents the reference for a stable baseline amplitude (electrically
quiescent period).

5.2.1.4. ‘Preceding’ vs ‘Current’ Beat Interval

So far in this thesis the importance of collecting beats of similar R-R interval from the
preceding beat has not been demonstrated. To address this, the analysis described above
(sections 5.2.1.2 and 5.2.1.3) was repeated but instead of generating average beats from
collections of individual beats with similar preceding R-R interval, average beats were
generated from collections of individual beats with similar current R-R interval. This
distinction is illustrated in Figure 5.2. As a sub-study this part of the analysis was restricted to
lead V4.
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Figure 5.2: Example illustrates the difference in the method of collecting beats with respect to
‘Preceding’ R-R in the top row and ‘Current’ R-R interval in the bottom row for the beat
averaging technique in one of the AF subjects. The beat averaging algorithm used the same
recordings to a) collects the beats with respect to the preceding R-R (details in section 3.2.3)
to generate an averaged beat which produced in b) showing U and T waves with respect to
preceding R-R. In c) the beat averaging algorithm collects the beats with respect to current R-
R and generate averaged beat produced in d) showing U and T waves with respect to current
R-R.

5.2.2. Results

5.2.2.1. The Effect of the Preceding Beat Interval on Ventricular
Repolarisation Features

The analysis showed that many ventricular repolarisation characteristics were influenced by
preceding beat intervals in AF.
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The increase of preceding R-R intervals exhibited a clear positive impact on U wave
amplitudes, T wave amplitudes, R-T intervals and TU nadir (TUn) amplitudes, whereas T-U
intervals and R-TUn intervals did not respond to the increase of preceding R-R.

Figure 5.3 illustrates an example showing the effect of the preceding beat intervals on the
repolarisation features. The example presents two averaged beats generated from the same
patient. One of the average beats was generated from beats with preceding R-R intervals of 625
+ 25 ms, (Short R-R, blue trace) and one by preceding R-R intervals of 1075 + 25 ms (Long
R-R, red trace). Clearly, the amplitude of U and T waves and the end of T wave amplitude
(TUN) increased when preceded by the longer R-R interval. Similarly, the R-T interval is
prolonged when preceded by the longer R-R.

2.5 T T T T T T T T
2t R -
) Long R-R
R -
< :
£ ) Short R-R
E R R R-T ]
= f
£ LT
< <
05 T i
0
\/_/ V V_/ TUH
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7200 -1000  -800 600 400 200 O 200 400 600

Time (ms)

Figure 5.3: An example of two averaged beats for the same AF recording generated from beats
with preceding beat intervals of 625 + 25 ms (Short R-R) and 1075 + 25 ms (Long R-R). T and
U amplitudes, the end of T wave (TUn) and R-T interval were increased for beats preceded by
the longer R-R interval relative to those for the shorter R-R interval.

The following sections provide the statistical analysis of each of the ventricular repolarisation
features related to preceding beat interval.
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5.2.2.1.1. U Wave Amplitudes

The U wave amplitudes showed a strong dependency on the preceding R-R interval in AF. U
wave amplitudes increased as the preceding R-R intervals increased. Figure 5.4 illustrates U
wave amplitude differences (AU amp) for 12 leads across the 10 AF subjects. For the majority
of leads (all leads except Ill, aVL, and V1), AU amplitudes showed a gradual increase as
preceding R-R intervals increased.

Table 5.1 presents the statistics of U wave measurements with respect to ‘Short R-R’ and ‘Long
R-R’ for 12 leads across 10 AF subjects.

In 9 leads, the amplitudes of U wave showed a significant increase if they were preceded by
‘Long R-R’ relative to their amplitudes if they preceded by ‘Short R-R’ R’ (using within subject
repeated ANOVA). The statistical tests of the 12 leads were: lead | was (p <0.0001), lead 11
was (p<0.0001), lead I11 was (p=0.3141), lead aVR was (p<0.0001), lead aVL was (p=0.1104),
lead aVF was (p=0.0001), lead V1 was (p=0.5508), lead V2 was (p<0.0001), lead V3 was
(p<0.0001), lead V4 was (p<0.0001), lead V5 was (p<0.0001), and lead V6 was (p<0.0001).

Table 5.1: Summary statistics for U wave amplitudes (mean + SD) for ‘Short R-R’ and ‘Long
R-R’ intervals in 12 leads for 10 AF patients. P value indicates significance between the U
amplitudes related to the paired ‘Short R-R’ and ‘Long R-R’ using the Wilcoxon signed rank
statistical test.

Short R-R Long R-R AU mean amp
Leads p value
mean £ SD (uV) mean = SD (uV) (V)

| 8+6 16+9 8+6 0.0059
] 15+9 23+10 8+4 0.0039
1"l 10+8 14 £12 37 0.3223
avR 11+6 207 9+7 0.0039
avL 77 12+38 55 0.0273
aVvVF 12+ 10 17+12 515 0.0137
V1 5+9 10+12 5+15 0.6953
V2 33+23 48 + 30 14+ 14 0.0137
V3 44 + 23 65+ 30 21+12 0.0039
V4 35+15 52 +25 17+£15 0.0020
V5 24 +11 3721 14 +13 0.0059
V6 16+8 24 £13 8+8 0.0273

Figure 5.5 combines all U wave amplitudes measurements in paired relationship relative to
‘Short R-R” and ‘Long R-R’ for 10 AF subjects. Each pair represents the mean U wave
amplitude for one AF patient across the 12 leads. U wave amplitudes for ‘Long R-R’ were
higher and statistically significant (p=0.002, Wilcoxon signed rank paired statistical test)
compared to ‘Short R-R’ in all subjects (28 £7 yuV vs 18 = 6 pV).
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Figure 5.4: The effect of preceding R-R intervals on U wave amplitudes differences (AU amp)
in 12 ECG leads of 10 AF subjects. Bars and whiskers indicate mean and standard deviation of
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amplitude difference across 10 AF subjects. The difference is measured relative to the
‘reference amplitude’ which is that for the shortest preceding interval (R-R = 625 ms).
Preceding R-R intervals were (625, 675, 725, 775, 825, 875, 925, 975, 1025 and 1075 ms).

U amplitude (uV)
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Figure 5.5: Paired relationship for U wave amplitudes relative to ‘Short R-R’ and ‘Long R-R’
intervals for 10 AF subjects. Each pair presents mean U wave amplitude for one AF subject
across the 12 leads. ‘Short R-R’ were (625, 675, 725, 775, and 825 ms), and ‘Long R-R’ were
(875, 925, 975, 1025 and 1075 ms). There was a significant increase in mean U wave amplitude
from ‘Short R-R’ to ‘Long R-R’ (18 £ 6 uV vs 28 £7 uV, p=0.002).
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5.2.2.1.2. T wave Amplitudes

Similar to U waves, the T wave amplitudes showed a strong dependence on the preceding R-R
interval in AF. T wave amplitudes increased as the preceding R-R intervals increased. Figure
5.6 illustrates T wave amplitude differences (AT amp) for 12 leads across the 10 AF subjects.
For the majority of leads (all leads except I, 111, aVL and V1), AT amplitudes showed a gradual
increase as preceding R-R intervals increased.

Table 5.2 presents the summary statistics of T wave measurements with respect to ‘Short R-R’
and ‘Long R-R’ for 12 leads across 10 AF subjects.

In 8 leads, the amplitudes of T wave showed a significant increase if they were preceded by
‘Long R-R’ relative to their amplitudes if they preceded by ‘Short R-R” (using within subject
repeated ANOVA). The statistical tests of the 12 leads were: lead | was (p =0.3343), lead Il
was (p=0.0031), lead 111 was (p=0.5902), lead aVR was (p<0.0001), lead aVL was (p=0.8150),
lead aVF was (p=0.0001), lead V1 was (p=0.3854), lead V2 was (p<0.0001), lead V3 was
(p<0.0001), lead V4 was (p<0.0001), lead V5 was (p<0.0001), and lead V6 was (p<0.0001).

Table 5.2: Summary statistics for T wave amplitudes (mean + SD) for ‘Short R-R’ and ‘Long
R-R’ intervals in 12 leads for 10 AF patients. P value indicates significance between the U
amplitudes related to the paired ‘Short R-R’ and ‘Long R-R’ using the Wilcoxon signed rank
statistical test.

Short R-R Long R-R AT mean amp
Leads p value
mean = SD (V) mean = SD (uV) (nV)

I 139 £ 82 141 + 83 2+9 0.4316

] 157 + 109 163 + 114 7+9 0.0840
" 87 £ 98 88+ 95 1+10 0.9219
aVR 150+ 78 156 + 80 6+8 0.0645
avL 89 £ 65 90 £ 66 1+10 0.6250
aVvVF 91 £107 98 + 112 67 0.0098
V1 90+ 73 8974 17 0.6250
V2 286 + 213 302 + 208 16 + 18 0.0371
V3 406 + 210 424 + 206 18+ 25 0.0488
V4 336 + 177 351+ 192 15+ 30 0.0840
V5 273 +198 287 + 214 13+£25 0.0840
V6 180 + 128 188 + 136 8+15 0.1055

Figure 5.7 combines all T wave amplitudes measurements in paired relationship relative to
‘Short R-R” and ‘Long R-R’ for 10 AF subjects. Each pair represents the mean T wave
amplitude for one AF patient across the 12 leads. T wave amplitudes for ‘Long R-R’ were
higher but not significant compared to ‘Short R-R’ in all subjects (198 + 86 pV vs 190 + 81
MV, p=0.06 using Wilcoxon signed rank paired statistical test).
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There was however a significant increase in T wave amplitudes between the extreme preceding
R-R intervals with (mean + SD) of: 199 £ 86 uV ms for preceding R-R of 1075 ms vs 180 £
81 uV ms for the shortest preceding R-R of 625 ms (p=0.0098 using Wilcoxon signed rank
paired statistical test).
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Figure 5.6: The effect of preceding R-R intervals on T wave amplitudes differences (AT amp)
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in 12 ECG leads of 10 AF subjects. Bars and whiskers indicate mean and standard deviation of
amplitude difference across 10 AF subjects. The difference is measured relative to the
‘reference amplitude’ which is that for the shortest preceding interval (R-R = 625 ms).
Preceding R-R intervals were (625, 675, 725, 775, 825, 875, 925, 975, 1025 and 1075 ms).
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Figure 5.7: Paired relationship for T wave amplitudes relative to ‘Short R-R’ and ‘Long R-R’
intervals for 10 AF subjects. Each pair presents mean T wave amplitude for one AF subject
across the 12 leads. ‘Short R-R’ were (625, 675, 725, 775, and 825 ms), and ‘Long R-R’ were
(875, 925, 975, 1025 and 1075 ms).
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5.2.2.1.3. Analysis of the Relative U Wave and T Wave Amplitude Changes
with Respect to Preceding R-R Interval

Both the U and T wave amplitudes increased as the preceding beat interval R-R increased,
during AF.

From Short to Long R-R intervals U wave amplitudes increased by (mean £ SD) 10 + 4 pV
and T wave amplitudes increased by 8 + 11 pV (p=0.8, using Wilcoxon signed rank paired
statistical test). So, U waves and T waves increased by similar amounts. This is illustrated in
Figure 5.8. It shows that U and T wave amplitudes increased by approximately the same value
with respect to the change in the preceding beat intervals.
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Figure 5.8: The amplitude differences delta U and delta T between ‘Short’ and ‘Long’
preceding R-R intervals. Data is the average across 12 leads in 10 AF subjects. The statistical
test comparing the difference in means between delta U and delta T was (p=0.8). On each
boxplot, the central mark indicates the median, and the bottom and top edges of the box indicate
the 25th and 75th percentiles, respectively. The whiskers indicate variability outside the upper
(greatest value excluding outliers) and lower (least value excluding outliers) quartiles. The
symbol '+' indicates the outliers. The outlier represents a data point that differs significantly
from other observations.
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5.2.2.1.4. R-T and T-U Intervals

The R-T interval showed a strong dependency on the preceding R-R interval in AF. R-T
interval increased as the preceding R-R intervals increased. Figure 5.9 illustrates R-T interval
for 12 leads across the 10 AF subjects. For the majority of leads (all leads except aVF and V1),
R-T interval showed a gradual increase as preceding R-R intervals increased.

Table 5.3 presents the summary statistics of R-T interval measurements with respect to ‘Short
R-R’ and ‘Long R-R’ for 12 leads across 10 AF subjects.

In 10 leads, the interval of R-T showed a significant increase if they were preceded by ‘Long
R-R’ relative to their amplitudes if they preceded by ‘Short R-R” (using within subject repeated
ANOVA). The statistical tests of the 12 leads were: lead | was (p<0.0001), lead Il was
(p<0.0001), lead Il was (p=0.0306), lead aVR was (p<0.0001), lead aVL was (p=0.003), lead
aVF was (p=0.1816), lead V1 was (p=0.5364), lead V2 was (p=0.0215), lead V3 was
(p<0.0001), lead V4 was (p<0.0001 ), lead V5 was (p<0.0001), and lead V6 was (p<0.0001).

Figure 5.10-a combines all R-T intervals measurements in paired relationship relative to ‘Short
R-R’ and ‘Long R-R’ for 10 AF subjects. Each pair represents the mean R-T interval for one
AF patient across the 12 leads. R-T intervals for ‘Long R-R’ were higher compared to ‘Short
R-R’ in all subjects (263 £ 9 ms vs 257 + 11 ms, p=0.002 using Wilcoxon signed rank paired
statistical test).

Table 5.3: Summary statistics for R-T interval (mean + SD) for ‘Short R-R” and ‘Long R-R’
intervals in 12 leads for 10 AF patients. P value indicates significance between the R-R
intervals related to the paired ‘Short R-R’ and ‘Long R-R’ using the Wilcoxon signed rank
statistical test.

Short R-R Long R-R AR-T
Leads p value
mean = SD (ms) mean = SD (ms) (ms)

| 265+ 12 27313 8+t4 0.0020

1 265+ 13 272 +14 72 0.0020
Il 243 + 32 285 + 38 15+ 15 0.0059
avR 264 £ 12 272 £13 8+3 0.0020
aVvL 253+ 20 262 + 23 95 0.0020
aVF 255+ 30 260 = 27 5+£10 0.0801
V1 264 =21 256 * 46 -8+41 0.4316
V2 238 + 23 243 + 23 4x5 0.0371
V3 244 + 30 250 £ 29 63 0.0020
V4 257 £ 17 264 + 17 73 0.0020
V5 266 + 15 274 +15 82 0.0020
V6 268 =+ 13 276 £ 14 8+2 0.0020
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Figure 5.9: The effect of preceding R-R intervals on R-T intervals in 12 ECG leads. Whiskers
indicate mean and standard deviation of amplitude difference across 10 AF subjects. Preceding
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R-R intervals were (625, 675, 725, 775, 825, 875, 925, 975, 1025 and 1075 ms).
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Figure 5.10: Paired relationship for R-T and T-U intervals relative to ‘Short R-R’ and ‘Long
R-R’ intervals for 10 AF subjects. In a) each pair presents mean R-T interval for one AF subject
across the 12 leads. There was a significant increase in mean R-T interval from ‘Short R-R’ to
‘Long R-R’ (257 £ 11 ms vs 263 £ 9 ms, p=0.002). In b) each pair presents mean T-U interval
for one AF subject across the 12 leads. There was no significant increase in mean T-U interval
from ‘Short R-R’ to ‘Long R-R’ (212 £ 21 ms vs 215 + 24 ms, p=0.43). ‘Short R-R’ were (625,
675, 725, 775, and 825 ms), and ‘Long R-R’ were (875, 925, 975, 1025 and 1075 ms).

In contrast to R-T interval, T-U intervals were independent of the preceding R-R interval in
AF. T-U interval did not respond to the preceding R-R intervals increasing. Figure 5.11
illustrates T-U interval for 12 leads across the 10 AF subjects. For all 12 leads, T-U interval
showed no specific response as preceding R-R intervals increased.

Table 5.4 presents the summary statistics of T-U interval measurements with respect to ‘Short
R-R’ and ‘Long R-R’ for 12 leads across 10 AF subjects.

In all 12 leads, the intervals of T-U were not statistically significant if they were preceded by
‘Long R-R’ relative to their amplitudes if they preceded by ‘Short R-R’ R’ (using within subject
repeated ANOVA). The statistical tests of the 12 leads are: lead | was (p=0.4984), lead Il was
(p=0.3440), lead I11 was (p=0.1565), lead aVR was (p=0.5829), lead aVL was (p=0.9073), lead
aVF was (p=0.0946), lead V1 was (p=0.5150), lead V2 was (p=0.1776), lead V3 was
(p=0.8980), lead V4 was (p=0.6134), lead V5 was (p=0.4494), and lead V6 was (p=0.2503).

Figure 5.10-b combines all T-U intervals measurements in paired relationship relative to ‘Short
R-R’ and ‘Long R-R’ for 10 AF subjects. Each pair represents the mean T-U interval for one
AF patient across the 12 leads. T-U intervals for ‘Long R-R’ were not significantly different
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compared to ‘Short R-R’ in all subjects (215 +24 ms vs 212 + 21 ms, p=0.43 using Wilcoxon
signed rank paired statistical test).
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Figure 5.11: The effect of preceding R-R intervals on T-U intervals in 12 ECG leads of 10 AF
subjects. Whiskers indicate mean and standard deviation of amplitude difference across 10 AF
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subjects. Preceding R-R intervals were (625, 675, 725, 775, 825, 875, 925, 975, 1025 and 1075
ms).

Table 5.4: Summary statistics for T-U interval (mean + SD) for ‘Short R-R’ and ‘Long R-R’
intervals in 12 leads for 10 AF patients. P value indicates significance between the R-R
intervals related to the paired ‘Short R-R’ and ‘Long R-R’ using the Wilcoxon signed rank
statistical test.

Short R-R Long R-R AT-U
Leads p value
mean + SD (ms) mean + SD (ms) (ms)
I 223 + 37 215+43 -9+ 36 0.4316
I 210+ 34 211 + 37 1+14 0.8457
Il 197 £ 54 222 £ 60 25+ 32 0.0117
avR 212 £ 34 218 + 38 6+23 0.3105
aVvL 211 +£42 214 £ 43 3+47 0.6250
aVF 216 £51 224 £ 57 8+31 0.2754
V1 214 + 30 214 + 37 0+34 0.8262
V2 204 £ 49 212 £ 45 8 +28 0.2754
V3 200£43 211 £ 26 11+£40 0.6250
V4 216 £42 213 £ 30 -3+ 30 0.8457
V5 219 £33 214 + 30 -5+14 0.3594
V6 215+ 32 210 £ 32 -5+10 0.1602

5.2.2.1.5. TUn Amplitude and R-TUn Interval

The amplitude of the T wave end (TUn), and its interval, R-TUn interval, were measured in
lead V4 for 10 AF subjects. Figure 5.12 displays the effect of preceding beat intervals on these
repolarisation characteristics.

The TUn amplitudes showed a significant increase (p=0.000 using within subject repeated
ANOVA) with respect to increasing preceding R-R intervals as Figure 5.12-a shows. TUn
amplitudes relative to ‘Long R-R’ were significantly higher compared to their amplitudes for
‘Short R-R” as shown in Table 5.5

R-TUn intervals showed slight visible increasing with respect to the lengthening of preceding
R-R intervals as Figure 5.12-b illustrates. However, the statistical test for R-TUn intervals
compared to ‘Short R-R’ and ‘Long R-R’ was not significant (p=0.066, using within subject
repeated ANOVA). Table 5.5 displays the R-TUn statistics.

There was however a significant increase in R-TUn intervals between the extreme preceding
R-R intervals with mean + SD of: 392 + 27 ms for preceding R-R of 1075 ms vs 376 £ 31 ms
for the shortest preceding R-R of 625 ms (p=0.027 using Wilcoxon signed rank paired
statistical test).
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R-TUn intervals relative to ‘Long R-R’ were higher compared to their amplitudes for ‘Short
R-R’ as shown in Table 5.5.

450

o]
=]

~1
=]
T

400 -

=
I=]
T

73
=]
T

I (ms)

350

plitude (1V)

RATUn interva

TU am
n
e
(=]

300

250
3 & & P

I T I R

A\

— — P
S A A A SRS

& d

preceding R-R (ms) preceding R-R (ms)
a) b)
Figure 5.12: The effect of preceding R-R intervals on ventricular repolarisation features at the
end of the T wave (TU nadir). a) TUn amplitudes and b) R-TUn intervals for lead V4 of 10 AF
subjects. Bars and whiskers indicate mean and standard deviation (mean £ SD) of amplitudes
and intervals respectively across 10 AF subjects.

Table 5.5: Summary statistics for TUn amplitude and R-TUn intervals (mean = SD) for ‘Short
R-R’ and ‘Long R-R” in lead V4 for 10 AF patients. P value indicates significance between the
R-R intervals related to the paired ‘Short R-R” and ‘Long R-R’ using the Wilcoxon signed rank
statistical test.

Short R-R Long R-R
A value p value
mean = SD mean = SD
TUn (uv) 16 £ 18 31+26 15+ 13 0.0098
R-TUn (ms) 387 £ 28 393+24 6+12 0.1602

5.2.2.2. ‘Preceding’ vs ‘Current’ Beat Interval

All the results presented so far relate to use of the preceding beat in the beat averaging
algorithm. It was hypothesised that ventricular repolarisation features would not show a
dependence on the ‘current’ beat interval, so this section analyses the rate dependency of
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ventricular repolarisation features when selecting the current beat for use in the beat averaging
algorithm.

The analysis confirmed that U and T wave amplitudes were independent of the current beat
interval.

Figure 5.13 displays two averaged beats, one generated from ‘current’ beat intervals (a) and
one generated from ‘preceding’ beat intervals (b). In Figure 5.13-a the amplitudes of U and T
waves for a short current beat interval (R-R =625 ms, blue trace) were almost identical to those
of long current beat interval (R-R = 1075 ms, red trace). For comparison Figure 5.13-b shows
U and T amplitudes generated from long and short preceding R-R intervals where clear
difference in repolarisation features can be seen.

This result was confirmed when considering ‘current’ and ‘preceding’ R-R intervals on U wave
and T wave amplitudes in lead V4 for the 10 AF patients as presented in Figure 5.14.
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Figure 5.13: Examples of two averaged beats for same AF recording, generated for beats with
short (625 ms) and long (1075 ms) beat intervals (R-R). The average beats were constructed
from a) ‘current’ beat interval, and the resulting U and T waves were almost identical with no
significant change between their amplitudes, and from b) ‘preceding’ beat interval, and the
resulting U and T waves exhibit significant differences in ventricular repolarisation features
between long and short R-R intervals.

Figure 5.14-a shows the response of U wave amplitudes to ‘current’ beat intervals. U wave
amplitudes are independent of current R-R interval. As a comparison, Figure 5.14-b presents
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the effect of ‘preceding’ beat interval on U wave amplitude for the same patients in same lead
V4 and clearly the U wave amplitudes increased.

Similarly, Figure 5.14-c and 5.14-d show T wave amplitudes respond in a similar way with no

rate dependence exhibited for ‘current’ beat intervals, whereas there is a clear rate dependence
for ‘preceding’ beat intervals.

Table 5.6 presents the statistical analysis of U and T wave amplitudes (mean + SD) relative to
‘Short R-R” and ‘Long R-R’ with respect to current and preceding R-R intervals.

There was no significant difference between amplitudes of U waves (p=0.7) and T waves
(p=1) that related to ‘Short R-R’ and ‘Long R-R’ for current R-R. However, there was

significant difference for both U and T amplitude (p < 0.0001) for preceding R-R (using within
subject repeated ANOVA test).

90 — T T T T T T T T 90
80 1 80
70 70
2, 60 . 2
gsof 3
2 =
= =
g £
< <
- ]
el ¢ el ¢l el ¢ el e 5 el ~H ! el & Vel “ o) e " ¢
S R SV VA AR A I S Y SRR
a) current R-R (ms) b) preceding R-R (ms)
0.7 — i ; i i T T 0.7

=
L=}

f=1

N

=
n
n

(=]

'
=)
'

=
i

T amplitude (mV)
bt
b

<
(3%
T amplitude (mV)

=
&}

=]

—
=
—

<
<=

f

SE O P L PP S &SP P

of’-\f) qp\‘? \@:‘3 \Qf\‘)
c ) current R-R (ms) d) preceding R-R (ms)

Figure 5.14: The effect of the ‘current’ and ‘preceding’ beat intervals on the amplitudes of U
wave (top row) and T wave (bottom row) for 10 AF patients using lead V4. Bars and whiskers
indicate mean and standard deviation (mean £ SD) of amplitudes across subjects. a) displays

the effect of ‘current’ beat interval on U wave amplitudes, b) shows the effect of ‘preceding’
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beat interval on U wave amplitudes. c¢) displays the effect of ‘current’ beat interval on T wave
amplitudes while d) the effect of ‘preceding’ beat interval on T wave amplitudes.

Table 5.6: Summary statistics of average beat U and T wave amplitudes (mean = SD) generated
from ‘current’ and ‘preceding’ ‘Short R-R’ and ‘Long R-R’ intervals for 10 AF patients in lead
V4. P value indicates significance between the R-R intervals related to the paired ‘Short R-R’
and ‘Long R-R’ using the Wilcoxon signed rank statistical test.

Current R-R Preceding R-R
Va4
Short R-R Long R-R A value pvalue | ShortR-R  Long R-R Avalue pvalue
Uamplitude 59,55 40117 145 04922 | 35815 52425 17415  0.0020
mean = SD (V)
Tamplitude ' 5,651195 3404184 048 1 | 336£177 3514192 1530  0.0840
mean + SD (uV)

5.2.3. Discussion

This study has examined the effect of rate dependency of ventricular repolarisation features
during AF. No previous studies have quantified the rate dependency of repolarisation features
in AF. The main finding is that there was a significant rate dependency when considering the
preceding beat interval. Most of ventricular repolarisation features were influenced by the
‘preceding’ beat intervals. The amplitudes of U wave, T wave, end of T wave (TUn) and R-T
intervals showed a positive dependency on the preceding R-R interval.

However, when considering the ‘current’ beat interval all rate dependency of ventricular
repolarisation features was lost.

These findings have significant implications for implementation of the beat averaging
algorithm and its use in characterising the ventricular repolarisation features in AF patients.
Firstly, that there is indeed a rate dependency of ventricular repolarisation features during AF
which might give new mechanistic insight into ECG ventricular repolarisation features
(including the U wave). Secondly, the beat averaging algorithm must always be implemented
considering the preceding beat interval if rate dependency of ventricular repolarisation features
is to be captured.

The remainder of this discussion relates the findings of the study to potential explanatory
mechanisms of the observed rate dependency.

AF is characterised by irregular, rapid heart rate changes and large beat to beat variability in
cycle length (see section 1.5.2 of Chapter one) which affects left ventricular performance
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[178,179]. The large beat to beat variation (i.e. different cardiac cycle length) in AF (unlike
sinus rhythm SR) provides a mechanism to investigate the effect of these interval changes on
ventricular characteristics, since these interval changes are known to influence the left
ventricular cardiac performance [178,179]. However, few studies have investigated the
relationship between beat intervals and cardiac performance in AF [179-182].

In SR, left ventricular characteristics are nearly stable and there is little beat to beat variation
during the cardiac cycle. This produces stable factors such as preload, contractility and
afterload that characterise left ventricular performance (see Figure 1.22 and section 1.2.3.2 in
Chapter one) [31,179]. In AF, however, the variation of beat to beat interval changes affects
cardiac performance due to instability of these factors and hence causes the left ventricular
characteristics to change rapidly [178,179].

In AF cardiac performance and left ventricular function are mainly dependent on the preceding
beat interval rather than the current beat interval, since the length of preceding beat interval
influences the preload (Section 1.2.3.2.1) or the diastolic filling [178-180].

Understanding the mechanical and electrical function of the left ventricle is essential to
understand the behaviour of the repolarisation characteristics in this study. Here, the response
of the left ventricle during repolarisation is highlighted from the mechano-electrical perspective
as it provides insight into the study results.

Ventricular repolarisation is greatly affected by the preceding beat intervals
[11,19,31,175,176,183,184]. Previous studies have shown there is a significant positive
correlation between preceding R-R intervals and the amount of blood that fills the left ventricle
before ventricular contraction in AF [183-186]. That amount of blood is defined as end-
diastolic volume (EDV) as explained in section 1.2.3.2.1 and represents the passive filling
phase during diastole in the cardiac cycle [3,8,31,187] (see the relation between the rapid filling
phase and ventricular volume in Figure 1.21 and more details of the mechanical events of the
cardiac cycle in section 1.2.3.1). In other words, a longer preceding R-R results in larger EDV
(i.e. more blood fills in the left ventricle).

Blood flowing into the left ventricle stretches the ventricular wall causing an expansion during
diastole according to the Frank-Starling’s law (section 1.2.3.3) [8,31,175,176]. This stretch is
a hemodynamic load on the myocardial wall at the end of diastole and is clinically known as
‘preload’ [20,31,187]. Preload reflects the degree of stretch of cardiac myocytes at the end of
ventricular filling [20,31,184,187]. The level of stretching depends on the blood volume that
fills the left ventricle, i.e. preload increases as left ventricle fills with more blood [8,28,162].
According to the Frank-Starling mechanism, the greater the stretch, the greater the force of the
subsequent contraction of the left ventricle (see Figure 1.23) [20,31,175,183].

The force generated by cardiac muscles translates into pressure within the chamber
[31,35,188]. As the volume within the chamber increases or decreases there is a corresponding
change in cardiac muscle’s length, and therefore sarcomere length. Figure 1.14 in Chapter one
illustrates the cardiac muscle during relaxation and contraction. This in turn results in
corresponding changes to ventricular wall stretch and chamber pressure [31,35,188]. Full
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details of the relationship between the ventricular pressure and volume has explained in section
1.2.3.4 of Chapter one.

Ventricular pressure increases as ventricular volume is increased (see Figure 1.24-a and b)
[31,35,188,189]. In AF, there is a positive correlation between the preceding R-R and left
ventricular pressure [185,190] as Figure 5.15 shows. In other words, a long preceding R-R
results in high left ventricular pressure. Note the similarity between the shape of the
relationship of preceding interval to pressure shown in Figure 5.15 with those for the T and U
waves presented in Figures 5.4 and 5.6. The relationship between preceding interval and
pressure (Figure 5.15) is associated with the EDV increasing with respect to the preceding R-
R, due to the Franck-Starling mechanism [185,190]. In other words, the increase of EDV (i.e.
large blood volume in left ventricle) due to the long R-R is the key factor to increase the
ventricular pressure.

The increase in pressure induces stretch in the left ventricle. Stretch activities mechanosensitive
ion channels [63,78-80,97,191] that generate current flow through changes in membrane ion
channel permeability which are involved in mechano-electrical coupling (MEC). This current
flow generates a voltage gradient in the left ventricular myocardium manifested in the surface
ECG [63,78-80,97,191].
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Figure 5.15: Relationship between left ventricular pressure (maximum rate of rise of left
ventricular dP/dtmax) and preceding R-R interval in atrial fibrillation [185].

The results of the current study, which related ventricular repolarisation characteristics to
preceding R-R intervals in AF, show a favourable association for the dynamics of mechanical
and electrical activities explained above. The following sections address the response of the
ventricular features observed in the current study to the mechanisms outlined above.
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5.2.3.1. Rate Dependency of U Wave Features

The U wave coincides with the second heart sound and occurs after the T wave [48,49,52]. Left
ventricle filling (preload) is closely related to the preceding R-R intervals as explained,
therefore the filling time becomes very short when the heart rate is fast (i.e. short preceding R-
R) [176,183,189].

In atrial fibrillation (AF), there is a positive correlation between the total left ventricular filling
(i.e. EDV) and preceding cycle length (R-R intervals) [183,185,189], which means there is
more filling (large blood volume) with long R-R intervals, and less filling (small blood volume)
for short R-R intervals. The larger volume of the blood which flows into the left ventricle, will
stretch the heart walls causing a greater expansion during diastole according to Frank-Starling’s
law and this increases the left ventricular pressure [31,176,190]. This will activate
mechanosensitive ion channel which transduce that pressure and stretch into an electrical signal
through changes in membrane ion channel via MEC [50,63,76,96,191]. As was described in
Chapter one (section 1.3.3.3), one of the hypotheses of U wave generation is mechano-
electrical coupling. This theory suggests that after-potentials caused by the stretching of the
cardiac muscle of the left ventricle, gives rise to the U wave [48-50]. This means that the U
wave is a manifestation of ventricular mechanical stretch [48,51,62]. Thus, substantial stretch
may induce local membrane repolarisation, generating a voltage gradient in the left ventricular
myocardium detected as the U wave in the surface ECG [48,51,63].

Meijborg et al [96] elucidated through experiment that stretch influences the repolarisation
characteristics by MEC where the increase in left ventricular pressure leads to increased
amplitudes and intervals of repolarisation.

In our study, the rate dependency of U wave features in AF, shows support for Meijborg’s
[96,97] theory. In effect, a rapid heart rate (short preceding R-R) leads to a smaller volume of
blood entering the left ventricle resulting in less stretch of the left ventricular wall.
Accordingly, there is less left ventricular pressure which translates into smaller U wave
amplitudes. This is consistence to the small amplitudes of U wave related to ‘Short R-R’
intervals presented in the results (section 5.2.2.1.1). Whereas for ‘Long R-R’ intervals, a large
volume of blood fills the left ventricle, which leads to greater stretch to the heart walls, high
left ventricular pressure which translates into high U wave amplitudes. This is consistent with
the higher amplitudes of U waves related to ‘Long R-R’ intervals in the presented results.
Despite the range of U waves hypotheses, Surawicz [48] has shown that physiological U wave
is heart rate dependant and suggested that the mechano-electrical coupling theory is a likely
explanation for U wave origin. This is consistency with the project results although the current
study was conducted on AF patients not healthy subjects in SR. The study in section 5.3 of this
chapter looks at the effect of rate changes on ventricular repolarisations of healthy subjects in
SR.

Our study showed that the T-U intervals were independent of the effect of the prolongation of
preceding R-R intervals in AF. In other words, the distance between the U peak and T peak is
relatively constant. So, as the position of the T wave peak extends (R-T interval) as the
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preceding R-R interval prolongs, so does the U wave peak by a similar amount. Surawicz [48]
stated in his characterisation of the normal U wave that the interval from the end of the T wave
to the apex of the U wave is almost rate independent.

Additionally, the U wave amplitudes were independent of the prolongation of current R-R
intervals. As explained above that left ventricular function is mainly dependent on the length
of preceding R-R interval in which effects the preload or the passive filling in left ventricle
before the new cardiac cycle starts. By selecting beats only based on the ‘current’ R-R interval,
the preceding beat intervals (of those beats) will be highly variable, so what is observed in the
resulting average beat is the average T and U wave considering many different preceding
intervals.

5.2.3.2. Rate Dependency of T Wave Features

The results of rate dependency of T wave features in AF showed similar behaviour to U wave
features.

Our study has shown that in AF, T wave amplitudes (T amp, TUn amp) and interval (R-T
interval) increased with increasing preceding R-R intervals. Meijborg et al [96,97] observed,
as explained above, that the stretch of the left ventricle influences repolarisation via MEC
[79,192]. Increasing left ventricular pressure leads to prolongation of the repolarisation
through MEC, and consequently to larger T amplitudes and longer repolarisation (or QT)
intervals. An illustrative example from Meijborg [96] is reproduced in Figure 5.16.
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Figure 5.16: An example shows the left ventricular pressure changes and induced ECG
changes. The simultaneous recordings of the left ventricular (LV) pressure and ECG (lead I11)
at a diastolic LV pressure of 0 mmHg (PO, blue trace) versus 20 mmHg (P20, red trace). The
increased in LV pressure resulted in larger T-waves [96].
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It is stated above that long preceding R-R leads to large volume of blood filling the left ventricle
leading to large stretch for its walls, and accordingly high left ventricular pressure, which leads
to prolong repolarisation intervals and increased T wave amplitudes. This is consistent with the
study results where T wave amplitudes (section 5.2.2.1.2) were larger and R-T intervals
(section 5.2.2.1.4) were longer related to ‘Long preceding R-R’ intervals. This presumably
corresponds to the prolongation in repolarisation process, through increased ventricular
dispersion and action potential [94,95]. On the other hand, for ‘Short R-R’ intervals, small
volume of blood fills left ventricle, which leads to less stretch to the heart walls combined by
smaller left ventricular pressure, and that leads to shorter R-T intervals and smaller T wave
amplitudes compared to their values influence by ‘Long R-R’.

T wave amplitudes, similar to U wave amplitudes, were independent of the length of current
beat intervals. As explained above, that left ventricular function is mainly dependent on the
length of preceding beat interval, which effects the preload or the passive filling in left
ventricular before the new cardiac cycle starts.

Therefore, it seems highly plausible that the rate dependency of repolarisation features (T and
U wave) was due to ventricular filling dynamics induced by changes in the preceding beat
interval. The beat averaging algorithm is able to capture these subtle amplitude and duration
changes by careful selection of individual beats to use in the algorithm.

Further, the amplitudes at the end of the T wave (TUn) were influenced by the change of
preceding R-R. The TU nadir (TUn) amplitude behaved similarly to both U and T waves,
increasing with increasing preceding R-R intervals. This may suggest increased dispersion of
repolarisation for beats with longer preceding R-R. In other words, it was subjected to the same
effect of preceding R-R intervals and accordingly the same effect of left ventricular pressure
as it represents part of repolarisation components. With ‘Long R-R’ intervals, a larger volume
of blood flows into left ventricle, causing more stretch due to the greater expansion of the hearts
walls, this leads to increase left ventricle pressure, in which results to greater amplitudes for
TUn. While for ‘Short R-R’ intervals, smaller volume of blood flows into left ventricle, causing
less stretch due to the smaller expansion of the hearts walls, this leads to less left ventricle
pressure, in which results to smaller amplitudes for TUn compared to the effect of ‘Long R-R’.

The results showed that the intervals R-TUn were independent of the effect of the prolongation
of preceding R-R intervals in AF.

QT lengthening is a widely known effect of heart rate slowing (R-R interval increasing) so our
finding of increased R-T intervals is consistent with this. Our finding [132] of increased
amplitudes at the peak and at the terminal part of the T wave may suggest increased dispersion
of repolarisation for beats with longer preceding beat intervals, although other factors may also
contribute to T wave amplitude changes [95]. A linear increase in T wave amplitude with
increasing R-R interval was observed in healthy subjects during long term Holter monitoring
[193], but beat interval changes in healthy subjects are generally small outside of exercise and
slowly changing unlike those in AF. Nonetheless our results are consistent with the findings of
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that study. In contrast, as will be shown in the next section of this chapter, healthy subjects
during the post exercise recovery period exhibited the opposite response to increasing R-R
interval because their T waves decreased in amplitude [131] (see study 5.3 of this chapter)
suggesting exercise imparts a different response on ventricular repolarisation to heart rate
changes and different to that we have observed during AF.

In summary, preceding beat intervals in AF have influenced most ventricular repolarisation
features. The amplitudes of U wave, T wave, end of the T wave (TUn) and R-T intervals were
increased alongside the prolongation of the preceding beat intervals. The R-TUn and T-U
intervals were independent of preceding beat intervals. Average beats generated from ‘current
beat intervals’ do not exhibit rate dependency highlighting the importance of using ‘preceding’
beat intervals in the beat averaging algorithm.
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5.3. The Effect of the Heart Rate Changes Due to Exercise on the U
and T Waves Amplitudes in Healthy Subjects

It is difficult to study the effect of the heart rate (HR) changes on the ventricular features in SR
recordings of healthy subjects due their stability. One method to change the heart rate
substantially in SR is to stimulate the heart by exercise activity. So far, several studies
investigated the effect of heart rate changes on the T waves in healthy subjects [91,92,128],
however the U wave never been studied in such condition. Therefore, the aim of the study is to
investigate the effect of heart rate changes, particularly that of preceding beat interval
(HR=1/R-R), on the amplitudes of the repolarisation waves (U and T) in healthy subjects
following exercise. Their behaviour is compared to the effect of rate dependency shown in AF
patients in the previous section (section 5.2).

5.3.1. Method

5.3.1.1. ECG Recordings

The SR Exercise Database described in section 2.3.3 of Chapter two was used in this study. It
contains 12-lead ECGs of 20 healthy subjects before and after exercise.

5.3.1.2. ECG Processing

The beat averaging mechanism that has been mainly described in section 3.2.3 of Chapter three,
was used in this study with a few changes. Although the study relates to SR recordings,
applying the beat averaging algorithm is useful to reduce the noise on the ventricular
repolarisation features. Lead V4 was analysed, unless there was excessive artefact, then lead
V2 or Il were analysed (five subjects). The processing had two parts, the “pre-exercise”
analysis and the “post-exercise” analysis, with the following description:

5.3.1.2.1. Pre-Exercise Analysis

The pre-exercise ECG records were used. The ECG recorded in the supine posture where the
heart rate steady, is used as a reference record in the study. The length of pre-exercise records
was 30 seconds. Figure 5.17 illustrates the method applied to a pre-exercise recording. At the
first stage for each recording, R waves were detected, the beats collected automatically and
aligned with the R wave peaks with visual confirmation, as illustrated in Figure 5.17-a.

The second stage of the analysis was to calculate the preceding R-R intervals as (R-Ri-1 = R -
Ri.1) as shown in Figure 5.17-b. The first consecutive 30 beats were used to generate one
averaged beat. The beat intervals were stable; however, a further requirement was to exclude
beats with short following R-R intervals (referred to as R-R; in Figure 5.17) that would

181



otherwise have P waves that could contaminate the averaged U wave. Therefore, beats with the
R-R; less than a threshold R-Rmin 0f 500 ms were excluded (if they exist). The qualified beats
were aligned to their R peak (Ri), and the averaged beat was calculated across the collected
beats (Figure 5.17-c). The presence of the U wave was identified from the averaged beat
(Figure 5.17-c).
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Figure 5.17: ECG signal processing to extract U wave from the pre-exercise records. R wave
peaks (V) were detected in the ECG lead at the resting condition (a) R wave detection (b)
qualified beats were extracted from the ECG lead and aligned to R peak (Ri), (c) averaged beat
calculated from the collected beats for the first consecutive 30 beats in the record, representing
by the grey area in b) to reveal U wave in the averaged beat.

5.3.1.2.2. Post-Exercise Analysis

In the second part of the analysis, the post-exercise ECG records from the same subjects were
used. The ECGs were recorded during recovery after exercise (treadmill exercise, see section
2.3.3). The length for post-exercise recordings was 360 seconds. The first 50 seconds from the
record was used in the analysis, since the heart rate was rapid compared to the rest of the record
where the heart rate starts to slow gradually after the exercise. The ECG processing was similar
to section 5.3.1.2.1 for all stages. The first consecutive 30 beats where used to generate an
average beat for the analysis. However, if there was an excessive artefact or strong baseline
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wander in these beats, the second consecutive 30 beats were used instead. Figure 5.18 illustrates
an example of the method applied to a post-exercise record.

The amplitudes of U waves and T waves were measured automatically from the baseline to U
peak (or T peak) for the generated averaged beats in pre and post-exercise ECG records using
the automatic measurement algorithm described in section 4.2 of Chapter four. A stable
baseline amplitude was estimated from 10 samples window in the electrically inactive period
before the onset of the P wave from the averaged beat.

The significance of differences in amplitudes of U and T waves between the prior and post-
exercise recordings was assessed by paired t-test.
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Figure 5.18: ECG signal processing to extract U wave from the post-exercise records. R wave
peaks (V) were detected in the ECG lead at the recovery condition (a) R wave detection (b)
qualified beats were extracted from the ECG lead and aligned to the corresponding R wave
(Ri), (c) averaged beat constructed from the collected beats represented by the grey area (in b)
for the first or the second consecutive 30 beats in the record to reveal U wave.
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5.3.2. Results

5.3.2.1. U Wave Amplitudes

After applying the beat averaging algorithm to the ECG recordings for 20 healthy subjects, all
of them had visible U waves in both recordings, pre-exercise and post exercise. Table 5.7 lists
the U amplitudes for all the subjects and the associated heart rate for pre and post-exercise.
Figure 5.19 illustrates an example for two average beats during pre (a) and post exercise (b)
for the same subject. In both averaged beats, U waves were visible.

For 20 healthy subjects, the statistical results showed that U wave amplitudes were significantly
increased (p=0.0003, assessed by paired t-test) from 36 + 14 puV (mean + SD) at the pre-
exercise condition (heart rate 63 + 8 bpm), to 80 + 48 uV at the post-exercise condition (heart
rate 100 £ 9 bpm) and (A amplitudes 44 + 45 pV).

The example in Figure 5.19 represents the pre and post exercise averaged beats, where it is
obvious that U wave has the higher amplitude during the post-exercise compared to the prior
one. Figure 5.19-a shows an averaged beat for the pre-exercise with resting heart rate, the U
wave is visible and measurable. Figure 5.19-b shows an average beat for the post-exercise
condition for the same subject and again the U wave is visible, and its amplitude is higher than
the U wave in (a).

Figure 5.20-a represents the paired relation between U wave amplitudes, and Figure 5.20-c
represents the heart rates in the pre and post-exercise for 20 subjects. As the Figure shows, the
U wave amplitudes increased in most of the subjects (18 of 20 subjects, see Table 5.7) during
the post exercise condition when the heart rates are increased rapidly compared to their
amplitude during the pre-exercise when the heart rates are steady.

5.3.2.2. T Wave Amplitudes

T wave amplitudes were measured similarly to the U wave amplitudes measurements for 20
subjects during the pre and post exercise condition. The statistical results showed significant
increase in the T wave amplitudes from the pre-exercise (650 £ 250) uV, compared to the post-
exercise (700 £ 160) uV, p=0.006, assessed by paired t-test, and (A amplitudes 117 + 167 pV).

The example in Figure 5.19 for the two average beats clearly shows the increase in the T wave
amplitude during the post exercise (b) where the T wave was higher, while its amplitude in pre-
exercise beat (a) was lower for the same subject.

Figure 5.20-b illustrates the paired relation between T wave amplitudes measured in the pre
and post-exercise for the 20 subjects. The T wave amplitudes during the post-exercise condition
(rapid heart rate) compared to the pre-exercise condition (slower heart rate) were higher in 16
subjects, and reduced amplitude in 4 subjects (see Table 5.7 and Figure 5.20-b and c).
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Table 5.7: Summary of 20 healthy subject recordings during pre and post-exercise, HR= heart rate (beat/minute), U amp = U amplitude (1V), and
T amp = T amplitude (LV).

Pre-Exercise Post-Exercise A amplitudes (pV)
Subject e
Analysed HR U amp T amp HR U amp T amp AU AT
(bpm) (1V) Q) (bpm) (mV) Q)

1 V4 70 48 654 98 48 601 0 -53
2 II 56 19 451 96 78 701 59 250
3 V2 54 11 387 94 35 588 24 201
4 V4 64 39 789 108 78 726 39 -63
5 V4 48 47 720 106 168 890 121 170
6 V4 62 54 550 100 109 579 55 29
7 V4 56 36 321 91 88 688 52 367
8 V4 66 28 1226 110 43 996 15 -230
9 V4 70 27 278 104 32 482 5 204
10 V4 56 47 927 113 197 1085 150 158
11 V2 68 39 722 78 9 562 -30 -160
12 11 56 40 639 92 105 708 65 69
13 V2 68 53 503 101 67 621 14 118
14 V4 66 17 413 108 122 592 105 179

15 V4 62 50 739 114 77 744 27 5
16 V4 70 48 704 102 55 857 7 153
17 V4 58 22 284 96 67 503 45 219
18 V4 80 43 551 104 131 603 88 52
19 V4 68 25 243 90 64 709 39 466
20 V4 68 16 221 89 18 418 2 197
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Figure 5.19: Two averaged beats for the pre and post-exercise recording for the same subject.
a) averaged beat for pre-exercise recording, b) averaged beat for the post-exercise recording.
U wave in both beats were visible and measurable, however its amplitude was higher in the
post-exercise (b) compared to the pre-exercise condition (a), as was the T wave.
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Figure 5.20: Paired relationship for U and T wave amplitudes and heart rates for 20 healthy
subjects during the pre and post exercise. a) U wave, b) T wave, and c) heart rate (HR).
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5.3.3. Discussion

The results showed that exercise-induced heart rate changes affect the repolarisation waves,
where both of T and U wave amplitudes increased significantly when the heart rate rises.

The increase of T wave amplitudes may suggest there is increased dispersion of the
repolarisation (DOR) with the increase of heart rate (HR=1/R-R), since the concept of the T
wave amplitude genesis depends on two variables: the DOR and the action potential duration
(APD) [94,95, 131,194,195]. Heart rate and the action potential duration are linearly correlated
[92,98,180] where the rise of the heart rate is shortening the action potential and the vice versa
(see Figure 1.10 in Chapter one). Kitchin et.al [196] showed that T wave amplitude increases
during the post-exercise due to the change of action potentials of the myocardial cells.

In a study of the effect of the action potential duration on the T wave [95,101], the authors
found that T wave amplitude is proportional to the DOR and inversely proportional to the
repolarisation time or the minimal action potential duration. This means that T wave amplitude
increases with the short action potential. In other words, T wave amplitudes increased with
high heart rate since heart rate is linearly correlated to the action potential duration. Our results
are consistent with this study [95,101]. In addition, other studies to investigate the T wave
morphology changes with respect to the heart rate changes for the healthy subjects [94,95,131]
showed the same response to our results, where T amplitudes increased with faster heart rate.
Furthermore, in a study as understand the effect of mechano-electrical coupling (MEC) on the
repolarisation process and T wave [96,97], the investigation showed that increasing left
ventricular pressure via MEC has an effect on the repolarisation, causing a prolongation for the
repolarisation intervals and higher amplitudes for the T wave [96,97].

Physiologically, the cardiovascular system adapts to change during exercise to produce
adequate energy to the working muscles by increasing the heart rate and cardiac output [36],
as described in section 1.2.4.1 of Chapter one. The increase of cardiac output occurs because
of the large end-diastolic volume EDV (see Figure 1.26) and that means large blood volume
fills the left ventricle [36]. In other words, preload increases causing more stretch to the
myocardium, and that helps the left ventricle to contract more fiercely according to Frank-
Starling law of the heart [31, 36,41]. This hard contraction increases the left ventricle pressure
during the rapid heart rate and according to [96,97], that will produce a higher T wave
amplitude, which is consistent with study results of T wave in our study.

U wave amplitudes were visible and measurable in both pre and post-exercise recordings.
Despite the rapid heart rate during the post-exercise, U waves were extracted, and their
amplitudes were measured. The U wave has been reported to be present in 90% of healthy
subjects at slow heart rates and stated that it cannot be seen at rapid heart rate [48,50]. However,
in the current study U waves were observable in fast heart rate during post-exercise recordings
(see Figure 5.19 and section 5.3.2.1). U wave amplitudes respond to the increase of the heart
rate positively during the post-exercise, while they have lower amplitudes during the pre-
exercise in most subjects. The U wave behaves similarly to the T wave, both are increased

188



when the heart rate is elevated in the post exercise period. U wave amplitudes were highly
dependent on the heart rate.

Although the origin of U waves is uncertain, but the assumption is that U waves are a reliable
feature at the end of the repolarisation cycle in every ventricular beat and undergoes the same
changes of the repolarisation process, as the T wave. Since increases in heart rate will cause
larger blood volume flows into the left ventricle, and accordingly causes more stretch to the
myocytes during diastole (increases the preload) according to the Frank-Starling mechanism
(see 1.2.4.1 of Chapter one). This expansion of the heart’s walls will increase the pressure of
the left ventricle and activates the mechanosensitive ion channels which transduce the pressure
and the stretch into electrical signal [79-80] with higher amplitude [49,63,96,97]. Additionally,
as the heart rate changes influences the action potential, Bernardo and Murray postulated in
their study [82] that if larger after-potential occurred, the U wave amplitude becomes more
distinct.

One of the hypotheses of the U wave genesis is mechano-electrical coupling MEC (see section
1.3.3.3 of Chapter one). This theory suggests that after-potentials caused by stretching of the
left ventricle give the rise to the U wave. The presence of U wave in slow and fast heart rate,
gives the indication that U wave is reliable feature of the ECG occurring at the end of the
repolarisation phase after T wave, regardless of heart rate. The possible contribution of the
MEC to generate U waves because of the myocyte stretch is high and can be more obvious
during the post-exercise recording during the fast heart rate, where the combination of the MEC
and high systolic pressure (left ventricular pressure) influence the repolarisation waves
including U wave to be larger. The reason for the absence in some reported U wave during the
rapid heart rate is because U wave and P wave become coincident, where the U wave buried
under the P wave.

It seems plausible that the U wave is an electrical manifestation for ventricular mechanical
stretch. The results of the U wave in this study show strong support to MEC hypothesis, and
suggest it is part from the repolarisation process like the T wave, since they respond to rate
changes in very similar ways.

As expected, there were no abnormal T or U waves in the recordings in this investigation,
where both of the waves where upright with positive polarity. The observation of the increased
T wave amplitudes may help to predict the change of DOR and that can help with early
diagnoses of QT symptoms, since they are strongly linked to the fatal arrhythmia and sudden
death [95,197]. Also, U wave abnormalities are associated with cardiac pathology, such as
ischemia, hypertension and hypertrophy and due to the hypokalaemia or to the drug effects.
The U wave has also been considered a potential marker of Torsade de Points [49,52,63,67].
This study did not detect abnormal U waves, as expected in a healthy subject group, however,
it still important to understand the U wave characteristic since the major cardiac organisation
such as American Heart Association (AHA), and Heart Rhythm Society (HRS) recommended
that all U wave abnormalities should be reported during the ECG interpretation [49,52].
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In study 5.2 in this chapter, U and T wave amplitudes were investigated with respect to the
change of preceding beat intervals in AF. The amplitude results for both waves were in contrast
of their amplitude in the healthy subjects. In the current study, U and T waves amplitudes were
increasing with short preceding R-R (fast heart rate) and decreasing with long preceding R-R
(slow heart rate). Whereas, in AF the amplitude of both waves was increasing with long
preceding R-R (slow heart rate) and decreasing with short preceding R-R (fast heart rate). The
possible reason for this behaviour linked to the stretching via MEC during ventricular filling
dynamics for both cases (i.e. in healthy subjects and AF). However, the ventricular filling
process is different for these two cases.

In AF, as the study 5.2 presumed, the left ventricular filling is greater with respect to long
preceding R-R (slow heart rate) [190] (i.e. greater volume of blood fills the left ventricular,
higher EDV) which cause a greater expansion to the heart’s wall, leading to increase the
stretching force of the cardiac muscle according to Franck-Starling law [185]. The increase of
stretching leads to higher pressure in the left ventricle which effect positively the amplitude of
the repolarisation features and produces higher amplitudes for U and T waves via MEC
[96,97,185]. With short preceding R-R (fast heart rate), less amount of blood fills the left filling
due to the short filling in which leads to less pressure in the left ventricle according to the small
expansion of the cardiac muscle walls. This produces smaller amplitudes for T and U wave
(more details in study 5.2).

Whereas in the current study, due to the cardiorespiratory system adaptation to the exercise,
the heart rate increases (short preceding R-R) in order to increase the amount of blood that
needed to provide the body’s muscles with the required energy (i.e. metabolism). In other
words, and as has been mentioned earlier in the study discussion, with the increase of heart rate
in post exercise condition, the ventricles rapid filling increases (i.e. large blood volume fills
the left ventricle). Consequently, the heart wall expanded and increased the stretch to the
myocardium, and that helps the left ventricle to contract more fiercely according to Frank-
Starling law of the heart. This expansion of the heart’s walls will increase the pressure of the
left ventricle producing higher amplitude (i.e. higher amplitudes of U and T wave) via MEC.
Whereas less filling of the left ventricle during the pre-exercise when the heart rate is slower
(long preceding R-R), leads to smaller stretch to the heart’s wall in which reverse the results
compared to the fast rate condition, producing lower amplitudes for the repolarisation waves
(i.e. U and T waves) due to less pressure.

In conclusion, U wave is visible and measurable during the pre and post-exercise (normal and
fast heart rate) in healthy subjects. The U wave similar to T wave, responded to the change of
heart rate where their amplitudes increased with the increase of the heart rate. T and U wave
are dependent on the heart rate.
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5.4. Chapter Summary

The first study (section 5.2) in the chapter showed that preceding beat intervals in AF have
influenced most of ventricular repolarisation features. The amplitudes of U wave, T wave, end
of the T wave (TUn) and R-T intervals were increased alongside the increasing of the preceding
beat intervals. The R-TUn and T-U intervals were independent of preceding beat intervals
influence. The study confirmed that current beat intervals have no effect on the corresponding
repolarisation features.

The second study (section 5.3) showed that U wave is visible and measurable during the pre
and post-exercise (normal and fast heart rate) in healthy subjects. The U wave like T wave,
responded to the change of heart rate where their amplitudes increased with the increase of the
heart rate.

The T and U waves are dependent on the heart rate. They are moving and increasing together
in AF and healthy subjects.
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Chapter 6. Future Perspectives

6.1. Introduction

This chapter highlights several ideas for further research that has arisen during this project. The
proposed investigations can help to extend the thesis research in the same and different
directions as they provide in many of them, a further insight to understand U waves in ECG.

6.2. U wave Abnormalities in Atrial Fibrillation

Major cardiac organisations recommended U wave abnormalities should be reported during
ECG interpretation [49,52]. We did not detect any abnormalities during this project, perhaps
due to the limited number of patients considered during the studies. Having established reliable
algorithms to clean AF recordings, detect and measure U waves would facilitate the detection
of the abnormal U waves. Therefore, further studies are needed to establish the prevalence of
U wave abnormalities in AF patients.

6.3. Further Investigation of U Wave Genesis (Cellular Basis)

6.3.1. Intracellular Calcium Dynamics and the U Wave

The sarcomeres length by stretch would increase the Ca?* flow during the relaxation phase and
would accelerate Ca®* waves [8,14,22,50]. Stretch induces an immediate increase in twitch
force which is the result of a length-dependent increase in Ca?* sensitivity of cardiac muscle,
this is generally accepted as the cellular basis of the Frank-Starling mechanism [50].

We showed the U wave amplitude depends upon the preceding beat interval, both in AF and
SR. The preceding R-R interval affects ventricular filling dynamics [175,176] and hence also
on mechano-electrical coupling. We proposed that U wave amplitudes changes were linked to
the stretching changes in the left ventricular walls during diastole via mechano-electrical
coupling.

Wu and et.al [198] established the relationship between action potential duration and the
duration of the intracellular Ca?* transient. The study was used to simulate SQTS which is
related to the mechano-electrical coupling influence. The authors concluded that persistent
increases in intracellular calcium, and after-depolarisations, underly the U wave [198].

The influx of Ca?" lengthens the total duration of the cardiac action potential, leading to the
change in the cardiomyocyte as it plays a key role in mechanical contraction and stretching.
Since the action potential is related to the heart rate changes, additional insight into the
molecular links between cardiac mechano-electrical activity and the U wave in different heart
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rates is required. Further studies are needed to inspect and measure beat interval dependency
of the intracellular calcium and their effect on the U wave amplitudes.

6.3.2. The Imaging for U Wave in LQTS

The prominent U wave and long QT interval (i.e. long R-R) are widely known characteristics
of LQTS [53,71,80,86]. The mechano-electrical and the M cell hypotheses of the U wave both
presumably influence the generation of U waves that are clinically observed.

In LQTS, the dispersion of repolarisation would provide a prolonged period of active
ventricular relaxation during early diastole, which may strengthen ventricular filling displayed
clinically as a high E/A ratio (the marker of the function of left ventricle) in the velocity by
Doppler echocardiography, an ultrasound-based cardiac imaging modality [63].

By affecting heart tissue contractility during slow filling due to the long R-R interval in LQTS,
delayed M cell repolarisation, which could be modulated by mechanical coupling, could serve
other mechanical functions that would require further investigation. Therefore, inspecting
LQTS subjects using the ultrasound, and investigate U wave in such condition would be helpful
to add further understanding to the mechanical coupling during the ventricular filling.

6.4. The Depression of P-R (PQ) Interval in Healthy Subjects

P-R interval or as electro-cardiographers preferred the term P-Q interval is the interval from
the beginning of P wave to the beginning of QRS complex. [199] Although the P-R was not in
the remit of the research presented in this thesis, during the analysis of the healthy subject
recordings in study 5.3, we observed that P-R interval exhibited a depression in post-exercise
compared to the pre-exercise. Figure 6.1 shows an example of two averaged beats for the same
subject during the pre-exercise and post-exercise.

Inspection of P-R intervals during exercise and post-exercise has rarely investigated and
addressed [200]. The major reason is the estimation of this interval is particularly hard at rapid
heart rates because T and U waves tend to overlap the P wave, which biases P wave detection
[200]. The P-R depression or elevation were indicated as a mark to atrial injury [201] or
pericarditis [200].

In a preliminary study in 1960, Lloyd-Thomas [44] reported that ‘P-Q’ segment showed
depression after exercise. The author regarded this depression as due to accentuation of the
atrial T wave (Ta). According to a theory presented by Scherf and Schaffer [203], the area
bounded by the P wave is equal in size but opposite in polarity to the area of the Ta wave. As
the Ta wave shortens with tachycardia (fast heart rate), it must deepen in order to keep its area
equal to and opposite to that of the P wave.
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Further studies are therefore required to inspect the effect of the heart rate changes on the P-R
interval due to exercise in healthy subjects. This may help to give an insight to the underlying
mechanism of this P-R depression in healthy subjects due exercise.

0.5 mV

0.5s

Figure 6.1: Example of two averages beats during a) pre-exercise and b) post-exercise for the
same subject. The P-R interval showed depression in b) compared to a).
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Chapter 7. Research Summary and Final Discussion

Atrial fibrillation is a common arrhythmia characterised by rapid changes in ventricular beat
intervals. It provides an opportunity to investigate the effect of rapid beat interval changes on
the characteristics of ventricular repolarisation components, U and T waves.

The U wave in atrial fibrillation is hard to observe and measure because it is hidden under the
fibrillatory waves that results from the continuous and rapid atrial activation, which
contaminate the ventricular repolarisation features including T wave [1,54]. To measure U
wave and other ventricular features of ECG accurately, these atrial fibrillatory waves must be
removed. Therefore, the first target of the research was to provide a validated algorithm to
clean the ECGs of atrial fibrillation patients. The research proposed three techniques to remove
these fibrillatory waves and provide clean ECGs beats so the ventricular features can be
measured. The techniques were PCA, ICA and beat averaging (BA). Their ability to remove
the atrial activity was evaluated visually, by observing the presence of a clean U wave. This
metric of the technique’s efficiency was chosen as it represents the main interest of the thesis
research.

The PCA and ICA techniques gave inferior results and U wave was poorly revealed. However,
PCA in comparison to ICA showed better performance to reveal U wave despite the remaining
noise. On the other hand, the BA technique was able to remove the atrial fibrillatory waves
effectively and provide clean ventricular beats suitable for detection and measurement.

The BA technique effectiveness in noise reduction level is associated with the number of
ventricular beats used during the averaging calculation to generate one ventricular averaged
beat. Thus, long duration of recordings is required to provide greater noise reduction and to
reveal high quality U wave. A limitation is the long duration needed to collect many beats for
the averaging process. A further limitation is that it provides one averaged beat which limits
the possibility to investigate the changes of ventricular repolarisation characteristics beat by
beat. Nevertheless, the BA algorithm provided an effective tool to clean AF recordings from
the atrial activity and had the capability to capture the subtle amplitude and duration changes
related to preceding beat intervals. The BA algorithm facilitated further investigations to detect
and measure ventricular components not only for AF but also for SR., since it provides noise
reduction in, for example, exercise ECG recordings.

Having the ability to generate clean averaged beats, provided an opportunity to measure the
desired ventricular components. The “automatic ECG feature measurement algorithm” has
been established to measure U and T wave amplitudes and intervals automatically. The
measurement was validated against manual measurement via bespoke Matlab software created
to measure the ventricular components manually. Both measurement approaches provided a
useful tool to detect and measure the ventricular components, especially U waves in AF and
SR.
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The algorithm was validated by comparing U waves extracted from AF recordings to U waves
readily observable in SR recordings for the same patients. The U waves were visible in both
AF and SR and U waves in AF had the same polarity as those in SR, but with increased
amplitude in most subjects. With the ability to detect and measure U waves during AF, the
algorithm provided the opportunity to explore potential mechanisms which might explain
differences in U waves during AF and SR. It was hypothesised that the amplitude differences
in AF and SR might be due to U wave rate dependency since the heart rates in AF and SR were
significantly different.

BA algorithm effectiveness, as has been mentioned, is dependent on the number of beats
collected and averaged, and accordingly affects the quality of the extracted U wave; thus, a
study [1] was conducted to define the number of beats required for effective U wave extraction
in AF recordings. The study showed that the number of beats is an important consideration
since the greater the number of beats the greater the noise reduction. The study indicated that
decreasing the number of beats from 100 to 70 did not significantly affect the U wave
amplitude. However, the U wave was readily observable when the average beat was generated
from as few as 10 beats with an average increase in noise amplitude of only 5 uV. The study
can be used to guide the clinicians to the requirement for the number of beats to use dependent
upon the required application.

The BA algorithm satisfies an unmet clinical need because until now it has not been possible
to measure U waves in AF. Many studies have noted the diagnostic value of U wave
abnormalities, particularly inverted U waves [50,204-206]. Although we did not detect any
abnormal U waves in our cohort, the algorithm facilitates the reporting of U wave abnormalities
in AF patients as recommended by the important cardiac associations [52]. The algorithm
facilitates the detection and reporting of U waves and their abnormalities in AF patients.

The establishment of a validated algorithm to allow reliable measurement of ECGs features,
enabled the opportunity to inspect the effect of beat interval dependency on the repolarisation
waves, especially U waves, during atrial fibrillation and to compare them to those in sinus
rhythm of healthy subjects.

Two studies were conducted to investigate the changes of the ventricular beat interval in AF
and healthy subjects. The studies exploited the beat averaging algorithm capability to capture
the subtle amplitude and duration changes to address the study interest. The first study
inspected the effect of beat interval changes on ventricular repolarisation characteristics, U and
T waves amplitudes and intervals in AF. It was hypothesised that ventricular repolarisation
characteristics such as T and U wave amplitudes and intervals exhibit a ‘preceding’ beat
interval dependency. This dependency was confirmed by this study. The amplitudes of U wave,
T wave, end of the T wave (TUn) and R-T intervals were increased alongside the increasing of
preceding beat intervals. The R-TUn and T-U intervals were independent of preceding beat
intervals influence. The study confirmed that ‘current’ beat intervals have no effect on the
corresponding repolarisation features. Therefore, if the rate dependency of ventricular
repolarisation features is to be captured, it is important to consider the preceding beat interval.
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One of the methods to change the heart rate substantially in SR is by stimulate the heart by
exercise, therefore, the second study was conducted to investigate the effect of the heart rates
changes on the amplitudes of the repolarisation waves in healthy subjects during the exercise.
The study compared the rate dependence of U and T waves in SR after exercise to the effect of
the rapid beat interval changes in AF. The U wave was visible and measurable during the pre
and post-exercise (normal and fast heart rate) in healthy subjects. The U wave like T wave,
responded to the change of heart rates where their amplitudes increased with the increase of
the heart rates in SR. However, in AF the amplitudes of U and T waves had the opposite
response (i.e. decreased) to the increase of heart rate changes. The T and U waves are dependent
on the heart rate in AF and SR.

The linking mechanism which potentially explains the observed rate dependencies in both AF
and SR recordings is mechano-electrical coupling. In AF, long preceding beat interval results
in more blood entering the ventricle, leading to increased stretch, increased ventricular pressure
and associated action potential changes which result in increased amplitude and prolongation
of ventricular repolarisation. In SR, long beat interval (heart rate in resting condition) results
in less blood entering the ventricle compared to the filling during exercise, leading to less
stretch to hearts wall, accordingly less ventricular pressure and associated action potential
changes compared to during exercise, which result in less amplitude of ventricular
repolarisation features.

In summary, the thesis studies provided useful algorithms to clean AF recordings and measure
the ventricular components in either AF or SR. The challenging U wave was revealed in AF.
The U and T wave amplitudes and intervals were measured with respect to preceding R-R
showing a rate dependency in AF and SR. In AF, the amplitudes of U and T wave were
increasing with respect to the increasing of preceding beat intervals, whereas they were
decreasing in SR. This indicates that U wave follows T wave either in AF or SR, where they
increased and decreased together in which suggesting they are subjected to the similar
repolarisation process. The beat interval dependency of ventricular repolarisation features
showed support to the mechano-electrical hypothesis during AF and SR.
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B.1 User Guide for Manual Measurement GUI

This section provides simple instructions and guidance to use the bespoke software that has
been created to measure the repolarisation features in section 4.2.1.2.3 of Chapter four
manually. The software designed using the Matlab environment. The written code (Matlab
files) and the data (ECG signals) will be provided to the university of Hull as part of the
research work.

B.2 The Software Characteristics and Ability

The software created with the Matlab 2017a environment. It is important to note the following
software characteristics before using the GUI:

1) Suitable for 10 patients with 10 intervals, however it could be improved for more (patients
and beats) in the future.

2) The subjects and the beats for associated R-R intervals, will be presented automatically.
But the desired points (clicks) of the ventricular features can be chosen manually.

3) The desired points mentioned above have specific order, therefore it demands careful
selections (More details later).

4) Itis important to save the results acquired from the processing, in the same user folder for
efficient results.

B.3 The GUI Guide

The following walkthrough steps will explain how the software works:

B.3.1 Lunch the GUI

Run the software by type “uafmanual” or run it from the Run button in the Editor tab of the
main Matlab bar. Figure B.1 shows the main user interface window for the software.

It is important to follow the following steps for efficient analysis, for New Analysis for manual
selection.

1) Enter Username

Enter the initial letters of your name by clicking on Enter User button, capital letters are
preferable, for instance: MS, PL or AJW, see Figure B.2. The results in the structure array of
the manual measurement, depends on the username.

Note that i) GUI will lock the data loading or the analysis without the username, see Figure
B.3, and ii) in case that you interrupted, and wanted to resume the analysis, GUI will remember
your initial letters.
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Figure B.1: Main user interface window
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[4]

Enter the intials for the user name(Capital Letters Only)
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Save Data and Wo
Check Worksg

Figure B.2: Enter the username (Capital Initials)
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Enter User Initial please!

Accept Reject
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Save Data and Workspace
Check Wotkspace

Figure B. 3: No loading data without the user initials

2) Loading Data
Load the provided data by clicking on Load button. Message information will appear first
to give short guidance, as Figure B.4-a shows. In Figure B.4-b an example shows selecting
10-data structures (ECG beats), each structure represents AF subject for lead V4.

|4 Load & Points Selection — * Enter User

After click OK! Load the data and choose ( 6 ) points from each plot

a *Sequentially”
( ) Accept Reject
Save Data and Workspace
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Figure B.4: Data loading and selecting
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As soon as you upload the data, the first beat for the first patient will present automatically
in the Figure area. Note that, the beats will be presented automatically for 10 increasing R-
R intervals, from the intervals 625 to 1075 ms, for 10 AF subjects.

As Figure B.5 shows, the software waits your click for six (6) points (features marks) to be
selected sequentially, so make sure to choose and click the right point. Also, there is Text
Instruction in the upper right of the window that guide you for the next point, as shown in

F

igure B.6, in case that you forget the sequence of the points.

The sequence of the points wanted, in the following order:

i) First baseline point (Xby).

ii) Second baseline point, (Xb,)

iii) T wave peak point, (X7)

iv) TU nadir point, (Xtunad)

v) U wave peak point, (Xu)

vi) U wave end, (Xuend)

The annotation shown in the Figure B.5, for the sake of explanation only, while the line
marker will appear in the Figure of the GUI, to help the user to make a good judgment for
the points selections.

Patient name Associated RR

ECGFile Teols

Voltage (mV)

4| GUI for U Wave Manual Measurement \ / - [m| *
T

2

A004a RR625

Points Instructions

Enter User Load

Save Data and Workspace

Check Workspace

o XTE Xuend
. . XbriiXba | 1w .
0 300 600 900 1200 1500
Samples
XTUnad Xu

Figure B.5: Selecting 6 points (clicks) sequentially on the presented averaged beat
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Enter User Load

Reject
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J Save Data and Workspace
0F 3

Check Workspace

Voltage (mV)

15 | 1 1 1
0 300 GO0 900 1200 1500
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Figure B.6: Instructions text box

3) Accept/ Reject Buttons
If the selection of these 6 points (clicks), are acceptable for the user and match the need of
the points wanted, then press on Accept button to confirm and save the points, which can
lead you to the next beat.

Reject button
If the 6 selections have been mistakenly made or the user wanted to change the points, then

Reject button will give the ability to re-select new 6 points again, and it should be in the
same explained sequence.

Note that the Reject button will remove all the 6 markers and the data of the points, so you
need to re-select new 6 points again, and then when you are satisfied, press Accept button
to confirm the selections and save them.

The GUI will wait after points selection, until you ‘Accept’ or ‘Reject’ the selection to
move on.

4) Save Data and Workspace Button
When you finish the analysis for all the beats or part of them, and you want to quit the
GUI, you should save the whole analysis by press on the Save Data and Workspace
button, see Figure B.7. The GUI will ask to choose a folder to save the data, so save them
in the same environment of the GUI (i.e same folder of the code).
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B.4 Results Structures Notes

If you finished selecting all the features, and analysed all the beats, the results will be saved in
the same folder that you chose. The results will be saved in a structure array with following

=4 Print | ECGFile Tools

4\| Select Folder to save the Result for the Patient

Points Instructions

Select 2nd baseline point

Enter User Load

Accept Reject

Save Data and Workspace

+~ <« Documents » MATLAB » ManulguiAF » GUluafmanual | v O Search GUluafmanual
Organize v Mew folder B
~
(o) MName Date modified Type Size
3t Quick access
[ Desktop No items match your search.
J Downloads
=] Pictures
= Documents
D Music
Classic
data
GUI Matlab info and pdfs
ManulguisF
@@ OneDrive
& This PC
B 3D Objects
[ Desktop
= v
Folder: “
Select Folder Cancel

Check Workspace

Figure B.7: Save the results from the analysis and the workspace window

format (e.q):

MAF.A004a.RR625.MS.ManualRslt. Where:

1)
2)

3)

4)

5)

MAF: the name of the structure array.
A004a: name of the subject (recording title), will be changed according to the patient
name.
RR625: R-R interval, to classify the beat according to the specific intervals, since there
are 10 R-R intervals. This will be changed from R-R 626 to R-R 1075. (Increasing by 50
ms)
MS: here is the initial for the username, so it could be any other letters according to the
user. Which can help to identify the analyser.
ManualRslt: the final path where the x, and y coordinates (values) will be saved in the
same order of clicking to have the points. See Figure B.8.

6) X values represents samples, while Y values represents the amplitudes in millivolts
(Figure B.8).
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Current Folder O] @ Editor - uafmanual.m

Mame | MAF | MAF.ADMa | MAF.AD04a.RRE25 | MAF.ADD4a.RRE
(1 ManualResults.mat MAF.A004a,RRE25.MS, ManualRslt
H MarwaWorkspace.mat
ﬂ uafmanmeas.m 1 2 3 4 3
fﬂ uafmanual.m 1 601 -0.1275
2 616 -0.1433
3 775 0.6118
4 835 0.0927
5 878 0.1163
] \ 920 } \ 0.1163 }
! [ |
8
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ManualResults.mat (MAT-file) ~

D]

Wl mm

Figure B.8. Results structure in Matlab

If you did not finish the analysis, and you want to quit and then resume the analysis again,
follow the next steps:

1) First you should save the results wherever you are in the analysis by press on the Save
Data and Workspace button. That will guarantee, saving the data that you analysed, and
help you to resume from the same beat and patient that you stopped with. Remember to
save in the same folder.

2) When you want to resume the analysis, you should press on the Check Workspace
button first. This step will look for the previous workspace that has been saved, see Figure

B.9-a.
Points Instructions 4] Workspace checked! - X
ﬂ The workspace kaded successfully! Click on "Load™ button to resume
Enter User Load
Accept Reject (b)
()
Save Data and Workspace
|4\ Workspace checked! - x
| Check Workspace .
[Check if there is 2 workspace saved “ Mo workspace found!! Click on "Enter User™ button to start new processing
(©)

Figure B.9: Checking the Workspace
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3)
4)
5)

6)

7)
8)

9)

In case the GUI will find the workspace, it will give the confirmation message: that the
data has been loaded, and then you can resume the processing, as B.9-b shows.

You need to re-load the data (ECGs) again, by using Load button as explained in step
number (2) by loading data.

You will start from the same beat and patient that you stopped with, and then you can
continue the processing normally, in the same steps order that has been mentioned above.
No need to re-enter the username initials in this case, because already it has been saved
and re-uploaded.

You can use the Check Workspace button, at the beginning, even before username button

in step (1).

If you have old workspace, it will upload it again.

If you have no workspace saved, it will give a message, to confirm that no workspace is
available, and to start new manual analysis, see B.9-c.

Note: The recommendation for new analysis should start from step number (1) by entering
new username.
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100 Reference beats |‘

B Beats averagin
a) Ny = 100 110 | 1120 | 2130 | 3140 | 4150 | 5160 | 6170 | 71-80 | 8190 |90-100 ging D Ugeterenes

| 1-10 | 11-20 | 21-30 | 31-40 [ 41-50 | 51-60 | 61-70 | 71-80 | 81-90 |91-100]

Sub-trial 1 [_1-10 ] 11-20 [ 21-30 | 31-40 | 41-50 [ 51-60 | 61-70 [N '\

Sub-trial 2 [ 11-20 [ 21-30 | 31-40 [ 41-50 [ 51-60 [ 61-70 [ 71-50 [

Sub-trial 3 [ 21-30 [ 31-40 [ 41-50 [ 51-60 [ 61-70 | 71-80 [ 81-90 [N |
b) Sub-trial 4 [ 31-40 [ 41-50 [ 51-60 [ 61-70 | 71-80 [ 81-90 [91-100] : |
Sub-trial 5 1-10 41-50 | 51-60 | 61-70 | 71-80 | 81-90 [91-100] Averaging Ve
Sub-trial 6 51-60 [ 61-70 | 71-80 [ 81-90 [91-100] |
Sub-trial 7 [ 1-10 [ 11-20 [ 21-30 [ 61-70 [ 71-80 [ 81-90 [91-100]
Sub-trial 8 | 1-10 [ 11-20 [ 21-30 [ 3140 [ 71-50 | 81-90 [91-100]
Sub-trial @ | 1-10 [ 11-20 | 21-30 [ 31-40 | 41-50 |'

Sub-trial 10 [ 1-10 [ 11-20 [21-30 [ 3140 [ 41-50 [ 51-60 5

Figure C.1: lllustrates the selection of beats for 10 sub-trials when the number of beats = 70. (a) generating the reference (U amp reference) from all 100 beats
(Npeas = 100). (b) the 10 sub-trials when the number of beats in the sub-trials was 70 beats (Npeas = 70 beats). Each sub-trial generated an average beat which
were compared to the reference U wave (U amp reference)-
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Beat averaging improves the signal to noise ration by a factor of VN where N is the number
of epochs. The mathematical proof is as the following [154]:

The input waveform f(t) has a signal portion S(t) and a noise portion Noise(t). Then:
f(t) =S(t) + Noise(t) (1)

Let f(t) be sampled every T second. The value of any sample point in the time epoch (i =1, 2,
..., N) is the sum of the noise component and the signal component.

f(T) = S(iT) + Noise(iT) (2)

Each sample point is stored in memory. The value stored in memory location i after N
repetitions is:

N N N
fQT) = S@T) + Noise(iT) fori=1.2,..,n (3)

The signal component for sample point i is the same at each repetition if the signal is stable
and the epochs are aligned together perfectly. Then:

2 S(iT) = NS(T) 4)
k=1

The assumptions for this development are that the signal and noise are uncorrelated and that
the noise is random with a mean of zero. After many repetitions, Noise(iT) has rms value of
On.-

Z Noise(iT) = /No2 = VN o, (5)
k=1

Taking the ratio of Equations (4) and (5) gives the SNR after N repetitions as:

NS(T)
VN o,

SNRy = =N SNR (6)

228



