
CHANGES IN AUTONOMIC TONE RESULTING FROM CIRCUMFERENTIAL 

PULMONARY VEIN ISOLATION

by

GEOFFREY SEABORN

A thesis submitted to the 

School of Computing

In conformity with the requirements for

the degree of Master of Science

Queen’s University

Kingston, Ontario, Canada

December 2010

Copyright ©, Geoffrey Seaborn, 2010



Abstract

In patients with normal hearts, increased vagal tone is associated with the onset  of paroxysmal 

atrial fibrillation (AF). Vagal denervation of the atria renders AF less inducible. Circumferential 

pulmonary vein ablation (CPVA), with or without  isolation (CPVI), is effective for treating 

paroxysmal AF, and has been shown to impact HRV indices, in turn reflecting vagal denervation. 

 We examined the impact  of CPVI on HRV indices over time, and evaluated the 

relationship between vagal modification and rate of recurrence of AF. High resolution ECG 

recordings were collected from 64 patients (49 male, 15 female, mean age 57.1±9.7) undergoing 

CPVI for paroxysmal (n=46) or persistent (n=18) AF. Recordings were made pre-procedure, and 

at intervals up to 12 months. Success was defined as no recurrence.

 After CPVI, 27 patients presented recurrence. Pre-procedure HRV variables did not differ 

from controls in patients with a subsequent successful procedure. However, patients with 

recurrence demonstrated significantly-reduced pre-procedure HRV compared both with controls, 

and with patients having successful procedures (39.6±23.4 & 33.7±19.2 vs 21.8±11.8, P =0.01 & 

P=0.04). Following the procedure, HRV was reduced vs pre-procedure in patients with successful 

procedures (33.7±19.2 vs 18.6±15.8, P=0.01), and did not differ from unsuccessful procedures 

over a 12 month FU. Both groups were reduced compared with a control value. There was no 

 i



significant difference in HRV between patients who experienced recurring AF (n=9), and those 

who experienced AT or flutter (n=18).

 Our data suggests that patients experiencing recurrence after one procedure have reduced 

HRV that is not  changed by CPVI; whereas patients with a successful single procedure 

experience a change in HRV variables that is sustained over a long period, but is no different 

post-procedure from patients experiencing recurrence. These data suggest that  denervation 

associated with CPVI may benefit patients with normal vagal tone prior to the procedure, but that 

sustained denervation is not a critical factor in successful outcome after CPVI.
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Chapter 1

Introduction

Atrial fibrillation (AF), the most common of all cardiac arrhythmias, affects approximately 

250,000 individuals in Canada alone [3]. AF involves quivering of the heart  muscle composing 

the atria, as opposed to coordinated contraction. This arrhythmia, which is often asymptomatic, 

may result in fainting, chest pain, and congestive heart failure, increasing risk of overall mortality 

by 40-90% [89]. AF is a leading cause of stroke, increasing risk by up to 5 times over the normal 

population. Since the likelihood of developing AF roughly doubles with each decade of life, 

exhibiting a median age of approximately 75, it is becoming increasingly prevalent  in our aging 

population [14]. 

 AF is a costly public health problem, with hospitalizations being the primary cost  driver 

(52%), followed by medications (23%), consultations (9%), further investigations (8%), loss of 

work (6%), and paramedic procedures (2%). The annual cost per patient is approximately $3600, 

placing a tremendous burden on healthcare resources [45]. 

 Incidents of AF arise when normal electrical impulses generated by the sinoatrial (SA) 

node are interrupted by disorganized electrical impulses originating elsewhere in the atria, 

predominantly in the proximity of the pulmonary veins (PVs). This results in irregular conduction
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throughout the heart, which in turn causes circulatory instability. Incidents of AF can last  from 

minutes to weeks, or may be permanent.

 A number of different  methods can be used to manage a patient’s AF, the main goals of 

which are to prevent  circulatory instability and stroke. While the risk of stroke can be reduced 

using anticoagulatory medication such as Heparin, Warfarin, and Dabigatran, circulatory 

instability necessitates medication for controlling heart rate. A number of ‘rate control’ 

medications are well-suited for this purpose, such as beta blockers, calcium channel blockers, and 

cardiac glycosides. 

 If rate control medications prove insufficient for managing a patient’s AF, irregular heart  

rhythm can be non-invasively converted to normal heart  rhythm by means of cardioversion. 

Cardioversion is a procedure that  can be performed electrically or pharmaceutically; electrical 

cardioversion involves timed applications of DC shock, while pharmaceutical cardioversion is 

performed by modifying the properties of the electrical conduction system of the heart using 

specialized medications such as Amidoarone, Proafenone, or Dronedarone. 

 If both rate control medication and cardioversion are insufficient, a minimally-invasive 

electrophysiological (EP) procedure, involving targeted ablation of atrial tissue, may be required. 

Catheter ablation is designed to modify electrical pathways in the heart that play a role in the 

initiation of arrhythmic activity. This procedure is used to treat AF, as well as other types of 

cardiac arrhythmia, such as atrial flutter (AFL), supraventricular tachycardia (SVT), and Wolff-

Parkinson-White syndrome (WPW). Catheter ablation involves the placement  of several flexible 

catheters into the patient’s blood vessels, usually into the femoral vein, internal jugular vein, or 

subclavian vein. Once inserted, the catheters are advanced into the heart. High-frequency 

electrical impulses are then used to induce arrhythmia, at which point  the catheters are used to 

administer radiofrequency (RF) power to destroy the tissue causing it. This procedure is 
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performed in a specialized ‘cath lab’, where instruments are directed under x-ray guidance. 

Success rates for AF ablation procedures range from approximately 60-85% [2]. If AF ablation 

therapy is not successful in preventing recurrence, repeated procedures may be required to further 

ablate regions of tissue exhibiting irregular conductive properties. 

 The autonomic nervous system (ANS), which is responsible for control of heart rate, is 

thought  to play a pathophysiological role in a subset of patients with AF [8], with some 

researchers suggesting a broader role in AF pathogenesis [74]. The ANS is composed of two 

divisions; the sympathetic nervous system, and the parasympathetic nervous system. 

Conceptually, these divisions function in opposition to one another; the function of the 

sympathetic nervous system is to increase heart  rate, whereas the function of the parasympathetic 

nervous system is the opposite. Due to the varying needs of the circulatory system in different 

physiological states, it  is necessary for the ANS to control heart  rate with a great deal of 

precision. This is reflected by constant interplay between sympathetic and parasympathetic 

nervous systems, which produces subtle beat-to-beat variation in heart rate.

 Historically, catheter ablation procedures have focussed on the elimination of pro-

arrhythmic conduction using finely-targeted RF applications. However, certain specialized 

approaches have been developed in order to target  general areas of the heart  that are known to 

play a role in the genesis of arrhythmia [21]. For example, circumferential pulmonary vein 

isolation (CPVI) is a procedure designed to render AF less inducible by creating extensive lesions 

around the PVs in order to isolate electrical activity initiated in this area. Since this procedure was 

introduced, it  has been noted that it results in destruction of vagus nerve ganglia, which are 

located in the left atrium in the proximity of the PVs. It is through the vagus nerve that  the 

parasympathetic nervous system exerts influence on the heart. Since increased vagal/

parasympathetic activity/tone is frequently associated with the onset of AF, this denervation may 
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contribute to the anti-arrhythmic properties of CPVI, which to date remain somewhat unclear. By 

performing research studies on this topic, it can be determined if targeted destruction of 

autonomic ganglia, and hence vagal denervation, can increase the efficacy and long-term benefit 

of this approach.

 Heart rate variability (HRV) analysis is an effective method for gaining non-invasive 

insight  into autonomic control of  heart rate, and consequently into the relationship between ANS 

activity and cardiovascular mortality. HRV analysis is performed by measuring variability in time 

intervals between a series of consecutive heartbeats. Since this variability is the result of constant 

modulation by the sympathetic and parasympathetic nervous systems during sinus rhythm, HRV 

reflects autonomic control of heart  rate. In general, normal HRV, and therefore normal ANS 

activity, is associated with good cardiovascular health, whereas reduced HRV is associated with 

poor prognosis and susceptibility to a number of conditions, such as mortality after myocardial 

infarction [48], congestive heart failure [7], diabetic neuropathy [50], depression post-cardiac 

transplant [68], and susceptibility to sudden infant death syndrome (SIDS) [34]. 

 This thesis report was developed from a study I performed at the Queen’s Arrhythmia 

Research Centre (ARC) in the Kingston General Hospital (KGH), where HRV analysis was used 

to observe changes in patterns of ANS activity that  occur over time in patients who undergo CPVI 

for treatment  of paroxysmal or persistent  AF. This was done in order to provide new insight into 

anti-arrhythmic mechanisms of CPVI. High-resolution 10-minute ECG recordings were collected 

by research staff from 64 consecutive patients on whom Dr. Damian P  Redfearn (MB, ChB, MD, 

MRCPI) and colleagues performed this procedure. Recordings were made pre-procedure, and at 

follow-up intervals up to 12 months post-procedure. Recordings from healthy volunteers, 

gathered by Dr. Keith Todd, were used as control data. A procedure was deemed successful if the 

patient had no recurrence of atrial arrhythmia (AA: AFL, AF, or AT) lasting longer than 30 
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seconds at any time post-procedure, and therefore necessitated no further ablation therapies. I 

performed HRV analysis, as an indicator of vagal tone, on all recordings in accordance with 

guidelines for standardization. I was blinded to all patient information, including the outcome of 

the CPVI procedure. I hypothesized that a significant  reduction in vagal tone with respect to pre-

procedure levels, as quantified by HRV analysis, would reduce the likelihood of AA recurrence 

post-CPVI. Patients who exhibit an attenuation in vagal tone, with respect  to their pre-procedure 

levels, would be less likely to have recurrence of AA, whereas those whose vagal tone was not 

significantly reduced by CPVI would be more likely to exhibit recurrence.

 After ablation therapy, 27 patients presented with recurrence. In patients with successful 

procedures (group A), pre-procedure HRV indices did not  differ from control subjects (group C) 

(table 1.1). However, patients with unsuccessful procedures (group B) demonstrated significantly 

reduced pre-procedure HRV compared both with group C, and with patients from group A 

(30.8±14.0 & 33.1±20.1 vs 21.9±11.1 in RMSSD, P=0.04). In patients from group A, post-

procedure HRV was reduced vs pre-procedure levels (33.1±20.1 vs 23.7±19.4 in RMSSD, 

P=0.04), and did not differ from patients from group B at  any time over 12 months of follow-up 

recordings. Both groups exhibited significantly reduced HRV post-procedure when compared 

with group C. 

 Our intriguing data suggests that patients from group B have reduced HRV that is not 

changed by ablation; whereas patients with a single successful procedure experience a change in 

HRV variables that  is sustained over a long period, but is no different, post-procedure, from 

patients in group B. It appears that although the autonomic modification associated with CPVI 

contributes to the anti-arrhythmic mechanisms of this procedure, and that  areas of vagal 

innervation should be specifically targeted for ablation, it  may only benefit patients who have 

normal pre-procedure vagal tone. Patients who exhibit low vagal tone do not appear to have as 

CHAPTER 1. INTRODUCTION                                                                                                       5                                                                                                              



much potential for vagal denervation by CPVI, and therefore seem unlikely to benefit. I have also 

observed that  sustained denervation over 12 months of follow-up is not a critical factor in 

successful outcome, suggesting that analysis of short-term follow-up recordings has sufficient 

prognostic capacity in terms of predicting recurrence. Further prospective studies appear 

warranted to target patients with normal vagal tone.

Group Name Patient Cohort

A Patients with no recurrence of AA after CPVI

B Patients with recurrence of AA after CPVI

C Control Subjects

Table 1.1: A listing of the three patient cohorts involved in the study

1.1 Contributions

There is little existing data to evaluate the relationship between autonomic nerve function 

modification and recurrent AF after CPVI, and as a result, the anti-arrhythmic mechanisms of this 

new approach remain unclear. This thesis makes a number of contributions to the current state of 

knowledge by affirming results obtained in previous studies, and by providing new insight into 

aspects of the relationship.  

 Chapter 2 provides background information in order to establish fundamental concepts 

for readers from diverse disciplines, and also to reacquaint  readers with whom they may already 

be familiar. Key topics are covered, such as the electrical conduction system of the heart, current 

practices in electrocardiography, and recent research in cardiac arrhythmia. A detailed overview 

of HRV analysis is also provided, in which advanced techniques are described in-depth. 
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 My original work is detailed in chapter 3, and my results are discussed and contrasted 

with similar studies in chapter 4. Although the results I obtained by applying fundamental HRV 

analysis methods were similar to those obtained by other researchers, I observed a number of  

unique trends. I also performed additional nonlinear HRV analysis methods, such as approximate 

entropy (ApEn), sample entropy (SampEn), detrended fluctuation analysis (DFA), and Poincaré 

plot analysis. Although these advanced techniques have been shown to provide unique insight 

into patient  status and prognosis, and have been established as powerful additions to HRV 

analysis, this is the first  time they have been applied in order to observe patients undergoing 

CPVI. In chapter 4, I also discuss the limitations of this study, and suggest topics for future work. 

In chapter 5, I conclude by summarizing the research I performed.

 In summary, my thesis work makes several notable contributions. My results are valuable 

due to there being few studies that  have yet to investigate the relationship between autonomic 

nerve function modification and recurrent AF after CPVI. I confirm and contrast  the findings of 

other research studies, and also perform additional analysis methods that  have not yet  been 

applied in this area. This thesis presents yet  another application for the young and exciting field 

of variability analysis, and provides new insights that are ready to be applied to clinical practice 

in order to improve patient care.
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Chapter 2

Background

2.1 The Heart

The heart is one of the most important organs in the body, as it  is responsible for the flow of 

blood throughout the circulatory system. It is located slightly left-of-middle in the chest; anterior 

to the vertebral column and posterior to the sternum. It is about  the size of a fist, and has a mass 

of approximately 300 grams. In vertebrates, the heart  is the first organ to form and function, and 

is the last to die. The human heart  beats roughly 35 million times per year, and pumps 

approximately one million oil barrels (158.9873 litres/barrel) of blood in a lifetime.

2.1.1 Structure of the Heart

The heart is divided into four chambers; the two upper chambers are known as the left  and right 

atria, and the two lower chambers as the left  and right  ventricles (figure 2.1). Blood flows through 

the heart in one direction; from the atria to the ventricles. The atria are the receiving chambers for 
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blood, and the ventricles are the discharging chambers. The left  atrium receives oxygenated blood 

from the lungs, and the left ventricle pumps this blood into the systemic circulation, where 

oxygen is distributed. The right atrium receives deoxygenated blood from the systemic 

circulation, and the right ventricle pumps this blood into the lungs for re-oxygenation. On both 

sides of the heart, the ventricles are thicker and stronger than the atria. Additionally, the muscle 

wall surrounding the left  ventricle is thicker than the wall surrounding the right ventricle due to 

the larger force needed to pump blood throughout the systemic circulation than through the lungs.

Figure 2.1: The overall structure of the heart
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 The pathways of blood throughout the heart are known as the pulmonary and systemic 

circuits. These pathways include the tricuspid valve, the mitral valve, the aortic valve, and the 

pulmonary valve. The mitral and tricuspid valves are classified as atrioventricular (AV) valves

because they are found between the atria and ventricles. The aortic and pulmoary valves separate 

the left and right  ventricle from the aorta and the pulmonary artery (PA), respectively. The 

interatrioventricular septum separates the left atrium and right ventricle, dividing the heart  into 

two functionally-separate, anatomically-distinct units.

 The heart is enclosed in a double-walled sac known as the pericardium. The pericardium 

protects the heart, anchors it  to surrounding structures, and prevents overfilling of the heart  with 

blood. The pericardium is composed of two layers, known as the fibrous layer and the serous 

layer. The serous layer is also divided into two layers; the parietal pericardium, which is fused to 

the fibrous layer, and the visceral pericardium, which is part  of the epicardium (figure 2.2). The 

epiardium is the layer immediately outside of the heart muscle proper. 

 

Figure 2.2: The layers of the heart

CHAPTER 2. BACKGROUND                                                                                                       10                                                                                                             



 The heart muscle proper is itself composed of three layers. The epicardium forms the 

outer layer, the myocardium forms the middle layer, and the endocardium forms the inner layer. 

The epicardium, which is in contact with the pericardium, serves mainly to protect the heart. The 

myocardium is composed of contractile muscle. The endocardium is merged with the inner lining, 

known as the endothelium, which covers the blood vessels.

2.1.2 Cellular Structure of the Heart

Cardiac muscle, found in the walls and histological foundation of the heart, is a type of 

involuntary striated muscle. It is one of three major types of muscle in the body, the others being 

skeletal muscle and smooth muscle. Cells that comprise cardiac muscle are known as 

cardiomyocytes, and can be conceptualized as intermediates between the two other types of 

muscle cells in terms of appearance, structure, metabolism, and mechanism of contraction. 

Coordinated contraction of cardiomyocytes is responsible for the propulsion of blood forward 

from the atria to the ventricles, and throughout the circulatory system.

 Cardiac muscle exhibits cross-striations formed by alternating segments of thick and thin 

protein filaments (figure 2.3). As in skeletal muscle, the primary structural proteins of cardiac 

muscle are actin and myosin. Actin filaments are thin, causing the lighter appearance of bands in 

striated muscle, while myosin filaments are thicker, lending a darker appearance. Intercalated 

discs (IDs) are complex adhering structures which connect  cardiomyocytes in order to facilitate 

the rapid spread of action potentials throughout  the myocardium. Under light microscopy, IDs 

appear as thin dark lines that divide adjacent cardiac muscle cells.
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Figure 2.3: A section of cardiac muscle magnified to emphasize structural components [60]

 Like neurons, myocardial cells have a negative membrane potential when at rest. A 

heartbeat occurs when stimulation above a threshold value induces the opening of voltage-gated 

ion channels and a flood of Ca2+ cations into the cell. The positively-charged ions entering the 

cell facilitate depolarization, and hence contraction, causing blood to be pushed through the heart 

and into the circulatory system. After depolarization, repolarization to the resting state occurs 

along with the efflux of K+ through potassium channels. This allows the heart  to fill with blood in 

preparation for the next contraction.

 The requirement of extracellular Ca2+ ions for contraction is specific to cardiac muscle. 

Like skeletal muscle, the initiation of action potentials is derived from the entry of sodium ions. 

However, the influx of extracellular Ca2+ ions sustains the depolarization of cardiac muscle cells 

for the longer duration required for blood to travel through the heart. Once the intracellular 
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concentration of Ca2+ increases, the ions are bound to the protein troponin, which initiates 

contraction by allowing the contractile proteins, actin and myosin, to associate through cross-

bridge formations. In this respect, cardiac muscle can again be considered an intermediate 

between smooth muscle, which derives its calcium from both the extracellular fluid and 

intracellular stores, and skeletal muscle, which is activated exclusively by calcium stored in its 

sarcoplasmic reticulum.

 Cardiac muscle is adapted to be highly resistant  to fatigue. It  has a large amount of 

mitochondria, enabling continuous aerobic respiration via oxidative phosphorylation. It also 

exhibits a high concentration of myoglobins and an ample blood supply, which provide nutrients 

and oxygen. The heart  is well-tuned to aerobic metabolism, and therefore cannot pump 

sufficiently in ischemic conditions. At basal metabolic rates, approximately 1% of energy is 

derived from anaerobic metabolism [14]. This can increase to 10% under moderately-hypoxic 

conditions. However, during severe hypoxia, not  enough energy can be liberated by lactate 

production to sustain ventricular contractions. Under basal aerobic conditions, 60% of energy 

comes from free fatty acids and triglycerides, 35% from carbohydrates, and 5% from amino acids 

and ketone bodies. 

2.1.3 Electrical Structure of the Heart

The SA node is the impulse-creating tissue located in the right atrium, and is the generator of 

normal heart  rhythm (figure 2.4). Due to this property, it is often referred to as the ‘pacemaker’ of 

the heart. The cells composing the SA node are slightly different from cardiomyocytes - though 

they possess some contractile filaments, they do not  contract. In terms of appearance, SA node 

fibers resemble cardiomyocytes, however they are thinner and more convoluted.
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Figure 2.4: Anatomical elements composing the electrical conduction system of the heart

 During each heartbeat, a healthy heart  will produce a wave of depolarization, initiated by 

the cells in the SA node, that propagates freely and allows the heart  to function as a single 

contractile unit. Cells in the SA node will naturally discharge at approximately 60 to 100 beats 

per minute; a rate known as sinus rhythm. If these impulses occur at  a rate below 60 beats per 

minute, heart rhythm is referred to as sinus bradycardia, whereas if they occur at  a rate faster than 

100 beats per minute, it  is known as sinus tachycardia. These rates are not always undesirable; for 

example, trained athletes typically exhibit a heart  rate of less than 60 beats per minute when at 

rest.

 Impulses arising in the SA node propagate in two directions - into the left atrium via the 

Bachmann’s bundle, and down the right  atrium to the AV node via the internodal tracts. These 

action potentials stimulate the atria to contract. The function of the AV node, the next step in the 
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heart’s electrical pathway, is to cause a delay in conduction. Without  this delay, the atria and 

ventricles would contract simultaneously, and blood would not flow effectively.

 The portion of the AV node distal to the SA node is known as the bundle of His. The 

bundle of His separates into two branches in the interventricular septum. The left bundle branch 

activates the left  ventricle, while the right bundle branch activates the right  ventricle. The two 

bundle branches taper out  to numerous Purkinje fibers, which stimulate contraction of individual 

groups of cardiomyocytes.

 Although all of the heart’s cells have the ability to generate electrical impulses, and in 

turn produce contraction, impulses are normally only initiated in the SA node. This is due to the 

muscle fibers from different  parts of the heart  having different  rates of spontaneous 

depolarization; the cells from the ventricle are the slowest, and those from the atria are faster. If 

the SA node fails to discharge, or if the impulses generated in the SA node are blocked, the AV 

node can act as the principal pacemaker of the heart. The intrinsic rate of the AV node, termed 

nodal rhythm, is approximately 40 to 60 beats per minute.

2.1.4 Autonomic Control of Heart Rate

Heart rate is controlled by the autonomic nervous system (ANS), which is also responsible for 

control of digestion, respiration rate, salivation, perspiration, pupil diameter, and sexual arousal. 

The ANS is composed of two divisions, known as the sympathetic and parasympathetic nervous 

systems, which function in opposition to one-another. One may think of the sympathetic division 

as the accelerator, and the parasympathetic nervous system as the brake; this analogy applies to 

the control of heart rate, which relies on the constant interplay between sympathetic and 

parasympathetic nervous systems in order to determine appropriate cardiac output for the current 
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physiological state. The heart  is richly innervated by the fibers of the sympathetic and 

parasympathetic divisions of the ANS, placing it under paired and opposed autonomic influences.

 The medulla, located in the brainstem above the spinal cord, is the primary site in the 

brain for regulating sympathetic and parasympathetic outflow (figure 2.5). The nucleus tractus 

solitarus (NTS) of the medulla receives sensory input from various systemic and central receptors 

in the body, such as baroreceptors and chemoreceptors. The medulla also receives information 

from other brain regions, such as the hypothalamus. The hypothalamus and higher centers modify 

the activity of the medullary centers, and are particularly important  for stimulating cardiovascular 

responses to emotion and stress. Autonomic outflow from the medulla is divided into sympathetic 

and parasympathetic branches.

Figure 2.5: Components of the autonomic nervous system that pertain to cardiovascular control
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 Parasympathetic nerves leave the medulla as preganglionc efferent vagal fibers. These 

fibers are long, and do not synapse until they reach their target  organs. At the point  of synapse, 

the neurotransmitter acetylcholine (ACh) is released through autonomic ganglia, and binds to 

nicotinic receptors. These nicotinic receptors activate short postganglionic fibers that  lie near the 

target  tissue, in the SA node for example. In contrast, sympathetic nerves, also originating within 

the medulla, travel down the spinal cord, where they synapse with preganglionic cell bodies. 

These cell bodies continue to preganglionic fibers, and then to sympathetic chain ganglia found 

on either side of the spinal column. These neurons synapse at  the cell bodies of postganglionic 

sympathetic fibers, which use ACh as a neurotransmitter that binds to nicotinic receptors on 

postganglionic neurons. These neurons travel to their target  organs, and release norepinephrine as 

their primary neurontransmitter. 

 The sympathetic nervous system exerts its effect  on the heart  by releasing norepinephrine 

to stimulate beta-1 and beta-2 adrenergic receptors in the atria and ventricles. This is 

accomplished by activating adenylate cyclase in the presence of Gs, which results in augmented 

cAMP production. This increases cardiac output by augmenting heart  rate in the SA node 

(chronotropic effect), increasing atrial and ventricular cardiac muscle contractility (inotropic 

effect), and increasing conduction in the AV node.

 The parasympathetic nervous system exerts its effect  on the heart in a similar manner to 

the sympathetic nervous system, although there are several key differences. The parasympathetic 

nerves join the left atrium to the PVs via the vagus nerve (figure 2.6). The neurons join in clusters 

of autonomic ganglia in fat  pads that overlie the junction of the PVs and the left  atrium [2]. These 

clusters are referred to as ganglionated plexi. The right vagus nerve primarily innervates the SA 

node, whereas the left  vagus nerve innervates the AV node [3]. Acetylcholine, the primary 

neurotransmitter of the parasympathetic nervous system, acts on muscarinic receptors in the heart 

muscle, as opposed to beta-1 and beta-2 receptors. Muscarinic receptors act to decrease cardiac 
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output by decreasing SA node rate, decreasing atrial contractility, and decreasing AV node 

conductivity. It is also important  to note that muscarinic receptors, due to there being few 

parasympathetic efferents in the ventricles, are thought to have no effect on ventricular 

contractility [91]. However, studies indicate that this may not be entirely accurate, as it has 

recently been demonstrated that the parasympathetic nervous system exerts a negative inotropic 

effect upon the heart [36]. 

Figure 2.6: The anatomy of the autonomic innervation of the heart [61]

 Typically, instances of sympathetic or parasympathetic dominance can be attributed to 

“fight  or flight” or “rest  and digest” situations, respectively. Physiological states prompting 

increased heart  rate, such as exercise or stress, require the sympathetic nervous system to have a 

more-pronounced effect. When a slower heart rate is more suitable, the parasympathetic nervous 
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system assumes more control. There are, however, some exceptions to this principle. For 

example, standing up from a sitting position would cause an unsustainable drop in blood pressure 

if not for a compensatory increase in sympathetic tone. In general, these two systems should be 

conceptualized as constantly modulating vital functions, typically in antagonistic fashion, in order 

to maintain homeostasis.

2.2 Electrocardiography

Electrocardiography refers to the science of studying the electrical activity occurring in the heart. 

The electrocardiogram (ECG) is a non-invasive transthoracic interpretation of this activity 

occurring over time, captured and recorded externally by electrodes placed on the skin surface. A 

variety of electrocardiographic devices exist, such as portable Holter monitors, which are suitable 

for extended diagnostic recording at home, and implantable devices, which have certain 

specialized applications.

 Recording an ECG involves detecting and amplifying small changes in voltage that  

appear on the skin surface as a result of the depolarization of the heart muscle. This electrical 

activity is detected as small rises and falls in voltage, between electrodes placed on either side of 

the heart, displayed as a waveform (figure 2.7). The overall rhythm of the heart is indicated, as 

are electrical abnormalities present in different areas of the heart  muscle. ECG recordings are an 

effective means to measure and diagnose abnormal heart rhythms, particularly those caused by 

damage to the conductive tissue carrying electrical signals, and by electrolyte imbalances.
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Figure 2.7: An ECG waveform representing a normal cardiac cycle [17]

 An ECG tracing of heartbeat consists of a P wave, a QRS complex, a T wave, and a U 

wave. These features represent  distinct  electrophysiological events occurring in the heart. The P 

wave, which has duration of approximately 80 milliseconds, represents the depolarization of the 

atria. Following the P wave, the PR segment, lasting approximately 50-120 milliseconds, is not 

the result of a contraction; it  simply reflects the time required for the electrical impulse to reach 

the ventricles. The next feature is the QRS complex, which represents the depolarization of the 

right  and left  ventricles, as well as the repolarization of the atria. This segment, which can be 

recognized by its large amplitude, typically lasts from 80 to 120 milliseconds. The T  wave 

represents the repolarization of the ventricles, and is approximately 160 milliseconds in length. 

Finally, the U wave, which is visible in 50-75% of ECGs as a small wave following the T-wave, 

is thought to represent the repolarization of Purkinje fibers [66].
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 Certain intervals observable in the ECG, such as that  from the beginning of the Q wave to 

the end of the T wave, reflect physiological conditions. This ‘QT  interval’, when prolonged, 

suggests risk for ventricular tachyarrhythmias [91] and sudden death [72], and is an indicator for 

local hypocalcemia [10], as well as certain genetic abnormalities [4].

2.3 Cardiac Arrhythmia

Cardiac arrhythmia refers to a large group of conditions that involve abnormal electrical activity 

occurring in the heart. These conditions may cause heart rhythm to be too fast, too slow, or 

otherwise irregular. Although some arrhythmias are benign, and are merely distracting, many are 

dangerous and debilitating, and may result  in cardiac arrest and sudden death. Other arrhythmias 

may not be associated with any symptoms, but can nonetheless predispose patients to life-

threatening stroke or embolism.

 A number of likely causes for the development of arrhythmia have been identified. Such 

factors as hypertension, heart  disease, lung disease, excessive alcohol consumption, and genetic 

factors all contribute to progressive fibrosis of the heart  tissue, and in turn to remodeling of the 

heart’s electrophysiological conduction pathways. This remodeling promotes ectopic foci, often 

originating in the proximity of the the PVs, as well as re-entrant circuits. The tendency is for this 

remodeling to become more severe with time, causing many paroxysmal arrhythmias (recurrent 

episodes self-terminating in less than 7 days) to become persistent  (recurrent  episodes lasting 

more than 7 days) or even permanent.
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2.3.1 Detection, Diagnosis, and Prediction of Cardiac 

Arrhythmia

Due to the diagnosis of cardiac arrhythmia necessitating the measurement  of the electrical 

conduction system of the heart, it  was not until the middle of the 18th century that irregular 

patterns of activity were observed in patients, along with dilated and irritated atria and mitral 

stenosis. Although research into the pathophysiology of cardiac arrhythmia has since made 

remarkable progress, methods for detection and diagnosis remain largely unchanged; arrhythmias 

are typically detected by simple means, such as measurement by stethoscope or by feeling for 

peripheral pulses.

 An ideal means to diagnose cardiac arrhythmia is by ECG recording. Most arrhythmias 

exhibit a characteristic ECG waveform, allowing them to be detected and diagnosed easily, 

accurately, and non-invasively. A challenge, however, lies in the fact  that arrhythmic events may 

occur briefly and unpredictably throughout the day, rendering them difficult  to capture. An 

additional problem is that  many arrhythmias are asymptomatic - up to 70% of people with AF do 

not exhibit any symptoms, despite being at risk for life-threatening stroke or embolism [20]. 

 As an example, an ECG recording of a patient  in AF is contrasted with a subject  

exhibiting normal sinus rhythm in figure 2.8. The ECG of the patient in AF is on top, while that 

of the subject  in normal sinus rhythm is below. The top waveform demonstrates a number of 

unusual properties, which when combined, suggest  almost unequivocally that AF is the 

mechanism of arrhythmia. The first  sign is the presence of disorganized electrical activity in the 

place of the P  wave. Annotated by arrows, this indicates abnormal conduction in the atria. The 

second sign is the highly-irregular RR intervals. While minute beat-to-beat variation in RR 

interval length can result from healthy interplay between sympathetic and parasympathetic 
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divisions of the ANS during sinus rhythm, the turbulent RR interval lengths depicted in this ECG 

recording predispose the patient to dangerous, unrestrained circulatory instability.

Figure 2.8: An ECG recording from a patient in AF (top) contrasted with that of a healthy subject 
in normal sinus rhythm (bottom) [15]

 Although powerful and versatile, diagnosis of arrhythmia by ECG recording is not  

without  flaw. For instance, when a patient  is in a type of arrhythmia such as AF, and also has a 

very fast heart rhythm, it  may not be possible to make an accurate diagnosis due to the waveform 

morphology becoming confounded. When screening for AF, the SAFE trial found computer 

software and primary care physicians to make diagnoses from ECG recordings with different  

sensitivities and specificities [40]. Sensitivity measures the proportion of actual positives that are 

correctly identified as such, while specificity measures the proportion of negatives which are 

correctly identified. When interpreted using advanced signal processing methods, automated 

software was found to have a sensitivity of 83% and a specificity of 99%. When interpreted by a 

primary care physician, results were not as accurate - sensitivity was 80%, and specificity 92%. 

When primary care physicians used software to aid their diagnosis of the ECG, researchers 

obtained a of 92%, and specificity of 91%. These results present an encouraging case for 

continued integration of computer analysis in contemporary cardiac care.
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 Since incidents of arrhythmia, although often dangerous and debilitating, may occur 

briefly and unpredictably throughout  the day, episodes are often best-detected and diagnosed 

using portable Holter monitors, which can be worn comfortably for extended recordings (figure 

2.9). However, due to current limitations in device memory, recordings of more than 24 hours are 

usually not possible. Certain specialized devices, known as cardiac event monitors, can be used 

for longer-term diagnostic recording.

Figure 2.9: A high-resolution Holter Monitor

 Cardiac event monitors encompass a wide range of devices, all of which are designed 

only to record ECG data when arrhythmic events arise. A common variant, known as an 

implantable loop recorder (ILR), is a small device that is implanted subcutaneously, close to the 

heart, while the patient is under local anesthesia (figure 2.10). ILR devices are capable of 

automatically recording the electrical activity of the heart when rhythm disturbances occur within 

pre-defined parameters. They can also be triggered manually by the patient in order to record 

CHAPTER 2. BACKGROUND                                                                                                       24                                                                                                             



events on-demand. This type of event monitor has solid-state ‘loop’ memory that can retain ECG 

recordings up to 40 minutes before, and up to 2 minutes after activation. The battery life of ILR 

devices is approximately 15-18 months.

Figure 2.10: An implantable loop recorder

 If ECG recordings are insufficient for accurately diagnosing a patient’s arrhythmia, a 

more-advanced measurement of the heart’s electrical activity can be performed during an EP 

study. This is a minimally-invasive surgical procedure that  uses a roving catheter to assess the 

electrical activity from within the heart  in order to determine the mechanism, location of origin, 

and best treatment  for various types of arrhythmia. The procedure is performed in a specialized 

operating room equipped with x-ray machines and large magnets for manipulating electrodes on 

the tips of catheters. Catheters are inserted into the heart via arteries or veins, usually in the wrist 

or groin. The patient is monitored using a blood pressure cuff and pulse oximeter, and is kept 
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hydrated, sedated, and anesthetized by IV tube. Starting at  the SA node, an electrophysiologist 

moves the catheter electrodes along conduction pathways of the heart. The next step is to ‘pace’ 

the heart, which involves directly controlling heart  rhythm by placing an electrode at certain 

points along the conductive pathways. The electrophysiologist  may also provoke arrhythmia 

intentionally by injecting electrical current  in order to reproduce certain conditions the patient 

may have experienced, and to study the mechanism of arrhythmia first-hand. Various ‘pro-

arrhythmic’ medications may be used to gain further insight  into the patient’s condition. The main 

structural feature that is found to be associated with arrhythmia is the fibrosis of heart  tissue, 

which can be detected as ‘fractionation’ observed at the tip of a roving catheter placed in the 

relevant heart chamber. Fractionation is characterized as a complex signal with 2 or more 

deflections in the span of 50 ms, and is indicative of slow conduction and disease. If at  any time 

during the procedure the source of abnormal electrical activity is found, the problematic tissue 

may be ablated, which amounts to administering RF energy to effectively ‘cook’ the cells. These 

types of studies have been critical to discovering factors associated with the development of 

arrhythmia, particularly of AF. However, since this procedure is quite tedious and time-

consuming, the development  of new non-invasive methods to measure fractionation, such as by 

surface ECG or by MRI, is quite valuable.

 Although a considerable amount  of research has focussed on the diagnosis and treatment  

of cardiac arrhythmia, a comparatively small amount of progress has been made in terms of its 

prediction and prevention. There are few tools capable of accurately identifying high-risk 

patients, and thus of evaluating preventative strategies. The current understanding of risk factors 

predisposing patients to arrhythmia may become enriched due to the development of non-invasive 

measures capable of quantifying factors that play a role in its pathogenesis. In a recent report 

from the National Heart, Lung, and Blood Institute on the prevention of AF, a principal 

recommendations is for the improvement of non-invasive modalities for identifying key 
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components of pro-arrhythmic cardiovascular remodeling factors [84]. Such methods may be 

useful in preventing sudden cardiac death (SCD), which is the leading cause of death in Canada 

[81]. SCD affects approximately 50,000 Canadians every year, causing more deaths than breast 

cancer, lung cancer, and HIV/AIDS combined [9].

2.3.2 Classification of Cardiac Arrhythmias

A patient’s arrhythmia may be classified by rate, by mechanism, and by site of origin. In terms of 

rate, arrhythmic events are typically classified either as bradycardia, which is a slow rhythm of 

less than 60 beats per minute, or tachycardia, a fast heart  rhythm of more than 100 beats per 

minute. Bradycardia may be caused by a slowed signal from the SA node (termed sinus 

bradycardia), a pause in the normal activity of the SA node (termed sinus arrest), or by blocking 

of the electrical impulse on its way from the atria to the ventricles (termed AV block). 

Tachycardia may occur as a result  of acute conditions such as dehydration, hypoxia, or anxiety, or 

by chronic remodeling of the electrical structure of the heart  in a way that promotes arrhythmic 

activity. 

 Classes of arrhythmic conduction mechanisms include automaticity, re-entry, fibrillation, 

and triggered. Automaticity refers to a cardiac muscle cell, outside the SA node, AV node, Bundle 

of His, and Purkinje fibers, generating a wave of depolarization. These impulses are termed 

ectopic foci, and although it is normal for a healthy heart  to undergo several ectopic beats per day, 

they are by definition considered pathological phenomena. Rhythms produced consistently by 

ectopic beats are considered to be the least-dangerous type of arrhythmia, but they can 

nonetheless have adverse effects on the heart’s pumping efficiency [54].  Re-entry arrhythmias 

occur when an electrical impulse travels recurrently in a tight circle within the heart, rather than 

moving from one end of the heart to the other and then stopping. Although all cardiac muscle 
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cells are able to transmit  impulses in every direction, impulses normally only spread though the 

heart  quickly enough for each cell to respond once per beat. However, if conduction is 

abnormally slow in some areas, for example in an area exhibiting heart  damage, part  of the 

impulse will arrive late and potentially be treated as a new impulse. Depending on timing, this 

can produce a sustained abnormal circuit. Re-entry circuits are, by definition, responsible for 

AFL, most paroxysmal supraventricular tachycardias, as well as ventricular tachycardias.

 Fibrillation is similar to re-entry, except it involves entire chambers of the heart  

exhibiting multiple re-entry circuits, and therefore promotes quivering of entire chambers with 

chaotic electrical impulses. Although AF is often asymptomatic, and is typically not considered to 

be a medical emergency, ventricular fibrillation (VF) is immediately life-threatening. This is due 

to VF causing the cessation of blood flow throughout the circulatory system, and therefore 

resulting in cardiac arrest. 

 Triggered beats occur when ion channels in individual myocardial cells are damaged, 

contributing to abnormal electrical activity. Paradoxically, this type of arrhythmia, although quite 

uncommon, is often a side effect of anti-arrhythmic medications. 

 Some types of arrhythmia have further sub-categories. In the case of AF, for example, 

some patients will experience arrhythmic events when the heart  undergoes specific patterns of 

autonomic influence. Adrenergic AF is mediated by the activity of the sympathetic nervous 

system, and therefore is more likely to occur during the day along with stress, exercise, and 

exertion. Vagotonic AF is the opposite of adrenergic AF, in that it  is initiated with the heart  is 

predominantly under vagal/parasympathetic influence. Incidents of vagotonic AF have a tendency 

toward occurring at night; especially after a meal, or when resting after exercise. People with 

structural heart disease appear to be more prone to adrenergic AF than to vagotonic [85]. Many 

people with AF exhibit  a mixture of adrenergic and vagotonic AF, experiencing patterns from 

either class. The third class is known as random AF, and accounts for most cases [42]. Incidents 
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of random AF do not  demonstrate association with autonomic patterns. It  is beneficial for patients 

to determine whether they have vagotonic or adrenergic AF, as treatment  methods differ for each 

class. Beta blockers, for example, typically do not work well for patients with vagotonic AF, and 

may even cause arrhythmic events in such cases [75].

2.3.3 Treatment of Cardiac Arrhythmia

The ideal method for managing a patient’s arrhythmia depends on a number of factors. The 

mechanism and severity of the patient’s arrhythmia, their lifestyle, and the presence of other 

medical issues will play a part  in deciding whether to use anti-arrhythmic medication, 

cardioversion, catheter ablation, or implantable devices. 

 Anti-arrhythmic medications are classified into two distinct groups. ‘Rate control’ 

medications, such as calcium channel blockers, cardiac glycosides, and beta blockers, are used to 

stabilize heart rate. Calcium channel blockers accomplish this by inhibiting the flow of calcium 

ions into smooth muscle cells in the heart and blood vessels. The second class of rate control 

medications, cardiac glycosides, increase cardiac output by augmenting the force of contraction. 

This is accomplished by prolonging waves of depolarization, and thus slowing of ventricular 

contraction, allowing more time for ventricular filling. Incidentally, this is an example of the 

Frank-Starling law, which states that by increasing pre-load, the force of contraction is also 

increased. Beta blockers take a third approach to rate control by inhibiting beta-adrenergic 

receptors in the heart muscle, thereby ‘blocking’ sympathetic influence on heart rate. 

 If rate control medications prove insufficient  for managing a patient’s arrhythmia, 

irregular heart  rhythm can be non-invasively converted to normal heart rhythm by means of 

cardioversion. Cardioversion is a procedure that can be performed electrically or 

pharmaceutically; electrical cardioversion involves therapeutic application of DC shock at 
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specific moments in the cardiac cycle, whereas pharmaceutical cardioversion is performed using 

specialized medication such as Amiodarone, Propafenone, or Dronedarone.

 If both rate control medication and cardioversion are insufficient, the patient  may require 

a minimally-invasive EP  procedure involving pathway ablation of the atria using catheters. 

Catheter ablation for AF is designed to permanently modify electrical pathways in the heart  that 

are responsible for inducing and maintaining arrhythmia. High-frequency electrical impulses are 

used to induce arrhythmia, at which point  the catheters are used to ablate areas of tissue 

exhibiting unusual conductive properties (figure 2.11).

Figure 2.11: An illustration of catheter ablation of tissue in the right atrium

 Some types of catheter ablation procedures are further specialized to treat certain types of 

arrhythmia. CPVI, for example, is a new technique designed to treat  patients with paroxysmal or 

persistent AF. By focussing ablation around the PVs, which have been demonstrated to often play 
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a role in the genesis of AF, clinically satisfactory results can be obtained in over 80% of patients 

with paroxysmal AF [52]. Risk of complications during the procedure are low - approximately 

1-3%. The ablation takes place in a circle around the four PVs, which enter the heart in the left 

atrium (figure 2.12). In the first  3 months following the procedure, scars form around the PVs, 

effectively blocking impulses originating from this area. Alternatively, the procedure can be 

performed by ablating in two ipsilateral circles around the PVs (figure 2.13).

Figure 2.12: An illustration of energy being delivered through the tip of the catheter to tissue 
targeted for ablation
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Figure 2.13: A picture of CPVI performed by creating ipsilateral lesions around the pulmonary 
veins with an ablation catheter [61]

 An interesting aspect of the CPVI procedure is that, although quite commonly used, its 

anti-arrhythmic mechanisms remain somewhat  unclear. Clinicians have observed ‘re-connection’ 

of PVs to be associated with recurrence post-procedure, and therefore target  these areas for repeat 

ablation. However, other clinicians suspect that vagal denervation by CPVI simply renders 

patients asymptomatic from AF, casting doubt on the role of isolation in success. It has been 

speculated that  since ablation occurs around the PVs, and hence around the vagal autonomic 

ganglia, this procedure has a permanent  effect  on autonomic control of heart  rate. Since the ANS 

is thought  to play a pathophysiological role in a subset of patients with AF, CPVI with targeted 

vagal ‘denervation” by ablation of the autonomic ganglia is being evaluated as a new approach 

for treating paroxysmal and persistent  AF. Further prospective studies appear warranted in order 

to gain thorough insight into the effects of this modification to the standard CPVI procedure.
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 If, despite other treatments, a patient  is still deemed to be at risk for a life-threatening 

arrhythmia, such as VF and ventricular tachycardia (VT), they may require an implantable 

cardioverter-defibrillator (ICD). ICDs are small battery-powered devices, which are able both of 

detecting the onset of arrhythmic events, and of correcting them by delivering a brief DC shock to 

the heart  (figure 2.14). Current  ICD devices are capable of treating both atrial and ventricular 

arrhythmias, and can also manage the pace of ventricular contractions in patients with congestive 

heart  failure or bradycardia. Although ICDs are similar to pacemakers, pacemakers are designed 

for sustained correction of chronic bradycardia, whereas ICDs are permanent  safeguards against 

sudden arrhythmic events. 

Figure 2.14: A dual-chamber ICD device [16]
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2.4 Heart Rate Variability

Heart rate variability (HRV) analysis, the measurement of variation in the length of cardiac beat-

to-beat (RR) intervals, has been established as an independent predictor for mortality after 

myocardial infarction [48], congestive heart  failure [7], diabetic neuropathy [50], depression post-

cardiac transplant [55], and susceptibility to sudden infant death syndrome (SIDS) [34], among 

many other conditions. The analysis of HRV is also an important tool for studying the ANS, as it 

provides insight into the balance between sympathetic and parasympathetic influences on the SA 

node’s intrinsic rhythm non-invasively. Due to these properties, HRV analysis represents a 

promising marker of the relationship between autonomic nervous system activity and 

cardiovascular mortality. 

2.4.1 Overview of Heart Rate Variability Analysis

The ability of the autonomic nervous system and the SA node to respond dynamically to 

environmental changes results in increased HRV, and generally indicates a healthy heart. A 

reduction in HRV is believed to indicate inability or attenuation in the responsiveness of the ANS 

or the SA node to change. Reduced variability in heart rate, and therefore increased consistency in 

the length of consecutive RR intervals, is associated with poorer prognosis in illness states.

 HRV is quantified using a number of methods, which are typically grouped into time-

domain and frequency-domain techniques, although nonlinear methods have also been proposed. 

Partially due to the simplicity of its derivation, HRV analysis has become a popular topic in 

clinical research studies, and has been integrated into a number of commercial ECG devices for 

automated analysis.
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 Early HRV research began in the late 1940s when it  was used in a number of psychiatric 

studies [32]. HRV was proven as a viable clinical tool in 1965 as part  of a study in fetal distress 

when Hon and Lee observed variation in the length of RR intervals before changes in heart  rate 

itself [24]. Other notable discoveries in the history of HRV include the development  of tests for 

short-term RR interval differences, proposed by Ewig and colleagues, to detect  autonomic 

neuropathy in diabetic patients [12], the association of post-infarction mortality with reduced 

HRV [90], and the introduction of power-spectral analysis for evaluating the balance between 

parasympathetic and sympathetic influence on heart rate [1].

 Established as a viable means to gain insight into patient  status and prognosis, HRV  

analysis gained widespread popularity in the early 1990s, at  which point  the European Society of 

Cardiology and the North American Society of Pacing and Electrophysiology developed 

standards of measurement, and surveyed physiological and pathophysiological correlates [77]. 

Many thousand HRV-related research studies have since taken place, demonstrating the 

applicability of HRV in diverse areas [22]. Although the standards of measurement of HRV have 

remained largely the same over time, new computational and clinical techniques, along with new 

devices such as implantable monitors capable of automatically delivering medication, stimulating 

nerves, and defibrillating the heart, continue to afford new applications for HRV research [71].

2.4.2 Heart Rate Variability Analysis Methods

Time-domain HRV analysis represents a simple and popular group of techniques. Time-domain 

methods are concerned principally with measuring variability in the length of RR intervals, the 

spacing between consecutive R waves. SDNN, for example, refers to the standard deviation (SD) 

of a series of RR intervals, and provides a coarse quantification of overall variability. 

Mathematically, this is equal to the square root of variance, which in turn is equal to the sum of 
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the squares of difference from the mean, divided by the number of degrees of freedom (equation 

2.1). The ‘NN’ in SDNN refers to ‘normal-normal’ intervals, which are equivalent to RR intervals 

taking place in normal sinus rhythm.  This is an important distinction for all classes of HRV 

analysis, none of which are traditionally applicable to ectopic beats. Since ectopic beats and other 

arrhythmic events are not  under the direct control of the ANS, they must be excluded from 

analysis.

Equation 2.1: Formula for calculating SDNN

 As is the case for all time-domain indices, reduced SDNN in sinus rhythm is associated 

with poor prognosis in many clinical conditions, while greater variation in the signal reflects 

increased health. SDNN is well-suited to quantification of overall, short-term variability in 

signals between 30 seconds and 5 minutes in length, or for measurement of long-term variation in 

extended recordings. However, SD is altered by the duration of the measurement, so longer 

recordings will exhibit a larger SDNN than those taking place over a shorter period. Therefore, it 

is inappropriate to contrast SDNN values derived from ECG recordings of different duration. 

 An adaptation of SDNN, known as SDANN, represents the SD of the average NN 

interval length calculated over 5 minute periods along the ECG recording. This index is useful for 

quantifying variation in extended recordings because short-term beat-to-beat variability becomes 

more abstract. In contrast, time-domain parameters such as RMSSD (the square root of the mean 

squared differences of consecutive NN intervals), NN50 (the number of pairs of adjacent NN 

SDNN =

���� 1

N − 1

N�

j=1

(RRj −RRmean)2
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intervals differing by more than 50 milliseconds), and pNN50 (the proportion of all intervals 

qualified in the NN50 measure), are better-suited for quantifying short-term, high-frequency 

variation. Incidentally, it is worth noting that the conventional 50 ms used in the NN50 and 

pNN50 measurements represents an arbitrary cutoff, and is only one member of a general pNNx 

family of statistics. In certain conditions, a cutoff of 20ms may demonstrate superior 

discrimination between physiological and pathological HRV [43]. The formulas for calculating 

RMSSD and pNN50 are presented in equation 2.2 and equation 2.3, respectively. Time-domain 

statistics are summarized in table 2.1. 

Equation 2.2: Formula for calculating RMSSD

Equation 2.3: Formula for calculating pNN50

RMSSD =

���� 1

N − 1

N−1�

j=1

(RRj+1 −RRj)2

pNN50 =
NN50

N − 1
· 100
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Variability 
measure Abbreviation Purpose Physiological Correlates

Standard Deviation SDNN
Simple 

measure of 
overall 

variability Normal time-domain HRV in sinus 
rhythm has been demonstrated to 

reflect good cardiovascular health, 
whereas reduced time-domain HRV is 

associated with mortality risk in a 
number of physiological states

Root Mean Square 
Successive 
Difference

RMSSD
Well-suited 

to short 
recordingsProportion of 

successive intervals 
differing by more 

than 50ms
pNN50

Table 2.1: A summary of popular time-domain HRV indices

 As is the case with any signal collected as a series in time, an RR interval series can also 

be represented as a sum of sinusoidal oscillations with distinct  frequencies. This is made possible 

typically by using a technique known as the Fast Fourier Transform (FFT), which estimates the 

amplitude of the frequencies composing the underlying signal. The FFT  is a discrete version of 

the Fourier Transform (FT), designed to be less computationally intensive. Although it  is typically 

the RR interval signal that is processed by the FFT, evenly-sampled instantaneous heart rate can 

be used alternatively. This series is derived from the RR interval time series using the Berger 

algorithm [5]. The results produced by these two approaches are slightly different, but  are 

essentially equivalent for the purposes of HRV analysis. It  is important to note that the signal, 

when translated into the frequency-domain using the FFT, is simply being represented in a 

different manner, and can easily be converted back to its time-domain representation if desired. 

 The FFT  represents a nonparametric calculation, due to the fact that it  provides an 

evaluation of the contribution of all frequencies, as opposed to preselected frequencies. The FFT 
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assumes stationarity and periodicity of the data series, meaning that the signal needs to be 

comprised of oscillations repeating in time, with positive and negative alterations. This presents 

somewhat  of a limitation, since periodic behavior might  not  always exist when physiological 

events, such as standing after sitting down or head-up tilt, cause alterations in the frequency-

domain representation of the RR-interval signal [19]. 

 This ‘spectral analysis’ of ECG data is popular largely due to its capacity for non-invasive 

quantification of sympathetic and parasympathetic influence on the heart rate power spectrum. 

When it is performed on RR interval data, it  provides a quantification of the relative contributions 

of different  frequencies to the overall variation in the signal. When a complex number for each 

contributing frequency is obtained from the FFT, the square of the contribution of each frequency 

corresponds to the power contribution of that frequency to the total power spectrum (table 2.2). 

 By identifying and measuring the area of peaks in the power spectrum, it  is possible to 

derive comparisons between the characteristics of different  individuals, and between groups of 

patients. The frequency contributions of the ANS have been demonstrated as being significantly 

altered in illness states such as heart failure [29], coronary artery disease [26], among many 

others, with the degree of alteration correlated to illness severity. 
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Name Frequency 
Band Significance

High Frequency (HF) 0.15-0.4 Hz Reflects vagal/parasympathetic activity

Low Frequency (LF) 0.04-0.15 Hz Reflects a combination of vagal/
parasympathetic and sympathetic activity

Very Low Frequency 
(VLF) 0.0033-0.04 Hz Associated with temperature regulation and 

humoral systems

Ultra Low Frequency 
(ULF) 0-0.0033 Hz 

Associated with day-night variation in HRV, 
and is therefore only present in long-term ECG 

recordings

Table 2.2: HRV frequency bands that are defined as being of interest in humans [12] 

 Spectral analysis of heart  rate was first  performed by Sayers et al in 1973, where 

perturbations from normal power spectral density (PSD) levels were observed in illness states 

[69]. Shortly thereafter, in 1981, it was found that by measuring PSD in certain now-standardized 

frequency bands, it was possible to characterize contributions of the sympathetic, 

parasympathetic, and renin-angiotensin systems to the heart  rate power spectrum [1]. These 

discoveries established frequency-domain analysis as a powerful and sensitive non-invasive 

technique for evaluating the integrity of cardiovascular control systems. 

 Although autonomic regulation has been demonstrated to exert significant  influence over 

the HRV power spectrum, it  appears to only be one of a set of factors involved in the genesis of 

variability in heart rate. Studies where sympathetic tone is evaluated directly, such as those 

observing patients with heart failure, have shown a lack of consistency with the results of power 

spectral analysis [46]. Although defined frequency bands are useful for data reporting and for 

comparison, it  is worth noting that  their limits are somewhat arbitrary, and may not  be ideal for 

all applications. Frequency-domain analysis is is also more sensitive to artifact than time-domain 

CHAPTER 2. BACKGROUND                                                                                                       40                                                                                                             



statistics, and long recordings may violate the necessary assumptions of stationarity [19]. To 

minimize confounding results, physiological mechanisms known to influence HRV analysis, such 

as standing or head-up tilt, should be avoided during shorter recordings. It also may be beneficial 

to implement traditional statistical methods to test for stationarity, and to only evaluate PSD for 

short periods of time, when stationarity is assumed to be present [47]. 

 Time-domain and frequency-domain techniques contribute complementary information 

regarding the characteristics of RR-interval data, allowing them to provide consistent  insight  into 

patient  status. Time-domain measures of variation represent  an evaluation of overall, short-term 

or long-term variation, and are well-established as a means of identifying clinically-significant 

alterations in ECG signals. Frequency-domain analysis also has significant prognostic value, and  

is especially useful for demonstrating the importance of sympathovagal balance in regulating 

heart  rate. There is currently no consensus as to which analysis techniques provide the best means 

for quantifying HRV, and therefore it  has been recommended that  multiple techniques be used 

simultaneously in order to facilitate insightful comparison between research studies.

 In addition to time-domain and frequency-domain techniques, nonlinear analysis methods 

have also been proposed. Considering the complex control systems of the heart, it  is reasonable to 

assume that nonlinear phenomena are involved in the genesis of HRV [38]. Nonlinear 

components of HRV are determined by complex actions of hemodynamic, electrophysiological, 

and humoral variabiles, as well as by autonomic and central nervous regulations. Since nonlinear 

analysis may elicit  valuable new insight into the relationship between ANS activity and 

cardiovascular mortality, the number of studies utilizing such methods have increased 

substantially in recent  years. Several nonlinear analysis techniques have been applied to HRV 

research, such as approximate entropy (ApEn) and sample entropy (SampEn), detrended 

fluctuation analysis (DFA), and Poincaré plots [65,23,44].
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 Consider a piece of printer paper, as an analogy; it  has a certain amount of order, which 

can be appreciated by studying its shape or thickness, for example. It also contains information, 

considering that all of the particles that compose it  have well-defined form and location. It  also 

has some available energy, which can be released by burning it  to produce heat and light. If one 

decides to burn this piece of printer paper, the order, information, and energy it once exhibited 

will be lost - it will no longer have a well-defined shape, its particles having dispersed. This 

example is useful for illustrating the purpose of entropy analysis, which quantifies disorder or 

randomness.

 States of systems tend to evolve from ordered, statistically-unlikely configurations, to 

configurations that are less-ordered and statistically more probable. The burnt piece of printer 

paper was once in an ordered configuration, but diffused into a random configuration. The 

spontaneous reverse occurrence, for the particles to recombine back into a piece of printer paper, 

is statistically improbable to the point  of impossibility. The Law of Entropy states that the piece 

of printer paper will not spontaneously regenerate itself. To compute the approximate entropy of a 

time series, a series of vectors of pre-defined length are first derived from the signal samples, and 

the distance between these vectors is measured as the maximum difference in their scalar 

components. The number of vectors, such that the distance between them is lower than a 

predetermined value, is then counted. At this point, the logarithmic likelihood that series of 

patterns lying close to one-another other will remain close in subsequential incremental 

comparisons is calculated. A greater likelihood of remaining close implies a higher regularity, and 

hence produces a smaller ApEn value. In terms of HRV analysis, approximate entropy (ApEn) 

provides a measure of the degree of nonlinear irregularity and randomness in RR interval time 

series.
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 The use of ApEn in HRV analysis was introduced by Pincus et a [58], where smaller 

values indicate greater regularity, and greater values convey more disorder, randomness, and 

variability. This allows investigators to compare each group of consecutive measurements, over a 

pre-defined amount of time, with every other group of measurements of the same length. ApEn 

measures the likelihood of patterns to recur over time, with regular signals having low ApEn, and 

complex signals exhibiting higher values. An inherent bias exists within the ApEn calculation, 

however, because the algorithm counts similar sequences to a given sequence of length m, 

including counting the sequence itself. As a result, ApEn can be sensitive to the size of the data 

set, yielding low values when the total number of data points is low. To address this problem, 

another technique known as sample entropy (SampEn) has been developed, for which self-

matches are excluded from analysis [55]. Both ApEn and SampEn have been applied to gain 

novel insight into HRV in a number of clinical applications. 

 ApEn is calculated first by forming a set  of vectors of length uj, where m represents the 

embedding dimension and N the number of measured RR intervals (equation 2.4). The distance 

between these vectors is defined as the maximum absolute difference between the corresponding 

elements (equation 2.5). For each uj, the the relative number of vectors for which d(uj,uk) ≤ r is 

calculated (equation 2.6). The natural logarithm of these indices are then taken, and is averaged 

over j in order to yield  Φm(r) (equation 2.7). Approximate entropy is then obtained by subtracting  

Φm+1(r) from Φm(r) (equation 2.8). The value obtained for ApEn thus depends on the length m  of 

the vectors uj, the tolerance value r, and the data length N. A common value for m is 2, and r is 

typically selected as a fraction of SDNN; r = 0.2SDNN is considered to be appropriate.
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Equation 2.4: Formula for obtaining a set of vectors of length uj

Equation 2.5: Formula for obtaining maximum absolute difference between the corresponding 

elements

Equation 2.6: For each uj, the the relative number of vectors for which d(uj,uk) ≤ r is calculated

Equation 2.7: The natural logarithm of these indices are then taken, and is averaged over j

Equation 2.8: Approximate entropy is then obtained by subtracting  Φm+1(r) from Φm(r)

 SampEn is obtained in a similar manner to ApEn. However, where in ApEn the 

calculation of the number of vectors uk for which d(uj, uk) ≤ r, the vector uj is itself included, in 

SampEn it  is not. Although in ApEn this ensures that Cjm(r) is always larger than 0, and that the 

logarithm can be applied, it also causes ApEn to be biased. Equation 2.9 presents the formula 

uj = (RRj , RRj+1, . . . , RRj+m−1), j = 1, . . . , N −m+ 1

d(uj , uk) = max
0≤n≤m−1

|RRj+n −RRk+n|

Cm
j =

nbr of{uk|d(uj , uk) ≤ r}
N −m+ 1

∀k

Φm(r) =
1

N −m+ 1

N−m+1�

j=1

lnCm
j (r)

ApEn(m, r,N) = Φm(r)− Φm+1(r)
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required to obtain the relative number of vectors for which d(uj,uk) ≤ r for SampEn. The values 

for Cjm(r) are then averaged (equation 2.10), and the sample entropy is obtained (equation 2.11). 

Both ApEn and SampEn are estimates for the negative natural logarithm of the conditional 

probability that a data of length N, having repeated itself within a tolerance r for m points, will 

also repeat itself for m + 1 points.

Equation 2.9: Formula for calculating the relative number of vectors for which d(uj,uk) ≤ r

Equation 2.10: Formula for which the values for Cjm(r) are averaged

Equation 2.11: Formula for obtaining sample entropy

 DFA, the second of three commonly-used nonlinear HRV indices, is applied in order to 

distinguish between intrinsic fluctuations generated by the system itself, and those caused by 

external stimuli acting on the system. Variations that  arise because of external stimuli are thought 

to cause a local effect, whereas variations due to internal dynamics are presumed to exhibit  long-

range correlation. Variations arising due to external stimuli are removed in order to characterize 

long-range correlations representing the intrinsic nature of the system.

Cm
j =

nbr of{uk|d(uj , uk) ≤ r}
N −m

∀k �= j

Cm(r) =
1

N −m+ 1

N−m+1�

j=1

Cm
j (r)

SampEn(m, r,N) = ln(Cm(r)/C(m+1)(r))
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 The first  step for calculating DFA is to integrate the RR-interval time series (equation 

2.12). The integrated series is then divided into segments of equal length n. A least squares line is 

fitted to each segment, as can be represented by yn(k). At this point, the integrated series, y(k), is 

detrended by subtracting the local trend from each segment. The root-mean-square fluctuation of 

this integrated and detrended time series is then calculated (equation 2.13). This computation is 

repeated over different segment lengths in order to yield the index F(n) as a function of segment 

length n. A linear relationship on a double log graph suggests the presence of fractal scaling. 

Fluctuations can be characterized using the scaling exponent α (the slope of the regression line 

relating log F (n) to log(n)).

Equation 2.12: Formula for integrating the RR-interval time series

Equation 2.13: Formula for calculating the root-mean-square fluctuation

 DFA correlations are typically divided into short-term and long-term fluctuations. Since  

the relationship between log F(n) and log(n) appears to have two distinct  linear segments, one for 

small (4 ≤ n ≤ 16) and large n (16 ≤ n ≤ 64), the slopes of both regression lines are calculated 

separately and termed ∝1 and ∝2. Short-term fluctuations are characterized by the slope α1, 

y(k) =
k�

j=1

(RRj −RRmean), k = 1, . . . , N

F (n) =

���� 1

N

N�

k=1

(y(k)− yn(k))2
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which is obtained from the (log n, log F (n)) graph within range 4 ≤ n ≤ 16 (figure 2.15). The 

slope α2 obtained from the range 16 ≤ n ≤ 64 characterizes long-term fluctuations. Theoretically, 

the scaling exponent will vary from 0.5  to 1.5, but biological signals typically remain close to 1. 

Scaling or fractal correlation is present if the data on this graph exhibits a linear relationship. A 

scaling exponent greater than 1 indicates a loss in long-range scaling behavior and suggests 

pathological alteration in the underlying system. To date, ∝1 has demonstrated greater clinical 

capacity than ∝2 in terms of HRV analysis [73].

Figure 2.15: A DFA double-log plot of the index F(n) as a function of segment length, where α1 
and α2 represent the short term and long term fluctuation slopes, respectively

 Although DFA was initially applied to detect long-range correlations in DNA sequences 

[54], it  is becoming increasingly popular for HRV analysis. Elderly individuals [28], patients with 

heart  disease [58], and asymptomatic relatives of patients with dilated cardiomyopathy [37], all 

exhibit decreased DFA indices. The Framingham Heart Study found that DFA analysis carries 

additional prognostic information not perceptible using traditional time and frequency-domain 
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analysis [83]. DFA has been demonstrated as being superior to frequency-domain analysis for the 

measurement  of HRV in patients with sleep apnea [56]. In a large-scale evaluation of HRV in 

patients after myocardial infarction, reduced ∝1, as measured by DFA, was the best predictor of 

subsequent  mortality [78]. Alterations of DFA indices observed in respiratory variations, known 

as inter-breath intervals (IBIs), have been observed in elderly individuals [55]. The scaling 

properties of temperature measurements, made every 10 minutes for 30 hours, are altered in 

association with aging [86]. In addition, DFA provides meaningful information about  EEG 

signals, and has been utilized to distinguish normal individuals from stroke patients [27].

 Finally, the Poincaré plot, named after Henri Poincaré, is used to quantify self-similarity 

in time series. This is accomplished by plotting each value of the original RR-interval time series 

[X(1) : X(n-1)] against its immediate successor [X(2) : X(n)] (figure 2.16). This technique has 

been used to facilitate automated identification and removal of artifact, and to observe changes in 

overall variability occurring in a variety of physiological states [31].

Figure 2.16: A Poincare plot of an RR interval time series
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 The shape of the plot  is the essential feature - its geometrical properties have been shown to 

distinguish between healthy and unhealthy subjects in clinical settings. The parameters associated 

with this plot  are known as SD1 and SD2, and indicate the dispersion of points in the plot. The 

formulas for obtaining these indices are presented in equations 2.14 and 2.15.

Equation 2.14: The formula for obtaining SD1 for Poincaré plot analysis

Equation 2.15: The formula for obtaining SD2 for Poincaré plot analysis

 In 1996, Kamen and colleagues evaluated the merits of including Poincaré analysis in 

standard HRV measures, using conventional statistical techniques in order to obtain a quantitative 

display of ANS activity in humans. Beat-to-beat heart rate variability was measured in 12 healthy 

subjects aged between 20 and 40 years (mean age 30±7 years) during supine rest, head-up tilt 

(prompting sympathetic activation and parasympathetic withdrawal), intravenous infusion of 

atropine (prompting parasympathetic withdrawal), and overnight adminstration of low-dose 

transdermal scopolamine (prompting parasympathetic activation). The geometry of the Poincaré 

plot was determined at  rest  and was found to be significantly reduced during tilt  (P<0.01) and 

during atropine administration (P<0.01), and significantly increased by scopolamine (P<0.01). 

These findings strongly suggest  that  the width of the Poincaré plot is a measure of autonomic 

activity, and that it  is a viable quantitative tool suitable for analysis of RR interval data gathered 

over short time periods.
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 Recently, Kamen and Tonkin published a study that  examined the clinical potential of the 

Poincaré plot pattern as an adjunct  to traditional measures of HRV [30]. The Poincaré plot pattern 

was used to display beat-to-beat  heart  rate variability data gathered from a group of 23 patients 

with heart failure, and compared them with data collected from 20 healthy age-matched control 

subjects. ECGs were gathered over 20-40 minutes while the subjects rested. The morphological 

classification scheme proposed reflected the functional status of patients in heart failure. There 

was a significant difference in the different  pattern types between patients with NYHA Class I 

and II compared to patients with NYHA Class III and IV. All healthy subjects displayed a 

‘cluster’ type of pattern characterized by normally distributed data. Sixteen of the 23 patients in 

heart  failure also produced data which were normally distributed. The remaining 7 patients 

produced data which required careful filtering for summary statistics, but  could be analyzed by 

the Poincaré plot. The results of this study suggest  that  the Poincaré plot  has advantages in that  it 

allows assessment  of data which are grossly non-Gaussian in distribution, and is a simple and 

easily-implemented method that can be used in a clinical setting to augment the standard 

electrocardiogram to provide ‘real-time’ visualization of data.

 Criticism toward the use of Poincaré plot  analysis was expressed by Palaniswami and 

colleagues in 2001 [6]. Concerned about the lack of standardization of techniques for 

characterizing the plot to capture useful summary descriptors independent  of existing HRV 

measures, researchers have investigated a number of techniques. These include the conversion of 

two-dimensional plots into various one-dimensional views, fitting of ellipses to the plot shape, 

and measuring the correlation coefficient  of the plot. These methods were investigated in detail, 

and it  was suggested that  they all measure linear aspects of the intervals which traditional HRV 

indices already specify. The fact that  these methods appear insensitive to the nonlinear 

characteristics of RR intervals was an important finding, because the Poincaré plot is primarily a 
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nonlinear technique. Therefore, further work is needed to determine if better methods of 

charactering Poincaré plot geometry can be found.

 Although these nonlinear techniques have been shown to be powerful tools for measuring 

variation in heart rate, no major breakthrough has yet been achieved by their application, and 

their use is not  well-validated. Standards are lacking, and the full scope of these methods has not 

been thoroughly assessed. It  is possible that  they are too insensitive to detect  nonlinear 

perturbations of RR intervals. Advances in technology, as well as interpretation of the results of 

nonlinear methods, are needed before they can be validated and are truly ready for clinical 

studies. Nonlinear variability measures are summarized in table 2.3.

Variability 
Measure Abbreviation Purpose Physiological Correlates

Approximate 
Entropy ApEn Measures the degree of 

disorder or randomness

Normal nonlinear HRV in 
sinus rhythm has been 

demonstrated to reflect good 
cardiovascular health, whereas 

reduced nonlinear HRV is 
associated with mortality risk 
in a number of physiological 

states

Sample 
Entropy SampEn

Less-biased than ApEn when 
the size of the data set is 

small

Detrended 
Fluctuation 

Analysis
DFA

Differentiates intrinsic and 
extrinsic variation  

(dynamics of the system and 
external stimuli)

  Poincaré Plot 

Unique visual representation 
of variability in the time 

series, interesting 
geometrical interpretation of 

HRV

Table 2.3: A summary of popular nonlinear HRV indices
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Chapter 3

Changes in Autonomic Tone Resulting 
from CPVI

3.1 Experimental Background

The pathophysiology of AF involves the interplay between triggers and progressive remodeling of 

the atria [42]. Remodeling occurs primarily due to atrial dilation, inflammation, and fibrosis, 

which can result  from hypertension, heart  disease, lung disease, excessive alcohol consumption, 

hyperthyroidism, carbon monoxide poisoning, among other factors. This, in turn, produces 

changes in calcium handling, effective refractory period (ERP), and conduction velocity. Triggers, 

on the other hand, often appear to take two forms; ectopic foci originating in the proximity of the 

PVs, and specific patterns in ANS activity [8].

 CPVI has been demonstrated as an effective strategy for treating paroxysmal and 

persistent AF, but  its arrhythmic mechanisms remain unclear. It  was designed to prevent  ectopic 

foci, originating in the proximity of the PVs, from inducing incidents of AF. During this 
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procedure, while ablating around the PVs, it  is not uncommon for the areas of vagal autonomic 

ganglia to also be affected, effectively preventing them from stimulating the heart. There is 

clinical evidence to suggest  that targeted vagal autonomic denervation during CPVI increases 

success rate of the procedure, and it is therefore likely that the ANS plays a critical role in the 

initiation and maintenance of AF [52,53].

 My thesis work makes several notable contributions. My results are valuable due to there 

being few studies that have yet to investigate the relationship between autonomic nerve function 

modification and recurrent AF after CPVI. I confirm and contrast  the findings of other research 

studies, and also perform additional analysis techniques that  have not yet been applied in this 

patient  demographic. This thesis presents yet  another application for the young and exciting field 

of variability analysis, and provides new insights that are ready to be applied to clinical practice 

in order to improve patient care.

3.2 Related Work

 The CPVI approach was developed in 2000 when Pappone et al recognized the need to 

focus on this area in order to address triggers and re-entrant circuits critical to the genesis of AF 

[51]. They aimed to isolate each PV from the left atrium by using ablation to create 

circumferential RF-induced lesions around the PV ostia. A mixture of 26 patients (14 paroxysmal, 

12 permanent) were selected for the initial trial of the procedure. After the procedure, patients 

were monitored closely for 6 months. Among 13 patients in persistent AF at the beginning of the 

procedure, 64% had sinus rhythm restored during ablation. As evaluated by disparity in activation 

times across the lesion created by ablation, complete PV isolation was demonstrated in 76% of 

the 104 PVs isolated. After 9±3 months, 22 patients (85%) were free from AF, with no significant
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difference in outcome for patients with paroxysmal or persistent AF. It  was concluded that  CPVI 

by RF ablation is safe and effective for treating both paroxysmal and persistent AF.

 In 2004, Pappone and coworkers assessed the incremental benefit  of vagal denervation by 

CPVI during catheter ablation for prevention of paroxysmal or persistent  AF [32]. The effects of 

vagal denervation by CPVI were assessed using HRV as an indicator of autonomic tone. 

Recordings were collected pre-procedure, and at follow-up intervals up to 12 months post-

procedure. Pre-procedure recordings were only made when patients were in sinus rhythm, and 

therefore no patients in persistent AF are included in pre-procedure analysis. HRV attenuation, 

consistent with vagal withdrawal, was detectable for up to 3 months after CPVI, and reduced the 

likelihood of AF recurrence when compared to patients who had catheter ablation for AF, but 

without  CPVI. This study suggests that vagal denervation by CPVI significantly reduces AF 

recurrence.

 Shortly after the study published by Pappone et al in 2004, Oral et al investigated the 

benefits of CPVI on the three classes of AF; adrenergic, vagotonic, and random [49]. Prior to this 

study, it was unclear whether PV isolation is equally effective for patients from each class. 

Segmental ostial ablation was performed to isolate the PVs of 188 consecutive patients (mean age 

53 ± 12 years) with paroxysmal AF. Based on clinical history, AF was classified as random in 136 

patients (72%), adrenergic in 30 (16%), and vagotonic in 22 (12%). Three or four PVs were 

targeted for isolation in all patients, and successful isolation was achieved in 96% of targeted 

PVs. After 12 months, 69% of patients with random AF, 83% of patients with adrenergic AF, and 

50% of patients with vagotonic AF were free from recurrent episodes of AF in the absence of any 

arrhythmic medication. Vagotonic AF was an independent  clinical predictor of recurrent AF (P = 

0.03). It  was concluded that  PV isolation has a lower efficacy in patients with vagotonic AF than 

in patients with adrenergic or random episodes of AF, suggesting that the PVs less-often play an 

important role in vagotonic AF.
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 In 2006, Scanavacca et al published a study which evaluated whether selective catheter 

ablation of the atrial sites, in which high-frequency stimulation induces vagal reflexes, is a viable 

approach for preventing paroxysmal AF [70]. Ten patients with episodes of vagally-mediated 

paroxysmal AF were selected for mapping of the atria in order to search for sites in which 

stimulation induced vagal reflexes. A vagal response, defined as AV block of more than 2 

seconds, was elicited in 7 of 10 patients, with an average of 5 sites per patient, and RF ablation 

was applied to eliminate vagal reflexes. The 3 patients, in whom vagal reflexes were not 

observed, also underwent CPVI. Autonomic evaluation was performed by HRV analysis pre-

procedure, and at follow-up intervals up to 3 months post-procedure. All patients exhibited full 

vagal withdrawal. Two of the 7 patients who underwent  denervation remained asymptomatic 

without  the use of anti-arrhythmic medication at a mean follow-up of 8.3 months, 4 had frequent 

recurrences and were referred for CPVI, and 1 had few AF episodes without  anti-arrhythmic 

mediation. These results suggest  that catheter ablation of selected atrial sites, in which high-

frequency stimulation induces vagal reflexes, may prevent AF recurrences in selected patients 

who exhibit vagally-mediated paroxysmal AF.

 Spector et al published a study in 2007 that focussed on the modification of the atrial 

electrophysiological response to autonomic stimulation [76]. It was hypothesized that the success 

of the procedure does not  depend upon creation of continuous lines of block, challenging the 

current understanding of the anti-arrhythmic mechanism of CPVI. Since stimulation of cardiac 

autonomic ganglia alters atrial refractoriness and potentiates AF, it follows that PV encircling 

alters atrial autonomic function, and that  these alterations account  in part for prevention of AF 

recurrences following ablation. Atrial effective refractory periods (ERP) and AF inducibility were 

quantified in ten dogs before and during central autonomic nerve stimulation. CPVI was then 

performed, and EP testing was repeated along with histological examinations of the hearts. 

Autonomic nerve stimulation led to decreased atrial refractoriness, and increased AF inducibility 

CHAPTER 3. CHANGES IN AUTONOMIC TONE RESULTING FROM CPVI                            55                                                                                                             



and duration. Each of these effects were significantly attenuated following CPVI - AF inducibility 

increased by 26% before vs 5% after ablation. Histologic analysis following the CPVI procedure 

demonstrated destruction of some, but not  all, autonomic ganglia. The results of this study 

suggest  that  autonomic stimulation shortens atrial refractory periods and potentiates AF, and that 

CPVI partially destroys atrial autonomic inputs, attenuates the refractory period-shortening effect 

of autonomic stimulation, and decreases AF inducibility. This study supports the hypothesis that 

ablation of autonomic ganglia may contribute to the anti-arrhythmic effects of CPVI, thus 

warranting further investigation. 

 In 2008, Egerton et al published a study that  demonstrated the rationale and efficacy of a 

minimally-invasive approach to the treatment  of AF that involves CPVI with targeted partial 

autonomic denervation [11]. Video-assisted bilateral CPVI was performed in 74 patients. 

Confirmation of block and partial autonomic denervation was obtained. Success was defined as 

no episodes greater than 15 seconds of AF on long-term monitoring. Treatment  was successful in 

83.7% of patients with paroxysmal AF, and 56.5% of patients with persistent AF. The results of 

this study suggest  that the combination of CPVI and targeted autonomic denervation is a safe and 

highly-efficacious approach for treating paroxysmal AF. 

3.3 Methods

Following the studies performed by Pappone and colleagues, I set out to gain new insight  into the 

impact  of CPVI on HRV indices over time, and to further evaluate the relationship between 

autonomic nerve function modification by CPVI and rate of recurrence of AF post-procedure. 

Research staff collected 10-minute high-resolution data from 64 patients (49 male, 15 female, 

mean age of 57.1±9.7) undergoing CPVI for paroxysmal (n=46) or persistent (n=18) AF. 
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Recordings were made pre-procedure for patients in sinus rhythm, and at  intervals up to 12 

months. Pre-procedure recordings were only made when patients were in sinus rhythm, and 

therefore no patients in persistent  AF are included in pre-procedure analysis. Anti-arrhythmic 

medication was suspended 5 half-lives prior to procedure, and was resumed post-procedure for 3 

months. Success was defined as no further occurrence of AA lasting more than 30 seconds. While 

blinded to all patient information and procedural outcomes, I calculated time-domain, frequency-

domain, and nonlinear HRV indices for all recordings in accordance with guidelines for 

standardization, and performed statistical analysis using two-sample unpaired t-tests. I 

hypothesized that  a significant reduction in vagal tone with respect to pre-procedure levels, as 

quantified by HRV analysis, would reduce the likelihood of AA recurrence post-CPVI. Patients 

who exhibit an attenuation in vagal tone, with respect  to their pre-procedure levels, would be less 

likely to have recurrence of AA, whereas those whose vagal tone was not  significantly reduced by 

CPVI would be more likely to exhibit recurrence post-procedure. 

3.4 Results

3.4.1 Time-Domain Heart Rate Variability Indices

 The first time-domain HRV index calculated was SDNN. For this measure, there was no 

significant difference when comparing the pre-procedure HRV of patients from group A to 

patients from group B, and to group C. Throughout the follow-up (FU) intervals, I observed 

similar results between group A and group B. At  all FU intervals except  for 12 months, group A 

had significantly reduced SDNN vs pre-procedure levels. Group B had reduced SDNN at 24 
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hours, and at 6 months. SDNN for all patient  groups is presented in figure 3.1, along with the 

corresponding data in table 3.1.

Figure 3.1: SDNN for each patient group over time (error bars represent one standard deviation)

Pre 1 Hour 24 Hours 6 Weeks 3 Months 6 Months 12 Months
Group A: SDNN
Group A: P
Group B: SDNN
Group B: P
Group C: SDNN

42.55±23.57 25.00±16.97 19.39±13.86 21.00±11.20 23.84±16.37 26.77±13.30 29.41±11.61
0.004 0.00065 0.0004 0.002 0.0045 0.08

33.49±17.61 29.08±17.13 18.65±10.29 20.02±9.84 23.7±13.39 18.89±8.87 21.27±9.61
0.5 0.006 0.06 0.16 0.03 0.12

47.36±25.77

Table 3.1: SDNN for each patient group over time (values represent mean ± standard deviation, 
and P values are obtained by using unpaired two-sample t-tests to assess significant difference 

from each interval against the groups’ respective pre-procedure levels)
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 The second time-domain HRV index calculated was RMSSD. For this measure, there was 

no significant difference, pre-procedure, between group A and group C. However, group B had 

significantly lower pre-procedure RMSSD from group C (P=0.04). In addition, for group A, 

RMSSD was significantly reduced from pre-procedure levels up to 3 months post-procedure. In 

group B, RMSSD was unchanged from pre-procedure levels at any time post-procedure. RMSSD 

for all patient groups is presented in figure 3.2, along with the corresponding data in table 3.2.

Figure 3.2: RMSSD for each patient group over time (error bars represent one standard deviation)

Group A: RMSSD
Group A: P
Group B: RMSSD
Group B: P
Group C: RMSSD

Pre 1 Hour 24 Hours 6 Weeks 3 Months 6 Months 12 Months
33.05±20.05 23.71±19.36 21.19±19.22 22.02±11.35 22.68±15.07 25.2±10.18 29.83±12.91

0.04 0.03 0.04 0.04 0.11 0.62
21.93±11.13 19.77±8.07 17.09±8.24 23.19±14.21 23.98±8.24 17.73±7.93 21.63±7.25

0.56 0.17 0.82 0.63 0.32 0.95
30.75±14.00

Table 3.2: RMSSD for each patient group over time (values represent mean ± standard deviation,  
P values are obtained by using unpaired two-sample t-tests to assess significant difference from 

each interval against the groups’ respective pre-procedure levels)
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 In pNN50, similar results were obtained to RMSSD. Group A had a significantly reduced 

pNN50 vs pre-procedure levels at  6 weeks, 3 months, and 6 months. Patients from group B 

exhibited pNN50 values unchanged by the procedure. In group B, RMSSD was unchanged from 

pre-procedure levels at any time post-procedure. RMSSD for all patient groups is presented in   

figure 3.3, along with the corresponding data in table 3.3.

Figure 3.3: pNN50 for each patient group over time (error bars represent one standard deviation)

Group A: pNN50
Group A: P
Group B: pNN50
Group B: P
Group C: pNN50

Pre 1 Hour 24 Hours 6 Weeks 3 Months 6 Months 12 Months
11.7±13.58 8.31±15.72 6.50±14.89 3.78±6.06 4.51±7.66 4.81±4.01 10.51±11.16

0.43 0.2 0.01 0.02 0.03 0.8
5.86±7.11 2.91±3.75 2.18±3.56 5.32±6.56 6.15±6.71 2.05±2.39 3.16±2.38

0.16 0.067 0.86 0.92 0.12 0.35
11.38±13.47

Table 3.3: pNN50 for each patient group over time  (values represent mean ± standard deviation, 
and P values are obtained by using unpaired two-sample t-tests to assess significant difference 

from each interval against the groups’ respective pre-procedure levels)
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3.4.2 Frequency-Domain Heart Rate Variability Indices

For this study, I applied the non-parametric Fast  Fourier Transform (FFT) as opposed to 

parametric methods, such as the autoregressive model (AR). Although measurement of LF and 

HF power-spectral components can be denominated in absolute values of power (ms2), I chose to 

report them in normalized units (n.u.), which represent the relative value of each power 

component  in proportion to the total power. This was done in order to facilitate comparison of our 

results with those obtained in other studies. It is also worth noting that  VLF and ULF power-

spectral components are absent from this study. VLF, which is thought to represent  temperature 

regulation and humoral systems, and ULF, associated with day-night variation, take place at low 

frequencies, and are therefore not appropriate for the relatively short-term recordings used in this 

study [77].

 Over the year follow-up, I observed significant  changes in LF and HF frequency bands in 

both groups. In group A, HF levels were significantly increased at  24 hours, at  6 weeks, and at 3 

months. After the 3 month interval, HF levels returned to pre-procedure levels. Patients from 

group B exhibited similar trends, showing significance at  6 weeks and 3 months. HF power for 

all patient groups is presented in figure 3.4, along with the corresponding data in table 3.4.
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Figure 3.4: HF power for each patient group over time (error bars represent one standard 
deviation)

Group A: HF
Group A: P
Group B: HF
Group B: P
Group C: HF

Pre 1 Hour 24 Hours 6 Weeks 3 Months 6 Months 12 Months
44.90±16.86 52.63±25.26 61.34±20.41 62.97±20.84 59.42±16.63 52.59±21.88 45.02±20.04

0.22 0.003 0.0025 0.0043 0.2 0.99
38.14±23.31 43.01±23.27 54.28±24.01 69.91±26.96 62.74±24.89 56.26±25.27 49.41±25.10

0.58 0.07 0.0079 0.002 0.09 0.33
39.55±19.68

Table 3.4: HF power for each patient group over time (values represent mean ± standard 
deviation, and P values are obtained by using unpaired two-sample t-tests to assess significant 

difference from each interval against the groups’ respective pre-procedure levels)

 Where HF levels exhibited an increase over the year of follow-up recordings, LF levels 

showed a corresponding decrease. Pre-procedure LF levels showed no difference when compared 

with recordings obtained from group C. For patients from group A, I observed decreased LF at 24 

hours, 6 weeks, and 3 months. Patients from group B showed a decrease in LF at 3 months. 

Nearing the end of follow-up, LF levels returned to those observed pre-procedure. HF power for 

all patient groups is presented in figure 3.5, along with the corresponding data in table 3.5.
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Figure 3.5: LF power for each patient group over time (error bars represent one standard 
deviation)

Group A: LF
Group A: P
Group B: LF
Group B: P
Group C: LF

Pre 1 Hour 24 Hours 6 Weeks 3 Months 6 Months 12 Months
55.10±16.86 47.36±25.25 38.66±20.41 37.03±20.28 40.58±16.63 47.41±21.88 54.98±20.04

0.22 0.003 0.0025 0.0043 0.2 0.99
61.86±23.31 56.99±23.67 45.72±24.01 30.08±26.95 37.26±24.89 43.74±25.27 50.59±25.10

0.58 0.07 0.0079 0.0238 0.09 0.33
60.00±19.02

Table 3.5: LF power for each patient group over time (values represent mean ± standard 
deviation, and P values are obtained by using unpaired two-sample t-tests to assess significant 

difference from each interval against the groups’ respective pre-procedure levels)

 The LF/HF index allows for an alternate visualization of attenuations observed in LF and 

HF power-spectral bands. As was to be expected, neither group exhibited different pre-procedure 

LF/HF from group C. Patients from group A exhibited a reduced LF/HF ratio at  24 hours, at  6 

weeks, and at 3 months post-procedure. Patients from group B showed reduced LF/HF at  1 hour, 

24 hours, and at  6 weeks. The LF/HF ratio for all patient groups is presented in figure 3.6, along 

with the corresponding data in table 3.6.
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Figure 3.6: LF/HF ratio for each patient group over time (error bars represent one standard 
deviation)

Group A: LF/HF
Group A: P
Group B: LF/HF
Group B: P
Group C: LF/HF

Pre 1 Hour 24 Hours 6 Weeks 3 Months 6 Months 12 Months
1.57±1.01 1.648±1.95 0.87±0.78 0.84±0.81 0.86±0.73 1.49±1.59 1.61±1.01

0.86 0.007 0.01 0.0074 0.85 0.91
3.08±3.19 2.34±2.60 1.31±1.20 0.74±1.02 0.92±1.04 1.53±2.19 2.01±2.72

0.49 0.04 0.04 0.53 0.2 0.46
2.58±3.30

Table 3.6: LF/HF ratio for each patient group over time (values represent mean ± standard 
deviation, and P values are obtained by using unpaired two-sample t-tests to assess significant 

difference from each interval against the groups’ respective pre-procedure levels)

3.4.3 Nonlinear Heart Rate Variability Indices

I began by calculating ApEn for all recordings. Although some alterations in ApEn were observed 

in group A and group B, such as a trend toward increased entropy 24 hours post-procedure, as 

well as a decrease lasting until the 3 month follow-up recording, and a subsequent increase up to 
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the recording made one year post-procedure, there was no significant  difference between any of 

these values and those gathered from group C. I observed, however, that patients from group A 

had significantly higher pre-procedure levels than patients from group B (P=0.02). Another 

interesting observation is that patients from group A showed ApEn values consistently elevated 

with respect  to group C, whereas patients from group B exibited ApEn values that were 

consistently lower than group C. ApEn for all patient groups is presented in figure 3.7, along with 

the corresponding data in table 3.7.

Figure 3.7: ApEn for each patient group over time (error bars represent one standard deviation)
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Group A: ApEn
Group A: P
Group B: ApEn
Group B: P
Group C: ApEn

Pre 1 Hour 24 Hours 6 Weeks 3 Months 6 Months 12 Months
1.27±0.13 1.23±0.17 1.27±0.12 1.22±0.11 1.21±0.18 1.22±0.13 1.30±0.11

0.39 0.99 0.18 0.17 0.18 0.62
1.13±0.23 1.15±0.27 1.19±0.17 1.17±0.11 1.15±0.14 1.14±0.15 1.19±0.20

0.77 0.35 0.65 0.8 0.92 0.53
1.21±0.21

Table 3.7: ApEn for each patient group over time (values represent mean ± standard deviation, 
and P values are obtained by using unpaired two-sample t-tests to assess significant difference 

from each interval against the groups’ respective pre-procedure levels)

 The second nonlinear HRV index calculated was SampEn. For patients from group A, pre-

procedure SampEn values did not differ from group C, and were not changed by CPVI. The 

SampEn of patients from group B was no different from pre-procedure levels observed in group 

A. There was a significant  increase in SampEn values of patients from group B at the 6 month 

follow-up, and a subsequent decrease back to pre-procedure levels at  the recoding made one year 

post-procedure. SampEn for all patient  groups is presented in figure 3.8, along with the 

corresponding data in table 3.8.
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Figure 3.8: SampEn for each patient group over time (error bars represent one standard deviation)

Group A: SampEn
Group A: P
Group B: SampEn
Group B: P
Group C: SampEn

Pre 1 Hour 24 Hours 6 Weeks 3 Months 6 Months 12 Months
1.56±0.30 1.50±0.38 1.50±0.31 1.59±0.38 1.63±0.44 1.54±0.41 1.59±0.26

0.56 0.48 0.76 0.45 0.85 0.78
1.36±0.55 1.32±0.49 1.35±0.32 1.56±0.32 1.74±0.37 1.90±0.43 1.58±0.55

0.84 0.95 0.34 0.07 0.018 0.4
1.39±0.38

Table 3.8: SampEn for each patient group over time (values represent mean ± standard deviation, 
and P values are obtained by using unpaired two-sample t-tests to assess significant difference 

from each interval against the groups’ respective pre-procedure levels)

 Patients undergoing the CPVI procedure demonstrate a number of significant  changes in 

short-term DFA slope (∝1) over the year of follow-up. For both groups undergoing CPVI, pre-

procedure values were consistent with levels observed in group C. In patients from group A, 

short-term DFA values were found to be decreased with respect  to pre-procedure levels at 24 

hours, and up to 6 months post-procedure. For patients from group B, ∝1 was also decreased at 
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24 hours, and remained attenuated up to 6 months post-procedure. In addition, for patients from 

group A, short-term DFA values were significantly decreased with respect  to group C at  1 hour, 

and in all subsequent recordings. Patients from group B exhibited this as well, except  that  values 

were not significantly decreased, with respect  to group C, until 24 hours post-procedure. Short-

term fluctuation slope for all patient groups is presented in figure 3.9, along with the 

corresponding data in table 3.9.

Figure 3.9: Short-term fluctuation slope (∝1) for each patient group over time (error bars 
represent one standard deviation)
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Group A: ∝1

Group A: P

Group B: ∝1

Group B: P

Group C: ∝1

Pre 1 Hour 24 Hours 6 Weeks 3 Months 6 Months 12 Months

0.98±0.26 0.82±0.38 0.77±0.36 0.74±0.31 0.78±0.24 0.77±0.32 0.87±0.27

0.1 0.0276 0.0092 0.0084 0.0225 0.24

1.13±0.34 1.03±0.42 0.83±0.33 0.61±0.42 0.68±0.39 0.84±0.32 0.80±0.36

0.47 0.0199 0.0041 0.0069 0.0472 0.06

1.10±0.29

Table 3.9: Short-term fluctuation slope (∝1) for each patient group over time (values represent 
mean ± standard deviation, and P values are obtained by using unpaired two-sample t-tests to 
assess significant difference from each interval against the groups’ respective pre-procedure 

levels)

 In contrast  to short-term DFA, few changes were observed in long-term fluctuation slope. 

Levels remained consistent with group C for all CPVI patients at all intervals. Long-term 

fluctuation slope for all patient groups is presented in figure 3.10, along with the corresponding 

data in table 3.10.

Figure 3.10: Long-term fluctuation slope (∝2) for each patient group over time (error bars 
represent one standard deviation)
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Group A: ∝2
Group A: P
Group B: ∝2
Group B: P
Group C: ∝2

Pre 1 Hour 24 Hours 6 Weeks 3 Months 6 Months 1 Year
1.02±0.16 0.98±0.22 0.95±0.23 1.00±0.21 1.03±0.24 1.03±0.11 1.03±0.11

0.46 0.22 0.32 0.89 0.6 0.84
1.01±0.29 1.05±0.18 1.02±0.19 0.94±0.25 1.00±0.24 1.01±0.12 0.96±0.17

0.66 0.89 0.56 0.95 0.96 0.42
1.07±0.19

 Table 3.10: Long-term fluctuation slope (∝2) for each patient group over time (values represent 
mean ± standard deviation, and P values are obtained by using unpaired two-sample t-tests to 
assess significant difference from each interval against the groups’ respective pre-procedure 

levels)

 The final nonlinear HRV indices obtained were parameters associated with the Poincaré 

plot for each RR interval series. SD1 values exhibited by patients from group A before CPVI 

were statistically no different from group C, whereas those shown by patients from group B were 

significantly decreased (P=0.04). In patients from group A, SD1 values were decreased vs pre-

procedure levels at  follow-up intervals of 24 hours, 6 weeks, and 3 months post-procedure. They 

returned to pre-procedure levels for the recordings made at 6 months and at 12 months. For 

patients from group B, SD1 levels showed no significant deviation from pre-procedure levels 

over the year of follow-up recordings. SD1 for all patient groups is presented in figure 3.11, along 

with the corresponding data in table 3.11.
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Figure 3.11: SD1 for each patient group over time (error bars represent one standard deviation)

Group A: SD1
Group A: P
Group B: SD1
Group B: P
Group C: SD1

Pre 1 Hour 24 Hours 6 Weeks 3 Months 6 Months 1 Year
23.44±14.22 16.85±13.74  15.06±13.67 15.61±8.05 16.09±10.67 17.90±7.24 21.18±9.17

0.11 0.038 0.03 0.048 0.12 0.6228
15.57±7.88 14.04±5.74 12.18±5.83 16.47±10.04 17.02±5.82 12.59±5.63 15.4±5.14

0.55 0.18 0.82 0.63 0.32 0.95
21.82±9.92

Table 3.11: SD1 for each patient group over time (values represent mean ± standard deviation, 
and P values are obtained by using unpaired two-sample t-tests to assess significant difference 

from each interval against the groups’ respective pre-procedure levels)
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 For SD2 values, neither of the two patient  groups exhibited different  pre-procedure 

values from group C. In patients from group A, post-procedure SD2 values were decreased vs 

pre-procedure levels at all follow-up intervals. In patients from group B, SD2 values were 

decreased with respect to pre-procedure levels at 24 hours, 6 weeks, and at  6 months. SD1 for all 

patient groups is presented in figure 3.12, along with the corresponding data in table 3.12.

Figure 3.12: SD2 for each patient group over time(error bars represent one standard deviation)

Group A: SD2
Group A: P
Group B: SD2
Group B: P
Group C: SD2

Pre 1 Hour 24 Hours 6 Weeks 3 Months 6 Months 1 Year
59.25±32.27 31.54±21.61 24.43±15.98 27.95±14.16 31.71±18.81 36.06±18.96 38.07±14.08

0.00098 0.0000073 0.00019 0.00067 0.0064 0.038
47.62±23.96 41.26±27.14 25.62±14.75 23.73±10.64 30.15±22.14 26.34±12.39 27.81±14.72

0.51 0.0036 0.011 0.088 0.019 0.063
68.0±42.39

Table 3.12: SD2 for each patient group over time (values represent mean ± standard deviation, 
and P values are obtained by using unpaired two-sample t-tests to assess significant difference 

from each interval against the groups’ respective pre-procedure levels)
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Chapter 4

Discussion

4.1 Discussion of Results

For all time-domain indices, I observed similar results. There is a trend toward patients from 

group B having reduced pre-procedure HRV that  is not affected by CPVI, and patients from group 

A having normal pre-procedure HRV that is reduced by CPVI, and appears to return toward pre-

procedure levels over a year of follow-up recordings. This suggests that  patients who have normal 

vagal tone prior to CPVI, as quantified by HRV analysis, are likely to benefit  from the procedure, 

whereas patients with low vagal tone are destined for recurrence of AA. Patients from group A 

were characterized by marked and prolonged HRV changes, consistent with vagal withdrawal, 

that were significantly more pronounced than in patients from group B. This affirms my 

hypothesis, since a significant  reduction in vagal tone with respect  to pre-procedure levels, as 

quantified by HRV analysis, appears to reduce the likelihood of AA recurrence post-CPVI. My 

results suggest that  patients who exhibit an attenuation in vagal tone, with respect to pre-

procedure levels, are be less likely to have recurrence of AA, whereas those whose vagal tone is 

not significantly reduced by CPVI are more likely to exhibit recurrence post-procedure. 
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 For SDNN, patients from group A experienced decreased HRV from 1 hour to 6 months 

post-procedure, whereas patients from group B only exhibited a significant  decrease at 24 hours 

and 6 months. In RMSSD, the difference was even more profound. Patients from group A 

exhibited a decrease from 1 hour to 3 months, whereas patients from group B had HRV consistent 

with pre-procedure levels at all subsequent  follow-up intervals. Results were similar for pNN50, 

where patients from group A exhibiting a significant  decrease at 6 weeks, 3 months, and 6 months 

post-procedure, whereas patients from group B showed no change at any follow-up interval. 

There appears to be a trend toward patients from group A exhibiting a more profound reduction in 

time-domain HRV indices post-procedure, whereas patients from group B have already reduced 

HRV that  is not significantly affected by CPVI. A potential confounding factor is that  patients 

received varying amounts of ablation therapy during the procedure. It  is possible that  some 

patients received deeper lesions around the PVs during CPVI, and as a result, exhibited lower 

HRV indices than those who appeared to require less ablation. This is also may have played a role 

in procedural outcome, as patients who underwent unsuccessful procedures may not have been 

significantly burdened by CPVI, and had autonomic ganglia that  was not  profoundly affected by 

ablation. Significant changes in autonomic tone with respect  to pre-procedure levels, as quantified 

by time-domain HRV analysis, are summarized in table 4.1.

HRV Index Patient 
Group 1 Hour 24 Hours 6 Weeks 3 Months 6 Months 12 Months

SDNN
A ↓ ↓ ↓ ↓ ↓ ⎯

B ⎯ ↓ ⎯ ⎯ ↓ ⎯

RMSSD
A ↓ ↓ ↓ ↓ ⎯ ⎯

B ⎯ ⎯ ⎯ ⎯ ⎯ ⎯

pNN50
A ⎯ ⎯ ↓ ↓ ↓ ⎯

B ⎯ ⎯ ⎯ ⎯ ⎯ ⎯

Table 4.1: A summary of results for time-domain HRV analysis, where arrows represent a 
significant change with respect to pre-procedure levels at a follow-up interval (P < 0.05), and 

hyphens represent no significant change with respect to pre-procedure levels 
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 My results for time-domain analysis appear somewhat in contrast to those published in 

previous studies. Pappone and colleagues did not  observe a difference in pre-procedure HRV 

indices between patients with successful and unsuccessful procedures prior CPVI [52]. In 

addition, patients undergoing CPVI by Pappone return to pre-procedure HRV levels after 12 

months, whereas patients from my study recover at much slower rate. However, the main finding 

of my study is consistent  with that  observed by Pappone et al; patients undergoing CPVI who 

display a significant and sustained attenuation in vagal tone, as quantified by HRV analysis, are 

likely to be free from recurrent AF, whereas patients in whom HRV indices were not  affected, are 

unlikely to benefit from CPVI. 

 Frequency-domain HRV indices also exhibited a number of significant changes over the 

follow-up recordings. I expected to obtain similar frequency-domain results to those of Pappone 

et al; namely increased LF/HF power-spectral ratios. This would indicate decreased 

parasympathetic/vagal (HF) influence over heart rate, and consequently increased sympathetic  

(LF) influence. I observed the opposite, however, with patients from group A showing an 

unexpected decrease in LF/HF ratio at 24 hours, 6 weeks, and 3 months, and patients group B 

showing a significant decrease at  1 hour, 24 hours, and 6 weeks. This was accompanied by the 

increased resting heart rate characteristic of subjects whose heart rate is principally under the 

control of the sympathetic nervous system. LF/HF levels returned to pre-ablation values after 6 

months. 

 It  is worth emphasizing that the vagal denervation performed by this procedure is 

consistent with parasympathetic attenuation, but the results of my frequency-domain analysis 

indicate the opposite. Increased vagal tone, and hence increased parasympathetic influence on 

heart  rate, is frequently involved in the onset of AF because it results in shortened atrial effective 

refractory period (ERP), increased dispersion, and decreased wavelength of re-entrant circuits 
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that facilitate and perpetuate AF. Long-term vagal denervation of the atria renders AF less 

inducible, presumably because of increased electrophysiological homogeneity. In the study 

performed by Pappone and colleagues, CPVI induced a significant reduction in parasympathetic 

activity, whereas our study induced a significant reduction in sympathetic activity. A possible 

reason for this is that  even though much of the parasympathetic ganglia are located in the 

proximity of the PVs in the left atrium, and are destroyed by CPVI, the right atrium is also richly 

innervated by the parasympathetic nervous system. For this reason, it  may be beneficial, in 

patients from group B, to also denervate areas in the right atrium. However, previous studies have 

demonstrated that incidence of ablation-induced bradycardia-hypotension response was higher in 

the proximity of the PVs than with ablation of other atrial tissues [82,33,63]. A second possibility 

is that  destruction of vagal nerve fibers after CPVI often results in a short-lived, excessive release 

of acetylcholine at  the atrial level. This is reflected by a vagal predominance early after CPVI, 

lasting until approximately one week post-procedure. Once this period is over, a prolonged and 

stable vagolytic effect is assumed to contribute to the prevention of further AF recurrence, 

presumably by reversing AF-induced atrial remodeling. Although these two factors may 

contribute to this unusual trend that  I have observed, the most likely cause is that many patients 

were discharged, post-procedure, with beta blocker medication. Of the 37 patients in group A, 20 

used beta blocker medications (54%), as did 14 of the 27 patients in group B (52%). Although 

anti-arrhythmic medications were suspended 5 half-lives prior to the procedure, and were not 

resumed for three months, beta blockers are not  typically classified as anti-arrhythmic 

medications. Beta blockers inhibit the influence of the sympathetic nervous system on the heart 

by diminishing the effects of epinephrine and stress hormones. This is likely to have played a 

profound confounding role in my unexpected frequency-domain results. Significant  changes in 

autonomic tone with respect  to pre-procedure levels, as quantified by frequency-domain HRV 

analysis, are summarized in table 4.2.
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HRV Index Patient 
Group 1 Hour 24 Hours 6 Weeks 3 Months 6 Months 12 Months

HF Power
A ⎯ ↑ ↑ ↑ ⎯ ⎯

B ⎯ ⎯ ↑ ↑ ⎯ ⎯

LF Power
A ⎯ ↓ ↓ ↓ ⎯ ⎯

B ⎯ ⎯ ↓ ⎯ ⎯ ⎯

LF/HF Ratio
A ⎯ ↓ ↓ ↓ ⎯ ⎯

B ↓ ↓ ↓ ⎯ ⎯ ⎯

Table 4.2: A summary of results for frequency-domain HRV analysis, where arrows represent a 
significant change with respect to pre-procedure levels at a follow-up interval (P < 0.05), and 

hyphens represent no significant change with respect to pre-procedure levels

 The first HRV index I measured was ApEn. Although some alterations in ApEn were 

observed in group A and group B, such as a trend toward increased entropy 24 hours post-

procedure, a decrease lasting until the 3 month follow-up recording, as well as a subsequent 

increase up to the recording made one year post-procedure, there was no significant  difference 

between any of these values and those obtained from group C. However, patients from group A 

exhibited higher pre-procedure levels than patients from group B (P=0.02). Another interesting 

observation is that  patients from group A showed ApEn values consistently elevated with respect 

to group C, indicating greater variability, whereas patients from group B exibited ApEn values 

that were consistently lower than those obtained from group C, indicating more regularity. The 

second nonlinear HRV index calculated was SampEn. For patients from group A, pre-procedure 

SampEn values did not  differ from group C, and was not changed by CPVI. The SampEn of 

patients from group B was no different from pre-procedure levels observed in group A. There was 

a significant increase in SampEn values of patients from group B at the 6 month follow-up, and a 

subsequent decrease back to pre-procedure levels at the recoding made one year post-procedure.

 Decreased entropy indicates similar prognostic information to decreased HRV quantified 

by traditional measures, due to decreased complexity in RR intervals occurring in the presence of 
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illness. It  has been shown, for example, that  there is a reduction in entropy for RR-interval series 

as a result  of aging [57], and in infants with aborted SIDS [32]. Decreased entropy has also been 

used as an independent predictor of post-operative atrial and ventricular arrhythmias [18]. In our 

study, however, the results of entropy analysis did not prove to be a strongly correlated with 

outcome after CPVI.

 Patients undergoing the CPVI procedure demonstrate a number of significant  changes in 

short-term DFA slope (∝1) over the year of follow-up. For both groups undergoing CPVI, pre-

procedure values were consistent with levels observed in group C. In patients from group A, 

short-term DFA values were found to be decreased with respect  to pre-procedure levels at 24 

hours, and up to 6 months post-procedure. For patients from group B, short-term ∝1 was also 

decreased at 24 hours, and remained attenuated up to 6 months post-procedure. In addition, for 

patients from group A, short-term DFA values were decreased with respect  to group C at 1 hour, 

and in all subsequent recordings. Patients from group B exhibited this as well, except  that  values 

were not  significantly decreased, with respect  to group C, until 24 hours post-procedure. In 

contrast  to short-term DFA, few changes were observed in long-term fluctuation slope. Levels 

remained consistent with group C for all CPVI patients at all intervals.

 The final nonlinear HRV indices performed were parameters associated with the Poincaré 

plot for each ECG recording. SD1 values exhibited by patients from group A before CPVI were 

statistically no different from group C, whereas those shown by patients from group B were 

significantly decreased (P=0.04). In patients from group A, SD1 values were decreased vs pre-

procedure levels at  follow-up intervals of 24 hours, 6 weeks, and 3 months post-procedure. They 

returned to pre-procedure levels for the recordings made at 6 months and at 12 months. For 
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patients from group B, SD1 levels showed no significant deviation from pre-procedure levels 

over the year of follow-up recordings. 

 For SD2 values, neither of the two patient groups exhibited significantly different pre-

procedure values from group C. In patients from group A, post-procedure SD2 values were 

decreased vs pre-procedure levels at  all follow-up intervals. In patients from group B, SD2 values 

were decreased with respect to pre-procedure levels at  24 hours, 6 weeks, and at 6 months. 

Significant changes in nonlinear HRV indices, with respect to pre-procedure levels, are 

summarized in table 4.3. 

HRV Index Patient 
Group 1 Hour 24 Hours 6 Weeks 3 Months 6 Months 12 Months

ApEn
A ⎯ ⎯ ⎯ ⎯ ⎯ ⎯

B ⎯ ⎯ ⎯ ⎯ ⎯ ⎯

SampEn
A ⎯ ⎯ ⎯ ⎯ ⎯ ⎯

B ⎯ ⎯ ⎯ ⎯ ↑ ⎯

DFA: ∝1
A ⎯ ↓ ↓ ↓ ↓ ⎯

B ⎯ ↓ ↓ ↓ ↓ ⎯

DFA: ∝2
A ⎯ ⎯ ⎯ ⎯ ⎯ ⎯

B ⎯ ⎯ ⎯ ⎯ ⎯ ⎯

Poincaré: SD1
A ⎯ ↓ ↓ ↓ ⎯ ⎯

B ⎯ ⎯ ⎯ ⎯ ⎯ ⎯

Poincaré: SD2
A ↓ ↓ ↓ ↓ ⎯ ↓
B ⎯ ↓ ↓ ⎯ ↓ ⎯

Table 4.3: A summary of results for nonlinear HRV analysis, where arrows represent a significant 
change with respect to pre-procedure levels at a follow-up interval (P < 0.05), and hyphens 

represent no significant change with respect to pre-procedure levels

 Pre-procedure recordings were only made when patients were in sinus rhythm, and 

therefore no patients in persistent  AF are included in pre-procedure analysis. It  is possible that 

these patients, who likely have more severe and long-standing cases of AF, would exhibit lower 

HRV in sinus rhythm than patients with paroxysmal AF. If pre-procedure HRV analysis could 
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have been performed on these patients, I may have observed significantly different  results. 

However, since HRV analysis, in the traditional sense, is not  appropriate for recordings made 

during AF, this has not been possible for my study. 

 In this study, HRV was performed as an indicator of autonomic tone as opposed to a risk 

stratifier for adverse cardiovascular events. Since HRV analysis methods are no different 

regardless of the objective of the study, it is appropriate for me to speculate on the potential 

implications of CPVI on overall cardiovascular health. Since there are no studies that provide 

insight  into the long-term effects of CPVI, and to suggest otherwise, it  appears as though CPVI 

may put  patients at  significant risk for adverse cardiovascular events. The attenuated HRV indices 

resulting from CPVI render otherwise healthy patients in line with those at risk for MI, SCD,  and 

CHF.

 

4.2 Study Limitations and Future Work

Although there is a large body of data demonstrating that abnormal HRV is associated with 

cardiovascular mortality, the mechanisms responsible for this association are not  well established, 

and interpretation of results can therefore become tedious. In addition, a consensus is lacking as 

to the best  HRV measure for clinical purposes. Although the popular time-domain and frequency-

domain measures are most  common, the newer nonlinear methods may be more powerful. Before 

HRV can be fully integrated into clinical practice, precise insight into the pathophysiological 

association between HRV and cardiovascular mortality is required.

 Although thousands of clinical studies utilizing HRV have taken place, it has not yet  

achieved widespread use in clinical practice. This is principally due to its physiological basis 

being unclear; despite low HRV being associated with cardiovascular mortality, the exact mode of 
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death is unknown [25]. Since abnormal HRV is a general risk marker for all common modes of 

cardiac death (arrhythmic, vascular, and hemodynamic), it  is likely that perturbations in HRV 

result from a complex group of physiological phenomena [67]. This is the main reason that it has 

not yet been possible to develop short-term methods to simply ‘improve HRV’ in a patient  who is 

deemed to be at  risk for adverse events. It  is also unknown as to whether such a method, even if 

discovered, would truly be able to prevent  mortality. There are, however, some encouraging 

results, such as those of a prospective study that found an increase in HRV, resulting from  

exercise therapy, to reduce overall mortality [35]. 

 Reproducibility, the ability of a test or experiment to be accurately reproduced or 

replicated by someone else working independently, is a critical aspect of all medical diagnostic 

techniques, and it is on this point  that HRV analysis is often criticized.  The stability of the results 

of HRV analysis are highly dependent on optimal recording conditions. Many studies expose this 

unfortunate reality, such as that by Ponikowski and colleagues that  shows he reproducibility of 

both time or frequency-domain measures of heart  rate variability in patients with chronic heart 

failure may vary significantly, and that square root  or log-transformed parameters may be 

considered rather than absolute units in studies assessing the influence of management on heart 

rate variability profile [59]. Baseline HRV values exhibit different  patterns and characteristics 

between  individuals, so it  can therefore become tedious to make strong inferences from these 

values. 

 Perhaps the most  problematic limitation of HRV analysis is the interpretation of results. 

Even though patients with poorer prognosis, in many clinical conditions, exhibit lower HRV  than 

healthy control subjects, there is almost inevitably some overlap between patient groups in certain 

HRV indices. It is for this reason I recommend that, although standards of measurement  have 

been well established, methods used for interpretation of results should also be reviewed and 
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standardized. When possible, it would be beneficial to combine HRV analysis with other  

methods, such as variability in IBIs, blood pressure, and LVEF. It  appears likely that this would 

facilitate more-insightful comparison between studies, and would minimize misleading and 

uncertain results. It  needs to be determined which HRV indices hold the most weight in each 

application, and how results from different HRV indices, from all domains, should be combined 

in order to provide consistent prognostic information. The ideal method for clinical work would 

be a single HRV index that  could be calculated reliably on the basis of a simple, widely-available 

analytical method.

 To contextualize the need for standardization in practices for interpretation, it  has been 

claimed that reduced HRV does not always show a high accuracy for predicting the occurrence of 

life-threatening events. In Nordic ICD study, ICDs were implanted in 33 patients exhibiting low 

HRV and impaired left-ventricular ejection fraction (LVEF) after an AMI [80]. During the median 

follow-up of 22 months, only one patient  experienced an appropriate shock from their ICD. This 

suggests that  low HRV, used in combination with LVEF, has a low accuracy for predicting the 

occurrence of life-threatening arrhythmic events. However, the results of this study are 

misleading, as the only HRV index used was SDNN. This study likely only provided insight  into 

a small part of the picture in terms of the potential relationship between autonomic dysfunction 

and arrhythmic mortality. It is also important to note that  although HRV analysis provides insight 

into aspects of many clinical conditions, there are some cases where its use may be inappropriate. 

For example, it  is well-documented that  HRV assessment provides no prognostic significance 

among individuals who have undergone coronary artery bypass grafting (CABG). This suggests 

that HRV may not be a uniform prognostic indicator in all clinical populations.

 This thesis report  provides another example of the need for standardization of methods 

for interpreting HRV. I demonstrated that although HRV has been useful for gaining new insight 
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into the anti-arrhythmic mechanisms of CPVI, and has some potential as a predictor of procedural 

outcome, certain HRV indices appear not  to be profoundly affected by this procedure. My results 

indicate that although CPVI has a significant impact  on time-domain, frequency-domain, and 

some nonlinear indices, it  does not affect entropy. However, my results also may potentially have 

been confounded due to some patients from group A having simply been rendered asymptomatic, 

rather than being truly free from recurrent  AF. Another problem with this study is that  it was not 

determined for each patient whether AF could be classified as adrenergic, vagotonic, or random 

(as defined in section 2.3.2).

 Some additional limitations exist  in this study. The two patient  groups may not  have been 

appropriately matched with the control group for this study, as they contained many older patients 

in very poor cardiovascular health who therefore exhibited inherently-lower HRV indices than the 

younger control group in good cardiovascular health. This may explain the lower baseline HRV 

observed in my study with respect to that  observed in Pappone’s study; his study population was 

composed predominantly of young patients (all of which having paroxysmal AF) with good 

cardiac function (mean age 49.2±6.6 vs 57.1±9.7) whereas mine was composed of an older 

population, with many patients having persistent  AF. It may have been more insightful for me to 

have included a control group of similar age, LVEF, and baseline HRV, but with no history of 

arrhythmia. My results may also be confounded due to it being possible that patients in group B 

may simply have had worse cardiovascular health than group A, causing them to be destined for 

recurrence of AA post-procedure. As I continue to acquire recordings from patients treated by Dr. 

Redfearn and colleagues, and therefore to increase the size of this study’s data set, I expect  that 

this aspect will be clarified. 

 In my opinion, the future of variability analysis is in its potential for continuous multi-

organ variability analysis for dynamic monitoring as a risk stratifier and critical decision-support 
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tool. To this effect, HRV analysis should be combined with variability in other biological signals, 

such as saturation of peripheral oxygen (SpO2), breath (CO2), and blood pressure (BP). Results 

need to be combined into one index that  is simple to interpret, and is clinically-relevant.   

Therapeutic Monitoring Systems (TMS), a business based at  the Ottawa Hospital Research 

Institute (OHRI), is developing such decision support software for use in the ICU that  integrates 

with patient vital sign monitoring systems and provides health professionals with objective 

insights into subtle but clinically relevant  changes in patient health status [79]. Currently, the 

measurement  of HRV by various methods remains a fascinating ‘research toy’, but is not  a 

routine clinical tool. If research into HRV analysis, as well as biological signal processing in 

general, continues to progress exponentially as it  has during the past 20 years, it is possible that  it 

will become a routine clinical procedure comparable with the measurement of blood pressure or 

plasma cholesterol in the near future [25].
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Chapter 5

Conclusion

There is little data to evaluate the relationship between autonomic nerve function modification 

and recurrent AF after CPVI, and as a result, the anti-arrhythmic mechanisms of this new 

approach remain unclear. This thesis makes a number of contributions to the current state of 

knowledge by affirming results obtained in previous studies, and also by providing new insight 

into aspects of the relationship. Our data suggests that patients from group B have reduced HRV 

that is not changed by ablation; whereas patients from group A experience a change in HRV 

variables that is sustained over a long period, but is no different, post-procedure, from patients 

experiencing recurrence. These intriguing results suggest that although the autonomic 

modification associated with CPVI contributes to the anti-arrhythmic mechanisms of this 

procedure, and that  areas of vagal innervation should be specifically targeted for ablation, it  may 

only benefit patients who have normal vagal tone. Patients who exhibit  low vagal tone do not  

appear to have as much potential for vagal denervation by CPVI, and are therefore unlikely to 

benefit. I have also observed that sustained denervation over a year of follow-up recordings is not 

a critical factor in successful outcome, suggesting that analysis of short-term follow-up 

recordings has sufficient prognostic capacity in terms of predicting recurrence. Further 
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prospective studies appear warranted to target  patients with normal vagal tone. This affirms my 

hypothesis, since a significant  reduction in vagal tone with respect  to pre-procedure levels, as 

quantified by HRV analysis, appears to reduce the likelihood of AA recurrence post-CPVI. My 

results suggest that  patients who exhibit an attenuation in vagal tone, with respect to pre-

procedure levels, are be less likely to have recurrence of AA, whereas those whose vagal tone is 

not significantly reduced by CPVI are more likely to exhibit recurrence post-procedure. Further 

prospective studies appear warranted to target patients with normal vagal tone. 

 I began by providing background information in order to establish fundamental concepts 

for readers from diverse disciplines, and also to reacquaint  readers with whom they may already 

be familiar. I covered topics such as the electrical conduction system of the heart, current 

practices in electrocardiography, and recent research in cardiac arrhythmia. A detailed overview 

of HRV analysis was also provided, in which advanced techniques were described in-depth. 

 I detailed my original work in chapter 3, and contrasted my results with previous work in 

this area. Although the results I obtained by applying fundamental HRV analysis methods were 

similar to those obtained by other researchers, I made a number of novel observations. I also 

performed additional nonlinear HRV analysis methods, such as approximate entropy (ApEn), 

sample entropy (SampEn), detrended fluctuation analysis (DFA), and Poincaré plot  analysis. 

Although these advanced techniques have been shown to provide unique insight  into patient 

status and prognosis, and have been established as powerful additions to HRV analysis, this was 

the first  time they had been applied to observe patients undergoing vagal denervation by CPVI. 

Finally, I present some limitations of this study, highlight inherent  problems with performing 

HRV analysis in general, and speculate about  the future of variability analysis in medical research 

and clinical care.
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 In summary, my thesis work makes several notable contributions. My results are valuable 

due to there being few studies that  have yet to investigate the relationship between autonomic 

nerve function modification and recurrent  AF after CPVI. I confirm the findings of other research 

studies, and also perform additional analysis methods that  have not yet  been applied in this area. 

This thesis presents yet  another application for the young and exciting field of variability 

analysis, and provides novel insights that  are ready to be applied to clinical practice in order to 

improve patient care.
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Appendix 1: Abbreviations

Abbreviation Term Abbreviation Term

AA Atrial Arrhythmia LF/HF Low/High Frequency Ratio

AC Alternating Current ICD Implantable Cardioverter-
Defibrillator

ACh Acetylcholine LF Low Frequency

AF Atrial Fibrillation LVEF
Left-Ventricular Ejection 

Fraction

ApEn Approximate Entropy MI Myocardial Infarction

AT Atrial Tachycardia NN50
Number of Successive Normal-
Normal Intervals Differing by 

more than 50ms

AFL Atrial Flutter NTS Nucleus Tractus Solitarus

ANS Autonomic Nervous System NU Normalized Units

AR Autoregressive PA Pulmonary Artery

AV Atrioventricular pNN50
Proportion of Normal-Normal 

Intervals Differing by more than 
50ms

CABG Coronary Artery Bypass Grafting PV Pulmonary Vein

CHF Congestive Heart Failure PSD Power-Spectral Density

CPVA Circumferential Pulmonary Vein 
Ablation RF Radiofrequency

CPVI Circumferential Pulmonary Vein 
Isolation RMSSD Root Mean Square Successive 

Difference

100



DFA Detrended Fluctuation Analysis RR Distance between adjacent R-
waves in an ECG recording

DC Direct Current SA Sinoatrial

ECG Electrocardiogram SampEn Sample Entropy

EP Electrophysiology SCD Sudden Cardiac Death

ERP Effective Refractory Period SD Standard Deviation

FT Fourier Transform SDNN Standard Deviation of Normal-
Normal Intervals

FFT Fast Fourier Transform SIDS Sudden Infant Death Syndrome

FU Follow-Up SVT Supraventricular Tachycardia

HF High Frequency ULF Ultra-Low Frequency

HRV Heart Rate Variability VF Ventricular Fibrillation

IBI Inter-Breath Interval VLF Very Low Frequency

ID Intercalated Disc WPW Wolff-Parkinson-White 
Syndrome

ILR Implantable Loop Recorder

APPENDIX 1. ABBREVIATIONS  101


	title
	Seaborn MSc Thesis
	MSCDONE
	Seaborn MSc Thesis
	Binder2
	Binder1
	T.pdf
	submitted front
	Binda
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	Chapter 3 Title Page
	Chapter 3 Rest
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	appendix titl
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest



	58
	59
	60
	Binder1
	T.pdf
	submitted front
	Binda
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	Chapter 3 Title Page
	Chapter 3 Rest
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	appendix titl
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest



	62
	63
	64
	Binder1
	T.pdf
	submitted front
	Binda
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	Chapter 3 Title Page
	Chapter 3 Rest
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	appendix titl
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest



	66
	67
	Binder1
	T.pdf
	submitted front
	Binda
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	Chapter 3 Title Page
	Chapter 3 Rest
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	appendix titl
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest



	70
	71
	72
	Binder1
	T.pdf
	submitted front
	Binda
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	Chapter 3 Title Page
	Chapter 3 Rest
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	appendix titl
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest




	geoffAPENFRONT
	geoffAPENBACK
	Binder2
	Binder1
	T.pdf
	submitted front
	Binda
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	Chapter 3 Title Page
	Chapter 3 Rest
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	appendix titl
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest



	58
	59
	60
	Binder1
	T.pdf
	submitted front
	Binda
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	Chapter 3 Title Page
	Chapter 3 Rest
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	appendix titl
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest



	62
	63
	64
	Binder1
	T.pdf
	submitted front
	Binda
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	Chapter 3 Title Page
	Chapter 3 Rest
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	appendix titl
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest



	66
	67
	Binder1
	T.pdf
	submitted front
	Binda
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	Chapter 3 Title Page
	Chapter 3 Rest
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	appendix titl
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest



	70
	71
	72
	Binder1
	T.pdf
	submitted front
	Binda
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	Chapter 3 Title Page
	Chapter 3 Rest
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	appendix titl
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest




	geoffBIBEND

	4
	5
	Seaborn MSc Thesis
	Binder2
	Binder1
	T.pdf
	submitted front
	Binda
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	Chapter 3 Title Page
	Chapter 3 Rest
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	appendix titl
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest



	58
	59
	60
	Binder1
	T.pdf
	submitted front
	Binda
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	Chapter 3 Title Page
	Chapter 3 Rest
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	appendix titl
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest



	62
	63
	64
	Binder1
	T.pdf
	submitted front
	Binda
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	Chapter 3 Title Page
	Chapter 3 Rest
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	appendix titl
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest



	66
	67
	Binder1
	T.pdf
	submitted front
	Binda
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	Chapter 3 Title Page
	Chapter 3 Rest
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	appendix titl
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest



	70
	71
	72
	Binder1
	T.pdf
	submitted front
	Binda
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	Chapter 3 Title Page
	Chapter 3 Rest
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	appendix titl
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest




	geoffAPENFRONT
	geoffAPENBACK
	Binder2
	Binder1
	T.pdf
	submitted front
	Binda
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	Chapter 3 Title Page
	Chapter 3 Rest
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	appendix titl
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest



	58
	59
	60
	Binder1
	T.pdf
	submitted front
	Binda
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	Chapter 3 Title Page
	Chapter 3 Rest
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	appendix titl
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest



	62
	63
	64
	Binder1
	T.pdf
	submitted front
	Binda
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	Chapter 3 Title Page
	Chapter 3 Rest
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	appendix titl
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest



	66
	67
	Binder1
	T.pdf
	submitted front
	Binda
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	Chapter 3 Title Page
	Chapter 3 Rest
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	appendix titl
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest



	70
	71
	72
	Binder1
	T.pdf
	submitted front
	Binda
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	Chapter 3 Title Page
	Chapter 3 Rest
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	appendix titl
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest




	geoffBIBEND

	94
	Seaborn MSc Thesis
	Binder2
	Binder1
	T.pdf
	submitted front
	Binda
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	Chapter 3 Title Page
	Chapter 3 Rest
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	appendix titl
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest



	58
	59
	60
	Binder1
	T.pdf
	submitted front
	Binda
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	Chapter 3 Title Page
	Chapter 3 Rest
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	appendix titl
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest



	62
	63
	64
	Binder1
	T.pdf
	submitted front
	Binda
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	Chapter 3 Title Page
	Chapter 3 Rest
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	appendix titl
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest



	66
	67
	Binder1
	T.pdf
	submitted front
	Binda
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	Chapter 3 Title Page
	Chapter 3 Rest
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	appendix titl
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest



	70
	71
	72
	Binder1
	T.pdf
	submitted front
	Binda
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	Chapter 3 Title Page
	Chapter 3 Rest
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	appendix titl
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest




	geoffAPENFRONT
	geoffAPENBACK
	Binder2
	Binder1
	T.pdf
	submitted front
	Binda
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	Chapter 3 Title Page
	Chapter 3 Rest
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	appendix titl
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest



	58
	59
	60
	Binder1
	T.pdf
	submitted front
	Binda
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	Chapter 3 Title Page
	Chapter 3 Rest
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	appendix titl
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest



	62
	63
	64
	Binder1
	T.pdf
	submitted front
	Binda
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	Chapter 3 Title Page
	Chapter 3 Rest
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	appendix titl
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest



	66
	67
	Binder1
	T.pdf
	submitted front
	Binda
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	Chapter 3 Title Page
	Chapter 3 Rest
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	appendix titl
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest



	70
	71
	72
	Binder1
	T.pdf
	submitted front
	Binda
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	Chapter 3 Title Page
	Chapter 3 Rest
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	appendix titl
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest




	geoffBIBEND


	new 81
	MSCDONE
	Seaborn MSc Thesis
	Binder2
	Binder1
	T.pdf
	submitted front
	Binda
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	Chapter 3 Title Page
	Chapter 3 Rest
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	appendix titl
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest



	58
	59
	60
	Binder1
	T.pdf
	submitted front
	Binda
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	Chapter 3 Title Page
	Chapter 3 Rest
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	appendix titl
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest



	62
	63
	64
	Binder1
	T.pdf
	submitted front
	Binda
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	Chapter 3 Title Page
	Chapter 3 Rest
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	appendix titl
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest



	66
	67
	Binder1
	T.pdf
	submitted front
	Binda
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	Chapter 3 Title Page
	Chapter 3 Rest
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	appendix titl
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest



	70
	71
	72
	Binder1
	T.pdf
	submitted front
	Binda
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	Chapter 3 Title Page
	Chapter 3 Rest
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	appendix titl
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest




	geoffAPENFRONT
	geoffAPENBACK
	Binder2
	Binder1
	T.pdf
	submitted front
	Binda
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	Chapter 3 Title Page
	Chapter 3 Rest
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	appendix titl
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest



	58
	59
	60
	Binder1
	T.pdf
	submitted front
	Binda
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	Chapter 3 Title Page
	Chapter 3 Rest
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	appendix titl
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest



	62
	63
	64
	Binder1
	T.pdf
	submitted front
	Binda
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	Chapter 3 Title Page
	Chapter 3 Rest
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	appendix titl
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest



	66
	67
	Binder1
	T.pdf
	submitted front
	Binda
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	Chapter 3 Title Page
	Chapter 3 Rest
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	appendix titl
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest



	70
	71
	72
	Binder1
	T.pdf
	submitted front
	Binda
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	Chapter 3 Title Page
	Chapter 3 Rest
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	appendix titl
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest




	geoffBIBEND

	4
	5
	Seaborn MSc Thesis
	Binder2
	Binder1
	T.pdf
	submitted front
	Binda
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	Chapter 3 Title Page
	Chapter 3 Rest
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	appendix titl
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest



	58
	59
	60
	Binder1
	T.pdf
	submitted front
	Binda
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	Chapter 3 Title Page
	Chapter 3 Rest
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	appendix titl
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest



	62
	63
	64
	Binder1
	T.pdf
	submitted front
	Binda
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	Chapter 3 Title Page
	Chapter 3 Rest
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	appendix titl
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest



	66
	67
	Binder1
	T.pdf
	submitted front
	Binda
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	Chapter 3 Title Page
	Chapter 3 Rest
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	appendix titl
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest



	70
	71
	72
	Binder1
	T.pdf
	submitted front
	Binda
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	Chapter 3 Title Page
	Chapter 3 Rest
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	appendix titl
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest




	geoffAPENFRONT
	geoffAPENBACK
	Binder2
	Binder1
	T.pdf
	submitted front
	Binda
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	Chapter 3 Title Page
	Chapter 3 Rest
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	appendix titl
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest



	58
	59
	60
	Binder1
	T.pdf
	submitted front
	Binda
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	Chapter 3 Title Page
	Chapter 3 Rest
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	appendix titl
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest



	62
	63
	64
	Binder1
	T.pdf
	submitted front
	Binda
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	Chapter 3 Title Page
	Chapter 3 Rest
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	appendix titl
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest



	66
	67
	Binder1
	T.pdf
	submitted front
	Binda
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	Chapter 3 Title Page
	Chapter 3 Rest
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	appendix titl
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest



	70
	71
	72
	Binder1
	T.pdf
	submitted front
	Binda
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	Chapter 3 Title Page
	Chapter 3 Rest
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	appendix titl
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest




	geoffBIBEND

	94
	Seaborn MSc Thesis
	Binder2
	Binder1
	T.pdf
	submitted front
	Binda
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	Chapter 3 Title Page
	Chapter 3 Rest
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	appendix titl
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest



	58
	59
	60
	Binder1
	T.pdf
	submitted front
	Binda
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	Chapter 3 Title Page
	Chapter 3 Rest
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	appendix titl
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest



	62
	63
	64
	Binder1
	T.pdf
	submitted front
	Binda
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	Chapter 3 Title Page
	Chapter 3 Rest
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	appendix titl
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest



	66
	67
	Binder1
	T.pdf
	submitted front
	Binda
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	Chapter 3 Title Page
	Chapter 3 Rest
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	appendix titl
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest



	70
	71
	72
	Binder1
	T.pdf
	submitted front
	Binda
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	Chapter 3 Title Page
	Chapter 3 Rest
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	appendix titl
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest




	geoffAPENFRONT
	geoffAPENBACK
	Binder2
	Binder1
	T.pdf
	submitted front
	Binda
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	Chapter 3 Title Page
	Chapter 3 Rest
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	appendix titl
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest



	58
	59
	60
	Binder1
	T.pdf
	submitted front
	Binda
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	Chapter 3 Title Page
	Chapter 3 Rest
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	appendix titl
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest



	62
	63
	64
	Binder1
	T.pdf
	submitted front
	Binda
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	Chapter 3 Title Page
	Chapter 3 Rest
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	appendix titl
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest



	66
	67
	Binder1
	T.pdf
	submitted front
	Binda
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	Chapter 3 Title Page
	Chapter 3 Rest
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	appendix titl
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest



	70
	71
	72
	Binder1
	T.pdf
	submitted front
	Binda
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	Chapter 3 Title Page
	Chapter 3 Rest
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest

	appendix titl
	big
	Chapter 1.pdf
	Chapter 2 Title Page
	Chapter 2 Title Pagee
	Chapter 2 Rest
	Chapter 3 Title Page
	Chapter 3 Rest
	Chapter 4 Title Page
	Chapter 4 Rest
	Chapter 5 Title Page
	Chapter 5 Rest
	Appendix 1 Title Page
	Appendix 1 Rest
	Bibliography Title Page
	Bibliography Rest




	geoffBIBEND



	end part 1
	end part 2
	end part 3
	end part 4

