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Preface 

 

Over the last decade, there has been a surge of renewed interest and research into 

the treatment of atrial fibrillation (AF), spurred on by the landmark studies of catheter 

ablation for AF. Yet despite over 100 years of studying this arrhythmia, it remains 

incompletely understood and clinical management remains controversial. 

Nevertheless, invasive and non-invasive treatment of AF continues to advance at 

pace, resulting in a persisting gap between effective understanding and therapy. 

 

Studying the characteristics of AF electrograms to identify potential substrates and 

their significance in maintaining AF is an area of research that could help to provide 

further insight into the mechanisms of AF and could also lead to identification of 

targets for delivery of therapy via catheter ablation. The studies that are described in 

this thesis are aimed at contributing to this objective, and involve mainly the use of 

frequency domain analysis of AF electrograms. The effect of pharmacological and 

ablative interventions on AF electrograms will also be examined. 

 

The thesis will begin with a brief abstract of the original research studies carried out 

during my period of research. This will be followed by an introduction of AF, detailing 

the key concepts and understanding that we have of this arrhythmia to date, as well 

as the evolution of its treatment, in particular catheter ablation. Full methodology and 

details of the study results will follow, concluding with a summary chapter.  

 

I would like to take this opportunity to thank all patients who participated in the 

studies within this thesis. I am also grateful to Drs Ng and Stafford for providing 

unwavering support and valuable advice throughout my time in research. I would also 

like to express my appreciation for the patience shown by the Glenfield cardiac 
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physiologists during signal acquisition and to industry technical engineers, who 

provided technical help and support for the research. In addition, I would like to thank 

departmental statistician, Suzanne Stevens for her statistical input, my colleagues in 

the research group, Drs Jeilan, Kundu and Nicolson for their general support and 

advice. Finally, special thanks goes to my wife for her support and patience while I 

work to complete this thesis.  

 

 

JH Tuan 

January 2011 
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Statement of Originality and Involvement 

 

All data collection and analysis carried out for the thesis are entirely my work. The 

concept and design for each study were formulated between myself, and my 

supervisors, Dr G.André Ng and Dr Peter Stafford.    
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Thesis Abstract 

The mechanisms responsible for maintenance of AF remain poorly understood. This thesis 

examines the frequency domain characteristics of AF in order to gain further insights into this 

arrhythmia. Through a series of studies involving patients undergoing catheter ablation for 

atrial fibrillation, intra-cardiac electrograms of AF were collected and analysed using Fast 

Fourier Transform to derive frequency domain parameters of dominant frequency (DF) and 

organization index (OI). It was found that intravenous flecainide reduced DF of AF, but only 

an associated increase in OI was predictive of successful return to sinus rhythm. In another 

study of patients having catheter ablation for persistent AF, a higher OI post-ablation was 

found to be associated with medium-term freedom of AF, suggesting that OI may be a useful 

guide to determine the extent of radiofrequency ablation needed. The effects of vagal 

blockade with atropine were also studied and compared with that of catheter ablation using a 

stepwise strategy of isolating the pulmonary veins, linear ablation and complex fractionated 

electrogram ablation, without deliberately targeting ganglionated plexi. This showed that 

atropine reduced DF and increased OI of AF electrograms, while decreasing mean RR 

intervals, standard deviation of RR intervals and 5th percentile of RR intervals. The directional 

changes of all the above parameters mirrored that of catheter ablation, suggesting that vagal 

blockade and catheter ablation not deliberately aimed at autonomic tissue can have similar 

effects on the frequency spectrum of AF, probably mediated through modulation of the 

autonomic tone. The relationship of regional DF and electrogram complexity as assessed by 

automated measurement of complex fractionated electrogram – mean (CFE-mean) were 

also compared, pre and post-ablation of the left atrium. There appeared to be only a modest 

correlation between the two and this was further weakened following ablation, suggesting 

that these are possibly separate substrate entities.  
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1.1 Brief History and Background 

 

The recognition of the irregular pulse of Atrial Fibrillation (AF) probably dates back 

several centuries, but the first clear and documented account of the fibrillating atrium 

was put forward by William Harvey in 16282-4, when he also described the circulation 

of the blood. More than 100 years later, Jean Baptist de Senac made the observation 

that mitral valve disease was often associated with irregular palpitations.3 

Physiological evidence for AF came from studies using analysis of simultaneously 

recorded arterial and venous pressures by James McKenzie, who demonstrated 

absent a-waves during an episode of irregular pulse.5 It was only the development of 

the electrocardiogram by Willem Einthoven that provided the first 

electrocardiographic evidence of AF in 1906. The connection between irregularity of 

the pulse and clinical AF was subsequently made by Thomas Lewis.6  

 

Despite the long history of recognising and treating AF, it is a condition that is still not 

fully understood. The mechanism of AF continues to be the subject of ongoing 

research and debate, and its optimal management with both medication and with 

invasive procedures remain controversial.   
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1.2 Prevalence, Incidence and Impact on healthcare resources 

 

In modern day clinical practice, AF is acknowledged as the commonest, sustained 

clinical arrhythmia that is encountered.7, 8 It occurs in 1-2% of the general population, 

and its prevalence is expected to double in the next 50 years with an aging 

population.9 Previous projections based on a study of adults with a diagnosis of AF at 

a large health maintenance organization in California, indicated that around 5.6 

million adults in the United States will have a diagnosis of AF by the year 2050.10 

(Figure 1.1)  

 

Figure 1.1: Projected number of adults with AF in the United States 

 

Upper and lower curves represent the upper and lower scenarios based on sensitivity analyses. (Adapted from Go et al.
10

 ) 
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A more recent population study of residents in Minnesota, United States has 

suggested a trend of increasing incidence of AF (from 3.04 to 3.68 per 1000 person-

years) over a 20 year period, leading to an even greater projected prevalence of AF 

of around 12 million by 2050, possibly rising close to 16 million if further increases in 

incidence is seen.11 A European study looking at subjects 55 years and older found 

prevalence of AF to be 5.5%, rising from 0.7% between the age group of 55-59 years 

to 17.8% in those more than 85 years of age.12 In the same study, overall incidence 

was found to be 9.9 per 1000 person-years. The lifetime risk of AF at age 40 years 

was estimated to be 26% for men and 23% for women according to a study of 

subjects from the Framingham Heart Study.13    

 

AF is often associated with other significant health problems and is one of the 

commonest causes for hospital admissions. It has been reported in a Danish study 

that over the last 20 years, there has been a 60% increase in hospital admissions for 

AF.14 Figures in the United States of America have suggested an even more 

dramatic increase of around 2-3 fold seen over a 15 year period.15 AF therefore 

poses a very significant burden to health care resources, with an approximate cost of 

€3000 annually per patient, and total cost approaching €13.5 billion in the European 

Union.8, 16  

 

1.3 Clinical Sequelae and Prognosis 

 

AF is an independent risk factor for stroke,17-19 with risk going up to almost 5 fold in 

those over 80 years of age, compared to individuals with no AF.17 The risk of stroke 

is also incrementally raised by the co-existence of other conditions such as coronary 

heart disease, heart failure, hypertension and diabetes. The only effective treatment 

to reduce the risk of stroke and risk of death from stroke is with anticoagulation 



  19 

therapy, which is superior to antiplatelet therapy with aspirin but at the cost of 

increased bleeding risk.20, 21 Risk stratification scores have been proposed to help 

quantify stroke risk and guide decision on antithrombotic therapy.22-24 AF has also 

been linked with impaired cognitive function and dementia in the absence of any 

overt stroke.25-27  

 

AF results in inefficient atrial contraction and loss of atrial contribution to the cardiac 

output. If not sufficiently treated, the rapid ventricular rates seen in AF may also give 

rise to tachycardia induced cardiomyopathy.28, 29  AF typically gives rise to a variety 

of symptoms such as palpitations and breathlessness, and is associated with a 

poorer quality of life compared to healthy controls.30  

 

Several studies have also reported an increase in all-cause mortality in patients with 

AF.31-34 One of these was from the Framingham Heart Study, which found a 1.5 to 

1.9-fold mortality risk in AF patients compared to those in sinus rhythm, after 

adjusting for pre-existing cardiovascular conditions.32 In this study, the increase in 

mortality with AF was seen in both men and women, with AF seemingly diminishing 

the inherent female survival advantage. (Figure 1.2) 
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Figure 1.2: Kaplan-Meier mortality curves for subjects aged 55-74 (Graph A) and 75-94 years(Graph B) 

 

 

 

Adapted from Benjamin et al.
32
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Data from heart failure trials have also shown AF to be an independent risk factor for 

mortality and morbidity.35, 36 The development of AF and congestive heart failure in 

any temporal order is associated with a poorer prognosis than if either condition 

existed alone.37   

 

1.4 Causal Factors and Associated Conditions 

 

Although AF can occur on its own as an isolated entity (so-called “lone AF”), it is 

more frequently seen in certain subsets of at-risk individuals and in the setting of 

other medical conditions. A European survey found that 90% of patients with AF also 

have other concomitant diseases.38 

 

Common causes and associated factors are detailed below: 

 

 Age 

 

Population studies have consistently shown age to be associated with increasing 

risk of AF.10, 12, 13, 31 

 

 Gender, Race and Genetics 

 

Male sex, race: Men are well known to be more susceptible to developing AF.7, 12, 

13, 39 In a survey of over 600,000 men, AF was found to be more prevalent in 

whites, native Americans, and Pacific Islanders. 40 Data from the Framingham 

Heart Study also found an increased risk of developing AF in individuals born to 

parents with a history of AF.41 Brugada et al had earlier identified a familial form of 

AF which was inherited in an autosomal dominant fashion, with the disease locus 

being mapped to chromosome 10.42 A similar inherited form of AF was also 

observed in a family by Ellinor et al, who mapped the disease locus in this case to 
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chromosome 6.43  This has led to the notion that AF may be an ion channel 

disorder and further characterization of causative genes is the subject of ongoing 

research.   

 

 Hypertension 

 

Hypertension has long been known to co-exist with AF and is associated with left 

ventricular hypertrophy, left atrial enlargement and changes in atrial 

electrophysiology (slowing of conduction velocity44 and decrease in atrial 

refractory period45), which result in conditions that favour development of AF. 46, 47 

 

 Cardiac Disease and Heart Failure 

 

The presence of congestive heart failure also increases the risk for the 

development of AF,39 likely to be due to a combination of increase atrial pressure 

and associated valvular disease, which on its own is also a risk factor for AF. 

Interstitial fibrosis affecting electrical conduction in heart failure has been 

implicated as well.48  Previous myocardial infarction is also thought to increase 

the risk of developing of AF in men.39  Other cardiac conditions associated with 

AF include congenital heart defects and the cardiomyopathies. 

 

 Alcohol 

 

The link between alcohol intake and AF has been demonstrated in a study of over 

16,000 subjects which showed that heavy alcohol consumption (35 or more drinks 

per week) was associated with an increased risk of AF 49 
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 Obesity 

 

A raised Body Mass Index of >30 has been found to be associated with a 50% 

increased risk for developing AF, possibly mediated by left atrial dilatation.50 A 

closely related finding is that the magnitude of nocturnal oxygen desaturation in 

obstructive sleep apnoea has been found to be a predictor of AF, independent of 

body mass index.51 

 

 Pulmonary Disease 

 

Reduced lung function, such as that seen in patients with chronic obstructive 

pulmonary disease, is associated with a higher risk of developing AF, with a 

higher risk of AF hospitalisation than those with normal lung function.52 

 

 Endocrine Disease 

 

Thyrotoxicosis is a well known cause of AF. Subclinical hyperthyroidism has also 

been associated with the development of AF.53 Diabetes often co-exists with AF, 

and recent data suggests that not only is diabetes a risk factor for AF, the risk 

increases with longer duration of treated diabetes and worse glycaemic control.54 
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1.5 Classification of AF 

 

According to consensus statements and guidelines from international bodies,8, 9, 55 

AF may be classified as (Figure 1.3): 

  

 Paroxysmal AF: recurrent AF (≥2 episodes) that terminates spontaneously 

within 7 days 

 

 Persistent AF: AF that is sustained for more than 7 days or lasting less than 7 

days but requiring pharmacological or electrical cardioversion 

 

 Long-standing persistent AF: Continuous AF of greater than 1 year in 

duration 

 

 Permanent AF: AF where any form of cardioversion has either failed or not 

been attempted, and where a decision has been taken to accept the presence 

of AF and not pursue any rhythm control strategy. 

 

 

 
Figure 1.3: Classification of AF 

 
 

Diagramatic representation of the spectrum of AF and relationship with duration, triggers 

(e.g. ectpoic foci) and atrial substrate (result of electrical and structural remodelling). These 

will be discussed in greater detail in section 1.6 and 1.7 
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1.6 Atrial Fibrillation: The self-perpetuating arrhythmia 

 

1.6.1 Electrical remodelling in AF 

 

AF has the inherent ability to perpetuate itself. This has been elegantly demonstrated 

in a well known study by Wiffels et al56, who provided experimental evidence for the 

phrase “AF begets AF”. In their study, chronically instrumented goats were 

maintained in AF with the use of a fibrillation pacemaker. After the first 24 hours of 

pacing induced AF, a shortening of fibrillation intervals and shortening of the atrial 

effective refractory period were noted. The ease of AF inducibility increased and an 

attenuation in physiological rate adaptation was also seen. These 

electrophysiological changes were completely reversed back to baseline after 

restoration of sinus rhythm for 1 week. Similar acute reductions in atrial refractoriness 

have also been demonstrated in human subjects after pacing induced AF.57  

 

Yue et al subsequently showed that sustained atrial tachycardia in paced dogs 

reduced the densities of the transient outward current (Ito) and L-type Ca2+ current 

(Ica), and that the latter effect was responsible for decreasing the action potential 

duration (APD) and APD adaptation to rate.58 This could therefore be the ionic basis 

for Wiffels’ observation above. A reduction in the Na+ current (INa), conduction 

velocity and wavelength, as well as increased regional heterogeneity have also been 

reported in separate publications by the same research group using  paced dog 

hearts.59, 60 Yue et al went on further to show that prolonged atrial pacing in dogs led 

to reductions in mRNA concentrations of genes encoding for alpha 1c subunit of L-

type Ca2+ channels, alpha subunit of Na+ channels, and Kv4.3 (potassium channel 

responsible for Ito).
61 These observations mirrored the changes in the corresponding 

ionic current densities in their earlier studies, thus providing evidence that chronic 
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atrial tachycardia changes atrial ion channel gene expression, which result in 

conditions that favour the perpetuation of AF. Similar changes in ionic currents have 

also been subsequently reported in human AF.62, 63 

 

1.6.2 Structural remodelling in AF 

 

Apart from electrophysiological changes, structural remodelling also occurs in AF. 

The relationship between atrial tissue mass and AF has been recognised as early as 

1914.64 Left atrial dilatation often co-exists with AF and is known to be an 

independent risk factor for development of AF.65 On the other hand, left atrial 

enlargement may also be a result of AF. This may be due to increase in atrial 

pressure and stretch as a result of loss of atrial contribution to ventricular filling. In 

patients with newly diagnosed AF, left atrial dimensions (on follow-up of up to 4 

years) were found to be larger in those who stayed in AF, compared to those who 

had paroxysmal AF or no AF recurrence.66 Follow-up of patients with lone AF 

showed a significant increase in left and right atrial volume over a 20 month period, 

having been within normal limits at baseline.67 According to the multiple wavelet 

hypothesis proposed by Moe and Abildskov68, AF is the result of multiple wavelets of 

re-entrant circuits propagating throughout the atria. The greater the number of 

wavelets, the more likely the arrhythmia will sustain itself. It can therefore be implied 

that a larger atrial mass will promote the existence of AF. At a microscopic level, 

changes such as loss of myofibrils, accumulation of glycogen, changes in 

mitochondrial structure, fragmentation of sarcoplasmic reticulum and dispersion of 

nuclear chromatin have been observed in goats with pacing induced AF.69 These 

changes have been likened to that seen in myocardial hibernation in the ventricular 

myocyte. AF is also associated with fibrosis70, 71 of the atrium and remodelling of 

connexins (myocyte gap junction proteins) may also play a role, although studies into 
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this so far have not produced consistent results.72, 73 Together with macroscopic atrial 

enlargement, these ultrastructural changes may give rise to increased heterogeneity 

in atrial conduction and promote maintenance of AF. 

 

From the discussion above, it can be seen that both electrical and structural 

remodelling in AF constitute a positive feedback loop that will only lead to one 

possible outcome: the continued persistence of AF.  

 

1.7 Mechanism of AF – focal vs reentry, have we come full circle? 

 

The mechanism of AF has been the subject of keen research ever since it was 

discovered.  In the last 100 years, several theories of AF mechanism have been put 

forward by researchers, but up to this day, it remains an area of controversy. 

 

One of the main concepts behind the mechanism of AF and indeed that of most 

cardiac arrhythmia, is reentry. The observation of reentry was first described by 

Mayer in 190874, when he described circus movement in rings cut from the jellyfish 

umbrella. He wrote: 

 

“This wave will maintain itself indefinitely, provided the circuit be 

long enough to permit each and every point of the wave to remain 

at rest for a certain period of time before the return of the wave 

through the circuit”    

 

Further studies of animal hearts by Mines75, 76 established the importance of 

unidirectional block as an essential requirement for reentry. He also provided the 
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beginnings of the concept of wavelength (which is the minimum pathlength that 

supports reentry) and its relationship with the refractory period and conduction 

velocity. Studies by Garrey64 further associated fibrillation with multiple reentry, and 

also demonstrated the critical mass theory when he showed that AF could not be 

induced or sustained below a critical atrial mass. 

 

The view that AF may be due to reentry mechanisms was not universally accepted 

and other researchers suggested that rapid firing of single or multiple atrial ectopic 

foci are responsible for AF.77, 78 Lewis initially supported the idea of AF being from a 

focal ectopic origin79 but subsequently changed his view to that of single reentry 

circuit with fibrillatory conduction,80 as opposed to multiple reentrant circuits originally 

suggested by Mines and Garrey.(Figure 1.4)  

 

Figure 1.4: Early theories of AF mechanism.  

 

   

Proposed mechanisms included ectopic focus (left), single reentry with fibrillatory conduction (middle), and 

multiple reentry (right) 

 

Building on the foundations left by Mines in his original study of reentry, Wiener and 

Rosenblueth81 subsequently formulated wavelength (WL) as a product of refractory 

period (RP) and conduction velocity (CV) [WL = RP X CV], and showed that it 

critically determined the likelihood of reentry.  
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The theory of reentry behind AF was once again challenged by Scherf 82, 83 in 1947, 

when he conducted experiments which showed that injection of aconitine into the 

atrial wall (either left or right atrial appendage) produced what he described as 

“auricular tachycardia”, which was subsequently shown to be atrial flutter with 

episodes of fibrillation as well. Cooling at the site of injection immediately abolished 

the tachycardia with rapid re-initiation when cooling was stopped. This led to him 

concluding that atrial flutter and fibrillation are initiated by rapid impulses originating 

from a focal source and that reentry or circus movement cannot explain his 

observations. 

 

1.7.1 The Multiple Wavelet Hypothesis 

 

Further experiments carried out by Moe and Abildskov68 showed that AF induced by 

either aconitine injection or repeated electrical stimulation of the appendage, was 

capable of sustaining itself, in the presence of vagal nerve stimulation, even after 

clamping off the atrial appendage. This led them to conclude that while it is possible 

that AF may be initiated by focal firing from a single or multiple sites, or by a rapid 

circulating circus movement (the type that is attributed to Lewis), “true fibrillation” is 

subsequently self-sustaining and independent of the original trigger. The multiple 

wavelet hypothesis68, 84 was put forward to explain this, whereby it was thought that 

propagation of electrical excitation occurred in a non-uniform manner due to variation 

in tissue refractory periods, such that depolarisation wave fronts divide into daughter 

wavelets as they encounter islets of refractory tissue, which then continue to wander 

randomly around the atria, hence perpetuating AF. Based on this, a larger atrial mass 

will accommodate a greater number of wavelets and increase the chance of 

sustaining AF which would appear to match the original theory by Garrey64 closely.  

The multiple wavelet hypothesis was subsequently tested in a computer model of AF 
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and found to agree well.85 An experimental model of AF by Allessie et al86 

demonstrated that the critical number of wavelets required for the perpetuation of AF 

ranges between 3-6. 

 

1.7.2 The Leading Circle  

 

The description of reentry by Mines75 was based on observations in ring-shaped 

strips of cardiac tissue which assumes the presence of an anatomical obstacle. 

Further work by Allessie et al87 led to the proposal of the “Leading Circle” concept. 

The authors showed that it was possible to induce functional reentry without an 

anatomical obstacle. A functional reentrant circuit in this case was completely 

dependent on the electrophysiological properties of the tissue composing the circuit, 

and naturally established itself as a circuit the size of its wavelength, i.e. the smallest 

circuit possible, with no excitable gap. This “leading circle” will have the most rapid 

activation rate compared to its peripheries and hence will control overall rate. The 

centre of the core in this case is activated by centripetal wavelets form the leading 

circle, keeping it refractory (Figure 1.5). The number of leading circles a tissue can 

contain is dependent on its dimensions relative to that of the circuits which in turn is 

predominantly determined by its wavelength (product of conduction velocity and 

refractory period). In the context of AF, a larger wavelength will mean a decrease in 

the capacity to accommodate multiple circuits, which will mean increased likelihood 

of termination. The significance of this has made wavelength a potentially useful tool 

to evaluate the efficacy of drugs used in the treatment of AF.88-90 
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1.7.3 Spiral Waves 

 

Subsequent work by Panfilov91 and Winfree92 proposed spiral wave activity as the 

mechanism by which self-sustaining rhythms are maintained in excitable media such 

as the heart, hence challenging the leading circle concept as the cause of functional 

reentry. Spiral waves, also called rotors or vortices, rotate around a core where 

isochrones converge and conduction velocity is slow (Figure 1.5). The size of the 

core is determined by the curvature of the wave front and by the refractory period. 

The core of a spiral wave is excitable but non-excited, and there remains an excitable 

gap in front of the leading edge of the wave, unlike that of the leading circle. 

Polymorphic and monomorphic patterns of activation can arise due to drifting spirals 

and anchored spirals respectively, suggesting that the behaviour of the core or rotor 

may play a role in determining the appearance of the arrhythmia.93, 94  

 

Figure 1.5: Leading Circle reentry vs Spiral wave reentry.  

 

 

 

The leading circle has a core that is continuously excited by centripetal waves and has no excitable gap, while the 

spiral wave has an excitable core that is not excited. An excitable gap is present unlike the leading circle. 

 

 

Leading circle Spiral Wave 
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Three-dimensional spiral waves would be expected to occur across the thickness of 

the myocardium and these are known as scroll waves. The early studies looking into 

spiral waves were based on models of monomorphic and polymorphic ventricular 

tachycardia. Subsequent experimental evidence has also been presented showing 

presence of spiral waves in AF. Using optical mapping of sheep atria, Skanes et al95 

demonstrated evidence of spatiotemporal periodicity during AF, with good correlation 

between the dominant frequency of the periodic activity and that of the atrium 

globally. The sources of spatiotemporal periodicity were predominantly located in the 

left atrium, and were shown be stationary rotors on the anterior wall of the left atrial 

appendage in their model of AF. Conversely, there was usually no periodic activity in 

the right atrium and complex patterns of activation were seen, giving rise to irregular 

activity on the electrograms. An extension of this work by Mandapati et al96 which 

included more extensive contact mapping of the atria, demonstrated the 

characterization of spatial distribution of dominant frequencies (DF) which allowed 

identification of sites with rapid periodic activity. The sites with the highest DF were 

typically located close to the pulmonary veins and posterior left atrium. Optical 

mapping in the same study revealed the presence of stable rotor activity at highest 

DF sites, suggesting that stable, localized reentry in the form of a rotor could be the 

mechanism of AF that was seen. These findings would agree well with an earlier 

report by Schuessler et al97, where it was found that multiple reentrant circuits seen 

in early onset of induced AF, stabilized to a small, single and stable reentrant circuit 

when AF became sustained, suggesting that AF could be more “focal” than 

previously thought. From the above studies, Jalife et al went on to propose that 

sustained AF is due to periodic activity from re-entrant sites in the form of rotors, and 

that wavefronts emanating from these could divide into wavelets when encountering 

anatomical or functional obstacles, and these can go on to generate new rotors.98, 99  
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This hypothesis would seem to share some common ground with Lewis’ view80 that 

AF was due to circus movement consisting of a single re-entrant circuit and fibrillatory 

conduction. 

 

While the rotor hypothesis has gained increasing acceptance over the recent years, 

this does not exclude the existence of the other proposed mechanisms. For example, 

the revolutionary use of catheter ablation to treat AF has shed further light on the role 

of focal activity in AF. By mapping intra-cardiac electrograms in patients with 

paroxysmal AF, Jais et al100 found rapid focal activity predominantly from the left 

atrium, which was responsible for producing a surface ECG pattern of AF. 

Haissaguerre et al101 subsequently showed in a larger series of patients, that ectopic 

activity responsible for triggering AF were mainly located in the pulmonary veins, and 

that catheter ablation of these sites was able to eliminate AF on medium term follow-

up. 

 

In summary, the mechanism of AF is still not well understood despite extensive 

research. The theory of AF has rotated between all the 3 main described 

mechanisms over the last 100 years with no clear final consensus. It is possible that 

there are different forms of AF, and that all the described mechanisms may be 

involved at different stages of the arrhythmia history. In the presence of continued 

electrical and mechanical remodelling, a final common equilibrium may eventually be 

reached over time irrespective of the initial trigger or mechanism.   

 

1.8 Autonomic nervous system and AF 

 

The influence of the autonomic system on the heart has been known for a long time. 

In 1921, Loewi carried out experiments on frog hearts to show that electrical 
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stimulation of the vagus nerve resulted in the production of a chemical substance that 

was capable of slowing the heart rate. This substance which he called “Vagusstoff”, 

was later shown to be acetylcholine. This eventually led to him being awarded the 

Nobel Prize in Physiology or Medicine. We now know that acetylchoine is the main 

neurotransmitter of the parasympathetic nervous system, while epinephrine and 

norepinephrine are neurotransmitters of the sympathetic nervous system.  

 

In the context of clinical arrhythmia, it was Coumel et al who first described the 

observation of paroxysmal AF secondary to vagal over-activity.102 This subsequently 

led to the description of vagal and sympathetic forms of AF; the former being 

prevalent in normal hearts, and the latter occurring in the presence of heart 

disease.103 

 

Anatomical studies have demonstrated the presence of clusters of autonomic tissue 

i.e ganglionated plexi (GP) located at specific sites around the human heart, which 

include locations near the pulmonary veins, predominantly on the posterior surfaces 

of the atria.104, 105 Although a bradycardic response is often described when 

stimulating GP, they have been shown to contain both sympathetic and 

parasympathetic elements,106 which are thought to have a synergistic effect in 

initiating AF.107, 108 A recent study by Arora et al, found that parasympathetic fibres 

and muscarinic receptors were preferentially located in the posterior left atrium and 

that cholinergic blockade with topical tropicamide in this region attenuated ERP 

shortening during vagal stimulation, and almost completely eliminated vagally-

induced AF, thereby highlighting the potential importance of this region.109   
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Stimulation of the vagus nerve has been known to increase the atrial rate in atrial 

flutter in the early days of AF research by Lewis et al.110 In 1972, Armour et al111 

showed it was possible to induce both atrial and ventricular tachycardias by local 

stimulation of cardiac nerves. Vagal stimulation or exogenous acetylcholine produces 

a negative chronotropic effect on the SA node and a negative dromotropic effect on 

the AV node.112, 113 At the atrial level, vagal stimulation reduces atrial effective 

refractory period114, 115 and also increases spatial variability in refractoriness,116 

thereby making conditions favourable for starting and sustaining AF. Sympathetic 

stimulation also results in reduction in atrial effective refractory periods114, 117, and is 

thought to play a role in AF as well.107, 118 Muscle sleeves of thoracic veins can also 

develop automaticity and triggered activity with sympathetic stimulation, which could 

in turn trigger AF.119 

 

An early ablation study on dogs in 1995,120 found that catheter radiofrequency 

ablation of the atrium based on the maze procedure121 markedly attenuated the 

shortening of the atrial effective refractory period with vagal stimulation, and also 

made AF non-inducible by rapid pacing. Schauerte et al118 described application of 

high frequency stimulation (during the atrial refractory period) at pulmonary vein and 

superior vena cava sites to produce local parasympathetic stimulation. This resulted 

in triggering of rapid atrial ectopic beats leading to induction of AF. These effects 

were blunted by beta-blockade and abolished by atropine, implying involvement of 

both sympathetic and parasympathetic pathways. An earlier study by the same 

research group showed that radiofrequency ablation of local parasympathetic tissue 

successfully abolished vagally mediated AF in dogs.115 Adaptation of ablation 

techniques to target autonomic tissue in human subjects with AF have also  shown 

encouraging results.122, 123 This will be discussed in greater detail in Chapter 5. 
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There is increasing evidence that atrial ectopy responsible for induction of AF under 

autonomic influence, is possibly due to triggered firing from early 

afterdepolarizations.108, 124, 125 Parasympathetic stimulation shortens action potential 

duration, producing earlier repolarization, and sympathethic stimulation causes a 

longer and larger intracellular calcium release. This drives Na+/Ca2+ exchange across 

the cell membrane (ratio of 3 Na+ ions in and 1 Ca2+ ion out), resulting in a net inward 

current, hence producing early afterdepolarizations and triggered firing.125  

 

1.9 Medical Therapy for AF 

 

There are 3 treatment aims in AF which include 1) rate control of AF, 2) rhythm 

control by maintaining sinus rhythm as much as possible, and 3) reducing the risk of 

thromboembolism. How aggressively each aim is pursued is dependent on severity 

of symptoms, presence of haemodynamic compromise or heart failure, and other 

associated comorbidities. 

 

1.9.1 Antithrombotic therapy 

 

In general, the risk of stroke and thromboembolism is increased by 4-5 fold in AF, 

irrespective of whether AF is paroxysmal or persistent.126 This risk will vary 

depending on the existence of other associated risk factors and risk scoring systems 

have been developed to help guide antithrombotic therapy.22-24 

 

Meta-analyses127, 128 have demonstrated that warfarin significantly reduced risk for 

stroke, systemic thromboembolism, and also all-cause mortality compared to 

placebo. Compared to aspirin, warfarin is more efficacious at reducing stroke and 

thromboembolism risk. 
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1.9.2 Rate vs Rhythm Control 

 

In the absence of spontaneous resolution of AF, sinus rhythm can be successfully 

restored by using anti-arrhythmic medication or DC cardioversion. Long term 

maintenance of sinus rhythm is, however, difficult to achieve and AF recurrence rates 

can exceed 50% in the first month post DC cardioversion.129 Concurrent treatment 

with class III anti-arrhythmic agents such as amiodarone improves the efficacy of DC 

cardioversion.130 

 

Several studies have also compared treatment using a rate control approach with 

rhythm control. The AFFIRM trial (AF Follow-up Investigation of Rhythm 

Management)131 found no significant differences in stroke or mortality between rate 

and rhythm control strategies. More patients were hospitalized, and there were also 

more drug-related adverse effects in the rhythm control group. In fact, a non-

significant trend for increased mortality was seen in the rhythm control group. Further 

analysis of the data suggested that the presence of sinus rhythm was actually 

associated with a lower risk of death, and that any benefit of anti-arrhythmic drugs 

were offset by their association with increased mortality. 132 The smaller RACE (Rate 

Control vs Electrical Cardioversion) study also found rate control to be not inferior to 

rhythm control strategy for composite endpoint of death and other associated 

morbidity.133 Similarly, the recent AF-CHF (The AF and Congestive Heart Failure) 

trial found no difference in mortality in patients with history of heart failure and AF 

when randomized to rate or rhythm control.134  The optimal intensity of rate control 

has not been clearly defined, although recent evidence suggests that a lenient rate-

control strategy (resting heart rate <110 bpm) is as effective as strict rate control 

(resting heart rate <80 bpm, during moderate exercise <110 bpm).135 
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In terms of quality of life assessment, follow-up analysis of the AFFRIM cohort136 as 

well as the RACE cohort137 of patients found no overall improvements in quality of life 

measures between the 2 treatment strategies, although maintenance of sinus rhythm 

in the RACE study (rather than assigned treatment strategy) was associated with 

improvement in quality of life. The PIAF138 (Pharmacologic Intervention in AF) and 

STAF139 (Strategies of Treatment of AF) studies also found no difference between 

rhythm and rate control. However, analysis of patients maintaining sinus rhythm on 

anti-arrhythmic medication in 2 other randomized double-blinded studies did show 

improvement in quality of life measures and exercise capability.140, 141 

 

1.9.3 Upstream Therapy 

 

As mentioned previously, AF is associated with structural changes in the atrium 

which includes interstitial fibrosis.48, 142 This could be a contributing cause or a 

consequence of AF. Atrial stretch and enlargement in AF can activate the renin-

angiotensin-aldosterone system143 which is known to be involved in myocardial 

fibrosis seen in hypertensive heart disease, cardiomyopathy and myocardial 

infarction.144 Blockade of this pathway could in theory, inhibit conditions favouring the 

development of AF. Indeed, large scale trials assessing the use of angiotensin II 

receptor blockers have found a reduced incidence of AF in patients with left 

ventricular hypertrophy145 and symptomatic heart failure146 when treated with this 

class of drugs. The anti-inflammatory effect of statins and the influence of fish oil on 

vagal activity and ion channels are also thought to have beneficial effects on atrial 

remodelling in the long term, and may play a role in reducing the likelihood of 

developing AF. However, clear evidence for the use of these agents is lacking at the 

moment, and they remain the subject of ongoing research.   
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1.10 Ablation therapy for AF 

 

1.10.1 Background 

 

The use of anti-arrhythmic medication is limited by pro-arrhythmic risks and extra-

cardiac side effects, most notably seen in Amiodarone and some class I agents. 

Findings from some of the studies discussed earlier,132, 140, 141 suggest some potential 

benefit of maintaining sinus rhythm, which may be offset by harmful effects of anti-

arrhythmic drugs. This could therefore imply that non-pharmacolgical approaches to 

treating AF may yield more satisfactory results, if associated risks can be minimized. 

 

1.10.2 Surgical AF ablation  

 

Surgical ablation of AF was first attempted on human subjects by Cox et al and was 

reported in 1991.121 The technique essentially involved cut-and-sew incisions in both 

atria, thereby compartmentalizing the atria and reducing the contiguous atrial mass 

available to participate in fibrillation. (Figure 1.6) This was also known as the Maze 

procedure and early versions of the procedure were associated with impaired heart 

rate response to exercise and loss of atrial transport, which led to further revisions of 

the technique. In 123 patients (around 50% with chronic AF) undergoing a mixture of 

Maze I, II and III procedures, 66% were in sinus rhythm, 33% were atrial paced and 

1% were in AF on follow-up of at least 3 months post-procedure.147 Although there 

was a reducing trend of requirement for permanent pacing with each revision of the 

procedure, 25% of patients who had the Maze III procedure, still needed implantation 

of a permanent pacemaker. Subsequent success rates improved to 98% free of AF 

after almost 6 years follow-up.148 Due to the complexity of the procedure and need 

for cardiopulmonary bypass, the Maze procedure is infrequently carried out alone 

and tended to be performed only in conjunction with other reasons for heart surgery. 
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A meta-analysis of the Maze procedure in addition to mitral valve surgery found 

evidence (although weak) indicating that the Maze procedure, compared to control, 

led to a reduction in stroke risk, increased likelihood of maintaining sinus rhythm, 

increased need for permanent pacing, and increased risk of post-operative bleeding 

unless radiofrequency energy was used to create the lesions.149 

 

Figure 1.6: The Cox-Maze III procedure 

 

Cut-and-sew lesions as indicated by the dashed lines. View from posterior aspect of atria. 

(LAA: left atrial appendage, PV: pulmonary veins, RAA: right atrial appendage, SVC: 

superior vena cava, IVC: inferior vena cava 

 

1.10.3 Catheter ablation of AF 

 

Catheter ablation for AF by radiofrequency energy was subsequently developed to 

offer a less invasive option to the treatment of AF. This was initially tested in animals 

and case reports of catheter ablation of human AF soon followed.150 Early reports 

had focused on right atrial linear ablation, but it was later found that adding left atrial 

ablation to right atrial ablation provided further benefit in patients with paroxysmal 

AF.151 A further study of patients with frequent paroxysmal AF found that the surface 

ECG pattern of AF could be caused by focal firing within the atria and that these 

could be eliminated successfully by ablation.100 This eventually led to the landmark 

study by Haissaguerre et al which was published in 1998, where it was found that 
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over 90% of atrial ectopy responsible for triggering paroxsymal AF were located in 

the pulmonary veins, and that radiofrequency ablation of these foci resulted in 

freedom from AF off anti-arrhythmic drugs in around 60% of patients after 8 months 

of follow-up.101 A further study by Chen et al152 a year later found that over 80% of 

patients were free of AF (off medication) 6 months after ablation of pulmonary vein 

ectopic foci, although subsequent transoesophageal echocardiography revealed 

significant pulmomary vein stenosis in 42% of ablated pulmonary veins.  Although 

pulmonary veins are the most commonly described sites for ectopy-induced AF, it is 

also known that ectopy could originate in the left atrial posterior wall, superior vena 

cava, crista terminalis, ligament of Marshall, coronary sinus ostium and atrial 

septum.153   

 

The discovery of focal sites triggering AF which were amenable to catheter ablation 

led to a new era in the treatment of AF.  Similarly encouraging results were also 

reproduced by other ablation centres and the procedure itself continued to evolve 

with increasing operator experience. The original procedure put forward by 

Haissaguerre et al involved segmental ostial isolation of ectopic foci near the 

pulmonary vein ostia or at sites electrically connecting the left atrium to the 

pulmonary vein in the absence of ectopy.154, 155  Pappone et al described the use of 

3D electroanatomical mapping of the left atrium to create contiguous linear lesions in 

both atria and also circumferential encirclement of each pulmonary vein ostium, with 

freedom of AF after 9 months follow-up documented in up to 85% of patients (62% 

drug-free).156, 157 In a larger series of patients (n=251), Pappone et al showed that 

85% and 68% of patients with paroxysmal and permanent AF respectively were free 

of AF 10 months after ablation using his described technique above of circumferential 

ablation of the pulmonary veins.158   
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A subsequent comparison between the 2 techniques in patients with paroxysmal AF 

found circumferential pulmonary vein ablation using 3D electroanatomical mapping to 

be superior than segmental ostial isolation in terms of freedom of AF.159 In this study, 

the authors made some modifications to circumferential pulmonary vein ablation by 

encircling both ipsilateral veins together and adding linear ablation to the posterior 

atrium and mitral valve isthmus to reduce the risk of developing atrial flutter. Another 

study examining this showed better outcomes with segmental ostial isolation 

however, although in this study, the patients in the circumferential ablation group did 

not have posterior atrial linear ablation, and atypical atrial flutter was observed 

significantly more frequently in this group.160 Although not originally a specified end-

point, the importance of ensuring complete isolation of pulmonary veins using the 

circumferential vein ablation approach was also highlighted by Ouyang et al.161  

 

1.10.4 Atrial tachycardia and flutter 

 

One of the potential problems with ablating the pulmonary veins and left atrium is the 

development of iatrogenic atrial tachycardia or flutter, which occurs acutely in around 

10% of patients.162 The mechanism of atrial tachycardias is thought to be mainly due 

to focal micro-reentry at ostia of pulmonary veins, although non-reentrant 

mechanisms may also be involved.163 Macro-reentrant circuits can result from 

creation of isthmuses and conduction gaps during ablation. The additional creation of 

linear ablation lesions to achieve conduction block across the posterior, anterior and 

roof of left atrium as well as mitral valve isthmus, have been described and shown to 

reduce the risk of developing iatrogenic atrial arrhythmia post-ablation.164-166 The 

addition of linear ablation to segmental ostial pulmonary vein isolation was also 

shown to improve chances of maintaining sinus rhythm in patients with persistent 
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AF.167 Concurrent cavotricuspid isthmus ablation in patients with both AF and typical 

atrial flutter may also further improve outcomes.168  

 

1.10.5 Trigger vs Substrate ablation  

 

Apart from ablating and isolating triggers of AF such as pulmonary or non-pulmonary 

ectopic foci, modification of the substrate of AF maintenance is also thought to be 

important, particularly in persistent or long-standing forms of AF.  

1.10.5.1 Linear ablation 

 

This can be achieved by further compartmentalizing the atrium similar to the surgical 

Maze procedure, by means of creating linear lesions as discussed above, which also 

serves to reduce the risk of developing atrial tachycardia or flutter. The endpoint of 

non-inducibility after pulmonary vein isolation has been suggested to help select 

patients with paroxysmal AF to have further linear ablation.169 As mentioned above, 

additional linear ablation to the roof and mitral valve isthmus improves outcomes 

compared to pulmonary vein isolation alone, in patients with persistent AF.167 

1.10.5.2 Complex fractionated electrograms 

 

There has also been interest that sites containing fractionated or fragmented 

electrograms have a role in persistent AF. Konings et al showed that fragmented AF 

electrograms are found at pivot points and zones of slow conduction, which could 

represent sites of wavelet reentry facilitating the maintenance of AF.170 On this basis, 

Nademanee et al171 carried out catheter ablation on 121 patients with paroxysmal 

and persistent AF, specifically targeting complex fractionated electrograms (CFE) in 

both atria, without attempting to isolate the pulmonary veins. In his study, CFEs were 
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defined as atrial electrograms which are fractionated (composed of 2 deflections or 

more) and/or consisted of continuous baseline deflections with prolonged activation 

complex. Termination of AF was seen in 95% of patients and 91% of patients were 

free of arrhythmia and symptoms at 1 year follow-up, with the majority needing only 1 

ablation procedure. Using the same technique of ablation in a larger cohort of over 

600 patients with paroxysmal, persistent and permanent forms of AF, Nademanee et 

al172 showed maintenance of sinus rhythm in about 80% of patients over a mean 

follow-up period of over 2 years. However, despite this initial optimism, the evaluation 

of CFE ablation by other authors have not reproduced the same success rates, and 

there also appears to be conflicting evidence about its value as an adjunct to routine 

pulmonary vein isolation.173-177   

1.10.5.3 Dominant Frequency (DF) Analysis 

 

There is evidence from animal studies that AF exhibits characteristics of 

spatiotemporal periodicity and that the identification of high DF sites could reflect 

underlying rotor activity which may be important targets for ablation.95, 96 Sanders et 

al178 carried out DF mapping of human AF and found that patients with paroxysmal 

AF were more likely to have DF sites within the pulmonary veins, while atrial DF sites 

were more prevalent in those with permanent AF. In addition, it was also noted that 

ablation at sites with high DF was associated with increased likelihood of terminating 

AF. A left-to-right atrial frequency gradient is seen in patients with paroxysmal AF179 

and pulmonary vein isolation has been shown to eliminate this gradient180, 

highlighting the potential role of the pulmonary veins in maintenance of AF. By using 

a strategy of mapping and ablating maximal DF sites (in real-time) followed by 

circumferential pulmonary vein isolation, Atienza et al found that 88% and 56% of 

paroxysmal AF and persistent AF patients respectively, were free of AF (mean follow-
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up of 9 months).181 In this study, a proportion of the maximal DF sites were not 

ablated due to technical or safety reasons and on analysis of follow-up results, 

ablation of maximal DF sites was found to be an independent predictor of freedom 

from AF.  

 

A reduction in atrial DF measured from coronary sinus electrograms as well as from 

different sites within the left atrium can be seen after circumferential pulmonary vein 

or electrogram based ablation.182 A critical decrease in DF by ≥ 11% has been 

proposed to be associated with maintenance of sinus rhythm after ablation of 

persistent AF.183 

1.10.5.4 Ganglionated Plexi Ablation  

 

The autonomic nervous system has been implicated in the initiation and maintenance 

of AF as discussed previously. Ganglionated plexi (GP) are autonomic tissue located 

on the epicardial surface of the heart, typically near pulmonary veins and also 

posterior surfaces of the atria. GPs are thought to act as integration centres that 

modulate the autonomic influence from the autonomic nervous system and have 

been proposed as potential targets for ablation. Po et al184 carried out GP ablation 

together with pulmonary vein antral ablation by using high frequency stimulation to 

first identify locations of GP. Single procedure success rate was found to be around 

86% in patients with paroxysmal AF after mean follow-up of 22 months. A purely 

anatomically based approach of ablating sites expected to contain GP (without the 

use of high frequency stimulation) has also been described. In a study of patients 

with paroxysmal AF, this technique resulted in maintenance of sinus rhythm in 71%, 

with the use of implantable recorder for rhythm monitoring for 12 months.185 The 

results however in patients with long-standing persistent AF are less encouraging 
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(38% single procedure success rate if only GP locations were targeted).186 A 

randomized comparison between anatomical GP ablation and high frequency guided 

ablation of GP in patients with paroxysmal AF found the former to confer better 

outcomes.187   

 

1.10.6 Outcomes following AF ablation  

 

There are numerous non-randomized studies publishing outcome data of catheter 

ablation for AF from individual centres. In general, single procedure success ranged 

between 38 to 78% in patients with paroxysmal AF, 22 to 45% in persistent AF, and 

16 to 84% with mixed types of AF.55 Repeat ablation procedures can lead to further 

improvements in success rates. Interpretation of outcome data from these studies is 

difficult due to difference in methods of AF recurrence surveillance, duration of follow-

up, techniques of ablation used, definition of success, variable use of anti-arrhythmic 

drugs, difference in patient population and varying degrees of AF ablation experience 

from different centres. It is therefore not difficult to see how the reported success 

rates can vary so greatly. What is consistent from these studies however, is that 

persistent or long-standing persistent forms of AF are less easily treated with catheter 

ablation.  

 

A worldwide survey of 8745 patients in 2005, found that 52% became asymptomatic 

off anti-arrhythmic drugs, and 24% became asymptomatic while on previously 

ineffective anti-arrhythmic drugs after almost 1 year of follow-up after catheter 

ablation of AF.188 The overall complication rate was in the region of 6%. An update of 

the same survey in 2010, which included 16309 patients, found that 70% became 

asymptomatic off anti-arrhythmic drugs, and 10% became asymptomatic while on 



  47 

previously ineffective anti-arrhythmic drugs after 18 months of follow-up. Overall 

success rates were significantly better in paroxysmal AF (83%) than persistent AF 

(75%) and long-lasting persistent AF (72%). Major complications occurred in 4.5% of 

cases (Table 1.1).189 These findings indicate an improvement in outcomes with 

advancement in ablation technology and operator skill.  

 

Table 1.1: Complication rates from the most recent worldwide survey 

 

Complication 

 

Rate (%) 

 

Death 0.15 

Tamponade 1.31 

Pneumothorax 0.09 

Haemothorax 0.02 

Sepsis, abscess or endocarditis 0.01 

Permanent diaphragmatic paralysis 0.17 

Femoral pseudoaneurysm 0.93 

Arteriovenous fistula 0.54 

Valve damage requiring surgery 0.07 

Atrio-oesophageal fistula 0.04 

Stroke 0.23 

Transient ischaemic attack 0.71 

PV stenosis requiring intervention 0.29 

Total 4.54 

Adapted from  Cappato el al.
189 

 

There are a number of randomized control trials comparing catheter ablation of AF 

with anti-arrhythmic drug therapy (Table 1.2).190-196 All have pointed towards ablation 

being superior to anti-arrhythmic drug therapy in terms of freedom from AF. 

Additionally, some of these studies have also shown more marked improvements in 

symptom scores and quality of life measures in the ablation group. Systematic 
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reviews of the available data suggest that catheter ablation has greater efficacy at 

reducing AF recurrence and also causes less complications or side effects, 

compared to anti-arrhythmic drug therapy.197, 198 

 

Table 1.2: Comparison of catheter ablation vs AAD outcomes 

 
Authors 

 
Year 

No. 
(Ablation 
vs AAD) 

Type of AF 
Ablation 
strategy  

Drugs used 
for 

AAD*group 

 
Follow-

up 
(mths) 

 

Outcome 
(Ablation 
vs AAD) 

Other 
measures 

Krittayaphong 
et al

190
 

2003 15 vs 15 
PAF and 
persistent 
AF 

SOPVI, 
linear 
ablation of 
RA 

amiodarone 12 

79% vs 
40% 
freedom 
from AF 

 
Improvement 
in symptom 
scores and 
QOL measures 
in ablation 
group only 
 

Wazni et al
191

 2005 33 vs 37 
PAF and 
persistent 
AF 

SOPVI 

flecainide, 
propafenone, 
sotalol, 
amiodarone 

12 

13% vs 
63% 
recurrence 
of AF 

 
Reduced 
hospitalization 
and higher 
QOL scores in 
ablation group 
 

Pappone et 
al

193
  

2006 99 vs 99 PAF CPVA 

flecainide, 
propafenone, 
sotalol, 
amiodarone 

12 

86% vs 
22% free 
from 
arrhythmia 

 
Fewer 
hospitalizations 
in ablation 
group 
 

Stablile et 
al

192
 

2006 68 vs 69 
PAF and 
Persistent 
AF 

CPVA, MVI, 
CTI 

 
flecainide, 
propafenone, 
sotalol, 
amiodarone, 
verapamil, 
beta blockers, 
disopyramide 
 

12 
44% vs 
91% had 
recurrence 

 

Oral et al
194

 2006 77 vs 69 

 
Long-
standing 
persistent 
AF 
 

CPVA, MVI, 
roof line, 
posterior left 
atrium 

amiodarone, 
DCCV 

12 

74% vs 
58% in 
sinus 
rhythm  

Decrease in 
symptom 
severity if sinus 
rhythm is 
maintained  

Jais et al
195

 2008 53 vs 59 PAF 
SOPVI, 
linear 
ablation, CTI 

flecainide, 
propafenone, 
sotalol, 
amiodarone, 
disopyramide, 
dofetilide, 
cibenzoline 

12 
89% vs 
23% no 
recurrence  

 
Symptom 
scores, 
exercise 
capacity and 
QOL measures 
better in 
ablation group 
 

Wilber et al
196

 2010 106 vs 61 PAF 
CPVA, linear 
ablation, 
CFE, CTI 

dofetilide, 
flecainide, 
propafenone, 
sotalol, 
quinidine 

9 

66% vs 
16% free 
from 
treatment 
failure 

 
Better QOL 
measures and 
symptom 
scores in 
ablation group 
 

  

AAD = Anti-Arrhythmic drugs, SOPVI = segmental ostial pulmonary vein isolation, CPVA = circumferential pulmonary vein 

ablation, CTI = cavotricuspid isthmus, MVI = mitral valve isthmus 

All study patients had drug-refractory AF, except for Wazni et al, where ablation was tested as first line treatment. 
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1.10.7 Structural Remodelling following AF ablation 

 

As discussed previously, increased atrial size can be both a contributing cause and 

also an effect of the process of AF. Studies examining the effects of ablation have 

shown that left atrial dimensions are reduced following AF ablation.199-201 This may 

be due to a combination of maintenance of sinus rhythm and also scar formation 

after ablation. The effect of ablation on left atrial transport is however less clear and 

there appears to be conflicting data on this.201, 202 

 

Catheter ablation of AF has also been shown to result in remodelling of the left 

ventricle. Increases in left ventricular ejection fraction, and decrease in diastolic and 

systolic dimensions were demonstrated in a study of patients with congestive heart 

failure undergoing ablation of AF.203 A separate study demonstrated an improvement 

in both left ventricular systolic and diastolic function after restoration of sinus rhythm 

by catheter ablation of AF.200 

 

1.10.8 Advancements in ablation technology 

 

Since the pioneering work on catheter ablation of AF presented by Haissaguerre et al 

in 1998, there has been rapid development of technology to assist and improve 

ablation techniques. These included the use of non-fluoroscopic 3D navigation within 

the atria,204 and also the use of robotic navigation.205, 206 Several studies have 

evaluated different energy sources with novel catheter designs. Natale et al reported 

on the successful use of a through-the-balloon delivery of ultrasound energy for 

isolation of pulmonary veins.207 Ablation using high intensity focused ultrasound208 

and cryoablation via balloon catheters209 have also been reported. Endoscopic 

visualization to assist laser energy delivery through a balloon catheter is another 
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technology that is being evaluated.210, 211 More recently, multi-electrode ablation 

catheters capable of delivering duty-cycled radiofrequency energy have been 

described and found to show early promising results.212, 213 

 

1.11 Summary 

 

The mechanisms of AF remain incompletely understood. Maintenance of sinus 

rhythm has not been convincingly shown to confer advantages compared to a rate 

control strategy, possibly due to adverse effects of anti-arrhythmic medication used 

to pursue a rhythm control strategy. By inference, catheter ablation for AF, which has 

the potential of achieving maintenance of sinus rhythm with minimal or no use of anti-

arrhythmic medication, may possibly result in net benefit. To clearly define its place in 

the treatment of AF, large-scale randomized control studies are necessary to assess 

the long-term efficacy of catheter-based AF ablation and its effects on symptoms and 

quality of life, as well as morbidity and mortality, compared to conventional drug 

treatment. The CABANA study214 (Catheter Ablation vs Anti-arrhythmic drug therapy 

for AF) is one such study which is currently still enrolling patients.  

 

While the outcomes for catheter ablation of paroxysmal AF are on the whole 

satisfactory, persistent or long-standing AF ablation continues to pose a significant 

challenge. Success rates are generally lower than that of paroxysmal AF and 

procedures are often prolonged, complicated and technically challenging. The study 

of intracardiac electrogram characteristics of persistent AF can help further our 

understanding of this enigmatic arrhythmia. The rest of the thesis will examine this in 

detail, predominantly with the use of frequency domain analysis. A series of studies 

involving human subjects undergoing catheter ablation of AF will be outlined in the 

chapters that will follow.   
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Chapter 2                                              

Methodology 
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2.1 Introduction 

 

The atrial activation in AF is typically thought to be random and chaotic. There is 

however, evidence of spatial organization215 and also of “linking” of wavelet 

propagation demonstrated by studies on human AF,216 suggesting that the process of 

AF may not be as disorganized as previously thought. Early studies of AF 

electrograms using frequency domain analysis showed the presence of discrete 

dominant frequency peaks in the power spectra,217-219 which could indicate regions of 

atrial activation at a similar rate. The interest in this subsequently led to application of 

frequency domain analysis to electrograms from high resolution optical mapping, 

where it was found that spatiotemporal periodic activity was present during AF.95 

Several other studies have since followed on to study the complex spatiotemporal 

characteristics of AF by utilising frequency domain analysis.96, 178, 179, 220-222 

 

2.2 Fourier Transform 

 

Fourier transformation is a mathematical operation that allows a continuous signal, 

which is made up by the summation of sinusoidal waveforms, to be broken down into 

its constituent frequencies. A computationally efficient way of doing this is by using 

the Fast Fourier Transform (FFT). One of the requirements for performing FFT is that 

the number of time samples used is a power of 2 (e.g. 512, 1024, 2048, 4096). The 

resultant frequency spectrum produced will lie between 0 Hz to half of the sampling 

frequency. The frequency resolution is determined by dividing the sampling 

frequency by the number of points (or time samples) recorded.  A signal that is 

perfectly periodic, will contain a dominant frequency (DF) (the sinusoidal waveform 

with the largest amplitude) and harmonic frequencies (from the remaining sinusoidal 
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waveforms constituting the signal) at multiples of the dominant frequency. (Figure 

2.1)  

 

Figure 2.1: Summation of sine waves giving rise to a cumulative square wave 

 

 

 

 

 

 

FFT produces a power spectrum showing the component frequencies consisting of the DF and its harmonic 

frequencies. 

 

 

2.2.1 Aliasing 

 

To avoid any errors from under-sampling a signal of interest , the sampling frequency 

must be at least twice the maximum frequency of the signal, as stated by the Nyquist 

criteria.223 Distortion or errors in the frequency spectrum from an inadequate 

sampling rate is known as aliasing. Apart from increasing the sampling rate, aliasing 

can be countered by pre-processing the signal via a low pass filter for example, to cut 

off any unwanted frequencies above a certain range.   

Hz 

FFT 

DF 

Harmonics 

Power 
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Frequency domain analysis works best at reflecting periodicity of a signal when it 

looks like a sine wave. To ensure optimal analysis of an intracardiac electrgram by 

FFT, a number of pre-processing steps are necessary.215, 224, 225 These include 

bandpass filtering at (e.g. 40 - 250 Hz) to further accentuate the signal, rectification 

(by using absolute values) to obtain a monomorphic waveform, low pass filtering at 

20 Hz to restrict analysis to frequencies within the physiological spectrum of 

activation, and application of “windowing” functions to counter the effect of spectral 

leakge which is discussed below. 

 

2.2.2 Spectral Leakage 

 

In the presence of frequency components that are not integer multiples of the 

sampling period, spectral leakage will be seen with finite length sampling. This is due 

to abrupt cut-off of signals at the edges of the sampling interval, resulting in 

inaccurate representation of the frequency spectrum. To minimize this effect, “anti-

leakage” windows are applied, which essentially involves modification of the original 

signal by multiplying a windowing function to attenuate the edges of the signal to zero 

(Figure 2.2). This results in sharpening and accentuation of the peaks in the 

frequency spectrum, hence reducing any potential errors in identifying the dominant 

peak and its harmonics. Several windowing functions exist, which offer varying 

balance between reducing spectral leakage at the expense of loss of spectral detail. 

Popular choices include both the Hanning and Hamming window functions, which 

have been described in the frequency analysis of human AF.178, 226, 227 
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Figure 2.2: Window Function 

 

 

Original signal (top) and appearance after application of a Hamming window 

function (bottom) which attenuates the signal at the edges of the segment. 

 

2.2.3 Dominant Frequency and Organization Index 

 

Once all pre-processing steps have been carried out, the signal can be subjected to 

FFT to obtain a frequency power spectrum. In the context of analysing AF, the DF of 

the electrogram is the frequency with the tallest peak in the power spectrum,95, 228 

which is also the definition used in the studies carried out for this thesis. Multi-site 

sampling of the atria will allow for the identification of areas of maximal DF, which can 

be defined as sites demonstrating high frequency relative to adjacent sites, with a 

decreasing frequency gradient of ≥ 20%.178 If the electrogram signal is adequately 

periodic and sinusoidal in morphology, the DF will closely approximate the rate of 

local atrial activation. Several studies have previously demonstrated good correlation 

between cycle length of AF and DF of the signal,95, 227, 229 although a recent study 

was unable to replicate this.230 Differences in types of electrograms sampled and 

method of frequency domain analysis between the studies may have accounted for 

this. Indeed, Ng et al227 found good correlation between DF and AF activation rates 

measured in the time domain, but this relationship was weakened by increasing 

variation in signal amplitude and rate. In this study, averaging consecutive segments 

of DF reduced this distortion.  
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Additionally, frequency domain analysis also allows for assessment of temporal 

organization and regularity of AF. This can be measured by examining the 

representation of the areas under the DF and its harmonics across the whole power 

spectrum. This is based on the concept that the more periodic and regular a signal is, 

the greater the concentration of the power (or area) under the DF and its harmonics. 

Using frequency domain analysis, an increase in the indices of organization have 

been found to be associated with increasing likelihood of termination of AF by DC 

shock,220 burst pacing221 and via ablation.229 The method of assessing electrogram 

organization in the studies performed for this thesis is calculated as the ratio of the 

power under the DF and its harmonics (0.75 Hz) band, to the total power of the 

resulting power spectrum. As will be demonstrated later, (Figure 2.3) the FFT 

software displays this as a regularity index (“RI”) but organization index (OI) is the 

preferred terminology used for this thesis and hence “OI” will be used to replace “RI”. 

     

2.2.4 Spatiotemporal Stability 

 

The spatiotemporal stability of electrograms in the frequency domain has been 

demonstrated in both animal95, 96 and human studies of AF.178, 229, 231 However, very 

recently published work using prolonged 5 minute recordings and multi-electrode 

contact mapping of AF has disputed this observation, finding temporal variability in 

sequential DF maps.232 Despite there being more evidence in the literature 

supporting stability of DF, it remains important to acknowledge that there could be 

potential limitations in this technique and further studies into this are warranted. 

Previous studies have also suggested recording electrograms over at least 5s to 

increase the accuracy of fractionation and DF.233, 234 
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2.3 Frequency Domain Analysis Specific to the Thesis 

 

In this thesis, the same FFT formula and processing methods are used for all 

electrograms recorded (bipolar in all cases) using FFT computation software version 

3.2.0.0 (Bard Electrophysioplogy, Lowell, MA, United States). More detailed 

description of the specific analysis of the frequency spectrum carried out for each 

study can be found in the individual chapters. Broadly speaking, recording and pre-

processing steps used are: 

1. Sampling frequency of 1000 Hz 

2. Signal acquisition filter of 30-250 Hz 

3. Power processing (rectification) 

4. Application of Hamming window 

5. Bandpass filtering at 1-20 Hz 

 

The duration of electrogram analysis is adapted and varied according to the 

conditions of each study. A 4096 point FFT is used in all cases. At a sampling rate of 

1000 Hz, this gives a frequency resolution of 0.24 Hz. A 1024 point sliding window is 

used to detect and track any changes in the electrograms over the full duration of 

each electrogram recording, so that DF and OI values (as defined earlier) are 

obtained at each slide/shift in the window. The average of these DF and OI values for 

each location are then used for final data analysis (Figure 2.3). 
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Figure 2.3: Technique of frequency domain analysis 

 

 

The above example is an 8s electrogram which is subjected to a 4096 point FFT from the start to the end (panels 

labelled 1-4 sequentially) to obtain DF and OI at each 1024 point slide or shift of the FFT window.The resultant 

mean DF and OI over the entire segment is highlighted in the red box. [in all cases, “mean RI” displayed in the 

result is defined as the mean OI in this thesis; this is calculated as the ratio of power under the DF and its 

harmonics (0.75 Hz band, blue shaded areas in panel 1) to total power of resulting power spectrum (unshaded 

area under curve)].  

 

2.3.1 Test of Temporal Stability 

 

Intra-cardiac electrograms collected from the studies described in the latter chapters 

are predominantly from signals recorded from decapolar catheters placed in the 

coronary sinus. This has the advantage of being able to maintain a stable position 

over long periods of time to allow for recording of electrograms from the same site. 

To test for temporal stability of frequency domain parameters (DF and OI) used in the 

1 2 

3 4 
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studies, electrograms were analysed from all the 5 recording bipoles of the coronary 

sinus catheter and compared at the start and end of a 10 minute period of recording. 

DF and OI obtained (over 10s) from each of the 5 bipoles were averaged and 

compared after discarding signals with far-field artefact. This analysis was carried out 

in 5 patients with persistent AF. No significant differences were seen between 

baseline and after 10 minutes (Figure 2.4), suggesting temporal stability of DF and 

OI. [DF 5.7 ± 0.4 Hz vs 5.8 ± 0.5 Hz (p = 0.20) and OI 0.27 ± 0.02 vs 0.26 ± 0.01 (p = 

0.63) respectively]  

 

Figure 2.4: Test for temporal stability of DF and OI 

 

Examples of FFT of electrograms (from the same position in the coronary sinus, CS9-10) recorded at baseline 

(left) and 10 minutes later (right) showing comparable mean DF and OI (DF = 6.5 Hz and 6.6 Hz, OI = 0.30 and 

0.33 respectively).  

 

2.3.2 Time Domain vs Frequency Domain Analysis 

 

Analysis of atrial electrograms in the time domain analysis essentially involves the 

detection of deflections and measuring the interval between deflections over time 

(e.g. AF cycle length, complex fractionated electrograms). The complex, variable and 

sometimes continuous electrogram signals seen in AF can make this assessment 

difficult. Manual or visual analysis of electrograms in the time domain can be tedious 
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and subjective, and automated detection algorithms may not be able to fully 

accommodate the beat-to-beat variation in electrogram characteristics. Frequency 

domain analysis provides a more objective assessment of electrogram activity and 

can be easily and rapidly applied to complex signals using pre-determined signal 

processing steps.  Apart from obtaining the DF of the signal, additional useful 

information such as organization or regularity of the signal can also be conveniently 

assessed at the same time by measuring parameters such as the OI.  

 

At the same time however, it is also important to recognise that there are also 

limitations with the technique of frequency domain analysis. It is dependent on signal 

quality and is also vulnerable in some cases to varying characteristics of the 

electrogram, similar to time domain analysis. Although its spatiotemporal stability 

may remain under scrutiny, we have found our technique to be stable from the same 

recording position. If care is taken to ensure consistent acquisition of good quality 

signals together with strict application of pre-processing steps, FFT has the potential 

to be a valuable tool for rapid, real-time assessment of AF characteristics.  
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Chapter 3                                                       

Increase in Organization Index predicts Atrial 

Fibrillation termination with Flecainide post-

ablation – spectral analysis of intracardiac 

electrograms 
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3.1 Introduction 

 

Despite their widespread use in the treatment of atrial fibrillation (AF), the mechanism 

by which class Ic anti-arrhythmic drugs terminate AF is not well understood. Early 

studies on the effects of flecainide89 and propafenone90 in canine AF suggested that 

termination of AF was the result of a rate-dependent increase in atrial effective 

refractory period, which led to an overall increase in wavelength. However, more 

recent work on goat AF failed to show this relationship, but instead, found that 

widening of the temporal excitable gap to be consistently associated with AF 

termination with flecainide, as was the case with several other anti-arrhythmic drugs 

used in the study.235 These studies utilised different AF induction protocols in 

different animals, and also employed different methods of measuring atrial refractory 

periods, which make direct comparison difficult. Moreover, none of these proposed 

theories of pharmacological AF termination have been adequately tested in human 

AF, the mechanism of which remains incompletely understood.         

 

Recent studies of intracardiac signals during catheter ablation for AF in humans have 

suggested that prolongation of AF cycle length236 and increased organization229 of AF 

are associated with return to sinus rhythm (SR). Whether these observations can 

also reliably predict pharmacological termination of human AF is unclear. To gain 

greater understanding into the mechanism of AF termination using class Ic anti-

arrhythmic drugs, we used flecainide to assess its effect on time and frequency 

domain characteristics of human AF, using intracardiac signal analysis. We 

hypothesized that flecainide will prolong AF cycle length, reduce the dominant 

frequency of AF, as well as increasing its organization prior to termination. 
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3.2 Methods 

 

Patients who were given flecainide during catheter ablation for AF were studied. All 

documented AF during the ablation procedures were either spontaneous or already 

pre-existent. No programmed AF induction was carried out in any patient. 

Paroxysmal AF is defined as AF that terminates spontaneously within 7 days, while 

persistent AF is defined as AF which is sustained beyond 7 days or lasting less than 

seven days but requiring pharmacological or electrical cardioversion. All anti-

arrhythmic therapy was discontinued for more than 5 half-lives prior to the procedure.  

 

AF ablation was carried out using bilateral femoral venous access. Under 

fluoroscopic guidance, a deflectable decapolar catheter and a quadripolar catheter 

were positioned in the coronary sinus and His position respectively.  A circular 

pulmonary vein mapping catheter and a deflectable, irrigated tip ablation catheter 

were advanced into the left atrium after transseptal puncture. Standard segmental 

ostial pulmonary vein isolation alone (n=13) was performed in patients with 

paroxysmal AF. More extensive ablation was carried out in patients with persistent 

AF or when paroxysmal AF failed to terminate with segmental ostial pulmonary vein 

isolation alone. This consisted of either 1) segmental ostial pulmonary vein isolation 

with linear ablation, followed by complex fractionated electrogram ablation (n=10), or 

2) wide area circumferential ablation followed by linear ablation (n=3). In all cases, 

left atrial anatomical geometry was created using EnSite NavXTM electroanatomical 

mapping (St. Jude Medical Inc, St Paul, Minnesota USA).  Patients who remained in 

AF at the end of the ablation procedure (either in AF at the start or developed AF 

during ablation) were given flecainide. This was administered at a dose of 2 mg/kg 

body mass (maximum of 150 mg) as intravenous infusion over 10 minutes, followed 

by observation for 10 minutes for any change in cardiac rhythm.  
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3.2.1 Time and frequency domain analysis 

 

Intra-cardiac electrograms were recorded on a 30-250Hz filter with sampling 

frequency of 1 kHz (Labsystem Pro, Bard Electrophysiology, Lowell, MA, USA). Time 

and frequency domain analyses were carried out offline. Analysis was carried out on 

bipolar AF electrograms recorded from the decapolar catheter in the coronary sinus 

at the end of catheter ablation for AF. All electrograms with good signal quality on the 

decapolar catheter were analysed (signal:noise amplitude ratio of > 2). Readings 

were taken prior to flecainide infusion, as well as after the full dose of flecainide had 

been given.  In the event of return to SR after flecainide infusion, electrograms just 

prior to rhythm change were analysed. Cycle length (CL) measurements were carried 

out using built-in autodetection software (Labsystem Pro, Bard Electrophysiology, 

Lowell, MA, USA) and also verified manually. Mean CL was calculated over a 10s 

recording period.   The same 10s segment was exported and analysed using Fast 

Fourier Transform with a spectral resolution of  0.24Hz (4096 points), after 

processing with a Hamming window. A 1024 point sliding window was used to give 

the mean DF and OI of the signal. The DF and OI of all suitable coronary sinus 

electrograms across all 5 bipoles were averaged for each patient and used for 

analysis. 

 

3.2.2 Statistical analysis 

 

All continuous variables are expressed as mean +/- standard error of mean. Normally 

distributed data were analysed using paired and unpaired Student’s t-test as 

appropriate. Non-parametric data were analysed by Mann Whitney or Wilcoxon 

signed rank test. Categorical data were analyzed using Chi squared or Fisher’s exact 

test. Logistic regression was carried out to identify independent predictors of 
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outcome after flecainide infusion and Receiver operator characteristic analysis was 

used to evaluate the relevant parameter.  A p value of <0.05 was considered 

statistically significant. 

 

3.3 Results 

 

 A total of 26 patients were included in the study. Sixteen (62%) had paroxysmal AF 

and 10 (38%) had persistent AF. Four of the patients with paroxysmal AF were in AF 

at the start of the procedure while the remaining 12 developed AF spontaneously 

during the procedure. All patients with persistent AF started the procedure in AF. 

Seven (27%) converted to SR with flecainide (6 paroxysmal AF, 1 persistent AF). 

Average time to cardioversion with flecainide was 252 ± 36s after initiating the 

infusion. Taking all patients together, mean CL increased from 211 ± 9 ms to 321 ± 

17 ms (p < 0.0001) after flecainide. Mean DF decreased from 5.2 ± 0.2 Hz to 3.6 ± 

0.2 Hz (p < 0.0001). The mean OI remained unchanged [0.33 ± 0.02 before and 0.32 

± 0.02 after flecainide (p = 0.90)]. The inverse of the DF (1000/DF) revealed a strong 

linear relationship with mean CL (Pearson correlation coefficient = 0.90, p < 0.0001) 

(Figure 3.1).  

 

Representative examples of intracardiac recordings and frequency spectrum 

analysed for this study are shown in Figure 3.2 and Figure 3.3. Figure 3.2 shows 

data on the ECG (lead V1) and intracardiac electrograms before and after 

intravenous flecainide in a patient whose AF did not terminate with flecainide 

together with the corresponding spectral data from FFT analysis, whilst Figure 3.3 

shows the same analysis in a patient whose AF converted to SR with flecainide. 
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Figure 3.1: 1000/DF vs mean Cycle Length  

 
 

Plot of mean cycle length during atrial fibrillation and the inverse of corresponding 

dominant frequency (1000 / DF) in all patients with and without intravenous flecainide 

showing a linear relationship between the 2 parameters (Pearson correlation 

coefficient = 0.90, p < 0.0001). 
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Figure 3.2 Example of no termination of AF after flecainide 

 
 

Typical example of a patient (Patient A) in whom AF did not terminate with intravenous 

flecainide. The left hand panels show ECG lead V1 and intracardiac electrograms before 

and after flecainide (both at paper speed 50mm/s). The right hand panels show the 

corresponding frequency spectra with dominant frequency decreasing from 5.4 Hz to 2.7 

Hz, but organization index showed little change (0.26 pre- and 0.24 post-flecainide) with 

flecainide.  
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Figure 3.3: Example of termination of AF after flecainide 

 
 

Typical example of a patient (Patient B) in whom AF terminated with intravenous flecainide. 

The left hand panels show ECG lead V1 and intracardiac electrograms before and after 

flecainide and after returning to sinus rhythm (all at paper speed 50mm/s). The right hand 

panels show the corresponding frequency spectra with dominant frequency decreasing from 

4.6 to 2.9 Hz and organization index increased from 0.27 to 0.39 before return to SR.    
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Comparing patients who converted to SR after flecainide, with those who remained in 

AF, OI post-flecainide was 0.41 ± 0.04 vs 0.29 ± 0.02 (p = 0.013) and relative change 

in OI was 29 ± 13 vs -3.9 ± 6% (p = 0.016) respectively. No significant differences 

were noted in the mean CL and DF post-flecainide and similarly, no significant 

differences were seen in the relative change in CL and DF in the 2 groups. Mean CL 

post-flecainide was 335 ± 34 vs 315 ± 20 ms (p = 0.61), mean DF was 3.2 ± 0.3 vs 

3.8 ± 0.2 Hz (p = 0.20), relative change in CL was 76 ± 24 vs 48 ± 8% (p = 0.16) and 

relative change in DF -37 ± 9 vs -25 ± 4% (p = 0.21), when comparing patients who 

returned to SR after flecainide with those who stayed in AF respectively. There were 

no significant differences in the CL, DF or OI between the 2 groups prior to flecainide 

administration.  Detailed characteristics of the study patients can be found in Table 

3.1. Logistic regression analysis identified that a greater relative increase in OI (p = 

0.04), a higher OI post-flecainide (p = 0.03) and SR at start of procedure (p = 0.03) to 

be independently associated with successful reversion to SR with flecainide. 

Receiver operator characteristic curves indicate that an OI of > 0.33 and a relative 

increase in OI of > 14.8%, independently have a 71% sensitivity and 79% specificity 

for identifying those who will return to SR after flecainide administration [Area under 

curve 0.82, (p = 0.01) and 0.77 (p = 0.03) respectively].  
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Table 3.1: Patient Characteristics 

 

Successful 

Termination of 

AF with 

flecainide (n=7) 

Failed 

Termination of 

AF with 

flecainide 

(n=19) 

 

P value 

 

Age 

 

Sex 

 

Paroxysmal AF 

 

Persistent AF 

 

Hypertension 

 

Ejection Fraction (%) 

 

Left atrial dimension (cm) 

 

Rhythm at start of procedure: 

- SR  

- AF  

 

Ablation Strategy: 

- PVI Alone 

- PVI + CFE ablation 

- WACA   

  

48 ± 9 

 

6 Male (86%) 

 

6 (86%) 

 

1 (14%) 

 

4 (57%) 

 

52 ± 5  

 

4.1 ± 0.6  

 

 

6 (86%) 

1 (14%) 

 

 

4  

3 

0 

 

55 ± 11 

 

14 Male (74%) 

 

10 (53%) 

 

9 (47%) 

 

8 (42%) 

 

54 ± 3  

 

4.3 ± 0.6 

 

 

6 (32%) 

13 (68%) 

 

 

9 

7 

3 

 

P = 0.14 

 

P= 0.65 

 

        

       P= 0.19 

 

 

P = 0.67 

 

P = 0.28 

 

P= 0.66 

 

 

       P = 0.026 

 

 

 

 

          P = 0.53 
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Total ablation times (s) 

 

CL pre-flecainide 

CL post-flecainide 

Absolute change 

% Change in CL 

 

DF pre-flecainide 

DF post-flecainide 

Absolute change 

%  Change in DF 

 

OI pre-flecainide 

OI post-flecainide 

Absolute change 

% Change in OI  

 

2963 ± 334 

 

202 ± 20 

335 ± 34 

134 ± 38 

76 ± 24 

 

5.4 ± 0.5 

3.2 ± 0.3 

-2.2 ±0.6 

-37 ± 9 

 

0.33 ± 0.04 

0.41 ± 0.04 

0.08 ± 0.04 

29 ± 13 

 

3424 ± 426 

 

214 ± 10 

316 ± 20 

101 ±16 

48 ± 8 

 

5.1 ± 0.2 

3.8 ± 0.2 

-1.33 ± 0.2 

-25 ± 4 

 

0.32 ± 0.03 

0.29 ± 0.02 

-0.03 ± 0.02 

-3.9 ± 6 

 

P = 0.52 

 

P = 0.53 

P = 0.61 

P = 0.37 

P = 0.16 

 

P = 0.59 

P = 0.20 

P = 0.12 

P = 0.21 

 

P =  0.90 

P = 0.013 

P = 0.017 

P = 0.016 

 

 

PVI = pulmonary vein isolation (segmental ostial), CFE = complex fractionated electrograms, WACA = wide area 

circumferential ablation, CL = cycle length, DF = dominant frequency, and  OI = organization index 
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3.4 Discussion 

 

This study shows, using spectral analysis of intracardiac electrograms, that the 

mechanism of human AF termination by flecainide is critically preceded by 

organization of the arrhythmia, as reflected by an increase in OI. While CL 

prolongation and corresponding reduction in DF occurred with flecainide 

administration, they did not predict return to SR. This suggests that an increase in 

organization of AF is a more sensitive predictor of cardioversion to SR than the 

change in DF or CL. 

 

3.4.1 Mechanism of AF Termination with Flecainide 

 

Class Ic anti-arrhythmic drugs block fast sodium channels on cardiac cell membranes 

by a rate dependent process90, 237, 238. While flecainide has been widely used in 

clinical practice to treat AF, its mechanism of action in terminating AF is still not fully 

understood.  

 

According to the multiple wavelet hypothesis proposed by Moe and Abildskov68, AF is 

the result of multiple wavelets of re-entrant circuits propagating throughout the atria. 

The arrhythmia is thought to be more likely to sustain itself with increasing number of 

wavelets. An experimental model of AF by Allessie et al86 demonstrated that a critical 

number of wavelets (3-6) are required for the perpetuation of AF.  

 

The relationship between re-entry and wavelength was first described by Mines75 and 

also subsequently by Lewis239. Wavelength can be described as the minimal 

pathlength that supports re-entry. This was later formulated mathematically by 

Wiener and Rosenblueth81, who showed that wavelength (WL) [defined as a product 
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of refractory period (RP) and conduction velocity (CV): WL = RP X CV] critically 

determined the likelihood of re-entry. The “leading circle” concept of re-entry 87 as 

proposed by Allessie et al further suggested that the dimension of a functional re-

entrant circuit is dependent on its wavelength (i.e. a smaller wavelength is associated 

with a smaller circuit), which in turn is determined by the electrophysiological 

properties of the tissue.  

 

Based on the above concepts, it can be understood that an increase in wavelength 

(associated with larger circuit size) reduces the number of re-entrant circuits the atria 

can contain, hence reducing the likelihood of AF being sustained. The use of 

wavelength as an index to predict susceptibility to atrial arrhythmia has been studied 

previously by Rensma et al88 and found to be predictive in 75% of cases, making it a 

useful way to assess anti-arrhythmic potential of drugs. Asano et al 240 used 

wavelength index as a surrogate marker of wavelength in the evaluation of AF and 

found that an increase in this index and hence wavelength, preceded AF termination, 

either spontaneously or with disopyramide. 

 

This concept has led to the question of how class Ic anti-arrhythmic drugs, which 

decrease conduction velocity without any apparent effect on refractory period, can 

result in the termination of AF. Wang et al238 examined the response of human atrial 

tissue to flecainide and quinidine in comparison with that of guinea pig, rabbit and 

dog. They concluded that flecainide induced increases in atrial action potential 

duration and refractoriness enhanced by the rapid rates typical of AF, with human 

tissue showing greatest frequency-dependent drug effects. In a separate study, 

Wang et al 89 demonstrated in a dog vagal AF model, that flecainide terminated AF 

by causing a tachycardia dependent increase in atrial effective refractory period (to a 
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greater extent than reduction in conduction velocity) which increased the wavelength. 

This same study also showed that flecainide progressively increased the size and 

reduced the number of re-entry circuits, as well as slowing atrial activation until AF 

terminated. The same effect of rate dependent wavelength prolongation was also 

observed when propafenone, procainamide and sotalol were evaluated in the 

termination of experimental AF in dogs90.  

 

However, the theory that flecainide and class Ic anti-arrhythmic drugs in general can 

influence wavelength changes has been put in question by other studies. Wijffels et 

al235 tested a number of anti-arrhythmic drugs in chronic AF in the goat and found 

that termination of AF was not attributed to wavelength prolongation. Class I agents 

used in the study (flecainide and cibenzoline) actually shortened wavelength of AF. 

Widening of the temporal excitable gap was the only finding correlated to 

pharmacological cardioversion of AF in this study. An earlier study on flecainide in 

humans241, also failed to show any significant effect on atrial refractoriness. Similarly, 

Katristis et al242 found no change in atrial effective refractory period with flecainide 

infusion and pacing at different cycle lengths in human subjects. 

 

Further work using a mathematical model of AF to assess AF termination was carried 

out by Kneller et al243. It was found that pure sodium channel blockade terminated AF 

without prolonging wavelength, and likely mechanisms include the enlargement of 

the core size of primary rotors, increasing meander and extinction at boundaries and 

reduction in the number of wavelets.   
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3.4.2 Frequency Domain Analysis of AF 

 

Using spectral analysis of canine AF, Everett et al showed that high AF organization 

increased the efficacy of burst pace termination221 and also electrical cardioversion220 

of AF.     

 

Bollmann et al244 studied the use of oral flecainide in patients with persistent AF by 

carrying out frequency spectrum analysis on high resolution surface ECG recordings. 

A lower fibrillatory frequency post-flecainide and smaller left atrial size were found to 

predict restoration of SR. Using a similar technique, Husser et al245 carried out time-

frequency analysis of surface electrocardiogram of AF to compare effects of 

flecainide and amiodarone with baseline. A reduction in both fibrillatory rate 

(converted from dominant frequency) and also exponential decay of the frequency 

spectrum were seen after drug administration, with effects more apparent in the 

flecainide group. The authors suggested that a smaller exponential decay, seen after 

both flecainide and amiodarone, is observed in organized rhythms and could be 

reflective of organization of AF.  

 

3.4.3 AF Cycle Length analysis 

 

AF CL is generally thought to reflect local atrial refractoriness246. However, assessing 

the exact mechanism of AF CL prolongation in the setting of flecainide administration 

is difficult as it is believed to have a use-dependent effect on atrial refractoriness and 

conduction velocity89, 237, 238, both of which can result in an increase in AF CL.  Biffi et 

al247 studied induced AF in 10 patients with paroxysmal AF. The mean of 100 

consecutive AF intervals (measured from endocardial electrograms) was increased 

by both flecainide and propafenone prior to AF termination in all the study patients. 
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All 10 patients returned to SR within 10 minutes of drug administration. The authors 

also remarked that the extent of AF interval prolongation was greater with drugs than 

that observed in self-terminating AF in a previous study248 also carried out by the 

same group.  

 

3.5 Implication of findings 

 

The mechanism of AF termination with sodium channel blockade remains poorly 

understood. Using spectral analysis, we have demonstrated, in human subjects, that 

AF CL prolonged and DF reduced uniformly after flecainide administration; however, 

this did not predict return to SR. Reversion to SR with flecainide was independently 

associated with a higher OI post-flecainide and also a greater relative rise in OI 

induced by flecainide, regardless of change in CL or DF. This suggests that the 

process of AF termination depends critically on an increase in organization of the 

arrhythmia, possibly even more crucially so than slowing of atrial activation. This 

implies that increase in the organization of AF is likely to be a more sensitive 

predictor of return to SR than the change in DF or CL. While other studies have 

shown AF CL prolongation with class Ic anti-arrhythmics, none have used spectral 

analysis to quantify the organization of the rhythm and its relationship with return to 

SR in human AF. 

 

A higher organization index is a marker of greater regularity. The increase in 

organization index seen in our study can be hypothesized to reflect a reduction in the 

number of re-entrant circuits or drivers, prior to AF termination. When coupled with 

the increase in AF CL and reduction in DF (and hence slowing of atrial activation 

rate), it results in conditions favourable for return to SR. An isolated increase in AF 

CL or reduction in DF alone, with no increase in organization probably represents 
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continued presence of multiple re-entrant circuits or drivers which reduces the 

likelihood of return to SR.   

 

3.6 Limitations  

 

Our study reflects the behaviour of the ablated left atrium. However, it is probably not 

dissimilar to the spectral characteristics of the un-ablated left atrium since ablation 

alone was not sufficient to achieve termination of AF in these patients, implying the 

continued presence of unaddressed drivers or substrate maintaining AF. 

 

Using a catheter placed in the coronary sinus has the advantage of stability in terms 

of positioning, but we acknowledge that the electrograms recorded from this catheter 

are not directly from within the left atrium, and do not fully assess the global 

spatiotemporal characteristics of AF. However, in the context of assessing cycle 

length and spectral characteristics of human AF, the utilization of coronary sinus 

electrograms alone for analysis is well described in published literature229, 236, 249, 250, 

and while it has its limitations, it seems to be an acceptable technique.     

 

Though not achieving statistical significance, there appears to be a trend suggesting 

that CL and DF changes may be greater in those who returned to SR after flecainide 

than those who did not. Due to the small sample size, the study is not powered to 

conclusively exclude any link in CL and DF changes with the likelihood of returning to 

SR, although it still supports the notion that increase in OI is a more sensitive 

indicator.  
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3.7 Conclusion 

 

Our findings provide an insight into the controversial mechanism of human AF 

termination with class Ic agents such as flecainide. The spectral characteristics 

observed in our study appear to support findings reported by researchers using 

canine AF 89 and mathematical AF models.243 Similarly, our findings also reflect 

observations from termination of AF with catheter ablation,229 burst pacing221 and 

electrical cardioversion,220 adding further weight to the evidence that increased 

spectral organization plays a crucial role in AF termination, regardless of method 

used to achieve this. The OI of AF appears to be a useful tool to assess for likelihood 

of AF termination and may be useful as a target for development of AF therapy. 

Larger studies into spectral organization of AF are needed to further define its 

significance in human AF. 
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Chapter 4                                                            

Spectral Characteristics and outcomes after 

Catheter Ablation for Persistent Atrial 

Fibrillation 
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4.1 Introduction 

 

Catheter ablation for persistent atrial fibrillation (AF) remains challenging and clear 

end points to guide the extent of ablation are lacking, especially in the event of 

persistence of AF after carrying out extensive ablation. Moreover, although 

termination of AF by ablation is considered to be desirable, studies examining this 

have produced conflicting results, and it remains unclear if AF termination during 

ablaton is associated with better long term outcomes. 251-253 

 

Catheter ablation of AF has been shown to reduce dominant frequency and increase 

organization of intracardiac atrial electrograms.181, 182, 229 Changes in these spectral 

characteristics of AF and their relationship to follow-up outcome is not well 

understood. 

 

The aim of our study was to examine the frequency spectrum of AF at the start and 

also at the end of catheter ablation to assess the impact of any changes on follow-up 

outcomes.     

 

 

 

 

 

 

 

 

 



  81 

4.2 Methods 

 

Patients undergoing catheter ablation for persistent AF were included in the study. All 

anti-arrhythmic medication were stopped for at least 5 half-lives prior to the 

procedure.  

 

AF ablation was carried out using bilateral femoral venous access. Under 

fluoroscopic guidance, a deflectable decapolar catheter and a quadripolar catheter 

were positioned in the coronary sinus and His position respectively. A single 

transseptal puncture technique was utilised in all cases to gain access to the left 

atrium with the use of non-steerable transseptal sheath (LAMP 90, St Jude Medical).  

Following this, a deflectable, variable loop circular pulmonary vein mapping catheter 

(Inquiry Optima, St Jude Medical) and a 4mm deflectable, irrigated tip ablation 

catheter (Thermocool, Biosense Webster) were advanced into the left atrium with 

subsequent creation of left atrial geometry using a 3-dimensional navigation system 

(Ensite NavX™, St Jude Medical). Ablation strategy consisted of either 1) segmental 

ostial pulmonary vein isolation (PVI) alone, 2) segmental ostial PVI with linear 

ablation (roof and mitral valve isthmus), followed by complex fractionated electrogram 

(CFE) ablation or 3) wide area circumferential ablation (WACA) followed by linear 

ablation (roof and mitral valve isthmus) (Figure 4.1). No isolation of the coronary 

sinus or ablation within the coronary sinus was carried out in any of the patients. 

Further mapping and ablation was carried for any atrial tachycardia/flutter noted 

during the procedure. For those who remained in AF or resistant atrial 

tachycardia/flutter at the end of the ablation procedure, DC cardioversion was carried 

out to restore sinus rhythm. The patients were recruited sequentially over a period of 

time when the ablation procedure for persistent AF was evolving, hence the reason 

for including the 3 different strategies above.   
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 Figure 4.1: Ablation strategies used in the study 

 

 
 

Examples of lesions created during A) Segmental ostial pulmonary vein isolation, B) 

Segmental ostial pulmonary vein isolation + linear ablation and CFE ablation. C) Wide 

area circumferential ablation + linear ablation 

A 

B 

C 
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Intra-cardiac electrograms were recorded on a 30-250Hz filter with sampling 

frequency of 1 kHz (Labsystem Pro, Bard Electrophysiology, Lowell, MA, USA). 

Spectral analysis was carried out on bipolar AF electrograms recorded from the 

decapolar catheter in the coronary sinus. All electrograms with adequate signal to 

noise ratio (signal:noise amplitude ratio of > 2) on the decapolar catheter were 

analysed (over a period of 10s) at the start of the procedure and also at the end of 

the procedure after the intended ablation strategy as detailed above had been carried 

out satisfactorily. In those who converted to sinus rhythm or atrial flutter during 

ablation, electrograms just before rhythm change were analysed and compared to 

that at the start of the procedure. 

 

For the purpose of the study, Fast Fourier Transform (FFT) was carried out on AF 

electrograms with a spectral resolution of 0.24Hz (4096 points), after processing with 

a Hamming window. A 1024 point sliding window was used to give the mean DF and 

OI of the signal. The DF and OI of all suitable coronary sinus electrograms across all 

5 bipoles were averaged for each patient and used for analysis. 

 

Follow-up assessment of arrhythmia recurrence was carried out by clinical review of 

symptoms and ECG monitoring at 4 and 12 months, including documentation of any 

medical advice sought for arrhythmia related symptoms outside of the scheduled 

follow-up intervals. 24 hour ambulatory ECG monitoring at 6 months post-procedure 

was also carried out. Any ECG documentation of sustained AF (lasting > 30s) during 

the 12 month follow-up period is considered to be indicative of AF recurrence if it 

occurred beyond a 3 month blanking period post-procedure. In the absence of any 

contraindications, patients were prescribed beta-blockers post-ablation if there were 

other indications such as co-existing hypertension or ischaemic heart disease. More 
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specific anti-arrhythmic drugs (including flecainide, propafenone and amiodarone) 

were prescribed only if there was evidence of early (< 3 months) or post-blanking 

period (> 3 months) recurrence of AF, or if patients were still aware of symptoms of 

palpitations (but with no ECG evidence of AF). 

 

All continuous variables are expressed as mean +/- standard error of mean. Normally 

distributed data were analysed using paired and unpaired Student’s t-test as 

appropriate. Non-parametric data were analysed by Mann Whitney or Wilcoxon 

signed rank test. One way ANOVA was used to compare more than 2 means for 

parametric data and Kruskal-Wallis test was used for non-parametric data. 

Categorical data were analyzed using Chi squared or Fisher’s exact test. Logistic 

regression was carried out to identify independent predictors of freedom from AF on 

follow-up and receiver operator characteristic analysis was used to evaluate the 

relevant parameter.  A p value of < 0.05 is considered to be statistically significant. 

   

4.3 Results 

 

A total of 30 consecutive patients having catheter ablation for persistent AF were 

included in the study. Ablation strategy included segmental ostial PVI alone (9), in 

combination with linear ablation and CFE ablation (13) and WACA with linear 

ablation (8). AF termination during ablation occurred in 6 (20%) patients. Out of these 

6 patients, 2 (7%) patients reverted directly to sinus rhythm and 4 (13%) converted to 

atrial flutter during ablation.   

 

14 (47%) patients had recurrence of AF beyond a 3 month blanking period and 16 

(53%) were free from AF after mean follow-up of 12 ± 1 months. No significant 

difference in anti-arrhythmic drug usage was noted between the 2 groups. Out of the 
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16 patients free of AF, 4 developed atrial flutter/atrial tachycardia during the follow-up 

period.  

 

Across the entire group of patients, DF reduced from 6.5 ± 0.2 Hz to 5.6 ± 0.2 Hz (p < 

0.0001), while OI increased from 0.26 ± 0.01 to 0.30 ± 0.02 (p = 0.03) post ablation. 

Comparing patients free from AF with those with AF recurrence, absolute change in 

OI was 0.09 ± 0.02 vs -0.02 ± 0.02 (p < 0.0001), and relative change in OI was 40 ± 7 

vs -5 ± 7% (p = 0.0001) respectively. No significant differences in the change in DF 

were noted on comparing both groups. There was a trend suggesting that more 

extensive ablation (i.e. PVI + linear + CFE, WACA + linear ablation, longer ablation 

time) and termination of AF with ablation were associated with freedom from AF. The 

summary of the patient characteristics between the 2 groups can be found in Table 

4.1. Examples of electrograms used for analysis can be found in Figure 4.2. 
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Table 4.1 Characteristics of patients with and without recurrence of AF 

 

 

Recurrence of 

AF (n=14)  

 

No recurrence 

of AF (n=16) 

 

P value 

 

Age 

 

Sex 

 

Hypertension 

 

Ejection Fraction (%) 

 

Left atrial size (mm) 

 

Ablation Strategy: 

- PVI Alone (n=9) 

- PVI + lines + CFE (n=13) 

- WACA + lines (n=8) 

 

Total ablation times (s) 

AF termination during ablation  

 

On Beta-Blockers* 

On Anti-Arrhythmic drugs* 

(other than Beta-Blockers) 

 

Follow-up (mths) 

 

  

56 ± 2 

 

14 Male (100%) 

 

6 (43%) 

 

48 ± 2  

 

47 ± 2  

 

 

7 (50%) 

5 (36%) 

2 (14%)  

 

2763 ± 281 

1 (7%) 

 

8 (57%) 

7 (50%) 

 

 

11 ± 1 

 

 

54 ± 2 

 

14 Male (88%) 

 

8 (50%) 

 

51 ± 2  

 

44 ± 2 

 

 

2 (13%) 

8 (50%) 

6 (38%) 

 

3305 ± 278 

5 (31%) 

 

7 (44%) 

6 (38%) 

 

 

12 ± 1 

 

 

P = 0.48 

 

P= 0.49 

 

P = 0.73 

 

P = 0.39 

 

P= 0.18 

 

 

 

          P = 0.07 

 

 

P = 0.18 

P = 0.18 

 

P = 0.72 

P = 0.71 

 

 

P = 0.82 
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DF pre-ablation (Hz) 

DF post-ablation (Hz) 

Absolute change (Hz) 

%  Change in DF 

 

OI pre-ablation 

OI post-ablation 

Absolute change 

% Change in OI  

6.5 ± 0.2 

5.6 ± 0.2 

-0.9 ±0.1 

-14 ± 2 

 

0.28 ± 0.02 

0.25 ± 0.02 

-0.02 ± 0.02 

-5 ± 7 

6.6 ± 0.2 

5.6 ± 0.2 

-0.9 ± 0.2 

-14 ± 3 

 

0.24 ± 0.02 

0.34 ± 0.03 

0.09 ± 0.02 

40 ± 7 

P = 0.76 

P = 0.87 

P = 0.86 

P = 0.96 

 

P =  0.24 

P = 0.03 

P < 0.0001 

P = 0.0001 

 

 

*At most recent follow-up review 

PVI = pulmonary vein isolation (segmental ostial), CFE = complex fractionated electrograms, 

WACA = wide area circumferential ablation, DF = dominant frequency, OI = organization 

index 
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Figure 4.2: Example of intracardiac electrograms and FFT 

 

Patient A  

 
 

Patient B 

 
 

Example of intra-procedure CS electrgrams of 2 patients pre and post PVI + linear + CFE ablation. 

Both were DC cardioverted to sinus rhythm at the end of the procedure. In Patient A (top panel), who 

stayed in sinus rhythm at 12 months, a reduction in DF and increase in OI were seen. In Patient B 

(lower panel), who had recurrence of AF at 4 months, a reduction in DF with only minor increase in OI 

were seen. 

 



  89 

Logistic regression identified absolute increase in OI (p = 0.006) and relative increase 

in OI (p = 0.005) to be independently associated with freedom from AF. OI post 

ablation showed only borderline association with freedom from AF (p = 0.05). 

Receiver operator characteristic analysis indicate that a relative increase in OI of > 

16% has a 81% sensitivity and 86% specificity for identifying those who will remain 

free of AF (see Figure 4.3). 

 

Figure 4.3: Receiver operator characteristic curve of percent change in OI.  

 
 

An increase in OI of >16% is associated with 81% sensitivity and 86% specificity of 

predicting freedom from AF after ablation. Area under curve = 0.88 (p = 0.0003). 
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No statistically significant differences were noted in the patient characteristics or 

changes in DF and OI when comparing PVI alone, PVI + linear + CFE ablation and 

WACA + linear ablation. (See Table 4.2 and Figure 4.4) 

 

Table 4.2: Comparison between PVI alone, PVI+lines+CFE and WACA+lines 

 

 

 

PVI alone  

(n=9) 

 

PVI+lines+CFE 

(n=13) 

WACA+lines  

(n=8) 
P Value 

 

Age (years) 

 

59 ± 2 54 ± 2 51 ± 3 0.17 

 

HBP (no.) 

 

4 (44%) 6 (46%) 4 (50%) 0.97 

 

LA size (mm) 

 

47 ± 3 44 ± 2 45 ± 2 0.64 

 

EF (%) 

 

50 ± 2 51 ± 2 47 ± 3 0.56 

 

DF pre-ablation (Hz) 

 

6.5 ± 0.2 6.6 ± 0.3 6.4 ± 0.3 0.76 

 

DF-post ablation (Hz) 

 

5.6 ± 0.2 5.5 ± 0.3 5.8 ± 0.3 0.42 

 

% Change in DF 

 

-14 ± 3 -16 ± 3 - 9 ± 2 0.29 

 

OI pre ablation 

 

0.27 ± 0.03 0.27 ± 0.02 0.23 ± 0.02 0.56 

 

OI post-ablation 

 

0.28 ± 0.03 0.32 ± 0.04 0.28 ± 0.02 0.77 

 

% Change in OI 

 

9 ± 11 21 ± 10 27 ± 13 0.74 

 

Follow-up (mths) 

 

14 ± 2 10 ± 2 11 ± 1 0.19 
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Figure 4.4: Comparison of %change in DF and OI 

 

 

 

 

 

Box plots comparing percent change in DF (top panel) and OI (bottom panel) between 

the 3 ablation strategies. No significant differences were noted (p = 0.21 and 0.58 

respectively.) 
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4.4 Discussion 

 

Using spectral analysis, our study has shown that catheter ablation using the above 

ablation strategies result in reduction in DF in coronary sinus electrograms. The 

majority of patients remained in AF at the end of catheter ablation and the only 

predictor for freedom from AF on medium term follow-up was an increase in OI as a 

result of the ablation procedure. The OI may therefore play a role as a guide in 

determining the extent of ablation needed.  

 

4.4.1 Dominant Frequency and Outcomes 

 

Several studies have previously looked into the effect of ablation on spectral 

characteristics of AF and its significance. A study by Lemola et al182 demonstrated a 

significant reduction in DF measured from coronary sinus electrograms as well as 

from different sites within the left atrium after catheter ablation of persistent AF. The 

same study also found that a greater reduction in DF after ablation using an 

electrogram-guided approach, was seen in patients who remained free of AF on 

follow-up. In a separate study, it was found that a critical decrease in DF by ≥ 11% 

was associated with maintenance of sinus rhythm after ablation for persistent AF.183 

This observation was not reflected in our study, where we found mean decrease in 

DF to be 14% in both AF recurrence and no AF recurrence groups. It is however, 

difficult to draw direct conclusions from this as the authors did not assess OI in their 

cohort of patients and employed a different ablation strategy.  

  

Using real-time mapping and ablation of maximal DF sites in conjunction with 

circumferential pulmonary vein islolation, Atienza et al181 found that ablation reduced 

DF in the left atrium, coronary sinus and right atrium. A proportion of the maximal DF 
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sites were not ablated due to technical and also safety reasons and on analysis of 

follow-up results, ablation of maximal DF sites was found to be an independent 

predictor of freedom from AF 

.  

4.4.2 Complexity/Organisation of Electrograms and Outcomes 

 

Researchers have also tried to characterize and classify the complexity of AF 

electrograms to establish its relevance to AF ablation. Nademanee et al171 showed 

highly favourable outcomes using an ablation strategy of targeting complex 

fractionated AF electrograms. Ablation at atrial sites containing a greater percentage 

of continuous electrical activity or a temporal activation gradient have also been 

found to be associated with slowing or termination of persistent AF.254 

 

Yoshida et al250 carried out time domain analysis (using complexity and fractionation 

index) as well as frequency domain analysis (using DF) to study AF electrograms in 

the coronary sinus before and after ablation. In patients with persistent AF, no 

significant link was seen in the time domain parameters when comparing patients 

who had AF recurrence with those who remained free of AF on follow-up. However, 

the authors found that percentage decrease in DF was greater in those who 

remained free of AF.   

 

The significance of OI in the maintenance of AF and its response to ablation was first 

evaluated by Takahashi et al.229 In this study, it was found that a higher OI as 

measured from coronary sinus electrograms was associated with greater likelihood of 

termination of AF with ablation, and that a progressive increase in OI is seen with 

isolation of each pulmonary vein, prior to AF termination. The authors concluded that   
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the OI may be representative of the number of driving sources responsible for 

maintaining AF. In another study, Bencsik et al176 also showed a significant reduction 

in DF and an increase in organisation (expressed as regularity index) at the end of 

ablation of persistent AF using a stepwise approach. 

 

Using spectral analysis of canine AF, it has also been shown that a greater OI 

increased the efficacy of burst pace termination of AF221 and also electrical 

cardioversion220 of AF. In addition, we have also previously shown that anti-

arrhythmic medication such as flecainide restores sinus rhythm acutely in human 

subjects by reducing DF of AF electrograms, but only when an increase in OI is also 

seen1, suggesting that a reduction in the number of re-entrant circuits or drivers of AF 

is key to termination of AF.  Our current study adds further support to this hypothesis, 

with the findings of an increase in AF organisation, represented by an increase in OI 

post-ablation, being associated with a lower likelihood of AF recurrence.  

 

4.4.3 Other electrographic features and termination of AF as a predictor of 

outcome 

 

Reliable predictors of outcome following AF ablation remain a topic of ongoing 

research. A longer surface ECG255, atrial appendage or coronary sinus AF cycle 

length236, 253, smaller left atrial size158, 253, 256, and shorter duration of AF253 have been 

proposed to be associated with termination of AF during ablation. It has also been 

suggested that successful termination of persistent AF during ablation is associated 

with a lower risk of subsequent AF recurrence.183, 253, 257 This however, was not 

demonstrated to be the case in a recently published study251 involving over 300 

patients, which found that AF termination during ablation could predict mode of 

arrhythmia recurrence, but did not seem to be associated with long term 
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maintenance of sinus rhythm. Moreover, rates of persistent AF termination with 

ablation are highly variable in published literature, ranging from 13% up to 91%,194, 

250, 258, 259 depending on technique used, and with the definition quite often including 

conversion to atrial flutter/atrial tachycardia together with direct conversion to sinus 

rhythm. In our study, only a small proportion (20%) of the patients had termination of 

AF during ablation (2 to sinus rhythm and 4 to atrial flutter). There was a trend 

suggesting termination to be associated with freedom from AF on follow-up, although 

this did not reach statistical significance.  

 

4.5 Relevance of Findings   

 

Clear end points to guide the extent of ablation needed in patients with persistent AF 

are lacking. While termination of AF during ablation (particularly to sinus rhythm) is 

conventionally seen as a desirable result, this only happens in a select proportion of 

patients with persistent AF during the first ablation procedure, and there continues to 

be conflicting data about its correlation with freedom from AF on follow-up. Our study 

supports published literature showing that catheter ablation reduces the DF of AF 

within the coronary sinus. Although we found no relationship between the extent of 

DF reduction and outcomes, we have demonstrated that an increase in OI during 

ablation can be a predictor of freedom from AF in the medium term. In patients who 

remain in AF despite extensive catheter ablation for persistent AF, the OI can 

therefore be a useful intra-procedural tool to help determine the extent of ablation 

that is required. Further studies involving larger number of patients are needed to 

fully evaluate the utility of OI and test its reliability as a predictor of outcome following 

catheter ablation of persistent AF.  
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4.6 Limitations 

 

Analysis of electrograms recorded from the coronary sinus catheter allows for reliable 

comparison of pre and post-ablation data as it has the advantage of being in a stable 

position throughout the procedure. However, the limitation of this is that the data 

applies only to changes in the coronary sinus and are not fully representative of the 

global spatial characteristics of AF in the rest of the left atrium. Nevertheless, the 

technique of analysing coronary sinus electrograms is widely described in published 

literature, which allows for direct comparison between studies.  

  

Monitoring of AF recurrence was limited only to scheduled clinical review over a 1 

year period with spot ECG assessment and a 24 hour ambulatory ECG monitor. It is 

therefore not possible to exclude episodes of AF recurrence which were not detected 

with the above methods. Any late recurrence of AF beyond or study period was not 

assessed. 

 

The study was not powered to compare different ablation strategies as the main aim 

was to assess if spectral characteristics of AF could predict outcome of ablation. Only 

pulmonary vein isolation was carried out in some of the patients as they were 

recruited during our early experience of ablating persistent AF. 

   

4.7 Conclusion 

 

Increase in OI of AF electrograms following catheter ablation of persistent AF 

appears to be associated with medium term freedom from AF. OI could be a useful 

guide to determine the extent of ablation required.    
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Chapter 5                                                    

Catheter ablation for persistent AF: Changes 

in Autonomic Tone and Frequency Spectrum 

mirror that of vagal blockade 
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5.1 Introduction  

 

The autonomic nervous system is strongly implicated in the eletrophysiology of atrial 

fibrillation (AF), and both sympathetic and vagal influences are thought to play 

significant roles in the initiation of AF.103, 107, 108, 118  

 

Studies on both animal as well as human hearts have demonstrated that autonomic 

tissue in the atria can be identified by means of high frequency stimulation,118, 122, 260 

and denervation of these by ablation in addition to standard isolation of pulmonary 

veins can potentially lead to improved outcomes following AF ablation. 122, 123 

 

Most studies employed autonomic testing while in sinus rhythm and hence the 

majority of patients studied are those with Paroxysmal AF. Assessment of cardiac 

autonomic tone while in persistent AF is not clearly defined and hence limited 

information is available with regard to autonomic influences in persistent AF. It is also 

unclear whether ablation using standard techniques not deliberately targeting 

autonomic tissue results in any modulation of the autonomic tone and its influence in 

persistent AF. 

 

The aim of this study was to assess for changes in autonomic measures and spectral 

characteristics of persistent AF in response to atropine and radiofrequency catheter 

ablation.   
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5.2 Methods 

 

Patients who were in persistent AF at the start of AF ablation procedures were 

studied. All anti-arrhythmic medication were stopped for at least 5 half-lives prior to 

the procedure. The procedure was carried out using bilateral femoral venous access. 

Under fluoroscopic guidance, a deflectable decapolar catheter and a quadripolar 

catheter were positioned in the coronary sinus and His position respectively. Surface 

ECG and intracardiac electrograms were recorded continuously on a 0.01 – 25 Hz 

and 30 - 250Hz acquisition filter respectively, with a sampling frequency of 1 kHz 

(Labsystem Pro, Bard Electrophysiology, Lowell, MA, USA). All coronary sinus 

electrograms with adequate signal to noise ratio (amplitude ratio of > 2) on all 5 

bipoles of the decapolar catheter were analysed and mean values were taken. RR 

intervals were measured by a built-in automated detection function, detecting and 

measuring intervals between R wave peaks of QRS complexes from the 12-lead 

surface ECG (lead V6 position). These were manually checked and corrected if there 

were any errors.  

 

The study patients are divided into 2 different groups, with Group 1 consisting of 

patients who had electrogram analysis carried out before and after atropine 

administration, and Group 2 consisting of patients who had the same analysis carried 

out before and after catheter ablation of AF.  

 

5.2.1 Group 1 patients 

 

Recording of the study was commenced once the ECG leads and intracardiac 

catheters were in position. The first 5 minutes of the recording was used for 

observation and to allow for a steady state to be achieved.  Intravenous atropine (1-2 
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mg) was then given to achieve at least 15% rise in ventricular rate and recorded at 

the end of 5 minutes of steady and sustained heart rate increase, so as to ensure 

adequate evidence of vagal blockade. Once this data was collected, the ablation 

procedure could proceed as planned by the operator. Using FFT off-line, the mean 

DF and OI of coronary sinus electrograms from the decapolar catheter were 

obtained, over 30s at steady state, just before and 5 minutes after atropine 

administration. RR intervals from surface ECG were also measured at the same time 

points (to obtain mean RR intervals, SD of RR intervals and 5th percentile of RR 

intervals) but with duration of analysis extending to 1 full minute. The 5th percentile of 

the collected RR intervals is thought to approximate AV nodal functional refractory 

period261, 262 and could therefore also be used as an indicator of autonomic tone.  

 

5.2.2 Spectral analysis 

 

For the purpose of the study, FFT was carried out on AF electrograms with a spectral 

resolution of 0.24Hz (4096 points), after processing with a Hamming window. A 1024 

point sliding window was used to give the mean DF and mean OI of the signal. The 

DF and OI of all suitable coronary sinus electrograms across all 5 bipoles were 

averaged for each patient and used for analysis. 

 

5.2.3 Group 2 patients 

 

In a separate group of patients, the same coronary sinus electrogram and RR interval 

analysis were carried out at the start and at the end of the AF ablation procedure 

without administration of any atropine. In the event of AF termination during ablation, 

the electrograms were analysed just before rhythm change. In brief, the ablation 

procedure was carried out using a single transseptal puncture technique with the use 
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of a non-steerable transseptal sheath (LAMP 90, St Jude Medical).  A deflectable, 

variable loop circular pulmonary vein mapping catheter (Inquiry Optima, St Jude 

Medical) and a 4mm deflectable, irrigated tip radiofrequency ablation catheter 

(Thermocool, Biosense Webster) were used to create left atrial geometry with the 

assistance of a 3-dimensional navigation system (Ensite NavX™, St Jude Medical). 

Ablation strategy consisted of stepwise setmental ostial pulmonary vein isolation in 

combination with linear ablation and complex fractionated electrogram ablation, 

without specifically targeting anatomical sites of ganglionated plexi (Figure 5.1). A 

positive vagal response to ablation is defined as prolongation of the RR interval in AF 

by more than 50%260 within 5 seconds of switching on radiofrequency energy. DC 

cardioversion was carried out if AF was still present after all intended ablation had 

been carried out.   

 

Figure 5.1: Ablation strategy consisting of stepwise segmental ostial 

pulmonary vein isolation, linear ablation (roof and mitral valve isthmus), and 

complex fractionated electrogram ablation 
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All continuous variables are expressed as mean +/- standard error of mean. Normally 

distributed data were analysed using paired and unpaired Student’s t-test as 

appropriate. Non-parametric data were analysed by Mann Whitney or Wilcoxon 

signed rank test. Categorical data were analyzed using Chi squared or Fisher’s exact 

test. A p value of < 0.05 is considered to be statistically significant. 

 

5.3 Results 

 

A total of 45 consecutive patients undergoing catheter ablation for persistent AF for 

the first time were included in the study. The first 15 patients were allocated to Group 

1 and the remaining 30 patients were allocated to Group 2.  

 

In Group 1 (n = 15) patients, atropine reduced DF from 6.9 ± 0.2 to 6.5 ± 0.1 Hz (p = 

0.002) and increased OI from 0.28 ± 0.01 to 0.31 ± 0.02 (p = 0.02). Mean RR interval 

decreased from 545 ± 20 to 414 ± 25 ms (p < 0.0001), SD of RR intervals decreased 

from 122 ± 7 to 74 ± 7 ms (p = 0.0002) and 5th percentile of RR intervals decreased 

from 390 ± 19 to 325 ± 18 ms (p = 0.001). 

 

In Group 2 (n=30) patients, DF reduced from 6.6 ± 0.2 to 5.7 ± 0.2 Hz (p < 0.0001) 

and OI increased from 0.26 ± 0.01 to 0.30 ± 0.02 (p = 0.01). Mean RR interval 

decreased from 594 ± 20 to 533 ± 18 ms (p < 0.0001), SD of RR intervals decreased 

from 134 ± 8 to 108 ± 7 ms (p = 0.003) and 5th percentile of RR intervals decreased 

from 423 ± 12 to 399 ± 11 ms (p = 0.0007) respectively. 7 (23%) patients converted 

from AF to atrial tachycardia/atrial flutter during ablation. Only 2 (7%) patients 

exhibited a positive vagal response during ablation.    
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No significant differences in baseline characteristics between the 2 groups were 

noted. However, a greater reduction in DF was seen with catheter ablation (Group 2 

patients) than with atropine (Group 1 patients).  Changes in mean RR intervals, SD 

of RR intervals and 5th percentile of RR intervals were greater with atropine than with 

catheter ablation. More detailed comparison between the 2 groups can be found in 

Table 5.1. Similar directional changes in DF, OI, mean RR intervals, SD of RR 

intervals and 5th percentile of RR intervals were seen in both groups (Figure 5.2). 

Examples of the spectral changes seen in electrograms with atropine or with ablation 

are shown in Figure 5.4 and Figure 5.3 respectively.  
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Table 5.1: Comparison between characteristics of Group 1 (Atropine) and 

Group 2 (Ablation) patients  

 

 

Group 1 

(n=15) 

 

Group 2 

(n=30) 

 

P value 

 

Age 

 

Sex 

 

Hypertension 

 

Ejection Fraction (%) 

 

Left atrial size (mm) 

 

DF 

- At baseline (Hz) 

- After atropine/ablation (Hz) 

- Percent DF change (%) 

 

OI 

- At baseline 

- After atropine/ablation (Hz) 

- Percent OI change (%) 

 

Mean RR interval  

- At baseline (ms) 

- After atropine/ablation (ms) 

- Percent Change (%) 

 

 

55 ± 2 

 

14 Male (93%) 

 

8 (53%) 

 

49 ± 2 

 

47 ± 2 

 

 

6.9 ± 0.2 

6.5 ± 0.1 

-6 ± 2 

 

 

0.28 ± 0.01 

0.31 ± 0.02 

12 ± 5 

 

 

545 ± 25 

414 ± 25 

-24 ± 3 

 

 

54 ± 2 

 

27 Male (90%) 

 

17 (57%) 

 

50 ± 1 

 

45 ± 1 

 

 

6.6 ± 0.2 

5.7 ±0.2 

-14 ± 2 

 

 

0.26 ± 0.01 

0.30 ± 0.02 

19 ± 6 

 

 

594 ± 20 

533 ± 18 

-13 ± 2 

 

 

P = 0.67 

 

P = 1.0 

 

P = 1.0 

 

P = 0.70 

 

P = 0.48 

 

 

P = 0.13 

P = 0.001 

P = 0.005 

 

 

P = 0.33 

P = 0.75 

P = 0.47 

 

 

P = 0.18 

P = 0.0009 

P = 0.01 
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SD of RR intervals 

- At baseline (ms) 

- After atropine/ablation (ms) 

- Percent Change (%) 

  

 

5
th
 percentile of RR intervals  

- At baseline (ms) 

- After atropine/ablation (ms) 

- Percent Change (%) 

 

 

 

122 ± 7 

74 ± 7 

-37 ± 6 

 

 

 

390 ± 19 

325 ± 18 

-16 ± 3 

 

 

134 ± 8 

108 ± 7 

-21 ± 4 

 

 

 

423 ± 12 

399 ± 11 

-8 ± 2 

 

 

P = 0.36 

P = 0.008 

P = 0.05 

 

 

 

P = 0.15 

P = 0.001 

P = 0.01 
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Figure 5.2: Comparison of changes between Group 1 and 2 patients 

 

 

 

 
Percentage change in Dominant Freqency (DF), Organization Index (OI), RR mean, 

RR standard deviation (RR SD), and 5
th
 percentile of RR intervals following atropine 

(top panel) and ablation (lower panel) are shown. Similar directional changes are noted 

in both groups. 
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Figure 5.3: Example of change in DF and OI in coronary sinus electrogram pre 

and post atropine injection 

 

 
 

 

 

 

Figure 5.4: Example of change in DF and OI in coronary sinus electrogram pre 

and post ablation 
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5.4 Discussion 

 

The main findings in this study are: 

1) Catheter ablation using a stepwise approach described above reduced DF 

and increased OI of coronary sinus electrograms, while also affecting 

autonomic tone measures consistent with a reduction in vagal tone acutely 

2) Vagal blockade with atropine also reduced DF and increased OI of coronary 

sinus electrograms, in addition to its expected autonomic effects 

3) The pattern of changes in spectral characteristics of AF and autonomic tone 

brought about by ablation were similar to that caused by pharmacological 

vagal blockade with atropine.    

4) Ablation appears to a have greater effect on the DF of coronary sinus 

electrograms while atropine has a greater effect on autonomic tone measures 

 

The above findings provide further evidence highlighting the influence of the 

autonomic nervous system on the behaviour of human AF. The acute effects of 

ablation appear to be similar to pharmacological blockade with atropine, suggesting 

that conventional anatomical and electrogram-guided ablation not specifically aimed 

at autonomic tissue possibly also result in modulation of the autonomic tone.    

 

In addition, our results also demonstrate that autonomic measures such as the SD of 

RR intervals and 5th percentile of RR intervals changed as anticipated with atropine, 

suggesting that these measures could be used to estimate autonomic tone even in 

the presence of AF.   
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5.4.1 Autonomic influences on AF 

 

The autonomic nervous system is thought to play a key role in the initiation and 

maintenance of cardiac arrhythmia. Anatomical studies have demonstrated the 

presence of clusters of autonomic tissue i.e ganglionated plexi (GP) located at 

specific sites around the human heart, which include locations near the pulmonary 

veins, predominantly on the posterior surfaces of the atria.104, 105 

 

Coumel et al first described the observation of paroxysmal AF secondary to vagal 

over-activity,  and then went on to propose the existence of vagal and sympathetic 

forms of AF; the former being prevalent in normal hearts, and the latter occurring in 

the presence of heart disease.102, 103   

 

Schauerte et al118 demonstrated that high frequency stimulation at pulmonary vein 

and superior vena cava sites produced rapid ectopic beats leading to induction of AF. 

These effects were blunted by beta-blockade and abolished by atropine, implying 

involvement of both sympathetic and parasympathetic pathways. In another study by 

the same researchers,115 radiofrequency ablation of local parasympathetic tissue 

successfully abolished vagally mediated AF in dogs.  

 

Acetylcholine is the main neurotransmitter released by the parasympathetic nervous 

system. Vagal stimulation or exogenous acetylcholine produces a negative 

chronotropic effect on the SA node and a negative dromotropic effect on the AV 

node.112, 113 In addition, animal studies have shown that vagal stimulation shortens 

atrial effective refractory period (ERP)114, 115 and also plays a role in promoting spatial 

heterogeneity116, thereby creating factors favouring initiation and maintenance of AF. 

Atropine is a muscarinic receptor antagonist which blocks the effects of acetylcholine 
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and hence also that of vagal stimulation. It should therefore oppose the above 

changes in atrial electrophysiology and make conditions less hospitable for existence 

of AF. From our study results, it can be hypothesized that DF reduction is a 

consequence of an increase in atrial ERP and the increase in OI is due to a reduction 

in the number of re-entrant circuits, brought about by both an increase in atrial ERP 

and reduction in spatial heterogeneity of refractoriness as a result of vagal blockade 

with atropine. Reduction in dominant frequency in electrograms recorded from the left 

atrium and coronary sinus after catheter ablation has previously been demonstrated 

in several published reports181-183. An increase in organization of AF electrograms, as 

represented by an increase in the OI, can also be seen following ablation176, 229 and 

has been shown to be an important factor in the termination of AF.1, 229  

 

5.4.2 HRV and assessment of autonomic tone in AF 

 

Heart rate variability (HRV) has been studied extensively as a tool to assess 

autonomic tone and has been shown to predict prognosis in heart failure263 and post-

myocardial infarction.264 Assessment for HRV in published literature is almost always 

carried out in sinus rhythm, using both time and frequency domain parameters,265 

which essentially reflect autonomic influences on the sinoatrial node. The irregular 

and apparently chaotic atrial and ventricular activation in AF is conventionally 

considered to be unsuitable for HRV analysis.  However, the beat-to-beat variability 

and frequency of RR intervals in AF is likely to be a product of atrial conduction and 

activation as well as the conduction properties of the atrioventricular node, both of 

which are susceptible to autonomic influence. It would therefore be reasonable to 

think that of some of the HRV indices in AF would at least in part, be reflective of 

autonomic tone.  
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Although the assessment of HRV in AF has only been examined in a small number of 

studies, most have found positive associations between HRV indices and patient 

outcomes similar to that seen in sinus rhythm.266, 267 A study using an abbreviated 

duration of HRV analysis found analogous changes in HRV measures between AF 

and sinus rhythm patients after pharmacological autonomic blockade, concluding that 

HRV in AF is related to vagal tone.268 

 

In our study, we made use of a simple, abbreviated method of HRV analysis by only 

examining SD of RR intervals, and also included the 5th percentile of RR intervals as 

a measure of autonomic tone. The use of the latter is based on the concept that the 

minimal RR interval during AF approximates the functional refractory period (FRP) of 

the AV node. Supportive evidence for this was provided by Billette et al261 who found 

the 5th percentile of RR intervals to be equal to the FRP of the AV node while 

studying dog hearts. Using human subjects, Toivonen et al269 described good 

correlation between shortest RR intervals and AV nodal FRP. Khand et al262 also 

recently described a novel method of assessing autonomic function in AF, based on 

assessment of hourly 5th percentile of RR intervals over a 24 hour period in a cohort 

of heart failure patients.    

   

5.4.3 Effects of ablation on parasympathetic tone 

 

Studies looking into autonomic tone using HRV indices have found transient 

parasympathetic attenuation following catheter ablation for paroxysmal AF, lasting 

only up to 3 months.123, 270 In an animal study,271 vagal denervation by ablation 

acutely reduced AF inducibility with vagal stimulation, but this effect was no longer 

present on repeat testing 4 weeks later. Thus, it would appear that while 

radiofrequency ablation can modify cardiac autonomic tone, it does not seem to have 
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a lasting effect, casting doubt on whether targeting autonomic tissue will have long 

term efficacy. Early reports using a strategy of GP ablation together with pulmonary 

vein antral ablation have shown single procedure success to be around 86% in 

patients with paroxysmal AF after mean follow-up of 22 months.184 Other authors 

have used a purely anatomical GP ablation approach and shown maintenance of 

sinus rhythm in 71% of patients with paroxysmal AF using implantable recorder for 

monitoring,185 although the same technique was not as effective for patients with 

persistent AF (38% single procedure success rate).186 

 

5.5 Relevance of findings 

 

From existing published evidence, it is apparent that the autonomic nervous system 

plays a very significant role in the pathophysiology of AF at the electrophysiological 

level. While both sympathetic and parasympathetic arms are thought to participate in 

this, there probably is a predominance of parasympathetic influence. Our results 

demonstrate, for the first time, that vagal blockade with atropine results in frequency 

domain changes in AF electrograms similar to that seen with ablation, although 

occurring to a lesser extent. At the same time, using a combination of existing and 

alternative markers of vagal tone, we have also shown a degree of parasympathetic 

attenuation in persistent AF after catheter ablation which was not deliberately 

targeted at autonomic tissue. This could be explained by the observation that atrial 

sites associated with GP often also contain complex fractionated electrograms,260 

and are usually located near pulmonary vein antra, which are typical sites for 

delivering lesions. Hence the ablation strategy used in our study could have quite 

conceivably resulted in a degree of parasympathetic denervation without actively 

seeking to do so.  
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Our results indicate that catheter ablation using an anatomical and electrogram 

guided approach results in acute directional changes in autonomic tone and spectral 

characteristics, similar to that of vagal blockade with atropine, in the setting of 

persistent AF. It further strengthens the concept that the autonomic nervous system 

is intimately involved in the mechanism of persistent AF, and that some of the effects 

seen with ablation could be attributed to parasympathetic attenuation. In addition, the 

5th percentile of RR intervals as used in our study, appears to be a useful surrogate 

of autonomic tone and could be used as a quick guide to determine the extent of 

autonomic modulation in real-time, during ablation of persistent AF. Current evidence 

suggest that autonomic changes induced by ablation seem to be only a transient 

phenomenon. Larger scale studies examining the long-term effects of GP targeted 

ablation are needed.   

 

5.6 Limitations 

 

Analysis of electrograms recorded from the coronary sinus catheter allows for reliable 

comparison of pre and post-intervention data as it has the advantage of being in a 

stable position throughout the procedure. However, the limitation of this is that the 

data applies only to changes in the coronary sinus and are not fully representative of 

the global spatial characteristics of AF in the rest of the left atrium.  

 

We did not directly carry out any assessment of the sympathetic nervous system and 

no sympathetic blockade was carried out either. Hence, it is not possible to exclude 

sympathetic influences and determine if the effects seen with vagal blockade with 

atropine were purely due to vagal withdrawal alone.  
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5.7 Conclusion 

 

Ablation of persistent AF not directly aimed at autonomic tissue results in the same 

pattern of changes in DF, OI and autonomic tone measures as that observed with 

pharmacological vagal blockade.   
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Chapter 6                                                 

Regional fractionation and dominant 

frequency in persistent Atrial Fibrillation: 

Effects of left atrial ablation and evidence of 

spatial relationship 
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6.1 Introduction 

Catheter ablation for persistent atrial fibrillation (AF) remains a challenging procedure 

and success rates vary significantly between different centres272. Repeat procedures 

to treat further arrhythmia are frequently required in a significant proportion of 

patients.  

Addressing AF substrate in addition to triggers is key to achieving maintenance of 

sinus rhythm with catheter ablation of persistent AF. Potential substrate targets that 

have been described include autonomic nervous tissue such as ganglionated plexi122, 

123 and sites with complex fractionated electrograms171 (CFE) and high dominant 

frequency178 (DF). It is not known whether the targeting of a specific substrate is 

superior to another nor is it clear if these substrates may be related in any way.  

To gain better understanding of the characteristics of AF substrate, we carried out a 

study to examine regional DF (frequency domain substrate) and CFE (time domain 

substrate) characteristics before and after catheter ablation, so as to study the effect 

of ablation and also to assess if there is any spatial relationship between the 2 

parameters.  

 

6.2 Methods 

A consecutive series of patients undergoing catheter ablation of persistent AF for the 

first time were studied. Only patients in persistent AF at the start of the procedure 

were included. All anti-arrhythmic drugs apart from amiodarone were stopped for at 

least 5 half lives before the procedure. Once bilateral femoral venous access were 

achieved, a deflectable decapolar catheter and a quadripolar catheter were 

positioned in the coronary sinus and His position respectively under fluoroscopic 

guidance.  A single transseptal puncture technique was utilised in all cases to gain 
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access to the left atrium with the use of non-steerable transseptal sheath (LAMP 90, 

St Jude Medical).  Following this, a deflectable, variable loop circular pulmonary vein 

mapping catheter (Inquiry Optima, St Jude Medical) and a 4mm deflectable, irrigated 

tip ablation catheter (Thermocool, Biosense Webster) were advanced into the left 

atrium with subsequent creation of left atrial geometry using a 3-dimensional 

navigation system (Ensite NavX™, St Jude Medical).  

Using the irrigated tip bipolar ablation catheter, point-by-point mapping of the left 

atrium was carried out according to a 15 segment grid superimposed on the 3-

dimensional left atrial geometry (which includes the pulmonary vein antrum/ostia, left 

atrial roof, septal, lateral, posterior and anterior walls) before and after left atrial 

ablation. (Figure 6.1, panel A) In all cases, left atrial ablation involved wide area 

circumferential ablation around ipsilateral pairs of pulmonary veins followed by linear 

roof ablation (Figure 6.1, panel B). At least 2 samples of electrograms were collected 

at each segment and the trace with the best quality used for analysis. Once all 

signals required for the study had been obtained, further ablation strategy was left to 

the operator’s preference. 

Figure 6.1: Left atrial electrogram mapping and ablation strategy 

  

The 3D geometry of the left atrium is divided into 15 segments for atrial electrogram analysis (A). 

Typical set of ablation lesions delivered for the purpose of the study, consisting of wide circumferential 

pulmonary vein and linear roof ablation (B). 

A
  

 

B 
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Analysis was done on electrograms over 8s of continuous recording at each grid 

segment: 1) in the time domain as degree of fractionation (expressed as “CFE-

mean”) using automated detection software built into the navigation system to create 

a colour-coded CFE-mean map, and 2) in the frequency domain with Fast Fourier 

Transform to obtain regional Dominant Frequency (DF) and Organization Index (OI). 

Previous studies have suggested recording electrograms over at least 5s to increase 

the accuracy of fractionation and DF assessment233, 234. For the purpose of this study, 

we assessed degree of fractionation as a continuous variable by CFE-mean analysis 

to include all data between the range of 40 – 300 ms so as to include as wide a 

range of AF electrograms as possible. The CFE-mean is an average of the intervals 

between deflections on atrial electrograms which are detected based on a set of 

predefined criteria. Settings used for the generation of CFE-mean map on the 

navigation system were as follows: segment of 8s, width 10ms, refractory of 30ms 

and P-P sensitivity adjusted to adapt to the electrograms for each individual patient 

(between 0.05 to 0.12 mV). (Figure 6.2) 
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Figure 6.2:  Analysis of data in time and frequency domains 

 

 

Electrograms were analysed using both time (CFE-mean) and frequency domain analysis 

[by Fast Fourier Transform (FFT) to obtain dominant frequency (DF) and organization 

index (OI)]. Settings used to produce the CFE-mean colour map on the left atrial 

geometry are displayed.  
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All intra-cardiac electrograms were recorded with a 30-250Hz band pass filter with 

sampling frequency of 1 kHz and exported for spectral analysis. Fast Fourier 

Transform (FFT) was carried out with a spectral resolution of 0.24Hz (4096 points), 

after processing with a Hamming window. A 1024 point sliding window was used to 

give the mean DF and OI of the signal. (Figure 6.2) 

 

All continuous variables are expressed as mean +/- standard error of the mean. 

Normally distributed data were analysed using paired and unpaired Student’s t-test 

as appropriate. Non-parametric data were analysed by Mann Whitney or Wilcoxon 

signed rank test. Categorical data were analyzed using Chi squared or Fisher’s exact 

test. Correlation testing was carried out using Spearman’s coefficient.  

 

6.3 Results 

 

A total of 600 wall segments of left atrial electrograms were collected from 23 

patients recruited into the study, and 418 of these were used for analysis after 

discarding signals with poor signal to noise ratio (signal:noise amplitude < 2). Eight 

patients were on amiodarone at the time of the procedure. Post-ablation data were 

unavailable in 6 patients who converted to atrial flutter during ablation limited to the 

study protocol. Baseline characteristics of the study population are summarised in 

Table 6.1. 
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Table 6.1: Patient characteristics of the study population. 

Patient Characteristics (n = 23)  

Age (yrs) 57 ± 2 

Male 19 (83%) 

Duration of AF (months) 56 ± 7 

Hypertension 12 (52%) 

Diabetes Mellitus 3 (13%) 

EF (%) 48 ± 1 

LA size (mm) 47 ± 1 

 

 

Global CFE-mean increased from 100 ± 5 to 147 ± 11 ms (mean ± SEM, p = 0.0003) 

and DF decreased from 6.1 ± 0.2 to 5.3 ± 0.2 Hz (p = 0.0003) after ablation. Mean OI 

was unchanged (0.27 ± 0.01 before and 0.26 ± 0.02 after ablation, p = 0.70).  

 

Comparing across all 15 segments of the atrium, CFE-mean increased and DF 

reduced in all regions post-ablation. The 3 most fractionated sites pre-ablation were 

localised to the septal and infero-posterior regions of the left atrium (region 6, 9 and 

14) which also appeared to contain the higher DF signals. (See Figure 6.3)  
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Figure 6.3: : Regional CFE-mean and DF 

 

Regional CFE-mean (A) and DF (B) pre and post-ablation across all 15 segments 

of the left atrium [ Region 1 (R1) to Region 15 (R15) as displayed in Figure 6.1 ] 

 

At sites close to ablation lines (defined as those collected from points located within 

5mm of ablation lines) CFE-mean increased from 93 ± 5 to 173 ± 10 ms (p < 0.0001), 

DF decreased from 6.2 ± 0.2 to 5.3 ± 0.2 Hz (p < 0.0001), and OI change was 0.26 ± 

0.01 to 0.25 ± 0.02 (p = 0.73). 

 

At sites distant from ablation lines (defined as those collected from points located 

more than 5mm from ablation lines) CFE-mean increased from 90 ± 3 to 122 ± 7 ms 

(p < 0.0001), DF decreased from 6.2 ± 0.1 to 5.4 ± 0.1 Hz (p < 0.0001) and OI 

change was 0.27 ± 0.01 to 0.26 ± 0.01 (p=0.85). (Table 6.2) 
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Table 6.2: Change in CFE-mean, DF and OI between points close to (≤ 5mm) 

and distant (> 5mm) from ablation lines 

 

  

 

Pre-ablation 

 

Post-ablation P Value 

 

 

CFE-mean (ms) 

 

93 ± 5* 173 ± 10 <0.0001 

Points close to 

ablation lines§ 

 

DF (Hz) 

 

6.2 ± 0.2† 5.3 ± 0.2 <0.0001 

 

 

OI 

 

0.26 ± 0.01‡ 0.25 ± 0.02 0.73 

 

 

CFE-mean (ms) 

 

90 ± 3* 122 ± 7 <0.0001 

Points distant from 

ablation lines|| 

 

DF (Hz) 

 

6.2 ± 0.1† 5.4 ± 0.1 <0.0001 

 

 

*p = 0.64 
†
p = 0.96 

‡
p = 0.90 

 

OI 

 

0.27 ± 0.01‡ 0.26 ± 0.01 0.85 

 

§
Points close to ablation lines (n = 53, typically at atrial segments 1, 2, 3, 6, 10 and 12) 

||
Points distant from ablation lines (n = 115, typically at atrial segments 4, 5, 7, 8, 9, 11, 13, 14, 15) 
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Comparing sites close to ablation lines with those distant from ablation lines, 

percentage change in CFE-mean was 94 ± 10 vs 37 ± 6 % (p < 0.0001), DF change 

was -13 ± 3 vs -12 ± 2 % (p = 0.98), OI change was 3 ± 6 vs 10 ± 5 % (p = 0.75) 

respectively. (Figure 6.4) 

 

Figure 6.4:  Percent change in CFE-mean, DF and OI 

 

Comparison between sites close to (≤ 5mm) and distant (> 5mm) from 

ablation lines.  

 

There was moderate correlation between CFE-mean and DF points prior to ablation 

(r = -0.33, p < 0.0001, see Figure 6.5, panel A). The strength of this relationship was 

reduced following left atrial ablation (r = -0.24, p = 0.005, see Figure 6.5, panel B). 

Examples of regional CFE-mean and DF change in one of the study patients are 

shown in Figure 6.6. 

 

 



  125 

Figure 6.5: CFE-mean vs DF plots 

 

 

 

Pre and post-ablation plots are shown at top panel (A) and lower panel (B) 

respectively. There was a moderate degree of correlation which was further 

weakened post-ablation.  
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Figure 6.6: Example of the effect of ablation seen in a study patient 

 

 

 

 

Pre (top) and post-ablation (bottom) CFE-mean maps are shown. The yellow markers on the 

electrograms indicate automatic detection of deflections meeting pre-specified CFE-mean 

criteria as defined in Figure 2. Electrograms shown are 1s representations of each regional 

recording lasting 8s, with 4096 point FFT shown adjacent to it. An increase in CFE-mean and 

reduction in DF is observed at sites close to (point A) and distant from (point B) ablation lines. 
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6.4 Discussion 

We have shown that left atrial ablation using the ablation strategy described above 

during persistent AF, reduces global left atrial DF and also decreases the degree of 

fractionation (seen as an increase in CFE-mean). CFE-mean increase was greater at 

sites close to ablation lines compared to sites distant from ablation lines, although 

corresponding DF decreased to a similar extent. Regions containing fractionated 

electrograms seem to harbour high frequency activation, suggesting that CFE and 

DF sites may be spatially related in some way. However, this relationship appears to 

be modest, and ablation using an anatomical approach appears to affect these 2 

parameters to different extents depending on proximity to the ablation lines, resulting 

in a weakening of their relationship following ablation. This could imply that though 

possibly related spatially, CFE and DF are not identical entities and could reflect 

either entirely different processes, or different components of the same substrate. 

 

6.4.1 Complex fractionated electrograms 

Konings et al previously described observation of different characteristics of unipolar 

electrograms during AF170 and it was postulated that the different electrogram 

appearances represented specific patterns of conduction. Fragmented electrograms 

for example were shown to exist at areas with slow conduction or pivot points, which 

could represent sites of wavelet reentry facilitating the maintenance of AF. Several 

studies have also verified using human subjects, that the distribution and location of 

CFE sites are usually stable and reproducible273, 274. Nademanee et al171 took this 

concept further by targeting radiofrequency ablation at sites containing CFE within 

the atria, demonstrating high rates of AF termination with 91% of patients free of 

arrhythmia and symptoms at 1 year follow-up. However, subsequent studies by other 
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authors using ablation targeted at CFE173-175 have shown somewhat conflicting 

results, which in turn has cast doubt on our understanding of the significance of CFE.  

 

6.4.2 Dominant Frequency Analysis 

For many years, thoughts on the mechanism of AF was dominated by the multiple 

wavelet hypothesis put forward by Moe and Abildskov68. In recent years however, 

there has been more interest in the concept that AF may be more organised and 

focal, a theory which was previously proposed by Scherf et al83. Using experiments 

carried out on sheep hearts, Skanes et al demonstrated evidence of wave-front 

spatiotemporal periodicity during AF, with correlation between frequency of the 

periodic activity and global atrial DF95. This, in conjunction with other supportive 

studies, have led to the proposal that relatively stable rotors giving rise to vortices of 

electrical waves could be responsible for maintaining AF98, 99. Sanders et al178 carried 

out spectral analysis and frequency mapping of the atria in human AF and found that 

ablation at sites with high DF was associated with increased likelihood of terminating 

AF, hence highlighting the importance of high DF sites.  

 

6.5 Relevance of findings 

In the current study, using contact mapping at multiple sites within the left atrium, we 

have demonstrated the characteristics of regional and global CFE and DF pre- and 

post-ablation using an anatomically guided technique of wide area circumferential 

ablation around the pulmonary veins together with left atrial roof ablation. Degree of 

fractionation (inversely related to CFE-mean) and DF reduced following ablation 

targeted at isolation of the pulmonary veins, which is in agreement with recently 
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published work by Lin et al275. This trend is consistent at a local as well as a global 

atrial level, even at sites distant from ablation lines, suggesting dynamic interaction 

between pulmonary veins and atrium in persistent AF.  Our findings also suggest 

possible spatial relationship between CFE-mean and DF of atrial electrograms, 

although the correlation is not strong. This is in keeping with results from animal 

studies carried out by Kalifa et al276, where the greatest fractionation in sheep AF 

was seen at the peripheries or outer boundaries of maximal DF sites. This is an 

observation which was also reported by Stiles et al277, who carried out high density 

mapping on a subset of 10 patients with persistent AF. Using activation mapping, the 

authors found that CFE sites were usually located adjacent to sites with high DF. 

CFE and DF correlation was also observed in their study but this was restricted to 

within an individual but not point-by-point basis. Using a larger group of patients in 

persistent AF, our study has gone further to show that regional CFE-mean and DF 

appear to be affected to different degrees by ablation, adding support to the notion 

that the relationship between fractionation and DF is probably not a direct one. 

Previous studies have suggested increased likelihood of the presence of CFE at 

atrial sites innervated by ganglionated plexi260, 278. These autonomic tissues are 

typically located in the antral regions around pulmonary veins and are usually within 

the path of ablation lesions delivered using standard circumferential pulmonary vein 

isolation techniques. This could explain the greater change in CFE-mean compared 

to change in DF seen in our study, as the ablation strategy used would have 

encompassed locations of ganglionated plexi.  

Based on the above discussion, we can hence hypothesize that while sites of 

fractionation are linked to sites of higher DF, they probably do not exist in the exact 

same location, and appear to be affected to different degrees by ablation.   
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6.6 Limitations 

Our study involved a relatively small sample of patients and we used sequential 

contact mapping of the atrium. Higher density simultaneous atrial mapping could 

provide more detailed information but this would be technically more challenging. 

Mapping of the right atrium was also not carried out in our study. It has however, 

been shown by other studies that the left atrium plays a greater role in driving AF as 

it usually contains sites with higher frequency of activation in persistent AF.95, 222, 226, 

277, 279 

 

6.7 Conclusion 

The role of substrate modification in ablation of persistent AF needs to be more 

clearly defined and our study has provided further insight into the characteristics of 

electrogram fractionation and DF in persistent AF before and after limited left atrial 

ablation.  Further studies comparing the long-term outcomes of CFE and DF targeted 

ablation or a combined ablation strategy of both substrates are needed to help clarify 

their clinical significance and relevance.  

 

(The study described in this chapter has subsequently been published in a peer-

reviewed journal which included additional information obtained from further analysis 

of the data. Please refer to the Appendix for further details.) 
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Chapter 7 Synopsis 
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7.1 Overview of results 

 

The treatment of AF remains a challenging task for all clinicians. The number of 

adults affected by this common arrhythmia is expected to rise significantly in the 

coming decades with an aging population, and there is a need for greater 

understanding of the condition to treat it effectively. Despite intense research into the 

mechanism of AF, there does not appear to be a clear consensus. Although several 

conflicting theories exits, it is quite possible that more than one form of AF 

mechanism exists, and that dynamic interplay between trigger and substrate in the 

presence of electrical and structural remodelling leads to a final common form of AF 

over time.  

 

Catheter ablation has offered an additional dimension to the management of AF, but 

hard endpoints such as morbidity and mortality data are lacking. In particular, 

ablation of the more long-standing and persistent forms of AF have not yielded 

universally satisfactory outcomes, highlighting inadequate understanding of the 

underlying mechanisms.  

 

Using both time and frequency domain analysis, the series of studies that are 

presented in this thesis have provided further insight into the characteristics of AF. 

Novel data on the effect of drugs such as flecainide and atropine and impact of 

ablation on DF and OI as well as measures of autonomic tone have all been 

examined and presented.      

 

We demonstrated that pharmacological interventions such as that seen with 

flecainide and atropine, reduced the DF of atrial electrograms while increasing the 

degree of organization as represented by the OI. We showed that an increase in the 
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OI appears to be associated with lower AF recurrence rates following ablation, and 

that it also predicts return to sinus rhythm with flecainide. This agrees well with 

previous studies demonstrating the use of AF organization to predict likelihood of 

return to sinus rhythm with DC cardioversion, burst pacing, and catheter ablation. It 

could thus be hypothesized that an increase in OI is reflective of a reduction in the 

number of reentrant circuits or rotors maintaining AF. Assessment of AF organization 

could therefore be a potentially useful way to determine the extent of AF ablation 

required.  

 

Current evidence indicate that ablation of ganglionated plexi can result in 

maintenance of sinus rhythm in patients with persistent AF, possibly by modifying the 

autonomic tone. However, the effect of pharmacological vagal blockade with drugs, 

such as atropine, on persistent AF is not well studied and has not been previously 

compared with ablation. The findings presented in this thesis showed that catheter 

ablation aimed at isolating pulmonary veins and addressing left atrial substrates in 

persistent AF appear to also result in attenuation of the parasympathetic tone, 

suggesting that autonomic modulation can occur even with ablation not deliberately 

targeting ganglionated plexi. Changes in the frequency domain measures of DF and 

OI are seen following pharmacological vagal blockade (by administration of atropine) 

and mirrors that achieved with catheter ablation. This supports the notion that the 

autonomic nervous system may play an active role in the persistence of AF. 

 

We have also shown that potential targets of ablation such as fractionated sites and 

DF sites are not strongly linked spatially and that catheter ablation appear to affect 

these 2 substrates to different extents, suggesting that they could well be separate 
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entities. This is in agreement with data from animal studies and complements the 

existing literature by providing additional post-ablation data.   

 

The work carried out in this thesis therefore adds to the existing knowledge of AF and 

provides further interesting insight into the behaviour of AF in the frequency domain, 

in the presence of pharmacological influences as well as radiofrequency ablation. 

 

 

7.2 Future directions 

Most of the electrograms analysed in this thesis are recorded from stationary 

catheters in the coronary sinus. Further examination of the spatial characteristics of 

human AF electrograms in the entire left atrium is needed to fully appreciate the 

complex behaviour of AF. High density mapping using non-conctact balloon mapping 

methods will achieve this by allowing for a large number of sites to be analysed at the 

same point in time. Further assessment of the spatiotemporal effects of ablation and 

drugs using this technique is recommended.  

 

Head-to-head comparison of ablation of substrates, such as sites containing 

fractionated electrograms or maximal DF have not been carried out to date. 

Considering that these may in fact be spatially separate entities, it would be 

worthwhile conducting randomized studies to compare the efficacy of either 

approach. Larger scale studies examining AF organization in real-time during 

ablation will also help to define and establish its role as a tool to guiding the extent of 

ablation.   
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