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Abstract 

Atrial fibrillation (AF) is the most common sustained cardiac arrhythmia found in clinical 
practice, and it is a leading cause of stroke. It has been shown that triggers in the 
pulmonary veins (PVs) are important in the initiation and perpetuation of paroxysmal AF. 
PV isolation (PVI) by radiofrequency catheter ablation has been proved effective in 
treating patients with paroxysmal AF. However, the identification of critical areas for 
successful ablation in patients with persistent AF (persAF) remains a challenge due to an 
incomplete understanding of the mechanistic interaction between relevant atrial substrate 
and the initiation and maintenance of AF. Complex fractionated atrial electrograms 
(CFAEs) are believed to represent remodelled atrial substrate and, therefore, potential 
targets for persAF ablation. Since its introduction in 2004, CFAEs have been accepted 
and incorporated as an additional therapy to PV isolation (PVI) to treat patients with 
persAF by many laboratories. Inconsistent CFAE-guided ablation outcomes have, 
however, cast doubt on the efficacy of this approach. The majority of the 
electrophysiological studies rely on automated CFAE detection algorithms embedded in 
electro-anatomical mapping (EAM) systems to identify CFAEs during persAF ablation. 
Different companies have developed algorithms based on different aspects of the atrial 
electrogram (AEG). Differences in these algorithms could lead to discordant CFAE 
classifications by the available EAM systems, giving rise to potential disparities in 
CFAE-guided ablation. Additionally, previous studies support the existence of 
fractionated AEGs not related to AF perpetuation, and fractionated AEGs that represent 
sources responsible for AF maintenance. Those investigations relied on few AEG 
descriptors, which can be a limiting factor when describing a complex phenomenon such 
as AF. Discerning the different types of CFAEs is crucial for AF ablation therapy. Finally, 
the spatio-temporal behaviour of AEGs collected during persAF remains poorly explored. 
This study encloses contributions towards the minimization of discordances in automated 
classification of CFAEs, the characterization of AEGs before and after PVI, and the 
investigation of the temporal behaviour of consecutive AEGs and the consistency of 
CFAEs using different AEG segment lengths. 
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Chapter 1  

Introduction 

Atrial fibrillation (AF) is the most common sustained cardiac arrhythmia found in clinical 

practice, and its prevalence increases with age. The loss of effective atrial contraction 

usually induces haemodynamic disorders, resulting in significant increase in morbidity 

and mortality. Approximately 33.5 million people are affected by AF in the world as per 

2010 (0.5% to 1% of the world population), with more than 0.5 million of people in the 

UK affected in 1995, and about 200 thousand new cases each year (Chugh et al., 2014, 

Stewart et al., 2004). AF accounts for approximately one-third of hospitalizations for 

cardiac rhythm disturbances. The cost of clinical care of AF includes hospital costs, 

medication, follow-up, disability and emergency measures, adding up to 1% of the 

National Health Service budget in the United Kingdom and around US$ 20 billion of 

annual expenses in the United States of America (Chugh et al., 2014). The pursuit of 

efficient and successful treatment for AF is, therefore, important. 

Pharmacological therapy is typically preferred as the first line of treatment for ventricular 

rate control and to avoid clot formation in most patients with AF, but it is usually followed 

by strong side effects, such as increasing the probability of heart failure, bradycardia or 

heart block (Calkins et al., 2009). Currently, radiofrequency (RF) catheter ablation is 

regarded as the most accepted interventional procedure for AF treatment. Triggers in the 

pulmonary veins (PVs) have been proven important in the initiation and perpetuation of 

the arrhythmia in early stages (Haissaguerre et al., 1998). Consequently, PV isolation 

(PVI) performed by RF ablation became the standard treatment for paroxysmal AF (pAF), 

with success rates as high as 80% of the cases (Oral et al., 2002). However, PVI is less 

effective in patients with persistent AF (persAF), with success rate varying from 20% to 

90% of the cases using different ablation strategies (Lim et al., 2015). This inconsistency 

in persAF ablation outcomes is possibly due to extensive atrial substrate remodelling 

induced by long-term AF and little knowledge of the mechanistic perpetuation of AF in 

such conditions (Oral et al., 2002). 
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Sustained AF causes changes in the cardiac tissue characteristics, inducing structural and 

electric remodelling (de Bakker and Wittkampf, 2010). Atrial electrograms (AEGs) 

acquired from such regions demonstrate low amplitude, multiple deflections activations 

that characterize ‘fractionated’ activity as a consequence of slow or inhomogeneous 

conduction. These regions – also referred to as the atrial substrate – are believed to be 

important in triggering and perpetuating atrial arrhythmias (Ashihara et al., 2012). 

Complex fractionated atrial electrograms (CFAEs) are believed to represent such 

remodelled atrial substrates during AF (Nademanee et al., 2004). CFAE-guided ablation 

quickly became a consolidated therapy for persAF adjunctive to PVI due to positive 

effects reported in early data (Deisenhofer et al., 2009, Elayi et al., 2008, Lin et al., 2009a, 

Verma et al., 2007, Verma et al., 2008a, Verma et al., 2010). Conflicting ablation 

outcomes have, however, cast doubt on the efficacy of this approach, and CFAEs have 

been criticized as an alternative for AF therapy (Dixit et al., 2012, Oral et al., 2009, 

Verma et al., 2015, Wong et al., 2015). Understanding possible reasons for disparities in 

CFAE-guided ablation outcomes, as well as better characterization of AEGs related to 

atrial substrate, may contribute towards better outcomes in persAF ablation. 

A potential contributing factor concerning the low reproducibility of CFAE-guided 

ablation outcomes involves the current lack of consensus on the definition of a CFAE. 

Different medical equipment companies have developed 3D electro-anatomical mapping 

(EAM) systems with embedded automated CFAE detection algorithms to assist CFAE-

guided ablation during electrophysiological (EP) studies (Monir and Pollak, 2008, Verma 

et al., 2008a). However, different companies developed CFAE detection algorithms that 

evaluate different aspects of the AEG, creating their own CFAE definition. Differences 

in these algorithms could lead to discordant CFAE classifications by the available 

mapping systems, giving rise to potential disparities in CFAE-guided ablation. 

A second contributing factor for inconsistent CFAE-guided outcomes in persAF ablation 

is that not all fractionated AEG might be related with atrial substrate. Conceptually, all 

CFAEs are thought to represent remodelled atrial substrate (de Bakker and Wittkampf, 

2010). However, previous works have shown that a large proportion of CFAEs are a result 

of remote AF drivers and, therefore, a passive phenomenon not important to the 

maintenance of AF (Jadidi et al., 2012a, Rostock et al., 2006, Roux et al., 2009, Tuan et 
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al., 2011). Conversely, other studies have suggested that some CFAEs represent active 

sources responsible for the perpetuation of AF (Takahashi et al., 2008, Verma et al., 2014, 

Yamabe et al., 2009). Discerning different types of AEG fractionation might help in the 

characterization of atrial substrate in persAF studies. Additionally, most of those works 

have relied on few, if not only one, descriptors measured from the AEGs, which can be a 

limiting factor when describing a complex phenomenon such as persAF. Using multiple 

indices of fractionation is, therefore, crucial for investigating different features of the 

AEGs during AF (Schilling et al., 2015).  

Finally, the unstable temporal behaviour of atrial electrical activity during persAF might 

influence ablation target identification, and that could be another factor to explain the 

conflicting persAF ablation outcomes in previous studies. CFAEs are thought to represent 

remodelled tissues that are anchored in the atrium. While some studies have suggested 

that AEG fractionation has a high degree of spatial and temporal stability (Redfearn et 

al., 2009, Roux et al., 2008, Scherr et al., 2009, Verma et al., 2008b), others have 

suggested that the assessment of AEG fractionation requires a recording duration of at 

least 5 s at each site to obtain a consistent fractionation (Lin et al., 2008, Stiles et al., 

2008, Tsai et al., 2012). However, algorithms embedded in some EAM systems rely on 

2.5 s AEG duration for automated CFAE classification, which could affect the ablation 

strategy and contribute to the conflicting outcomes in AEG-guided ablation in persAF. 

1.1 Structure of the work 

1.1.1 Aims 

The main objective of this work is to investigate current methods for AEG fractionation 

classification during persAF and its relationship with the underlying mechanisms for AF 

maintenance and perpetuation. This objective was pursued through investigations 

regarding (i) the differences in CFAE algorithms embedded in EAMs that are currently 

used in EP studies using the same AEG data; (ii) the prevalence of CFAEs before and 

after PVI in patients with persAF; and (iii) the spatio-temporal behaviour of AEGs during 

persAF. 

The results presented in this thesis are fruits of the collaboration between the 

Bioengineering Group, led by Dr. Fernando S. Schlindwein, and the Cardiovascular 
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Research Group, led by Prof. G. André Ng, both from the University of Leicester. Prof. 

Ng is also a consultant cardiologist at Glenfield Hospital, in Leicester UK, where the data 

used in this thesis were collected. Glenfield Hospital is one of 3 hospitals within the 

University Hospitals of Leicester that have strong collaboration with the University of 

Leicester. 

1.1.2 Structure of the thesis 

Chapters 2 and 3 of the thesis briefly introduce some of the medical, mathematical and 

signal processing background material used in this work. 

Chapter 4 describes a direct, head-to-head, quantitative comparison of CFAE 

categorization according to different automated algorithms embedded in two widely used 

commercial systems, using the same bipolar AEG data. In this chapter, different settings 

are investigated on CFAE quantification performed by different commercial algorithms, 

fractionation characterization as performed by these CFAE algorithms are assessed, and 

revised thresholds for those systems are proposed to minimize the differences in CFAE 

classification performed by either system. 

Chapter 5 investigates the presence and characteristics of AEG fractionation before and 

after PVI and roof line ablation (PVI+RL) in patients with persAF using multiple indices 

of fractionation. This chapter suggests co-existence of AEGs that are responsive and 

AEGs that are unresponsive to PVI+RL. Current methods for AEG classification are 

imperfect, but the multiple combinations between them were able to significantly 

discriminate the different types of AEGs. 

Chapter 6 investigates the spatio-temporal behaviour of AEGs and the consistency of 

AEG fractionation using different AEG segment lengths. This chapter shows that the 

ablation target identification using AEGs with 2.5 s duration – as defined by some EAM 

systems – is dependent on the time instant that the AEGs are collected. Consecutive 2.5 

s AEGs produced different classification maps, which would affect the ablation strategy 

and contribute to the conflicting outcomes in AEG-guided ablation in persAF. AEGs with 

5 s or longer should be considered for consistent AEG classification. 

Chapter 7 summarizes the main findings from this thesis and highlights potential future 

investigations. 
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Chapter 2  

Medical Background 

2.1 The heart 

The primary function of the heart is to circulate blood through the body by acting as a 

mechanical pump (Downey and Heusch, 2001). The human heart rests on the diaphragm, 

between the lower part of the two lungs and occupies a small region between the third 

and sixth ribs in the central portion of the thoracic cavity of the body (Schneck, 2000). It 

is composed of four chambers, two atria and two ventricles (Figure 2-1). The atria receive 

blood either from the body or from the lungs and fill the ventricles, while the ventricles 

pump blood either to the lungs or to the body. Functionally, the heart consists of two parts 

which are separated by the cardiac septum. The right heart (right atrium, RA; right 

ventricle, RV) collects blood with waste products and CO2 from the body and pumps it 

to the lungs, where CO2 is exchanged for O2 .The left heart (left atrium, LA; left ventricle, 

LV) collects blood rich in oxygen from the lungs and pumps it through the body (Shoucri, 

1991). Figure 2-1 illustrates the heart’s structure and the blood flow through the 

chambers. 

The wall of the heart consists of three layers. The endocardium is the inner layer which 

covers the whole interior. The outer layer is called epicardium and is also the inner layer 

of the pericardium. The myocardium is located between the endocardium and the 

epicardium and is the muscle responsible for the contraction of the heart (Schilling, 2012).  

2.1.1 Cardiac electrophysiology 

Electrical potentials exist across the membranes of virtually all cells of the body. Cardiac 

muscle cells are capable of generating rapidly changing electrochemical impulses at their 

membranes, and these impulses are used to transmit signals along the myocyte’s 

membranes (Guyton and Hall, 2006). The origin of this electrical potential – also known 

as membrane potential – lies in the maintainance of different ionic concentrations through 
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the cell semipermeable membrane (Plonsey and Barr, 2007). In cardiac cells, Na+, Ca2+, 

K+ and Cl- ions are important in defining the membrane potential. The electrochemical 

potential of a particular ion is the potential which the cell membrane would have if the 

membrane were permeable to that ion alone. Consequently, the membrane potential is 

defined by a combination of the concentration differences of each ion through the cell 

membrane and on the selective permeability of the membrane in relation to each of the 

ions. In cardiac myocytes, the membrane potential at rest is about -100 mV, following the 

equilibrium potential of the K+ ion (Guyton and Hall, 2006). 

 

Figure 2-1  Structure of the heart and the course of blood flow through the heart chambers 
and heart valves. RA = right atrium; RV = right ventricles; LA = left atrium; LV = left 
ventricle. 
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In excitable cells, the membrane potential might vary due to a stimulus. When this 

stimulus minimizes the the membrane potential, i.e., the interior of the cell becomes less 

negative, the cell membrane is said to be depolarised. Depolarisations  might cause the 

cell membrane to reach a certain potential threshold and trigger a fast depolarisation event 

that causes the membrane potential do become positive (close to +30 mV), following the 

equilibrium potential for the Na+, returning to resting potential after 200–300 ms in 

cardiac myocytes (Guyton and Hall, 2006). This quick transient variation in the 

membrane potential is called action potential (AP). The AP is the electrical signal that is 

propagated throughout the cardiac myocytes triggering contraction. The cardiac AP 

relates with cardiac muscle contraction by excitation-contraction coupling, in which the 

AP induces an increase of citosolic concentraion of Ca2+, and the Ca2+ participates in 

muscular contraction (Guyton and Hall, 2006).  

A general cardiac AP is illustrated in Figure 2-2. The rapid phase of depolarisation termed 

phase 0 is the result of opening of fast Na+ membrane channels and the simultaneous 

closure of K+ membrane channels. This causes the cell to approach the equilibrium 

potential for Na+. Phase 1 is an initial repolarisation caused by an outward current from 

K+ channels opening (transient outward current). Phase 1 is followed by a plateau (phase 

2), during which the membrane remains depolarised mainly due to the opening of Ca2+ 

channels, which is balanced by an outward current of K+ ions (delayed rectifier K+ 

channels). The repolarization phase (phase 3) results from the reopening of K+ channels 

in which the membrane potential returns to its resting level. The resting potential between 

beats is referred to as phase 4, and at that time the membrane potential of the cell is near 

the equilibrium potential for K+ (Plonsey and Barr, 2007). During phases 0 to 2, it is not 

possible to induce another AP and this is referred to as the ‘refractory period’ of the cell. 

During phase 3, it is possible to induce another AP if the stimulation is considerably 

strong. The cell is normally excitable from phase 4 onwards. 

A particular group of cells in the heart can generate their own AP cyclically and are 

known as the sinoatrial (SA) node (Figure 2-3). SA myocytes generate spontaneous APs 

and act as the natural pacemaker of the heart (Downey and Heusch, 2001). 
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Figure 2-2 Cardiac (ventricular) muscle cell action potential with the four phases 
(explanation in the text).  

 

Figure 2-3 SA node and the specialized conductive system in the heart. 

Cardiac muscle fibers are made up of many individual myocytes that are mutually 

connected. The cell membranes fuse with one another in such a way that they form 

permeable junctions (gap junctions) that allow almost totally free diffusion of ions. 



 

Page | 9 

Therefore, ions move with ease in the intracellular fluid along the longitudinal axes of the 

cardiac muscle fibers so that, under normal conditions, APs travel easily from one 

myocyte to the next, past the intercalated discs. Thus, the heart is seen as a functional 

syncytium in which the myocytes are so interconnected that when one of these cells 

becomes excited, the AP can spread from cell to cell through the gap junctions to all of 

them (Guyton and Hall, 2006). Therefore, the SA node ordinarily controls the beat rate 

of the entire heart. APs from the SA are propagated throughout both atria and specialised 

conducion cells, and reach the atrioventricular (AV) node. The AV node directs the 

activation wave front to the heart apice, triggering APs along the ventricles. In the healthy 

heart, the cyclic activity in the SA is regulated at 60 and 90 beats per minute, but these 

frequencies can be increased or decreased by the sympathetic or parasympathetic 

branches of the autonomic nervous system (Guyton and Hall, 2006). 

Changes in the automaticity of the SA node and other myocytes – as well as remodelling 

of the heart’s conduction system – can lead to heart arrhythmias, which can deteriorate 

the ability of the heart to pump blood effectively (Guyton and Hall, 2006). 

2.1.2 Measuring the cardiac electric activity 

The study of the electrical activity of the heart is important because it is directly related 

to the contraction behaviour of the cardiac muscle. Consequently, irregular electrical 

activity might be an indicative of structural heart alteration, such as myocardial infarction. 

The easier and most popular method for assessing the resultant electrical activity of the 

heart is the electrocardiogram (ECG), whose concepts have been introduced by Willem 

Einthoven in 1906 (Einthoven, 1906), and much explored since then (Geselowitz, 1989). 

The ECG is a non-invasive diagnostic method for analysing the electrical activity of the 

entire heart, providing information about the overall behaviour of the heart. For instance, 

in an ECG signal collected during sinus rhythm (SR) – as in the ECG segment shown in 

Figure 2-4 – it is possible to visualize the resulting electrical activation from the atria (P 

wave), followed by the ventricular activation (QRS complex), and the ventricular 

repolarization (T wave). The atrial repolarization occurs somewhere in the middle of the 

QRS complex but, since its amplitude is small compared to it, it is not possible to 

visualize. 
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 Despite the fact that roughly any cardiac arrhythmia can be diagnosed with the ECG, it 

fails in providing further details of the cardiac disorder. In such cases, an EP study might 

be recommended. That consists in the recording of electrical activity from numerous 

intracardiac electrodes in order to characterise details of the cardiac substrate and the 

propagation of arrhythmias throughout both endocardium and myocardium (Eckardt and 

Breithardt, 2009). Following the inception of cardiac catheterization in the 1940s, 

catheter-based techniques were developed to record intracardiac electrical activity using 

catheters with electrodes in their tips (Borggrefe et al., 1990).  

 

Figure 2-4 Illustration of an ECG segment collected from a subject during SR, 
highlighting the atrial and ventricular activations (P wave and QRS complex, 
respectively), followed by the ventricular repolarization (T wave). 

2.1.3 Intracardiac AEG recording techniques 

The AEG provides information about the electric behaviour of the underlying cardiac 

tissue. Therefore, the interpretation of the recorded AEG is fundamental during clinical 

investigations of arrhythmias during EP studies (Stevenson and Soejima, 2005).  

A wavefront activation propagating throughout the cardiac syncytium depolarizes the 

membrane of the cardiac myocytes (Vm), generating transmembrane currents (im) that 

operate as a current dipole. The transmembrane currents produce extracellular potential 

(Φo) that can be captured by intracardiac catheters in the form of AEGs (Malmivuo and 

Plonsey, 1995). The genesis of extracellular potentials is illustrated in Figure 2-5. 
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Figure 2-5 Illustration of the genesis of extracellular potentials (Φo) modified from 
(Malmivuo and Plonsey, 1995). The depolarization of myocytes’ transmembrane 
potential (Vm) propagation (A) generates inwards and outwards transmembrane currents 
(im) that operate as a propagating dipole, creating extracellular potentials. These 
extracellular potentials can be captured by catheters with electrodes in their tips, and the 
resulting signal is referred to as an AEG. 

There are two different recording configurations for AEG collection, as illustrated in 

Figure 2-6: unipolar or bipolar (Segal et al., 2011). Each configuration perceives the 

propagating current dipole differently, providing different clinical information. 

2.1.3.1 The unipolar recording configuration 

Unipolar AEGs are obtained by positioning the exploring electrode – usually located at a 

catheter’s tip – in the atrium and the reference electrode distant from the heart such that 
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it has little or no cardiac signal (Eckardt and Breithardt, 2009). The unipolar configuration 

records the global electric activity of the area surrounding the electrode, including the 

electric activity from the population of cells surrounding it (Figure 2-6). The major 

disadvantage of unipolar recordings is that they contain substantial far-field signal 

generated by depolarisation of tissue remote from the recording electrode, as well as noise 

from alternating current power supply (Segal et al., 2011). 

 

Figure 2-6 Illustration of both unipolar and bipolar recordings generated by an activation 
wave traveling along a myocardial bundle from the left to the right. The unipolar 
configuration captures the global electric activity of the area surrounding the electrode. 
Conversely, the bipolar finds the difference between the two electrodes, minimizing the 
common-mode noise influence, leaving mostly the local signal. Modified from 
(Kusumoto, 1999). 

The unipolar AEG collected where the activation front starts will be negative because the 

electrode is located in the negative part of the potential field. A unipolar AEG collected 

in the middle of the activation will present a biphasic shape, whereas it is positive if the 

unipolar AEG is collected where the activation comes to an end (de Bakker and 

Wittkampf, 2010). Additionally, previous works have shown that the negative down 

stroke deflection of the unipolar AEG coincides with the AP depolarization of the group 

of cells surrounding the electrode (Spach et al., 1979, Steinhaus, 1989). Therefore, the 

unipolar configuration is useful in activation mapping procedures (Eckardt and 
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Breithardt, 2009). Unipolar AEGs usually require a band-pass filter (in the range of 0.1 

Hz – 300 Hz) after being collected (Stevenson and Soejima, 2005). 

2.1.3.2 The bipolar recording configuration 

Bipolar recordings are obtained by positioning two closely spaced exploring electrodes 

in the area of interest (Eckardt and Breithardt, 2009). The resultant AEG is the voltage 

difference between the two electrodes (Figure 2-6). The bipolar configuration is able to 

substantially supress far-field signal generated by depolarisation of tissue remote from 

the recording electrode, as well as common-mode noise from alternating current power 

supply.  

The main advantage of the bipolar mode lies in the detection of local low amplitude 

potentials important in understanding the mechanisms of arrhythmias that may have been 

undetectable using the unipolar configuration (Kimber et al., 1996). The bipolar 

configuration is the most common technique used in EP studies during AF treatment. The 

main disadvantage of this configuration is that the resulting bipolar AEG is dependent on 

the relative orientation of the electrodes in relation to the wave front propagation (Segal 

et al., 2011). Bipolar AEGs are also subject to band-pass filtering (in the range of 30 Hz 

– 300 Hz) after being collected to remove components generated by the repolarisation of 

the cells and high noise frequency influence (Stevenson and Soejima, 2005). 

2.1.3.3 The local atrial cycle length 

The local activation time of a group of cardiac cells can be inferred from either unipolar 

or bipolar AEGs. The time elapsed between consecutive local activation times in an AEG 

is an important feature in EP studies during AF, defined as the ‘cycle length’ (CL). The 

CL represents the rate of activation of the underlying atrial tissue (Figure 2-7), providing 

important direct information about the local AF organization, atrial conduction and 

activation pattern. For instance, CL increase is often noticed before AF termination during 

ablation (Kim et al., 1996). 
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Figure 2-7 Example of bipolar AEG recorded during AF with respective cycle lengths 
between subsequent local activations. The mean CL in this example is 262 ms. 

2.2 Atrial fibrillation 

According to the ACC/AHA/ESC Practice Guidelines (American College of Cardiology 

Foundation – ACCF; American Heart Association – AHA; European Society of 

Cardiology – ESC), AF is defined as “a supraventricular tachyarrhythmia characterized 

by uncoordinated atrial activation with consequent deterioration of atrial mechanical 

function. On the ECG, AF is characterized by the replacement of consistent P waves by 

rapid oscillations or fibrillatory waves (f-waves) that vary in amplitude, shape, and 

timing, associated with an irregular, frequently rapid ventricular response” (Fuster et al., 

2006). The atria might be depolarised with a frequency of 350 – 600 beats per minute 

during AF. Figure 2-8 illustrates an ECG during SR and an ECG during AF. 

AF can be classified by its clinical relevance and temporal patterns. When AF is 

diagnosed in a patient without clinically detectable heart disease, it is referred to as lone 

AF (Fenelon and de Paola, 2000). A first-detected episode of AF considers the possibility 

of previous undetected episode. When a patient has had 2 or more detected episodes, AF 

is considered to be recurrent (Fuster et al., 2006). Despite current debate, the most 

accepted classification for recurrent AF was proposed by Gallagher and Camm 

(Gallagher and Camm, 1998): 

 Paroxysmal: AF that terminates spontaneously or with intervention within 7 days 

of onset. The episodes may recur with variable frequency; 

 Persistent: AF sustained longer than 7 days or requires cardioversion regardless 

of the duration of the episode. If AF is sustained for longer than a year, it can be 

referred to a longstanding persAF); 
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 Permanent: when there has been a joint decision by the patient and clinician to 

cease further attempts to restore and/or maintain SR, AF is referred to as 

permanent AF. Acceptance of AF represents a therapeutic attitude on the part of 

the patient and clinician rather than an inherent pathophysiological attribute of the 

AF. Acceptance of AF may change as symptoms, the efficacy of therapeutic 

interventions, and patient and clinician preferences evolve. 

 

Figure 2-8 A. ECG in SR showing consistent P waves and regular ventricular response 
(RR intervals). B. ECG in AF showing fibrillatory f-waves and irregular ventricular 
response. 

2.2.1 Epidemiology and prognosis 

AF is the most common cardiac arrhythmia found in clinical practice, affecting 

approximately 33.5 million people around the world as per 2010 (0.5% to 1% of the world 

population) (Chugh et al., 2014). The prevalence of AF increases with age, from ≤0.5% 

at 40–50 years, to 5–15% at 80 years, with men more often affected than women (Camm 

et al., 2010). AF affects about 2 million people in the United States (Fuster et al., 2006), 

and more than 0.5 million of people in the UK had AF in 1995, with 200 thousand new 

cases each year (Stewart et al., 2004). The loss of effective atrial contraction might cause 

blood clot formation in the atria and, consequently, the occurrence of thromboemboli. 

These thromboemboli tend to propagate and might find their way into the brain, with the 

occurrence of stroke increasing fivefold in patients with AF (Oral, 2009). AF accounts 

for approximately one-third of hospitalizations for cardiac rhythm disturbances. The costs 
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of clinical care of AF sum up of hospital costs (52%), costs of medication (23%), follow 

up (9%), follow-up examinations (8%), disability (6%) and emergency measures (2%) 

(Fuster et al., 2006), summing up to 1% of the National Health Service budget in the 

United Kingdom (approximately £2.5 thousand per patient per year) and around US$ 20 

billion of annual expenses in the United States of America (Chugh et al., 2014). 

2.2.2 Mechanisms of atrial fibrillation 

AF initiation and perpetuation requires both triggers for its onset and a substrate for its 

perpetuation (Fuster et al., 2006). In general, patients with pAF are likely to have a 

predominance of factors that trigger AF, whereas patients with persAF are more likely to 

have a predominance of perpetuating factors due to atrial remodelling (Nattel et al., 

2009). There is, however, overlap between these mechanisms in a sense that patients with 

pAF might not present identifiable triggers, as well as triggers can be found as the main 

cause for maintenance of AF in patients with persAF (Ziad et al., 2013). Nevertheless, 

previous work introduced the idea that “AF begets AF”, suggesting that ectopic activities 

would induce pAF and, in a long term perspective, promote the remodelling of the atrium 

tissue to a self-sustained arrhythmia (Wijffels et al., 1995). 

2.2.2.1 The atrial substrate 

Atrial substrate is a term commonly used referring to the remodelled atrial tissue that 

might participate in the perpetuation of AF. Previous work has shown that atrial 

remodelling might be induced by electrical, contractile and structural changes caused by 

sustained AF (Allessie et al., 2002). Figure 2-9 shows the multiple pathways in which 

atrial remodelling might occur during AF.  

 Electrical remodelling: previous work has shown that sustained AF reduces the 

expression of Ca2+ channels in cardiac cell membranes, which shortens the AP 

and the local atrial CL (Yue et al., 1997). A reduction in the conduction velocity 

has also been observed in AF (Gaspo et al., 1997). Reductions in both refractory 

period and conduction velocity affect the wavelength – defined as distance 

travelled by the activation wave front during an activation period (Lewis, 1925). 

Therefore, the wavelength is defined as the product of the conduction velocity and 



 

Page | 17 

the refractory period of the underlying cardiac tissue. Small wavelengths might 

induce small circuits of activations, which would support AF perpetuation. 

 Contractile remodelling: the reduction of the expression of Ca2+ channels reduces 

the cytosolic concentration of Ca2+, which affects the contractility of atrial tissue, 

increasing the compliance, dilatation and consequently, the stretch of the atrial 

tissue. Stretch of atrial myocardium is hypothesized to act as a stimulus for 

structural remodelling of the atria (Allessie et al., 2002). 

 Structural remodelling: AF might also induce structural changes in the atrial 

tissue, such as increase in cell size, alterations in connexins’ expression, 

myocardial infarction, increased collagen deposition, among others (Ausma et al., 

1997, de Bakker et al., 1993, van der Velden et al., 2000). These structural 

alterations would produce a complex network of intermingled collagen and 

myocardial fibres, which could create regions of block (or slow conduction) and 

anisotropic means for the wave front propagation, inducing random propagation 

of atrial activations, contributing for AF perpetuation. 

 

Figure 2-9 Possible mechanisms of atrial remodelling during AF. Reproduced with 
permission from (Allessie et al., 2002). APD = action potential duration; AFCL = atrial 
fibrillation cycle length; θ = conduction velocity. 

Despite many advances and extensive research to understand possible mechanisms of 

atrial remodelling, the mechanisms of AF initiation and perpetuation are still debated. 
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There are currently three theories explaining the EP mechanisms of AF (Figure 2-10): (i) 

multiple rapid ectopic activity; (ii) multiple wavelet hypothesis and; (iii) multiple-circuit 

re-entry theory (Ziad et al., 2013).  

 

Figure 2-10 Graphical representation of the different theories regarding mechanisms 
underlying AF initiation and maintenance. AF initiation and perpetuation requires both 
triggers for its onset and a substrate for its maintenance, but these mechanisms are likely 
to co-exist at various times.  

2.2.2.2 Multiple rapid ectopic activity 

Ectopic activity accounts for rapidly firing focus and it can be responsible for either 

triggering or perpetuating AF. The concept of ectopic activities has been introduced in 

the early 20th century (Winterberg, 1907), and further verified experimentally in 1940 

(Scherf, 1947). In both works, vagal nerve stimulation in humans accelerated and 

sustained the arrhythmia, suggesting the existence of ectopic activities from those sites. 

Further observations from EP studies supported the idea that AF is related to focal 

mechanisms (Haissaguerre et al., 1994, Jais et al., 1997). More specifically, triggers 

originating from the myocardial sleeves of the PVs have been proven important in the 

initiation and perpetuation of the arrhythmia in early stages in humans (Haissaguerre et 

al., 1998). The work from Haissaguerre and colleagues is considered a cornerstone in 

cardiac EP (Haissaguerre et al., 1998), with a great influence on current AF treatment. 

Ectopic activities from the PVs have been shown to be responsible to about 90% of AF 

initiation in patients with pAF (Oral et al., 2002).  
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Previous works have shown that autonomic nervous system stimulation, bradycardia and 

acute atrial stretch are factors that can generate ectopic activity for triggering AF (Chen 

et al., 2006). It is believed that the junction between the PVs and the LA has discontinuous 

myocardial fibres separated by fibrotic tissues, and the PV muscle sleeve is highly 

anisotropic, which can explain the high incidence of ectopic activity in this region. 

Schotten and colleagues (Schotten et al., 2011) reviewed the electrophysiological basis 

of PV ectopic activity, listing the morphology and EP of PV myocytes, the tissue structure 

and the conduction patterns in myocardial sleeves as potential causes for ectopic 

activities.  

Recent works suggest that these ectopic focal discharges are indeed focal fibrillation 

waves originated from endo-epicardial breakthroughs (de Groot et al., 2010). 

Accordingly, whenever an activation wave front fades away during AF in one cardiac 

layer, the wave front propagation in the other layer would conduct transmurally and 

replace the extinguished wave by one or more focal-breakthrough waves, which would 

explain the self-sustaining nature of AF and ectopic activities (de Groot et al., 2010). 

2.2.2.3 Multiple wavelet hypothesis 

The multiple wavelet hypothesis states that AF is fundamentally a turbulent and self-

sustaining process, which takes place in an inhomogeneous excitable medium. The 

concept that self-sustaining multiple wavelets propagate randomly through the atria 

without the existence of a focal trigger was firstly introduced by Moe and Abildskov in 

1959 (Moe and Abildskov, 1959), and further explored using their computer model (Moe 

et al., 1964). They have shown that, in cases where atrial remodelling was evidenced, 

irregular activation wave front becomes fractionated as it divides about islets or strands 

of refractory tissue and each of the daughter wavelets would be considered as an 

independent offspring (Moe et al., 1964). 

Allessie and colleagues provided the first demonstrations of multiple propagating 

wavelets giving rise to turbulent atrial activation in a dog model of AF (Allessie et al., 

1985, Kirchhof et al., 1993). Pharmacological experiments showed that AF termination 

was preceded by a decrease in the number of wavelets after administration of 

antiarrhythmic drugs (Wang et al., 1992, Wang et al., 1993). The presence of multiple 

wavelets meandering in human atria has been reported later in EP studies during AF 
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(Allessie et al., 2010, Konings et al., 1994). More importantly, these works have shown 

that the multiple wavelets are sustained by functional conduction blocks present in the 

atria during AF. These conduction blocks represent alterations in the wavelength in the 

atrial substrate, and might induce wave break, wave collision and anisotropic conduction, 

perpetuating the wavelets and AF. 

The multiple wavelet hypothesis has been acknowledged as the most accepted theory by 

clinical electrophysiologists in the last 50 years. However, recent investigations reporting 

the existence of multiple-circuit re-entries in the atria during AF have increased the debate 

about the underlying AF mechanisms and about the validity of the multiple wavelet 

hypothesis (Jalife et al., 2002). 

2.2.2.4 Multiple-circuit re-entry theory 

Multiple-circuit re-entry theory considers that one or several re-entries behave as a cyclic 

periodic activation wave front, from which multiple wavelets might emanate into the 

atrial tissue, uncoordinatedly spreading in various directions. Although the re-entry 

theory is being currently revisited, it was firstly introduced by Mines around 1910 (Mines, 

1913). As later explained by Allessie and colleagues (Allessie et al., 1973), the 

propagating circuit is defined by the EP properties of the fibres composing the circuit – 

i.e. the conduction velocity and refractory period – in which the head of the circulating 

wave front is continuously biting in its own tail of refractoriness, as illustrated in Figure 

2-11. 

A study with segmented turtle hearts provided the first experimental evidence of the 

concept that fibrillatory conduction might be perpetuated by circus movement (Garrey, 

1914). More, it has shown that a minimum tissue mass is needed to perpetuate AF. Re-

entry activations were later observed in rabbit (Allessie et al., 1973), dog (Schuessler et 

al., 1992) and sheep hearts (Mandapati et al., 2000, Skanes et al., 1998), either from 

optical or electrical recordings. More recently, studies have reported the identification of 

re-entry activations in isolated myocardium cells and in human heart (Pertsov et al., 

1993). Nevertheless, there is debate about the participation of re-entry circuits in the 

perpetuation of AF. Allessie and de Groot, for instance, stated that they have failed to 

find re-entry circuits in human heart during fibrillation (Allessie and de Groot, 2014). 
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A. 

B. 

Figure 2-11 Illustration of a re-entry circuit. A. Activation wave front in ideal conditions. 
B. Continuous activation due to alterations in the conduction velocity or in the refractory 
period, sustaining a continuous re-entry circuit. The white regions represent non-activated 
state; the black regions represent activated state; the doted regions represent refractory 
state. Adapted from (Mines, 1913). 

The mechanisms that drive AF have been under discussion for a long time, as it can be 

inferred from Sir Thomas Lewis comments: “fibrillation is not purely a circus movement. 

My view is that if atrial flutter proves to be a circus movement, then a circus movement 

is readily converted into fibrillation. More than this I am not prepared to concede at 

present” (Lewis, 1925). AF is a complex, dynamic arrhythmia, and it is very likely that 

multiple mechanisms, such as those above mentioned, concurrently contribute in the 

initiation and perpetuation of AF. 

2.2.3 Clinical management of atrial fibrillation 

Management of patients with AF involves three main objectives (Bollmann and 

Lombardi, 2006, Fuster et al., 2006): i) ventricular rate control; ii) thromboemboli 

prevention; iii) restoration of sinus rhythm. Two clinical approaches are considered for 

AF treatment: pharmacological and non-pharmacological. 

2.2.3.1 Pharmacological therapy 

Pharmacological therapy is the first line of treatment for asymptomatic AF, and considers 

the administration of antiarrhythmic drugs for ventricular rate control and to avoid clot 

formation in most patients with AF. The ventricular rate control is crucial for the 

maintenance of proper hemodynamic function, while anti-clotting drugs help to avoid the 

formation of thromboemboli. However, antiarrhythmic drugs have strong side effects, 

such as increasing the probability of heart failure, bradycardia or heart block (Calkins et 

al., 2009). Nevertheless, anti-clotting and antiarrhythmic drugs – such as flecainide, 
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amiodarone, beta blockers or channel blockers – are usually administered to patients 

undergoing non-pharmacological treatment in order to minimize the risk of 

thromboembolism and to control the ventricular rate.  

2.2.3.2 Non-pharmacological therapies 

Non-pharmacological therapies are the first line of treatment in symptomatic AF, and can 

be divided in three procedures: i) cardioversion; ii) surgical ablation and; iii) RF catheter 

ablation.  

Electrical cardioversion therapy is usually performed in an attempt to restore SR, 

especially in patients with persAF duration longer than 48 hours (Bollmann and 

Lombardi, 2006). Implantable pacemakers can also be used for long-term rate control 

(Nattel, 2002). Ablation therapy – either surgical or catheter-based – is recommended 

when electrical cardioversion fails to restore SR.  

Surgical ablation (or maze) is an open chest procedure, consisting of cardiac transmural 

incisions made in the left and right atria, dividing the atria into small, electrically isolated 

compartments, creating electrical barriers (Cox et al., 1991). The maze procedure relies 

on the hypothesis that the main mechanism responsible for the initiation and maintenance 

of AF is the existence of multiple wavelets randomly meandering in the atria. The 

electrical barriers created in the atria during the procedure form regions of functional 

block, reducing the atrial tissue mass needed to propagate the wavelets and, consequently, 

the AF (Cox et al., 1991, Garrey, 1914, Yamazaki and Jalife, 2012). The maze procedure 

has been highly effective in eliminating AF, with reported success rate as high as 98% 

(Cox et al., 1996). However, the technically challenging nature of the surgery, high rate 

of post-procedure permanent pacemaker implantation and loss of atrial mechanical 

function limited the widespread acceptance of the maze technique. 

2.2.4 Catheter ablation of atrial fibrillation 

The positive AF termination outcomes of the maze procedure motivated the use of a less 

aggressive technique for modifying atrial substrate, the RF catheter ablation (Fuster et al., 

2006). Scheinman and colleagues reported the first RF catheter ablation procedure 

targeting the AV junction to control refractory supraventricular arrhythmias (Scheinman 

et al., 1982). Their work showed the safeness of catheter ablation, suggesting that it could 
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supplant the need for open heart surgical procedures in such cases. During the procedure, 

catheters with electrodes in their tips are inserted in the patient’s heart. RF energy is 

applied to the electrodes, heating the catheter’s tip targeting the arrhythmia-related tissue, 

burning and destroying the atrial substrate responsible for initiating or perpetuating 

arrhythmia, or simply creating myocardial lesions to block the AF electrical wave front 

propagation (Nattel, 2002).  

2.2.4.1 Electro-anatomical mapping (EAM) systems 

When catheter ablation was introduced in EP studies (Scheinman et al., 1982), the 

procedures were guided with fluoroscopy, in which a continuous X-ray beam is used to 

investigate the patient’s heart, with evident impact to the patient and the clinical team. In 

the late 1990s, EAM systems were introduced into clinical practice to support EP studies 

(Wittkampf et al., 1999). These commercial solutions use non-fluoroscopic methods for 

endocardial mapping to generate a 3D anatomical map of the heart’s chambers, reducing 

fluoroscopic exposure and radiation dose during EP procedures (Rolf et al., 2015). 

Among the data provided by EAM are chamber reconstruction, tagging of important 

anatomic landmarks and ablation lesions, display of diagnostic and mapping catheters 

with reduced fluoroscopy dosage, activation and voltage mapping. During arrhythmia 

mapping, EAMs allow operators to record intracardiac electrical activation in relation to 

anatomic location in a cardiac chamber of interest (Gepstein et al., 1997, Schilling et al., 

1998, Wu et al., 2008).  

Currently, there are two widely accepted systems in clinical use for EP studies: the Ensite 

NavX® system (St Jude Medical, St. Paul, MN, USA) and the CARTO® system 

(Biosense Webster, Baldwin Park, CA, USA) (Aizer et al., 2008, Scherr et al., 2007). 

NavX uses impedance changes to define the catheter localisation, while CARTO uses 

magnetic field (Segal et al., 2011). Both NavX and CARTO are usually used with point-

by-point, sequential AEG collection. EAM technologies that provide simultaneous AEG 

collection have been introduced in the clinical practice to overcome the limitations 

imposed by sequential point-by-point mapping.  

St Jude Medical has presented a noncontact high density balloon mapping (EnSite 3000 

or EnSite Velocity, St Jude Medical, St. Paul, MN, USA) that allows simultaneous 

recording electrical activity of the inner surface of the atrium without the contact between 
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the electrodes from the balloon and endocardium wall of the atrium (Schilling et al., 

1998). The balloon contains a multielectrode array (64 unipolar electrodes) that is placed 

in the middle of the atrial cavity. Far-field atrial activity is simultaneously collected by 

the 64 electrodes mounted in the balloon, and an inverse solution calculates and 

interpolates up to 2048 unipolar AEGs that are projected to the atrial wall of the 3D 

anatomical model. High density simultaneous recordings of the electrical activity of the 

inner surface of the atrium with contact between the electrodes from the balloon and 

endocardium wall of the atrium has been introduced by Topera (RhythmView®, Menlo 

Park, CA, USA), in which 64 electrodes distributed in a basket are in contact with the 

endocardial surface allowing the system to record up to 64 simultaneous unipolar AEGs 

or 32 simultaneous bipolar AEGs (Rolf et al., 2015).  

Although those technologies provide an alternative to sequential point-by-point mapping, 

they also have some limitations. The inverse solution used by the noncontact balloon 

mapping might add undesired distortion to the resultant reconstructed AEGs, especially 

in cases where the distance between the atrial wall and the balloon is higher than 4 cm 

(Schilling et al., 1998). Similarly, the contact basket still suffers from low spatial 

resolution and poor contact with the atrial wall, which affects the quality of the measured 

atrial electrical activity (Walters and Kalman, 2015). Those methods, however, remain 

promising tools for mapping and investigating the underlying mechanisms of persAF 

perpetuation. 

2.2.4.2 Ablation of paroxysmal atrial fibrillation  

In 1998, Haïssaguerre and colleagues (Haissaguerre et al., 1998) have shown that the 

electrical isolation of the PV, performed by RF catheter ablation, would terminate AF in 

such patients. The PVI by RF ablation is usually performed by the creation of segmented 

lesions around the PV ostia, or by wider continuous circumferential ablation (WACA) 

lesions created to surround the PVs. Irrespective of the method, these lesions create 

barriers that electrically disconnect the PVs from the rest of the atria, preventing triggers 

originating in the PVs to perpetuate in the LA and initiate or sustain the arrhythmia 

(Calkins et al., 2012c). Non-PV triggers initiating AF have also been reported during pAF 

occurring in the posterior wall of the LA, the superior and inferior vena cava (SVC, IVC), 

the coronary sinus (CS), among other regions (Calkins et al., 2012c). 
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Haïssaguerre’s study consolidated RF catheter ablation as the most accepted procedure 

for AF treatment, supported by the fact that catheter ablation is less life-threatening than 

the maze procedure (Oral, 2009). Since then, catheter ablation has evolved from being an 

experimental method to the most common practice performed in EP procedures for AF 

therapy (Bollmann and Lombardi, 2006, Natale et al., 2007). Further studies in PVI 

performed by catheter ablation resulted in termination of pAF in about 80% of the cases, 

in which between 30% and 40% needed a second procedure (Oral et al., 2002, Stevenson 

and Albert, 2012, Terasawa et al., 2009, Wright et al., 2008).  

2.2.4.3 Ablation of persistent atrial fibrillation  

PVI is consistently less effective in patients with persAF due to an incomplete 

understanding of the mechanistic interaction between relevant atrial substrate and the 

initiation and maintenance of AF (Haissaguerre et al., 2005a, Oral et al., 2002). The 

creation of ablation lines aimed at mimicking the lines of the surgical maze is currently 

one of the most accepted procedures additional to PVI in persAF therapy (Calkins et al., 

2012c). Accordingly, PVI is commonly followed by the creation of lines of block in the 

LA, usually targeting the roof (connecting the superior lines of the left and right upper 

PVI lesions); the region between the mitral valve (MV) and the left inferior PV; and 

anteriorly between the roof line near the left or right circumferential lesion and the mitral 

annulus. As a consequence, extensive ablation and repeated procedures are often required 

in persAF ablation, which increases the chances for clinical complications and resources 

to be allocated.  

Haissaguerre and colleagues (Haissaguerre et al., 2005b) have shown that AF is more 

likely to terminate after a gradual or sudden increase in CL as a result of catheter ablation. 

The same study has showed that the probability of AF termination is directly proportional 

to the amount of lesions performed by ablation. A review recently published by Lim et 

al. (Lim et al., 2015) has shown that AF termination in persAF ablation ranges 20% to 

90% of the cases using different ablation strategies. The same study also concluded that 

AF termination during AF ablation confers improved long-term freedom from atrial 

arrhythmias (Lim et al., 2015, Zhou et al., 2013). Therefore, additional strategies to 

improve AF termination rates during persAF ablation with minimum amount of ablation 

are of great interest. In particular, the identification of patient-specific AF drivers gained 
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evidence to design tailored ablation strategies. AEG-guided ablation has become an 

important strategy in patient-specific persAF treatment since the AEG provides further 

details about the underlying cardiac substrate for each particular patient.  

For instance, the analysis of AEGs in the frequency domain has emerged with great 

expectation and is becoming a complementary tool to study the pathophysiology and 

mechanisms of AF (Skanes et al., 1998). It is believed that the dominant frequency (DF) 

– defined as the biggest peak in the frequency spectrum of the AEG within a physiological 

range (usually between 3 Hz and 20 Hz) – represents the main activation wave front of 

an atrial region, and therefore would correlate with the local atrial CL during AF (Ng et 

al., 2006). It has been suggested that areas harbouring high DF may represent sites with 

high periodic activation, driven by either ectopic activity or re-entry circuits that 

perpetuates the arrhythmia (Jalife et al., 2002). Moreover, it has been suggested that 

ablation at these sites could be an effective strategy to terminate AF (Sanders et al., 2005). 

An additional index to frequency spectrum analysis is the organization index (OI). The 

OI is derived by dividing the area under the DF and its harmonics by the total power of 

the frequency spectrum, and it measures the variability of the DF. Therefore, high OI 

represents less variability of DF and, consequently, higher AEG organization (Takahashi 

et al., 2006). Termination of pAF has been reported after RF ablation of sites with high 

frequency activity in different locations of the atrium (Sanders et al., 2005). Elimination 

of LA-to-RA frequency gradients by ablation has been shown to contribute to long-term 

SR maintenance in AF patients (Atienza et al., 2009). Additionally, it has been reported 

that an increase of OI measured from AEGs precedes termination of AF during ablation 

and that overall atrial OI increases after PVI (Takahashi et al., 2006). Our group has 

shown, however, that the DF might not be spatio-temporally stable, suggesting that 

targeting sites of high DF from a single time frame is unlikely to be a reliable ablation 

strategy (Salinet et al., 2013). We have also shown the existence of atrial regions more 

prone to host a high DF patterns, despite the lack of DF spatio-temporal stability. Such 

regions could be markers of AF drivers in persAF patients (Dastagir et al., 2014, Li et al., 

2015). 

More recently, EP studies have reported that targeting re-entries – in these investigations 

referred to as ‘rotors’ – during AF ablation terminated the arrhythmia (Narayan et al., 
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2012). This strategy uses panoramic sampling of the atria and computational spatio-

temporal mapping to identify regions of recurrent organized rotational activity 

(Benharash et al., 2015, Gray et al., 1998). These organized rotational activities are 

identified from the analytical signal of the AEG computed using the Hilbert Transform. 

This analytical signal is used to compute the instantaneous phase of the AEG, from which 

regions in the atria hosting phase discontinuities are identified as points of singularity 

(PS) (Rodrigo et al., 2014). Finally, these PSs are marked and targeted for catheter 

ablation. The relationship with the multiple re-entry theory – which has intense support 

from optical mapping studies (Mandapati et al., 2000) – as well as the high termination 

rate for persAF ablation reported in early data have facilitated the acceptance of rotor-

guided ablation (Haissaguerre et al., 2014, Narayan et al., 2012). However, there is 

currently intense debate on rotor-guided ablation as these works differ in terms of the 

spatio-temporal stability of the rotors in the atria during AF, and that rotor-guided ablation 

might not be as effective in treating persAF as initially reported (Benharash et al., 2015, 

Buch et al., 2016, Mohanty et al., 2016). Recent investigation on the relationship between 

atrial regions hosting high DF and rotors suggest that PSs are localized mainly around 

high DF regions, and that rotors of opposite chirality would induce the transit of high DF 

clouds between them (Dastagir et al., 2015a). 

Investigations in both frequency domain and phase of the AEGs have contributed 

significantly to improving the understanding of patient-specific mechanisms of the 

arrhythmia. However, there is an ablation strategy that has been in evidence and under 

intense debate in the last decade: patient-specific substrate modification guided by 

fractionated AEGs. 

2.2.5 Complex fractionated atrial electrograms 

In 2004, Nademanee and colleagues (Nademanee et al., 2004) reported 96% of success 

rate of AF termination only ablating areas with AEGs with complex activations. 

Nademanee’s findings were received with great enthusiasm – as well as scepticism – by 

the scientific community. CFAEs were initially described as being i) AEGs composed of 

two deflections or more, and/or perturbation of the baseline with continuous deflection of 

a prolonged activation complex over a 10-s recording period; ii) AEGs with a very short 

CL (≤ 120 ms) averaged over a 10-s recording period (Nademanee et al., 2004). EP 
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studies targeting CFAEs during ablation usually consider bipolar AEGs since this 

recording configuration allows for the collection of local electrical activation. Figure 2-

12 shows a bipolar AEG with small amplitude, continuous fractionated activity (CFAE), 

and a bipolar AEG with discrete organised activations (non-CFAE). 

 

Figure 2-12 Illustration of bipolar AEGs collected during AF. A. Bipolar AEG with small 
amplitude, continuous fractionated atrial activity (CFAE). B. Bipolar AEG with discrete 
organised activations (non-CFAE). 

Ultimately, areas with fractionated electrical activity during AF are believed to represent 

areas of slow conduction and/or at pivot points where the wavelets turn around at the end 

of the arcs of functional blocks. Therefore, the rationale supporting CFAEs relies on the 

hypothesis that AF is a self-sustaining arrhythmia where multiple wavelets meander in 

the atria, as suggested by Moe and Abildskov (Moe and Abildskov, 1959). Despite intense 

debate, previous works have shown that these areas of functional block might induce 

wave break or wave collision in the presence of fibrotic tissue (Allessie et al., 2010, 

Konings et al., 1994), anisotropic conduction (de Bakker et al., 1993), leading circle re-

entry (Lee et al., 2014) and spiral wave re-entry (Heijman et al., 2015). In all these cases, 

as illustrated by Figure 2-13, areas of the atria presenting such fractionated activation are 

believed to be important sites for AF perpetuation and, therefore, targets for ablation 

(Ganesan et al., 2013, Knecht et al., 2009, Nademanee et al., 2004).  

CFAEs have been reported to be found most frequently at the proximal fraction of the 

CS; the junction between the SVC and the RA; the septal wall anterior to the right superior 

and inferior PVs; the anterior wall medial to the LA appendage; the area between the LA 
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appendage and left superior PV; the posterosuperior wall medial to the left superior PV 

(Nademanee, 2011). 

 

Figure 2-13 Graphical representation of the possible mechanisms involved in the genesis 
of CFAEs. A. Wave break. B. Wave collision. C. Anisotropic conduction. D. Leading 
circle re-entry. E. Spiral wave re-entry. 

2.2.5.1 Brief historical notes on fractionated AEGs 

Although studies relating CFAEs and AF gained more relevance in 2004 with 

Nademanee’s seminal work (Nademanee et al., 2004), fractionated electrograms were 

first reported in 1961 by Durrer and colleagues (Durrer et al., 1961). They reported 

fractionation as a stable phenomenon in epicardial infarcted regions with both unipolar 

and bipolar AEGs.  

Cosio and collaborators (Cosio et al., 1983) were the first to relate fractionated AEGs and 

AF, suggesting that fractionation is related with areas of slow conduction and shorter 

effective refractory periods, supporting the existence of re-entries in such areas.  

Gallagher (Gallagher et al., 1982) and Gardner (Gardner et al., 1985) argued whether or 

not fractionation was caused by noise artifacts. On the one hand, Gallagher and colleagues 

supported that fractionated AEGs might occur due to electrodes artifacts, and mentioned 
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that fractionation has been captured in a ‘Jell-o brain’. On the other hand, Gardner and 

collaborators performed an extensive EP and anatomical study on fractionated AEGs and 

its relation with artifacts. The authors reported fractionation during SR, tachycardia and 

in infarcted regions and concluded that fractionation is not caused by artifacts. They also 

suggested fractionation might be caused by slow and inhomogeneous conduction and the 

spatial-time summation of extracellular currents, which could indicate the presence of 

multiple wavelets or re-entrant circuits. Gardner’s work helped to consolidate bipolar 

AEGs as the gold standard for measuring fractionation, and also showed that the direction 

of the bipolar electrodes affects fractionation as collected by the AEGs – this latter 

reinforced by Correa de Sa and colleagues (Correa de Sa et al., 2011). 

In 1993, de Bakker and colleagues have reported that slow conduction in the infarcted 

myocardial tissue is caused by a "zigzag" course of activation. In such cases, the recording 

electrodes positioned in the tissue will not only record activity in the bundle underneath 

the electrode, but also the activity of wave fronts propagating in distant bundles. Because 

of asynchronous activation in the various bundles, multiple deflections will arise, which 

results in fractionated AEGs (de Bakker et al., 1993, de Bakker and Wittkampf, 2010). 

Konings and colleagues (Konings et al., 1997) related the morphology of unipolar AEGs 

during AF with the occurrence of specific patterns of conduction. More specifically, they 

related fractionated activity with local asynchronous activations that may occur due to: 

spatial dispersion of refractory periods; tissue inhomogeneity, resulting in uncoordinated 

conduction patterns; the presence of insulating collagenous septa between atrial muscle 

bundles. 

In 2006, Rostock and colleagues (Rostock et al., 2006) showed that CL is a major 

determinant of fractionation occurrence during AF, suggesting that shortening of CL 

precedes the development of CFAE. 

Kalifa and collaborators (Kalifa et al., 2006) reported that the area surrounding the region 

hosting the DF during AF has high propagation pattern variability and fractionated 

activity. These findings were later reinforced by Nademanee (Nademanee, 2011). 

More recently, Jadidi and collaborators (Jadidi et al., 2012b) have shown that CFAE’s 

distribution in the atria is highly variable, depending on direction and rate of activation. 
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The same group has later suggested that CFAEs are inversely related to atrial regions with 

fibrosis (Jadidi et al., 2013). 

De Bakker and Wittkampf (de Bakker and Wittkampf, 2010) revisited possible causes of 

fractionation. They reported that CFAEs can be caused by:  

 Electrodes’ movement;  

 Signal filtering might add unwanted deflection, affecting fractionation outcome;  

 Remote atrial far-field activity may affect the local AEG and lead to an apparently 

fractionated signal (Narayan et al., 2011). Unipolar recordings are more sensitive 

to remote activity than bipolar; 

 The direction of bipolar electrodes can induce fractionation due to the heart 

inhomogeneity, which supports the theory of electrical dissociation and atrial 

substrate remodelling AF; 

 Heart structures with different activation patterns. AEGs captured near two 

structures will often show multiple deflections because of activation in the two 

different structures; 

 Fractionation might be induced by alterations in conduction velocity, which in 

turn can be altered by contractile, electrical and structural remodelling. 

2.2.5.2 Visual classification of atrial electrograms during atrial fibrillation 

In 1978, Wells and colleagues (Wells et al., 1978) classified bipolar AEGs into four 

different types according to the morphological characteristics of the signals: 

 Type I – highly organised – characterised by discrete depolarisation activities 

separated by an isoelectric baseline free of perturbation; 

 Type II – moderately organised – identifiable depolarisation activity but with 

perturbations of the baseline between atrial complexes; 

 Type III – low organised – AEG which failed to demonstrate either depolarisation 

events or isoelectric intervals; 

 Type IV – characterized by alternation between type III and the other types. 

The authors have also noticed that AEGs during AF were not stable in most of the 

reported cases, changing from one type to any other arbitrarily. Wells’ classification for 

AEGs during AF has become widely used in AEG classification investigations using 
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visual inspection of AEGs performed by specialists. The visual inspection of AEGs has 

been adopted as the “gold reference” for many years, and many works relied on it in the 

investigation of methods for substrate characterisation. Figure 2-14 illustrates the 

classification suggested by Wells and colleagues in three bipolar AEGs collected during 

AF (Wells et al., 1978). 

 

Figure 2-14 Illustration bipolar AEGs collected during AF according the classification 
suggested by Wells and colleagues (Wells et al., 1978). A. AEG of type I showing discrete 
depolarisation activities separated by an isoelectric baseline free of perturbation. B. AEG 
of type II with identifiable depolarisation activity but with perturbations of the baseline 
between atrial complexes. C. AEG of type III which failed to demonstrate either 
depolarisation events or isoelectric intervals. 

Hoekstra et al. (Hoekstra et al., 1995) categorized AEGs during AF using nonlinear 

techniques, supporting the AEG classification defined by Wells and colleagues (Wells et 

al., 1978).  

Barbaro and colleagues were the first to consider multiple indices measured from bipolar 

AEGs during AF, also following visual AEGs classification (Barbaro et al., 2000). These 

indices were used to design a multidimensional classification based on minimum-distance 
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features (Barbaro et al., 2000, Barbaro et al., 2001). The authors have shown that AF type 

I has a baseline free of perturbation and thus the amplitude distribution (AD) is dominated 

by a large peak in the central mean value; the baseline in AF type II is disturbed, hence 

the AD presents significant bins around the mean value; in AF type III, the baseline is 

barely detectable, and the bins in the AD are spread out and widely distributed over an 

extensive range around the mean value.  

Mainardi and colleagues (Mainardi et al., 2001) used linear (cross-correlation) and 

nonlinear (mutual corrected conditional entropy) methods to characterise AEGs dynamics 

during AF based on visual analysis of the AEGs. More recently, Orozco-Duque and 

colleagues have used multifractal analysis for grading CFAEs also based on visual 

classification (Orozco-Duque et al., 2015), and Schilling and collaborators (Schilling et 

al., 2015) have classified different ranks of fractionation using multiple indices of 

fractionation.  

Despite the valuable contribution of those investigations, the visual assessment of 

fractionation introduces subjectivity to the method as each specialist has his/her own 

perception of what defines fractionation, even supported by Wells’ AEG classification. 

Additionally, the visual identification of AEG fractionation might not correspond with 

the true atrial substrate. These factors induce inconsistencies to the methods, and would 

make the reproducibility of the CFAE classification difficult. 

2.2.5.3 Automated algorithms for CFAE classification 

The reproducible high curative success rates initially reported by Nademanee and 

colleagues when targeting CFAEs during ablation (Nademanee et al., 2004) has been 

challenging. One of the reasons for such low reproducibility of outcomes could be due to 

the fact that the authors performed CFAE classification visually by the operator. With the 

objective of minimizing inconsistencies in CFAE classification, medical equipment 

companies have developed 3D EAM systems with embedded automated CFAE detection 

algorithms to optimize substrate mapping, and assist CFAE-guided ablation during EP 

procedures.  

The two EAM systems broadly used in clinical practice – NavX and CARTO – have 

modules integrated in their software for automated CFAE mapping (Aizer et al., 2008, 



 

Page | 34 

Scherr et al., 2007). The algorithms embedded in those systems incorporate CFAE 

characteristics as initially described by Nademanee and colleagues (Nademanee et al., 

2004). For both systems, sequential bipolar AEGs are captured throughout the atrium 

guided by the 3D anatomical map generated by the system. The algorithms for automated 

CFAE detection will be described and discussed in detail on Chapter 4, Minimizing 

discordances in automated classification of fractionated electrograms in human 

persistent atrial fibrillation. 

The time duration of each recorded AEG depends on the system – and algorithm – that 

has been used. The AEGs are band-pass filtered as defined by the operator. Once the 

indices provided by the algorithms embedded on both systems are calculated for each 

point in the 3D EAM, the operator can visualize the resultant CFAE map (colour-coded) 

according to each respective index.  

Nevertheless, individual commercial systems developed CFAE detection algorithms that 

evaluate different aspects of the AEG. As a consequence, there is currently no consensus 

on CFAEs definition. Additionally, commercial systems allow for operator-defined 

settings, which also affect CFAE identification (Almeida et al., 2016).  

2.2.5.4 Other indices of fractionation 

Many indices of fractionation – additional to those measured by the automated algorithms 

embedded in commercial systems – have been introduced in AF investigations. Nonlinear 

similarity index was developed and used to address AEG morphology and consistency 

over time (Faes et al., 2002, Lin et al., 2013). The authors reported that CFAE sites tagged 

by automated CFAE classification with high similarity index are important for AF 

maintenance and, consequently, are important sites for ablation.  

Shannon Entropy (ShEn) has been used to measure the complexity of AEGs (Chen et al., 

2009). Ng and colleagues (Ng et al., 2010) have shown that ShEn assumes small values 

for AEGs with organized activation and high values for CFAEs. Recent studies have 

shown the relationship between multiple wavelets hypothesis and the multiple re-entry 

theory (Ganesan et al., 2013, Lee et al., 2014). The authors reported fractionated activity 

in the pivot of the rotor using ShEn. ShEn and other descriptors will be briefly introduced 

on Chapter 3, Mathematical & Signal Processing Tools. 
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Recent work has suggested that LA atrial structural remodelling can be detected by late 

enhancement magnetic resonance imaging (MRI) and correlated with reduced AEG 

amplitudes (Mahnkopf et al., 2010). Low peak-to-peak amplitude (PP) of AEGs has been 

introduced as a marker for atrial structural remodelling during AF and, therefore, targets 

for ablation (Oakes et al., 2009, Rolf et al., 2014). It has been suggested that ablation of 

low PP regions might have compensatory effects in addition to PVI in persAF therapy 

(Rolf et al., 2014). 

As stated previously in section 2.2.4.3 Ablation of PersAF, DF and OI calculated from 

AEGs have been used to identify areas within the atria that may be responsible for driving 

AF (Salinet et al., 2013). 

Each of the above mentioned indices measures one feature of the AEG and the underlying 

atrial tissue. Most of the investigations on CFAEs have relied on few – if not only one – 

indices of fractionation, which can be a limiting factor when describing a complex 

phenomenon such as persAF. Investigating different features from the AEGs might 

improve our understanding of the arrhythmia and our capability to successfully identify 

areas that are critical to the maintenance of AF (Schilling et al., 2015). 

2.2.5.5 CFAE’s spatio-temporal behaviour 

The reliability of the CFAE spatio-temporal behaviour is an important factor for the 

application of clinical CFAE mapping (Tsai et al., 2012), and it has been under discussion 

since its introduction as an additional ablative therapy for AF. According to Nademanee 

and collaborators (Nademanee et al., 2006), “CFAEs are surprisingly stationary, 

exhibiting relative spatial and temporal stability”. As a consequence, this temporal 

stability would allow sequential point-to-point AEG measurement to capture CFAEs, as 

a region showing fractionated activation would consistently show fractionated activation, 

as well as regions without fractionation would always be free of fractionation. 

Accordingly, CFAEs mapping systems, such as CARTO and NavX, perform the mapping 

sequentially, point-by-point.  

CFAEs spatio-temporal behaviour has been assessed by two main methods (Lau et al., 

2012): i) sequential 3D CFAE maps. In this approach, CFAE stability is assessed by 

comparing two or more sequential 3D maps for the presence of CFAE or the degree of 
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AEG fractionation at similar atrial regions. Some researchers reported high CFAEs 

temporal-stability when comparing two sequential 3D maps (Roux et al., 2008, Scherr et 

al., 2009, Verma et al., 2008a). However, Habel and collaborators (Habel et al., 2010) 

reported low CFAEs spatio-temporal stability when comparing more than two sequential 

3D maps; ii) in short-term continuous recordings. In this approach, the AEG of a single 

site is divided in windows with same time duration. CFAEs temporal behaviour is 

assessed by comparing the presence of CFAE or the degree of AEG fractionation between 

time windows. Lau and colleagues reported 75% of stable CFAEs in continuous 

recordings of mean 1.25 minutes based on a review of five studies (Lau et al., 2012). 

The choice of recording duration to consistently measure AEG fractionation remains 

contentious. Each automated CFAEs mapping system considers different AEG duration 

for CFAEs measurement. For instance, CARTO uses AEG recording with fixed duration 

of 2.5 s for CFAEs mapping (Monir and Pollak, 2008, Porter et al., 2008, Scherr et al., 

2009). More recently, however, Tsai and colleagues (Tsai et al., 2012) suggested that 

AEG recording duration of 5 s would provide more consistent CFAE identification using 

CARTO criteria. 

Roux and colleagues (Roux et al., 2008) have shown that CFAEs have high spatio-

temporal stability using a 2 s AEG time window with NavX criteria. Lin and collaborators 

(Lin et al., 2008) and Stiles and colleagues (Stiles et al., 2008) independently reported 

that the segment length does affect the fractionation outcome. Both studies suggested that 

mapping CFAEs with NavX system requires a recording duration of ≥ 5 s at each site to 

identify fractionation consistently.  

2.2.5.6 The outcomes of CFAE-guided ablation in persAF 

CFAE-guided ablation remains one of the most controversial topics in AF therapy. The 

role of CFAE mapping has significantly reduced since its adoption as an ablation strategy 

for persAF adjunct to PVI and anatomical lines creation due to disparities in CFAE-

guided ablation outcomes (Sohal et al., 2015). While some researchers reported persAF 

termination rates superior to 50% of the cases (Elayi et al., 2008, Lin et al., 2009a, 

Nademanee et al., 2004, Verma et al., 2010), other studies have reported much lower 

success rates after CFAE-guided ablation (Oral et al., 2007, Oral et al., 2009, Porter et 

al., 2008, Verma et al., 2011). Nevertheless, ablation targeting atrial regions hosting 
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fractionated activity in addition to standard PVI and anatomical lines ablation as an 

attempt to improve outcomes in patients with persAF is still broadly performed in many 

clinical centres around the world.  

Recent investigations increased even more the controversy surrounding CFAE-guided 

ablation. Multicentre studies have reported no incremental benefit of CFAE ablation 

when performed in addition to PVI and linear ablation (Verma et al., 2015, Wong et al., 

2015). A recent meta-analysis also reported that additional atrial ablation targeting 

CFAEs resulted in no improvement in mid-term procedural outcome or freedom from AF 

(Providência et al., 2015). Although the authors also reported no increase in procedural-

related adverse events, CFAE ablation is related with longer procedures time, which 

increases both costs and potential complications associated with the procedure.  

It is clear from these studies that a majority of CFAEs are not active participants in the 

AF process and as such are poor targets for ablation (Sohal et al., 2015) and that current 

methods for identifying CFAEs have failed to provide a definite solution for persAF 

therapy. A recent review by Sohal and colleagues, however, suggest that some CFAEs 

are indeed critical sites for AF maintenance and better identification of these may result 

in better outcomes in persAF ablation (Sohal et al., 2015). 

There are some possible reasons for the low reproducibility of CFAE-guided ablation 

outcomes, as already mentioned above, that will be covered in the present thesis. Firstly, 

recent works have reported a low correlation between different indices of fractionation 

(Almeida et al., 2016, Lau et al., 2015). Differences in automated algorithms to classify 

CFAEs could lead to discordant CFAE classifications by the available mapping systems, 

giving rise to potential disparities in CFAE-guided ablation. Minimizing the differences 

in CFAE classification as performed by different methods may help to clarify the 

significance of CFAE as a driver of persAF.  

Secondly, previous works have shown that a large proportion of CFAEs are a result of 

remote AF drivers and, therefore, a passive phenomenon not important to the maintenance 

of AF (Rostock et al., 2006, Roux et al., 2009, Tuan et al., 2011, Jadidi et al., 2012a). 

Conversely, other studies have suggested that some CFAEs represent active sources 

responsible for the perpetuation of AF (Takahashi et al., 2008, Yamabe et al., 2009, 
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Verma et al., 2014). The characterisation of different types of AEG fractionation might 

help to detect regions critical to the maintenance of AF (Lin et al., 2009b).  

Finally, successful CFAE ablation is based on the assumption that the fractionated AEGs 

represent anchored anatomic areas that are critical to the maintenance of AF. If a healthy 

atrial tissue is incorrectly classified as CFAEs – and this could happen due to limitations 

in the CFAE algorithm or because the region under analysis is prone to passive wave 

collision – and targeted for ablation, areas of slow conduction could result from the 

ablation, thereby creating more pro-arrhythmogenic areas, which would perpetuate the 

arrhythmia instead of terminating it (Wong et al., 2015, Zaman and Narayan, 2015). The 

temporal behaviour of AEGs should be considered in order to improve atrial substrate 

identification. 
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Chapter 3  

Mathematical & Signal Processing Tools  

To date there is no agreement on the definition of a CFAE. Previous studies relied either 

on visual inspection or on automated algorithms embedded in commercial systems (Calo 

et al., 2008, Hunter et al., 2009, Monir and Pollak, 2008, Scherr et al., 2007, Scherr et 

al., 2009, Verma et al., 2008a). A clinician visual assessment of fractionation might 

introduce subjectivity in CFAE classification, which would difficult reproducibility of 

the results. Similarly, the outcomes of CFAE-guided ablation in persAF using 

commercial systems have demonstrated diversified successes. Automated algorithms 

embedded in commercial systems have been independently validated, and have never 

been directly compared. Finally, the majority of the works on CFAEs have relied on few 

– if not only one – indices of fractionation, which can be a limiting factor. Investigating 

different features from the AEGs might improve our understanding of the areas that are 

critical to the maintenance of AF. In this chapter some mathematical and signal 

processing techniques that have been used in this work are briefly described. 

3.1 Statistical measures 

The probabilistic properties of a continuous random variable can be defined through a 

function p(x), known as the probability density function (pdf) (Hayter, 2012). The 

probability that the random variable lies between two values a and b is obtained by 

integrating the pdf between these two values: 

 (3.1)

A valid pdf p(x) cannot take negative values and must integrate to one over the whole 

sample space, so that the total probability is equal to 1. The pdf provides complete 

information about the probabilistic properties of a random variable but, since the pdf can 

be difficult to be estimated, random variables are often described by summary measures.  
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3.1.1 Central moments 

A random variable X taking the values xi with probability values pi has an expected value 

of 

∙  (3.2)

 provides a summary measure of the average value taken by the random variable and 

is also known as the mean of the random variable. Higher order statistics referred to the 

mean, known as central moments, are used to describe the spread, asymmetry, and 

curvature of a pdf. In general, the kth central moment is defined as 

 (3.3)

The second central moment, the variance, measures the spread or variability in the values 

taken by the random variable. Larger values of the variance indicate that the distribution 

is more spread out. 

 (3.4)

The square root of the variance, σX, is known as the standard deviation (SD) of the 

distribution of the random variable and is often used in place of the variance to describe 

the spread of the distribution. 

The third central moment, the skewness, is a measure of the asymmetry of a distribution. 

A negative skewness indicates that the tail on the left side of the pdf is longer than the tail 

on the right side. A positive skewness indicates that the tail on the right side is longer than 

the one on the left side. If the values are symmetrically distributed on both sides of the 

mean, the skewness is zero. 

 (3.5)

The fourth central moment, the kurtosis, is a measure of the concentration of probabilities 

in a pdf.  
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 (3.6)

The kurtosis of an arbitrary Gaussian distribution is always 3. The excess is defined as 

3 (3.7)

Therefore, the excess is zero in a Gaussian pdf, negative in pdfs with rounded peak 

(known as sub-Gaussian), and positive in pdfs with sharper peak (referred to as super-

Gaussian) (Schilling, 2012). 

3.1.2 Median and interquartile range 

In this work, all continuous non-normally distributed variables are expressed as median 

± interquartile range (IQR). The median provides information about the middle value of 

the pdf of a random variable. The random variable is equally likely to be either smaller 

or larger than the median (Hayter, 2012).  

Quantiles of random variables also provide information about the spread or variability of 

the distribution of the random variable. They are often written as a percentage, referred 

to as percentiles. The lower quartile of a distribution (Q1) is defined to be the 25th 

percentile of the distribution, and the upper quartile (Q3) of a distribution is defined to be 

the 75th percentile. Therefore, two quartiles, together with the median, partition the state 

space of a random variable into four quarters, each of which has a probability of 0.25 

(Figure 3-1).  

 

Figure 3-1 Illustration of a Gaussian distribution, the median and the IQR. Modified from 
(Schilling, 2012). 
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The IQR, defined as the distance between the two quartiles, can be used similar to the 

variance to provide an indication of the spread of a distribution. Larger values of the IQR 

indicate that a random variable has a pdf with larger range (Hayter, 2012). 

3.1.3 Covariance and correlation 

The strength of the dependence of two random variables on each other is indicated by 

their covariance. Since the covariance is not normalized, it can assume any positive or 

negative number, and independent random variables have a covariance of 0 (Hayter, 

2012). 

,  (3.8)

In practice, the dependence between two random variables is usually assessed through 

their correlation. The correlation is found by normalizing the covariance between two 

random variables by their SD. Consequently, the correlation is constrained to values 

between −1 and 1, and independent random variables have a correlation of 0.  

,
,

 (3.9)

3.1.4 Kernel density estimator 

Pdf estimates are closely related to the histogram, but can be endowed with properties 

such as smoothness or continuity. According to Izenman (Izenman, 2008), pdf estimates 

can be effective in decision making, such as nonparametric discrimination and 

classification analysis. The kernel density estimator (KDE) is believed to be the most 

popular nonparametric pdf estimation method. A pdf pattern (known as the kernel 

function) is summed at over N points centred at each data point xn. Hence, the summation 

of kernel functions centralized at each data point xn provides an estimative of the pdf of a 

random variable, accordingly:  

̂
1

 (3.10)

where N is the total number of data points, K is the kernel smoothing function and h > 0 

is a bandwidth factor. Common kernel functions are Epanechnikov, Gaussian, triangular 
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or box (Izenman, 2008). The choice of the bandwidth factor h is crucial in density 

estimation. In case a Gaussian kernel is chosen, the h represents the SD of the Gaussian 

components. Therefore, h is a smoothing parameter, with trade-off between sensitivity to 

noise at small h and over-smoothing at large h (Bishop, 2006). In the present work, the 

Epanechnikov kernel smoothing function was chosen (Lake, 2009), with default 

bandwidth defined by MATLAB. Figure 3-2 illustrates the pdf of a white noise generated 

on MATLAB and a bipolar AEG collected during AF using the above mentioned method. 

The area under the curve of all pdfs calculated in this work were equal to 1, as expected. 

 

Figure 3-2 Illustration of the estimation of the pdfs from a white noise (A) and an AEG 
(B) using the KDE the Epanechnikov kernel smoothing function and the default 
bandwidth defined by MATLAB. 

3.2 Indices of fractionation 

The electric behaviour of the underlying cardiac tissue can be assessed by the AEG. 

Different features can be extracted from the AEG, and each feature provides different 

information regarding the underlying cardiac tissue. In many cases, these features are 

concealed in the intracardiac signal, and some signal processing techniques might be 

necessary to disclose the feature of interest. The investigation of multiple features 

extracted from the AEGs provides, therefore, a multidimensional perspective of the 

cardiac tissue integrity. In this work, twelve features have been extracted from the bipolar 

AEGs to improve our understanding of the AF and CFAEs. As such, they are referred to 

as indices of fractionation, and have been divided in: i) indices of fractionation computed 
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by commercial mapping systems; ii) information theory indices; iii) amplitude based 

indices and; iv) frequency based indices. These indices are briefly introduced below. 

3.2.1 Indices of fractionation computed by commercial mapping systems 

The indices of fractionation computed by NavX and CARTO that are usually used in EP 

studies to guide AF ablation are described in detail on Chapter 4, Minimizing 

discordances in automated classification of fractionated electrograms in human 

persistent atrial fibrillation. An offline MATLAB algorithm used to compute the indices 

of fractionation defined by CARTO is described in Appendix A, Validation of an Offline 

Algorithm to reproduce CARTO CFAE definition for CFAE Identification. 

3.2.2 Information theory indices 

3.2.2.1 Shannon entropy (ShEn) 

The concept of entropy was first introduced by Shannon on his work about information 

theory as a measure of information, choice and uncertainty (Shannon, 1948). The entropy 

of a random variable gives us a notion of how much information is contained in the 

variable. Cover and Thomas have described entropy as a measure of uncertainty of a 

random variable (Cover and Thomas, 1991). The entropy H of a set of possible events (X 

= x1, x2,…, xn) whose probabilities of occurrence are p1, p2,…, pn, is defined by: 

log  (3.11)

The largest value of H occurs when the pdf has a uniform distribution. It assumes small 

values for distributions that are concentrated on certain values, or has a pdf with a sharp 

peak (Hyvarinen and Oja, 2000). ShEn is used as a measure of the degree of organization 

of a signal. In the present work, the probabilities of occurrences found by the KDE were 

used to compute the ShEn. Nevertheless, some approximations have been proposed to 

calculate entropy. 

3.2.2.2 Approximate entropy 

The Approximate Entropy (ApEn), as suggested by Pincus, is the negative natural 

logarithm of the conditional probability that a variable (X) of length N repeat itself for 

m+1 points after being repeated itself for m points, within a tolerance r (Pincus, 1991). 
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The similarity criterion r is commonly expressed as a fraction of the σ of the data, making 

the ApEn a scale-invariant measure. Low ApEn values indicate low complexity in the 

time series.  

For m or m +1 points, two subsets are considered similar if 

, for 0 < k < m (or m + 1) (3.12)

Consider Pm as the set of all patterns from XN with length m (pm(1), pm(2),…, pm(N-m+1)). 

The fraction of patterns (Ci,m(r)) of length m that resemble the pattern of the same length 

that begins at interval i can be defined by 

,
,

1
 (3.13)

where ni,m(r) is the number of patterns in Pm that are similar to pm(i), given the similarity 

criterion of r. Cm(r) is defined as the average of all the Ci,m(r) values, which express the 

prevalence of repetitive patterns of length m in XN. The same step is repeated for m+1, 

with the constraint that Cm+1(r) is a subset of Cm(r) that also matches for length m+1. 

Finally, ApEn(XN, m, r) is given as 

ApEn , , ln  (3.14)

One major limitation of this method is that a correction is needed to avoid [ln (0)], which 

has been shown as being the same as allowing templates to match themselves, which is a 

strong source of bias toward ApEn = 0 when there are few matches and when Cm(r) and 

Cm+1(r) are small (Lake et al., 2002).  

3.2.2.3 Sample entropy 

The Sample entropy (SampEn) is the negative natural logarithm of the conditional 

probability that a variable (X) of length N repeat itself for m+1 points after being repeated 

itself for m points, within a tolerance r, without allowing self-matches (Lake et al., 2002). 

It has been shown that SampEn displays the property of relative consistency in situations 

where ApEn does not, being more robust with smaller datasets and when there are only a 

few matches of patterns (Richman and Moorman, 2000). For all EGM signals, the 

SampEn measurements were calculated using the r = 0.2 and m = 3 (Alcaraz et al., 2010). 
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3.2.2.4 Kullback-Leibler divergence (or relative entropy) 

Kullback-Leibler divergence, also known as relative entropy, is a measure of the distance 

between two distributions (Cover and Thomas, 1991). For instance, considering that q(x) 

is an estimated distribution from an unknown distribution p(x), the relative entropy 

D(p||q) is a measure of the inefficiency of assuming that the distribution is q when the 

true distribution is p: 

|| log log  (3.15)

|| (3.16)

The relative entropy is always non-negative and is zero if and only if p = q. In the present 

work, we will compare standardized AEGs with a standardized Gaussian white noise, 

following the rationale proposed by Wells classifications for AEGs (Wells et al., 1978).  

Similar to the calculation of ShEn, K-L was calculated using the probabilities of 

occurrences found by the KDE. 

3.2.3 Amplitude based indices 

Low peak-to-peak (PP) amplitude of AEGs has been introduced as a marker for atrial scar 

during AF and, therefore, targets for ablation (Rolf et al., 2014). However, the PP 

currently assessed by commercial systems refers to only one atrial activation within a 

time window, which might not be a good representation of the entire AEG segment. 

Therefore, the root mean square (RMS) of the AEG amplitude was measured considering 

the entire AEG segment. The RMS is the squared quadratic sum of the amplitude values 

in a signal x, i.e.: 

1
(3.17)

Similarly, small values of RMS would suggest more fractionation. 
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3.2.4 Frequency based indices 

The frequency domain representation of a waveform can provide more useful information 

than the time domain representation. Determining the frequency content of a waveform 

is termed spectral analysis, in which a waveform is decomposed into its constituent 

frequencies (Semmlow, 2009).  

3.2.4.1 Fourier transform 

The Fourier Transform (FT) is the most popular technique for spectral analysis. It 

decomposes the waveform into a series of sinusoids that are at the same frequency as, or 

multiples of, the waveform frequency. This family of sinusoids can be expressed either 

as sines and cosines, each of appropriate amplitude. 

3.2.4.2 Continuous Fourier transform 

The continuous notation for the FT considers infinite cycle duration. Considering that 

cos
2

jsin
2

(3.18)

the Continuous Fourier Transform (CFT) of x(t) can be expressed as 

(3.19)

which is the convolution between the original waveform and sines and cosines 

components. The absolute value of the FT |X(f)| is denoted as frequency spectrum of x(t). 

The spectrum components correspond to the energy of the particular frequency 

component in the signal. 

3.2.4.3 Discrete Fourier transform & Fast Fourier transform 

The equations for computing Fourier series analysis of digitized data are the same as for 

continuous data except the integration is replaced by summation. The waveform x(t) is 

discretized with sampling frequency fs, with all of the information contained in the 

frequency range of 0 to fs/2 ( fs/2 being the Nyquist frequency). The discrete waveform is 

represented as xk, where 



 

Page | 48 

x (3.20)

k is assessed in the range of 0 < k < N−1, where N is the total number of samples. The 

discrete Fourier transform (DFT) is defined as 

(3.21)

where m indicates the harmonic number. The Fast Fourier Transform (FFT) is a fast 

algorithm approach for spectral estimation based on the DFT. The computational cost 

required for computing the DFT of an N-samples waveform is proportional to N2. For a 

segment where N is an integer power of 2, the FFT algorithm reduces the computational 

cost to Nlog2(N) number of operations (Cooley et al., 1969). 

3.2.4.4 Anti-leaking window 

The absence of an anti-leaking window function is, by default, a rectangular window, 

which might induce undesirable effects in the frequency spectrum domain due to abrupt 

discontinuities in the beginning or in the end of the segment (Harris, 1978). The edges of 

the waveform can induce singularity points of abrupt discontinuities that can be 

minimized by anti-leakage windows. The Hanning (or Hamming) anti-leakage window 

was used in the present work for presenting small weighting peak amplitude values of 

side lobes with narrow width of the main lobe peak amplitude.  

3.2.4.5 Zero padding 

Zero-padding refers to increasing the number of samples with zero elements to improve 

spectral estimation representation. The zero-padding does not improve the spectral 

resolution, but it does improve the representation of the spectral estimation as the extra 

values are interpolations of the original waveform, reducing the fstep in the frequency 

domain.  

3.2.4.6 The DF and OI 

As previously described in Chapter 2, Medical Background, DF is defined as the biggest 

peak in the frequency spectrum of an AEG, and it is believed that atrial regions harbouring 
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high DF may represent sites with fast periodic activation, driven by either ectopic activity 

or re-entry circuits (Jalife et al., 2002).  

Although the DF calculation from unipolar AEGs is straightforward, some pre-processing 

is needed for bipolar AEGs, accordingly: i) rectification; ii) low-pass filter at 20 Hz; iii) 

Anti-leaking Hanning window; iv) zero-padding; v) FFT, where the DF is found (Ng et 

al., 2006). In the present work, DF was defined as the frequency with highest amplitude 

within the physiologically relevant range (3.5 to 20 Hz) (Salinet et al., 2013). 

The OI measures the variability of the frequency spectrum of an AEG. The OI is derived 

by dividing the area under the DF and its harmonics by the total power of the frequency 

spectrum. High OI represents less variability of frequency and, consequently, higher AEG 

organization (Takahashi et al., 2006): 

	
(3.22)

Figure 3-3 illustrates the signal processing steps to calculate the DF and OI in a bipolar 

AEG.  

 

Figure 3-3 Illustration of signal processing steps on a bipolar AEG collected during AF. 
A: Segment of a bipolar AEG showing 3 discrete activations with a CL of approximately 
260 ms. B: Rectified bipolar AEG. C: AEG after low-pass filtering at 20 Hz. D. 
corresponding power spectrum of the bipolar AEG with DF = 3.92 Hz (corresponding to 
a CL of 255 ms) and OI = 0.935.  
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3.3 Digital filters 

Filtering is a technique used to attenuate or suppress undesired frequencies in a waveform. 

It can be used to remove noise and improve the signal-to-noise ratio of a signal. Digital 

filters are filters designed to attenuate frequency components after the waveform has been 

discretized. They can be easily designed in computing software, such as MATLAB® (The 

Mathworks Inc., Natick, MA, USA). The general output from a recursive filter, i.e., filter 

that considers previous values from both output and input states to define the current 

output, is given as (Semmlow, 2009): 

(3.23)

where ∙  is the input signal,  are the feedforward filter coefficients, K is the 

feedforward filter order, ∙  is the output signal,  are the feedback filter coefficients 

and L is the feedback filter order. 

There are countless filter configurations and designs depending on its application. This 

work used an infinite impulse response notch filter centred on 50 Hz to remove power 

line noise, as provided by MATLAB as the function iircomb, which allows for the 

suppression of the centred frequency and its harmonics, e.g., 50 Hz, 100 Hz, 150 Hz, and 

so on. An example of one AEG used in this work with and without the notch filter is given 

on Figure 3-4. 

3.4 Wavelet transform 

While the FFT decomposes the waveform into a series of sinusoids that are at the same 

frequency as, or multiples of, the waveform frequency, the Wavelet Transform (WT) 

decomposes the waveform into a series of a predefined probing function (or wavelets) 

(Daubechies, 1992). A variety of wavelets may be used, but the family of wavelets always 

consists of enlarged or compressed versions of the basic function, as well as translations, 

which allows the WT to give information about the frequency content of a signal and at 

which time segment a frequency occurs. This concept leads to the defining equation for 

the stationary wavelet transform (SWT): 
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Figure 3-4 Illustration of a bipolar AEG collected at 1200 Hz before (A) and after (B) a 
50 Hz notch filter, and their respective frequency spectra (C). 

,
1

| |
φ dt (3.24)

where b time shifts and a scales the wavelet, φ, across x(t). φ might also be referred to as 

the mother wavelet, which is the wavelet is in its natural form. Figure 3.5 shows two often 

used wavelets. The Haar wavelet is often used to remove high frequencies noise, and the 

wavelet Daubechies D11 is used to remove baseline wander from a signal.  

 

Figure 3-5 Illustration of two mother wavelets used in the present work. A. The Haar 
wavelet and B. The Daubechies D11. 
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3.4.1 The wavelet filter banks 

Signal filtering using WT can be performed by filter banks. In such case, the wave form 

passes through a pair of low-pass and high-pass filters, resulting in low frequency 

contents – referred to as approximations – and high frequency contents – referred to as 

details – of the signal. The approximations are then referred to another pair of low-pass 

and high-pass filters to be decomposed on the next level. Figure 3-6 illustrates a filter 

bank using SWT. 

 

Figure 3-6 Illustration of a filter bank using SWT. A. Three filter bank levels showing 
high (H) and low (L) pass filters, the details (D) and approximations (A) computed at 
each level. B. The frequency components present at each level of the filter bank. fN = 
Nyquist frequency. 

At each level, the maximum frequency component present in the signal is half of the 

maximum frequency of the previous level. Therefore, the maximum frequency 

component of the original signal x(t) is the Nyquist frequency fN. After the filtering 
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performed on Level 1, the approximation A1 referred to the next level comprises 

maximum frequency components limited by . Therefore, assuming that x(t) has been 

collected with sample frequency fs at 1200 Hz (i.e. fN = 600 Hz), D1 represents the 

frequency band between 300 – 600 Hz; D2: 150 – 300 Hz; D3: 75 – 150 Hz; and A3: 0 – 

75 Hz. 

Although the discrete form of the wavelet transform is usually considered for filter banks 

analyses, recent work has shown that SWT should be preferred for filtering in the 

presence of white noise due to time-invariance properties of the SWT which helps to 

preserve the wave shape (Zhou et al., 2006). In the discrete WT (DWT), a fundamental 

computational step is downsampling, which could result in information loss. The SWT, 

on the contrary, is implemented without downsampling, keeping all the elements in the 

coefficients across all the decomposition levels (Zhou et al., 2006).  

3.4.2 SWT filter 

The AEGs investigated in this work have been filtered in EAM systems within the 

frequency band between 30 – 300 Hz. Baseline oscillations caused by low frequency 

components and high frequency noise might distort the AEG and induce errors on the 

descriptors from the AEGs. Therefore, removing those undesired frequencies components 

is crucial for the correct analysis of the AEGs. For this purpose, an algorithm was 

developed based on previous method (Schilling, 2012). Considering the AEGs of the 

present work have been collected with fs at 1200 Hz, the AEGs were decomposed with 

wavelet Daubechies D11 into details 8. The approximation at level 8 corresponds to 

frequency band between 0 – 2.34 Hz. The approximations of this level were set to zero 

for baseline oscillation reduction.  

For high frequency noise reduction, the AEGs were decomposed with wavelet Haar into 

details 7. The level 1 corresponds to frequency band between 300 – 600 Hz, which have 

no EP relevance. Hence, it is possible to assume that in the presence of a white noise – 

that affects the frequency spectrum homogeneously – would be evident in the frequency 

band with variance . An adaptive threshold was calculated for each AEG, accordingly: 

√2 ∙ ln (3.25)
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where N is the length of the AEG. The threshold Tr represents the amplitude level of the 

white noise distributed in the AEG. This threshold is applied in all the levels of the filter 

bank. At each level, the amplitudes higher than the threshold are conserved, while 

amplitudes below the threshold are suppressed. The resulting filtered AEGs were 

computed with the levels after thresholding with the inverse WT.  

Figure 3-7 shows the same bipolar AEG shown in Figure 3-4, collected at 1200 Hz. Figure 

3-7 shows the AEG after the 50 Hz notch filter, before and after a baseline wander 

removal with wavelet Daubechies D11 up to level 8, and high frequency denoising with 

wavelet Haar up to level 7 (Schilling, 2012).  

Zhou and colleagues have shown that SWT is not efficient in removing sinusoidal 

components, as those found in power line noise (Zhou et al., 2006). Therefore, both Notch 

filter and SWT should be considered for proper AEG denoising. 

 

Figure 3-7 Illustration of the same bipolar AEG shown in Figure 3-4 (after the 50 Hz 
notch filter), before and after SWT filtering. A. AEG before SWT filter. B. Filtered AEG. 
C. Resulting noise removed from the AEG. 
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3.5 Classification and pattern recognition  

3.5.1 Receiver operating characteristic curves 

Originally developed for radar-signal detection methodology (signal-to-noise), Receiver 

Operating Characteristic (ROC) curves are extensively used for visualizing, organizing 

and selecting classifiers based on their performance (Fawcett, 2006). In the present work, 

ROC curves have been used as a classifier to assess the ability of a metric to distinguish 

two classes of either CFAE or non-CFAE. For instance, let us assume that we have two 

groups of AEGs classified as either CFAEs or non-CFAEs. Then we assess a feature 

extracted from the AEGs, creating two distributions, as per Figure 3-8. Given the 

classification and a threshold, the instance of each AEG is assessed, with four possible 

outcomes: i) if the instance is positive and it is classified as positive, it is counted as a 

true positive (TP); ii) if the instance is positive and it is classified as negative, it is counted 

as a false negative (FN); iii) if the instance is negative and it is classified as negative, it is 

counted as a true negative (TN); iv) if the instance is negative and it is classified as 

positive, it is counted as a false positive (FP) (Fawcett, 2006). 

 

Figure 3-8 Illustration of a ROC curve construction process. A threshold is used to 
discriminate two distributions. Since there is overlap between them, some will be 
correctly marked (TP - true positive; TN – true negative) and some will be incorrectly 
marked (FP - false positive; FN – false negative) 

For each threshold, a two-by-two confusion matrix can be constructed representing the 

dispositions of the set of instances (Figure 3-9A), from which originates the common 

performance metrics: 

 (3.26)
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(3.27)

Consequently, each threshold creates a pair (sensitivity, 1-specificity) that are coordinates 

in the ROC curve. Figure 3-9B shows an example of a ROC curve. The area under the 

ROC curve (AUROC) is an important measure of the quality of the feature as a classifier. 

The software IBM SPSS Statistics Version 20 was used in this work to generate the ROC 

analyses. 

 

Figure 3-9 Illustration of a A. confusion matrix and B. a ROC curve.  

3.5.2 Multivariate analyses 

3.5.2.1 Multivariate analysis of variance (MANOVA) 

The main purpose of analysis of variance (ANOVA) is to test for significant differences 

between means. While the t-test is the preferred method to investigate differences 

between two groups, ANOVA is the preferred method to investigate differences in the 

presence of more than two groups. However, both the t-test and ANOVA consider 

different groups from one dependent variable. In cases with several dependent variables, 

the generalized version of ANOVA, or the multivariate ANOVA (MANOVA), can be 

used to look at interactions between independent variables. While the ANOVA shows 

whether groups differ along a single dimension defined by the single dependent variable, 

the MANOVA has the power to detect whether groups differ along a combination of 

dimensions defined by the several dependent variables. As a consequence, MANOVA 
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can be used to test the difference between groups across several dependent variables 

simultaneously. MANOVA incorporates information about several outcome measures 

and informs whether different groups can be distinguished by a combination of scores on 

several dependent measures. The ANOVA calculates how much variance can be 

explained by an experimental manipulation. The MANOVA also takes into account 

several dependent variables simultaneously and it does this by using a matrix that contains 

information about the variance accounted for by each dependent variable. The MANOVA 

compares the ratio of systematic to unsystematic variance for several dependent variables. 

This comparison is made by using the ratio of a matrix representing the systematic 

variance of all dependent variables to a matrix representing the unsystematic variance of 

all dependent variables. Therefore, the test statistic in both ANOVA and MANOVA 

represents the ratio of the effect of the systematic variance to the unsystematic variance: 

in ANOVA these variances are single values, but in MANOVA each is a matrix 

containing many variances and covariances. A comprehensive mathematical review 

behind both ANOVA and MANOVA can be found in the work by Bray and Maxwell 

(Bray and Maxwell, 1985).  

MANOVA assumes multivariate normality and homogeneity of covariance matrices. A 

robust MANOVA has to be performed if those assumptions are broken, as described by 

Field and colleagues (Field et al., 2012). In the present work, a robust MANOVA using 

Munzel and Brunner’s method has been used to test the difference between groups across 

the different indices of fractionation (Munzel and Brunner, 2000). Further details can be 

found on Chapter 5, the effect of pulmonary vein isolation on electrogram fractionation 

prevalence in human persistent atrial fibrillation.  

3.5.2.2 Linear discriminant analysis (LDA) 

Usually, MANOVA is followed by the Linear Discriminant Analysis (LDA) to see how 

the dependent variables discriminate the groups (Field et al., 2012). LDA can be used to 

determine whether groups differ with regard to the mean of a variable, and then use that 

variable to predict group membership.  

The LDA identifies variates, defined as linear combinations of the dependent variables. 

These variates represent the combination of underlying dimensions of the dependent 

variables, and are used to explain the group differences found by the MANOVA. Once 
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the significant variates have been identified, it is possible to identify how the dependent 

variables contribute to the variates by looking LDA coefficients. High scores indicate that 

a dependent variable is important for a variate, and variables with positive and negative 

coefficients are contributing to the variate in opposite ways. Finally, the groups 

discriminated by a variate can be investigated. In the present work, the LDA has been 

used to investigate how the different indices of fractionation discriminated the different 

groups. Further details can also be found on Chapter 5, the effect of pulmonary vein 

isolation on electrogram fractionation prevalence in human persistent atrial fibrillation. 

3.6 Offline reconstruction of 3D atrial maps  

The 3D EAM systems create anatomical maps of the LA during EP studies to facilitate 

the investigation of the rhythm disturbances and to reduce the amount of fluoroscopy. 

These systems display the LA as a mesh of triangles. This triangulated mesh can be 

exported for offline studies. In the present work, the 3D mesh representation of the LA 

for each patient was exported directly from NavX.  

XML files containing all the vertices and triangles (or polygons) that constitute the 3D 

LA mesh have been exported from NavX and assessed by a MATLAB script (Figure 3-

10).  

 

Figure 3-10 Illustration of the content of the XML files exported from NavX containing 
all the vertices and triangles (or polygons) that constitute the 3D LA mesh that were 
assessed by a MATLAB script. The vertices (A) account for the XYZ location of all 
points distributed in the 3D geometry, while the triangles (B) define how those points are 
connected one to another to create a closed 3D geometry.  
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The vertices account for the XYZ location of all points distributed in the 3D geometry, 

while the triangles define how those points are connected one to another to create a closed 

3D geometry. This allowed an offline representation of the LA structure as illustrated in 

Figure 3-11A and 3-11B. 

 

Figure 3-11 Illustration of the offline 3D atrial geometry. A. The triangulated mesh grid 
reconstructed in MATLAB based on exported vertices and triangles exported from NavX. 
B. The final 3D LA geometry. C. NavX CFAE map calculated using its threshold for 
fractionation. D. CARTO CFAE map calculated using its threshold for fractionation. 

Once the 3D LA geometry was reconstructed in MATLAB, the adjusted XYZ coordinates 

of the catheter electrodes – as exported from NavX – for each measurement point could 

be referred in the geometry. Hence, the information of each index of fractionation could 

be projected onto the vertex pointed by the catheter coordinates. In particular, the indices 

calculated by the commercial systems along with their limits that define fractionation 

were used to highlight the atrial regions that are fractionated. The indices of fractionation 

computed by NavX and CARTO that are normally used in EP studies to guide AF ablation 
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are described in detail on Chapter 4, Minimizing discordances in automated classification 

of fractionated electrograms in human persistent atrial fibrillation. 

The vertex pointed by the catheter coordinates was painted in red in case the index 

calculated by the systems resulted in CFAE. Figure 3-11C shows the resulting CFAE map 

calculated by NavX, and the Figure 3-11D illustrates the CFAE map calculated by 

CARTO, along with the original measuring vertex from the catheter coordinates. In order 

to improve the spatial perception of the index distribution on the LA, two neighbouring 

vertices were considered as part of the original measuring vertex. This approach would 

also take into consideration the catheter displacement that usually occurs during AEG 

collection (Chu et al., 2014). 
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Chapter 4  

Minimizing discordances in automated 

classification of fractionated electrograms in 

human persistent atrial fibrillation 

4.1 Introduction 

Catheter ablation has been consolidated as the most accepted percutaneous procedure for 

AF treatment, achieving success rate as high as 90% in patients with pAF (Calkins et al., 

2012b, Haissaguerre et al., 1998). Ablation is still suboptimal in patients with persAF due 

to an incomplete understanding of the mechanistic interaction between relevant atrial 

substrate and the initiation and maintenance of AF. 

Sustained AF causes changes in the cardiac tissue characteristics, inducing structural and 

electric remodelling (de Bakker and Wittkampf, 2010). These regions can potentially host 

tissue with slow or inhomogeneous conduction, inducing re-entry circuits, resulting in 

fractionated fibrillatory conduction (Ashihara et al., 2012), and are important in triggering 

and perpetuating atrial arrhythmias. AEGs acquired from such atrial substrate regions 

demonstrate the low amplitude, multiple deflections activations that characterize 

fractionated activity (Figure 4-1). The ablation of atrial substrate hosting CFAEs has been 

accepted by many as a useful additional therapy for persAF treatment (Calkins et al., 

2012b). Disparities in CFAE-guided ablation outcomes have, however, cast doubt on the 

efficacy of this approach (Table 4-1) (Elayi et al., 2008, Lin et al., 2009a, Nademanee et 

al., 2004, Oral et al., 2007, Oral et al., 2009, Porter et al., 2008, Verma et al., 2010, 

Verma et al., 2011). 

Automated CFAE detection can be performed during electrophysiologic studies by 

algorithms embedded in commercial 3D EAM systems (Monir and Pollak, 2008, Verma 

et al., 2010). The two EAM systems being used in clinical practice for CFAE mapping 
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are the NavX and the CARTO (Figure 4-1) (Aizer et al., 2008, Scherr et al., 2007). The 

algorithms embedded in those systems incorporate CFAE characteristics as initially 

described by Nademanee et al. (Nademanee et al., 2004). Each algorithm, however, 

considers different premises to quantify fractionation and the classification by the 

different systems do not always agree (Lau et al., 2015). Details about the algorithms and 

the indices of fractionation computed by NavX and CARTO are provided on Section 4.2.1 

Automated CFAE detection. We hypothesized that the discordances between systems 

might result in different ablation target identification and generate discordant clinical 

results. In this chapter we report a direct comparison of the automated CFAE 

classification performed by the algorithms embedded in NavX and CARTO. We also 

propose new thresholds for both primary and complementary indices to minimize the 

differences in CFAE classification performed by either system.  

 

Figure 4-1 NavX (left) and CARTO (right) 3D atrial geometry representation for the same 
patient, with their respective automated CFAE detection algorithms. On the bottom part 
of the figure, the top traces refer to a segment of fractionated bipolar AEG (AEG 1), and 
bottom traces refer to a non-fractionated segment of bipolar AEG (AEG 2), both recorded 
from the LA endocardium. The AEG 1 has CFE-Mean = 50.42 ms and ICL = 6. The AEG 
2 has CFE-Mean = 123 ms and ICL = 1. Explanation regarding the algorithms is provided 
in the text. AEG = atrial electrogram; CFE-Mean = index used by NavX to quantify AEG 
fractionation; FI = fractionated interval; ICL = Interval Confidence Level: index used by 
CARTO to quantify AEG; LPV = left pulmonary veins; MV = mitral valve; RPV = right 
pulmonary veins. These abbreviations were used in the subsequent figures. 
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Table 4-1 Review of CFAE mapping systems, EGM settings and success rate in different 
clinical studies. Previous studies conducted either additional or lone CFAE-guided 
ablation using different mapping systems and varying operator-defined settings, resulting 
in conflicting outcomes. 

Study 

EGM settings 
Mapping 

system 
# patients 

Success 

rate 

(%) 

Amplitude 

(mV) 

Time 

(ms) 

(Elayi et al., 2008)  - ≤ 120 NavX 49 61 

(Lin et al., 2009a)  - ≤ 50 NavX 30 53 

(Nademanee et al., 2004) ≤ 0.15 ≤ 120 CARTO 121 95 

(Oral et al., 2007) - ≤ 120 CARTO 100 16 

(Oral et al., 2009)  - ≤ 120 CARTO 50 18 

(Porter et al., 2008) 0.05 – 0.15 60 – 120 CARTO 67 20 

(Verma et al., 2011)  - 40 – 120 NavX 30 14 

(Verma et al., 2010)  0.05 ≤ 30 – 120 NavX 35 54 

 

4.2 Methods 

4.2.1 Automated CFAE detection 

NavX and CARTO provide primary indices to assess CFAE objectively, and 

complementary indices to further inform the electrophysiological study. Previous works 

have attempted to optimize CFAE detection using only the primary indices provided by 

the EAM systems (Aizer et al., 2008). There are currently no defined thresholds for the 

complementary indices to characterize CFAEs. Additionally, both systems allow for 

operator-defined settings – in this work referred to as ‘EGM settings’ – to tune CFAE 

detection. Previous studies had attempted to optimize CFAE detection using these 

algorithms by varying EGM settings with different ablation outcomes (Table 1) (Elayi et 

al., 2008, Lin et al., 2009a, Nademanee et al., 2004, Oral et al., 2007, Oral et al., 2009, 

Porter et al., 2008, Verma et al., 2010, Verma et al., 2011). 
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4.2.1.1 The NavX algorithm (EnSite System version 8.0 software, 2008) 

NavX provides 3D EAM (Figure 4-1 left) and online automated CFAE detection based 

on CFE-Mean. CFE-Mean is defined as the average FI between consecutive negative 

deflections (-dV/dt) inside a time window set by the user (from 1 to 8 s) of sequentially 

recorded bipolar AEGs (Figure 4-1 bottom left) (Aizer et al., 2008). The negative 

deflections must meet three criteria in order to be marked: (1) exceed a peak-to-peak 

threshold greater than baseline noise; (2) have time duration within a threshold to avoid 

detection of ventricular far-field events; and (3) exceed a refractory period after the 

previous marked deflection to minimize multiple detections on a single deflection. 

NavX’s default EGM settings include a peak-to-peak sensitivity of 0.05 mV, deflection 

duration of less than 10 ms and refractory period of 30 ms. AEGs with CFE-Mean within 

the range of 30 – 120 ms are considered to be fractionated. These settings can be changed 

by the user (Table 4-1) (Aizer et al., 2008). NavX also computes the standard deviation 

of FI distribution inside a pre-defined time window as a complementary index, known as 

CFE-StdDev.  

4.2.1.2 The CARTO algorithm (CARTO 3 system, 2008-2014, version 4.3) 

CARTO provides 3D EAM (Figure 4-1 right) and online automated CFAE detection 

based on complex intervals occurring inside a 2.5 s window of sequentially recorded 

bipolar AEGs (Scherr et al., 2007). The algorithm identifies voltage peaks and troughs of 

bipolar AEGs that exceed a lower voltage threshold – to exclude noise – but do not exceed 

an upper voltage threshold. Similar to the NavX algorithm, the user can alter these 

CARTO thresholds (Table 4-1). The time intervals between successive peaks and troughs 

occurring within the voltage window are automatically marked by the system. The 

complex intervals marked within a time interval duration – defined by the operator – are 

identified during a 2.5 s time window (Figure 4-1 bottom right). The number of identified 

complex intervals is referred to as the Interval Confidence Level (ICL), and characterizes 

the repetitiveness of the CFAE complexes. CARTO’s default EGM settings consider a 

voltage window of 0.05 – 0.15 mV and a programmable time interval of 50 – 110 ms. 

Typically, ICL < 4 represents low fractionation, 4 ≤ ICL < 7 refers to moderate 

fractionation and ICL ≥ 7 indicates high fractionation (Scherr et al., 2007). CARTO 

software also finds, as complementary indices, the average of the identified interval, 
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referred to as the average complex interval (ACI), and the shortest identified interval, 

referred to as the shortest complex interval (SCI). 

4.2.2 Study population 

The study population consisted of 18 persAF patients (16 male; mean age 56.1 ± 9.3 

years; history of AF 67.2 ± 45.6 months) referred to our institution for first time catheter 

ablation. Details of the clinical characteristics of the study subjects have been provided 

elsewhere (Tuan et al., 2011). Study approval was obtained from the local ethics 

committee and all procedures were performed with full informed consent. Table 4-2 

summarizes the clinical characteristics of the study subjects.  

Table 4-2 Clinical characteristics of study population (N = 18). 

Age, yrs  56.1 ± 9.3 

Male/Female  16/2 

History of AF, months  67.2 ± 45.6 

Ejection Fraction,%  48 ± 1 

Left Atrial Diameter, mm  47 ± 1 

History of coronary artery disease  4 

Medication* (number of patients on)   

ACE inhibitor / ARB  11 

Amiodarone  10 

Beta-blockers  8 

Calcium channel blockers  2 

Digoxin  1 

Sotalol  5 

* All anti-arrhythmic and rate-controlling drugs were stopped for at least five half-lives 

before the procedure, with the exception of amiodarone.  ACE = angiotensin-converting-

enzyme; AF = atrial fibrillation; ARB = angiotensin receptor blockers. Values are in mean 

± SD or n. 

All patients were in AF at the start of the procedure. Patients were treated in the Glenfield 

Hospital by doctors from the Cardiovascular Department led by Prof. G. André Ng. 
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4.2.3 Electrophysiological study 

Details of the electrophysiologic study and mapping procedure have been described 

elsewhere (Tuan et al., 2011). Briefly, 3D LA geometry was created within [Ensite] NavX 

using a deflectable, variable loop circular PV mapping catheter (Inquiry Optima, St. Jude 

Medical). PVI was performed, followed by the creation of a single roof line (Cool Path 

Duo irrigated RF catheter, St. Jude Medical). No additional ablation targeting CFAE was 

performed in this study. Sequential point-by-point bipolar AEGs were collected from 15 

pre-determined atrial regions before and after LA ablation with the ablation catheter 

(Tuan et al., 2011). A total of 797 AEGs were recorded from the LA, with a sampling 

frequency of 1.2 kHz, and band-pass filtered within 30–300 Hz. When an improvement 

of signal-to-noise ratio was necessary, a 50 Hz Notch filter was applied. 

4.2.4 Comparing CFAE definitions between EAM systems 

4.2.4.1 Signal analysis 

Each AEG, its corresponding CFE-Mean and CFE-StdDev, were exported from NavX 

with three time window lengths (2.5 s, 5 s and 8 s). A validated offline MATLAB 

algorithm was used to compute the ICL, ACI and SCI of each exported AEG for CFAE 

identification as defined by CARTO – see Appendix A, Validation of an Offline Algorithm 

to reproduce CARTO CFAE definition for CFAE identification (Almeida et al., 2016). 

Currently, the CARTO system considers only 2.5 s AEGs for CFAE detection. Hence, 

there is no validated ICL threshold for CFAE classification using time windows longer 

than 2.5 s. Nevertheless, the effects of different time windows – 2.5 s, 5 s, 8 s – were 

assessed on ICL and CFE-Mean for the completeness of the investigation – see Appendix 

B, Influence of AEG duration on ICL and CFE-Mean. Little influence on overall CFE-

Mean was found when using different time windows. Therefore, for the remaining parts 

of the study, NavX and CARTO indices were measured using fixed 2.5 s AEG duration 

to allow a like-for-like comparison (Monir and Pollak, 2008, Verma et al., 2010). 

4.2.4.2 Influence of EGM settings on CFAE classification 

CFE-Mean and ICL were individually assessed, exploring the effects of varying EGM 

settings: NavX EGM settings (30-120 ms) and CARTO EGM settings (50-110 ms). 

Hence, the threshold for CFAE classification was 30-120 ms if CFE-Mean was measured 



 

Page | 67 

using NavX EGM settings, and 50-110 ms for CARTO EGM settings (Monir and Pollak, 

2008, Verma et al., 2010). ICL ≥ 7 was used as the default threshold for CARTO CFAE 

categorization to assess the impact of both NavX and CARTO EGM settings (Porter et 

al., 2008).  

4.2.4.3 CFAE detection thresholds for CFE-Mean and ICL 

CFAE detection and classification were performed on 697 randomly sampled AEGs (out 

of the total 797), first using CFE-Mean and then ICL. This dataset was used to create 

ROC curves and hence obtain the optimum sensitivity and specificity thresholds for both 

indices, using the counterpart index as the comparator (Figure 4-2A) (Fawcett, 2006). 

The ICL based classification was assessed by creating a ROC curve, using CFE-Mean 

and the NavX EGM settings (CFE-Mean ≤ 120 ms) as the reference classification (CFAE 

/ non-CFAE) (Verma et al., 2010). The revised threshold for ICL was identified based on 

the optimum sensitivity and specificity on the ROC curve – defined as the point on the 

curve with the shortest distance to the top left corner of the graph. Similarly, the CFE-

Mean based classification was assessed by creating a ROC curve, using ICL and the 

CARTO EGM settings (ICL ≥ 7) as the reference classification (CFAE / non-CFAE) 

(Porter et al., 2008). The revised threshold for CFE-Mean was identified based on the 

optimum sensitivity and specificity on the ROC curve. The AUROC and the P-value were 

also calculated. 

This process was iterated thirty times, each time with a different dataset of randomly 

sampled AEGs for ROC curve construction (697 AEGs), giving a total of thirty ROC 

curves for ICL and thirty for CFE-Mean in order to minimize data sampling and selection 

biasing.  

4.2.4.4 CFAE detection thresholds for CFE-StdDev, ACI and SCI  

The revised thresholds for both CFE-Mean and ICL found in the ROC curves were used 

to perform a new CFAE classification on the thirty sets of 697 randomly sampled AEGs. 

In this new classification, an AEG was classified as CFAE only if both CFE-Mean and 

ICL agreed with the classification using their revised thresholds. These classifications 

were used to create ROC curves and hence obtain the optimum sensitivity and specificity 

thresholds for the complementary indices – CFE-StdDev, ACI and SCI. 
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Figure 4-2 Illustration of the method for training the ROC curves and validating the 
proposed revised thresholds. A. Thirty datasets – with 679 randomly selected AEGs each 
– were used to train and create the ROC curves. B. For each of the thirty datasets, the 
remaining 118 AEGs were used to validate the thresholds found in the ROC curves. 

4.2.4.5 Validation of the revised thresholds for CFAE detection performed by 
NavX and CARTO 

The revised thresholds found in the ROC curves for both NavX – CFE-Mean and CFE-

StdDev – and CARTO – ICL, ACI and SCI – were validated using the remaining 118 

AEGs (thirty sets of 118 AEGs randomly selected) (Figure 4-2B).  

For each of the thirty datasets, CFAE classification was performed using the combined 

assessment of both primary and complementary indices. Explicitly, an AEG was 

classified as CFAE if it complied with both CFE-Mean and CFE-StdDev for NavX 

classification. Similarly, an AEG was classified as CFAE if it complied with ICL, ACI 

and SCI for CARTO classification. 
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4.2.5 Statistical analysis 

All continuous normally distributed variables are expressed as mean ± SD. Continuous 

non-normally distributed variables are expressed as median ± IQR. Nonparametric paired 

multiple data were analysed using the Friedman test with Dunn's correction, while 

nonparametric unpaired data were analysed using the Mann–Whitney test. Categorical 

data were expressed as percentages and analysed using the two-sided Yates-corrected 

Chi-square test. The quantification of the agreement between the rankings made by CFE-

Mean and ICL – as measured using their default settings – was assessed by the Spearman's 

correlation between both indices. The level of agreement in the CFAE classification 

performed by the two systems was assessed by the Cohen’s kappa (κ) score (Cohen, 

1968). Kappa score within range 0 ≤ κ < 0.4 suggests marginal agreement between two 

indices; 0.4 ≤ κ ≤ 0.75 good agreement and; κ > 0.75 excellent agreement (Landis and 

Koch, 1977). P-values less than 0.05 were considered statistically significant. 

4.3 Results 

4.3.1 Influence of EGM settings on CFAE classification 

CFAE classification differed as performed by CFE-Mean and ICL using their respective 

default EGM settings. CFE-Mean classified 70% of the AEGs as CFAEs using NavX 

EGM settings, while ICL classified 36% using CARTO EGM settings (P<0.0001).  

Changing the EGM settings alters CFAE classification. Figure 4-3 demonstrates the 

importance of EGM settings for CFAE classification. It illustrates the 3D CFAE map 

(anterior and posterior views) of one of the patients according to CFE-Mean and ICL, 

using different EGM settings. CFE-Mean measured using NavX’s settings identified 

more atrial regions as CFAEs, while ICL measured using CARTO’s settings showed 

fewer regions as fractionated. When analysing the entire database, the NavX EGM 

settings consistently categorized more AEGs as fractionated than the CARTO EGM 

settings (70% vs. 54%, P<0.0001 for CFE-Mean; 62% vs. 36%, P<0.0001 for ICL). 
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4.3.2 CFAE detection thresholds for CFE-Mean and ICL 

The comparison between CFE-Mean and ICL (measured using their default settings) for 

each of the 797 AEGs is illustrated in Figure 4-4. The respective default thresholds for 

both CFAE detection techniques are highlighted. The four quadrants delimited by the 

thresholds illustrate the zones of agreement and disagreement between CFE-Mean and 

ICL. Spearman’s correlation between the classifications by the two indices was ρ=-0.563 

(P<0.0001). 230 (out of 797) AEGs with organized activations were found in the non-

fractionated agreement zone (green). When looking at the AEGs corresponding to the 

disagreement quadrants (grey), 282 AEGs have been classified as CFAEs by NavX but 

not by CARTO in one grey region (bottom left). In the other grey region (top right), 12 

AEGs have been classified as CFAEs by CARTO, but not by NavX. Finally, 273 highly 

fractionated AEGs were found in the CFAE agreement zone (red). 

Quantitative results are provided in Figures 4-5A to 4-5E to characterize the AEGs after 

the objective comparison between CFE-Mean and ICL. The results show the distributions 

for primary and complementary indices (CFE-Mean, ICL, CFE-StdDev, ACI and SCI, 

respectively) for the AEGs classified as non-CFAEs or CFAEs by both systems, as well 

as AEGs that had different classifications for each system. For all indices, the 

distributions for the AEGs classified as CFAE (red) were significantly different 

(P>0.0001) than the combined distributions of non-CFAEs together with those AEGs 

with different classifications for each system (green + grey). 

Figure 4-6A and 4-6B show the ROC curves according to the CFAE classification 

performed by CFE-Mean and ICL. Table 4-3 provides the sensitivity, specificity and 

AUROC values for each case. The details of the ROC curves from the thirty datasets are 

provided in the Appendix C, CFAE detection thresholds for CFE-Mean and ICL. 

The ICL based classification suggests that the default threshold for CARTO (ICL ≥ 7) 

provides high specificity but poor sensitivity for CFAE detection (Figure 4-6A, Table 4-

3A). The revised threshold found from the ROC curves (ICL ≥ 3.8 ± 0.4) provides 

optimum sensitivity and specificity for CFAE detection and classification using CFE-

Mean ≤ 120 ms as the reference classification. 
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Figure 4-4 Comparison between CFE-Mean and ICL measured for all 797 AEGs, as 
determined by default NavX and CARTO EGM settings, respectively. Their respective 
default thresholds are highlighted (CFE-Mean ≤ 120 ms; ICL ≥ 7). Four quadrants were 
delimited: two quadrants where ICL and CFE-Mean agreed in terms of categorization, 
i.e., whether an AEG is fractionated or not fractionated; and two quadrants in which they 
disagreed. Examples of AEGs for each of the quadrants are shown, to illustrate the 
characteristics of each group. 230 (out of 797) AEGs with organized activations were 
found in the non-fractionated agreement zone (green). When looking at the AEGs 
corresponding to the disagreement quadrants (grey), one notices that they are less 
organized, still with distinguishable activations. In one grey region (bottom left), 282 
AEGs have been classified as CFAEs by NavX but not by CARTO. In the other grey 
region (top right) 12 AEGs have been classified as CFAEs by CARTO, but not by NavX. 
Finally, 273 highly fractionated AEGs were found in the CFAE agreement zone (red).  
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Figure 4-5 The distributions for the AEGs classified as non-CFAEs or CFAEs by both 
systems, as well as AEGs that had different classifications for each system, are shown 
according to CFE-Mean (A), ICL (B), CFE-StdDev (C), ACI (D) and SCI (E). **** 
P<0.0001. 

The CFE-Mean based classification suggests that the default threshold for NavX (CFE-

Mean ≤ 120 ms) provides high sensitivity but poor specificity for CFAE detection (Figure 

4-6B, Table 4-3B). The revised threshold found from the ROC curves (CFE-Mean ≤ 84 

± 0.4 ms) provides optimum sensitivity and specificity for CFAE detection and 

classification using ICL ≥ 7 as the reference classification. 

Other thresholds for CFE-Mean and ICL based classification have been explored and 

support the present findings. Details are provided in the Appendix C, CFAE detection 

thresholds for CFE-Mean and ICL. 
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Figure 4-6 Mean (black lines) and individual (grey lines) receiver operating characteristic 
(ROC) curves used to adjust CFAE classification. ROC curve of A. ICL based 
classification using CFE-Mean ≤ 120 ms as the reference classification and; B. CFE-
Mean based classification using ICL ≥ 7 as the reference classification. The CFAE 
classification in agreement by CFE-Mean and ICL using their revised thresholds (CFE-
Mean ≤ 84.1 ± 0.4 ms; ICL ≥ 3.8 ± 0.4) was used to create ROC curves of C, D and E. C. 
CFE-StdDev; D. ACI and; E. SCI. The AUROC and optimum sensitivity and specificity 
for each measure are listed in Table 4-3 and Table 4-4. Explanations are provided in the 
text. 

4.3.3 CFAE detection thresholds for CFE-StdDev, ACI and SCI  

Figure 4-6C to 4-6E show the ROC curves for CFE-StdDev, ACI and SCI according to 

the CFAE classification performed by both CFE-Mean and ICL, using their revised 

thresholds. Table 4-4 provides the sensitivity, specificity and AUROC values. The details 

of the ROC curves from the thirty datasets are also provided in the Appendix D, CFAE 

detection thresholds for CFE-StdDev, ACI and SCI. 

The ROC curves suggest that CFE-StdDev ≤ 46.6 ± 0.8 ms (Figure 4-6C), ACI ≤ 82.2 ± 

0.3 ms (Figure 4-6D) and SCI ≤ 58.6 ± 0.4 ms (Figure 4-6E) provide optimum sensitivity 

and specificity for CFAE detection, when considering the agreement between CFE-Mean 

and ICL for CFAE classification. 
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Table 4-4 Sensitivity and specificity for CFE-StdDev, ACI and SCI according to CFAE 
classification agreement between CFE-Mean and ICL. 

Thresholds Sensitivity 1-Specificity AUROC P-value

CFE-StdDev ≤ 46.6 ± 0.8 ms 0.905 ± 0.012 0.185 ± 0.008 0.877 ± 0.014 **** 

ACI ≤ 82.2 ± 0.3 ms 0.827 ± 0.010 0.360 ± 0.009 0.759 ± 0.006 **** 

SCI ≤ 58.6 ± 0.4 ms 0.816 ± 0.012 0.300 ± 0.009 0.812 ± 0.005 **** 

Mean (± SD) of each sensitivity/specificity point from the thirty receiver operating 

characteristic (ROC) curves according to the CFAE classification performed concurrently 

by both CFE-Mean and ICL. The mean (± SD) area under the ROC curve (AUROC) and 

optimum sensitivity and specificity for each measure are listed. **** P<0.0001. 

 

4.3.4 Validation of the revised thresholds for CFAE detection performed by 
NavX and CARTO 

Using the default thresholds (NavX: CFE-Mean ≤ 120 ms; CARTO: ICL ≥ 7) NavX 

classified 69 ± 5% of the AEGs from the internal validation datasets as CFAEs, while 

CARTO detected 35 ± 5% (P<0.0001). With the revised thresholds (NavX: CFE-Mean ≤ 

84.1 ± 0.4 ms and CFE-StdDev ≤ 46.6 ± 0.8 ms; CARTO: ICL ≥ 3.8 ± 0.4, ACI ≤ 82.2 ± 

0.3 ms and SCI ≤ 58.6 ± 0.4 ms) NavX classified 45 ± 4%, while CARTO detected 42 ± 

5% (P<0.0001). These results are illustrated in Figure 4-6F.  

Figure 4-7 illustrates CFAE classification performed by NavX and CARTO using the 

default (left hand side) and revised (right hand side) thresholds for the same patient. The 

CFAE maps produced by both systems using their default thresholds are very discordant, 

and these differences were minimized when each system used their revised thresholds. 

The CFAE maps created by both systems using their revised thresholds identified more 

similar atrial regions as target for ablation. The Kappa score between the CFAE 

categorization performed by NavX and CARTO significantly increased (P<0.0001) from 

κ = 0.34 ± 0.07 (marginal agreement, P<0.0001) using their default thresholds to κ = 0.45 

± 0.10 (good agreement, P<0.0001) with the proposed revised thresholds.  
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4.4 Discussion 

This is the first study that uses the same bipolar AEG data collected during persAF 

ablation to compare CFAE detection performed by the algorithms embedded in NavX 

and CARTO systems. Additionally, the thresholds for the indices used by both systems 

were adjusted to minimize the differences between them. The results presented here 

highlight the discordances in CFAE classification between both systems, which could 

produce potential disparities in CFAE-guided ablation. The proposed revised thresholds 

counterbalance the differences of automated CFAE classification performed by the 

algorithms embedded in each system and reduce the discordances between them. 

Unifying methods of CFAE classification would allow comparable CFAE maps to be 

generated which could then act as a standard for future clinical studies. 

4.4.1 Atrial substrate characterized by CFAE 

The true significance of CFAE in the pathophysiology of AF remains to be determined. 

Although it is believed that CFAEs represent atrial substrate during persAF (Ashihara et 

al., 2012, Calkins et al., 2012b, Nademanee et al., 2004, Rostock et al., 2006, Zlochiver 

et al., 2008), recent investigations have shown that fractionated AEGs during AF may 

characterize remote atrial far-field activity (Atienza et al., 2011, Narayan et al., 2011), 

and passive wave front collision within the atrial anatomy (Roux et al., 2009). Recent 

work has reported no benefit when ablation of CFAEs was performed in addition to PVI 

in persAF patients (Verma et al., 2015). However, this work has been openly criticized 

for: (i) not considering the combination of PVI, anatomical lines creation and CFAE 

ablation and; (ii) the CFAE mapping algorithm used (Sohal et al., 2015). Discordances in 

CFAE mapping algorithms create significant difficulty in comparing CFAE-ablation 

studies. Minimizing the differences in CFAE classification between NavX and CARTO 

may help to clarify the significance of CFAE as a driver of persAF. Therefore, prudence 

is needed when comparing the outcomes in AF ablation incorporating CFAE-targeted 

approaches in different electrophysiological studies using different mapping systems 

(Elayi et al., 2008, Lin et al., 2009a, Nademanee et al., 2004, Oral et al., 2007, Oral et 

al., 2009, Porter et al., 2008, Verma et al., 2010, Verma et al., 2011, Verma et al., 2015). 
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4.4.2 The lack of a gold standard for CFAE definition 

There is currently no gold standard for CFAE classification in human persAF. This 

remains one of the biggest challenges for CFAE-based ablation. Visual assessment 

performed by experts could help on arbitration of fractionation, but would also introduce 

subjectivity to the method as each specialist has his/her own perception of what defines 

fractionation (Aizer et al., 2008, Hunter et al., 2009, Ng et al., 2010). Additionally, even 

if the experts were able to visually identify if an AEG is fractionated, still this would not 

be sufficient to effectively conclude that the AEG is a true representation of atrial 

substrate (these would correspond to atrial regions that organize AF when ablated). This 

ultimate conclusion is only possible by assessing if AF becomes more organized after 

ablating this particular atrial region by assessing if there is an appreciable change in the 

rhythm – either AF termination or increase in AF CL. Any ‘external reference’ other than 

‘AEGs that organized AF after ablation’ would only introduce subjectivity to the method, 

and would contribute little to objectively identifying LA regions as a surrogate of pro-

arrhythmogenic sites. Therefore, visual assessment of fractionation for the recorded 

signals performed by clinicians was not included in this study. The present study focused 

on the classification performed automatically by both systems as currently performed in 

CFAE-guided ablation therapy, without the interference and subjectivity induced by 

operators. This allowed for an objective investigation of CFAE detection by investigating 

each system – one at a time – as being the ‘gold’ standard for CFAE classification.  

4.4.3 CFAE detection performed by NavX and CARTO algorithms 

We have shown that CFAE target identification is dependent on the system used and 

settings applied during the procedure. Different CFAE mapping algorithms are based on 

different premises to measure fractionation. For instance, NavX identifies AEGs with a 

very short cycle length with or without multiple potentials. CARTO, on the other hand, 

mostly measures AEGs that are composed of two deflections or more and/or have a 

perturbation of the baseline with continuous deflections (Nademanee et al., 2004).  

The comparison between both mapping systems using their default settings produced a 

low correlation (ρ=-0.563, P<0.0001), which supports recently published data (Lau et al., 

2015). However, the Spearman's correlation does not consider the thresholds for CFAE 

classification. The values – and correlation – of CFE-Mean and ICL only have a full 
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electrophysiological meaning when linked with the thresholds used. This information is 

provided by the Kappa score.  

It is known that both systems are not used simultaneously during atrial substrate mapping 

and that physicians frequently vary the settings for CFAE mapping in a patient-specific 

manner (Elayi et al., 2008, Lin et al., 2009a, Nademanee et al., 2004, Oral et al., 2007, 

Oral et al., 2009, Porter et al., 2008, Verma et al., 2010, Verma et al., 2011, Verma et al., 

2015). Our results propose revised thresholds for CFAE detection to be used 

independently by NavX and CARTO to even out the discordances between them. 

Therefore, a CFAE map created with NavX utilizing the revised NavX’s thresholds will 

look more similar to the one that would have been created with CARTO utilizing 

CARTO’s revised thresholds proposed in this work, as illustrated in Figure 4-7. 

The use of both primary and complementary indices is an additional way to even out 

differences in CFAE classification performed by each system. There is little data 

available about the complementary indices measured by automated algorithms being used 

to either target or support CFAE identification during atrial substrate mapping (Redfearn 

et al., 2009, Scherr et al., 2009, Tsai et al., 2012). However, the ROC curves generated 

using the agreement between CFE-Mean and ICL as the reference for classification for 

CFE-StdDev, ACI and SCI (Figure 4-6C to 4-6E) provide evidence that these 

complementary indices can help to distinguish CFAE from non-CFAE effectively. This 

would further improve the agreement of CFAE classification performed by both systems. 

4.4.4 Study limitations 

The current study was limited to retrospective data. Further understanding of the 

underlying cardio-electrophysiological mechanisms behind CFAEs would be helpful for 

the validation of the suggested revised thresholds, such as in (i) computational 

intracardiac models that simulate both atrial electrical activity and ablation procedures 

during AF (Krueger et al., 2013) and; (ii) prospective studies using the revised thresholds 

in the identification of ablation targets during substrate mapping. 

4.5 Conclusions 

In this chapter, we provide a direct quantitative comparison of CFAE detection during 

persAF, applying the automated algorithms embedded in NavX and CARTO systems to 
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the same bipolar AEG data. We have demonstrated that CFAE mapping (and thus ablation 

target identification) varies significantly for the same individual, depending on the system 

and its settings. Our work takes a first step to understanding and minimizing the 

discordance between NavX and CARTO. We propose revised thresholds that adjust 

sensitivity and specificity of CFAE detection as independently performed by NavX (CFE-

Mean ≤ 84 ms; CFE-StdDev ≤ 47 ms) and CARTO (ICL ≥ 4; ACI ≤ 82 ms; SCI ≤ 58 

ms). These thresholds counterbalance the intrinsic differences between the CFAE 

algorithms embedded in each system, allowing comparable CFAE maps to be generated 

which would facilitate the direct comparison of CFAE-guided ablation outcomes in future 

studies.  
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Chapter 5  

Characterization of atrial electrogram 

fractionation before and after pulmonary 

vein isolation in human persistent atrial 

fibrillation 

5.1 Introduction 

Catheter ablation has become a consolidated therapy for patients with AF (Calkins et al., 

2012b). PVI has been proved effective in the treatment of pAF (Haissaguerre et al., 1998), 

but insufficient for persAF due to patient specific structural and electrical changes in the 

LA (Brooks et al., 2010). AEGs with low amplitude and multiple deflections / activations 

were thought to represent cardiac tissue with structural and electric remodelling induced 

by sustained AF. CFAEs have been introduced as markers of such atrial sites and, 

therefore, potential targets for ablation (Nademanee et al., 2004). CFAE-guided ablation 

has been accepted by many as a useful adjunctive therapy to PVI for persAF (Calkins et 

al., 2012a), but the results have been inconsistent, with some studies concluding that 

CFAE-guided ablation is beneficial (Deisenhofer et al., 2009, Elayi et al., 2008, Lin et 

al., 2009a, Verma et al., 2007, Verma et al., 2008a, Verma et al., 2010), while others 

reported it as ineffective (Dixit et al., 2012, Oral et al., 2009, Verma et al., 2015). This 

low reproducibility of outcomes in persAF ablation targeting CFAEs motivated the 

investigation of the accuracy of current methods for atrial substrate identification 

(Almeida et al., 2016, Lau et al., 2015). Additionally, previous work has shown that a 

large proportion of CFAEs are a result of remote AF drivers and, therefore, a passive 

phenomenon not important to the maintenance of AF (Jadidi et al., 2012a, Rostock et al., 

2006, Roux et al., 2009, Tuan et al., 2011). Conversely, other studies have suggested that 
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some CFAEs represent active sources responsible for the perpetuation of AF (Takahashi 

et al., 2008, Verma et al., 2014, Yamabe et al., 2009).  

In this chapter, we investigate the effect that PVI and roof line ablation (PVI+RL) has on 

the presence of AEG fractionation. Multiple indices of fractionation have been used to 

investigate different features of atrial regions that have been either changed or unchanged 

by PVI+RL. 

5.2 Methods 

5.2.1 Study population 

The study population consisted of 18 persAF patients (16 male; mean age 56.1 ± 9.3 

years; history of AF 67.2 ± 45.6 months) referred to our institution for first time catheter 

ablation. Details of the clinical characteristics of the study subjects have been provided 

elsewhere (Tuan et al., 2011). Study approval was obtained from the local ethics 

committee and all procedures were performed with full informed consent. Table 5-1 

summarizes the clinical characteristics of the study subjects. All patients were treated in 

the Glenfield Hospital by doctors from the Cardiovascular Department led by Prof. G. 

André Ng. 

5.2.2 Electrophysiological study 

Details of the electrophysiologic study, mapping procedure, and the clinical 

characteristics of the study subjects have been described previously (Tuan et al., 2011). 

18 persAF patients (16 male; mean age 56.1 ± 9.3 years; history of AF 67.2 ± 45.6 

months) referred to our institution for first time catheter ablation were included in this 

study. Study approval was obtained from the local ethics committee and all procedures 

were performed with full informed consent. 

3D LA geometry was created within NavX (Verma et al., 2010) using a deflectable, 

variable loop circular PV mapping catheter (Inquiry Optima, St. Jude Medical). PVI was 

performed with a point-by-point wide area circumferential ablation approach, followed 

by the creation of a single roof line (Cool Path Duo irrigated RF catheter, St. Jude 

Medical). No additional ablation targeting CFAE was performed in this study. Sequential 

point-by-point bipolar AEGs were collected from 15 pre-determined atrial regions before 
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and after LA ablation (Tuan et al., 2011). All patients were in AF before and after ablation 

during signal collection. 

Table 5-1 Clinical characteristics of study population (N = 18). 

Age, yrs  56.1 ± 9.3 

Male/Female  16/2 

History of AF, months  67.2 ± 45.6 

Ejection Fraction,%  48 ± 1 

Left Atrial Diameter, mm  47 ± 1 

History of coronary artery disease  4 

Medication* (number of patients on)   

ACE inhibitor / ARB  11 

Amiodarone  10 

Beta-blockers  8 

Calcium channel blockers  2 

Digoxin  1 

Sotalol  5 

* All anti-arrhythmic and rate-controlling drugs were stopped for at least five half-lives 

before the procedure, with the exception of amiodarone.  ACE = angiotensin-converting-

enzyme; AF = atrial fibrillation; ARB = angiotensin receptor blockers. Values are in mean 

± SD or n. 

5.2.3 Signal analysis 

A total of 797 bipolar AEGs were recorded from the LA, 455 before and 342 after 

ablation, with a sampling frequency of 1200 Hz, and band-pass filtered within 30–300 

Hz. When an improvement of signal-to-noise ratio was necessary, a 50 Hz Notch filter 

was applied.  

From those AEGs, 207 pairs were identified as collected in the same atrial location, before 

and after ablation. Points were considered to be from similar atrial locations if they were 

collected 5 mm or less from each other. Only points remote from ablation lesions were 

considered. Each pair of AEG (207 before and 207 after ablation), their corresponding 

CFE-Mean, CFE-StdDev and PP values were exported from NavX with a fixed time 
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window length of 2.5 s. A validated offline MATLAB algorithm was used to compute the 

ICL, the ACI and the SCI, as defined by CARTO – see Appendix A, Validation of an 

Offline Algorithm to reproduce CARTO CFAE definition for CFAE identification 

(Almeida et al., 2016). CFAE criteria as defined by both systems were considered in the 

current study in an attempt to minimize the inconsistencies between the two methods, 

with CFAEs defined as AEGs with both CFE-Mean ≤ 120 ms and ICL ≥ 4 (Figure 5-1). 

The indices of fractionation computed by NavX and CARTO that are usually used in EP 

studies to guide AF ablation are described in detail on Chapter 4, Minimizing 

discordances in automated classification of fractionated electrograms in human 

persistent atrial fibrillation. The LA maps of the 18 patients were segmented by an 

experienced clinician into 6 regions – PVs; Roof; Posterior; Anterior; Septum and Lateral. 

 

Figure 5-1 NavX (upper left) and CARTO (upper right) 3D LA geometry representation 
for the same patient, with their respective automated CFAE detection algorithms 
(Almeida et al., 2016). The illustrated AEG has CFE-Mean = 50.42 ms and ICL = 6. LA 
regions hosting AEGs with both CFE-Mean ≤ 120 ms and ICL ≥ 4 were considered 
CFAEs (bottom map). 



 

Page | 86 

5.2.4 Indices of fractionation 

Twelve indices were computed from the 207 pairs of AEGs, accordingly:  

 Indices of fractionation computed by commercial mapping systems: CFE-Mean 

and CFE-StdDev, as defined by NavX. AEGs with CFE-Mean within 30 – 120 

ms are considered fractionated and CFE-Mean > 120 ms represents low 

fractionation; ICL, ACI and SCI, as defined by CARTO; Typically, ICL < 4 

represents low fractionation, 4 ≤ ICL < 7 refers to moderate fractionation and ICL 

≥ 7 indicates high fractionation (Almeida et al., 2016); 

 Information theory indices: ShEn, SampEn, and K-L divergence. Both ShEn and 

SampEn assume high values for CFAEs, while K-L assumes small values for 

CFAEs (Cover and Thomas, 1991, Lake et al., 2002, Shannon, 1948); 

 Amplitude based indices: PP and amplitude root mean square (RMS). Small 

values of PP has been shown to correlate with fibrotic atrial tissue (Oakes et al., 

2009); 

 Frequency based indices: DF and OI. OI is bounded between 0 and 1, and smaller 

values indicate more fractionated AEGs (Everett et al., 2001, Sanders et al., 

2005).  

Details about all these descriptors can be found on Chapter 3, Mathematical & Signal 

Processing Tools. 

5.2.5 Statistical analysis 

All non-normally distributed variables are expressed as median ± interquartile interval. 

Nonparametric paired multiple data were analysed using the Friedman test with Dunn's 

correction, while nonparametric unpaired data were analysed using the Mann–Whitney 

test. Spearman's correlation was computed to quantify the correlation between indices of 

fractionation. Robust MANOVA using Munzel and Brunner’s method (Munzel and 

Brunner, 2000), and LDA were used to test the differences between groups across the 

twelve indices of fractionation. The discriminant scores for the LDA were calculated with 

the entire database, and the model was validated considering the leave-one-out cross-

validation (LOOCV) method. Both MANOVA and LDA were implemented in R version 
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3.2.0 (2015). These multivariate tests were performed on two sets of data, separately: 

before and after PVI+RL. P-values less than 0.05 were considered statistically significant. 

5.3 Results 

5.3.1 Effect of PVI+RL on the distribution of CFAEs 

AEGs that were collected in corresponding atrial regions before and after PVI+RL were 

identified (Figure 5-2), and their CFAE classification compared. Four groups of AEGs 

were identified in terms of the presence of fractionation before and after PVI+RL (Figure 

5-2A): Group 1 represents AEGs classified as CFAEs at baseline that remained CFAEs 

after ablation; Group 2 represents CFAEs at baseline that converted to non-CFAEs after 

ablation; Group 3 represents non-CFAEs at baseline that became CFAEs after ablation; 

Group 4 represents non-CFAEs at baseline that remained non-CFAEs after ablation. 

Figure 5-2B illustrates the different types of AEGs found in the four groups.  

Our results show PVI+RL reduced the overall number of CFAEs. 70% of 207 AEGs were 

classified as CFAEs at baseline. After PVI+RL, the number of AEGs classified as CFAEs 

decreased to 40% (P<0.0001). As illustrated in Figure 5-3A, 45% of the AEGs that were 

CFAEs before ablation remained fractionated after ablation (group 1), while 55% 

converted to non-CFAE (group 2); 29% of the AEGs not fractionated prior ablation 

became fractionated (group 3), while 71% remained not fractionated (group 4).  

Figure 5-3B illustrates the occurrence of the different types of AEGs (group 1, 2, 3, and 

4) per LA region. CFAEs unchanged by PVI+RL (group 1) were observed in all regions, 

with the LA roof showing the highest incidence of remaining CFAEs, followed by the 

anterior wall, septum, PVs, posterior wall and lateral. AEGs converting to non-CFAE 

after PVI+RL (group 2) were observed in all regions, with the lateral LA showing the 

highest incidence of CFAEs responsive to PVI+RL. The PVs and lateral LA were the 

only regions where no AEGs became CFAEs after PVI+RL (group 3). AEGs remaining 

non-CFAEs (group 4) were observed in all regions. 
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Figure 5-2 Illustration of the different types of AEGs found in this study. A. 207 AEGs 
before ablation were compared with 207 AEGs after ablation, collected in corresponding 
LA region. Four groups of AEGs were identified in terms of CFAE, before and after 
ablation: CFAE before and after ablation (group 1); CFAE before, non-CFAE after 
ablation (group 2); non-CFAE before, CFAE after ablation (group 3); and non-CFAE 
before and after ablation (group 4). B. Illustration of AEGs found in each group. Highly 
fractionated AEGs were found in group 1 before and after ablation; fractionated AEGs 
before ablation with increased organization after ablation in group 2; organized activation 
before ablation with increased fractionation after ablation in group 3; organized activation 
before and after ablation in group 4.  
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5.3.2 Correlation between indices of fractionation 

Each fractionation index has been compared to all remaining indices. Figure 5-4 provides 

the comparison and Spearman's correlation coefficients between them. Considering 

conventional fractionation indices, CFE-Mean was most highly correlated with CFE-

StdDev (ρ=0.891, P<0.0001), but these indices are biased by a scaling effect. RMS 

showed the second highest correlation with CFE-Mean (ρ=-0.611, P<0.0001). All other 

indices correlated moderately or worse with CFE-Mean. Meanwhile ICL was most highly 

correlated with SCI (ρ=-0.744, P<0.0001), with all other indices correlating only 

moderately or worse, including ACI (ρ=-0.498, P<0.0001).  

Confounding indices presented high correlation amongst each other as expected: ACI vs 

SCI (ρ=0.766, P<0.0001); ShEn vs SampEn (ρ=0.621, P<0.0001); ShEn vs K-L (ρ=-

0.827, P<0.0001); SampEn vs K-L (ρ=-0.847, P<0.0001); PP vs RMS (ρ=0.813, 

P<0.0001). The remaining indices had moderate or poor correlation with each other. 

5.3.3 Effect of PVI+RL on the indices of fractionation 

Although most indices correlated poorly with each other, ablation had a significant effect 

on all indices of fractionation, except for the OI (Figure 5-5). CFE-Mean, CFE-StdDev, 

ACI, SCI and K-L significantly increased after PVI+RL, suggesting less fractionated 

AEGs (all P<0.0001). Similarly, ICL, ShEn, SampEn, PP, RMS and DF significantly 

decreased after ablation (all P<0.0001).  

5.3.4 Characterization of AEGs before and after PVI+RL 

As expected, CFE-Mean (P<0.0001), CFE-StdDev (P<0.0001), ACI (P<0.0001), SCI 

(P<0.0001) and K-L (P=0.0004) were all lower for AEGs classified as CFAEs when 

compared to non-CFAEs. Similarly, ICL (P<0.0001), ShEn (P=0.06), SampEn 

(P<0.0001), PP (P<0.0001), RMS (P<0.0001), DF (P=0.0044) and OI (P=0.0086) 

demonstrated higher values for fractionated AEGs. 

No single index on its own was able to discriminate the different groups of AEGs, whether 

measured before (Figure 5-6) or after (Figure 5-7) PVI+RL. However, the multiple linear 

combinations conducted on MANOVA suggest a significant main effect of the groups of 

AEGs (1, 2, 3 and 4) on the indices of fractionation on both before (F-ratio F = 9.41, 



 

Page | 91 

P<0.0001) and after ablation (F = 14.74, P<0.0001) datasets. MANOVA was followed 

up with LDA, which revealed three discriminant functions both before and after ablation. 

The LOOCV revealed that the LDA successfully discriminated, prior to any ablation, 

40% of the AEGs in group 1; 73% of group 2; 39% of group 3 and; 59% of group 4. After 

PVI+RL, LDA correctly identified 86% of the AEGs in group 1; 76% of group 2; 5.6% 

of group 3 and; 27% of group 4. The ranked results from MANOVA and the discriminant 

scores from the LDA can be seen in the Appendix E, Ranked results from the MANOVA 

and The coefficients from the LDA. 

 

Figure 5-4 Correlations between different indices of fractionation measured from the 
same AEG database. Confounding indices had high correlation among each other: CFE-
Mean vs. CFE-StdDev, ACI vs. SCI, ShEn vs. SampEn, ShEn vs. K-L, SampEn vs. K-L 
and PP vs. RMS. The remaining indices had moderate or poor correlation with each other. 
**** P<0.0001; *** P<0.001; ** P<0.01; * P<0.05; ns = not significant. 



 

Page | 92 

 

Figure 5-5 Effect of PVI and roof line creation on the indices of fractionation. Effect of 
PVI and roof line creation on: A. CFE-Mean; B. ICL; C. CFE-StdDev; D. ACI; E. SCI; 
F. ShEn; G. SampEn; H. K-L; I. PP; J. RMS; K. DF; L. OI. All indices, except OI, were 
significantly affected by ablation. **** P<0.0001; *** P<0.001; ** P<0.01. 
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Figure 5-6 The characterization of AEGs in the different groups (1, 2, 3 and 4) at baseline 
according different indices of fractionation: A. CFE-Mean; B. ICL; C. CFE-StdDev; D. 
ACI; E. SCI; F. ShEn; G. SampEn; H. K-L; I. PP; J. RMS; K. DF; L. OI. 
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Figure 5-7 The characterization of AEGs in the different groups (1, 2, 3 and 4) at baseline 
according different indices of fractionation: A. CFE-Mean; B. ICL; C. CFE-StdDev; D. 
ACI; E. SCI; F. ShEn; G. SampEn; H. K-L; I. PP; J. RMS; K. DF; L. OI. 
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5.4 Discussion 

The present work investigated the incidence of AEG fractionation in corresponding atrial 

regions before and after PVI+RL in persAF patients. This is the first work to analyse the 

changes in fractionated signals in pre-specified atrial regions following PVI+RL at sites 

distant to lesions using multiple features measured from the signals, suggesting the co-

existence of AEGs that are affected and AEGs that are unaffected by PVI+RL (Lin et al., 

2009b). Little correlation was found between the different features, suggesting that the 

quantification of AEG fractionation remains a great challenge. 

5.4.1 AEG fractionation as surrogate for AF drivers 

CFAEs have been introduced as markers for atrial regions responsible for triggering and 

perpetuating atrial arrhythmias and as targets for ablation (Nademanee et al., 2004), but 

failed to provide a definite solution for persAF therapy, as shown by the low 

reproducibility of ablation outcomes (Deisenhofer et al., 2009, Dixit et al., 2012, Elayi et 

al., 2008, Lin et al., 2009a, Oral et al., 2009, Verma et al., 2007, Verma et al., 2008a, 

Verma et al., 2010, Verma et al., 2015). Conceptually, CFAEs are thought to represent 

the fractionated electric activity resultant from slow or inhomogeneous conduction in 

atrial regions that underwent structural and electrical remodelling due to sustained AF. 

These regions could be anchored in the atrium and would be important in triggering and 

perpetuating atrial arrhythmias (de Bakker and Wittkampf, 2010). 

Previous work has reported that some CFAEs are able to identify drivers responsible for 

AF perpetuation, and the ablation of those regions organizes the arrhythmia (Deisenhofer 

et al., 2009, Elayi et al., 2008, Lin et al., 2009a, Verma et al., 2007, Verma et al., 2008a, 

Verma et al., 2010). In other cases, however, CFAEs fail to identify the AF drivers, and 

ablation of those CFAEs does not organize the arrhythmia (Dixit et al., 2012, Oral et al., 

2009, Verma et al., 2015). Consequently, there is intense debate on whether CFAEs 

represent true AF drivers responsible for AF perpetuation (Takahashi et al., 2008, Verma 

et al., 2014, Yamabe et al., 2009), or if CFAEs represent a passive phenomenon not 

important to the maintenance of AF – such as local cycle length (Rostock et al., 2006), 

distal PV firing (Roux et al., 2009, Tuan et al., 2011), or wave collision in otherwise 

normal unscarred atrial tissue (Jadidi et al., 2012a). 
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The present results illustrate the complexity of patient-specific ablation target 

identification and the challenges to discriminate which CFAEs are surrogates of AF 

drivers. PVI+RL changed AF behaviour, and distinct atrial regions responded differently 

to ablation. PVI+RL organized fractionation in large regions of the LA that were 

fractionated prior to PVI+RL, supporting the perception that CFAE-guided ablation 

should be performed after PVI and anatomical lines (Lin et al., 2009b). 

Nearly half of the AEGs classified as CFAEs at baseline remained fractionated after PVI. 

Previous work has suggested that PVI+RL would eliminate passive CFAEs created by 

the existence of PV firing whilst highlighting AEGs unchanged by PVI+RL that might 

therefore represent non-PV persAF drivers (Lin et al., 2009b). Another interpretation 

could be that PVI would eliminate some active CFAEs since the purpose of PVI is to 

isolate active AF drivers.  

Similarly, some regions classified as non-CFAE at baseline became CFAE after ablation. 

While it seems unlikely that these AEGs represent structural scar or anchored atrial 

substrate as they were not fractionated prior to PVI, they could also represent underlying 

AF drivers that have moved or have been modulated by ablation. 

Finally, even if active AF drivers within the PVs are eliminated by PVI but AF 

perpetuates secondary to multiple wavelet re-entries in the remodelled atrium, the 

observed CFAEs collected after PVI would all be a passive phenomenon. This is 

especially true in persAF in which the atria have undergone significant remodelling.  

Nevertheless, the discrimination of the different types of AEGs – i.e., either responsive 

or unresponsive to PVI+RL – might help in the characterization of atrial substrate in 

persAF studies. 

5.4.2 Multivariate analysis for atrial substrate characterization 

Previous investigations have identified CFAEs using either a single index or visual 

inspection (Jadidi et al., 2012a, Rostock et al., 2006, Roux et al., 2009, Takahashi et al., 

2008, Tuan et al., 2011, Verma et al., 2014, Yamabe et al., 2009). Visual classification 

of CFAEs introduces subjectivity to the method as each specialist has his/her own 

perception of what defines significant fractionation, while previous works have shown 
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that classification performed by distinct methodologies might lead to conflicting results 

(Almeida et al., 2016, Lau et al., 2015). 

A recent study has suggested that different indices of fractionation are not true 

representations of atrial substrate after showing poor correlation between them (Lau et 

al., 2015). However, assuming that atrial substrate corresponds to atrial regions that 

organize AF when ablated, this conclusion can only be validated by assessing the effect 

of ablation on these indices. In the present study, indices of fractionation also correlated 

poorly with each other. However, most of those indices were affected by AF ablation. 

Additionally, both MANOVA and LDA indicate that it is possible to discriminate AEGs 

that were either changed or unchanged by PVI+RL. This suggests that, individually, the 

indices of fractionation are insufficient for proper atrial substrate characterization, which 

may contribute to the inconclusive ablation outcomes targeting CFAEs in persAF therapy. 

However, despite their low correlation with each other, different indices measure 

complementary electrophysiological characteristics of the AEG and using these indices 

in combination provides a more complete characterization of the underlying atrial tissue. 

For instance, CFE-Mean and CFE-StdDev measure the overall fractionation interval of 

AEGs based on negative deflections, while ICL, ACI and SCI help to characterize 

complex intervals considering peaks and troughs. These indices computed by commercial 

mapping systems have been extensively used to guide persAF ablation with varying 

outcomes (Deisenhofer et al., 2009, Dixit et al., 2012, Elayi et al., 2008, Lin et al., 2009a, 

Oral et al., 2009, Verma et al., 2007, Verma et al., 2008a, Verma et al., 2010, Verma et 

al., 2015). Entropy indices provide a direct estimation of the amplitude distribution of a 

signal and, therefore, its complexity. Entropy has been reported to effectively identify the 

core of rotors during AF mapping (Ganesan et al., 2013), which could contribute to 

investigations using the focal impulse and rotor modulation (FIRM) ablation strategy 

(Narayan et al., 2012). PP and RMS might help to characterize low amplitude values 

related with scar cardiac tissue, which have also been proposed as targets for AF ablation 

(Oakes et al., 2009). DF helps to characterize the main activation wave front in an AEG 

and might represent atrial regions hosting either rapid ectopic activities or small re-entry 

circuits that are driving the arrhythmia. It has been suggested that ablation at these sites 

could be an effective way to organize AF (Sanders et al., 2005). 
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5.4.3   Substrate-based ablation for persAF 

Whilst recent studies in persAF ablation suggest that linear ablation in addition to PVI 

did not improve ablation outcome, the results highlighted the fact that PVI alone is still 

not adequate (Verma et al., 2015, Wong et al., 2015). Substrate-based atrial ablation had 

been proposed to be required and early data had suggested positive effects in selected 

patients (Deisenhofer et al., 2009, Elayi et al., 2008, Lin et al., 2009a, Verma et al., 2007, 

Verma et al., 2008a, Verma et al., 2010). On the one hand, a stepwise approach was 

proposed which required iterative extensive ablation at certain anatomical locations 

including linear lesions (O'Neill et al., 2006). On the other hand, the approach proposed 

by Nademanee and colleagues aiming at CFAE often involved extensive scattered atrial 

ablation (Nademanee et al., 2004). With either approach, extensive ablation often caused 

little or no change, whilst effects can be seen at a certain point of the iterative process that 

could lead to either AF organization or, more specifically, AF termination. Although the 

effect of ablating at this final terminating site could be the result of cumulative effects 

from some or all of the preceding locations, there is increasing interest to identify this 

‘last’ ablation site so it could be targeted ‘first’. Further work to improve the 

understanding of AEG characteristics related with atrial substrate could contribute 

towards this goal – which would allow us to ablate the last lesion first. 

5.4.4 Study limitations 

The current study was limited to retrospective data with low resolution CFAE maps. More 

AEG points would help to consolidate the present results. The linear methods MANOVA 

and LDA have been used in this study as an initial attempt to discriminate the AEG 

groups. Non-linear classification methods might be useful to improve the multivariate 

classification of atrial substrate, but such analysis is beyond the scope of the present work 

(Schilling et al., 2015). 

5.5 Conclusions 

In this chapter we investigated multiple characteristics of AEGs collected in 

corresponding atrial regions, before and after PVI+RL. Our results suggest the co-

existence of AEGs that are responsive and AEGs that are unresponsive to PVI+RL. 

Different indices of fractionation have been measured from the AEGs. Individually, these 
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indices are insufficient for AEG classification. The combination of those indices, 

however, is effective in identifying complementary characteristics of the AEGs. 

Multivariate AEG classification should be considered in future studies for better AEG 

characterization in order to verify if the different types of AEGs relate to AF drivers after 

persAF ablation.  
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Chapter 6  

The spatio-temporal consistency of atrial 

electrograms in persistent atrial fibrillation 

6.1 Introduction 

PVI has been proved effective in the treatment of pAF (Haissaguerre et al., 1998), but it 

is less effective for persAF therapy due to structural and electrical changes in the LA 

(Brooks et al., 2010). Patient-specific ablation targeting atrial substrate has become 

accepted in addition to PVI in persAF (Calkins et al., 2012c). During AF, AEGs with low 

amplitude and multiple activations are thought to represent atrial substrate, with structural 

and electric remodelling (Nademanee et al., 2004).  

CFAEs have been introduced as markers of such atrial sites and, therefore, targets for 

ablation (Nademanee et al., 2004). CFAE-guided ablation has become broadly used as an 

adjunctive therapy to PVI for persAF (Calkins et al., 2012c). However, the low 

reproducibility of outcomes (Verma et al., 2008a, Deisenhofer et al., 2009, Lin et al., 

2009a, Verma et al., 2010, Oral et al., 2009, Dixit et al., 2012, Elayi et al., 2008) and 

recent evidences that CFAE ablation additional to PVI does not improve the ablation 

outcome (Verma et al., 2015, Wong et al., 2015) motivated intense debate on the meaning 

of the atrial substrate represented by CFAEs. Moreover, there is no consensus about the 

spatio-temporal dynamics of the underlying mechanisms of AF (Salinet et al., 2013), 

which might be one of the reasons for the inconsistency in CFAE-guided ablation 

outcomes in persAF patients. 

Some methods for automated CFAE classification consider recording duration segments 

as short as 2.5 s to measure AEG fractionation (Monir and Pollak, 2008). This is 

supported by previous works suggesting that AEG fractionation has a high degree of 

spatial and temporal stability (Redfearn et al., 2009, Roux et al., 2008, Scherr et al., 2009, 

Verma et al., 2008b). However, other works have shown that the assessment of AEG 
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fractionation requires a recording duration of 5 s at each site to obtain a consistent 

fractionation (Lin et al., 2008, Stiles et al., 2008, Tsai et al., 2012). In this chapter we 

sought to investigate the spatio-temporal behaviour of AEGs considering consecutive 

AEGs with 2.5 s, and also to investigate AEG fractionation using AEGs with 2.5 s, 5 s 

and 8 s. 

6.2 Methods 

6.2.1 Study population 

The population consisted of 18 patients (16 male; mean age 56.1 ± 9.3 years; history of 

AF 67.2 ± 45.6 months) referred to our institution for first time catheter ablation of 

persAF. Table 6-1 summarizes the clinical characteristics of the study subjects. All 

patients were in AF at the start of the procedure. Study approval was obtained from the 

local ethics committee and all procedures were performed with full informed consent. 

Table 6-1 Clinical characteristics of study population (N = 18). 

Age, yrs  56.1 ± 9.3 

Male/Female  16/2 

History of AF, months  67.2 ± 45.6 

Ejection Fraction,%  48 ± 1 

Left Atrial Diameter, mm  47 ± 1 

History of coronary artery disease  4 

Medication* (number of patients on)   

ACE inhibitor / ARB  11 

Amiodarone  10 

Beta-blockers  8 

Calcium channel blockers  2 

Digoxin  1 

Sotalol  5 

* All anti-arrhythmic and rate-controlling drugs were stopped for at least five half-lives 

before the procedure, with the exception of amiodarone.  ACE = angiotensin-converting-

enzyme; AF = atrial fibrillation; ARB = angiotensin receptor blockers. Values are in mean 

± SD or n. 
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6.2.2 Electrophysiological study 

All antiarrhythmic drugs, except amiodarone, were discontinued for at least 5 half-lives 

before the start of the procedure. Details of the mapping procedure have been described 

previously (Tuan et al., 2011). Briefly, 3D LA geometry was created within NavX using 

a deflectable, variable loop circular PV mapping catheter (Inquiry Optima, St. Jude 

Medical). PVI was performed with a point-by-point wide area circumferential ablation 

approach, followed by the creation of a single roof line (Cool Path Duo irrigated RF 

catheter, St. Jude Medical). No additional ablation targeting CFAE was performed in this 

study. Sequential point-by-point bipolar AEGs were collected from 15 pre-determined 

atrial regions before and after LA ablation (Tuan et al., 2011). All patients were in AF 

before and after ablation during signal collection. 

6.2.3 Signal analysis 

A total of 797 AEGs were recorded from the LA, 455 before and 342 after PVI, with a 

sampling frequency of 1200 Hz, and band-pass filtered within 30–300 Hz. When an 

improvement of signal-to-noise ratio was necessary, a 50 Hz Notch filter was applied.  

Each AEG was exported from NavX with three segment lengths (2.5 s, 5 s and 8 s). A 

validated offline MATLAB algorithm was used to compute the ICL, ACI and SCI as 

defined by the CARTO criteria for CFAE classification – see Appendix A, Validation of 

an Offline Algorithm to reproduce CARTO CFAE definition for CFAE identification 

(Almeida et al., 2016). ICL ≥ 4 was considered for CFAE classification. 

The LA maps of the 18 patients were segmented by an experienced clinician into 6 regions 

– PVs; roof; posterior; anterior; septum and; lateral. The analyses described below 

consider the combined data before and after PVI+RL (total 797 AEGs). Detailed analyses 

before (455 AEGs) and after (342 AEGs) PVI+RL are provided in the Appendix F, the 

spatio-temporal consistency of atrial electrograms in persistent atrial fibrillation before 

and after PVI+RL. 

6.2.4 Temporal consistency of AEG fractionation with different segment 
lengths 

CFAE classifications performed in AEGs with different segment lengths have been 

analysed to investigate the temporal consistency of AEG fractionation. The configuration 
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of the different segment lengths as exported from NavX is illustrated on Figure 6-1A. The 

maximum AEG length that can be exported from NavX is 8 s, and smaller segments are 

exported as portions of the original 8 s. The 2.5 s segment of data corresponds to the 

interval from 5-s to 7.5-s of the entire segment, while the 5 s segment corresponds to the 

interval between 3 s and 8 s. 

 

Figure 6-1 A. Different segment lengths exported from NavX to investigate the temporal 

consistency of AEG fractionation. The maximum AEG length that can be exported from 

NavX is 8 s, and smaller segments are exported as portions of the original 8 s. B. The 8 s 

segments were divided in three consecutive 2.5 s segments, as illustrated in Figure 1B, 

accordingly: 0 to 2.5 s; 2.5 s to 5 s; 5 s to 7.5 s. 
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The ICL for 2.5 s, 5 s and 8 s segments were measured. Currently, ICL thresholding for 

CFAE classification as defined by CARTO is referred to a default 2.5 s segment length 

(ICL ≥ 4). Hence, there is no validated ICL threshold for CFAE classification using 

segment lengths longer than 2.5-s. Therefore, the ICL calculated for the 5 s segment 

lengths was normalized by a factor of 2, while the ICL calculated for the 8 s segment 

lengths was normalized by 3.2. For instance, if ICL = 8 inside a 5 s segment, the 

normalized ICL is 4 for a corresponding 2.5 s segment. Similarly, if ICL = 12 inside an 8 

s segment, the normalized ICL is also 4, approximately. That allowed a head-to-head 

comparison between ICL as measured with 2.5 s, 5 s and 8 s. Bland-Altman plots were 

created to assess the average difference (bias) from the ICL, ACI and SCI measured with 

the different segment lengths. 

6.2.5 Temporal behaviour of consecutive AEGs 

Consecutive AEG segments were assessed to infer about AEG temporal behaviour. For 

each AEG, the 8 s segments were divided in three consecutive 2.5 s segments, as 

illustrated in Figure 6-1B, accordingly: 0 to 2.5 s; 2.5 s to 5 s; 5 s to 7.5 s. Therefore, three 

consecutive segments with 2.5 s length were created for each one of the 797 AEGs, 

allowing the investigation of the temporal behaviour in the same points. The ICL was 

measured for each segment, and each segment was compared to the other. A best fit 

exponential was computed to estimate the time constant of stable AEGs according to 

Graphpad Prism 6’s (©2014 GraphPad Software, La Jolla, California) One Phase Decay 

best fit. 

6.2.6 Statistical analysis 

All continuous non-normally distributed variables are expressed as median ± interquartile 

interval. Nonparametric paired multiple data were analysed using the Friedman test with 

Dunn's correction. Spearman’s correlation (ρ) was calculated to quantify the correlation 

between AEG classifications measured with different segment lengths (2.5 s, 5 s and 8 s), 

and the correlation between AEG classifications measured within the three consecutive 

segments. 

The agreement of CFAE classification performed by ICL – either measured with different 

segment lengths (2.5 s, 5 s and 8 s) or within the three consecutive segments – was 
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assessed by the Cohen’s kappa (κ) score (Cohen, 1968). A Kappa score within range 0 ≤ 

κ < 0.4 suggests marginal agreement between two indices; 0.4 ≤ κ ≤ 0.75 good agreement 

and; κ > 0.75 excellent agreement (Landis and Koch, 1977). P-values of less than 0.05 

were considered statistically significant. 

6.3 Results 

6.3.1 Temporal behaviour of consecutive AEGs 

Three types of AEGs have been identified when investigating the consecutive segments, 

as illustrated in Figure 6-2: ‘stable CFAEs’ (upper trace) as AEGs with ICL ≥ 4 in all 

assessed segments; ‘stable non-CFAEs’ (middle trace) as AEGs with ICL < 4 in all 

assessed segments and; ‘unstable AEG’ (lower trace) as AEGs with ICL varying to and 

from ICL ≥ 4 to ICL < 4 within the assessed segments. Each AEG segment also affected 

the resulting CFAE map as generated by ICL, ACI and SCI (Figure 6-3). The location of 

the AEGs classified as stable CFAE, stable non-CFAE and unstable shown in Figure 6-2 

are also marked in the ICL map in Figure 6-3. 

Moderate correlation was found in the AEG classification performed by ICL, ACI and 

SCI, measured in each consecutive segment, as shown in Table 6-2. The average 

correlation for ICL within the three segments was ρ = 0.74 ± 0.01 (mean ± SD), while 

ACI was ρ = 0.44 ± 0.02, and SCI was ρ = 0.55 ± 0.03. The average agreement of CFAE 

classification performed by ICL between segments was κ = 0.64 ± 0.04. 

The temporal behaviour of the three consecutive segments for each collected point is 

shown on Figure 6-4. 85% of the AEGs initially classified as fractionated in segment 1 

remained fractionated in segment 2, while 15% changed from fractionated to non-

fractionated. Similarly, 77% of the AEGs classified as non-fractionated in segment 1 

remained non-fractionated in segment 2, while 23% changed from non-fractionated to 

fractionated. In the following segments, 87% of AEGs classified as fractionated in 

segment 2 remained fractionated in segment 3, while 13% changed from fractionated to 

non-fractionated. 80% of the AEGs classified as non-fractionated in segment 2 remained 

non-fractionated in segment 3, while 20% changed from non-fractionated to fractionated. 
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Figure 6-2 Illustration of the different types of AEGs found when analysing the 
consecutive AEG segments. Stable CFAEs (upper trace) are AEGs with ICL ≥ 4 in all 
assessed segments (upper trace). Stable non-CFAEs (middle trace) are AEGs with ICL < 
4 in all assessed segments. Unstable AEG (lower trace) are AEGs with ICL varying from 
ICL ≥ 4 to ICL < 4 within the assessed segments. 

 

Table 6-2 Spearman’s correlation and Kappa score for ICL, ACI and SCI measured from 
the consecutive 2.5 s AEG segments. 

2.5 s AEG segment 1 vs 2 1 vs 3 2 v 3 P value* 

Spearman’s 

correlation (ρ)

ICL 0.735 0.726 0.748 <0.0001 

ACI 0.455 0.430 0.421 <0.0001 

SCI 0.554 0.521 0.569 <0.0001 

Kappa score (κ) 0.616 0.620 0.676 <0.0001 

* P-values for all cases. 
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Figure 6-3 The resultant LA maps based on the three consecutive AEG segments with 2.5 
s duration each for one patient as measured by ICL (upper), ACI (middle) and SCI 
(bottom). The location of the AEGs classified as stable CFAE, stable non-CFAE and 
unstable shown in Figure 6-2 are marked in the ICL map. 

 

Figure 6-4 The temporal behaviour of three consecutive AEG segments with 2.5 s 
duration each. The 8 s segments were divided in three consecutive 2.5 s length segments. 
The ICL was measured in each segment and classified whether as fractionated or non-
fractionated. The AEGs that remained fractionated, remained non-fractionated and 
changed classification were assessed between segments. 
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When comparing segment 1 versus 2, 47% of the total AEGs were labelled as stable 

CFAEs, while 35% were stable non-CFAEs, and 18% AEGs were unstable (Figure 6-

5A). When comparing segment 2 versus 3, 49% of the total AEGs were labelled as stable 

CFAEs, 35% were stable non-CFAEs, and 16% AEGs were unstable. A total of 43% 

AEGs were stable CFAEs within the three segments, 31% were stable non-CFAEs and 

26% were unstable.  

 

Figure 6-5 A. All AEG segments were mutually compared. The percentage of ‘stable 
CFAE’; ‘stable non CFAE’ and ‘unstable AEG’ in each segment was calculated. B. The 
temporal decay of stable AEGs was assessed. In the first 2.5 s segment, all AEGs were 
considered stable. On segment 2, a total of 151 AEGs were classified as unstable. On the 
last segment, additional 62 AEGs changed their classification. The exponential best fit 
with a temporal decay with time constant (τ) of 2.8 s. C. The regional occurrence of the 
different types of AEGs normalized by the number of collected points per region. 
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Figure 6-5B illustrates the temporal decay of stable AEGs (CFAEs and non-CAFE). In 

the first 2.5 s segment, all AEGs were considered stable since it was the first classification 

(797 AEGs). On segment 2, a total of 151 AEGs were classified as unstable, remaining 

646 stable AEGs. On the last segment, additional 62 AEGs changed their classification, 

remaining 584 stable AEGs. The exponential best fit suggests a temporal decay with time 

constant (τ) of 2.8 s, in which 540 AEGs (68% of 797 AEGs) would be temporally stable. 

The occurrence of the different types of AEGs (stable CFAE, stable non-CFAE and 

unstable AEG) per LA region, considering the three AEG segments, is shown in Figure 

6-5C. Stable CFAEs were observed in all regions, with the anterior wall showing the 

highest incidence, followed by the septum, lateral, posterior wall, roof and PVs. Unstable 

AEGs were also observed in all regions, with the LPV showing the highest incidence.  

Although PVI+RL reduced AEG fractionation in all regions, unstable AEGs were still 

present at baseline and after ablation (see Appendix F, The spatio-temporal consistency 

of atrial electrograms in persistent atrial fibrillation before and after PVI+RL). In 

particular, the reduction in AEG fractionation after ablation was more evident in the 

AEGs collected in the PVs, as well as fewer unstable AEGs were identified in these 

regions after PVI+RL. The exponential best fit indicated similar AEG temporal behaviour 

before and after PVI+RL (τ = 2.7 s and 3 s, respectively). 

6.3.2 Temporal consistency of AEG fractionation with different segment 
lengths 

There was no significant difference between ICL measured with 5 s versus 2.5 s and 8 s, 

as illustrated by Figure 6-6A. However, ICL measured with 2.5 s was significantly 

different than with 8 s. The bias calculated from the Bland-Altman plots suggests a 

smaller average difference between ICL calculated with 5 s and 8 s when compared with 

the other segment lengths (2.5 s vs 5 s and 2.5 s vs 8 s, Figure 6-6B). 

Different segment lengths had little influence on ACI, but significantly affected SCI 

(Figure 6-6A). From the Bland-Altman plots, it is possible to infer that SCI calculated 

with longer segment lengths will assume smaller values. A longer AEG segment length 

increases the probability of a shorter complex interval to occur when compared to shorter 

AEG segments, which would explain the high influence of the segment lengths on the 
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SCI. Nevertheless, the Bland-Altman plots also suggest smaller average difference 

between 5 s and 8 s for both ACI and SCI. Similar results have been found when looking 

into the data separately before and after PVI+RL (please see Appendix F, The spatio-

temporal consistency of atrial electrograms in persistent atrial fibrillation before and 

after PVI+RL).  

The AEGs with 5 s generated more similar AEG classification compared to 8 s, as shown 

in Table 6-3. The Spearman’s correlation was higher for 5 s vs 8 s for ICL, ACI and SCI, 

than 2.5 s vs 5 s and 2.5 s vs 8 s. The Kappa score also suggests higher agreement in the 

CFAE classification performed by 5 s and 8 s segments. Figure 6-7 illustrates graphically 

an example of the resulting AEG classification map for ICL, ACI and SCI measured with 

2.5 s, 5 s and 8 s segment lengths. AEG classification maps for the other patients are 

provided in the Appendix F, The spatio-temporal consistency of atrial electrograms in 

persistent atrial fibrillation before and after PVI+RL. 

 

Figure 6-6 A. The ICL, ACI and SCI measured with 2.5 s, 5 s and 8 s. B. Bland-Altman 
plots for ICL, ACI and SCI measured with 2.5 s, 5 s and 8-s. **** P<0.0001; *** 
P<0.001. 
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Table 6-3 Spearman’s correlation and Kappa score for ICL, ACI and SCI measured from 
the different segment lengths (2.5 s, 5 s and 8 s). 

AEG segment lengths 2.5 s v 5 s 2.5 s v 8 s 5 s v 8 s P value* 

Spearman’s 

correlation (ρ)

ICL 0.925 0.897 0.960 <0.0001 

ACI 0.885 0.851 0.932 <0.0001 

SCI 0.872 0.818 0.921 <0.0001 

Kappa score (κ) 0.836 0.780 0.874 <0.0001 

* P-values for all cases. 

 

 

Figure 6-7 The resultant LA maps based on the different segment lengths (2.5 s, 5 s and 
8 s) for one patient as measured by ICL (upper), ACI (middle) and SCI (bottom). 
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6.4 Discussion 

This is the first work to assess the spatio-temporal behaviour of AEGs in the same 

collected points using consecutive segments, while different AEG durations have been 

analysed for fractionation consistency along time. The results suggest that the ablation 

target identification performed with the CARTO criterion using 2.5 s AEGs is dependent 

on the time instant that the AEGs are collected. AEGs with 2.5 s might be insufficient to 

detect stable fractionation and 5 s or longer should be preferred for consistent AEG 

classification. 

6.4.1 Patient-specific atrial substrate in persAF 

AF sustained for long periods of time may induce structural and electrical remodelling in 

the atrial tissue (de Bakker and Wittkampf, 2010). These regions are believed to be 

anchored in the atrium, representing areas of remodelled atrial substrate, important in 

triggering and perpetuating atrial arrhythmias. AEGs acquired from such regions 

demonstrate low amplitude, multiple deflection activations that characterize fractionated 

activity due to slow or inhomogeneous conduction. The ablation of atrial regions hosting 

fractionated AEGs had been accepted by many as a useful additional therapy for persAF 

treatment (Calkins et al., 2012b). 

With this premise, atrial regions hosting fractionated AEGs could be surrogates for atrial 

substrate (Nademanee et al., 2004). As a consequence, targeting those regions during 

ablation could organize or terminate the arrhythmia. However, CFAE-guided ablation has 

produced conflicting outcomes in previous electrophysiological studies, suggesting that 

not all fractionated AEG is a surrogate for atrial substrate and, therefore, not all CFAEs 

should be targets for ablation (Deisenhofer et al., 2009, Dixit et al., 2012, Elayi et al., 

2008, Lin et al., 2009a, Oral et al., 2009, Verma et al., 2008a, Verma et al., 2010, Verma 

et al., 2015, Wong et al., 2015). 

6.4.2 The temporal behaviour of AEGs during persAF 

Despite much effort to understand atrial substrate properties during persAF (Lin et al., 

2008, Roux et al., 2008, Scherr et al., 2009, Stiles et al., 2008, Tsai et al., 2012, Verma 

et al., 2008b), the dynamic nature of some AEGs continues to pose challenge for 

electrophysiologists in search of critical sites for ablation (Salinet et al., 2013, Redfearn 
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et al., 2009, Roux et al., 2008, Scherr et al., 2009, Verma et al., 2008b, Lin et al., 2008, 

Stiles et al., 2008, Tsai et al., 2012).  

Previous works have suggested that CFAEs demonstrate a high degree of spatial and 

temporal stability by analysing consecutive CFAE maps where the AEGs for each map 

are collected in different time instants (Redfearn et al., 2009, Roux et al., 2008, Scherr et 

al., 2009, Verma et al., 2008b). Our results, however, suggest that ablation target 

identification using the CARTO criterion is dependent on the time instant that the AEGs 

are collected. Some AEGs have unstable temporal behaviour, switching from fractionated 

to non-fractionated depending on the moment it is collected. This would affect the 

resulting CFAE map and, therefore, both ablation strategy and outcomes. Considering 

that the atrial substrate is anchored and should host “stable” fractionated activity, atrial 

regions represented by unstable AEGs should not be targeted during ablation as they 

might be a result of passive wave collision from remote AF drivers and, therefore, not a 

true representation of atrial substrate (Jadidi et al., 2012a, Rostock et al., 2006, Roux et 

al., 2009, Tuan et al., 2011). Ablation of those regions might create areas of slow or 

anisotropic conduction, thereby creating more pro-arrhythmogenic areas which would 

perpetuate the arrhythmia instead of organizing or terminating it (Zaman and Narayan, 

2015). 

The results also suggest that ablation is effective in reducing both AEG fractionation and 

unstable AEGs, as illustrated in the Appendix F, The spatio-temporal consistency of atrial 

electrograms in persistent atrial fibrillation before and after PVI+RL. Considering that, 

in the present study, ablation targeted the PVs and the roof, the ablation effect was more 

evident in those regions, in particular the PVs. As a consequence, PVI+RL resulted in 

more organized atrial activations in those areas when compared to the others. 

6.4.3 The AEG duration for atrial substrate assessment 

Previous work has investigated different segment lengths to consistently characterize 

CFAEs using NavX, since this system allows for different AEG duration recordings (1 s 

to 8 s). Published data suggest AEG duration of 5 s or longer to consistently measure 

CFAEs using NavX algorithm (Lin et al., 2008, Stiles et al., 2008). As CARTO inherently 

limits the AEG collection to 2.5 s, few studies accomplished an investigation for the ‘best’ 
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segment length to assess fractionation, also suggesting that 5 s should be considered for 

proper AEG classification (Tsai et al., 2012). 

Our results suggest that AEG duration of 2.5 s might not be sufficient to measure CFAEs 

consistently using CARTO criterion. If CFAEs were temporally consistent, it would be 

expected for the recording duration to have little influence in the CFAE classification and, 

ultimately, the CFAE map created with CARTO criterion measured with 2.5 s should not 

differ from maps created using 5 s or 8 s. Our results, however, suggest that longer 

segment lengths produce more consistent CFAE maps. Therefore, CARTO criterion 

should be revisited to consider recording durations of 5 s or longer to measure AEG 

fractionation. 

6.4.4 Limitations 

The present chapter represents a retrospective investigation of the spatio-temporal 

behaviour of AEGs during persAF. Prospective studies using AEGs with 5 s or longer in 

the identification of ablation targets using the CARTO criteria would be helpful for 

further understand the underlying spatio-temporal behaviour of the atrial substrate in 

persAF. Additional points to calculate the one phase decay best fit could improve the 

estimation of the temporal constant for AEGs.  

6.5 Conclusions 

This chapter investigated the temporal behaviour of AEGs collected during persAF and 

the temporal consistency of fractionation considering different AEG segment lengths. 

Three types of AEGs have been described by investigating consecutive AEGs: stable 

CFAEs, stable non-CFAEs and unstable AEGs. Different segment lengths produced 

different AEG classifications as performed by the CARTO criterion. Longer time 

windows provide a more consistent measure of fractionation than 2.5 s, as limited by the 

CARTO system.  
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Chapter 7  

Main findings and future investigations 

Multiple mechanisms are likely to co-exist during the initiation and perpetuation of AF, 

including multiple rapid ectopic activities, multiple wavelets meandering and multiple 

circuit re-entries, especially in persAF. As a consequence of this underlying complexity, 

the identification of targets for persAF ablation remains challenging. Although CFAE-

guided ablation became a consolidated therapy for persAF complementary to PVI, 

conflicting ablation outcomes have cast doubt on the efficacy of this approach, and 

CFAEs have been openly criticized for AF therapy.  

Indeed not all AEG fractionation might be a CFAE – considering the concept that a CFAE 

is a representation of AF drivers – but some fractionated AEGs are surrogates of critical 

sites for AF maintenance, and better characterization of these may result in better 

outcomes in persAF ablation. CFAE-guided ablation is, and will continue to be, an 

important procedure in the treatment of AF. But a thorough re-evaluation of the definition 

of CFAE is necessary in order to refine the identification of atrial regions responsible for 

the perpetuation of the arrhythmia in patients with persAF.  

In the present thesis, we investigated current methods for AEG fractionation classification 

during persAF and their relationship with the underlying mechanisms for AF maintenance 

and perpetuation. In particular, potential contributing factors concerning the low 

reproducibility of CFAE-guided ablation outcomes in persAF therapy have been 

explored, such as inconsistencies in automated CFAE classification, the co-existence of 

different types of CFAEs, and insufficient AEG duration for CFAE detection. 

7.1 Main Findings 

The results presented in this thesis allowed for the following findings and contributions 

to the field: 
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 CFAE mapping and ablation target identification may vary for the same 

individual, depending on the system being used and settings being applied. This 

is direct evidence that there is currently no consensus on CFAE definition and that 

different EAM systems are assessing different aspects of the AEGs during 

substrate mapping in AF (Almeida et al., 2013a, Almeida et al., 2014, Almeida et 

al., 2015a, Almeida et al., 2015b, Almeida et al., 2015c, Almeida et al., 2016). 

 Revised thresholds have been found for both primary and complementary indices 

– as measured by NavX and CARTO – to minimize the differences in CFAE 

classification performed independently by either system. This is the first work to 

propose defined thresholds and guidelines for the complementary indices to 

characterize CFAE based on the agreement between the two EAM systems, NavX 

and CARTO. These thresholds would help to counterbalance the differences of 

automated CFAE classification performed by each system and facilitate 

comparisons of CFAE ablation outcomes guided by either NavX or CARTO in 

future works (Almeida et al., 2014, Almeida et al., 2015a, Almeida et al., 2015b, 

Almeida et al., 2015c, Almeida et al., 2016). 

 We have shown that AEGs that are either affected or unaffected by PVI+RL co-

exist during persAF. These different types of AEGs – i.e., either responsive or 

unresponsive to PVI+RL – might represent different types of AF drivers. 

Although single descriptors measured from the AEGs were not able to 

discriminate the different types of AEGs individually, we showed that 

multivariate analysis using multiple descriptors measured from the AEGs can be 

used to effectively discriminate the different types of AEGs and might help in the 

characterization of atrial substrate in persAF studies. This work represents an 

initial step towards multivariate AEG classification for atrial substrate 

characterization (Almeida et al., 2013b, Almeida et al., 2013c). 

 The identification of ablation targets with CARTO criterion using 2.5 s segment 

lengths is dependent on the time instant when the AEGs are collected. The results 

also suggest that AEG duration of 2.5 s might not be sufficient to measure CFAEs 

consistently using CARTO criterion. AEGs with 5 s generated more similar AEG 

classification compared to 8 s than AEGs with 2.5 s. Therefore, CARTO criterion 
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should be revisited to consider recording durations of 5 s or longer to measure 

AEG fractionation.  

7.2 Future Investigations 

The results reported in this thesis helped to identify and define future investigations. Some 

of the suggestions below are already being conducted by the current researchers from the 

Bioengineering group in collaboration with the Cardiovascular Science group, both from 

the University of Leicester, and other opportunities might be considered for future PhD 

students. 

7.2.1 CFAE EStimation imPRovement based on the agreement between 
EnSite NavX and BioSense CARTO (CFAE ESPRESSO) 

The definition of CFAE for ablation of persAF is currently vague. The two major 

commercial systems available are not always concordant in their classification of CFAEs 

for ablation of persAF. We hypothesize that the definition of CFAE can be consistently 

constrained by the concurrent application of CFAE-classification algorithms from the two 

major commercial systems currently available, and that this constrained definition will be 

useful in guiding persAF ablation after PVI+RL.  

The revised thresholds found for both primary and complementary indices as measured 

by each EAM system investigated on Chapter 4 were estimated from retrospective data. 

These thresholds will be used prospectively in the identification of ablation targets during 

substrate mapping for further validation. The pilot study, entitled the CFAE EStimation 

imPRovement based on the agreement between EnSite NavX and BioSense CARTO 

(CFAE ESPRESSO), is being currently conducted in Glenfield Hospital led by Prof. G. 

André Ng. Two protocols for CFAE ESPRESSO have been proposed, one for NavX 

(Figure 7-1) and other for CARTO (Figure 7-2). The CFAE map in NavX will be created 

with the following settings: deflection duration 10 ms, refractory period 30 ms, peak-peak 

sensitivity 0.05 mV, 2.5 s window lengths (8 s data for retrospective analysis only). The 

colour bar for CFE-Mean will be set at ≤ 84 ms, and the colour bar for CFE-StdDev will 

be set at ≤ 47 ms. The overlapping regions between the CFE-mean and CFE-StdDev maps 

– as illustrated by Figure 7-1 – will be targeted for ablation. 
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Figure 7-1 The CFAE ESPRESSO protocol for NavX. 
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Similarly, the CFAE map in CARTO will be created with the following settings: 

thresholds values set at 0.05–0.15 mV; duration times 50–110 ms; confidence level low 

= 3 and high = 4. The colour bar for ICL will be set at ≥ 4, the colour bar for ACI ≤ 82 

ms, and for SCI ≤ 58 ms. The overlapping regions between the ICL, ACI and SCI maps 

– as illustrated by Figure 7-2 – will be targeted for ablation. 

The CFAE ESPRESSO pilot study will recruit a total of twenty patients undergoing 

persAF ablation: ten patients will have CFAE ablation guided by NavX and ten by 

CARTO. Only persAF patients in AF at the moment of the procedure will be included. 

PVI+RL will be performed followed by CFAE-guided ablation. Patients will be excluded 

from the ESPRESSO cohort if PVI+RL results in SR. AEGs will be collected for CFAE 

classification after PVI+RL. The AEGs will be pre-processed with notch filter at 50 Hz, 

and band-pass filtered in 30–300 Hz. 

7.2.2 Multivariate characterization of atrial substrate in persAF patients 

Identifying AEGs that represent critical atrial regions to the maintenance of AF remains 

challenging. The characteristics of AEGs correlating with AF organization and/or 

termination have been investigated previously (Haissaguerre et al., 2005b, Heist et al., 

2012, Lin et al., 2013, Porter et al., 2008, Schmitt et al., 2007, Takahashi et al., 2008). 

These AEGs would represent the ground truth for AF ablation and, therefore, the true 

representation of the atrial substrate in persAF. However, most of those works have relied 

on few, if not only one, AEG descriptors, which can be a limiting factor when describing 

a complex phenomenon such as persAF. Additionally, none of those works have 

performed an integrated multivariate analysis using different indices of fractionation to 

characterise the AEGs related with AF termination. Combined multiple indices of 

fractionation and multivariate analysis is, therefore, crucial for investigating different 

features of the AEGs.  

Indices of fractionation as those proposed in Chapter 5 – but not limited to them – will be 

calculated from the AEGs. Four groups of AEGs will be defined regarding the effect of 

ablation in each point: CL decrease, CL without change, CL increase, AF termination. 

Preferential sites for AF organisation and termination will be identified, and the multiple 

indices of fractionation will be used to measure different features of the AEGs.  
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Figure 7-2 The CFAE ESPRESSO protocol for CARTO. 
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There is increasing interest in multivariate analysis techniques because they incorporate 

information into the statistical analysis about the relationships between all the available 

variables, which is a clear advantage upon separate univariate analyses of each variable 

in a study (Schilling et al., 2015). This increasing interest is also related to continuous 

improvements in computational power. There are many techniques that could be 

considered for multivariate classification of AEGs, both linear and nonlinear methods, 

such as LDA, MANOVA, nonparametric density estimation, projection pursuit, neural 

networks, fuzzy logic, reduced-rank regression, nonlinear manifold learning, principal 

and independent component analyses, kernel methods and support vector machines, 

decision trees, and random forests (Izenman, 2008). A thorough investigation would help 

to identify the best descriptors and technique for AEG classification and, ultimately, atrial 

substrate characterisation.  

7.2.3 DF-guided persAF ablation 

AEGs with high DF are believed to represent atrial substrates with periodic activation 

responsible for the maintenance of persAF. Previous work has shown inter-atrial DF 

gradient reduction followed by DF-guided ablation, prolonging patient’s SR.  

Our group has been investigating the characteristics of DF using non-contact high density 

mapping, which allowed for the simultaneous collection of up to 2048 virtual AEGs. DF 

was calculated from those AEGs from spectral analysis, and the spatio-temporal 

behaviour of DF has been assessed (Chu et al., 2015, Dastagir et al., 2014, Dastagir et 

al., 2015b, Li et al., 2015, Salinet et al., 2013). DF was defined within the physiological 

range of 4 – 10 Hz. Recent works have suggested that DF regions are temporally unstable 

and may exhibit cyclic behaviour (Salinet et al., 2013). Identifying atrial regions that are 

more prone to host DF might contribute to the identification of AF drivers in persAF. 

In order to identify such regions, highest DF (HDF) regions for each individual window 

were defined as any LA geometry node where the calculated DF was within ±0.25 Hz of 

the maximum DF measured for that window. This region is considered to represent 

regions maintaining the persAF arrhythmia and the area of HDF bounded by ±0.25 Hz 

forms a cloud which is assumed to represent the HDF activity for that region. Our group 

recently published the initial results of persAF ablation outcomes targeting the centre of 

gravity of the HDF clouds with cyclical behaviour (Chu et al., 2015). 
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The next step of the research is to create cumulative HDF clouds stacked on the 3D LA 

as illustrated in Figure 7-3. The number of times HDF occurring at each node of LA can 

be counted for in order to find the HDF density. Atrial regions with highest occurrence 

of HDF would represent regions with highest incidence of periodic activation that could 

be responsible for AF perpetuation, and are potential targets for ablation. 

 

Figure 7-3 Representation of the cumulative HDF clouds stacked on the 3D LA (left-hand 
side) and 2D spatial map of LA (right-hand side). Modified from (Dastagir et al., 2014). 

Additionally, our group has recently identified dominant patterns, defined as the HDF 

pattern with the highest recurrence, as illustrated in Figure 7-4 (Li et al., 2015). The 

proposed method identifies and quantifies the spatiotemporal regularity of the HDFs. The 

investigation of recurrent HDF regions might offer a more comprehensive dynamic 

overview of persAF behaviour, and the ablation targeting such regions could be 

considered in future works. 
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Figure 7-4 Illustration of recurrent patterns with the 2D HDF maps involved in each 
pattern and the corresponding time windows numbers. Color-coded 3D geometry shows 
the overlap of all the pattern windows. Modified from (Li et al., 2015). 

7.2.4 Phase analysis and rotor-guided persAF ablation 

Ablation targeting PS and rotors has gained increasing interest in the past few years with 

early data suggesting high termination rate for persAF ablation (Haissaguerre et al., 2014, 

Narayan et al., 2012). However, there is intense debate on the best ablation strategy 

targeting rotors and that rotor-guided ablation might not be as effective in treating persAF 

as initially reported (Benharash et al., 2015, Spector et al., 2012). 

Similar to DF, the spatio-temporal stability of the rotors in the atria during AF has been 

questioned, and recent works have suggested that rotors might not be anchored in the 

atrium during AF, as illustrated in Figure 7-5 (Salinet et al., 2015). This would have direct 

influence in rotor-guided ablation strategy using current methods (Narayan et al., 2012). 

As also proposed for investigating the spatio-temporal behaviour of HDF, the cumulative 

rotor occurrences at each node of LA can be counted for in order to find the rotor density. 

Atrial regions with highest occurrence of rotors would represent regions with highest 

incidence of re-entries that could be responsible for AF perpetuation, and are potential 

targets for ablation (Figure 7-6). 
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Figure 7-5 Consecutives 2D phase mapping with PS drifting point dislocating across the 
LA area at different short time steps. The paired PS point had their trajectory starting near 
the roof (left-hand side) and move through the LA endocardium area (A); (B) an 
analogous lack of spatio-temporal PS stability behaviour is observed now with a set of 
two paired PS points. 

 

Figure 7-6 Representation of the cumulative rotor occurrence stacked on the 3D LA. 

Additionally, different groups have developed different methods for PS detection and 

rotor identification. These methods are based on different premises and solutions, which 

could result in distinct PS detection (Dastagir et al., 2015a, Salinet et al., 2015), leading 

to inconsistent ablation target identification. Ultimately, this could influence ablation 

outcomes. Therefore, minimizing differences in PS detection as performed by different 

methods might help to improve the identification of re-entry activity during AF. 

7.2.5 Multi-mechanism integrative tool for online AF mapping 

Catheter ablation has become an established therapy for patients with AF. However, the 

outcomes remain suboptimal in persAF patients, which motivated the investigation of 

varying techniques to identify AF drivers, such as CFAEs, DF and rotors (Atienza et al., 
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2009, Nademanee et al., 2004, Narayan et al., 2012). Understanding the relationship 

between the different theories might help to improve AF driver identification (Dastagir et 

al., 2015a). Current methods for atrial substrate mapping have hampered data access in 

clinical systems, which affected the development of novel algorithms for the automated 

analysis of AEGs. The development of software platforms that allow rapid 

implementation of new algorithms is therefore important for the verification of their 

functionality and suitable visualization for discussion in the clinical environment (Li et 

al., 2014, Oesterlein et al., 2015). Our research group has recently developed a platform 

to guide catheter ablation of persAF using DF mapping (Li et al., 2014). This platform 

(Figure 7-7) – developed on MATLAB – has an automated graphical user interface to 

process non-contact unipolar AEGs recorded simultaneously by St. Jude Ensite Velocity 

System and provides 3D representation of the LA with DF behaviours and phase analysis. 

This platform is a flexible tool that allows for the integration of additional features from 

AEGs that could be used in future works in the investigation of new methods for mapping 

and ablation of atrial substrate. 

 

Figure 7-7 A. DF with fixed colour map B.DF with adaptive colour map. C. OI with 
adaptive colour map D. RI with adaptive colour map E. Phase maps with slider to play, 
pause, forward and backward. 
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Appendices 

Appendix A : Validation of an Offline Algorithm to reproduce 
CARTO CFAE definition for CFAE Identification   

Introduction 

CARTO software provides 3D EAM and online automated CFAE detection based on 

selected voltage peaks and troughs inside a 2.5 s window of sequentially recorded bipolar 

AEGs. The algorithm subsequently identifies voltage peaks and troughs of bipolar AEGs 

that exceed a user defined programmable lower voltage threshold to exclude noise, but 

that do not exceed an upper voltage threshold. The time intervals between successive 

peaks and/or troughs falling within the voltage window are measured. Complex intervals 

that fall within a user defined programmable duration are identified during the entire 2.5 

s time window. The number of identified complex intervals is referred to as Interval 

Confidence Level (ICL), and characterizes the repetitiveness of the CFAE complexes. 

The shortest identified interval is referred to as Shortest Complex Interval (SCI), while 

the average is referred to as Average Complex Interval (ACI). The default CARTO EGM 

settings consider a voltage window of 0.05-0.15 mV and a programmable time interval 

of 50-110 ms. Typically, ICL < 4 represents low fractionation, 4 ≤ ICL < 7 refers to 

moderate fractionation and ICL ≥ 7 indicates high fractionation. 

The objective of this part of the study was to validate a MATLAB algorithm that 

reproduces CARTO CFAE definition and computes ICL, SCI and ACI. 

Methods 

587 sequentially recorded AEGs were exported from 3 patients referred to our institution 

for catheter ablation of persAF guided by CARTO. All AEGs were recorded with 

sampling frequency of 1 kHz, and filtered with a 30–300 Hz band-pass filter. Signals 

were exported with 2.5 s recording duration using CARTO EGM settings (0.05-0.15 mV; 

50-110 ms). The peaks and troughs of an AEG were identified. Those that exceeded a 

user defined programmable lower voltage threshold to exclude noise, but that did not 

exceed an upper voltage threshold, were marked. The time intervals between successive 

marked peaks and/or troughs falling within the voltage window were measured. ICL, SCI 
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and ACI were identified within the recorded 2.5 s AEG. The ICL, SCI and ACI computed 

by the MATLAB script were compared directly with CARTO system output. 

Statistical Analysis 

All continuous non-normally distributed variables are expressed as median ± interquartile 

interval. Nonparametric unpaired data were analysed by Mann–Whitney test. The level 

of statistical significance was set at a P<0.05. 

Results 

Figure S1 illustrates the comparison between the metrics measured by CARTO and the 

ones measured by MATLAB. Figure S1 A.i refers to the ICL distribution as measured by 

CARTO and MATLAB (p>0.9999 when comparing ICL as measured by CARTO and 

MATLAB). Figure S1 A.ii shows the correlation between ICL measured by CARTO and 

MATLAB. Figure S1 B.i refers to the SCI distribution as measured by CARTO and 

MATLAB (p>0.9999 when comparing SCI as measured by CARTO and MATLAB). 

Figure S1 B.ii shows the correlation between SCI as measured by CARTO and 

MATLAB. Figure S1 C.i refers to ACI distribution as measured by CARTO and 

MATLAB (p>0.9999 when comparing ACI as measured by CARTO and MATLAB). 

Figure S1 C.ii shows the correlation between ACI as measured by CARTO and 

MATLAB.  

Agreement between CARTO and MATLAB was 100% for ICL, SCI and ACI. 



 

Page | 134 

 

Figure S1. Comparison between ICL, SCI and ACI as computed by CARTO system and 

MATLAB. A.i ICL. A.ii ICL correlation between CARTO and MATLAB. B.i SCI. B.ii 

SCI correlation between CARTO and MATLAB. C.i ACI. C.ii ACI correlation between 

CARTO and MATLAB. Overall, agreement between CARTO and MATLAB was 100% 

for ICL, SCI and ACI. 

  

A.i C.iB.i

A.ii C.iiB.ii

R2=1R2=1R2=1
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Appendix B : Influence of AEG duration on ICL and CFE-
Mean   

Introduction 

Currently, the CARTO system considers only AEGs with 2.5 s duration for CFAE 

detection using ICL. Hence, there is no validated fractionation threshold for ICL using 

time windows longer than 2.5 s. Nevertheless, the effects of different time windows – 2.5 

s, 5 s, 8 s – were assessed on overall ICL and CFE-Mean for the completeness of the 

investigation. 

Methods 

797 AEGs were and its corresponding CFE-Mean was exported from NavX with three 

time window lengths (2.5 s, 5 s and 8 s). The default threshold for fractionation detection 

was 30-120 ms if CFE-Mean was measured using NavX EGM settings and 50-110 ms 

for CARTO EGM settings. The validated offline algorithm was used to compute the ICL 

of each exported AEG for CFAE identification as defined by CARTO. ICL ≥ 7 was used 

as the default threshold for ICL CFAE categorization. 

Results 

The results suggest that there was no significant difference between CFE-Mean measured 

within 2.5 s vs. 5 s vs. 8 s AEGs segments, using either NavX EGM settings or CARTO 

EGM settings (P≈1.00 for 2.5 s vs. 5 s vs. 8 s using NavX EGM settings; P≈1.00 for 2.5 

s vs. 5 s and 5 s vs. 8 s, and P=0.2443 for 2.5 s vs. 8 s using CARTO EGM settings). On 

the other hand, longer AEG duration increased ICL irrespective of EGM settings 

(P<0.0001 for all cases).  

We observed that different time windows had little influence on overall CFE-Mean. In 

contrast, longer time windows significantly increased ICL, as expected. As ICL is the 

count of complex intervals within a time interval, it can be expected that longer time 

window lengths would have higher ICL. There is currently no validated fractionation 

threshold for ICL using time windows longer than 2.5 s. The default settings for ICL in 

CARTO considers windows of 2.5 s. On the other hand, NavX allows for different time 

window lengths during CFAE analysis (from 1 s to 8 s). As CFE-Mean is the average of 
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the FIs within a given time window, it can be inferred that longer time window lengths 

would not affect CFE-Mean significantly.  

Since our data showed that different AEG durations had little influence on CFE-Mean, 

NavX and CARTO algorithms could be compared using the same AEG data with a fixed 

AEG duration of 2.5 s, following the default settings for ICL in CARTO. 
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Appendix C : CFAE detection thresholds for CFE-Mean and 
ICL 

Methods 

Receiver operating characteristic (ROC) curves were created to find optimum thresholds 

for ICL and CFE-Mean according to the CFAE classifications performed by each 

opposite metric. Firstly, CFAE classification (CFAE / non-CFAE) was performed on all 

797 AEGs by a fixed CFE-Mean threshold. Eight CFE-Mean thresholds were considered 

(CFE-Mean ≤ 120; 110; 100; 90; 80; 70; 60; 50 ms). Each classification was then used to 

create ROC curves by varying ICL. Individual optimal values for ICL were found based 

on the optimum sensitivity and specificity of each ROC curve. Similarly, CFAE 

classification (CFAE / non-CFAE) was performed on all 797 AEGs by a fixed ICL 

threshold. Four ICL thresholds were considered (ICL ≥ 4; 5; 6; 7). Each classification 

was then used to create ROC curves by varying CFE-Mean. Individual optimal values for 

CFE-Mean were found based on the optimum sensitivity and specificity of each ROC 

curve.  

Additionally, approximately 90% (697) of the total AEGs were randomly selected to 

create ROC curves using only the default thresholds for CFE-Mean and ICL. The 

remaining 10% (100) AEGs were used to validate and compare the CFAE classification 

performed by CFE-Mean and ICL using both default and optimum thresholds found in 

the ROC curves. This process was repeated thirty times, each time with a different set of 

90%/10% randomly selected AEGs. Therefore, thirty ROC curves were created for ICL 

and thirty for CFE-Mean. 

This part of the study considered AEGs with 2.5 s, ICL measured with CARTO EGM 

settings and CFE-Mean measured with NavX EGM settings. The area under the ROC 

curve (AUROC) and optimum sensitivity and specificity were calculated for each 

measure. 

Results 

Figure S2A shows the ROC curve according to the CFAE classification performed by 

CFE-Mean (CFE-Mean ≤ 120; 110; 100; 90; 80; 70; 60; 50 ms) and varying ICL. Table 
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S1 shows the AUROC, the default and optimum threshold for ICL, alongside the 

sensitivity and specificity found on the ROC curves for both thresholds. The results from 

the ROC curve suggest that the default threshold for CARTO (ICL ≥ 7) provided a high 

specificity, but poor sensitivity for CFAE detection in all cases. The proposed threshold 

(ICL ≥ 4) provides the optimum sensitivity and specificity for CFAE detection in 

accordance to the CFAE classification performed by NavX. 

 

Figure S2. Receiver operating characteristic (ROC) curves based on ICL or CFE-Mean 
categorization. ROC curves of A. ICL according to CFAE classification using fixed CFE-
Mean thresholds (CFE-Mean ≤ 120; 110; 100; 90; 80; 70; 60; 50 ms) and; B. CFE-Mean 
according to CFAE classification using fixed ICL thresholds (ICL ≥ 4; 5; 6; 7). 

Figure S2B shows the ROC curve according to CFAE classification performed by ICL 

(ICL ≥ 4; 5; 6; 7) and varying CFE-Mean. Table S2 shows the AUROC, the default and 

optimum threshold for CFE-Mean, alongside the sensitivity and specificity, for each 

curve. The default threshold for NavX (CFE-Mean ≤ 120 ms) always provided a high 

sensitivity, but poor specificity for CFAE detection. The proposed threshold (CFE-Mean 

≤ 84 ms) provides the optimum sensitivity and specificity for CFAE detection in 

accordance to the CFAE classification performed by CARTO in all the cases.  

The details of the ROC curves according to the CFAE classification performed by ICL 

(ICL ≥ 7) from the thirty set of 90% randomly selected AEGs are shown on Table S3. 

The details of the ROC curves according to the CFAE classification performed by CFE-

Mean (CFE-Mean ≤ 120 ms) from the thirty set of 90% randomly selected AEGs are 

shown on Table S4.  
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Tables: 
Table S1. Sensitivity and specificity for default and optimized ICL thresholds according 
CFE-Mean categorization. 
 ICL threshold Sensitivity 1-Specificity AUROC P-value 

CFE-Mean ≤ 120 
Default 7 0.492 0.05 

0.854 < 0.0001 
Optimum 4 0.769 0.153 

CFE-Mean ≤ 110 
Default 7 0.510 0.072 

0.849 < 0.0001 
Optimum 4 0.790 0.191 

CFE-Mean ≤ 100 
Default 7 0.527 0.093 

0.829 < 0.0001 
Optimum 4 0.794 0.251 

CFE-Mean ≤ 90 
Default 7 0.537 0.131 

0.812 < 0.0001 
Optimum 4 0.804 0.301 

CFE-Mean ≤ 80 
Default 7 0.547 0.175 

0.793 < 0.0001 
Optimum 4 0.831 0.342 

CFE-Mean ≤ 70 
Default 7 0.571 0.232 

0.752 < 0.0001 
Optimum 5 0.760 0.357 

CFE-Mean ≤ 60 
Default 7 0.550 0.292 

0.701 < 0.0001 
Optimum 5 0.748 0.425 

CFE-Mean ≤ 50 
Default 7 0.489 0.341 

0.600 0.002 
Optimum 4 0.761 0.560 

AUROC = Area under receiver operating characteristic curve; ICL = Interval confidence 
level. 
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Table S2. Sensitivity and specificity for default and optimized CFE-Mean thresholds 
according ICL categorization. 

 
CFE-Mean  
threshold (ms) 

Sensitivity 1-Specificity AUROC P-value 

ICL ≥ 4 
Default 120 0.920 0.387 

0.823 < 0.0001 
Optimum 84.63 0.744 0.216 

ICL ≥ 5 
Default 120 0.938 0.450 

0.793 < 0.0001 
Optimum 84.18 0.765 0.270 

ICL ≥ 6 
Default 120 0.948 0.502 

0.765 
 

Optimum 84.18 0.777 0.321 < 0.0001 

ICL ≥ 7 
Default 120 0.958 0.553 

0.756 < 0.0001 
Optimum 84.18 0.807 0.361 

AUROC = Area under receiver operating characteristic curve. 
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Table S3. Sensitivity and specificity for default and optimized ICL thresholds according 
CFE-Mean categorization from the thirty set of 90% randomly selected AEGs. 
 ICL threshold (ms) Sensitivity 1-Specificity AUROC P-value 

Test 1 
Default 7 0.495 0.060 

0.859 P<0.0001 
Revised 3 0.835 0.200 

Test 2 
Default 7 0.499 0.043 

0.858 P<0.0001 
Revised 3 0.830 0.216 

Test 3 
Default 7 0.496 0.046 

0.844 P<0.0001 
Revised 4 0.756 0.161 

Test 4 
Default 7 0.506 0.047 

0.855 P<0.0001 
Revised 4 0.772 0.156 

Test 5 
Default 7 0.489 0.057 

0.848 P<0.0001 
Revised 4 0.766 0.167 

Test 6 
Default 7 0.485 0.052 

0.851 P<0.0001 
Revised 4 0.761 0.146 

Test 7 
Default 7 0.496 0.051 

0.855 P<0.0001 
Revised 4 0.775 0.152 

Test 8 
Default 7 0.497 0.048 

0.861 P<0.0001 
Revised 4 0.768 0.138 

Test 9 
Default 7 0.481 0.056 

0.848 P<0.0001 
Revised 4 0.766 0.158 

Test 10 
Default 7 0.491 0.046 

0.853 P<0.0001 
Revised 4 0.765 0.144 

Test 11 
Default 7 0.481 0.047 

0.850 P<0.0001 
Revised 4 0.764 0.160 

Test 12 
Default 7 0.490 0.048 

0.848 P<0.0001 
Revised 4 0.769 0.159 

Test 13 
Default 7 0.499 0.049 

0.858 P<0.0001 
Revised 3 0.828 0.211 

Test 14 
Default 7 0.491 0.050 

0.855 P<0.0001 
Revised 4 0.779 0.158 

Test 15 
Default 7 0.501 0.052 

0.851 P<0.0001 
Revised 4 0.767 0.151 

Test 16 
Default 7 0.482 0.051 

0.849 P<0.0001 
Revised 4 0.762 0.164 

Test 17 
Default 7 0.499 0.053 

0.849 P<0.0001 
Revised 4 0.768 0.170 

Test 18 
Default 7 0.495 0.043 

0.855 P<0.0001 
Revised 4 0.769 0.154 

Test 19 
Default 7 0.479 0.044 

0.852 P<0.0001 
Revised 3 0.817 0.206 

Test 20 
Default 7 0.504 0.049 

0.856 P<0.0001 
Revised 4 0.773 0.153 
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Table S3. Cont. 
 ICL threshold (ms) Sensitivity 1-Specificity AUROC P-value 

Test 21 
Default 7 0.475 0.049 

0.849 P<0.0001 
Revised 4 0.759 0.147 

Test 22 
Default 7 0.503 0.043 

0.856 P<0.0001 
Revised 4 0.771 0.159 

Test 23 
Default 7 0.499 0.051 

0.856 P<0.0001 
Revised 4 0.782 0.162 

Test 24 
Default 7 0.499 0.046 

0.852 P<0.0001 
Revised 4 0.762 0.147 

Test 25 
Default 7 0.491 0.047 

0.854 P<0.0001 
Revised 4 0.766 0.150 

Test 26 
Default 7 0.493 0.051 

0.850 P<0.0001 
Revised 4 0.770 0.164 

Test 27 
Default 7 0.492 0.056 

0.841 P<0.0001 
Revised 4 0.756 0.160 

Test 28 
Default 7 0.478 0.057 

0.844 P<0.0001 
Revised 3 0.812 0.217 

Test 29 
Default 7 0.483 0.056 

0.851 P<0.0001 
Revised 4 0.763 0.149 

Test 30 
Default 7 0.500 0.038 

0.863 P<0.0001 
Revised 4 0.768 0.139 
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Table S4. Sensitivity and specificity for default and optimized ICL thresholds according 
CFE-Mean categorization from the thirty set of 90% randomly selected AEGs. 

 
CFE-Mean  
threshold (ms) 

Sensitivity 1-Specificity AUROC P-value 

Test 1 
Default 120 0.957 0.572 

0.752 P<0.0001 
Revised 84.4 0.806 0.371 

Test 2 
Default 120 0.964 0.552 

0.753 P<0.0001 
Revised 84.4 0.822 0.374 

Test 3 
Default 120 0.960 0.541 

0.757 P<0.0001 
Revised 84.2 0.798 0.359 

Test 4 
Default 120 0.961 0.546 

0.757 P<0.0001 
Revised 84.4 0.813 0.351 

Test 5 
Default 120 0.952 0.559 

0.742 P<0.0001 
Revised 84.2 0.804 0.374 

Test 6 
Default 120 0.955 0.557 

0.747 P<0.0001 
Revised 84.2 0.801 0.359 

Test 7 
Default 120 0.956 0.542 

0.762 P<0.0001 
Revised 84.2 0.815 0.355 

Test 8 
Default 120 0.960 0.553 

0.750 P<0.0001 
Revised 84.2 0.806 0.366 

Test 9 
Default 120 0.951 0.554 

0.751 P<0.0001 
Revised 84.2 0.795 0.360 

Test 10 
Default 120 0.959 0.545 

0.752 P<0.0001 
Revised 82.1 0.780 0.361 

Test 11 
Default 120 0.959 0.555 

0.755 P<0.0001 
Revised 84.2 0.807 0.363 

Test 12 
Default 120 0.952 0.564 

0.758 P<0.0001 
Revised 84.2 0.806 0.366 

Test 13 
Default 120 0.961 0.526 

0.750 P<0.0001 
Revised 84.2 0.801 0.367 

Test 14 
Default 120 0.955 0.536 

0.763 P<0.0001 
Revised 84.0 0.824 0.362 

Test 15 
Default 120 0.957 0.549 

0.760 P<0.0001 
Revised 84.2 0.815 0.354 

Test 16 
Default 120 0.955 0.554 

0.754 P<0.0001 
Revised 84.2 0.799 0.362 

Test 17 
Default 120 0.961 0.558 

0.753 P<0.0001 
Revised 84.2 0.805 0.365 

Test 18 
Default 120 0.964 0.554 

0.757 P<0.0001 
Revised 84.4 0.805 0.361 

Test 19 
Default 120 0.963 0.571 

0.748 P<0.0001 
Revised 84.2 0.800 0.372 

Test 20 
Default 120 0.961 0.562 

0.752 P<0.0001 
Revised 84.2 0.807 0.365 
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Table S4. Cont. 

 
CFE-Mean  
threshold (ms) 

Sensitivity 1-Specificity AUROC P-value 

Test 21 
Default 120 0.959 0.574 

0.748 P<0.0001 
Revised 84.2 0.803 0.373 

Test 22 
Default 120 0.965 0.552 

0.758 P<0.0001 
Revised 84.2 0.812 0.357 

Test 23 
Default 120 0.956 0.543 

0.762 P<0.0001 
Revised 84.4 0.825 0.365 

Test 24 
Default 120 0.960 0.538 

0.756 P<0.0001 
Revised 84.2 0.815 0.350 

Test 25 
Default 120 0.960 0.549 

0.762 P<0.0001 
Revised 84.2 0.810 0.356 

Test 26 
Default 120 0.956 0.549 

0.754 P<0.0001 
Revised 84.2 0.807 0.364 

Test 27 
Default 120 0.952 0.553 

0.757 P<0.0001 
Revised 84.2 0.808 0.356 

Test 28 
Default 120 0.951 0.561 

0.753 P<0.0001 
Revised 84.2 0.799 0.362 

Test 29 
Default 120 0.951 0.553 

0.750 P<0.0001 
Revised 84.2 0.792 0.361 

Test 30 
Default 120 0.968 0.551 

0.762 P<0.0001 
Revised 84.2 0.825 0.360 
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Appendix D : CFAE detection thresholds for CFE-StdDev, 
ACI and SCI 

Methods 

The revised thresholds for both CFE-Mean and ICL found in the ROC curves were used 

concurrently to perform a new CFAE classification on the thirty sets of 697 randomly 

sampled AEGs. In this new classification, an AEG was classified as CFAE only if both 

CFE-Mean and ICL agreed with the classification using their revised thresholds. These 

new classifications were used to create ROC curves and hence obtain the optimum 

sensitivity and specificity thresholds for the complementary metrics – CFE-StdDev, ACI 

and SCI. 

Therefore, the complementary metrics were used to identify AEGs that were classified as 

CFAEs by both CFE-Mean and ICL, using the revised thresholds. 

Results 

Table S5 shows the AUROC, the default and optimum threshold for CFE-StdDev, ACI 

and SCI, alongside the sensitivity and specificity, for each curve. The details of the Chi-

square test and Cohen’s kappa for from the thirty set of 10% randomly selected AEGs for 

validation are shown on Table S6. 
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Table S5. Sensitivity and specificity for CFE-StdDev, ACI and SCI ROC curves 
according to the CFAE classification in agreement between CFE-Mean and ICL. 
 Threshold (ms) Sensitivity 1-Specificity AUROC P-value 

Test 1 
CFE-StdDev 47.06 0.900 0.189 0.878 

P<0.0001 ACI 82.08 0.826 0.363 0.757 
SCI 58.75 0.817 0.293 0.808 

Test 2 
CFE-StdDev 47.73 0.922 0.202 0.873 

P<0.0001 ACI 82.92 0.846 0.366 0.757 
SCI 58.75 0.814 0.304 0.810 

Test 3 
CFE-StdDev 46.31 0.898 0.181 0.877 

P<0.0001 ACI 82.08 0.819 0.361 0.756 
SCI 57.92 0.795 0.287 0.812 

Test 4 
CFE-StdDev 45.73 0.896 0.183 0.876 

P<0.0001 ACI 82.92 0.853 0.379 0.753 
SCI 58.75 0.833 0.307 0.812 

Test 5 
CFE-StdDev 45.52 0.890 0.186 0.876 

P<0.0001 ACI 82.08 0.813 0.359 0.754 
SCI 58.75 0.813 0.304 0.806 

Test 6 
CFE-StdDev 45.73 0.891 0.181 0.876 

P<0.0001 ACI 82.08 0.827 0.372 0.747 
SCI 58.75 0.823 0.313 0.805 

Test 7 
CFE-StdDev 46.55 0.900 0.176 0.886 

P<0.0001 ACI 82.08 0.820 0.348 0.767 
SCI 58.75 0.817 0.282 0.819 

Test 8 
CFE-StdDev 46.55 0.903 0.191 0.876 

P<0.0001 ACI 82.08 0.829 0.357 0.759 
SCI 57.92 0.803 0.291 0.814 

Test 9 
CFE-StdDev 45.71 0.891 0.178 0.877 

P<0.0001 ACI 82.08 0.819 0.354 0.757 
SCI 58.75 0.805 0.304 0.805 

Test 10 
CFE-StdDev 47.73 0.918 0.208 0.868 

P<0.0001 ACI 82.08 0.830 0.360 0.760 
SCI 58.75 0.833 0.298 0.813 

Test 11 
CFE-StdDev 46.55 0.902 0.187 0.875 

P<0.0001 ACI 82.08 0.821 0.364 0.756 
SCI 58.75 0.828 0.314 0.804 

Test 12 
CFE-StdDev 45.73 0.894 0.172 0.887 

P<0.0001 ACI 82.08 0.825 0.344 0.771 
SCI 57.92 0.798 0.273 0.824 

Test 13 
CFE-StdDev 47.73 0.921 0.199 0.879 

P<0.0001 ACI 82.08 0.823 0.362 0.759 
SCI 57.92 0.797 0.298 0.808 

Test 14 
CFE-StdDev 47.73 0.927 0.190 0.880 

P<0.0001 ACI 82.08 0.832 0.338 0.774 
SCI 58.75 0.815 0.287 0.818 

 
  



 

Page | 147 

Table S5. Cont. 
 Threshold (ms) Sensitivity 1-Specificity AUROC P-value 

Test 15 
CFE-StdDev 46.55 0.907 0.176 0.884 

P<0.0001 ACI 82.08 0.827 0.355 0.764 
SCI 58.75 0.823 0.302 0.810 

Test 16 
CFE-StdDev 47.73 0.922 0.184 0.890 

P<0.0001 ACI 82.08 0.823 0.360 0.761 
SCI 58.75 0.823 0.305 0.810 

Test 17 
CFE-StdDev 45.73 0.893 0.186 0.875 

P<0.0001 ACI 82.08 0.830 0.365 0.759 
SCI 57.92 0.807 0.297 0.811 

Test 18 
CFE-StdDev 47.73 0.930 0.186 0.883 

P<0.0001 ACI 82.92 0.850 0.370 0.765 
SCI 58.75 0.823 0.302 0.813 

Test 19 
CFE-StdDev 45.52 0.892 0.180 0.878 

P<0.0001 ACI 82.92 0.842 0.370 0.756 
SCI 58.75 0.815 0.305 0.810 

Test 20 
CFE-StdDev 45.71 0.898 0.170 0.882 

P<0.0001 ACI 82.08 0.832 0.353 0.762 
SCI 58.75 0.815 0.315 0.810 

Test 21 
CFE-StdDev 46.09 0.896 0.185 0.878 

P<0.0001 ACI 82.08 0.818 0.358 0.754 
SCI 58.75 0.815 0.303 0.810 

Test 22 
CFE-StdDev 45.73 0.897 0.176 0.880 

P<0.0001 ACI 82.08 0.830 0.363 0.759 
SCI 57.92 0.807 0.292 0.814 

Test 23 
CFE-StdDev 47.85 0.925 0.192 0.882 

P<0.0001 ACI 82.08 0.818 0.344 0.766 
SCI 58.75 0.821 0.305 0.817 

Test 24 
CFE-StdDev 46.55 0.902 0.185 0.875 

P<0.0001 ACI 82.08 0.818 0.345 0.762 
SCI 59.58 0.842 0.305 0.824 

Test 25 
CFE-StdDev 46.09 0.899 0.182 0.879 

P<0.0001 ACI 82.92 0.845 0.367 0.758 
SCI 58.75 0.814 0.302 0.810 

Test 26 
CFE-StdDev 47.20 0.913 0.186 0.877 

P<0.0001 ACI 82.08 0.820 0.358 0.757 
SCI 58.75 0.823 0.310 0.807 

Test 27 
CFE-StdDev 47.06 0.902 0.179 0.889 

P<0.0001 ACI 82.08 0.824 0.366 0.763 
SCI 58.75 0.837 0.299 0.819 

Test 28 
CFE-StdDev 47.20 0.911 0.186 0.880 

P<0.0001 ACI 82.08 0.819 0.364 0.753 
SCI 58.75 0.826 0.304 0.808 
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Table S5. Cont. 
 Threshold (ms) Sensitivity 1-Specificity AUROC P-value 

Test 29 
CFE-StdDev 45.52 0.883 0.177 0.874 

P<0.0001 ACI 82.08 0.811 0.365 0.751 
SCI 58.75 0.801 0.296 0.811 

Test 30 
CFE-StdDev 46.55 0.914 0.192 0.808 

P<0.0001 ACI 82.08 0.825 0.367 0.749 
SCI 57.92 0.801 0.291 0.808 
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Table S6. Chi-square test and Cohen’s kappa CFAE classification performed by default 
and optimized thresholds for NavX and CARTO from the validation dataset. 
 Thresholds χ² P-values Kappa P-values 

Test 1 
Default 24.5 

<0.0001 
0.423 

<0.0001 
Revised 13.9 0.387 

Test 2 
Default 11.2 0.001 0.283 0.001 
Revised 21.1 <0.0001 0.473 <0.0001 

Test 3 
Default 10.4 0.001 0.257 0.001 
Revised 14.8 <0.0001 0.402 <0.0001 

Test 4 
Default 9.6 0.002 0.241 0.001 
Revised 21.7 <0.0001 0.486 <0.0001 

Test 5 
Default 23.1 

<0.0001 
0.404 

<0.0001 
Revised 34.8 0.609 

Test 6 
Default 20.8 

<0.0001 
0.393 

<0.0001 
Revised 28.9 0.556 

Test 7 
Default 13.0 

<0.0001 
0.281 

<0.0001 
Revised 15.9 0.419 

Test 8 
Default 13.5 

<0.0001 
0.305 

<0.0001 
Revised 15.2 0.408 

Test 9 
Default 23.4 

<0.0001 
0.409 

<0.0001 
Revised 21.2 0.480 

Test 10 
Default 12.8 

<0.0001 
0.295 

<0.0001 
Revised 19.6 0.458 

Test 11 
Default 18.7 

<0.0001 
0.382 

<0.0001 
Revised 25.8 0.518 

Test 12 
Default 24.3 <0.0001 0.419 <0.0001 
Revised 9.1 0.003 0.321 0.001 

Test 13 
Default 15.0 

<0.0001 
0.328 

<0.0001 
Revised 21.1 0.475 

Test 14 
Default 11.6 

0.001 
0.260 

<0.0001 
Revised 11.9 0.366 

Test 15 
Default 13.5 

<0.0001 
0.288 

<0.0001 
Revised 18.5 0.451 

Test 16 
Default 20.4 <0.0001 0.388 <0.0001 
Revised 10.7 0.001 0.343 0.001 

Test 17 
Default 16.8 

<0.0001 
0.338 

<0.0001 
Revised 29.1 0.554 

Test 18 
Default 12.9 <0.0001 0.311 <0.0001 
Revised 9.7 0.002 0.330 0.001 

Test 19 
Default 24.2 

<0.0001 
0.466 

<0.0001 
Revised 43.0 0.674 

Test 20 
Default 12.8 

<0.0001 
0.295 

<0.0001 
Revised 18.7 0.454 
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Table S6. Cont. 
 Thresholds χ² P-values Kappa P-values 

Test 21 
Default 30.0 

<0.0001 
0.521 

<0.0001 
Revised 17.4 0.437 

Test 22 
Default 9.5 0.002 0.255 0.001 
Revised 19.7 <0.0001 0.463 <0.0001 

Test 23 
Default 12.5 

<0.0001 
0.272 

<0.0001 
Revised 18.9 0.454 

Test 24 
Default 9.0 0.003 0.232 0.001 
Revised 5.8 0.016 0.261 0.009 

Test 25 
Default 14.0 

<0.0001 
0.313 

<0.0001 
Revised 21.1 0.480 

Test 26 
Default 15.8 

<0.0001 
0.323 

<0.0001 
Revised 16.9 0.430 

Test 27 
Default 19.9 

<0.0001 
0.361 

<0.0001 
Revised 16.7 0.422 

Test 28 
Default 27.4 

<0.0001 
0.459 

<0.0001 
Revised 25.0 0.519 

Test 29 
Default 22.4 

<0.0001 
0.396 

<0.0001 
Revised 43.8 0.680 

Test 30 
Default 8.4 0.004 0.247 0.002 
Revised 9.9 0.002 0.334 0.001 
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Appendix E : Ranked results from the MANOVA and The 
coefficients from the LDA 
 
Table S7. Ranked results of effect of the group of AEGs (1, 2, 3 and 4) on the indices of 
fractionation before and after ablation from the MANOVA. 

  Pre-ablation Post-ablation 

AEG group  1 2 3 4 1 2 3 4 

CFE-Mean  0.476 0.336 0.395 0.667 0.279 0.622 0.481 0.559 

ICL  0.685 0.563 0.449 0.218 0.790 0.293 0.451 0.452 

CFE-StdDev  0.478 0.330 0.398 0.673 0.310 0.635 0.490 0.539 

ACI  0.446 0.428 0.494 0.605 0.327 0.646 0.524 0.527 

SCI  0.398 0.404 0.500 0.685 0.266 0.678 0.533 0.526 

ShEn  0.497 0.505 0.482 0.486 0.523 0.487 0.482 0.487 

SampEn  0.524 0.528 0.506 0.414 0.600 0.382 0.468 0.509 

KL  0.505 0.480 0.502 0.536 0.454 0.542 0.532 0.514 

PP  0.582 0.552 0.516 0.368 0.708 0.327 0.453 0.489 

RMS  0.551 0.587 0.566 0.383 0.702 0.342 0.468 0.480 

DF  0.537 0.459 0.497 0.542 0.582 0.534 0.514 0.394 

OI  0.573 0.513 0.472 0.396 0.536 0.439 0.478 0.500 
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At baseline, the first discriminant function explained 89.1% of the variance, followed by 

6.6% and 4.3%, successfully identifying 65% of the AEG classifications. After PVI+RL, 

the first discriminant function explained 97% of the variance, followed by 2.5% and 0.5%, 

and the correct identification of the AEG groups improved to 72%. The coefficients from 

the LDA can be seen in Table S8. 

Table S8. Coefficients from the LDA to discriminate the AEG groups (1, 2, 3 and 4) 
across the twelve indices of fractionation. Both SCI and ShEn were the indices with the 
highest importance in identifying the discriminant functions before and after ablation. 

  Pre-ablation  Post-ablation 

Linear discriminants  LD1 LD2 LD3  LD1 LD2 LD3 

CFE-Mean  1.854 0.072 3.084  0.257 0.701 -0.223 

ICL  -1.862 0.584 -0.918  -3.230 0.162 -0.803 

CFE-StdDev  -0.296 0.773 -2.407  0.052 0.028 0.107 

ACI  -1.910 -0.197 5.006  2.987 1.667 7.101 

SCI  0.076 -1.444 -6.722  -3.888 0.380 -3.091 

ShEn  -2.716 -3.444 -2.201  -3.849 -8.194 16.263 

SampEn  -0.414 0.3712 0.107  -0.269 -0.180 -0.295 

KL  -0.096 0.925 -0.015  -0.624 -0.997 0.231 

PP  0.290 0.759 0.516  -0.100 0.500 0.452 

RMS  -0.388 -1.412 -1.192  0.133 0.515 0.945 

DF  1.160 0.949 -2.019  0.141 -3.500 0.861 

OI  -0.106 -0.168 -0.913  -0.140 -0.339 0.125 
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Appendix F : the spatio-temporal consistency of atrial 
electrograms in persistent atrial fibrillation before and after 
PVI+RL 
 

Temporal behaviour of consecutive AEGs before PVI+RL 

The temporal behaviour of the three consecutive segments for each collected point prior 

PVI+RL is shown on Figure S3. Figure S3A shows that 86% of the AEGs initially 

classified as fractionated in segment 1 remained fractionated in segment 2, while 14% 

changed from fractionated to non-fractionated. Similarly, 67% of the AEGs classified as 

non-fractionated in segment 1 remained non-fractionated in segment 2, while 33% 

changed from non-fractionated to fractionated. In the following segments, 88% of AEGs 

classified as fractionated in segment 2 remained fractionated in segment 3, while 12% 

changed from fractionated to non-fractionated. 74% of the AEGs classified as non-

fractionated in segment 2 remained non-fractionated in segment 3, while 26% changed 

from non-fractionated to fractionated. When comparing segment 1 versus 2, 57% of the 

total AEGs before any ablation were labelled as stable CFAEs, while 23% were stable 

non-CFAEs, and 20% AEGs were unstable (Figure S3B). When comparing segment 2 

versus 3, 60% of the total AEGs were labelled as stable CFAEs, 24% were stable non-

CFAEs, and 16% AEGs were unstable. A total of 52% AEGs were stable CFAEs within 

the three segments, 20% were stable non-CFAEs and 26% were unstable.  

Figure S3C illustrates the temporal decay of stable AEGs (CFAEs and non-CAFE) before 

PVI+RL. In the first 2.5 s segment, all AEGs were considered stable since it was the first 

classification (455 AEGs). On segment 2, a total of 92 AEGs were classified as unstable, 

remaining 363 stable AEGs. On the last segment, additional 36 AEGs changed their 

classification, remaining 327 stable AEGs. The exponential best fit suggests a temporal 

decay (τ) of 2.7 s, in which 304 AEGs (67% of 455 AEGs) would be temporally stable 

prior PVI+RL. 

The occurrence of the different types of AEGs (stable CFAE, stable non-CFAE and 

unstable AEG) per LA region before ablation, considering the three AEG segments, is 

shown in Figure S3D. Stable CFAEs were observed in all regions, with the anterior wall 

showing the highest incidence, followed by the septum, posterior wall, lateral, roof and 
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PVs. Unstable AEGs were also observed in all regions, with the lateral showing the 

highest incidence. 

Temporal behaviour of consecutive AEGs after PVI+RL 

The temporal behaviour of the three consecutive segments for each collected point after 

PVI+RL is shown on Figure S4. Figure S4A shows that 81% of the AEGs initially 

classified as fractionated in segment 1 remained fractionated in segment 2, while 19% 

changed from fractionated to non-fractionated. Similarly, 84% of the AEGs classified as 

non-fractionated in segment 1 remained non-fractionated in segment 2, while 16% 

changed from non-fractionated to fractionated. In the following segments, 83% of AEGs 

classified as fractionated in segment 2 remained fractionated in segment 3, while 17% 

changed from fractionated to non-fractionated. 87% of the AEGs classified as non-

fractionated in segment 2 remained non-fractionated in segment 3, while 13% changed 

from non-fractionated to fractionated. When comparing segment 1 versus 2, 32% of the 

total AEGs after ablation were labelled as stable CFAEs, while 51% were stable non-

CFAEs, and 17% AEGs were unstable (Figure S4B). When comparing segment 2 versus 

3, 35% of the total AEGs were labelled as stable CFAEs, 50% were stable non-CFAEs, 

and 15% AEGs were unstable. A total of 28% AEGs were stable CFAEs within the three 

segments, 47% were stable non-CFAEs and 25% were unstable.  

Figure S4C illustrates the temporal decay of stable AEGs (CFAEs and non-CAFE) after 

PVI+RL. In the first 2.5 s segment, all AEGs were considered stable since it was the first 

classification (342 AEGs). On segment 2, a total of 59 AEGs were classified as unstable, 

remaining 283 stable AEGs. On the last segment, additional 26 AEGs changed their 

classification, remaining 257 stable AEGs. The exponential best fit suggests a temporal 

decay (τ) of 3 s, in which 236 AEGs (69% of 342 AEGs) would be temporally stable after 

PVI+RL. 

The occurrence of the different types of AEGs (stable CFAE, stable non-CFAE and 

unstable AEG) per LA region after ablation, considering the three AEG segments, is 

shown in Figure S4D. Stable CFAEs were observed in all regions, with the anterior wall 

showing the highest incidence, followed by the septum, posterior wall, lateral, roof and 
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PVs. Unstable AEGs were also observed in all regions, with the anterior wall showing 

the highest incidence. 

 

Figure S3. The temporal behaviour of three consecutive AEG segments with 2.5 s 
duration each prior PVI+RL. A. The 8 s segments were divided in three consecutive 2.5 
s length segments. The ICL was measured in each segment and classified whether as 
fractionated or non-fractionated. The AEGs that remained fractionated, remained non-
fractionated and changed classification were assessed between segments. B. The 
percentage of ‘stable CFAE’; ‘stable non CFAE’ and ‘unstable AEG’ calculated in each 
segment. C. The temporal decay of stable AEGs assessed within 7.5 s. D. The regional 
occurrence of the different types of AEGs normalized by the number of collected points 
per region. 
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Figure S4. The temporal behaviour of three consecutive AEG segments with 2.5 s 
duration each after PVI+RL. A. The 8 s segments were divided in three consecutive 2.5 
s length segments. The ICL was measured in each segment and classified whether as 
fractionated or non-fractionated. The AEGs that remained fractionated, remained non-
fractionated and changed classification were assessed between segments. B. The 
percentage of ‘stable CFAE’; ‘stable non CFAE’ and ‘unstable AEG’ calculated in each 
segment. C. The temporal decay of stable AEGs assessed within 7.5 s. D. The regional 
occurrence of the different types of AEGs normalized by the number of collected points 
per region. 
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Temporal consistency of AEG fractionation with different segment 

lengths before PVI+RL 

ICL measured with 2.5 s 5 s and 8 s before ablation is illustrated in Figure S5A. ICL 

measured with 2.5 s was significantly different than with 5 s and 8 s. The bias calculated 

from the Bland-Altman plots suggests a smaller average difference between ICL 

calculated with 5 s and 8 s when compared with the other segment lengths (2.5 s vs 5 s 

and 2.5 s vs 8 s, Figure S5B). 

 

Figure S5. The ICL, ACI and SCI measured with 2.5 s, 5 s and 8 s prior ablation. B. 
Bland-Altman plots for ICL, ACI and SCI measured with 2.5 s, 5 s and 8 s. **** 
P<0.0001; *** P<0.001; * P<0.05. 

Different segment lengths had little influence on ACI prior ablation, but significantly 

affected SCI (Figure S5A). Nevertheless, the Bland-Altman plots also suggest smaller 

average difference between 5 s and 8 s for both ACI and SCI (Figure S5B).  
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Temporal consistency of AEG fractionation with different segment 

lengths after PVI+RL 

Different segment lengths had little influence on ICL measured with 2.5 s 5 s and 8 s after 

ablation is illustrated in Figure S6A. The bias calculated from the Bland-Altman plots 

suggests a smaller average difference between ICL calculated with 5 s and 8 s when 

compared with the other segment lengths (2.5 s vs 5 s and 2.5 s vs 8 s, Figure S6B).  

Different segment lengths also had little influence on ACI after ablation, but significantly 

affected SCI (Figure S6A). Nevertheless, the Bland-Altman plots also suggest smaller 

average difference between 5 s and 8 s for both ACI and SCI (Figure S4B). 

LA maps based on the consecutive AEG segments and different segment 

lengths 

The LA maps based on the three consecutive AEG segments with 2.5 s duration each for 

all patients as measured by ICL, ACI and SCI are shown on Figures S7, S8 and S9, 

respectively. The LA maps based on the on the different segment lengths (2.5 s, 5 s and 

8 s) for all patients as measured by ICL, ACI and SCI are shown on Figures S10, S11 and 

S12, respectively.  
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Figure S6. The ICL, ACI and SCI measured with 2.5 s, 5 s and 8 s after ablation. B. 
Bland-Altman plots for ICL, ACI and SCI measured with 2.5 s, 5 s and 8 s. **** 
P<0.0001; *** P<0.001; * P<0.05. 
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Figure S7. The three consecutive AEG segments with 2.5 s duration measured by ICL. 
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Figure S8. The three consecutive AEG segments with 2.5 s duration measured by ACI. 
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Figure S9. The three consecutive AEG segments with 2.5 s duration measured by SCI. 
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Figure S10. The different segment lengths (2.5 s, 5 s and 8 s) measured by ICL. 
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Figure S11. The different segment lengths (2.5 s, 5 s and 8 s) measured by ACI. 
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Figure S12. The different segment lengths (2.5 s, 5 s and 8 s) measured by SCI. 
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