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Abstract 

The assessment of atrial fibrillation cycle length has played a role in the development of 

atrial fibrillation ablation by pulmonary vein isolation (PVI) and has also been used to assess 

response to ablation. Areas of rapid rotational activity in the left atrium have been implied to 

act as drivers of persistent atrial fibrillation and several methods have been developed to 

identify these potential drivers. Unprocessed atrial fibrillation electrograms show large 

variation in cycle length and signal amplitude. Current methods of localising driver regions 

rely on complex pattern recognition and subjective assessment of operators. The main 

hypotheses of this thesis were as follows:  1) a technique can be developed to ascertain a 

clinically relevant, dominant cycle length for any AF segment, 2) the automated technique, 

can be used to map rapid and regular activity in the left atrium, 3) a patient-tailored 

definition of rapid activity and low AF voltage, calculated based on patient-specific 

parameters is feasible; 4) paired with automated low voltage substrate analysis, dominant 

cycle length analysis is able to provide a framework for localising drivers of AF that is 

objective, transparent and requires no complex pattern recognition of subjective judgement. 

To test the hypotheses, a technique was developed based on manual annotation of 

real-world AF electrograms that was able to ascertain cycle length independent of missing 

segments or variable cycle length or signal amplitude. Following this, an automated algorithm 

was validated to determine dominant cycle length.  

In the following chapter, the nature of AF cycle length was investigated by investigating 

the patterns of rapid activity with extended AF segments and the concept of patient-tailored 

definitions of rapid activity was introduced. 
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In the subsequent analysis, the effect of PVI was examined on AF voltage and the AF 

cycle length, focusing on rapid and regular areas and low voltage zones, and their changes.  

The last chapter utilised the accumulated information to test the sensitivity and 

specificity of a percentile-based, patient-tailored approach to low AF voltage and to present 

an objective, automated method of localising rapid and regular areas within low voltage 

zones within the left atrium.  

In summary, it is feasible to assess and locate rapid and regular areas, and localise low 

voltage zones in persistent AF with a completely automated algorithm, and patient-tailored 

definitions of low voltage rapid AF activity are a preferable alternative to absolute cut offs. 
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Chapter 1 Background and introduction 

 

1.1 Introduction 

Atrial fibrillation (AF) is one of the most common cardiac arrhythmias. It is estimated 

that, in England alone, approximately 1.4 million people (approx. 2.5% of the population) 

suffer with this arrhythmia (1). It places a significant burden on the NHS, patients with AF 

took 5.7 million bed days in 2008, with a total cost of £1.8bn (2). It is associated with strokes 

and heart failure, contributing to morbidity and mortality(3–5).  

Catheter ablation and pharmacological treatment may both be offered for AF (6). 

Catheter ablation is an accepted and recommended treatment if the AF is paroxysmal 

(PAF), and is uncontrolled with at least one, Class I or Class III anti-arrhythmic drug, and is 

considered a reasonable option even without a trial of anti-arrhythmics (6). In this patient 

group, pulmonary vein isolation (PVI) results in good outcomes, with 12 month success rates 

in the range of 69-89%. (7, 8). For persistent atrial fibrillation (psAF), defined as AF lasting 

more than 7 days, reported success rates are generally lower, and show great variation (21-

74%)(9). It is presumed that the main reason for this discrepancy is the structural and 

electrical remodelling of left atrium (LA) in psAF, which may create complex driving 

mechanisms outside of the pulmonary veins.(10–12)  

Therefore, ablative strategies for psAF focus either on elimination of the substrate or 

the identification and obliteration of potential psAF drivers.  

Recently, substrate-based ablation targeting complex fractionated electrograms (13) 

and placement of linear lesions (14, 15) were proven no more successful than PVI alone in a 

large randomized trial (16). Following these results, the focus of substrate-based ablation has 
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shifted towards strategies to identify fibrotic areas, as late gadolinium enhanced cardiac 

magnetic resonance imaging (LGE-cMRI) defined fibrosis has been shown to be associated 

with poor ablation outcomes (17). Due to the observation that LGE-cMRI defined fibrosis is 

associated with low endocardial voltages (18), several techniques of purely endocardial 

voltage-based identification of psAF substrate have been trialled with promising results, 

although the definition of low voltage zones (LVZ) differs significantly between research 

groups (19). 

The identification and ablation of potential AF drivers first emerged with the 

introduction of Focal Impulse and Rotor Modulation (FIRM) mapping, that relies on the phase 

mapping of AF and expert interpretation of dynamic maps to identify targets for ablation 

(20).  Similar techniques have been developed using the CARTOFINDER system to visualise 

wavefront propagation and rotational drivers. This system also relies on highly trained 

individuals to interpret global left atrial (LA) map (21). Other techniques aim to identify active 

substrate by advanced pattern recognition from expert reviewers (22, 23). Although the 

above mentioned techniques have shown excellent results in single centre trials, multi-centre 

reproducibility has been difficult (24, 25), potentially due to the subjectivity and intense 

training requirements for the recognition of crucial patterns, that may represent AF drivers.  

Our understanding of the maintenance of psAF is incomplete. The lack of an objective 

and transparent identification method of the LA substrate and rapid rotational drivers may be 

a contributor to the difficulties experienced in achieving betters outcomes for patients 

burdened with psAF.  
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1.2 Atrial fibrillation overview 

1.2.1 Definition of atrial fibrillation 

“AF is a supraventricular tachyarrhythmia characterized by uncoordinated atrial 

activation with consequent deterioration of mechanical function. On the electrocardiograph 

(ECG), rapid oscillations, or fibrillatory waves that vary in amplitude, shape, and timing, 

replace consistent P waves, and there is an irregular ventricular response that is rapid when 

conduction is intact. The ventricular response depends on electrophysiological properties of 

the AV node and other conducting tissues, vagal and sympathetic tone, the presence or 

absence of accessory pathways, and the action of drugs.” 

ACC/AHA/ESC 2006 Guidelines for the Management of Patients with Atrial 

Fibrillation(26).  

1.2.2 Atrial fibrillation in the history of medicine 

William Harvey, through laborious experiments on the hearts of dying animals, was the 

first to describe that the normal heartbeat originated in the right atrium, described how atrial 

contraction contributed to the flow of blood from the atria into the ventricles. He was also 

the first to describe AF in 1628 by observing that “after the heart proper [i.e. the ventricles] 

and even the right auricle were ceasing to beat and appeared on the point of death an 

obscure movement undulation/palpitation had clearly continued in the right auricular blood 

itself for as long as the blood was perceptibly imbued with warmth and spirit” (27). 

In 1894, the venous polygraph studies of MacKenzie showed for the first time the 

evidence of distinct contractions of the atria followed by the ventricle (28). More than a 

decade later, in 1907, he used the same technology to describe the transient loss of atrial 

contractions coinciding with an irregular heart beat in patients with mitral stenosis, and also 
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observed the return of discernible venous pulsations with the restoration of regular rhythm 

(29).  

After the invention of the electrocardiogram, the loss of organised atrial activity and 

the irregularity of ventricular contractions were described with the new technology in 1908 

(30) 

1.2.3 Epidemiology of atrial fibrillation 

An estimated 20.9 million men and 12.6 million women live with AF worldwide, with 

developed countries leading in incidence and prevalence (31, 32). An estimated 14-17 million 

patients will have AF by 2030 in the European Union only, and an estimated 120 000 – 

215 000 will be given a new diagnosis every year (32–34).  

Reflecting the worldwide distribution, in England, men have a higher prevalence of AF 

(2.9%) compared to women (2.0%). While only 2.8% of all of cases are expected to occur in 

patients <45 years, 80.5% of cases are expected to be diagnosed in people aged over 65(1). 

The diagnosed prevalence of AF is 1.7% in the England population (985,000 individuals), 

which means that, potentially 425,000 people are living with undiagnosed AF.
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Figure 1.1. Summary of estimated AF prevalence in England, 2016. From “Atrial fibrillation 

prevalence estimates in England: Application of recent population estimates of AF in 

Sweden”, Public Health England, 2017, reproduced under the Open Government Licence 

v2.0.  

 

The recently observed increase in the prevalence of AF is likely multifactorial. It is in 

part related to better detection of silent AF (35–37), using implantable loop recorders and 

pacemakers (38), but the increasing population age and growing prevalence of predisposing 

factors such hypertension, diabetes, left ventricular hypertrophy, heart failure or previous 

myocardial infarction as also play a role (39). According to recent trials, 20-30% of ischaemic 

stroke patients have AF diagnosed around their index event (36, 40, 41).  

AF has a significant impact on patients’ lives. Anxiety and depression rates found in AF 

patients were similar to those found in survivors of myocardial infarction and had a 

significant effect on future quality of life (42). There is significant association between AF and 

dementia, especially in women, and patients <75 years old (43). In a prospective registry of 

9,484 participants, 31% of AF patients had at least 1 hospital admission over a 1 year 
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observation period. Older participants (>75 years), patients with heart failure symptoms, 

patients with a higher CHADS2 score (1 point for congestive heart failure, hypertension, age 

≥75, or diabetes; 2 points for prior stroke or transient ischemic attack) and patients with a 

higher European Heart Rhythm Association symptom severity score (44) were significantly 

more likely to need hospital admission(45).  

Apart from symptoms and hospitalisation, AF has been identified as an independent 

predictor of mortality and has been shown to double female mortality and increase male 

mortality by 50%. AF also increases cardiovascular events such as heart failure and stroke by 

a factor of 5 in women and a factor of 2 in men, over 20 years (46–48).  

 

1.3 Models of arrhythmogenesis and maintenance 

1.3.1 Historical hypotheses 

Following the invention of the string galvanometer by Einthoven, electrograms were 

available to study the mechanisms underlying AF (49, 50). Lewis described two potential 

mechanisms, one involving multiple ectopic foci, and the other relying on circus movement 

of electric activity (51). 

1.3.1.1 Multiple heterotopous centres theory 

Following observation of electrical activity of myocardial strips, Englemann put forward 

the multiple heterotopous centres theory, which states that independent impulse formation 

in myocardial fibres could account for the electrical activity seen in AF (52). Later work from 

Lewis and Schleiter hypothesised that activity from spatially disparate centres could account 

for single ectopics, regular tachycardias, or the uncoordinated activity seen in AF (53) (54).  
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1.3.1.2 Theory of critical mass  

McWilliam described that the hearts of small animals such as the cat, the rabbit, the 

mouse and the hedgehog recovered from ventricular fibrillation rapidly (55), while according 

to Porter’s observations, dog hearts only rarely spontaneously recovered (56). Garrey 

introduced the critical mass of fibrillation theory in his 1914 paper and extended it to the 

atria (57). He countered the theory that fibrillation arises from ectopic foci, with an elegant 

experiment. He induced AF by stimulating the atrial appendage, and subsequently ligated it, 

electrically separating it from the rest of the atrium. He observed that after the ligation the 

appendage ceased fibrillating, but the body of the atrium carried on. From this, he concluded 

that fibrillation cannot have been sustained by activity from a focus in the appendage (57) 

He showed that while smaller, thinner or narrower pieces of myocardium ceased 

fibrillating rapidly after removal, and occasionally continued coordinated electrical activity, 

the larger volume of tissue where the sample was excised from, continued a fibrillatory 

pattern. From this he deduced that, fibrillation requires a large tissue mass where “circus 

contractions” relying on conduction blocks can arise (57).  

1.3.1.3 The concept of re-entry in arrhythmogenesis 

Experiments in the early 20th century showed the significance of tissue block in the 

pathogenesis of arrhythmia and described the re-entry phenomenon. When uni-directional 

block was induced in ring-shaped conductive tissues from jellyfish and ring-shaped heart 

tissue from dogs and turtles, the impulse could form a continuous circuit around the 

preparation, resulting in a “circus movement” (57–59).  

Alfred Mayer conducted experiments in a preparation of the bell of a medusa, that 

possessed the quality of electrical conductivity. When unidirectional block was achieved by 

pressure at a certain point on the ring, electrical stimulation at any part of the preparation 
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was able to induce persisting unidirectional activation resulting in rhythmical movement. He 

also observed that changing the location of the stimulation did not alter the outcome. Form 

these experiments, Mayer recognised that the length of the conductive pathway, the 

conduction velocity within the tissue, and “the need for the tissue to rest” are all crucial for 

the initiation and sustenance of the circulating rhythmical movement Figure 1.2 (58). 

 

 

Figure 1.2. (A) Aboral view of the jellyfish. (B) Oral view with the stomach and mouth-arms 

excised. (C) Ring of sub-umbrella tissue created by removal of the marginal sense organs and 

removing the centre. Stimulated at one point, the contraction wave travelled around the 

preparation, returning to the origin of the impulse. Adapted from Mayer (58).  

 

George Mines published his experiments in 1913, wherein he described atrio-

ventricular re-entry circuits in tortoise hearts. He also recreated a reciprocating circuit in a 

tortoise heart preparation. He created a ring of muscle by incisions in the anterior and 

posterior aspects of the atrium and the ventricle, and the preparation was able to sustain 

circulating excitation. He also observed that similar reciprocating rhythms might be 

responsible for fibrillation Figure 1.3 (59).  
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Figure 1.3. Schematic representation of Mines’ experiments.  

Top: Mines’ ring preparation consisted of the auricle (atrium) and ventricle of the tortoise. 

Reciprocating rhythm was observed in this preparation in sequence V1, V2, A1, A2. Bottom: 

Schematic explanation of the circulating excitation. Panel A shows the propagation of a 

rapidly traveling impulse. When the electrical signal completes the circuit, the starting point 

is still refractory, thereby creating unidirectional block (3rd and 4th loops). As it encounters 

block, the impulse dies out and the circuit remains refractory (dotted area, 7th loop).   

Panel B shows a scenario that allows re-entry to propagate. This requires slower conduction 

and rapider recovery from refractoriness. The impulse travels at slow speed around in one 

direction, with a trail of refractory tissue. Due to the slow conduction and relatively rapid 

recovery, by the time the impulse reaches the starting point, the tissue is excitable (loops 5 

and 6), and the impulse will continue circulating. Adapted from Mines (59). 
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The experiments of Sir Thomas Lewis conducted between 1914 and 1921 connected 

experimental “circus movements” to clinical re-entry dependent tachycardia. He was able to 

record in vivo atrial activation waves with a string galvanometer form the surface of the 

exposed hearts of dogs. By annotating the activation times, he was able to calculate 

wavefront propagation direction and recognised that atrial flutter was an arrhythmia 

dependent on re-entry, consisting of a central wave rotating around anatomical boundaries 

and activation of the rest of the atria spreads outward centrifugally Figure 1.4  (60).  

 

 

Figure 1.4. Annotated drawings from Lewis’ work with canine hearts.  

Numbers indicate local activation time in seconds, ascertained by local electrogram. Timings 

were taken from the start of the flutter wave on the surface ECG. Left panel shows timings 

during atrial flutter, with arrows indicating the path of the dominant excitation wave. Right 

panel shows excitation waves and timings during sinus rhythm. Adapted from Lewis (60).  
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Comparing atrial flutter electrograms from dogs to human atrial flutter recordings, 

Lewis noted their similarity, and deducted that re-entry was likely to be the underlying 

mechanism for human atrial flutter Figure 1.5 (61).  

 

 

Figure 1.5. Canine (“Experimental”) and Human atrial flutter surface ECG recordings (61).  

1.3.1.4 The “Mother wave” theory 

Although experiments and observations showed that atrial flutter is due to re-entry 

mechanisms, AF was still believed to be primarily caused by the electrical discharges of 

multiple foci (52, 53). During Lewis’ initial observations in open-chested dogs, he identified a 

certain group of atrial tachyarrhythmias that despite having flutter like P-waves on the 

surface ECG, showed significant variability in cycle length. He termed these rhythms “impure 

flutter”. The perturbations in the regularity of this rhythm was thought be either due to 

changes in the path of the central wave, aberrations of the centrifugal wavefronts exiting 

central wave. The model of AF constructed from these observations involved a “mother 

wave” that followed a meandering path within the chamber while emitting smaller waves in 

centrifugal directions, and the spread of the smaller waves would be influenced by 

inconsistencies of the conduction and refractory properties of the atrial tissue that it excited 

Figure 1.6 (60). Although endocardial recording equipment was not available at the time, 
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making the direct testing of the hypothesis difficult, manual measurements from several 

surface ECG axes pointed towards a central wave moving in several directions within the 

chambers Figure 1.7 (62).  

 

 

Figure 1.6. Left Panel: Flutter wave excitations show little variation as they repeat. Right 

panel: AF shows more variation in the path of the electrical current, with the “mother wave” 

emitting smaller centrifugal waves. Adapted from Lewis (60). 
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Figure 1.7. Panel A shows annotated surface ECGs from Lewis’ work. The irregularity of the 

QRS complexes and the differences in the morphology of atrial activity suggested to Lewis 

that the rhythm is “impure flutter”. In Panel B Lewis plotted the momentary axes of the atrial 

activity which resulted in a wavelike pattern that suggested the presence of circus activation. 

Adapted from Lewis (62). 

 

1.3.2 Substrate for maintenance of AF  

AF not only needs electrical mechanisms to initiate it, but also requires changes in the 

atrial tissue that allow the arrhythmia to persist.  
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1.3.2.1 Variabilities in refractoriness of the atrial myocardium 

In the first studies that recognised multiple wavelets as a feature of AF, Moe and 

Abildskov also described that constant parasympathetic stimulation was required to maintain 

it (63). As real-time observation of the phenomenon was not possible at the time, Moe 

showed through a computer model that differences in cell refractoriness were essential to 

the maintenance of AF. Heterogeneous atrial repolarisation proved to be essential for the 

perpetuation of AF, allowing for some elements of the model to have more rapid recovery 

than others (64). Allessie’s animal models of re-entry arrhythmia were able to provide in vivo 

evidence of the importance of heterogeneous refractoriness demonstrated in Moe’s 

computer simulations (65). In other studies of idiopathic AF and AF following cardioplegic 

arrest and cardiopulmonary bypass in dogs, the AF appeared to be sustained by increased 

heterogeneity in refractoriness, and administration of flecainide reversed the above 

mentioned changes before achieving termination to sinus rhythm (66)(67).  

AF cycle length (AFCL) has been used as a surrogate marker of atrial refractoriness, 

based on the assumption that, during fibrillation, cells will re-excite as soon as their 

refractory period ends (68). In a rapid atrial activation model of AF in dogs, Gaspo et al 

showed a reduction in effective refractory period, AFCL and conduction velocity, with an 

increase in AFCL heterogeneity dependent on time in AF. They concluded that, these 

observations might arise due to AF, but may also cause it (69). Wijffels and colleagues made a 

further connection between AFCL, atrial effective refractory period and the time spent in AF, 

in their seminal paper that used the since axiomatic subtitle “atrial fibrillation begets atrial 

fibrillation”. In this experiment, chronically instrumented goats were subjected to high rate 

pacing to induce AF and the researchers showed that, with a longer period of high rate 

pacing, AF persisted for longer after cessation of pacing, and the AFCL and atrial effective 
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refractory period reduced significantly. Once sinus rhythm was restored, the described 

electrical changes reverted to normal within one week (70).  

1.3.2.2 Atrial myocardial fibrosis 

Structural changes in the atria of patients with AF was first described in a post-mortem 

study. Davies and Pomerance described atrial dilatation in acute onset AF (<2 weeks) with no 

other abnormalities, and nodal artery stenosis, muscle loss in the sinus node and internodal 

tracts together with atrial dilatation in long standing AF (71). 

On the microscopic level, atrial fibrosis with hypertrophy, vacuolar degeneration, 

lymphomononuclear infiltrates with myocyte necrosis, and non-specific patchy fibrosis have 

been described (72, 73). Structural remodelling, whether it is seen after AF onset or precedes 

it, can result in tissue heterogeneity, slowing of conduction and electrical uncoupling, while 

preserving action potential properties. Structural changes are less reversible compared to 

electrical alterations, and may persist after restoration of sinus rhythm (74).  

In recent years LGE-cMRI has come to the forefront in the investigation of atrial 

fibrosis. The technique was first established in the imaging of the ventricular myocardium, 

where it effectively identified non-viable an potentially viable myocardium in patients with 

coronary artery disease (75, 76).  

The first atrial LGE-cMRI experiences focused on the quantification of scar following PVI 

and showed improved outcomes with more complete isolation of the pulmonary veins based 

on MRI defined scarring (77). One of the first studies to associate a clinical outcome with 

atrial fibrosis identified by LGE-cMRI showed significantly larger amount of LA fibrosis in 

patients with a previous history of stroke compared to patients with AF but no strokes (78).  

The DECAAF trial used LGE-cMRI to quantify LA fibrosis in patients undergoing PVI for 

AF. All patients received LGE-cMRI prior to and 90 days following ablation. They found that 
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residual fibrosis, defined as pre-ablation fibrosis not covered by the ablation lesions, 

significantly correlated with arrhythmia recurrence (17, 79). Based on these results the same 

research group is currently undertaking the multi-centre, randomised DECAAF-2 trial, which 

will compare PVI to PVI + LGE-cMRI fibrosis guided ablation (80).  

1.3.2.3 Voltage mapping 

Atrial fibrosis increases intercellular distance and reduces electrical coupling, slows 

conduction through myocardium, creates localised differences in atrial refractory periods, 

and makes impulse propagation anisotropic (19). As discussed earlier, fibrosis can be 

detected by LGE-cMRI (81), and MRI-detected fibrosis correlates well with reduced bipolar 

signal amplitude (82, 83). Fibrosis in the LA can perpetuate AF by several mechanisms, 

including acting as obstacles that help anchor rotational activity, facilitating transient re-entry 

and promoting rapid activity by micro re-entry or local automaticity (84). Targeting of low 

voltage zones (LVZs) and their boundaries, while taking into account local activation 

characteristics can result in increased success in psAF ablation (85).  

Identifications of LVZs as potential targets for ablation has led to several clinical trials 

targeting LVZs. There is however currently some disagreement about the most optimal 

mapping strategy. Most groups used interrogated the voltage substrate with the patient in 

SR. Rolf and colleagues created voltage maps during SR, following PVI. They defined LVZs as 

<0.5 mV, and further subclassified “diseased tissue” (0.2-0.5 mV) and “likely scar” (<0.2 mV). 

Their ablation strategy involved either homogenisation of the LVZ or if this was not possible, 

transection of LVZs with linear lesions connecting non-conducting structures, or encircling of 

the LVZs. LVZs were found in a far higher proportion of psAF patients (35%) compared to 

those with PAF (10%). They found LVZs most commonly on the roof, anterior, septal and 

posterior walls, and achieved a 70% freedom from AF or atrial tachycardia (AT) (86). Another 
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group also focused on SR mapping and classified <0.1 mV as definite scar and set this as a 

target for post-ablation measurement, used 0.1-0.4 mV to define LVZs, and regarded 0.4-1.3 

mV as a transitional zone. They ablated all LVZs in the LA, and further ablated “abnormal 

electrograms” in the transitional zone, that showed signs of conduction slowing (>50 ms EGM 

duration, with >3 peaks). Nearby LVZ that were ablated were connected with linear lesions. 

They achieved SR in 69.8% of their study patients at 24 months (87). A cut off of 0.5 mV 

detected during SR mapping has been used in several studies to define target LVZs. Wang 

and colleagues identified a borderline zone aside from LVZ, and defined >1.0 mV as normal. 

They targeted double and fractionated potentials within the LVZs, and also connected nearby 

LVZs, or connected LVZs to anatomical or electrical non-conducting structures, if they were 

seen nearby. In case of extensive LVZs, long linear lesions were ablated to connect these 

complex areas to each other or to non-conducting structures (88). Cutler used a simple <0.5 

mV cut off, but only targeted areas that were at least 0.5x0.5 cm in area. Posterior wall LVZs 

were targeted with box lesions. They achieved an 80% 12-month success rate, emphasising 

the potential importance of posterior wall scar specifically (89). Yamaguchi and colleagues 

targeted <0.5 mV regions, if they took up at least 5% of the total LA surface. They followed a 

homogenisation technique and connected LVZs to anatomical obstacles. Subclassifying 

patients according to the percentage of LVZ compared to the total LA area, they reported 

57%-76% success at 12 months (90).  

In recent years a novel approach has arisen in the mapping of AF voltage and LVZs. 

Jadidi and colleagues mapped AF voltage using the average of 2 consecutive AF beats and 

defined LVZs as <0.5 mV (23). Qureshi et al further elaborated this idea and used mean AF 

voltage over 8s. They found that, a cut off of <0.35 mV mean AF voltage over 8s was able to 
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identify LGE-cMRI defined fibrosis with a sensitivity of 75% and a specificity of 79%, 

outperforming SR voltage in their patient cohort (83).  

Voltage mapping to identify targets of psAF ablation is an evolving field. As seen above, 

LVZs have varying definitions and voltage cut offs, and it is highly debated whether SR of AF 

voltage mapping is superior.  

1.3.2.4 Complex fractionated electrograms 

Complex fractionated electrograms have been associated with areas of functional block 

and pivot points in a population of Wolff-Parkinson-White patients undergoing cardiac 

surgery. High density epicardial mapping in this study showed highly fragmented 

electrograms in approximately a third of the patients (91). Complex electrograms have also 

been seen in atrial flutter, and were found to be part of the flutter circuit. In this study, 

fractionated electrograms disappeared following restoration of sinus rhythm (92). Jaïs et al, 

in their study of 27 patients with PAF, found complex electrograms in both the right and left 

atria. In the right atrium, complex activations were seen predominantly in the septal and 

posterior regions, whereas in the LA, complex fractionated activity was seen in all regions 

except for the left atrial appendage. They surmised that these areas with complex activity 

may be related to abnormal conduction and possible re-entrant circuits, and thus may have a 

role in guiding AF ablation (93). Rostock and colleagues observed that, complex fractionated 

electrograms (CFAEs) were associated with significant preceding AF cycle length shortening 

(94).  

Once CFAE ablation was implemented in clinical practice, results were equivocal. 

Nademanee and colleagues showed excellent results in their 2004 paper, with 91% of 

patients symptom and arrhythmia free at 12 months (13), but outcomes from other 

prominent centres were less successful. Oral et al achieved 57% success rate at 12 months 
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with 44% of patients needing (95). Porter and colleagues added CFAE ablation with an 

automated algorithm onto a stepwise approach involving PVI for PAF and psAF and mitral 

and roof lines for psAF only. They reported a 90% success rate for PAF and a 68% success rate 

for psAF (96). Verma combined PVI with CFAE ablation and achieved an excellent acute 

response to ablation, converting 74% of patient to right or left sided atrial flutter. Their 12 

month success rate was 83% in their combined psAF and PAF group, compared to 71% in 

their matched controls (97).  

In 2015, Verma and colleagues published a multicentre randomised controlled trial 

comparing PVI only, PVI with mitral and roof lines and PVI and CFAE. Surprisingly, in this 

study, neither lines nor CFAE ablation showed a significant benefit over PVI alone (16). Wong 

et al attempted to test the incremental benefit of CFAE ablation only by comparing outcomes 

for patients receiving PVI and linear ablation to a group receiving PVI, linear ablation and 

CFAE ablation. This multicentre randomised trial also failed to show an incremental benefit 

from CFAE ablation (98). Jadidi et al performed ablation at LVZs (<0.5 mV in AF) and their 

immediate surroundings (<1 cm) and targeted electrograms in these areas that had certain 

“selective activation characteristics”, including fractionation >70% of the local AFCL. 

Fractionation in this paper assessed by visual inspection, AFCL was evaluated by manual 

annotation and averaging of a user-identified segment and LVZs were identified based on the 

measurement of 2 consecutive AF beats identified by the operator (85). Although their 

results were promising (69% arrhythmia free at 13 months after a single procedure) (85), the 

technique has not been repeated, presumably due to its complexity and its reliance on the 

subjective expertise of operators.  

Seitz and colleagues used CFAEs to attempt to locate drivers of psAF. They 

hypothesised that, CFAEs that show spatiotemporal dispersion in simultaneous recordings of 
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from a multipole catheter may represent AF drivers rather than passive fractionation from 

collision. They used visual inspection to identify patterns of fractionated and non-

fractionated electrograms that together covered the entire momentary AFCL and delivered 

ablation to these areas based on recordings of >2.5 s. They achieved 85% arrhythmia 

freedom at 18 months, with 1.5±0.5 procedures (22). Their technique was also heavily reliant 

on the interpretation skills of expert operators, coupled with visual inspection.    

Although there have been observations that linked ablation of CFAEs to slowing or 

acute termination of AF (99), other studies have shown that CFAE areas did not overlap with 

LVZs, conduction velocity was faster in CFAE areas compared to normal regions (100), and 

CFAEs did not overlap with LGE-cMRI defined fibrosis (18), therefore CFAE mapping and CFAE 

guided ablation remains a controversial area of research. 

1.3.3 Contemporary understanding of dynamic drivers 

In the previous section, we discussed the substrate environment that makes AF 

possible and that plays a role in maintaining AF. In accordance with the hierarchical model of 

AF, the arrhythmia is sustained by drivers, such as rotors or focal sources (101)  Since the 

very first discovery of atrial fibrillation, a significant amount of research has been conducted 

into the dynamic electrical mechanisms that may be responsible for maintaining AF. Dynamic 

drivers may consist of multiple wavelets, focal sources, singularities of functional block, and 

these may all manifest as rapid activity within the body of the left atrium. Termination of AF 

following ablation of presumed rotational activity further propelled research into the role of 

drivers (20).  

1.3.3.1 Multiple wavelet theory 

Due to the fact that circus movements (102) and ectopic focal activity (103) had both 

been reproduced under experimental conditions, in their 1959 paper Moe and Abildskov cast 
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a doubt over the assumption that either of these mechanisms would be stable enough to 

sustain AF for months to years. They developed a canine model that was able to sustain AF 

with constant vagal stimulation. Using this model, when AF was induced in the right atrial 

appendage by rapid pacing, fibrillation persisted even after the clamping the appendage. This 

led to the conclusion that, although the initial rapid impulse had a role in initiating AF, it is 

not required to sustain it. This still left the option of the “mother wave theory” open, 

however Moe believed that the dispersion of refractoriness precipitated by vagal stimulation 

would be unlikely to sustain a large circuit required for the wave (63). 

From his observations, Moe constructed the “Multiple wavelet theory”. He surmised 

that a larger atrial muscle mass, a shorter refractory period and slow conduction may 

precipitate self-sustaining AF, by encouraging the co-existence of independent wandering 

wavelets. He however concluded that, a single rapidly discharging focus, multiple rapidly 

discharging foci, or rapidly circulating circus movements could all contribute to clinical AF 

(63). As he was convinced that his theory would be almost impossible to observe in live 

tissue, he constructed a 2-dimensional computer model with independently adjustable 

repolarisation time and conduction velocity, and was able to simulate activity resembling AF. 

Importantly this model included only functional block and no anatomical obstacles (64).  

Allessie in 1977 was able demonstrated the presence of multiple re-entrant circuits 

without anatomical barriers in isolated rabbit heart preparations with the help of micro-

electrodes. His concept, the “leading circle of re-entry” relied on the heterogeneity of 

refractoriness in atrial muscle fibres Figure 1.8 (65). This phenomenon was later observed by 

Michelucci et al in patients with paroxysmal AF (PAF), in whom the vulnerable area that 

caused AF if stimulated, was observed to have the shortest refractory period (104). 
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Figure 1.8. Leading circle re-entry. Top right. A reconstructed map of the action potential 

timing measurements of myocardial fibres during sustained tachycardia in a rabbit model. 

The central fibres in this model, marked by A, D and 1-5, transect the centre of the 

preparation. Recordings from these fibres confirmed centripetal activation. The left panel 

shows the transmembrane potentials of the selected fibres. The impulses recorded from 

locations 3 and 4 are unable to propagate outwards from the centre. The Bottom right panel 

shows a schematic representation of the leading outer circle, which is maintained by the 

function block resulting in the inward-propagating impulses. Due to the central block, the 

circuit is maintained, as impulses cannot traverse the refractory centre of the circle (65).   

 

Further evidence for the multiple wavelet theory came from epicardial mapping 

performed during cardiac surgery for Wolff Parkinson White Syndrome, that showed multiple 

meandering, fusing and propagating wavelets (91). The significant success achieved by the 
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surgical Maze procedure for AF also contributed to the disruption of potential pathways for 

meandering wavelets Figure 1.9 (105, 106).   

 

 

Figure 1.9. Surgical incisions involved in the Cox maze procedure for the surgical treatment of 

AF. A conductive corridor is created that allows spread of electrical signals from the sinus 

node to both atria. Adapted from Weimar et al (107). 

 

1.3.3.2 Focal sources 

As Moe mentioned in his seminal paper, several co-existing mechanisms may be 

responsible for the maintenance of AF, including focal sources with rapid discharge and rapid 

rotational activity.  

More recent research has shown that focal sources may act as drivers of AF and may 

play a crucial role in AF maintenance either as single foci, or as rotational waves of excitation 
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(108, 109). Schuessler and colleagues were able to use endocardial-epicardial mapping  with 

an electrode array to image multiple circuits converting into a single stable focal source after 

administration of acetylcholine in a canine atrial preparation (110).  

Skanes et al used high density optical and electrical, endo-epicardial mapping to 

investigate focal sources in sheep heart Langendorff models. They used dominant frequency 

(DF) by Fast Fourier transform to identify potential driving circuits (111). The Fast Fourier 

transform processes the electrogram to create a frequency power spectrum, and the 

dominant frequency is regarded as the highest peak in the power spectrum (112). They 

found spatiotemporal periodicity within complex pattern of activation observed in AF. As the 

frequency of the this activity correlated well with the dominant peak measured in the LA, 

they concluded that these sites were likely drivers of AF in their model (111).  This 

observation was further reproduced by bi-atrial optical mapping and bipolar electrogram 

recordings in another sheep model that showed high frequency period sources in the LA, 

with fibrillatory conduction towards the right atrium, leading to the conclusion that AF in this 

model was driven by activity in the LA (113). In one experiment using a canine model, AF 

termination was seen by cryoablation of a short AF cycle length and high frequency area 

(114). When Moe’s original experiment was re-created by Lee and colleagues with a 512 

electrode array, they observed predominantly rapid and regular foci during sustained AF, and 

found no evidence that re-entry would play a role in sustaining the arrhythmia (115).  
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Figure 1.10. Focal sources in a sheep model. The Upper Panel shows isochronal maps of a 

focal driver. The activation emanates from a central source marked with a star, becoming 

more complex and heterogeneous as it spreads from the focus. In the lower panel, Fast 

Fourier transforms of the recorded information demonstrate frequency peaks corresponding 

to the focal driver (red area). Adapted from Skanes (111).  

 

Several human studies have investigated the role of potential focal drivers of AF. 

Harada et el found repetitive and regular activation (cycle length 131-228 ms) in chronic AF in 

the LA of patients undergoing mitral valve surgery, whereas the right atrial activity was 

chaotic (116). In a study of 40 patients, wherein Yamauchi and colleagues investigated the 

use of epicardial mapping to guide cryoablation of AF drivers, potential targets (foci, re-entry 

circuits) were identified in 11 patients, and in 9 of 11, ablation at the site of the presumed 

drivers terminated AF. Drivers were only seen in the LA in this study (117).  

Most recent data show that focal firing is likely to play a role in initiation and 

maintenance of PAF. Jaïs and colleagues described 9 patients in whom monomorphic ectopic 
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firing, in 3 occasions from the right atrium and 6 occasions in the LA around the pulmonary 

vein ostia, was responsible for PAF and ablation of these foci resulted in resolution of AF 

(118). In the same year, Haïssaguerre’s ground breaking work was published showing that, 

PAF can be initiated by ectopic foci in the pulmonary veins (119).  

1.3.3.3 The double layer hypothesis and intramural microanatomic re-entry  

Allessie, de Groot and colleagues developed a new algorithm to observe AF, using 

epicardial high density recordings (244 electrodes) during cardiac surgery (120, 121). Their 

algorithm, called wave mapping, was based on a previous tool developed by Rogers et al for 

the mapping of ventricular fibrillation (122), and allowed quantitative analysis of complex AF 

by dividing the electrical activity into fibrillation waves. In their group’s two-part study, they 

did not find any evidence of focal sources. Instead they observed constantly changing lines of 

block between fibrillation waves on the epicardium, seemingly influenced by the underlying 

atrial architecture. Although they observed waves that had some focal character, these 

waves all had small R-waves and none of them was repetitive, leading to the conclusion that 

these might represent AF activity breaking through to the epicardium. They also observed 

that the lines of block were several fold longer, and epicardial breakthroughs were fourfold 

more numerous in persistent, compared to paroxysmal AF (120, 121). 

The significantly higher number of endocardial breakthrough points led to the 

hypothesis that AF is a 3-dimensional phenomenon involving at least 2 layers. Due to the 

paucity of complete re-entry circuits on the epicardial surface the authors assumed the 

presence of endo-epicardial dissociation and re-entry as an important factor for substrate 

development in persistent AF alongside the dissociation of atrial muscle fibres leading to 

dynamic lines of block (120, 121). 
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Figure 1.11. Isochrone and wave maps of paroxysmal (panels 1 & 2) and persistent (panels 3 

& 4) AF. PAF patients have significant fewer functional lines of block (arrows) and fewer 

epicardial breakthrough points (asterisks) compared to patients with persistent AF. Adapted 

from Allessie et al (120).  

 

One of the most significant limitations of the above 2-part study was that mapping was 

only possible on the epicardium, and no endo-epicardial mapping of the presumed three 

dimensional substrate could be conducted. Recently Hansen et al managed to study the 

three dimensional nature of AF directly ex-vivo, in explanted, diseased human atria, using 

endo-epicardial optical mapping. They aimed to resolve the discrepancy that while 

endocardial contact mapping studies and non-invasive epicardial mapping was able to reveal 

localised AF drivers (123, 124), epicardial contact mapping from other groups observed only 

wave breaks, but no localised re-entry activity (121, 125).  
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They found that rapid cycle length intramural micro-anatomic re-entry was able to 

drive AF in their model. The intramural drivers could appear as complete re-entry (2 pivot 

points) or incomplete re-entry (single pivot point) on the endocardial surface. Stable re-

entrant drivers were better seen by endocardial mapping of the pectinate muscles, epicardial 

mapping revealed more breakthrough-type activity. The drivers appeared to rely on the 

micro-anatomic tracks created by fibrosis in the endocardial pectinate muscles. They 

concluded that 3D intramural re-entry is an important potential driver of AF, whilst they 

could not exclude focal activity or multiple wavelets as drivers (126). 

1.3.3.4 Rotors and phase mapping 

Rotors are functional re-entry circuits that possess a central core of extreme wave 

curvature around which the electrical activity pivots, creating a “phase singularity”. A curved 

wavefront emanates from the rotor, as a “spiral wave”. Although the tissue at the centre of 

the rotor is not excited, it is excitable (108). As opposed to leading circle re-entry, which 

consists of circus movement of electrical impulses around an unexcitable, permanently 

refractory, anatomic obstacle (127), rotors meander through the chamber as their core is 

functionally unexcited, but is structurally excitable tissue (128).  

A rotor can form as a result of heterogeneity in the electrical properties (excitability, 

refractoriness, conduction velocity, action potential duration) of the underlying cardiac 

tissue, leading to conduction block (129) (130).  

Isolation and imaging of phase singularities with a view to defining rotors in vivo, 

started with trials in ventricular fibrillation (VF). Nash and colleagues mapped VF by epicardial 

electrode arrays in patients undergoing cardiac surgery showed that both mother rotor and 

multiple wavelet behaviour is observable during fibrillation and they are likely not mutually 

exclusive in sustaining VF (131). Massé et al found rotors in all of their 5 patients whom they 



 56 

studied during VF induced during cardiac surgery. Most rotors were transient, lasting 3.2±2 s, 

and completed 4.9±4.9 rotations at 190 ms cycle length. Interestingly most rotors in this 

study localised to low voltage areas (<0.5 mV) (132).  

The mapping technology that introduced rotors into the arena of AF ablation was 

developed by Narayan et al (133). They analysed simultaneously recorded endocardial 

biatrial and left atrial maps recorded by 64-pole basket catheters in their initial study of 49 

patients. Monophasic action potential (MAP) signals were used to define action potential 

duration (APD) restitution, and regional conduction restitution to find areas of slow 

conduction. In order to adjust for the difficulty of defining AFCL, APD restitution was used to 

locate minimum repolarisation on MAPs. Initially manual annotation was used to recreate 

moving images involving all electrodes with adequate contact (133). Later, computational 

advances made real-time, intra-procedural, automatic annotation possible and Narayan et al 

conducted the CONFIRM trial (20). Electrical rotors and focal sources were found in 97% of 

their patients, with a mean of 2.1±1.0 sources per patient. The majority of sources identified 

were in the LA (76%), widely dispersed within the chamber. PsAF patients showed a larger 

number of sources by FIRM mapping. Rotors were identified by visual inspection of global AF 

maps and were defined as “sequential clockwise or counter clockwise activation contours” 

Figure 1.12 (20).  
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Figure 1.12. A step-by-step explanation of Focal Impulse and Rotor Modulation (FIRM). In 

Panel A surface ECGs and an intracardiac electrogram from the coronary sinus (CS) shows AF. 

Panel B shows a fluoroscopic image of the recording set up, with 2 basket catheters in situ in 

the right and left atria, an ablation catheter in the left atrium and a diagnostic catheter in the 

CS. As seen in Panel C, all basket catheter poles are projected onto a 2 dimensional surface 

and FIRM mapping displays the activation times. The example presented shows a clockwise 

rotor annotated by a white arrow. Panel D depicts the 3 rotations described in Panel C with 

the help of sequential unipolar electrograms (20).  

 

In 86% of patients, a slowing or termination of the AF was achieved by ablation of FIRM 

sources only. FIRM guided ablation together with conventional ablation performed 

significantly better in the long term than conventional ablation, achieving freedom of AF in 

82.4% vs 44.9% (20).  

 Following its initial success, there have been a number of attempts to recreate the 

initially reported success rates from FIRM mapping, to no avail. Buch and colleagues 
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published their long term success rates from 2 academic medical centres and found low rates 

of acute termination or regularisation. Their long-term data showed that only 30% of patients 

were free from AF at 18 months (24). Steinberg et al reported similar results from their single 

centre experience, with 5% of patients achieving AF termination acutely, during the 

procedure, and 21% of patients attaining freedom from AF at 16±10.7 months. In a smaller, 

single centre study Berntsen at al showed an 85% AF recurrence rate after FIRM ablation at 

15-month follow up (25). The most recent, and largest study on FIRM ablation was presented 

as a late-breaking clinical trial at the Heart Rhythm Society Scientific sessions in 2019, and 

this multi-centre, randomised trial showed no significant difference between FIRM with PVI 

compared with PVI only (134).  

The cause of the discrepancy between the initial high success and subsequent poor 

results from FIRM ablation is unknown. The lack of success of with the technique may be 

related to the extensive experience required for map interpretation, and the subjectivity 

involved in identifying rotors, as well as the difficulty with determining ablation location in 

case of meandering rotors.  

1.3.3.5 Automated wavefront propagation analysis 

Similarly to FIRM mapping, the CARTOFINDER system uses a 64-pole contact mapping 

basket to map the entirety of the atria, and records 30s unipolar segments from all poles 

simultaneously. The system processes the signals and creates wavefront propagation maps. 

Two bipolar signals are calculated for each electrode, based on the unipolar signals from the 

reference electrode and two of its closest neighbours (135). The bipolar signals create a time 

bracket within which the reference unipolar signal is annotated at the peak negative dv/dt 

(136). Automated filtering is applied to disregard low quality electrograms based on 

amplitude, signal to noise ratio and frequency analysis. The timing of the electrograms is 
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calculated relative to each other in a 250 ms window of interest and all signals are assigned 

colours (135). The 30s recording is then played effectively with a 4 frame per second 

temporal resolution and the operator visually inspects it to localise potential rotational 

activity.  

The system was tested in AF by Honarbakhsh and colleagues. They performed global AF 

mapping prior to and following PVI. Recordings taken follow PVI were used to guide ablation, 

as they hypothesised that, active drivers would be sites that were unaffected by PVI. 

Interestingly, more drivers were found following PVI compared to pre-PVI (30 vs 14), with all 

14 pre-PVI drivers present on post-PVI maps. After ablation of 26 drivers, they were able to 

terminate AF with ablation at 12 sites and were able to slow AF by ≥30 ms at 10 sites. Most 

driver areas were found in low voltage areas, defined as <0.5 mV. Targeting of drivers that 

were present on pre-PVI and post-PVI maps resulted more frequently in AF termination, and 

the AFCL at these sites did not appear to change significantly following PVI. Although stable 

rotors were not identified in this study, drivers appeared temporally transient but spatially 

stable, recurring in similar locations (21).  

The proportion of electrodes with good contact to the LA endocardium was 

74.2±13.2% (135), covering 70.3±14.9% of the LA (21).  

The evaluation of CARTOFINDER maps happens by visual inspection of the 30s movie. 

Operators are asked to count rotational activity and also memorise location of the identified 

drivers to assess, whether they re-occur during the recording.  AFCL is measured by manual 

counting of 30 beats and averaging (21).  The definition of drivers with the CARTOFINDER 

differs depending on trial. Honarbakhsh and colleagues defined potential drivers by visual 

identification of ≥2 radial activation wavefronts (focal driver), or ≥1.5 rotations (rotational 

driver) (21). Daoud et al took a slightly different approach and developed software to identify 
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“repetitive activation patterns”(RAP), defined as at least 3 consecutive cycles over a 1 minute 

AF recording, and asked operators to visually identify each RAP (136).  

CARTOFINDER is a promising new technique for global mapping of AF. It uses minimally 

processed signals from the mapping basket catheters. It relies on the operator to identify 

rotational activities and point out drivers.  

1.3.3.6 Dominant frequency 

Time domain analysis of AF electrograms is challenging due to the variable amplitude 

and cycle length observed in AF. Signals main contain noise and fractionation, making it 

challenging to identify the underlying atrial activity.  

In order to overcome the difficulty of determining local activity by manual assessment 

of rapid AFCL to identify drivers, dominant frequency (DF) analysis was developed to 

automatically identify high frequency (low AFCL) areas in the LA. Determining DF involved the 

spectral analysis of signals. Following filtering and QRS subtraction, fast Fourier transform 

was applied to the signal to obtain the power spectrum of an electrogram of a certain length, 

and the largest peak was defined as the DF for that recording (137). Sanders et al 

investigated the significance of high DF areas surrounded by lower DF areas (gradient). They 

created DF colour maps and performed ablation according to their usual practice, involving 

PVI and linear ablation lesions. They found that, in 87% of patients where the arrhythmia 

terminated during ablation, ablation of high DF sites coincided with slowing or termination of 

AF. They also observed that high DF areas were more likely to be seen in the pulmonary veins 

in case of PAF (137). Subsequent clinical studies did not prove the any significant benefit of 

DF ablation over PVI only (138).  
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Figure 1.13. Dominant frequency (DF) processing of AF signals. The time-domain signals seen 

on the left of the image are filtered and Fast Fourier transform is applied to arrive at the 

frequency-domain representations. More complex signals, such as Panel 1 and Panel 2 have 
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several frequency peaks due to the variability in signal complexity and AFCL. Panel 3 shows a 

regular and rapid signal resulting in a single peak, while Panel 4, although slow, has significant 

variation in signal complexity and amplitude, resulting in a complex DF pattern. Adapted from 

Sanders (137).   

 

Although the exact reason for the lack of clinical success is not known, it is possible 

that, similarly to CFAE mapping, DF mapping might not only highlight areas that are active 

drivers, but also passive high DF areas, such as areas of wavefront collision. Results so far 

have also failed to demonstrate the spatiotemporal stability of high DF areas, thereby casting 

doubt on the clinical utility of DF-based ablation (139). 

An elegant modelling study by Ng et al also showed significant potential limitations with 

DF mapping.  Based on 100 modelled electrograms they investigated the effect of variable 

rate and variable amplitude on the DF results. They found that DF performed best with 

regular signals with a constant amplitude, and performance deteriorated when irregularity or 

variable amplitude was introduced. They noted that due to the fact that DF processing relies 

on stable phase relationships between signals, a shift in phase, such as an irregular signal that 

is close to half or double the previous AFCL will cause significant changes in the power 

spectrum used to determine DF. Correlation between actual AFCL in the modelled 

electrograms and DF deteriorated if variable amplitude or variable AFCL was added. The 

order of the activation intervals (effectively AFCL) also significantly affected the DF reading. 

The same phenomenon was found when processing signals where only the amplitude of the 

signals was changed Figure 1.14 Figure 1.15 (140). In another paper from the same group, Ng 

and colleagues underlined the importance of appropriate ventricular signal subtraction, as 
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without this, frequency analysis will amplify the ventricular signals similarly to the atrial 

signals, leading erroneous DF results (141). 

 

 

Figure 1.14. Modelling experiments illustrating the effect of amplitude variation on DF result. 

The left panel shows rectified signals that have the identical sequence of activations (AFCL 

intervals), only their amplitude is changed. DF results show marked differences. Adapted 

from Ng (140).  
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Figure 1.15. Modelling experiments showing the effect of changes in the sequence of 

activation intervals (AFCL intervals) whilst amplitude is held constant. DF shows clear changes 

based on sequence variation. Adapted from Ng (140).  

 

Dominant frequency analysis has shown promise in potentially identifying AF drivers in 

some studies. However, further clinical trials have failed to show the expected success. This 

might be related to the usage of highly processed electrical signals, with little intuitive 

connection of the power spectrum to the original electrogram.  

1.3.3.7 AF cycle length  

Rapid AFCL bursts from the PVs play a significant role in the initiation of AF (119).  With 

the persistence of AF, the refractory period of atrial tissues reduces, enabling rapid AFCL 

areas (70). In a canine model, using epicardial contact mapping, Kumagai and colleagues 

found rotational activities with rapid AFCL. The drivers were temporally transient but 
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frequently reformed. The authors concluded that these rapid areas played a crucial part in AF 

maintenance (142).  

Haïssaguerre and colleagues demonstrated that, AFCL measured in the coronary sinus 

(CS) prolongs with PVI and linear ablation (143), and prior to AF termination (144).   

In one of the first attempts of psAF ablation, targeting of rapid AFCL areas was part of a 

stepwise approach including PVI, isolation of the superior vena cava, ablation of activation 

gradients, complex electrogram ablation and linear ablation.  Short cycle length activity was 

assessed by the roving ablation catheter and was considered a target for ablation if it was 

shorter than the LAA CL (144).  

In a study aiming to localise focal drivers of AF, the driver areas possessed significantly 

rapider AFCL compared to the rest of the LA, and during periods of activity, these drivers 

were able to reduce AFCL in the LA (145).  

AFCL has also been shown to markedly reduce prior to CFAE recordings in certain 

locations within the LA in a study aiming to understand the role of CFAEs. The authors 

hypothesised the increased rapidity may be a potential marker of CFAEs that reflect active 

drivers as opposed to passive wavefront collision (94). 

Following the early efforts above to evaluate the role of AFCL in the maintenance of AF, 

DF mapping gained more popularity, partly due to the fact that whilst AFCL needed to be 

measured manually, DF analysis was performed with an automated computer algorithm. 

Indeed, even the most recent studies that involve AFCL measurement still use manual counts 

averaged over a certain number of consecutive cycle lengths.  

Recently there has been more interest in the usage of AFCL as a predictor and 

descriptor of AF. Yuen and colleagues found that, a shorter mean AFCL, assessed in both 

atria, may predict the extent of substrate ablation needed to achieve AF termination (146). 
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Pascale and colleagues found that, if the pulmonary vein AFCL is significantly more rapid that 

the LAA AFCL, psAF will likely terminate on PVI (147), opening up the possibility for AFCL 

mapping as a potential method of identifying extra pulmonary vein drivers.  

Throughout this section we discussed the models for the initiation and maintenance 

of atrial fibrillation. Several studies have shown the presence of rapid foci and re-entry 

circuits in the body of the LA, and often times when one mechanism was found, the other 

was not. This may lead to the conclusion that AF may equally be sustained by focal or re-

entrant activity. It is also important to know that none of our current mapping strategies 

can go into cellular detail of AF mechanisms. Rapid AFCL signals may equally represent 

rapidly firing foci or reentrant mechanisms that are too small for for current mapping 

technologies. 

1.4 Scope of thesis 

This thesis aims to prove the hypothesis that AFCL can be detected and described by a 

fully automated method and used to identify rapid and regular AF activity. It further assesses 

the temporal variability of specific AFCL patterns in psAF and investigates the effect of PVI on 

rapid and regular AFCL activity. Finally it aims to develop an objective, step-by-step, highly 

reproducible algorithm to co-localise rapid areas with low voltage zones in order to locate 

rapid drivers of psAF responsible for arrhythmia maintenance. The methods laid out within 

provide a highly quantifiable approach to locating potential driver areas that do not require 

subjective judgement from the operator, thereby preserving objectivity and providing 

reproducibility.  

Chapter 1 gives a historical overview of AF, with a special focus on uncovering the 

mechanisms and introducing mapping techniques that throw light upon the two primary 

aspects of AF maintenance that are discussed in this thesis: AF substrate and dynamic AF 
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drivers. Historical concepts are discussed, and current methods are split into AF substrate 

detection and mapping of dynamic drivers.  

Chapter 2 gives a broad overview of the methods and tools used in more than two of 

the subsequent data chapters. For ease of understanding, and due to the technical-analytical 

nature of this work, the specific methods for every analysis chapter are detailed in the 

chapters themselves.  

Chapter 3 lays down the basic principles of AFCL interpretation. In all prior work on 

AFCL, manual annotation and averaging of operator-selected electrograms of varying 

duration has been used to determine AFCL. Giving the operator the responsibility of choosing 

the electrogram segment introduces subjectivity, and averaging disregards the fundamental 

irregular nature of AF. Using the current gold standard of manual annotation, a method of 

AFCL analysis was developed that is not influenced by lack of signal or other reasons for an 

apparent pause in the recordings. The dominant cycle length (DCL) algorithm is shown to 

return a clinically meaningful cycle length, focusing on the rapid and regular intervals in an AF 

recording, in a variety of AF electrograms.  

Chapter 4 introduces the automation of the DCL algorithm. It validates the use of a 

newly developed, automated DCL algorithm against the DCL algorithm described in Chapter 

3. It divides the algorithms into annotation phase and analysis phase, and validates each step 

of the automated algorithm separately. As a final step, the complete algorithms are 

compared to each other.  

Following the description of the technical aspects of how to describe AFCL with a 

completely novel approach, testing it on real life AF signals, and validating an automated 

algorithm, the thesis focuses on the physiological properties of AFCL, and its connection with 

low voltage zones (LVZ).  
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In order to describe the transient rapid and regular activities in AF, Chapter 5 describes 

the behaviour patterns of rapid and regular AFCL activity in extended AF segments (EAFS), 

covering a significant portion of the left atrium (LA). It introduces new metrics to understand 

transient rapid activity of AF over a longer period of time, and evaluates differences in 

patterns between separate AF epochs. It also introduces a novel, individualised definition for 

rapid activity on the patient’s own cycle length map, and defines rapidity based on 

percentiles.   

Following the description of the physiology of AFCL, Chapter 6 introduces substrate 

mapping, and aims to understand how rapid and regular activity uncovered by DCL and LVZs 

change with pulmonary vein isolation (PVI). Rapid activity by DCL is evaluated using extended 

AF segments, 8s AF segments, and substrate is investigated by mean AF voltage calculated 

from 8s AF segments prior to and following PVI. Areas covered by rapid and regular activity 

and LVZs are compared using a number cut-off definitions for rapidity and low voltage. A 

percentile-based definition of low voltage is introduced and compared to previously used 

methods. 

The final chapter describes the sensitivity and specificity of certain mean AF voltage cut 

offs to identify LGE-MRI defined LA fibrosis. It also introduces the potential clinical application 

of composite maps using DCL and AF voltage to locate drivers in within low voltage zones. It 

describes an objective and quantifiable way to determine rapid activity within low voltage 

areas, that requires no subjective interpretation from the operator, but provides freedom to 

select cut off values.  
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Chapter 2 Methods 

2.1 Overview 

In general, due to the nature of this thesis, methods play a crucial part of each chapter, 

therefore specific approaches are discussed in the body text of the specific chapters. This 

chapter limits itself to the tools and studies utilised in this thesis.  

2.2 Patient selection 

A selection of patients from two clinical studies, Representation of Electrical Tracking or 

Origin Mapping (RETRO-mapping) and Ablation of Low Voltage Areas in Persistent Atrial 

Fibrillation (ABLOVO-AF), were included in all analyses.  

The inclusion criteria for all analyses in this work can be found below:  

• First time catheter ablation attempt for persistent AF  

• Suitable candidate for catheter mapping/ablation for arrhythmias.  

• Eighteen (18) to eighty five (85) years of age 

• Body Mass Index (BMI) < 40 (Wt. in Kgs / Ht. in m2) 

• Signed Informed Consent for RETRO-mapping or ABLOVO-AF 

Patients with the following conditions were excluded:  

• Severe cerebrovascular disease 

• Moderate to severe renal impairment (eGFR < 30) 

• Active gastrointestinal bleeding 

• Active infection or fever 

• Short life expectancy 

• Significant anaemia 

• Severe uncontrolled systemic hypertension 
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• Severe electrolyte imbalance 

• Ejection fraction of < 35% 

• Congestive heart failure (NYHA Class IV) 

• Unstable angina requiring emergent PTCA (percutaneous transluminal coronary 

angioplasty) or CABG (coronary artery bypass graft) 

• Recent myocardial infarction 

• Bleeding or clotting disorders 

• Uncontrolled diabetes 

• Inability to receive IV or oral Anticoagulants 

• Unable to give informed consent (these patients would not be recruited) 

• Previous catheter or surgical ablation treatment for atrial fibrillation (AF).  

• Paroxysmal AF.  

• Pregnancy 

• Drug and/or alcohol abuse 

• Transient factors for AF 

• Severe LA enlargement of >60 mm in diameter on echocardiography 

• Patients who have participated in another study testing an intervention in the last 

3 months 

 

2.2.1 ABLOVO-AF 

The ABLOVO-AF trial was a single centre, prospective cohort trial investigating the 

catheter ablation of low voltage areas in addition to PVI in persistent AF. This thesis used 

electroanatomical mapping data prior to and following PVI from this study.  
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2.2.2 RETRO-Mapping study 

The RETRO-Mapping trial was a single centre, prospective cohort study, that involved 

electroanatomical mapping prior to and following PVI. Data for this trial was collected by Dr 

Ian Mann as part of research supervised by Professor Prapa Kanagaratnam. Data from the 

RETRO-Mapping trial was used in the analyses of this thesis with permission from the 

investigators.  

2.3 Three-dimensional electroanatomical mapping and ablation 

Invasive three dimensional electroanatomical mapping was performed by experienced 

operators using the Ensite Precision navigation system (Abbott, Inc, St Paul, MN, USA), 

geometry creation and AF data were collected with the AFocus II double spiral mapping 

catheter (20 poles; 4 mm spacing; 20 mm loop diameter; Abbott Inc, St Paul, MN, USA). 

2.3.1 ABLOVO-AF 

In the ABLOVO-AF trial, left atrial (LA) electroanatomical maps (EAMs) were created in 

non-cardiac triggered mode. Non-cardiac triggered mode records up to 8s of electrograms 

for any bipole configuration of the mapping catheter. Recording was started automatically 

when the catheter position was deemed stable. Bipolar intracardiac electrograms of 8s 

length were collected in stable positions (<10 mm catheter movement) for all 19 bipole 

configurations of the AFocus II. The map only included data points that were within 7 mm of 

the geometry shell. The minimum distance for interpolation of colours between surface 

points was set at 7mm. This mapping process was performed prior to PVI and immediately 

following PVI.  
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2.3.2 RETRO-Mapping study 

In the RETRO-Mapping trial, LA geometry was created without collecting AF data. 

Following this, several locations were chosen where 37-67s data were collected and saved. 

These extended AF segments were collected in stable positions (<10 mm catheter 

movement) for all 19 bipole configurations of the AFocus II. The map only included data 

points that were within 7 mm of the geometry shell. The minimum distance for interpolation 

of colours between surface points was set at 7mm. Mapping was performed prior to PVI and 

immediately following PVI in selected locations. Further selected locations also had extended 

segment recordings from to epochs of AF, 20 minutes apart. For analyses concerning 8s AF 

segments from this patient group, 8s electroanatomical maps were constructed using the 

Ensite Precision Research Software.  

2.4 Offline analysis of electroanatomical data  

Complete study data was fully anonymised and exported from the clinical Ensite 

Precision system and imported in to the Ensite Precision Research Software (Abbott, Inc, St 

Paul, MN, USA).  

2.4.1 Analysis of maps with the Precision Research Software 

All EAMs were loaded on the Ensite Precision Research Software and csv format 

exports were used for database building as described in individual chapters.  

2.4.2 Analysis of electrograms with the Ensite Electrogram Annotation Tool 

The manually annotated EGMs used in Chapter 3 and Chapter 4 were created with the 

Ensite Electrogram Annotation Tool (EEAT). The Annotation Tool was developed by Patrick K. 

Kasi, PhD (Research Engineer, Abbott Inc, St Paul, MN, USA) specifically for these analyses.  

EEAT is a graphical user interface based tool for electrogram annotation and analysis 

based on MATLAB (Mathworks Inc, Natick, MA, USA), developed within the research group. 
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In each patient, electrograms for analysis were chosen randomly, ensuring an even spread of 

samples from all locations within a patient. Similarly to previous studies, manual annotation 

of electrograms were used to determine AFCL (143, 148–150). Cycle length annotation was 

done by visually inspecting bipolar and unipolar electrograms (Figure 2.1).  

 

Figure 2.1 Custom Ensite electrogram annotation software (EEAT). The software, 

written under MATLAB allows for visualisation of bipolar and unipolar electrogram data. The 

user places callipers at electrogram deflections representing local activation. The distance 

between the ends of calliper represents momentary cycle length.  

 

Each bipolar electrogram was manually annotated for deflections reflecting local atrial 

activation. On bipolar signals, callipers were placed at the largest amplitude peak-to-peak 

signal at every local deflection, and deflection pairs were stored as AFCL data measured in 

ms. Where the bipolar signal was unclear due to fractionation or excessive noise, unipolar 

signals were used to identify local activation, marking the maximum negative dv/dT by visual 

assessment (Figure 2.2). Uninterpretable segments were considered electrical noise. 
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Electrograms with fewer than five CL measurements were excluded from further analysis. 

The visual identification of dv/dT introduces unfortunately introduces a subjectivity to the 

assessment of electrograms. An automatic identification of the max negative dv/dT point 

would add more accuracy to the annotation sequence. 

 

Figure 2.2 In general, bipolar electrograms were used to place callipers for annotation. 

However, in cases with excessive noise or fractionated signals, the maximum negative dv/dT 

of corresponding unipolar electrograms was used to guide calliper placement.  

 

2.4.3 Automated measurement of Dominant Cycle Length 

Chapters 3-7 refer to automated dominant cycle length (DCL) measurements. 

Automated DCL measurements refer to proprietary algorithm by Abbott, Inc., currently under 

development. Although a previous version of the DCL algorithm existed, its source code was 

amended by the Abbott, Inc research department (Nathaniel Bird, PhD, staff research 

engineer, Abbott, Inc, St Paul, MN, USA) to re-create the (AFCL) measurement steps 
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developed in Chapter 3 of this thesis and the changes were implemented in the Ensite 

Precision Research Software.  

The algorithm’s function can be split into two distinct steps. In the first step, the 

algorithm identifies candidate AFCL annotations within each 8s segment based on bipolar 

peak-to-peak amplitude measurements and the slew rate of individual bipolar signals. At this 

time the algorithm does not take unipolar signals into account to aid annotation. This is 

currently under development.  

In the second step the algorithm analyses the frequency of all possible combinations of 

the candidate annotations. Automated DCL is then computed by determining the occurrence 

frequency of all AFCL values in a given segment, and closely replicating the step-by-step 

process described in Chapter 3 using automated annotations.  
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Chapter 3 Novel technique of cycle length evaluation in persistent 

atrial fibrillation to identify transient and prolonged rapid atrial 

activity 

3.1 Introduction 

Rapid cycle length activity (110-270 ms) in the form of pulmonary vein ectopy plays a 

significant role in the initiation of atrial fibrillation (AF)(119).   

In persistent atrial fibrillation (psAF), reported catheter ablation success rates are 

generally low, and show great variation (21-74%)(9). It is presumed that, the main reason for 

this discrepancy is the remodelling of left atrium (LA) in psAF, that may create complex 

driving mechanisms outside of the pulmonary veins. Methods such as linear ablation lesions 

or complex fractionated electrogram ablation have not shown incremental value when used 

in addition to PVI (16, 151).   

After the discovery of the potential pivotal role of AF cycle length (AFCL) in AF 

mechanisms, AFCL was used to assess response to PVI by Haïssaguerre and colleagues. 

Assessment of AFCL included manual annotation of local activation with averaging over 30 

consecutive cycles (143). A similar manual annotation technique over 60 cycles, with 

averaging over 10 cycles was used to assess changes in AFCL in response to vagal stimulation 

(148). Manual annotation and averaging over 30s was used in the right and left atrial 

appendages to assess response to complex fractionated electrogram ablation (149). In a 

study by Ravi et al, regional AFCL was measured by averaging over 20 consecutive CLs (150). 

There is evidence that, the underlying non-pulmonary vein mechanisms that drive psAF 

may manifest as rapid AFCL, high frequency areas, exhibiting rotational activity, with 

gradients observed within the atrial tissue (142, 152–154). Semi-automated techniques 
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aiming to identify these dynamic drivers using simultaneous or sequential phase mapping 

(20), dominant frequency mapping (155), spatio-temporal dispersion assessment(22) and 

wavefront propagation evaluation (21, 136) have shown promising results, however, multi-

centre reproducibility is yet to be proven. Although several strategies have been tried to 

identify and target areas within the LA that may be responsible for sustaining psAF, the 

mechanisms underlying non-pulmonary vein AF drivers remain poorly understood.  

The approach that places the most emphasis on AFCL signals with a view to identify 

areas of rapid AFCL, and surmount the difficulty of irregularity observed in AF, was dominant 

frequency (DF) analysis using Fast Fourier Transform (FFT) based spectral density estimates, 

described by Sanders et al (137). Ng and colleagues have shown however that, owing to the 

nature of DF analysis, DF results can vary significantly if the signal being processed has 

variable amplitudes and variable frequency (140). A direct comparison of AFCL to DF showed 

poor correlation between the two measures (156).  

The pilot analysis presented in the following manuscript introduces a novel approach to 

AFCL.  It hypothesises that with the help of a novel algorithm, AFCL can be described by a 

single number whilst taking into account the unique properties of AF such as varying signal 

amplitude and irregularity. Unlike previously used techniques such as simple averaging of 

manual annotations (143, 148–150) and dominant frequency analysis, the current approach 

does not assume a normal distribution of AFCLs or atrial signals of unchanging amplitude and 

cycle length.  Moreover, the current AFCL evaluation technique may also surmount the 

frequently occurring issue of variable AF amplitude that may cause transient loss of 

electrograms, potentially skewing averages and distorting DF results. Real-life, manually 

annotated electrograms were used in the analysis, including poor quality and fractionated 

signals. Segment quality was assessed by the cumulative length of all annotations in a 
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segment divided by the entire segment length. Approximately 60% of electrograms were 

annotated to ≥90 %. Following annotation, the activation intervals were plotted using 

Gaussian kernel density estimation and the distribution of AFCL intervals was used to focus 

on the rapid and regular components of the analysed AF segments, arriving at a single 

number to describe the electrogram, named Dominant Cycle Length (DCL). AF segment 

complexity was assessed using the DCL organisational index described below. In comparison 

of results gathered from 8s electrograms to shorter segments, DCL was able to reliably detect 

rapid and regular activity in more than half of electrograms from 4s recordings. A comparison 

of the new DCL method to dominant frequency (DF) showed poor intra class correlation, and 

simple averaging performed poorly in electrograms with sub-segments that were not 

amenable to annotation. This work establishes the role of direct AFCL measurement with a 

goal to locate areas of rapid activation that might serve as targets for extra-pulmonary vein 

driver ablation in psAF. 

3.2 Methods 

3.2.1 Patient selection 

Seven patients (61±11 years of age) undergoing first time catheter ablation for 

symptomatic psAF were included. PsAF was defined as AF lasting for more than 7 days. All 

patients provided written informed consent for their electroanatomical mapping data to be 

exported and analysed. Electroanatomical data were used from two separate studies that 

were approved by the UK National Research Ethics Service (14/LO/1367; 17/LO/0524). The 

procedures followed were in accordance with the ethical standards of the local committee 

on human experimentation and with the Helsinki Declaration of 1975 as revised in 2000. 
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3.2.2 Electrophysiology procedure 

AF segments were collected in non-cardiac triggered mode with settings and 

equipment described in 2.3.  Non-cardiac triggered mode in the Ensite NavX Precision 

software enables the user to collect up to 8s of electrogram data for every bipole 

configuration of the mapping catheter. Recording was automatically started when the 

catheter is stable (<10 mm catheter movement). 

3.2.3 Electrogram cycle length annotation 

Focused electroanatomical maps with up to 10 catheter locations (each containing 19 

bipolar electrograms) were created for every patient using the Ensite NavX Precision 

Research Software, allowing for assessment of electrograms of various signal quality and 

from various locations within the LA (posterior wall, anterior wall, left lateral wall, roof). 

Electrogram data were exported from the research software and imported into the Ensite 

Electrogram Analysis Tool (EEAT), and manually annotated using bipolar and unipolar 

electrograms as described in 2.4.2.  The annotation dataset provided a batch of AFCL 

intervals for each 8s AF segment. 

To assess inter-observer variability, a subset of selected electrograms was annotated by 

another researcher (Operator 2) and results were compared to Operator 1. Annotators were 

blinded to each other’s annotations.  

3.2.4 Analysis of annotated data 

Calliper pairs placed by the operators were considered individual AFCLs.  Histogram 

plots of AFCLs from each 8s segment were visually analysed using histograms. Results 

showed a broad range of distributions; from unimodal to multimodal. This suggested that, 

the mean or median AFCL would be inadequate to describe the overall electrogram AFCL, 

and the AFCL value would be most accurately derived from a technique that took into 
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account CL distributions. In order to avoid problems related to data binning in conventional 

histograms, and due to the complexity of the data distributions, kernel density estimation 

was used to analyse AFCL distribution, and determine a representative AFCL value. 

Deflections with an amplitude of <0.05 mV were excluded from analysis as this was 

considered as the noise threshold of the catheter laboratory. 

3.2.4.1 Kernel density estimation 

Kernel density estimation is a non-parametric method estimating the probability 

density function (PDF) of a continuous random variable. It creates smooth visualisation of 

data by creating a kernel function at each CL measurement, and then taking the sum of all 

kernels. Due to its convenient computational properties and simplicity a Gaussian kernel was 

used to estimate PDF plots for AFCL data. The quality of the kernel density estimate is based 

on the width of the kernel function (bandwidth). When the bandwidth is wide, more 

neighbouring data points are included in the estimate and the density estimate is 

oversmoothed. When the bandwidth is too small, the density estimate exhibits several 

spikes, making interpretation difficult. For an adequate density function estimate, the 

optimal bandwidth determined for AFCL data was 5 ms. An example of a good estimate of a 

density function can be seen in Figure 3.1.  

To create the PDF plot for the AFCL data, kernel density estimation was applied at each 

CL interval data point creating well defined sharp peaks at CL data points that had a high 

probability, and smaller peaks for less frequently occurring CL values (Figure 3.1). Therefore, 

the height of each curve and its steepness on the PDF graph represented the probability of a 

certain CL measurement within an 8s segment. 
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A representative AFCL for each 8s segment was computed form the PDF estimates as 

described in the next section. An AFCL result was considered valid between 80-250 ms. Only 

valid segments were used for analysis.  

 

Figure 3.1 Example dataset showing the benefits of the probability density function by kernel 

density estimation (light blue line) compared with a regular bar plot. As there is no need to 

define bin size, the method is well suited for variable data such as AF cycle length. Frequently 

occurring cycle lengths produce higher peaks and less frequently occurring cycle lengths 

result in smaller peaks (CL: Cycle length; ms: milliseconds).  

 

3.2.5 Determining dominant cycle length 

To describe the representative AFCL for a segment, the term “dominant cycle length” 

(DCL) was introduced.   
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DCL was determined with the help of the PDF plots generated from 8s AFCL segments 

exported from several locations on LA electroanatomical maps.  

Some PDF estimates possessed a single peak whereas others were multimodal. A peak 

was considered fit for further analysis, if within a ± 5ms window around the PDF peak (peak 

window) corresponding to a certain AFCL data point, there were at least 5 CLs measured 

during the annotation process. A step-by-step process was used to determine DCL, based on 

the number of annotation pairs in each peak window. The process is explained in detail in 

Figure 3.2. In brief, in case of unimodal distributions, the single peak was chosen as DCL. For 

multimodal distributions, after identification of the largest PDF peak, all PDF peaks 

corresponding to faster CL values (compared to AFCL value associated with the largest PDF 

peak) were assessed. For the purposes of this analysis such PDF peaks were called “faster 

peaks”. If any of the faster peaks was found to be ≥50% in size compared to the largest peak, 

this faster peak was chosen as DCL. On visual inspection of the probability density curves, a 

number of 8s AF segments had rapid peaks that did not reach 50% of the largest peak. In 

order to describe these transient activities that may represent a second rapid component, if 

any of the faster peaks had ≥5 annotations pairs but was <50% in size compared to the DCL 

peak, it was considered as a “burst CL”.  
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Figure 3.2 Flowchart representing the algorithm used to define dominant cycle length and 

burst cycle length within each 8s AF segment. DCL: dominant cycle length; CL: cycle length.  

 

3.2.6 Consistency of DCL at different recording lengths 

Manually annotated segment length was 8s. Valid results from shorter segments were 

compared to 8s segment length results. The purpose of this analysis was to assess 

consistency of DCL results across varying segment lengths, and to analyse the number of 

valid results in shorter segments.  Sub-samples of 1,2,3,4,5,6 and 7 s were created and DCL 

was determined. All sub-samples were compared to the original 8s segment, and correlation, 

intraclass correlation coefficient and number of electrograms were recorded. Analyses were 

performed only for valid 8s segments.  
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3.2.7 Segment quality and AFCL variability  

Electrogram quality was represented by the proportion of the length of the segment 

with valid AFCL annotations in relation to complete segment length. Fractionation of 

electrograms was manually assessed with a system that was based on previously published 

work on classification of fractionated electrograms (157). Fractionation was defined by 

continuous electrical activity or electrical activity with <60 ms cycle length separated by an 

isoelectric line, with a >0.05 mV peak-to-peak amplitude. The fractionation-annotation ratio 

was defined as the ratio of fractionation span and annotation span to provide a measure of 

fractionation that only relates to the annotated EGM, and is thus able to disregard noise.  

Electrogram complexity was initially evaluated by the simple measure of number of AFCL 

peaks that had ≥5 annotation pairs within the peak window as this gives an intuitive measure 

of competing AFCLs within an 8s segment. The DCL organisation index (DCL-OI) was 

developed in order gain quantifiable information on electrogram complexity and also the 

relevance of the DCL result. DCL-OI was calculated by the ratio of the area defined by a 

±10ms window around the DCL peak, divided by total area under the entire PDF function for 

each 8s segment. Highly organised segments were defined as those with a DCL-OI >1 SD 

greater than the mean DCL-OI for a patient (158).  

3.2.8 Comparison with dominant frequency 

Dominant frequency by FFT was determined for all segments with available surface 

ECGs (N=500). QRS suppression was applied to electrograms, and the resulting signal was 

band pass filtered (40-250 Hz). The signal was rectified and passed through a low pass filter. 

Following this, the power spectral density was estimated using a periodogram approach. The 

highest peak of the power spectral density was then taken, and its frequency in Hz was 
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converted to ms by inversion. Valid results (80-250 ms) and measurement differences were 

compared with DCL results.  

3.2.9 Comparison with simple averaging 

In order to compare the DCL method of ascertaining rapid and regular cycle length to 

the currently widely used “simple averaging” method the number of annotations was divided 

by the standard 8s segment length to arrive at an average and this was compared to DCL 

values. To evaluate the importance of the effect of segment quality on simple averaging, 

average AFCL was compared with DCL in segments where the cumulative duration of 

annotations was more than >7s and in those where the cumulative duration of annotations 

was ≤7s.  

3.2.10 Statistical analyses 

All continuous data was described as either mean value ± standard deviation or median 

and interquartile range, as appropriate. Dominant frequency versus DCL and inter-annotator 

variability were compared using Spearman’s correlation coefficient, intra-class correlation 

coefficient and Bland Altman agreement. The variation of DCL from 1s to 8s and the 

consistency of the subsamples compared to the 8s recording was analysed by Spearman’s 

method and intra-class correlation coefficient with a one-way random model. The Mann-

Whitney U Test was used to assess differences in DCL-OI large and small measurement error 

segments. Statistical significance was defined as P<0.05. 

3.2.11 Contributions 

All electrophysiological procedures were performed by consultant cardiologists or 

senior registrars at Imperial College NHS Trust. All annotations and statistical analyses were 

performed by the author. Abbott engineers performed the second annotation set, wrote the 

programming code for the annotation software (EEAT), performed the kernel density 
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estimation functions, and performed the fast fourier transform to arrive at the dominant 

frequency results. The decision tree, the technical parameters for the kernel density 

estimation, and the organisational index were developed by the author with input form 

Abbott engineers.  

3.3 Results 

3.3.1 Patient characteristics 

A total of 507 points (72 points/patient) were analysed from 7 patients (Age 61±11, 3 

female, AF duration: 23.1±12.1 months, CHADSVASC 1.6±1.4). Baseline characteristics are 

shown in Table 3.1. The number of all electrograms analysed per patient was 72±24.  
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Table 3.1  Baseline 
patient characteristics 
(N=7).  
Values are mean ± SD 
or N (%).   
AF = atrial fibrillation; 
CVA= cerebrovascular 
accident;  
EF = ejection fraction; 
LA = left atrium;  
TIA = transient 
ischaemic attack.;  
AFCL = atrial fibrillation 
cycle length; DCL = 
dominant cycle length.

Table 3.1. Baseline characteristics of the cohort (n = 7) 

Age, yrs 61±11 

Male 4 (57.1) 

Diabetes mellitus 1 (14.3) 

Hypertension 2 (28.6) 

TIA/CVA 0 (0.0) 

Ischaemic heart disease 1 (14.2) 

Cardiac Surgery 0 (0.0) 

Left ventricular EF ≥55% 6 (85.7) 

LA size (diameter, according to British Society of 
Echocardiography Guidelines) 

  Normal (30-40 mm) 2 (28.6) 

  Mild (4.1-4.6) 2 (28.6) 

  Moderate (4.7-5.2) 2 (28.6) 

  Severe (≥5.3) 0 (0.0) 

AF, duration, months 23.1±12.1 

Current antiarrhythmic or rate control strategy 

  Beta-blockers 5 (71.4) 

  Amiodarone 2 (28.6) 

Current anticoagulation   

  Warfarin 4 (57.1) 

  Direct oral anticoagulants 3 (42.9) 

Number of electrograms analysed 72±24 

Mean valid AFCL (DCL) 180±27 

CHADVASC score   

  3 3 (42.9) 

  1 2 (28.6) 

  0 2 (28.6) 
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3.3.2 Dominant cycle length 

In total 507 AF segments of 8s length were analysed from 7 patients. Segments were 

collected from various anatomical locations within the LA in all patients (Figure 3.3). All 

analyses were performed only on segments with a valid DCL (450 segments; 88.7%). Mean 

valid DCL was 178±28.6 ms, ranging from 93 ms to 250 ms. Burst cycle length, in addition to a 

valid DCL result was found in 250 segments (55.6%). Mean Burst cycle length was 159.6±27.8 

ranging from 78 to 231. The mean difference between DCL and burst CL was 24.4±11.5 ms.   

 

Figure 3.3. Samples were collected from all major regions in the left atrium.  

 

3.3.3 Inter-annotator agreement 

All electrograms were annotated by Operator 1, and a sample of electrograms were 

annotated by one other operator (Operator 2).  

Operator 2 annotated 293 electrograms, yielding 289 valid results. All further analyses 

were performed only in segments with a valid DCL by both Operator 1 and Operator 2 (287; 
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99.3%). Correlation between Operator 1 and Operator 2 was strong (Spearman’s rho: 0.758; 

P<0.001) and intraclass correlation indicating interrater reliability was moderate (ICC: 0.696; 

P<0.001). However, median error was 6.4ms (IQR:10), and 257 segments (89.5%) had a 

measurement error ≤20ms (Figure 3.4).   

 

Figure 3.4 Bland Altman plots describing measurement difference between Operator 1 vs 

Operator 2. Dashed line represents mean difference.   

.   

3.3.4 Consistency of DCL at different recording lengths  

In order to investigate the consistency of DCL measurements, all electrograms that 

yielded a valid result at 8s were included in the analysis. Subsamples of 1 to 7 seconds were 

assessed in comparison to the 8s original segments. Spearman’s correlation was very strong 

(≥0.8) for segments 1s and 4-7s and strong for 2s and 3s segments. Intraclass correlation 

coefficient was good for segments 2-6s and excellent for segments 1s and 7s Figure 3.5. 
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Figure 3.5 Correlation between DCL of an 8s segment and subsegments from 1-7s. ICC: 

Intraclass correlation coefficient. N = valid DCL measurements at both the tested duration 

and at 8s duration.  

 

3.3.5 Segment quality and AFCL variability  

Electrogram quality was defined by the proportion of the cumulative length of the 

manually annotated segment in relation to the total segment length. Median segment 

annotation percentage was 95% (IQR: 21.9). In 265 segments (58.9%) ≥ 90% of the of the 

electrogram contained valid annotations and 419 segments (93.1%) had ≥ 50% valid 

annotations. The distribution of valid annotations by annotated percentage can be found in 

Figure 3.6.  
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Figure 3.6 Frequency percentage of all valid segments by proportion of segment annotated. 

The majority of segments had annotations that covered ≥ 50% (4s) of the segment.  

 

The relevance of the DCL value and the organisation of a segment was defined by the 

newly introduced DCL organisational index (DCL-OI). AFCL variability within an 8s segment 

was described by the number of AFCL peaks that had ≥ 5 annotation pairs in the peak 

window. Median DCL-OI for all patients was 0.36 (IQR:0.24) and median number of peaks was 

4 (IQR:3). There was a strong negative correlation between the number of peaks and DCL-OI 

(Spearman’s rho: -0.755; P<0.001). DCL-OI and mean number of peaks by patient can be 

found in Figure 3.7. A negative trend was observed between DCL-OI and the number of peaks 

Figure 3.8. DCL-OI by region can be seen on Figure 3.9. The mean percentage of highly 

organised segments by patient and by region was 17.2±3.3% (range: 13-21.7%) and 

18.5±13.8% (range: 0-45.7%) respectively, with the most highly organised segments localising 
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to the lateral wall, with the fewest highly organised segments found in the appendage (Figure 

3.10).  

 
 

Figure 3.7. Dominant cycle length organisational index (DCL-OI) and Number of peaks by 

patient. Patient 1 had the highest DCL-OI and a low number of segments with a peak count 

>2.  

 
Figure 3.8 The relationship between dominant cycle length organisational index (DCL-OI) and 

number of peaks by shows a tendency for higher DCL-OI with fewer number of peaks.  
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Figure 3.9. Regional distribution of DCL-OI.  

 

 

Figure 3.10. Percentage of highly organised areas according to DCL-OI, by patient and by 

region. Explanation in text.  

 



 94 

3.3.6 Comparison with dominant frequency 

. Dominant frequency analysis returned valid AFCL values in 415 (81.9%) cases, 

compared to 450 (88.7%) with DCL. The number of false positive valid results was 19 (4.2%), 

and 54 (12%) were false negative. Correlation between DCL and DF derived CL was moderate 

(rho: 0.541; P<0.001) and intraclass correlation was poor (0.442; P<0.001; Figure 3.11). 

Median absolute error for valid measurements was 11.2 ms (IQR:16), and 292 (73.7%) 

measurements had ≤20 ms error (Figure 3.12). DCL-OI had a strong negative correlation with 

measurement differences between DF derived CL compared to DCL (Spearman’s rho: -0.666; 

P<0.001) and DCL-OI was significantly greater for electrograms with measurement 

differences ≤20 ms (0.41 [IQR:0.10] vs 0.23 [IQR:0.1]; P<0.001 Figure 3.13).  

3.3.7 Comparison with simple averaging 

Valid DCL results from 450 electrograms (88.7%) were used in the analysis. These were 

compared with simple averaging results. For all AF segments (N=450), correlation was weak 

(rho: 0.308; P<0.001). For AF segments that had >7s cumulative annotations (N=282) 

correlation was strong (rho: 0.747; P<0.001), however for segments that had ≤7s cumulative 

annotations (N=168) correlation showed a sharp decline to weak (rho: 0.337; P<0.001) Figure 

3.14. 
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Figure 3.11. Comparison of manual DCL results and AFCL results based on DF analysis. There 

was moderate correlation and intraclass correlation was poor.  

 

Figure 3.12. Measurement errors of DF-based AFCL compared with manual DCL. Dashed line 

represents mean difference.   



 96 

 

Figure 3.13. DCL-OI results showed a strong negative correlation with the measurement 

differences between DF-derived CL and DCL. Segments where the differences were >20 ms 

had a significantly lower DCL-OI.    

 

 
 

Figure 3.14. Comparison of results from the DCL algorithm compared with simple averaging. 

Correlation is weak when assessing all AF segments (A) and AF segments with a cumulative 
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annotation of ≤7s (B). A strong correlation can only be shown when a significant portion of 

the AF segment is annotated (C). 

3.4 Discussion  

3.4.1 Main findings 

This is the first study to introduce direct AFCL measurement as a tool to describe the 

characteristics of extra pulmonary drivers and rapid activity in psAF. The concept of DCL was 

introduced, as a measure to return a clinically relevant cycle length value for an AF segment 

with transparent, objective processing of recorded signals. The developed algorithm is 

transparent and objective, and gives a detailed description of the AFCL in recorded segments 

of up to 8s, while discarding segments with significant electrical noise. Burst cycle length for 

any AF segment was conceived to identify transient rapid activity within an AF segment. AFCL 

variability within an AF segment was assessed by the number of cycle length components 

(peaks) within a segment and by the relationship of the dominant cycle length to the entire 

recorded segment (DCL-OI).   

There was moderate correlation of DF to DCL, with larger measurement errors seen for 

less organised AF segments.  

3.4.2 The role of AFCL 

Identification of non-pulmonary vein drivers of psAF has proven challenging. Some 

approaches use complex signal processing and a global view of the left atrium to identify 

drivers (20, 21, 159) and some groups use sequentially collected local electrophysiologic 

information in combination with non-automated activation pattern recognition (22, 85).  

To date, only Focal Impulse and Rotor Modulation (FIRM) has had an attempt at multi-

centre implementation, with variable results (25, 160, 161). This may in part be due to the 

complex interpretation required for these maps, and in part be due to the subjective nature 
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of identifying rotational drivers and activation patterns thought to play a role in sustaining 

psAF (20–22, 85).  

Although in case of dominant frequency based ablation, identification of the sites of 

interest does not require any subjective human assessment of signals, it has been shown 

that, without accurate assessment of the unprocessed electrogram recordings prior to DF 

signal processing, DF analysis may draw attention to areas that do not have a high activation 

rate, and therefore are unlikely to play a significant role in sustaining AF (140, 162). Pure DF 

analysis cannot describe the variability of AF with time, and recently, promising efforts have 

been made to employ continuous wavelet transform analysis for the identification of relevant 

drivers (163), although this technique continues to use the error-prone FFT.  

If electrograms are reliably and consistently annotated, DCL provides access to 

unprocessed activation information within the recorded AF segment and gives cycle length 

information without the need for extensive signal processing.  

There is no strong evidence about the spatial and temporal stability of non-pulmonary 

vein drivers in psAF. Some reports suggest the meandering of drivers in the LA with few 

rotations in each location, showing repetitive recurrence in the same area, although the 

number of rotations that constitute a driver varies widely by research group (21, 123, 164). 

Other sources report excellent regional stability of rotational activity (165) and the 

predilection of rotational drivers to certain low voltage areas (21). An ex-vivo study of drug-

induced AF performed with simultaneous endo- and epicardial optical mapping showed 

intramural microanatomic re-entry circuits during AF. The authors hypothesised that these 

circuits might be responsible for AF maintenance. However, owing to the 3-dimensional 

nature of these circuits, and due to the presumed competition and hierarchy between 
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drivers, endocardial mapping might only uncover rapid activity that is temporally unstable 

but spatially stable, recurring in the same location.(126, 166) 

DCL allows for identification of endocardial rapid atrial activity, that may highlight AF 

drivers. Complementing DCL, burst cycle length allows for the identification of more transient 

rapid atrial activity within a segment with more than one AFCL component. Thus, burst cycle 

length may possibly represent drivers that are only fleetingly manifest on the endocardial 

surface but play a role in perpetuating psAF. 

Burst CL was found in more than half of the electrograms with valid DCL results. This 

supports the clinical observation of AFCL variability even during very short, 8s segments. 

Burst CL gives an option to the operator to regard secondary, transient rapid activity.  

3.4.3 Consistency of recordings 

Previous work considering AFCL as a metric of ablation success used average CL 

determined by manual or automated counts over arbitrary time periods (143, 156, 167). This 

method disregards the variability of AFCL. 

Correlation was strong, or very strong between DCL results compared to 8s segments. 

This might reflect the highly regular nature of segments that received a valid DCL with short 

recording durations. Although the number of electrograms used in this study is limited due to 

the time-intensive nature of manual annotation, a third of all 8s segments received a valid 

DCL label after only a 2s recording, and this increased to 60% with 3s recordings, and both 

segments showed good intraclass correlation with the 8s recordings.  

The strong correlation found could also be due to the nature of the DCL algorithm. By 

determining DCL only for segments where there is an AFCL peak that contains at least 5 AFCL 

pairs that are within a 10ms error margin, the algorithm focuses on segments that exhibit a 

certain regularity. If this regular rapid activity dominates the segment, this may result in 
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similar results compared to 8s recordings, for varying segment lengths. Shorter segments, 

with exceedingly variable and irregular AFCL measurements will not return a valid DCL value 

until a longer segment is recorded.  

Thus the DCL algorithm is able to focus on highly regular activity at shorter segment 

lengths. This carries within it, the potential to highlight highly regular and rapid electrogram 

segments that have the hallmarks of an AF driver even with short duration mapping.  

3.4.4 Segment quality and AFCL variability  

For data collection and automated segment analysis, ensuring adequate quality 

electrogram segments is crucially important to arrive at meaningful results (162). Segment 

quality was described by the simple measure of the cumulative duration of annotations 

divided by the total segment length. This metric can be used as a rapid method to assess the 

quality of electrogram segments collected regardless of whether AFCL annotations are 

manual or automated and it gives the operator an indication of the strength of the DCL value, 

as it describes what proportion of the recorded segment was used to determine DCL 

calculation. In the clinical setting, a low annotation percentage will highlight areas with rapid 

activity that would benefit from further interrogation to improve map accuracy.  

Although different techniques have shown rapid rotational activity to persist for 

variable lengths of time (21, 123, 164), the role of AFCL variability over time is uncertain.  The 

simple measure of number of AFCL peaks within a segment provides an insight into signal 

complexity. DCL-OI gives more detailed information about the relevance of the DCL value and 

also the organisation of the segment. It uses, as its foundation, an established method of 

ascertaining segment organisation with a view of locating AF drivers (158). DCL-OI, when 

calculated in a clinical setting for a global 3D psAF map, may provide information about the 

relevance of the DCL result, taking into account the area under the curve of the DCL peak in 
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relation to the power of the annotated segment. A higher DCL-OI might also indicate an area 

of higher organisation that is more likely to harbour AF drivers and thus be a more favourable 

target for ablation.   

DCL-OI and mean DCL was variable between patients in this cohort, giving an indication 

that, the rapidity and organisational level of psAF differs between individuals and ablation 

strategies based on these metrics will need to be tailored to the patients’ psAF phenotype. 

Interestingly, there was no significant difference between DCL-OI between regions. However, 

when examining the percentage of highly organised segments, regional differences were 

more pronounced than differences between patients. This discrepancy between DCL-OI 

measurements percentage of highly organised segments may be due to the fact that the cut 

offs used to determine highly organised electrograms was specific to each patient, based on 

the distribution of patient-specific DCL-OI. This data appears to indicate that, there are 

significant differences in regional organisation of psAF, with the lateral wall exhibiting highest 

relative organisation and the posterior wall showing the lowest organisation.  

3.4.5 Comparison with dominant frequency  

A significant body of research has dealt with the usage of dominant frequency to 

identify drivers of AF , despite evidence that DF has unpredictable performance with irregular 

electrograms with variable voltage (140, 141) and correlates poorly with AFCL (156, 162). 

Comparison with DCL based on manual annotation shows that, DF performs poorly returning 

measurement differences of >20 ms in case of electrograms with lower organisation. 

Furthermore, while DF requires careful processing of signals prior to analysis to remove QRS, 

the DCL algorithm is less influenced by the outstanding, far slower, far-field QRS signals.  
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3.4.6 Comparison with simple averaging 

Although simple averaging has been used as the gold standard methods in all previous 

publications measuring cycle length (143, 148–150), it has significant limitations for AF. This 

work has shown that the correlation of DCL with simple averaging sharply declines when the 

cumulative duration of manual annotations is ≤7s of in an 8s AF segment. Therefore, apart 

from the subjectivity involved in selecting the AF segment for manual annotation, simple 

averaging has been shown in this analysis to perform poorly when there are areas in the 

assessed segment where annotation is not possible.  

3.4.7 Limitations 

We recognise the limitations of our study. We collected data from 7 patients only and 

although signals were annotated from several different locations in the LA, complete LA maps 

were not analysed, and segment length was limited to 8s due to the time consuming nature 

of manual annotation. Due to the anatomy of the LA, some areas were more difficult to reach 

than others, therefore there was significant difference between the number of segments 

collected from certain regions. As with any study using contact mapping, intermittent contact 

with the LA endocardium may lead to intermittent signals. The DCL algorithm was developed 

to be able to take into account intermittent signals and still return a relevant value. Rapid and 

regular AFCL gives a good indication of possible driver regions but wavefront direction was 

not assessed.  

3.5 Conclusion 

This work provides an introduction of DCL, an objective and transparent algorithm to 

assess AFCL in psAF, with a view to identifying non-pulmonary vein drivers. The algorithm 

uses unprocessed AFCL data and with the addition of burst cycle length, has the potential to 

identify transient, as well as temporally stable driver regions. Uniquely, the annotation length 
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to segment length relationship is able to inform the operator about the quality of 

electrograms used to determine the DCL value, thereby identifying areas that would benefit 

from additional interrogation. DCL-OI highlights highly organised activity where the DCL cycle 

length takes up a significant proportion of the electrogram, and might play a significant role 

in sustaining psAF, directing the operator to potentially relevant areas for ablation. An 

automated technique of reliable and consistent annotation and automation of our algorithm 

is needed for widespread implementation of DCL mapping. 
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Chapter 4 Automated detection and determination of atrial 

fibrillation cycle length in persistent atrial fibrillation 

 

4.1 Introduction 

Rapid cycle length activity plays an important role in the initiation of atrial fibrillation 

(AF) in the form of pulmonary vein ectopy (119). Its identification as a causative agent has led 

to the development of pulmonary vein isolation (PVI) by catheter ablation as the dominant 

technique to treat paroxysmal AF(7, 8).   

Ablation success rates for persistent atrial fibrillation (psAF) however are in general 

significantly lower (21-74%)(9). The main reason for this might lie in the remodelling of left 

atrium (LA), resulting in non-pulmonary vein drivers. Several methods used in addition to PVI 

have failed to improve the ablation success rates (16, 151).   

Non-pulmonary vein drivers of psAF exhibiting rotational activity may present as rapid 

AF cycle length (AFCL), with AFCL gradients within the atrium (142, 152–154). Several new 

techniques to identify these areas have been proven to be successful in single centre trials. 

Simultaneous or sequential phase mapping and dominant frequency mapping use automated 

algorithms to detect potential AF drivers, using heavily processed data (20, 155). Spatio-

temporal dispersion assessment (22) and wavefront propagation evaluation (21, 136) rely 

more on expert pattern recognition rather than computer processed information, making 

them dependent on local expertise. 

Dominant frequency analysis, introduced by Sanders et al (137), used automated 

analysis to surmount the irregularity and variable amplitude of AF signals. Due to the intrinsic 

processes involved in DF analysis however, DF results can vary significantly if the signal being 
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processed has variable amplitudes and variable frequency (140). Dominant frequency results 

do not correlate well with direct AFCL measurements (156). 

Haïssaguerre and colleagues, who identified the underlying the pathophysiological 

processes that lead to the initiation of AF used laborious manual measurement requiring 

identification of individual local atrial activations to ascertain AF cycle length (119). In a later 

publication, where the same group assessed the response of coronary sinus cycle length to 

PVI, they used similar techniques of manual counts and calculation of mean cycle length over 

30 cycle lengths at 4 time points during the procedure (143). Manual cycle length 

measurement for determination of AFCL was used by other groups as well (148–150). Elvan 

and colleagues used custom built software to analyse exported electrograms and determine 

AFCL, requiring manual export and upload of electrograms (156). The recently introduced 

CARTOFINDER algorithm uses automated AFCL analysis as the basis of a wavefront 

propagation algorithm, that employs a 64-pole basket catheter to obtain information about 

drivers.(21, 135) 

This manuscript aims to show that a novel, fully automated Dominant Cycle Length 

(DCL) algorithm is able to reliably ascertain DCL when compared with manual annotation-

based DCL measurement. This is the first automated algorithm used to locate rapid and 

regular AF sequences with the goal of identifying psAF drivers.  Contrary to all but one 

(CARTOFINDER) of the above mentioned methods, the algorithm provides easy access to the 

raw electrogram at the operator’s discretion and has the potential for visualisation of AFCL 

on high density maps consisting of several thousand points. The fully automated algorithm 

was validated against the manual annotation based algorithm in 3 steps, involving separate 

validation of the automated annotation, of the data processing, and finally comparing the 

two complete algorithms directly. The automated algorithm showed good accuracy at 
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determining DCL. Complex AF segments, where the manual annotator required use of 

unipolar electrograms to determine local activation posed the greatest difficulty to the 

automated algorithm. The automated DCL algorithm is capable of identification of rapid AFCL 

areas and their representation of a 3D electroanatomical map, which might provide insight 

into non-pulmonary vein drivers of psAF that may serve as targets for catheter ablation.  

4.2 Methods 

4.2.1 Patient selection 

Seven patients (61±11 years of age) undergoing first time catheter ablation for 

symptomatic early persistent and long-standing persistent AF (>7 days) were included. All 

patients gave informed consent in writing for their electroanatomical mapping (EAM) data to 

be exported and analysed. Data was used from two, UK National Research Ethics Service 

(14/LO/1367; 17/LO/0524) approved studies. The procedures followed were in accordance 

with the ethical standards of the national ethics committee on human experimentation and 

with the Helsinki Declaration of 1975 as revised in 2000. 

4.2.2 Electrophysiology procedure 

AF segments were collected in non-cardiac triggered mode with settings and 

equipment described in 2.3.  Non-cardiac triggered mode in the Ensite NavX Precision 

software enables the user to collect up to 8s of electrogram data for every bipole 

configuration of the mapping catheter. Recording was automatically started when the 

catheter is stable (<10 mm catheter movement). 

4.2.3 Annotation and determination of dominant cycle length 

Using the EnSite Precision™ Research Software, focused EAMs with up to 10 catheter 

locations (each containing 19 bipolar electrograms) were created. This allowed assessment of 
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electrograms with variable signal quality from a number of LA locations. In each patient, 

electrograms for analysis were chosen to ensure an even spread of samples from all locations 

within a patient.  

Determination of dominant cycle length (DCL) for all segments occurred in two critical 

steps for both automated (AUT-DCL) and manual (MAN-DCL) methods.  In the first step, an 8s 

bipolar psAF segment was annotated to identify local atrial activations. The second step 

involved DCL determination to describe a given segment, using annotation markers. DCL 

results of ≥80 and ≤250 ms were considered physiologically valid. Deflections with an 

amplitude of <0.05 mV were excluded from analysis as this was considered as the noise 

threshold for the catheter laboratory.  

4.2.3.1 Manual method 

To calculate MAN-DCL, focused electroanatomical maps with up to 10 catheter 

locations (each containing 19 bipolar electrograms) were created for every patient using the 

Ensite NavX Precision Research Software, allowing for assessment of electrograms of various 

signal quality and from various locations within the LA (posterior wall, anterior wall, left 

lateral wall, roof). Electrogram data were exported from the research software and imported 

into the Ensite Electrogram Analysis Tool (EEAT), and manually annotated using bipolar and 

unipolar electrograms as described in 2.4.2.  The annotation dataset provided a batch of 

AFCL intervals for each 8s AF segment. 

The MAN-DCL value for each 8s segment was determined using kernel density 

estimation to determine the probability density function of cycle length measurements for a 

given segment (KDE-PDF method). The size of probability density function peaks 

corresponded to the occurrence frequency of certain AFCLs, and the rapidest and most 
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commonly occurring AFCL was chosen as DCL based on a set algorithm developed to identify 

rapid and regular activity. The algorithm is described in detail in 3.2.4.   

4.2.3.2 Automated method 

AUT-DCL was computed for all EAM points, using a fully automated DCL algorithm 

modelled after the kernel density estimation-probability density function method, 

implemented in the EnSite Precision™ Research Software. The algorithm details can be found 

in 2.4.3.   

4.2.4 Stepwise comparison of annotation and dominant cycle length determination 

For the purposes of the analysis, MAN-DCL was considered as the standard of AFCL 

measurement, as it uses the established technique of manual annotation, albeit with the 

addition of novel processing. AUT-DCL results were compared to MAN-DCL in three analyses, 

validating each step of the AUT-DCL algorithm (annotation and DCL determination) against 

MAN annotations and MAN-DCL determination (KDE-PDF), and finally comparing the two 

complete algorithms. False positive and false negative results were noted and the difference 

in characteristics between 8s electrograms with measurement errors of >20 ms and ≤20 ms 

were described. The characteristics and organisation of false negative results was compared 

to true positive results using the DCL organisational index (DCL-OI). This technique 

determines organisation and the relevance of the DCL result by calculating the ratio of the 

area under the curve for the DCL peak ±10 ms divided by the area under the curve for the 

complete probability density function curve for a given 8s segment.  

4.2.4.1 Validation of automated annotation 

In order to ascertain AUT annotation quality, the KDE-PDF method of MAN-DCL 

determination was applied to the AUT annotations for each 8s electrogram, and these DCL 
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results were compared to DCL results from the MAN annotations processed by the KDE-PDF 

method.  

4.2.4.2 Validation of automated clustering method 

In order to investigate AUT-DCL determination (automated clustering), manual 

annotations from each 8s electrogram were exported from the EEAT software into a custom 

software written in MATLAB® (MathWorks Inc, Natick, MA, USA). The KDE-PDF method and 

the AUT-DCL determination method were then applied to the manual annotations to 

calculate DCL for each 8s electrogram segment.  

4.2.4.3 Validation of complete algorithms 

As a final step of validation, AUT-DCL results (automated annotation; automated 

clustering DCL determination) were compared with MAN-DCL results (manual annotation; 

KDE-PDF DCL determination).  

4.2.5 Statistical analyses 

All continuous data was described as either mean value ± standard deviation or median 

and interquartile range, as appropriate. Crosstabs was used to determine false positive and 

false negative results. Correlation was assessed by Spearman’s rho. Differences between 

groups were tested with the Mann-Whitney U test for independent samples. Bland Altmann 

analysis with a 20 ms tolerance was used to describe measurement differences. Statistical 

significance was defined as 2-sided P<0.05.  

4.2.6 Contributions 

The step by step analysis of the algorithms was conceived by the author. Contributions 

to annotations and clinical procedures as in chapter 3. The separation of the algorithms into 

the steps required for the analyses were performed by Abbott engineers under guidance 
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from the author. The raw data from the algorithms was provided to the author by Abbott 

engineers. All statistical analyses were performed by the author.  

4.3 Results 

4.3.1 Patient characteristics 

A total of 507 points (72 points/patient) were analysed from 7 patients (Age 61±11, 3 female, 

AF duration: 23.1±12.1 months, CHADSVASC 1.6±1.4). Baseline characteristics of the group 

are shown in Table 3.1.  In total 507, 8s AF segments were analysed from 7 patients. 

Segments were collected from various anatomical locations within the LA in all patients 

(Figure 3.3). The number of electrograms analysed per patient was 72±24. Valid mean MAN-

DCL was 178±29 ms, ranging from 93 ms to 250 ms, and valid mean AUT-DCL was 170±31 

ms, ranging from 80 to 248 ms. Validation was performed using valid results (80-250 ms) 

using the methods below.  

4.3.2 Validation of automated annotation 

AUT annotation with the KDE-PDF method yielded valid cycle length results in 313 

segments (61.7%) and MAN annotations processed with the KDE-PDF method returned valid 

DCL results in 450 (88.8%) segments. Compared to MAN annotation, AUT annotation yielded 

false positive results in 5 cases (1.1%) and false negatives in 142 cases (31.6%). False negative 

results had significantly lower DCL-OI, compared to true positive results (0.28 [IQR:0.18] vs 

0.39 [IQR:0.26]; P<0.001; Figure 4.1). Further analyses were performed only on segments 

with a valid DCL with both annotation methods (308; 60.7%). Correlation between the two 

groups was strong (rho: 0.688; P<0.001; Figure 4.2) and intraclass correlation indicating 

reliability was moderate (0.561, P<0.001). Median absolute measurement error was 6.4 ms 

(IQR:9) and 263 segments (85.4%) had a measurement error ≤20ms (Figure 4.3). Segments 

that had >20ms measurement errors had significantly lower DCL-OI (0.25 [IQR:0.19] vs 0.43 
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[IQR:0.25]; P<0.001 Figure 4.4). Manual annotation span was not significantly different 

between segments with a ≤20 ms error compared to >20 ms (96.4% [IQR:10.43] vs 92.9% 

[IQR:21.2]; P=0.64); The fractionation annotation ratio was not significantly different for ≤20 

ms measurement errors compared to >20 ms (0.0 [IQR:0.75] vs 0.15 [0.95] P=0.336 Figure 

4.5).  The largest annotation errors were found on the anterior wall, posterior wall and floor 

(Figure 4.6).  

 

Figure 4.1. DCL-OI is significantly lower for false negative vs true positive results when AUT 

annotation is compared to MAN annotation with KDE-PDF post processing.  
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Figure 4.2. There was a strong correlation between MAN and AUT annotations.  

 

 

Figure 4.3. Validation of automated annotation. Measurement error was ≤20 ms in 85.4% of 

electrograms. Bland Altman plot on the right, dashed line represents mean error.  
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Figure 4.4. Validation of automated annotation. DCL-OI was significantly higher with a 

measurement error of ≤20 ms compared to >20 ms, and there was a moderate negative 

correlation between DCL-OI and absolute error.   

 

Figure 4.5. Manual annotation span and fractionation annotation ratio was not significantly 

different between large and small error groups, comparing MAN vs AUT annotations.  
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Figure 4.6. Absolute error of AUT annotations compared to MAN annotations processed by 

KDE-PDF by region. Explanation in text. 

 

4.3.3 Validation of automated clustering 

AUT clustering DCL determination based on MAN annotations, yielded valid DCL in 468 

segments (92.3 %), and MAN annotations with KDE-PDF returned valid results 450 (88.8%) 

segments. AUT clustering had 19 (4.2%) false positives and 1 (0.2%) false negative. Further 

analyses were performed only on segments with a valid DCL with both DCL determination 

methods (449; 88.6%). Correlation between the two groups was very strong (rho: 0.836; 

P<0.001; Figure 4.7) and intraclass correlation indicating reliability was good (0.858, 

P<0.001). Median measurement error was 2.4 ms (IQR:8) and 407 segments (90.6%) had a 

measurement error ≤20ms (Figure 4.8). DCL-OI was significantly lower in segments that had 

>20ms measurement errors (0.22 [IQR:0.13] vs 0.37 [IQR:0.24]; P<0.001; Figure 4.9). Manual 

annotation span was significantly lower in large compared to small error groups (86.2 

[IQR:31] vs. 95.7 [IQR:20.5]; P=0.004) and the fractionation annotation ratio was significantly 

lower in the large error group compared to small error segments (0.0 [IQR:0.38] vs 0.14 
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[IQR:0.86]; P=0.022; Figure 4.10). Assessing measurement error by region, the vast majority 

of errors were under <20 ms, with the largest errors seen on the floor, the anterior wall and 

the posterior wall (Figure 4.11).  

 

Figure 4.7. There was very strong correlation between KDE-PDF and automated clustering for 

determination of DCL using MAN annotations. 
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Figure 4.8. Validation of AUT clustering based on MAN annotations. Measurement error was 

≤20 ms in 90.6% of electrograms, compared to KDE-PDF based on MAN annotations. Bland 

Altman plot on the right, dashed line represents mean measurement error.  

 

 

Figure 4.9. Validation of automated annotation. There was a significant difference in DCL-OI 

between electrograms with a measurement error of <20 ms and ≥20 ms, and poor 

correlation between DCL-OI and absolute error.  

 

Figure 4.10. Manual annotation span and fractionation annotation ratio was significantly 

lower between >20 ms and ≤ 20 ms error groups for AUT vs MAN clustering algorithms.  
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Figure 4.11. Absolute error of AUT clustering compared to the KDE-PDF method, based on 

MAN annotations. Explanation in text. 

 

4.3.4 Validation of complete algorithms 

AUT annotation and AUT clustering yielded a valid DCL in 439 segments (86.6 %). Results for 

the MAN annotations with KDE-PDF were 450 (88.8%). AUT annotation and AUT clustering 

had 20 (4.4%) false positives and 31 (6.9%) false negatives compared to MAN annotations 

with KDE-PDF. False negative results were not significantly different by DCL-OI compared to 

compared to true positive results (0.3 [IQR:0.26] vs 0.36 [IQR:0.23]; P=0.272 Figure 4.12). 

Further analyses were performed only on segments with a valid DCL with both methods (419; 

82.6%). Correlation between the two groups was strong (rho: 0.644; P<0.001; Figure 4.13) 

and intraclass correlation indicating reliability was moderate (0.533, P<0.001). Median 

absolute measurement error was 9.9 ms (IQR:13) and 327 segments (78%) had a 

measurement error ≤20ms Figure 4.14. Segments that had >20ms measurement errors had a 

significantly lower DCL-OI (0.27 [IQR:0.21] vs 0.38 [IQR:0.25]; P<0.001 Figure 4.15). Manual 
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annotation span was significantly less for large errors compared to small errors (89.7% 

[IQR:25.4] vs 96% [IQR:16.4]; P=0.005) and fractionation annotation ratio was not 

significantly different (0.27 [IQR:0.94] vs 0.08 [IQR:0.75]; P=0.215; Figure 4.16). On manual 

review, the majority of EGMs with >20ms errors had poor signal-to-noise ratio with complex 

fractionation on bipolar signals (Figure 4.17). Large errors by region were mostly driven by 

posterior wall and anterior wall EGMs with floor and roof errors contributing a significant 

minority (Figure 4.18). Manual review of electrograms that returned non-valid results (false 

positive or false negative) showed low voltage and complex electrograms. A recurring cause 

for error was annotation of fractionation by the algorithm as rapid atrial rates, resulting in 

faster than physiological AFCL (<80 ms).  

 

Figure 4.12. Comparison of the DCL-OI of true positive vs. false negative results, AUT 

annotation and AUT clustering compared to MAN annotation with KDE-PDF post processing. 
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Figure 4.13 There was a strong correlation between MAN annotations and KDE-PDF and AUT 

annotations with AUT clustering.  

 

Figure 4.14. Validation of AUT annotation with AUT clustering. Measurement error was ≤20 

ms in 78% of electrograms, compared to MAN annotations with KDE-PDF. Bland Altman plot 

on the right, dashed line represents mean measurement error.  
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Figure 4.15. Validation of AUT annotation and AUT clustering. There was a significant 

difference in DCL-OI between electrograms with a measurement error of <20 ms and ≥20 ms, 

and a weak correlation between DCL-OI and absolute error. 

 

Figure 4.16. Manual annotation span was significantly less in the large error group and 

fractionation annotation ratio was not significantly different between large and small error 

groups, comparing AUT annotation and AUT clustering with MAN annotation and KDE-PDF.  
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Figure 4.17. Example of discrepancies between AUT and MAN algorithms on a representative 

“difficult” electrogram. Purple markers represent candidate markers, green markers 

represent the cycle lengths that contributed to the DCL result. The upper panel shows the 

AUT algorithm placing markers within highly fractionated areas with poor signal to noise 

ratio, and determining a short DCL. On the bottom panel, MAN annotations and processing 

shows an even placement of markers and a slower DCL result, likely to represent the correct 

underlying CL.  
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Figure 4.18. Absolute measurement error by region comparing AUT annotation with AUT 

clustering to MAN annotations with KDE-PDF. Explanation in text. 

 

4.4 Discussion 

4.4.1 Main findings 

This study introduces and validates an automated measurement tool for the 

identification of rapid AFCL areas in the LA, that has the potential to facilitate the localisation 

of non-pulmonary vein drivers of psAF. The automated DCL algorithm can return an AFCL 

result for AF segments of up to 8s, even in the presence of segments with intermittent signal.  

The function of the automated DCL algorithm can be separated into two steps: 

annotation and AFCL determination. Automatic annotation was validated against manual 

annotation as previously published for a different algorithm (135) and the cycle length 

determination algorithm was validated against a kernel density estimation based probability 

density function algorithm developed in-house. In 78% of all annotated electrograms, AUT-

DCL ascertained AFCL with an error margin of ≤20 ms, compared to the MAN-DCL method.  
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4.4.2 Automated methods of psAF driver localisation 

There have been a number of attempts to identify non-pulmonary vein drivers of psAF 

involving rapid, high frequency firing, with varying results. Automated methods that involve 

complex signal processing (11, 23), are potentially prone to artefact. Automated dominant 

frequency analysis has been shown to highlight areas without a high activation rate and can 

be prone to error in case of signals with variable amplitude and cycle length (140, 162). 

Automated annotation of atrial signals with a view to creating global wavefront propagation 

maps of AF have shown promising results, but lack spatial resolution due to the number of 

electrodes used (135, 136). Non-automated approaches rely on the operator recognising 

activation patterns on sequentially collected contact electrograms (22, 85), introducing 

challenges with reproducibility and subjectivity.  

4.4.3 Automated annotation of atrial signals in AF 

Automated annotation and processing of AFCL is challenging due to the variable cycle 

length and variable voltage observed in AF. Processed signals using methods such as DF 

analysis may yield erroneous results (140, 162). The only method currently available that 

uses AFCL directly in AF relies on the operator to identify potential signs of rapid rotational 

activity, and also relies on manual AFCL counts to confirm AFCL (21). It is not surprising 

therefore that, due to the complexity of acquired AF signals, the step-by-step validation of 

the fully automated AFCL algorithm has identified the annotation of EGMs representing local 

activation in AF as the major challenge in determining AFCL, while the processing of 

annotations was performed very reliably by the fully automated algorithm.  

The DCL organisation index (DCL-OI) was significantly lower for electrograms where 

automated annotation or signal processing differed >20 ms compared to DCL derived from 

manual annotations. This emphasises the difficulty of annotating poorly organised 
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electrograms with wide AFCL variation. A higher DCL-OI may also call the operator’s attention 

to areas where rapid and regular AFCL dominates in the recorded segments, which may point 

to sustained rapid activity.  

Manual review of electrograms with large disagreements between MAN-DCL and AUT-

DCL (error >20 ms, false positives, false negatives) showed a wide range of EGM properties. 

Coarsely fractionated and very low voltage electrograms were responsible for most AFCL 

measurement differences.  

Manual annotation span, used as a simple metric for electrogram quality, was 

significantly lower in large measurement error (>20ms) segments in the comparison analysis 

of the complete algorithms. This emphasises the importance of applying this metric as a “first 

filter” before interpreting results from automated DCL measurement, and would highlight 

areas in need of further mapping in clinical practice.  

The extent of manually annotated fractionation was not different between large and 

small error electrograms when comparing the complete manual and automated algorithms. 

This may be due to the subjective nature of using visual inspection as the standard method to 

qualify electrograms as fractionated (149). 

In its current iteration, the automated DCL algorithm operates with a user selected 

window of 1-8s of AF, within which the process of determining DCL is fully automated. The 

system also shows the operator which AFCL pairs were used to determine the DCL result.  

Alteration of analysed segment length enables creation of maps focusing on different 

AFCL behaviours, such as shorter bursts of activity and more stable rapid areas. Due to the 

focus of the algorithm on rapid and regular rhythm, areas that return highly regular activity at 

short recording segments may signify highly organised areas. This may prove to have 

significant clinical impact, due to the increasing evidence of the three dimensional nature of 
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AF drivers, that may only manifest in brief bursts of activity on the endocardial surface (126, 

168). Mapping with DCL can occur with any catheter compatible with the Ensite Precision 3D 

navigation system (Abbott Inc, St Paul, MN, USA), thus enabling high resolution sequential or 

simultaneous global maps.  

Current evidence from different mapping methods suggests that, low voltage areas 

might harbour drivers for AF (21, 85). Automated DCL analysis, using annotation span as a 

signal quality filter and DCL-OI as a tool to identify sustained rapid activity, combined with AF 

or sinus rhythm voltage mapping may be able to highlight extra-pulmonary vein driver areas 

of psAF. 

4.4.4 Limitations 

Our results may be limited by the low number of patients included.  Complete LA maps 

were not analysed due to the time required for manual annotation. Although the automated 

algorithm returned results with an acceptable error margin in 78% of EGMs compared to 

manual annotation, the clinical relevance of rapid AFCL remains to be proven in trials 

involving catheter ablation of rapid areas. The current automated DCL algorithm does not use 

unipolar signals to help with annotation of local activation, thereby creating difficulty in case 

of complex signals and it is expected that inclusion of this feature would greatly improve 

annotation accuracy. An introduction of physiological AF limits, similar to the 80-250 ms used 

above, might further improve accuracy.  

In our limited dataset, regional analysis showed that the anterior wall, posterior wall 

and floor proved most challenging for AUT-DCL algorithm, although due to the limited 

number of data points it is not possible to draw a conclusion with regards to regional 

complexity of signals, this would require larger scale automated assessment (Figure 4.19).   
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Figure 4.19. DCL-OI by region for all valid EGMs.  

 

4.5 Conclusion 

The Dominant Cycle Length AFCL measurement algorithm provides reliable, objective, 

consistent and fully automated AFCL measurement and performs well compared to standard 

manual AFCL annotation and KDE-PDF AFCL determination. Rather than giving a mean value 

that does not take into account variable peaks of rapid AFCL activity, it endeavours to give 

clinically relevant cycle length information, using the fundamental markers of local atrial 

activation, retains access to unprocessed electrogram information and allows the operator to 

review the AFCLs that were used to calculate DCL.  

Integration of automated AFCL measurement into current electroanatomical mapping 

systems may provide additional information to locate and ablate non-pulmonary vein drivers 

of psAF. Combination of real-time DCL and automated AF voltage mapping has the potential 

to combine dynamic driver and substrate-based catheter ablation of psAF drivers. 
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Chapter 5 Temporal behaviour of rapid cycle length activity in 

persistent atrial fibrillation 

 

5.1 Introduction 

Catheter ablation for persistent atrial fibrillation (psAF) has a significantly lower success 

rate compared with paroxysmal atrial fibrillation (PAF) (7–9). Although the reasons for this 

discrepancy are incompletely understood, there is evidence to suggest that structural 

remodelling and fibrosis may create a substrate for the maintenance of AF (79), potentially 

giving rise to rapid cycle length areas that act as driving mechanisms. Up to the present time 

there has been no method proven by a large multi-centre trial that improves success rates 

for psAF, beyond what is achievable with pulmonary vein isolation only (PVI) (16, 151).  

Several techniques have been developed that target rapid psAF drivers. Global mapping 

technologies such as phase mapping (FIRM) or atrial cycle length based wavefront 

propagation assessment (CARTOFINDER) have used extended periods of recording (approx. 

10 min in phase mapping, 30s for CARTOFINDER), to monitor the changes in drivers but are 

limited by the spatial resolution offered by a 64-pole mapping basket. The number and 

duration of drivers varied significantly between trials using the above techniques from 1.5 

rotations to stable drivers for >10 min (20, 21, 136). Direct, ex-vivo endo-epicardial optical 

mapping has shown three dimensional micro-anatomic intramural re-entry circuits as drivers 

of AF, that may appear as complete or incomplete re-entry circuits on the endocardial 

surface (126). Furthermore, Honarbakhsh and colleagues, using endocardial mapping, 

identified rotational drivers that appeared transiently, but were spatially stable, recurring at 

the same location (21).  
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This manuscript aims to test the hypothesis that the pattern of rapid AF activity in 

extended AF segments of up to 37s can be described by metrics derived from a novel 

algorithm for the measurement of AFCL. It further aims to elucidate the temporal stability of 

these rapid AF patterns in baseline AF, prior to PVI. Rapid activity in extended segments 

recorded from throughout the LA was analysed using DCL results from overlapping 8s AF 

segments covering the entire extended segment. Three separate cut offs were used to define 

rapid activity, using the patient specific metric of percentiles rather than absolute cut offs, to 

ensure individualised assessment. The patterns of rapid activity were determined, and the 

regional and patient specific patterns were described. Rapid activity was most common on 

the posterior and anterior walls. On a subset of locations, temporal stability of rapid activity 

patterns was analysed, and good stability of rapid activity patterns was seen. This work aims 

to provide understanding of non-pulmonary vein drivers of psAF represented by transient 

rapid activity in the left atrium, with a focus on the temporal changes seen in LA locations 

over the course of 37s.  

5.2 Methods 

5.2.1 Patient selection 

Five patients (61±8 years of age, 3 male) undergoing first time catheter ablation for 

symptomatic psAF were included. PsAF was defined as AF lasting for more than 7 days. All 

patients provided written informed consent for their electroanatomical mapping data to be 

exported and analysed. Electroanatomical data was used from two separate studies that 

were approved by the UK National Research Ethics Service (14/LO/1367; 17/LO/0524). The 

procedures followed were in accordance with the ethical standards of the local committee 

on human experimentation and with the Helsinki Declaration of 1975 as revised in 2000. 
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5.2.2 Electrophysiology procedure 

All cases were performed with the Ensite Precision 3D navigation system (Abbott Inc, St 

Paul, MN, USA). Left atrial geometries and electroanatomical data were collected using the 

AFcous II double spiral mapping catheter with 20 poles and a 4 mm spacing with a 20 mm 

loop diameter (Abbott Inc, St Paul, MN, USA). EAFS of up to 67s in duration were made in 

selected locations in all patients in stable positions (<10 mm catheter movement) from all 19 

bipoles of the AFocus II prior to PVI. Data points within 7 mm of the geometry shell were 

included in the map.  

5.2.3 Offline analysis of extended segments 

The complete electrophysiological studies were exported from the Ensite Precision 

clinical system into the Ensite Precision Research Software (Abbott Inc, St Paul, MN, USA). 

Offline maps were created for each location in each patient. Map creation was started 

manually when catheter position was deemed stable and 8s segments were recorded 

automatically every 1s until the end of the extended segment, creating a 7s overlap between 

segments (Figure 5.1). The data was exported from the research software. DCL for every 8s 

segment was determined by a fully automated algorithm that was validated against manual 

annotations in a separate patient cohort with psAF. The algorithm to determine DCL is 

described in detail elsewhere. In brief, the DCL algorithm automatically annotates AF 

segments of up to 8s and determines the most commonly occurring AFCL. Only 8s segments 

that had a DCL value of 80-250 ms were considered valid for analysis. A noise cut off of 0.05 

mV was applied. In order to standardise between patients, all extended segments were 

truncated to 37s, consisting of 30, 8s segments.  
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Figure 5.1. Schematic illustration of the overlapping 8s segment recordings.  

 

5.2.4 Identification of Rapid activity  

Consecutive, overlapping segments were used for identification of rapid activity. EAFS 

that had at least 50% 8s segments with a DCL value between 80-250 ms were considered 

valid. Clinically relevant rapid activity was considered to be highly individual, therefore, 

instead of absolute values, percentile cut offs were used to define rapidity (10th, 20th, 30th), 

based on all valid 8s DCL segments collected within a patient.  

EAFS were first visualised with the help of colour heatmaps that contained 

contemporaneous AF recordings from all 19 bipoles of the AFocus II catheter (kernel), from 

all locations (kernel heatmaps; Figure 5.2).  
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Figure 5.2. Example of a kernel heatmap at the 10th percentile cut off. Rapid episodes can be 

seen in yellow. Their duration is measured from the beginning of the first 8s segment that 

has a rapid label, to the end of the last 8s segment that has a rapid label. Blue areas 

represent non-rapid segments. Shading represents overlap between rapid and non-rapid 8s 

segments. 

 

Rapid activity episodes within an EAFS were defined as at least one 8s segment that 

had a DCL value under the rapid cut off range for the patient. A single episode of rapid 

activity consisted of a single or consecutive 8s segments with DCLs in the rapid range. 

Duration of rapid activity was calculated as the timespan from the start of the first segment 

to the end of the last segment within the rapid episode. Rapid activity within an EAFS was 

described using the number of TRA episodes, their cumulative duration and the mean 

duration of rapid activity within an EAFS, expressed as cumulative duration of rapid 

episodes/number of rapid episodes.  
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To correct for measurement errors arising from overlapping segments, if two TRA 

episodes were interrupted by 8s segments falling out of the rapid activity window but had 

overlapping areas, the TRA episode occurring later in time was truncated for the purposes of 

determining duration (Figure 5.3). 

 

Figure 5.3. Calculation of the duration of transient rapid episodes. The duration of Episode 1 

is 11 s, from the beginning of the segment at 0s, to the end of the segment at 3s. It is 

terminated by the segments at 4s-5s, which are out of range. The segment at 6s starts 

episode 2, however due the recording of the segments, the first 5s of episode 2 overlaps with 

episode 1 (Shaded box 1). Therefore episode 2 will be calculated as 4s in duration. Similarly, 

episode 2 is terminated by the segment at 8s. The segment at 9s starts episode 3, but due to 

overlap with episode 1 and 2, (shaded box 1&2), its duration will be calculated as 3s. 

5.2.5 Temporal stability of rapid activity patterns 

In selected locations, EAFS were recorded from two AF epochs 20 minutes apart prior 

to PVI. The number of EAFS with and without rapid activity, cumulative duration of rapid 

activity, the number of rapid episodes and mean duration of rapid activity within an EAFS 

were compared between epochs. EAFS from the first and second epoch were compared 
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pairwise for each bipole. Only EAFS that were valid in both groups were included in the 

analysis. 

5.2.6 Statistical analyses 

All continuous data was described as either mean value ± standard deviation. DCL 

results between patients were compared with one-way ANOVA with the Tukey post hoc test. 

The Kruskal-Wallis test was used to compare EAFS characteristics between patients and 

regions. Pre and post-PVI data and data between the two pre-PVI epochs were compared 

with a paired T-Test. Statistical significance was defined as 2-sided P<0.05. 

5.2.7 Contributions 

Clinical procedures to collect data were performed by consultants or senior registrars 

at Imperial College Healthcare NHS Trust. Access to the clinical data was kindly granted by 

RETRO-AF investigators. All analyses and metrics were conceived and performed by the 

author. The overlapping segment data was collected by the author on the research 

workstation from recorded cases. This was exported to Abbott engineers who processed and 

returned raw overlapping segment data. Identification of overlapping episodes were 

performed by Abbott engineers under guidance from the author as per Figure 5.3 

5.3 Results 

5.3.1 Patient characteristics 

Data were analysed from 5 patients (Age 61±8.4, 3 female, AF duration: 17.4±8.1 

months, CHADSVASC 2.4±1.3) undergoing first time catheter ablation for psAF. Altogether 

1843 EAFS (369 ± 68 / patient) of at least 37s in duration were collected from various 

anatomical locations within the LA (roof: 323; posterior wall: 494; anterior wall: 418; left 

lateral wall: 171; floor: 304; septum: 133). All subsequent analyses were performed only on 
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valid EAFS (1622 segments; 88%). Patient characteristics with regional distribution of EAFS 

per patient can be found in Table 5.1.  

 

5.3.2 Classification of segments 

The complete DCL profile for all 5 patients, with a graphical representation of the 

percentile cut offs can be seen in Figure 5.4. The mean DCL for patients 1-5 was 137±15, 

157±22, 147±24, 173±37, 177±18, respectively. One-way ANOVA showed a statistically 

significant difference between mean DCLs (P< 0.001). A Tukey post hoc test assessing the 

differences pairwise between all patients indicated statistically significant differences across 

all 5 participants.  

The total number of EAFS recorded per patient is shown in Figure 5.5, with colours 

representing the contribution of each region to the total.  

Mean DCL by patient, AFCL values representing percentile cut offs, and number of EAFS 

with any rapid activity belonging to each group are represented in Table 5.2. The total 

number of EAFS with any rapid activity was 780 (42.3%) at the 10th percentile, 1109 (60.2%) 

at the 20th percentile and 1276 (69.2%) at the 30th percentile. Presence of any rapid activity 

in EAFS by patient and by region at all percentile cut offs can be seen in Table 5.3 and Figure 

5.6.  

The number of rapid episodes, cumulative duration of rapid activity and mean duration 

of rapid activity within an EAFS by patient can be found in Table 5.4.  On pairwise 

comparisons, patients 1-4 had no significant difference in cumulative duration or number or 

rapid episodes, while patient 5 was significantly different from the remainder of the group. 

With regards to mean duration of rapid activity (fragmentation of rapid activity within an 

EAFS) pairwise comparison showed significant differences only between patient 3 and other 
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patients at the 20th percentile, and between patient 5 and the rest of the group at the 30th 

percentile.  

Regional distribution of all metrics can be seen in Table 5.5. Pairwise analysis showed no 

significant difference between regions in cumulative duration at the 10th percentile, 2/15 

region pairs showed significant difference at the 20th percentile and 5/15 region pairs at the 

30th percentile. There were no significant differences between regions with regards to 

number of episodes in for any percentile cut off. With regards to mean duration of rapid 

activity, there were no significant differences between regions at the 10th percentile, 2/15 

region pairs showed significant difference at the 20th percentile, and 5/15 region pairs at the 

30th percentile.  

Mean number of rapid episodes at the 10th, 20th and 30th percentiles by region and 

patient can be found in Figure 5.7. Mean cumulative duration of rapid episodes at the 10th, 

20th and 30th percentiles by region and patient can be found in Figure 5.8. Mean duration of 

rapid episodes at the 10th, 20th and 30th percentiles by region and patient can be found in 

Figure 5.9.  
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Table 1. Baseline characteristics of the cohort (n = 5) 

Mean Age, yrs 61±8 

Male 3 (60.0) 

Diabetes mellitus  1 (20.0) 

Hypertension  2 (40.0) 

TIA/CVA  0 (0.0) 

Ischaemic heart disease 1 (20.0) 

Cardiac Surgery  0 (0.0) 

Left ventricular ejection fraction 
 

 
EF ≥55%  1 (20.0)  
EF 35-40%  3 (60.0)  
EF <35%  1 (20.0) 

LA size (diameter, according to British Society of 
Echocardiography Guidelines) 

  Normal 30-40 mm  3 (60.0) 

  Mild 41-46 mm  1 (20.0) 

  Moderate 47-52  1 (20.0) 

  Severe ≥5.3  0 (0.0) 

Mean AF duration, months 17.4±8.1 

Current antiarrhythmic or rate control strategy 

  Beta-blockers 4 (80.0) 

  Amiodarone  3 (60.0) 

  Digoxin  2 (40.0) 

  Diltiazem  1 (20.0) 

Current anticoagulation 
 

 
Warfarin  3 (60.0)  
Direct oral anticoagulants  2 (40.0) 

CHADVASC score   
  4 1 (20.0) 

  3 2 (40.0) 

  1 2 (40.0) 

Mean number of extended segments per 
patient 

369±68 

Number of extended segments by location 

  Anterior Wall 418 (22.6) 

  Floor 304 (16.5) 

  Lateral Wall 171 (17.3) 

  Posterior Wall 494 (26.8) 

  Roof 323 (17.5) 

  Septum 133 (7.2) 

Total number of extended segments 1843 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5.1 Patient 
demographics.  
Values are mean ± SD 
or N (%) or duration in 
months ± SD 
AF = atrial fibrillation; 
CVA= cerebrovascular 
accident;  
EF = ejection fraction; 
LA = left atrium;  
TIA = transient 
ischaemic attack.; 
AFCL = atrial 
fibrillation cycle 
length;  
DCL = dominant cycle 
length 
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Figure 5.4. Distribution of all dominant cycle length vales per patient. Black lines represent 

10th, 20th and 30th DCL percentiles. DCL: dominant cycle length.  
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Patient 
ID 

Number of 
valid 

segments 

Mean 
AFCL ± 

SD of all 
segments 
(St dev) 

Rapid segment cut off values by percentile and number of 
EAFS with any rapid activity 

10th 
Number of 

EAFS 20th 
Number of 

EAFS 30th 
Number 
of EAFS 

1 264 (81.7) 137±15 123 120 (45.5) 131 161 (61.0) 133 189 (71.6) 

2 260 (91.2) 157±22 136 126 (48.5) 147 191 (73.5) 151 210 (80.8) 

3 302 (83.7) 147±24 105 152 (50.3) 134 212 (70.2) 144 235 (77.8) 

4 410 (93.8) 173±37 103 193 (47.1) 147 270 (65.9) 168 321 (78.3) 

5 386 (88.3) 177±18 168 97 (25.1) 173 162 (42.0) 175 196 (50.8) 
 

Table 5.2. Number of valid EAFS and mean DCL per patient, with 10th 20th and 30th DCL cut 

offs and respective number of EAFS that contain any rapid activity for each group.  

 

Figure 5.5. Regional distribution of EAFS per patient.   
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EAFS with any rapid activity by region in all patients  
(% of all valid EAFS) 

  Percentile Patient 1 Patient 2  Patient 3 Patient 4 Patient 5 

Anterior 
Wall 

10th 23 (35.9) 24 (43.6) 36 (44.4) 47 (48.0) 10 (14.1) 

20th 38 (59.4) 50 (90.9) 47 (58.0) 65 (66.3) 16 (22.5) 

30th 49 (76.6) 54 (98.2) 54 (66.7) 76 (77.6) 17 (23.9) 

Floor 
10th 10 (28.6) 19 (51.4) 25 (42.4) 41 (45.1) 20 (37.7) 

20th 11 (31.4) 21 (56.8) 34 (57.6) 56 (61.5) 24 (45.3) 

30th 17 (48.6) 23 (62.2) 43 (72.9) 68 (74.7) 33 (62.3) 

Lateral 
Wall 

10th 12 (42.9) 23 (62.2) 4 (36.4) 4 (23.5) 12 (22.6) 

20th 16 (57.1) 27 (73.0) 6 (54.5) 6 (35.3) 13 (24.5) 

30th 18 (64.3) 28 (75.7) 6 (54.5) 10 (58.8) 20 (37.7) 

Posterior 
Wall 

10th 44 (81.5) 20 (33.9) 37 (74.0) 41 (44.1) 47 (30.5) 

20th 51 (94.4) 36 (61.0) 45 (90.0) 63 (67.7) 98 (63.6) 

30th 52 (96.3) 42 (71.2) 47 (94.0) 69 (74.2) 
113 
(73.4) 

Roof 
10th 26 (52.0) 33 (62.3) 35 (53.8) 35 (46.7) 8 (14.5) 

20th 39 (78.0) 44 (83.0) 54 (83.1) 54 (72.0) 11 (20.0) 

30th 47 (94.0) 50 (94.3) 56 (86.2) 67 (89.3) 13 (23.6) 

Septum 
10th 5 (15.2) 7 (36.8) 15 (41.7) 25 (69.4) 0 (0.0) 

20th 6 (18.2) 13 (68.4) 26 (72.2) 26 (72.2) 0 (0.0) 

30th 6 (18.2) 13 (68.4) 29 (80.6) 31 (86.1) 0 (0.0) 
 
Table 5.3 Number of EAFS with any rapid activity at all percentile cut offs. 
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Figure 5.6. Percentage of EAFS with any rapid activity by region and by cut off value. 
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Patient 
ID 

Mean cumulative duration of rapid activity within an 
EAFS 

10th percentile 20th percentile 30th percentile 
1 14.64 ± 6.85 18.46 ± 8.63 20.31 ± 9.46 
2 14.86 ± 6.77 17.08 ± 7.45 20.08 ± 7.55 
3 14.44 ± 6.15 17.43 ± 7.52 20.58 ± 7.89 
4 14.15 ± 6.36 17.31 ± 7.35 19.69 ± 7.49 
5 18.68 ± 8.18 20.35 ± 8.6 22.18 ± 9.07 

 

Patient 
ID 

Number of rapid episodes within an EAFS 

10th percentile 20th percentile 30th percentile 
1 1.91 ± 1.17 2.25 ± 1.33 2.27 ± 1.25 
2 1.83 ± 1.11 2.08 ± 1.18 2.35 ± 1.28 
3 1.97 ± 1.08 2.28 ± 1.35 2.61 ± 1.43 
4 1.86 ± 1.07 2.28 ± 1.3 2.48 ± 1.27 
5 2.2 ± 1.22 2.25 ± 1.25 2.02 ± 1.12 

 

Patient 
ID 

Mean duration of rapid activity within an EAFS 

10th percentile 20th percentile 30th percentile 
1 8.42 ± 2.24 9.03 ± 3.04 10.07 ± 5.37 
2 8.87 ± 2.47 9.11 ± 3.18 9.95 ± 5.1 
3 7.99 ± 2.14 8.64 ± 3.05 9.04 ± 3.58 
4 8.33 ± 2.23 8.53 ± 3.02 8.91 ± 3.67 
5 9.54 ± 4.06 10.41 ± 5.15 13.24 ± 8 

 
Table 5.4. Description of rapid activity in pre-PVI EAFS by patient.   
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Patient ID 
Cumulative duration of rapid episodes within an EAFS 

10th percentile 20th percentile 30th percentile 
Anterior Wall 14.38 ± 6.55 16.14 ± 7.21 18.47 ± 7.82 

Floor 15.77 ± 7.04 17.95 ± 7.69 19.28 ± 7.87 
Lateral Wall 15.73 ± 7.37 17.24 ± 7.51 17.89 ± 7.48 

Posterior Wall 15.68 ± 7.43 19.55 ± 8.46 22.71 ± 8.78 
Roof 14.12 ± 6.28 18.35 ± 7.83 21.45 ± 7.57 

Septum 14.94 ± 6.43 16.72 ± 7.33 20.18 ± 8.21 
 

Patient ID 
Number of rapid episodes within an EAFS 

10th percentile 20th percentile 30th percentile 
Anterior Wall 1.89 ± 1.06 2.04 ± 1.2 2.26 ± 1.22 

Floor 2.05 ± 1.14 2.36 ± 1.32 2.43 ± 1.36 
Lateral Wall 1.8 ± 1.04 2.03 ± 1.16 2.09 ± 1.1 

Posterior Wall 2.02 ± 1.24 2.35 ± 1.34 2.36 ± 1.3 
Roof 1.81 ± 1.01 2.21 ± 1.27 2.54 ± 1.33 

Septum 1.98 ± 1.16 2.34 ± 1.32 2.46 ± 1.34 
 

Patient ID 
Mean number of rapid episodes within an EAFS 

10th percentile 20th percentile 30th percentile 
Anterior Wall 8.28 ± 2.52 8.78 ± 3.01 9.3 ± 4.66 

Floor 8.47 ± 3.03 8.66 ± 3.54 9.1 ± 3.9 
Lateral Wall 9.59 ± 3.32 9.47 ± 3.96 9.6 ± 4.33 

Posterior Wall 8.59 ± 2.64 9.39 ± 3.89 11.69 ± 7.2 
Roof 8.45 ± 2.16 9.43 ± 3.66 9.78 ± 4.27 

Septum 8.28 ± 2.05 7.86 ± 2.19 9.25 ± 4.26 
 
Table 5.5. Description of rapid activity in pre-PVI EAFS by region. 
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Figure 5.7. Regional distribution of the mean number of rapid episodes defined as 10th, 20th 

and 30th percentile of patient-specific DCL.  
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Figure 5.8. Regional distribution of the mean cumulative duration of rapid episodes defined 

as 10th, 20th and 30th percentile of patient-specific DCL.  
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Figure 5.9. Regional distribution of mean duration of rapid activity within an EAFS defined as 

10th, 20th and 30th percentile of patient-specific DCL.  

 

5.3.3 Temporal and stability of rapid activity  

Prior to PVI, 68 locations from 3 patients had EAFS recorded from 2 AF epochs, 20 

minutes apart. The number of EAFS with valid data in both epochs was 62 (91.2%). All further 

analyses were performed on EAFS that were considered valid in both epochs. Mean DCL 

showed no significant difference in 2/3 patients and the number of EAFS containing rapid 

activity showed a reduction in all patients at all percentiles (Table 5.6). There were a number 
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of new sites with rapid activity at the 10th percentile (23.5% of all Epoch 2 EAFS with rapid 

activity), however this number showed a significant reduction at the 20th and 30th 

percentiles, where there was only 1 new site identified in Epoch 2. The new sites at the 10th 

percentile were found on the roof in patients 1 and 3, and on the posterior wall in patient 2. 

The new site identified at the 20th and 30th percentiles was found the posterior wall.  

Changes between Epoch 1 and Epoch 2 were described among sites that retained some 

rapid activity. Results were compared pairwise. Changes in mean cumulative duration of 

rapid activity, mean number of rapid episodes and mean duration of rapid episodes within an 

EAFS, pre- and post-PVI, are represented in Table 5.7, Table 5.8 and Table 5.9.  

With regards to cumulative duration, patient 3 had a significant difference at the 10th 

percentile and patient 1 had significant difference at the 20th and 30th percentiles. The mean 

number of rapid episodes was only significantly different in patient 1, at the 30th percentile. 

There was no significant difference demonstrated in mean duration of rapid episodes.  

In summary, the majority of metrics remained unchanged between Epoch 1 and Epoch 

2.  

Patient 
ID 

Number of 
valid 

segments 

Mean AFCL ± SD of all segments Rapid segment cut off values by percentile and number of EAFS with any 
rapid activity 

Epoch 1 Epoch 2 P 

Number of EAFS at 
10th percentile 

Number of EAFS at 
20th percentile 

Number of EAFS at 
30th percentile 

Epoch 
1 

Epoch 
2 

New 
sites 

Epoch 
1 

Epoch 
2 

New 
sites 

Epoch 
1 

Epoch 
2 

New 
sites 

1 19 132 ± 4.3 141 ± 11.5 0.010 11 12 5 18 13 0 19 13 0 

2 19 157 ± 8.3 161 ± 15.5 0.399 7 5 2 12 8 1 14 11 1 

3 24 141 ± 12.2 139 ± 11.4 0.643 22 17 1 24 23 0 24 23 0 
 
Table 5.6. Characteristics of EAFS included in the comparison of Epoch 1 and Epoch 2. DCL showed 
no significant change in 2/3 patients and there was a reduction in the number of segments with 
rapid activity in Epoch 2.  
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Patient 
ID 

Mean cumulative duration of rapid activity within 
an EAFS at 10th percentile ± ST deviation 

Mean cumulative duration of rapid activity within 
an EAFS at 20th percentile ± ST deviation 

Mean cumulative duration of rapid activity within an 
EAFS at 30th percentile ± ST deviation 

No of 
EAFS Epoch 1 Epoch 2 P 

No of 
EAFS Epoch 1 Epoch 2 P 

No of 
EAFS Epoch 1 Epoch 2 P 

1 7 16.29 + 7.76 15.43 + 9.78 0.14 13 24.38 + 10.7 19.62 + 8.51 0.007 13 31.38 + 5.9 20.92 + 8.91 <0.001 
2 3 18 + 8.19 30.33 + 4.04 0.439 7 15.71 + 8.36 27 + 9.09 0.718 10 21.2 + 7.32 23.8 + 10.4 0.294 
3 16 15.75 + 6.55 15.81 + 5.15 0.048 23 21.74 + 7.86 20.57 + 9.12 0.369 23 25.04 + 7.49 25.96 + 8.42 0.941 

 
Table 5.7. Mean cumulative duration of rapid activity by patient, in Epoch 1 vs Epoch 2. 

Patient 
ID 

Mean number of rapid episodes within an EAFS 
at 10th percentile ± ST deviation 

Mean number of rapid episodes within an EAFS 
at 20th percentile ± ST deviation 

Mean number of rapid episodes within an EAFS 
at 30th percentile ± ST deviation 

No of 
EAFS Epoch 1 Epoch 2 P 

No of 
EAFS Epoch 1 Epoch 2 P 

No of 
EAFS Epoch 1 Epoch 2 P 

1 7 2.14 + 1.07 2.71 + 2.56 0.664 13 3 + 1.47 2.38 + 1.04 0.206 13 3.38 + 1.19 2.38 + 1.04 0.031 
2 3 3 + 2.65 3.67 + 1.53 0.808 7 2.14 + 1.68 3.86 + 1.77 0.225 10 2.8 + 1.32 3.5 + 2.07 0.454 
3 16 2 + 1.03 1.81 + 0.75 0.485 23 2.91 + 1.53 2.57 + 1.5 0.336 23 3.22 + 1.51 3.43 + 1.62 0.672 
 
Table 5.8. Mean number of rapid episodes by patient, in Epoch 1 vs Epoch 2. 

Patient 
ID 

Mean duration of rapid episodes within an EAFS 
at 10th percentile ± ST deviation 

Mean duration of rapid episodes within an EAFS 
at 20th percentile ± ST deviation 

Mean duration of rapid episodes within an EAFS 
at 30th percentile ± ST deviation 

No of 
EAFS Epoch 1 Epoch 2 P 

No of 
EAFS Epoch 1 Epoch 2 P 

No of 
EAFS Epoch 1 Epoch 2 P 

1 7 7.98 + 2.52 6.86 + 1.71 0.403 13 8.93 + 3.45 8.46 + 2.05 0.684 13 10.46 + 4.43 9.26 + 3.58 0.298 
2 3 7.72 + 3.12 9.18 + 3.34 0.73 7 8.46 + 2.32 7.67 + 2.5 0.653 10 8.2 + 1.86 7.67 + 2.5 0.664 
3 16 8.49 + 2.77 9.24 + 2.3 0.271 23 8.16 + 1.71 8.92 + 3.52 0.339 23 8.51 + 2.11 8.62 + 3.76 0.898 

 
Table 5.9.  Mean duration of rapid episodes by patient, in Epoch 1 vs Epoch 2.
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5.4 Discussion 

5.4.1 Main findings  

This study is the first to describe AFCL in AF segments of up to 37s, recorded in several 

locations in the LA, using a fully automated AFCL detection algorithm (DCL). It describes the 

endocardial manifestations of presumed three dimensional endo-epicardial rapid activity, 

described in an ex-vivo, optical mapping model of the human left atrium (126).  

Owing to the significant differences in DCL between patients, a novel classification of 

rapidity was used, defining rapid activity by cut offs at the 10th, 20th and 30th percentiles 

rather than applying an absolute value. This enabled a patient-tailored approach, that took 

into account the individual phenotype of AF for each patient. The burden and pattern of 

rapid activity within an EAFS was defined by the cumulative duration and number of rapid 

episodes, and the mean duration of rapid episodes for each EAFS. The mean duration of 

rapid episodes in an EAFS can be used as a surrogate for the fragmentation of rapid activity 

within an EAFS.  

With the application of the patient tailored cut offs, the pattern of rapid activity 

showed unexpected similarity in baseline AF for 4/5 patients.  The pattern of rapid activity 

was largely unchanged between 2 epochs of AF prior to PVI. Rapid activity properties were 

found to be stable in the areas that retained some rapid activity following PVI. A considerable 

number of sites developed rapid activity following PVI.  

5.4.2 AF cycle length activity at baseline 

The percentage of valid EAFS recordings was 82-94%, showing that the majority of 

recordings had adequate quality.  

The proportion of EAFS with any rapid activity at a certain cut off compared to the 

number of all valid EAFS showed similar percentages across patients 1-4 (10th percentile: 40-
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50%; 20th percentile: 61-70%; 30th percentile: 72-80%) with a larger difference in patient 5 

(10th percentile: 25%; 20th percentile: 42%; 30th percentile: 51%). This discrepancy can be 

explained by the observation that patient 5 had a more homogeneous distribution of AFCL 

compared to the rest of the group, whose DCL distribution showed a large central peak with 

a smaller peak representing rapid activity.  

On regional analysis, when comparing data from all patients, the posterior wall showed 

the highest percentage of EAFS with rapid activity, with the anterior wall and roof following. 

There was some variation between patients, however the mentioned 3 regions clearly had 

the highest proportion of EAFS with rapid activity, indicating potential target regions for 

driver ablation, as shown in previous studies (21).  

In the assessment of baseline AF, cumulative duration and mean number of episodes 

was similar in patients 1-4 with patient 5 being significantly different from the rest of the 

group. With regards mean duration of rapid activity, all patients were similar at the 10th 

percentile, and patient 3 showed a significant difference compared to the rest of the group at 

the 20th percentile, with patient 5 showing a significant difference compared to the rest of 

the group at the 30th percentile.  

These results are somewhat surprising following the finding that mean DCL was 

significantly different between all patients. However it appears to indicate that, in this limited 

group of patients, the use patient specific rapid activity definitions appears to normalise the 

pattern of rapid activity in all but one patient. This may be significant in using rapid activity 

patterns to attempt to identify baseline “AF phenotypes” that may be susceptible to 

treatment with rapid area ablation.    

Pairwise comparison between regions showed that, in the majority of comparison 

pairs, the posterior wall was significantly different compared to other regions resulting in 
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greater cumulative duration of rapid activity and longer mean duration of rapid activity, 

which may indicate increased rapid activity on the posterior wall compared to other regions. 

5.4.3 AFCL changes between two epochs of AF  

A limited number of extended recordings were repeated 20 minutes apart to assess the 

stability of the properties of rapid activity prior to PVI. DCL values were not significantly 

different in 2/3 patients. The number of EAFS with rapid activity showed a reduction at all 

percentiles in all patients, the mechanism for this reduction is unclear. There were new sites 

with rapid activity identified in Epoch 2 that were not present in Epoch 1 at the 10th 

percentile. The majority of new sites at the 10th percentile appeared in patient 1, this might 

explain the significant DCL difference between Epoch 1 and Epoch 2 in this patient. When cut 

offs were determined by the more permissive 20th and 30th percentiles, only one new rapid 

activity site was identified. This difference of apparently new rapid activity sites may be due 

to oscillations in cycle length straddle the most restrictive 10th percentile but stay within the 

20th and 30th percentiles.  

Interestingly, although the mean number of episodes and the mean duration of rapid 

episodes did not show any significant change in all but one comparison (30th percentile, 

patient 1), cumulative duration showed significant change between Epoch 1 and Epoch 2 in 3 

comparisons.  

Aside from this small minority, the majority of comparisons showed a stable pattern of 

rapid activity in EAFS that retained rapid activity. 

5.4.4 Limitations 

Although the number of extended AF segments was high, the patient cohort used for 

the study was small, making generalised conclusions about results difficult. Due to the time-

consuming nature of mapping for 30s at each site and the difficulty of maintaining catheter 
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stability in certain sites, LA maps with extended segments did not cover the entire surface of 

the LA. The methods for assessing the burden of rapid activity did not take into account how 

rapid activity was clustered within an EAFS, and mean duration of rapid activity within EAFS 

was created to mitigate this problem. In the comparison of valid EAFS, the cumulative length 

of each extended segment was not taken into account. Due to the probabilistic nature of 

rapid activity, if one EAFS was significantly longer than its counterpart there is a theoretical 

chance of registering more rapid activity in the longer segment, without a change in rapid 

activity pattern, however this could be in part overcome by the mean duration of rapid 

activity metric.  

5.5 Conclusion 

This study is the first to investigate periods of rapid activity within extended AF 

segments, using individualised cut offs for rapidity. The baseline pattern of rapid activity was 

similar in all but one patient, which may indicate that rapid activity assessment may be a 

method to define AF phenotype. The rapid activity patterns of AFCL appeared stable between 

two epochs of AF.  

Further exploration of the electrophysiological features of rapid areas may uncover 

more about extra-pulmonary vein drivers of psAF.  
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Chapter 6 The effect of pulmonary vein isolation on atrial fibrillation 

voltage and cycle length 

 

6.1 Introduction 

Pulmonary vein isolation (PVI) is the standard of care in the catheter ablation of atrial 

fibrillation (AF).  

PVI affects AF dynamics and physiology, and its effect has been shown as a slowing 

down of coronary sinus AF cycle length (AFCL) during PVI (143).   

There have been very few studies that examined the changes in AF voltage (AFV) in 

response to PVI. A recent review into voltage based AF ablation showed that, most current 

work has focused on AFV in sinus rhythm (SR) (19), with some studies focusing on identifying 

low voltage zones (LVZ) after PVI (86–88, 169, 170), and some performing voltage mapping 

prior to PVI (89, 171). There has been a recent emerging trend of voltage mapping in AF, and 

the two groups who developed this technique focused on mapping prior to PVI (83, 85, 172). 

No previous studies have measured and compared changes in AF voltage in response to PVI. 

Voltage-based AF substrate ablation targets LVZs in the left atrium (LA) that may 

represent fibrosis, and are thought to play a role in the maintenance of persistent AF (psAF) 

(79, 85). The definition of LVZs varies considerably between studies and baseline rhythm. 

One study used a SR cut off for scar of 0.2 mV and diseased tissue was defined as 0.2-0.5mV 

(86), another considered 0.1-0.4 mV as low voltage and termed 0.4-1.3 mV as a “transitional 

zone”(87), while others defined a single zone low voltage at <0.5 mV (88, 89, 171). Jadidi et al 

defined LVZs in AF as <0.5 mV and <1.0 mV in SR (85), while Qureshi et al found that LVZs 

<0.35 mV correlated well with fibrosis identified on late gadolinium enhancement MRI scans 
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(83). Kapa and colleagues took a different approach to the definition of LVZ and used a 

relative, patient-specific cut off. Separating the LA into regions, they defined low voltage in 

SR as ≤5th percentile of total regional voltage, arriving at a definition of LVZs ranging from 

<0.2mV to <0.45mV depending on region (173).  

Extra-pulmonary vein, dynamic psAF drivers have also been mapped prior to and 

following PVI. Kumagai and colleagues mapped dominant frequency following PVI (169)  and 

the RADAR-AF investigators based ablation on mapping of high-frequency areas prior to PVI 

(155). Focal Impulse and Rotor Modulation (FIRM) uses real time FIRM mapping on its own or 

as an adjunct, prior to PVI to map rotational activity, relying on expert interpretation to 

identify rotors (20).  

Only a minority of studies compared the presence of dynamic drivers pre- and post-PVI 

during the same procedure. Honarbakhsh and colleagues made direct comparisons of extra-

pulmonary vein drivers pre- and post-PVI with the CARTOFINDER system, and found a higher 

number of potential drivers following PVI (21). Daoud et al performed a similar analysis with 

CARTOFINDER and observed a significant reduction in the number of potential drivers (136). 

Visual interpretation of maps was used in both studies.  

In one unique study, Lalani et al compared the number and location of rotors between 

an index and a re-do AF ablation procedure and found that all patients had at least one 

conserved rotor region 21±20 months following the first procedure and 81% of all rotor 

regions were conserved at the repeat procedure (174).   

The field of electroanatomical mapping in AF is incongruous. There is little agreement 

on whether to map prior to, or following PVI, and whether substrate identification based on 

SR mapping or AF mapping will yield superior clinical results. There is no agreed definition of 

LVZs in terms of baseline rhythm and voltage cut offs. Current dynamic driver mapping 
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technologies apply proprietary technologies and rely on pattern recognition by physicians, 

thereby introducing subjectivity.  

The current study aims to prove the hypothesis that it is feasible to describe the 

changes in AF voltage and AFCL with PVI in psAF and to give an objective definition of AF 

“phenotype” using the above two metrics. Rapid activity is defined using and individualised 

strategy based on AFCL percentiles determined for each patient separately. It also tests the 

role of percentile-based definitions of low AF voltage, comparing percentile-based results to 

accepted voltage cut offs. It uses mean AF voltage data and AFCL data derived from 8s AF 

segments to construct electroanatomical maps and perform pre- and post-PVI area analyses. 

It also aims to assess the patterns of rapid activity pre- and post-PVI using extended AF 

segments. The analyses showed that there is global reduction in mean AF voltage after PVI 

along with a global increase in AFCL, but there are significant differences in how individual 

regions change after PVI. Importantly, the pattern of rapid activity appeared stable in rapid 

areas that maintained their rapidity after PVI, suggesting that these may play a role in driving 

psAF. In summary, this chapter sets out to examine the changes that occur in AF phenotype, 

as described by AF voltage and AFCL, with PVI. It describes an objective, patient tailored 

method to identify low voltage areas and rapid and regular areas that may act as drivers of 

psAF, and offers a solution to the lack of standardisation in low voltage and rapidity 

definitions.  
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6.2 Methods 

6.2.1 Patient selection 

The analyses described below were performed on two different patient groups. The 

analyses involving extended AF segments (EAFS) were conducted on the patient group 

described in  5.2.1 (Group 1).  

11 patients (61±10.8 years of age, 8 male) undergoing first time catheter ablation for 

symptomatic psAF were included for regional analyses of AF voltage and DCL (Group 2). 

Persistent AF was defined as AF lasting for more than 7 days. All patients provided written 

informed consent for their electroanatomical mapping data to be exported and analysed. 

Electroanatomical data was used from a study approved by the UK National Research Ethics 

Service (17/LO/0524). The procedures followed were in accordance with the ethical 

standards of the local committee on human experimentation and with the Helsinki 

Declaration of 1975 as revised in 2000. 

6.2.2 Electrophysiology procedure 

For Group 1, data collection was performed as described in 5.2.2.  

For Group 2, AF segments were collected in non-cardiac triggered mode with settings 

and equipment described in 2.3.  Non-cardiac triggered mode in the Ensite NavX Precision 

software enables the user to collect up to 8s of electrogram data for every bipole 

configuration of the mapping catheter. Recording was automatically started when the 

catheter is stable (<10 mm catheter movement). EAMs were created prior to and 

immediately after PVI prior to any additional ablation. PVI was performed as a wide area 

circumferential antral ablation (WACA) by the dragging technique, with a 4-mm tip irrigated 

ablation catheter (TactiCath Quartz SE; Abbott Inc, St Paul, MN, USA).  
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In order to correct for the direct effect of ablation lesions on AF voltage and AFCL, 

points within, and <5 mm from the WACA lines were excluded from the pre- and post-

ablation comparison analysis (175).  

6.2.3 Offline data analysis 

Group 1 offline analyses were performed as described in 5.2.3. For Group 2, the 

complete anonymised studies were exported from the clinical system and imported into the 

Ensite NavX Precision Research System (Abbott Inc, St Paul, MN, USA), where all further 

analyses were performed.  

6.2.4 Changes in rapid activity patterns with PVI 

Extended AF segments were recorded, and the pattern of rapid activity was 

determined as described in 5.2.4. In selected locations, extended segments were recorded 

prior to and after PVI. The number of EAFS with and without rapid activity, cumulative 

duration of rapid activity, the number of rapid episodes and mean duration of rapid activity 

within an EAFS were compared pre- and post-PVI. Post-PVI recordings were made by 

returning to the exact positions of the pre-PVI recordings, conserving the orientation of the 

catheter, as well as the location. EAFS before and after PVI were compared pairwise for each 

bipole. Only EAFS that were valid in both groups were included in the analysis.  

6.2.5 Measurement of AF voltage 

AF voltage was measured for every bipole on the EAMs. For each 8s AF segment, 

markers were placed automatically at local activations and the peak-to-peak voltage of these 

markers were registered. Mean AFV was automatically determined for all 8s segments. When 

comparing pre- and post-PVI maps, pulmonary veins were excluded from the analysis.  
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6.2.6 Measurement of AFCL 

Dominant AFCL (DCL) was measured for every bipole on the EAMs. The algorithm is 

described in detail in 2.4.3. In brief, DCL returns the most frequent rapid and regular AFCL in 

an AF segment of 8s or less. As the algorithm uses AFCL annotation pairs to create CL 

intervals and performs interval clustering, segment sections that are poorly annotated due to 

low quality signal, do not influence the DCL result. In group 2, simple averaging results 

measured in the coronary sinus pre and post PVI were compared to global DCL results.  

6.2.7 Point-by-point analysis 

Point-by-point analysis was used to investigate the global changes in AFV and DCL 

before and after PVI. Pre and post PVI maps did not revisit the exact same locations for each 

of the several thousand mapping points, but they were projected onto the same LA 

geometry. Therefore, to improve accuracy of location based comparison, pre and post PVI 

AFV and DCL were compared using values interpolated to the smallest unit (vertex) of the 3D 

LA shell (Figure 6.1). This method allowed for the most accurate, point-by-point, vertex-by-

vertex analysis of results. The vertex-by-vertex analysis also replicates clinical practice most 

accurately, as during a clinical procedure, operators interpret interpolated maps rather than 

individual points.  
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Figure 6.1. Vertex based representation of information. The electroanatomical geometry 

consists of interpolated mapping point values visualised over a geometry built of vertices. 

Yellow dots represent mapping points, the intersection of black lines represent vertices. 

 

6.2.8 Regional analyses 

Apart from global, point-by-point analysis, regional measurements were also compared 

pre and post PVI. Separate maps were created for all major regions of the LA (anterior wall, 

posterior wall, septum, lateral wall, floor, roof, left pulmonary veins, right pulmonary veins), 

by manually editing EAMs. Regions were encircled with attention to include all mapped 

areas. This enabled regional analysis of AFV and DCL, with comparisons of baseline results 

and pre- and post-PVI results between patients and regions.   

6.2.9 Relative and absolute definitions of low voltage and rapid AFCL 

Low AFV and rapid DCL areas were compared using global and regional maps. 

Comparisons in area were made between different LVZ and rapid DCL definitions. Absolute 

areas, and percentage of mapped area were described for all AFCL and LVZ cut offs. 

Differences in LVZs and rapid AFCL areas were compared between pre and post PVI maps 
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using different LVZ and rapid AFCL definitions. The LVZ cut offs used were <0.5 mV (85), 

<0.35 mV(83) and <10th percentile, <20th percentile and <30th percentile of all signals of the 

complete map for an individual patient. Noise threshold was 0.05 mV. The rapid AFCL cut offs 

used were <10th percentile, <20th percentile and <30th percentile of all DCL results for an 

individual patient. DCL values were considered valid between 80-250 ms. 

6.2.10 Contributions 

All electrophysiological procedures were performed by consultant cardiologists or 

senior registrars at Imperial College NHS Trust. Access to the clinical data was kindly granted 

by RETRO-AF investigators. All analyses and metrics were conceived and performed by the 

author. Overlapping segments were processed as in chapter 5.  

6.3 Results 

6.3.1 Patient characteristics 

Group 1 patient characteristics can be found in 5.3.1.  

In Group 2, Data were analysed from 11 patients (Age 61±10.8, 2 female (18.2%), AF 

duration: 29.2±27.6 months, CHADSVASC 1.25±1.28) undergoing first time catheter ablation 

for psAF. The number of EAM points used per patient prior to PVI was 1952±561 and the 

number of points following PVI was 1186±439. The number of vertices used per patient prior 

to PVI was 64103±14487 (DCL) and 67036±15153 (AFV) and the number of vertices used 

following PVI was 41325±9411 (DCL) and 43569±10052 (AFV). Patient characteristics for 

group 2 can be found in Table 6.1.  
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Table 6.1. Baseline characteristics of the cohort (n = 11) 
Mean Age, yrs 61±10.8 
Male 9 (81.8) 
Diabetes mellitus  1 (9.1) 
Hypertension  2 (18.2) 
TIA/CVA  1 (9.1) 
Ischaemic heart disease 1 (9.1) 
Cardiac Surgery  0 (0.0) 
Left ventricular ejection fraction 

 
 

EF ≥55%  11 (100.0)  
35-40%  0 (0.0)  
<35%  0 (0.0) 

LA size (diameter, according to British Society of Echocardiography 
Guidelines) 
  Normal 30-40 mm  3 (27.3) 
  Mild 41-46 mm  1 (9.1) 
  Moderate 47-52  5 (45.5) 
  Severe ≥5.3  2 (18.2) 
Mean AF duration, months 29.2±27.6 
Current antiarrhythmic or rate control strategy 
  Beta-blockers 6 (54.5) 
  Amiodarone  3 (27.3) 
  Digoxin  1 (9.1) 
  Diltiazem  1 (9.1) 
  Sotalol 1 (9.1) 
Current anticoagulation 

 
 

Warfarin  3 (27.3)  
Direct oral anticoagulants  8 (72.7) 

CHADVASC score   
  3 1 (18.2) 
  2 1 (9.1) 
  1 4 (36.4) 
  0 3 (27.3) 
Number of map points used to calculate DCL and AF voltage  

Pre-PVI 1952 ± 561  
Post-PVI 1186 ± 439 

 

 

 

 

Table 6.1. 

Patient 

characteristics. 

Values are 

mean ± SD or N 

(%) or duration 

in months ± SD 

AF = atrial 

fibrillation; 

CVA= 

cerebrovascular 

accident;  

EF = ejection 

fraction;  

LA = left atrium; 

TIA = transient 

ischaemic 

attack.;  

AFCL = atrial 

fibrillation cycle 

length;  

DCL = dominant 

cycle length;  

PVI = Pulmonary 

vein isolation
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6.3.2 The effect of PVI on rapid activity  

Of 1622 valid, pre-PVI locations, 1254 were remapped after PVI (77.3%).  Of these 

1254, 315 locations (25.1%) were found to have invalid EAFS. The number of EAFS with valid 

data pre- and post-PVI was 939 (74.9%). All further analyses were performed on post-PVI 

EAFS that were classified as valid.  

Mean DCL of EAFS showed a significant increase in 4/5 patients following PVI, and the 

number of EAFS containing rapid activity showed a reduction in all patients at the 20th and 

30th percentile, and 4/5 patients at the 10th percentile (Table 6.2). A considerable number of 

new sites with EAFS showing rapid activity were found following PVI (10th: 51%; 20th: 27%; 

30th: 19%). Further regional analysis of EAFS involved in the pre- and post-PVI comparison can 

be found in Table 6.3, with the regions responsible for the highest number of EAFS locations 

with rapid activity appearing only after PVI, highlighted in purple.  

The mean number of sites with retained rapid activity compared to the number of new 

sites with rapid activity following PVI was 8.2±5.6 vs 6.2±5.8 at the 10th percentile, 14±11.3 

vs 5.4±4.5 at the 20th percentile, 16±14.6 vs 4.7±3.6 at the 30th percentile. Across all 

patients, 42.4%, 58.3%, and 57.8% of locations retained some rapid activity at the 10th, 20th, 

30th percentiles respectively.  

Pre- and post-PVI changes were described among sites that retained some rapid 

activity. Results were compared pairwise. Changes in mean cumulative duration of rapid 

activity, mean number of rapid episodes and mean duration of rapid episodes within an EAFS, 

pre- and post-PVI, are represented in Table 6.4 Table 6.5 and Table 6.6.  

Cumulative duration of rapid activity, number of rapid episodes and mean duration of 

rapid episodes showed no significant change pre-and post-PVI at the 10th percentile. At the 
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20th percentile, 4/5 patients showed no significant change in cumulative duration and mean 

number of rapid episodes within an EAFS, and no patients had significant changes in mean 

duration of rapid episodes. At the 30th percentile, 2/5 patients showed no change in 

cumulative duration, 4/5 patients showed no change in number of rapid episodes, and 3/5 

showed no change in mean duration of rapid episodes.  

Where significant changes occurred in any metric between pre- and post-PVI, these 

were most commonly driven by the posterior wall.   

The significant reductions in mean cumulative duration at the 20th and 30th percentile 

in patient 1 were driven by posterior wall changes. In patient 2 and patient 5, significant 

changes in mean cumulative duration at the 30th percentile were driven by the posterior wall.  

The significant changes in the mean number of rapid episodes at the 20th and 30th 

percentile in patient 4 were driven by changes on the floor and the roof.  

The significant changes in mean duration of rapid episodes at the 30th percentile in 

patient 1 were driven by lateral and posterior wall changes. In patient 5, significant changes 

in mean duration of rapid episodes at the 30th percentile were driven by the posterior wall. 

Patient 
ID 

Number 
of valid 

segments 

Mean AFCL ± SD of all segments Rapid segment cut off values by percentile and number of EAFS 
with any rapid activity 

Pre-PVI Post-PVI P 

Number of EAFS at 
10th percentile 

Number of EAFS at 
20th percentile 

Number of EAFS at 
30th percentile 

Pre-
PVI 

Post-
PVI 

New 
sites 

Pre-
PVI 

Post-
PVI 

New 
sites 

Pre-
PVI 

Post-
PVI 

New 
sites 

1 145 135 ± 8.9 141 ± 9.8 <0.001 72 36 19 94 62 15 111 73 13 

2 121 154 ± 12.9 162 ± 15.0 <0.001 60 46 19 94 72 11 102 81 7 

3 172 148 ± 13.7 160 ± 16.6 <0.001 79 59 27 108 82 25 124 92 23 

4 301 172 ± 22.9 174 ± 21.5 0.418 138 149 76 198 189 58 231 223 43 

5 200 177 ± 9.9 215 ± 18.1 <0.001 44 42 28 87 43 14 97 45 12 

 
Table 6.2. Characteristics of EAFS included in the pre-post PVI analysis. DCL showed increase and 

number of segments with activity under a certain cut off showed a reduction after PVI.   
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Table 6.3. Regional distribution of EAFS included in the pre-post PVI analysis. Post-PVI EAFS have 
been further subdivided into locations that had rapid activity prior PVI and locations where rapid 
activity was detected only following PVI. Regions that had the highest number of EAFS with rapid 
activity only after PVI are highlighted in purple. There were no detectable regional trends  of EAFS 

Patient 
ID 

Region 

Number of EAFS with any 
rapid activity (10th 

percentile) 

Number of EAFS with any 
rapid activity (20th 

percentile) 

Number of EAFS with any 
rapid activity (30th 

percentile) 
Pre-
PVI 

Post PVI Pre-
PVI 

Post PVI Pre-
PVI 

Post PVI 

Retained 
rapid 

activity 
New 
sites 

Retained 
rapid 

activity 
New 
sites 

Retained 
rapid 

activity 
New 
sites 

1 

Anterior Wall 7 0 2 10 4 3 13 7 3 

Floor 10 3 8 11 10 8 17 13 7 

Lateral Wall 2 0 2 4 2 3 5 2 3 
Posterior 
Wall 31 8 2 35 16 0 36 18 0 

Roof 22 6 5 34 15 1 40 20 0 

Septum 0 0 0 0 0 0 0 0 0 

2 

Anterior Wall 5 4 5 15 8 2 17 11 1 

Floor 16 2 3 17 2 3 19 5 2 

Lateral Wall 0 0 0 0 0 0 0 0 0 
Posterior 
Wall 17 8 4 32 23 3 34 27 3 

Roof 22 13 7 30 28 3 32 31 1 

Septum 0 0 0 0 0 0 0 0 0 

3 

Anterior Wall 22 8 10 29 15 11 35 19 9 

Floor 19 8 12 27 17 12 34 20 9 

Lateral Wall 1 0 0 2 0 0 2 0 2 
Posterior 
Wall 16 9 1 17 10 1 18 12 0 

Roof 14 6 3 20 13 0 22 15 2 

Septum 7 1 1 13 2 1 13 3 1 

4 

Anterior Wall 34 15 20 47 29 16 56 46 14 

Floor 33 24 14 48 33 10 58 45 5 

Lateral Wall 1 1 6 2 2 6 3 3 5 
Posterior 
Wall 29 13 17 45 27 13 48 32 11 

Roof 32 13 13 47 31 6 53 41 5 

Septum 9 7 6 9 9 7 13 13 3 

5 

Anterior Wall 6 0 0 9 0 0 10 0 0 

Floor 6 3 3 6 3 3 6 3 3 

Lateral Wall 0 0 0 0 0 0 0 0 0 
Posterior 
Wall 26 11 23 63 26 9 71 30 7 

Roof 6 0 2 9 0 2 10 0 2 

Septum 0 0 0 0 0 0 0 0 0 
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with rapid activity.   In general , results remained consistent across percentiles. There was a large 
number of new sites  in all patients following PVI, showing no specific pattern in regional 
distribution. 
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Patient 

ID 

Mean cumulative duration of rapid activity within 

an EAFS at 10th percentile ± ST deviation 

Mean cumulative duration of rapid activity within 

an EAFS at 20th percentile ± ST deviation 

Mean cumulative duration of rapid activity within an 

EAFS at 30th percentile ± ST deviation 

No of 

EAFS Pre-PVI Post-PVI P 

No of 

EAFS Pre-PVI Post-PVI P 

No of 

EAFS Pre-PVI Post-PVI P 

1 17 13 ± 5.45 12.65 ± 3.76 0.8 47 20.68 ± 8.85 16.98 ± 7.89 0.028 60 23.53 ± 10.1 17.92 ± 9.19 <0.001 

2 27 16.52 ± 7.88 16.33 ± 7.3 0.921 61 18.9 ± 7.63 17.34 ± 7.69 0.189 74 22.46 ± 6.97 19.58 ± 7.74 0.009 

3 32 15.03 ± 6.27 13.87 ± 6.14 0.481 57 17.67 ± 8.1 16.16 ± 7.29 0.237 69 20.12 ± 8.07 19.13 ± 8.58 0.422 

4 73 15.26 ± 7.28 13.34 ± 5.44 0.069 131 18.79 ± 7.67 17.05 ± 6.93 0.05 180 20.81 ± 7.48 20.12 ± 7.68 0.347 

5 14 17.64 ± 7.21 17.64 ± 6.33 1 29 20.45 ± 7.79 16.93 ± 6.64 0.1 33 24.06 ± 8.46 17.12 ± 6.93 0.002 

 

Table 6.4. Mean cumulative duration of rapid activity by patient, pre- and post-PVI. In the majority of comparisons, the mean cumulative duration of rapid 

activity showed no significant change following PVI in segments that retained rapid activity.  

 

Table 6.5. Mean number of rapid episodes by patient, pre- and post-PVI. In the overwhelming majority of comparisons (apart from 2 comparisons out of 

15), the mean number of rapid episodes showed no significant change following PVI in segments that retained rapid activity.  

 

  

Patient 

ID 

Mean number of rapid episodes within an EAFS 

at 10th percentile ± ST deviation 

Mean number of rapid episodes within an EAFS 

at 20th percentile ± ST deviation 

Mean number of rapid episodes within an EAFS 

at 30th percentile ± ST deviation 

No of 

EAFS Pre-PVI Post-PVI P 

No of 

EAFS Pre-PVI Post-PVI P 

No of 

EAFS Pre-PVI Post-PVI P 

1 17 1.41 ± 0.62 1.76 ± 0.97 0.163 47 2.49 ± 1.33 2.23 ± 1.31 0.385 60 2.47 ± 1.35 2.23 ± 1.31 0.298 

2 27 2.11 ± 1.25 2.15 ± 1.32 0.911 61 2.41 ± 1.24 2.18 ± 1.26 0.233 74 2.72 ± 1.41 2.43 ± 1.36 0.189 

3 32 1.97 ± 1.26 1.84 ± 0.99 0.64 57 2.33 ± 1.54 2.16 ± 1.24 0.463 69 2.61 ± 1.46 2.49 ± 1.32 0.605 

4 73 1.99 ± 1.1 1.66 ± 0.89 0.054 131 2.44 ± 1.3 2.08 ± 1.09 0.015 180 2.67 ± 1.29 2.39 ± 1.19 0.038 

5 14 2.14 ± 1.03 2.14 ± 1.1 1 29 2.31 ± 1.23 2.07 ± 1.03 0.478 33 1.82 ± 0.88 2.12 ± 1.14 0.238 
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Patient 

ID 

Mean duration of rapid episodes within an EAFS 

at 10th percentile ± ST deviation 

Mean duration of rapid episodes within an EAFS 

at 20th percentile ± ST deviation 

Mean duration of rapid episodes within an EAFS 

at 30th percentile ± ST deviation 

No of 

EAFS Pre-PVI Post-PVI P 

No of 

EAFS Pre-PVI Post-PVI P 

No of 

EAFS Pre-PVI Post-PVI P 

1 17 9.57 ± 2.51 8.32 ± 3.13 0.213 47 9.22 ± 3.18 8.38 ± 2.57 0.183 60 11.16 ± 6.85 8.67 ± 2.68 0.013 

2 27 8.62 ± 2.53 8.58 ± 2.74 0.945 61 8.8 ± 3.65 8.63 ± 2.23 0.721 74 9.82 ± 5.06 9.04 ± 3.28 0.251 

3 32 8.77 ± 2.84 8.18 ± 2.43 0.359 57 8.61 ± 2.48 8.24 ± 2.39 0.433 69 8.71 ± 2.98 8.38 ± 2.47 0.502 

4 73 8.21 ± 1.89 8.67 ± 2.57 0.237 131 8.59 ± 2.88 9.17 ± 3.38 0.131 180 8.64 ± 3.25 9.29 ± 3.48 0.066 

5 14 8.73 ± 2.24 9.46 ± 3.88 0.533 29 10.3 ± 5.18 9.07 ± 3.29 0.354 33 16 ± 9.25 9.09 ± 3.32 0.001 

 

Table 6.6. Mean duration of episodes within an EAFS, pre- and post-PVI. In the overwhelming majority of comparisons (apart from 2 comparisons out of 

15), the mean number of rapid episodes showed no significant change following PVI in segments that retained rapid activity.
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6.3.3 Global and regional mean AF voltage and dominant cycle length 

A Kruskal Wallis test showed significant difference between Global Mean AFV and 

Mean DCL between patients and between regions from all patients. Pairwise analysis showed 

that, out of 55 possible pairs between 11 patients, similarity was found in 3 patient pairs (1-3; 

5-2; 2-1) for AFV, and 2 patient pairs (7-3; 9-6) for DCL. Thus, out of 55 possible patient pairs, 

52 had significant differences in AFV and 53 showed a significant difference in DCL. A similar 

trend was seen when comparing regions with the same statistical methods. On pairwise 

analysis, out of 36 possible pairs between 9 regions, similarity was found in 3 region pairs 

(Roof-Septum; Posterior Wall-LPV, Posterior Wall-RPV) for AFV, and 2 region pairs (Floor-

Anterior Wall; Posterior Wall-LPV) for DCL Figure 6.2. 
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Figure 6.2. Mean AF voltage and DCL in all participants and by region. There are significant 

differences between patients in AF voltage and DCL. The left atrial appendage and pulmonary 

veins represent the highest voltages across all patients. DCL between regions showed less 

variability than between patients.  

 

Regional distribution of fastest DCL and lowest AFV were variable between patients. 

The region most frequently showing the lowest AFV was the floor of the LA (3 patients). The 

region most frequently showing the rapidest DCL was the roof of the LA (4 patients). The 

rapidest regions and lowest AFV regions did not coincide in any patients Table 6.7. 
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Patient 
ID Lowest AF voltage Rapidest DCL 

 Region 
Voltage 

(mV) Region 
DCL 

(ms) 
1 RPV 0.31 Roof 144 
2 Floor 0.3 Anterior 157 
3 Lateral 0.22 Roof 140 
4 Floor 0.22 LAA 138 
5 Posterior 0.33 Roof 164 
6 Roof 0.3 LAA 136 
7 RPV 0.2 Posterior 142 
8 Anterior 0.21 Roof 141 
9 Anterior 0.36 Posterior 144 

10 Lateral 0.46 Roof 142 
11 Floor 0.23 LAA 141 

AF = atrial fibrillation; DCL = dominant cycle length; RPV = right 
pulmonary vein; LAA = left atrial appendage 

Table 6.7. Location and values corresponding to the lowest AFV and rapidest DCL areas. The 

data show wide variability. There were no patients where the lowest AFV and rapidest DCL 

areas coincided.  

 

Using cut off values discussed in methods (DCL: 10th, 20th, 30th percentiles; AFV: 10th, 

20th, 30th percentiles, <0.35 mV, 0.5 mV) the areas corresponding to the mentioned cut offs 

were assessed in all patients, globally and regionally. Absolute areas and percentages of 

mapped areas for all patients and all cut offs can be seen in Table 6.8 (DCL) and Table 6.9 

(AFV).  
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Patient 
ID 

Total 
Mapped 
area 

10th 
percentile 

Percent of 
mapped area 

20th 
percentile 

Percent of 
mapped 
area 

30th 
percentile 

Percent of 
mapped 
area 

1 78.54 3.79 4.83 13.96 17.77 21.13 26.90 
2 138.85 6.12 4.41 18.03 12.99 42.79 30.82 
3 197.80 11.98 6.06 31.02 15.68 60.61 30.64 
4 185.05 10.95 5.92 16.82 9.09 40.79 22.04 
5 169.53 9.30 5.49 20.97 12.37 35.32 20.83 
6 158.24 6.95 4.39 21.56 13.62 36.83 23.27 
7 188.36 11.64 6.18 31.25 16.59 43.68 23.19 
8 203.49 5.31 2.61 17.60 8.65 42.31 20.79 
9 266.87 13.17 4.93 29.27 10.97 60.18 22.55 

10 118.04 4.48 3.80 9.19 7.79 17.17 14.55 
11 200.82 9.76 4.86 24.30 12.10 59.81 29.78 

 

 

Table 6.8. Dominant cycle length analysis. Total mapped area, and areas within all cut off 

values for all patients. Areas are represented in cm2. Percent of mapped area relates to the 

percentage of the total mapped area covered by values under the cut off limit. The values 

show significant individual variation, with the 30th percentile showing some reduction in 

variance. The mapped areas at the 30th percentile are of the proportion that could be 

identified on conventional clinical 3D map.  

Patient 
ID 

Total 
mapped 
area 

10th 
percentile 

Percent of 
mapped 
area 

20th 
percentile 

Percent 
of 
mapped 
area 

30th 
percentile 

Percent 
of 
mapped 
area 

<0.35 
mV 

Percent 
of 
mapped 
area 

<0.5 
mV 

Percent 
of 
mapped 
area 

1 78.56 6.37 8.11 13.47 17.15 24.26 30.88 44.36 56.47 62.19 79.16 

2 145.13 7.85 5.41 19.56 13.48 40.93 28.20 77.49 53.39 114.73 79.05 

3 201.70 8.62 4.27 22.96 11.38 41.74 20.69 72.36 35.88 139.47 69.15 

4 190.94 5.57 2.92 31.18 16.33 44.65 23.38 113.94 59.67 149.21 78.14 

5 177.75 16.86 9.49 31.58 17.77 47.00 26.44 82.42 46.37 112.85 63.49 

6 162.78 7.41 4.55 22.54 13.85 31.69 19.47 75.33 46.28 107.82 66.24 

7 193.34 8.84 4.57 34.44 17.81 54.70 28.29 149.30 77.22 174.01 90.00 

8 209.32 2.88 1.38 28.86 13.79 58.43 27.91 146.90 70.18 177.57 84.83 

9 283.27 15.11 5.33 47.58 16.80 73.84 26.07 137.54 48.55 212.71 75.09 

10 129.60 3.02 2.33 7.71 5.95 14.76 11.39 17.36 13.40 70.33 54.27 

11 203.87 6.18 3.03 18.76 9.20 39.03 19.14 110.65 54.27 143.87 70.57 
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Table 6.9 AF voltage analysis. Total mapped area, and areas within all cut off values for all 

patients. Areas are represented in cm2. Percent of mapped area relates to the percentage of 

the total mapped area covered by values under the cut off limit. The values show significant 

individual variation, with the 30th percentile showing some reduction in variance. The 

absolute cut offs of <0.35 mV and <0.5 mV show very large areas in most patients in 

proportion to the mapped area, meaning that most of the atrium  would be classified as low 

voltage with absolute cut offs. 
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Absolute area under all investigated cut offs for DCL and AFV, and the percentage that a 

regional area comprises compared to all rapid areas for a certain patient can be seen in Table 

6.10 (DCL) and  

Table 6.11 (AFV). The most common region to have the largest area for any DCL cut off was 

the anterior wall and the right pulmonary vein. The anterior wall showed stability across cut 

offs, remaining the region with the largest area of rapid activity from the 10th to the 30th 

percentiles in 3 patients. The largest LVZs were found in the pulmonary veins in the majority 

of the patients, for all cut offs. For absolute voltage cut offs (0.35 mV; 0.5 mV) the pulmonary 

veins represented the largest LVZs exclusively. Overall percentage of mapped area for all AFV 

cut offs per patient can be seen in Figure 6.3. The mean percentage of mapped areas 

covered by absolute cut offs was greater than percentile-based results. Patient specific 

percentile cut offs corresponding to absolute cut offs can be seen in Table 6.12. 
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Patient ID Total 
Rapid 
area 10th 
percentile 

10th 
percentile 
Region 

Area 
(percent) 

Total 
Rapid 
area 20th 
percentile 

20th 
percentile 
Region 

Area 
(percent) 

Total 
Rapid 
area 30th 
percentile 

30th 
percentile 
Region 

Area 
(percent) 

1 3.79 Septum 1 (26.4) 13.96 RPV 3.81 (27.3) 21.13 RPV 5.9 (27.9) 

2 6.12 RPV 1.75 (28.6) 18.03 Anterior 6.74 (37.4) 42.79 Posterior 14.62 (34.2) 

3 11.98 Anterior 5.15 (43) 31.02 Anterior 11.09 (35.8) 60.61 Anterior 14.17 (23.4) 

4 10.95 RPV 6.22 (56.8) 16.82 RPV 8.38 (49.8) 40.79 RPV 13.42 (32.9) 

5 9.30 Anterior 2.49 (26.8) 20.97 RPV 7.57 (36.1) 35.32 RPV 11.24 (31.8) 

6 6.95 RPV 2.25 (32.4) 21.56 RPV 3.85 (17.9) 36.83 RPV 8.96 (24.3) 

7 11.64 Posterior 7.01 (60.2) 31.25 Posterior 13.2 (42.2) 43.68 Posterior 16.32 (37.4) 

8 5.31 RPV 1.58 (29.8) 17.60 RPV 2.93 (16.6) 42.31 LAA 12.5 (29.5) 

9 13.17 Anterior 4.12 (31.3) 29.27 Anterior 7.98 (27.3) 60.18 Anterior 10.66 (17.7) 

10 4.48 Anterior 1.85 (41.3) 9.19 Anterior 3.11 (33.8) 17.17 Anterior 3.76 (21.9) 

11 9.76 Anterior 3.22 (33) 24.30 LAA 10.61 (43.7) 59.81 LPV 26.67 (44.6) 

 

Table 6.10. LA regions representing the largest area for a certain DCL cut off. Numbers in 

parentheses represent the percentage of the regional area compared to all rapid areas for a 

certain patient.  The regions with the largest area containing rapid activity are variable 

between patients but in most cases remain constant across percentiles. These regions can 

contain up to half of  all rapid areas within a patient, indicating that rapid areas may cluster in 

a certain area that is different between patients. 
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Patient ID 
Total LVZ 
area 10th 
percentile 

10th 
percentile 

Region 
Area 

(percent) 

Total LVZ 
area 20th 
percentile 

20th 
percentile 

Region 
Area 

(percent) 

Total LVZ 
area 30th 
percentile 

30th 
percentile 

Region 
Area 

(percent) 

1 6.37 RPV 1.41 (22.1) 13.47 Posterior 4.66 (34.6) 24.26 RPV 7.29 (30) 

2 7.85 Floor 4.36 (55.5) 19.56 Floor 8.4 (42.9) 40.93 Floor 10.35 (25.3) 

3 8.62 Lateral 3.07 (35.6) 22.96 Lateral 4.78 (20.8) 41.74 LPV 17.17 (41.1) 

4 5.57 Floor 2.79 (50.1) 31.18 RPV 9.42 (30.2) 44.65 RPV 14.49 (32.5) 

5 16.86 RPV 8.34 (49.5) 31.58 RPV 12.38 (39.2) 47.00 RPV 18.21 (38.7) 

6 7.41 Anterior 3.29 (44.4) 22.54 Floor 4.8 (21.3) 31.69 Anterior 6.61 (20.9) 

7 8.84 RPV 4.04 (45.7) 34.44 RPV 18.14 (52.7) 54.70 RPV 26.76 (48.9) 

8 2.88 RPV 1.23 (42.7) 28.86 RPV 10.16 (35.2) 58.43 LPV 25.24 (43.2) 

9 15.11 RPV 9.98 (66) 47.58 LPV 18.28 (38.4) 73.84 RPV 25.65 (34.7) 

10 3.02 Lateral 2.11 (69.9) 7.71 Lateral 4.16 (54) 14.76 Lateral 5.78 (39.2) 

11 6.18 Lateral 2.5 (40.5) 18.76 LPV  5.58 (29.7) 39.03 LPV 8.96 (23) 

Patient ID Total LVZ  
<0.35 mV 

<0.35 mV 
Region 

Area 
(percent) 

Total LVZ  
<0.5 mV 

<0.5 mV 
Region 

Area 
(percent)    

1 44.36 RPV 11.18 (25.2) 62.19 RPV 15.31 (24.6)    
2 77.49 LPV 15.83 (20.4) 114.73 RPV 26.85 (23.4)    
3 72.36 LPV 24.94 (34.5) 139.47 LPV 32.15 (23.1)    
4 113.94 RPV 41.13 (36.1) 149.21 RPV 47.82 (32)    
5 82.42 RPV 35.19 (42.7) 112.85 RPV 48.22 (42.7)    
6 75.33 RPV 18 (23.9) 107.82 RPV 26.65 (24.7)    
7 149.30 RPV 43.82 (29.4) 174.01 RPV 46.47 (26.7)    
8 146.90 LPV 42.81 (29.1) 177.57 RPV 51.67 (29.1)    
9 137.54 LPV 38.02 (27.6) 212.71 LPV 54.43 (25.6)    

10 17.36 Lateral 6.03 (34.7) 70.33 LPV 23.07 (32.8)    
11 110.65 RPV 32.85 (29.7) 143.87 RPV 45.29 (31.5)    

 

Table 6.11. LA regions representing the largest area for a certain AFV cut off. Numbers in 

parentheses represent the percentage of the regional area compared to all rapid areas for a 

certain patient. The regions with the largest area containing low voltage zones are variable 

between patients and across percentiles. These regions can contain a smaller proportion of 

the entire low voltage area within a patient    compared to the DCL analysis in Table 6.10 , 

indicated a more homogeneous distribution of low voltage compared to rapid areas. 
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Figure 6.3. Comparison of percentage of mapped area for all AF voltage cut offs. 10th, 20th 

and 30th labels represent percentiles, <0.35 mV and <0.5 mV represent absolute cut offs.  

 

Patient 
ID 

0.35 
mV 

0.5 
mV 

1 57 78 

2 54 79 

3 50 73 

4 59 79 

5 50 69 

6 46 67 

7 80 92 

8 73 87 

9 47 77 

10 34 52 

11 57 74 

 

Table 6.12. Patient specific percentile values corresponding to absolute AF voltage cut offs. 
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6.3.4 Changes in AFV and DCL in response to PVI 

Following PVI, there was a significant reduction in global mean AFV for all patients and 

a significant increase in DCL in 10 of 11 patients (Table 6.13). The conventional method of 

simple averaging within the coronary sinus produced significant departures from the DCL 

values prior to and following PVI, and more heterogeneous results in terms of changes with 

PVI (Table 6.14).  

A valid regional comparison of DCL could be made in 72 regions (93.5%), where both 

pre-PVI and Post-PVI data existed. DCL showed a significant change in the majority of regions 

with valid measurements across all patients (67 regions [93%]; Table 6.15). Of 67 regions with 

significant DCL change, 52 (78.6%) showed a significant increase in DCL. The regions most 

frequently showing DCL reduction were the anterior wall (4 patients) and floor (4 patients) 

and septum (3 patients). There was wide variation between the number of regions with 

reduced DCL following PVI per patient, with 1 region in 5 patients, 2 regions in 3 patients and 

4 regions in 1 patient.  

A valid regional comparison of AFV could be made in 73 regions (94.8%) where both 

pre-PVI and Post-PVI data existed. AFV showed significant change in the majority of regions 

with valid measurements across all patients (71 regions [97.3%] Table 6.16). Of 71 regions 

with significant AFV change, 18 (25.4%) showed significant increase in AF voltage. The regions 

most frequently showing voltage increase were the anterior wall (5 patients) and floor (3 

patients) and roof (3 patients). There was wide variation between the number of regions with 

increased voltage per patient, with 1 region in 6 patients, 2 regions in 2 patients, 3 regions in 

1 patient and 5 regions in 1 patient.  
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Regional analyses showed that following PVI, the lowest AFV region changed in 6/11 

patients, and the rapidest DCL region changed in 8/11 patients (Table 6.17).  

Global PVI related changes in areas under DCL and AFV cut offs can be seen in Table 

6.18 and Table 6.19. Rapid areas decreased in size following PVI in 7/11 (10th percentile), 

8/11 (20th percentile) and 9/11 (30th percentile) patients. LVZs increased in size 7/11 (10th 

percentile), 8/11 (20th percentile), 9/11 (30th percentile), 9/11 (<0.35 mV) and 9/11 (<0.5 mV) 

patients.  

PVI-related changes in area covered by a certain cut off for DCL and AFV varied widely 

between patients and regions. Pre- and Post-PVI images of DCL and AFV maps for all cut offs 

can be found in Figure 6.4 and Figure 6.5.  

Detailed data showing changes in absolute area and changes in the percentage of mapped 

area pre- and post-PVI can be found in  

 

 

 

Table 6.20 (DCL) and Table 6.21 (AFV). A summary of changes by patient for all cut offs can 

be found in Table 6.22.  
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Figure 6.4. PVI-related changes in rapid activity at the 10th, 20th and 30th percentiles in 3 representative patients.  
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Figure 6.5. PVI-related changes in LVZ at the 10th, 20th and 30th percentiles, <0.35 mV and <0.5 mV in 3 representative patients
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Table 6.13. Global changes in DCL (ms) and AFV (mV). There was a significant increase in DCL 

in all but 1 patient (shaded in grey) and a significant reduction in AF voltage in all patients in 

response to PVI.  

 

Patient ID 

Pre PVI DCL 

(ms) 

Post PVI DCL 

(ms) 

Pre PVI CS 

(ms) 

Post PVI CS 

(ms) 

1 150 151 145 172 

2 163 165 204 222 

3 152 161 189 169 

4 145 148 179 175 

5 177 192 217 213 

6 155 160 185 179 

7 150 150 204 200 

8 147 149 169 175 

9 147 151 185 169 

10 159 169 175 169 

11 146 154 154 159 

Table 6.14. There were significant differences between baseline AFCL determined by simple 

averaging and DCL, and the changes with PVI were more heterogeneous.  

Patient 

ID 

Pre PVI 

DCL 

Post PVI 

DCL Difference P value 

Pre PVI 

AFV 

Post PVI 

AFV Difference P value 

1 150±15.1 151±9.4  1.3±18 <0.001 0.38±0.18 0.3±0.18  -0.07±0.2 <0.001 

2 163±28.8 165±30.5 2.5±40 <0.001 0.39±0.2 0.29±0.14 0.1±0.17 <0.001 

3 152±25.9 161±32.3 9.85±36.9 <0.001 0.41±0.2 0.34±0.19  -0.07±0.19 <0.001 

4 145±15.6 148±19.7 2.4±23.6 <0.001 0.4±0.23 0.34±0.19  -0.06±0.27 <0.001 

5 177±22.1 192±16.2 14.48±27.9 <0.001 0.47±0.29 0.51±0.45 0.04±0.41 <0.001 

6 155±20.5 160±17.4 5.1±24.9 <0.001 0.46±0.33 0.43±0.22  -0.02±0.32 <0.001 

7 150±27.9 150±33.48  -0.3±40.4 0.094 0.29±0.22 0.25±0.19  -0.04±0.19 <0.001 

8 147±16.4 149±15 1.85±20.7 <0.001 0.48±0.47 0.38±0.47  -0.11±0.35 <0.001 

9 147±26 151±25 3.38±35.1 <0.001 0.4±0.19 0.33±0.15  -0.07±0.24 <0.001 

10 159±27 169±19.3 10.39±35.5 <0.001 0.57±0.27 0.45±0.2  -0.13±0.31 <0.001 

11 146±18.1 154±17.1 7.9±24.8 <0.001 0.56±0.57 0.43±0.36  -0.13±0.48 <0.001 
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Patient 

ID Region 

DCL pre-PVI 

(ms) 

DCL post-PVI 

(ms) Difference 

P-

value 

1 

Anterior wall 152 ± 14.3 150 ± 9.3 0 ± 18.0 0.12 

Floor 153 ± 5.1 140 ± 22.0 -6 ± 13.5 <0.001 

LAA 146 ± 5.3 N/A     N/A     N/A 

Lateral Wall 147 ± 25.2 140 ± 21.3 4 ± 24.0 <0.001 

Posterior wall 152 ± 14.9 155 ± 8.7 2 ± 19.6 <0.001 

Roof 144 ± 12.2 150 ± 11.6 6 ± 16.7 <0.001 

Septum 153 ± 16.0 151 ± 5.3 3 ± 15.7 <0.001 

2 

Anterior wall 157 ± 35.4 148 ± 35.3 -3 ± 43.3 0.014 

Floor 161 ± 46.3 166 ± 34.3 3 ± 43.9 0.005 

LAA 159 ± 5.0 N/A     N/A     N/A 

Lateral Wall 161 ± 30.0 N/A     N/A     N/A 

Posterior wall 162 ± 30.3 171 ± 29.7 9 ± 41.5 <0.001 

Roof 160 ± 31.6 153 ± 38.9 -1 ± 38.8 0.051 

Septum 177 ± 7.9 168 ± 12.2 -11 ± 17.7 <0.001 

3 

Anterior wall 147 ± 27.0 139 ± 27.5 0 ± 37.8 0.857 

Floor 151 ± 31.1 172 ± 34.0 20 ± 42.3 <0.001 

LAA 157 ± 24.2 145 ± 23.8 -24 ± 27.4 <0.001 

Lateral Wall 166 ± 29.0 178 ± 7.6 17 ± 21.6 <0.001 

Posterior wall 151 ± 20.8 167 ± 25.0 15 ± 31.4 <0.001 

Roof 140 ± 21.6 147 ± 25.1 8 ± 33.5 <0.001 

Septum 168 ± 20.9 200 ± 25.1 31 ± 30.3 <0.001 

4 

Anterior wall 146 ± 19.2 148 ± 22.4 3 ± 28.9 <0.001 

Floor 152 ± 11.6 152 ± 20.5 2 ± 21.4 <0.001 

LAA 138 ± 6.4 138 ± 17.5 0 ± 13.8 0.315 

Lateral Wall 156 ± 15.1 N/A     N/A     N/A 

Posterior wall 151 ± 15.2 153 ± 19.1 5 ± 22.0 <0.001 

Roof 146 ± 13.5 142 ± 17.3 0 ± 15.8 0.911 

Septum 152 ± 16.1 146 ± 31.1 -9 ± 31.4 <0.001 

5 

Anterior wall 176 ± 25.8 189 ± 22.1 14 ± 30.2 <0.001 

Floor 181 ± 24.2 187 ± 15.8 4 ± 30.3 <0.001 

LAA 181 ± 10.5 187 ± 23.4 7 ± 26.6 <0.001 

Lateral Wall N/A     N/A     N/A     N/A 

Posterior wall 181 ± 20.8 193 ± 10.8 12 ± 22.2 <0.001 

Roof 164 ± 30.9 197 ± 13.7 32 ± 33.0 <0.001 

Septum 179 ± 12.4 197 ± 5.9 17 ± 13.7 <0.001 

6 

Anterior wall 154 ± 21.4 156 ± 16.9 4 ± 24.2 <0.001 

Floor 161 ± 18.7 161 ± 10.6 -1 ± 19.1 <0.001 

LAA 136 ± 23.1 145 ± 20.2 4 ± 27.7 <0.001 

Lateral Wall 162 ± 10.1 162 ± 15.5 6 ± 17.3 <0.001 
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Posterior wall 158 ± 19.3 159 ± 20.7 3 ± 26.7 <0.001 

Roof 144 ± 19.1 162 ± 13.8 18 ± 21.8 <0.001 

Septum 159 ± 19.3 166 ± 15.8 7 ± 27.6 <0.001 

7 

Anterior wall 150 ± 26.2 149 ± 31.7 -8 ± 34.5 <0.001 

Floor 148 ± 27.1 144 ± 37.5 -3 ± 48.1 <0.001 

LAA 151 ± 17.6 155 ± 24.0 8 ± 18.9 <0.001 

Lateral Wall 157 ± 16.5 154 ± 29.4 -5 ± 35.2 <0.001 

Posterior wall 142 ± 34.4 150 ± 28.7 9 ± 40.5 <0.001 

Roof 159 ± 17.0 145 ± 29.3 -13 ± 35.0 <0.001 

Septum 156 ± 27.3 161 ± 51.0 4 ± 46.4 <0.001 

8 

Anterior wall 154 ± 17.8 150 ± 4.2 -2 ± 11.0 <0.001 

Floor 153 ± 21.8 145 ± 20.4 -4 ± 25.3 <0.001 

LAA 147 ± 13.8 148 ± 2.0 1 ± 8.9 <0.001 

Lateral Wall 152 ± 14.3 154 ± 2.7 11 ± 4.4 <0.001 

Posterior wall 147 ± 16.3 152 ± 16.2 4 ± 22.5 <0.001 

Roof 141 ± 20.8 143 ± 20.3 2 ± 26.2 <0.001 

Septum 161 ± 25.1 162 ± 6.9 3 ± 27.7 0.001 

9 

Anterior wall 153 ± 29.7 143 ± 25.4 -8 ± 34.1 <0.001 

Floor 150 ± 32.4 160 ± 21.4 13 ± 40.8 <0.001 

LAA 152 ± 24.2 150 ± 23.9 -4 ± 34.5 <0.001 

Lateral Wall 152 ± 18.4 165 ± 22.9 15 ± 29.1 <0.001 

Posterior wall 144 ± 26.1 147 ± 25.3 2 ± 37.5 <0.001 

Roof 144 ± 20.5 147 ± 23.7 2 ± 30.1 <0.001 

Septum 152 ± 25.2 155 ± 15.2 13 ± 28.6 <0.001 

10 

Anterior wall 164 ± 31.9 181 ± 26.0 16 ± 38.3 <0.001 

Floor 163 ± 31.1 171 ± 37.1 19 ± 54.0 <0.001 

LAA 159 ± 14.5 168 ± 17.1 10 ± 21.1 <0.001 

Lateral Wall 157 ± 7.8 156 ± 28.8 3 ± 30.8 <0.001 

Posterior wall 158 ± 28.6 164 ± 19.0 4 ± 32.1 <0.001 

Roof 142 ± 27.7 161 ± 18.5 19 ± 29.4 <0.001 

Septum 161 ± 35.6 175 ± 19.0 -7 ± 24.5 <0.001 

11 

Anterior wall 154 ± 22.7 156 ± 21.8 3 ± 29.4 <0.001 

Floor 144 ± 24.3 153 ± 16.4 11 ± 26.8 <0.001 

LAA 141 ± 12.3 155 ± 10.2 14 ± 16.1 <0.001 

Lateral Wall 154 ± 13.2 161 ± 8.7 5 ± 13.9 <0.001 

Posterior wall 147 ± 15.2 152 ± 15.0 6 ± 23.1 <0.001 

Roof 144 ± 15.2 154 ± 15.9 9 ± 21.8 <0.001 

Septum 144 ± 20.6 158 ± 22.4 14 ± 30.4 <0.001 

 

Table 6.15. Regional changes in DCL with PVI. Regions that became rapider following PVI 

highlighted in purple. N/A = no data available for region.  The overwhelming majority of 
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regions  showed an increase in DCL following PVI. Very few regions showed a reduction in 

cycle length, corresponding to previous analyses in the thesis, that showed new rapid foci 

appearing following PVI in certain areas. There were no trends observed regarding which 

regions exhibited a reduction in cycle length. This table shows the individual variability in DCL 

between patients and the variability in patients’ response to PVI. 
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Patient 

ID 

Region Mean AF 

voltage pre-PVI 

(mV) 

Mean AF voltage 

post-PVI (mV) 

Difference P-Value 

1 Anterior wall 0.38 ± 0.15 0.29 ± 0.18 -0.07 ± 0.19 <0.001 

Floor 0.39 ± 0.12 0.40 ± 0.19 0.06 ± 0.16 <0.001 

LAA 1.52 ± 0.80 N/A     N/A     N/A 

Lateral Wall 0.37 ± 0.17 0.26 ± 0.13 -0.12 ± 0.22 <0.001 

Posterior wall 0.31 ± 0.18 0.25 ± 0.19 -0.04 ± 0.15 <0.001 

Roof 0.40 ± 0.15 0.27 ± 0.10 -0.12 ± 0.16 <0.001 

Septum 0.42 ± 0.25 0.30 ± 0.13 -0.15 ± 0.26 <0.001 

2 Anterior wall 0.37 ± 0.22 0.49 ± 0.03 -0.16 ± 0.30 <0.001 

Floor 0.30 ± 0.16 0.23 ± 0.13 -0.09 ± 0.11 <0.001 

LAA 0.41 ± 0.13 N/A     N/A     N/A  

Lateral Wall 0.38 ± 0.18 0.18 ± 0.03 -0.12 ± 0.14 <0.001 

Posterior wall 0.32 ± 0.10 0.24 ± 0.12 -0.08 ± 0.12 <0.001 

Roof 0.35 ± 0.15 0.31 ± 0.11 -0.04 ± 0.15 <0.001 

Septum 0.59 ± 0.18 0.27 ± 0.14 -0.31 ± 0.17 <0.001 

3 Anterior wall 0.35 ± 0.16 0.42 ± 0.22 0.04 ± 0.19 <0.001 

Floor 0.41 ± 0.12 0.30 ± 0.11 -0.10 ± 0.14 <0.001 

LAA 0.64 ± 0.37 0.45 ± 0.26 -0.13 ± 0.27 <0.001 

Lateral Wall 0.21 ± 0.07 0.17 ± 0.03 -0.01 ± 0.06 <0.001 

Posterior wall 0.39 ± 0.17 0.26 ± 0.16 -0.13 ± 0.17 <0.001 

Roof 0.38 ± 0.15 0.38 ± 0.14 0.00 ± 0.15 0.464 

Septum 0.48 ± 0.30 0.24 ± 0.11 -0.15 ± 0.22 <0.001 

4 Anterior wall 0.40 ± 0.20 0.36 ± 0.20 -0.05 ± 0.23 <0.001 

Floor 0.22 ± 0.12 N/A     N/A     N/A 

LAA 0.77 ± 0.34 0.35 ± 0.26 -0.46 ± 0.33 <0.001 

Lateral Wall 0.25 ± 0.11 N/A     N/A     N/A 

Posterior wall 0.26 ± 0.11 0.25 ± 0.14 -0.02 ± 0.12 <0.001 

Roof 0.32 ± 0.12 0.38 ± 0.21 0.12 ± 0.20 <0.001 

Septum 0.43 ± 0.19 0.35 ± 0.15 0.16 ± 0.27 <0.001 

5 Anterior wall 0.51 ± 0.26 0.52 ± 0.37 0.01 ± 0.35 0.004 

Floor 0.45 ± 0.35 0.37 ± 0.24 -0.04 ± 0.23 <0.001 

LAA 0.46 ± 0.32 0.71 ± 0.79 0.24 ± 0.62 <0.001 

Lateral Wall 0.09 ± 0.03 0.08 ± 0.01 -0.06 ± 0.01 <0.001 

Posterior wall 0.32 ± 0.18 0.54 ± 0.67 0.14 ± 0.43 <0.001 

Roof 0.58 ± 0.30 0.56 ± 0.27 -0.01 ± 0.31 0.273 

Septum 0.45 ± 0.41 0.29 ± 0.12 -0.10 ± 0.28 <0.001 

6 Anterior wall 0.45 ± 0.26 0.47 ± 0.24 0.01 ± 0.29 <0.001 

Floor 0.33 ± 0.18 0.41 ± 0.23 0.08 ± 0.22 0.027 

LAA 0.30 ± 0.15 0.59 ± 0.09 0.20 ± 0.16 <0.001 

Lateral Wall 0.38 ± 0.22 0.36 ± 0.20 -0.05 ± 0.28 <0.001 

Posterior wall 0.34 ± 0.15 0.39 ± 0.18 0.05 ± 0.16 <0.001 

Roof 0.30 ± 0.13 0.34 ± 0.17 0.07 ± 0.17 <0.001 

Septum 0.72 ± 0.48 0.45 ± 0.25 -0.25 ± 0.46 <0.001 

7 Anterior wall 0.20 ± 0.10 0.18 ± 0.06 -0.02 ± 0.12 <0.001 

Floor 0.27 ± 0.14 0.24 ± 0.10 -0.03 ± 0.12 <0.001 
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LAA 0.63 ± 0.42 0.74 ± 0.41 -0.34 ± 0.43 <0.001 

Lateral Wall 0.29 ± 0.14 0.30 ± 0.13 0.02 ± 0.14 <0.001 

Posterior wall 0.23 ± 0.08 0.19 ± 0.09 -0.05 ± 0.10 <0.001 

Roof 0.24 ± 0.13 0.12 ± 0.04 -0.11 ± 0.12 <0.001 

Septum 0.30 ± 0.14 0.37 ± 0.24 0.06 ± 0.29 <0.001 

8 Anterior wall 0.21 ± 0.10 0.24 ± 0.05 0.00 ± 0.12 <0.001 

Floor 0.23 ± 0.08 0.14 ± 0.03 -0.11 ± 0.08 <0.001 

LAA 1.03 ± 0.59 1.01 ± 0.66 -0.19 ± 0.72 <0.001 

Lateral Wall 0.29 ± 0.11 0.13 ± 0.01 -0.11 ± 0.04 <0.001 

Posterior wall 0.29 ± 0.11 0.20 ± 0.07 -0.09 ± 0.10 <0.001 

Roof 0.36 ± 0.16 0.30 ± 0.09 -0.06 ± 0.16 <0.001 

Septum 0.27 ± 0.12 0.11 ± 0.03 -0.10 ± 0.05 <0.001 

9 Anterior wall 0.36 ± 0.17 0.40 ± 0.22 0.07 ± 0.26 <0.001 

Floor 0.40 ± 0.15 0.32 ± 0.12 -0.06 ± 0.18 <0.001 

LAA 0.47 ± 0.21 0.47 ± 0.17 -0.02 ± 0.26 <0.001 

Lateral Wall 0.37 ± 0.18 0.25 ± 0.13 -0.14 ± 0.20 <0.001 

Posterior wall 0.41 ± 0.12 0.30 ± 0.10 -0.11 ± 0.16 <0.001 

Roof 0.47 ± 0.30 0.29 ± 0.12 -0.18 ± 0.35 <0.001 

Septum 0.39 ± 0.20 0.30 ± 0.09 -0.06 ± 0.11 <0.001 

10 Anterior wall 0.58 ± 0.33 0.47 ± 0.22 -0.09 ± 0.35 <0.001 

Floor 0.56 ± 0.29 0.43 ± 0.09 -0.12 ± 0.25 <0.001 

LAA 0.73 ± 0.30 0.38 ± 0.11 -0.36 ± 0.28 <0.001 

Lateral Wall 0.39 ± 0.34 0.22 ± 0.06 -0.30 ± 0.36 <0.001 

Posterior wall 0.52 ± 0.17 0.45 ± 0.20 -0.09 ± 0.20 <0.001 

Roof 0.55 ± 0.20 0.58 ± 0.18 0.05 ± 0.23 <0.001 

Septum 0.46 ± 0.11 0.39 ± 0.16 -0.05 ± 0.18 <0.001 

11 Anterior wall 0.46 ± 0.32 0.44 ± 0.31 -0.04 ± 0.36 <0.001 

Floor 0.23 ± 0.10 0.26 ± 0.08 0.03 ± 0.09 <0.001 

LAA 1.24 ± 0.96 0.76 ± 0.55 -0.46 ± 0.88 <0.001 

Lateral Wall 0.17 ± 0.08 0.24 ± 0.14 0.07 ± 0.15 <0.001 

Posterior wall 0.31 ± 0.15 0.24 ± 0.09 -0.08 ± 0.18 <0.001 

Roof 0.58 ± 0.24 0.52 ± 0.25 -0.05 ± 0.34 <0.001 

Septum 0.41 ± 0.26 0.24 ± 0.17 -0.23 ± 0.27 <0.001 

 

Table 6.16. Regional changes in AFV with PVI. Regions that registered a higher voltage 

following PVI highlighted in purple. N/A = no data available for region. The overwhelming 

majority of regions  showed a reduction in voltage following PVI. Very few regions showed an 

increase in voltage. There were no trends observed regarding which regions exhibited an 

increase in voltage. This table shows how voltage metrics change with PVI, emphasising the 

need to consider post PVI mapping for location of AF substrate. 
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Rapidest DCL region  
(Mean DCL -ms) 

Lowest AF voltage region  
(Mean AFV - mV) 

Patient ID Pre-PVI Post-PVI Pre-PVI Post-PVI 
1 Roof - 144   Floor - 140   Posterior - 0.31 Posterior - 0.25 
2 Anterior - 157   Roof - 153   Floor - 0.3 Lateral - 0.18 
3 Roof - 140   Anterior - 139   Lateral - 0.21 Lateral - 0.17 
4 LAA - 138   LAA - 138   Floor - 0.22 Posterior - 0.25 
5 Roof - 164   Floor - 187   Lateral - 0.09 Lateral - 0.08 
6 LAA - 136   LAA - 145   Roof - 0.3 Roof - 0.34 
7 Posterior - 142   Roof - 145   Anterior - 0.2 Roof - 0.12 
8 Roof - 141   Roof - 143   Anterior - 0.21 Septum - 0.11 
9 Roof - 144   Anterior - 143   Anterior - 0.36 Lateral - 0.25 

10 Roof - 142   Lateral - 156   Lateral - 0.39 Lateral - 0.22 
11 LAA - 141   Posterior - 152   Lateral - 0.17 Lateral - 0.24 

 

Table 6.17. Rapidest and lowest AFV voltage regions Pre- and Post-PVI. Areas that remained 

the rapidest or lowest voltage highlighted in purple.  A significant minority of  patients 

experienced no change in the rapidest area following PVI, while half of all patients saw no 

change in the area that had the lowest voltage. The absolute voltages however reduced as 

depicted in previous tables.  This highlights the need for post PVI mapping when locating 

substrate and dynamic drivers of persistent AF. 
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Patient 
ID 

Region 

Mapped Area  

DCL area and percentage in relation to complete mapped area  

10th percentile of DCL 20th percentile of DCL 30th percentile of DCL 
Pre-
PVI 

Post-
PVI Pre PVI Post-PVI 

% 
diff Pre PVI Post-PVI % diff Pre PVI Post-PVI % diff 

1 Total 49.57 48.62 3.22 (6.50) 1.57 (3.23) -3.27 8.63 (17.41) 5.84 (12.01) -5.40 13.11 (26.45) 11.47 (23.59) -2.86 
2 Total 73.95 34.87 4.18 (5.65) 2.5 (7.17) 1.52 13.6 (18.39) 4.9 (14.05) -4.34 35.25 (47.67) 7.5 (21.51) -26.16 
3 Total 107.11 79.46 11.2 (10.41) 6.33 (7.97) -2.44 27.91 (26.06) 14.6 (18.42) -7.63 46.94 (43.82) 21.41 (26.94) -16.88 
4 Total 92.45 86.53 3.31 (3.58) 8.04 (9.29) 5.71 6.3 (6.81) 12.4 (14.31) 7.49 23.06 (24.94) 30.86 (35.66) 10.72 
5 Total 79.40 70.43 5.86 (7.38) 2.92 (4.15) -3.23 12.38 (15.59) 3.73 (5.30) -10.30 21.45 (27.02) 5.06 (7.18) -19.83 
6 Total 83.84 75.86 3.79 (4.52) 2.9 (3.82) -0.70 6.78 (8.09) 3.71 (4.89) -3.20 11.14 (13.29) 5.61 (7.40) -5.89 
7 Total 110.19 84.96 9.66 (8.77) 9.54 (11.23) 2.46 24.81 (22.52) 28.2 (33.22) 10.70 35.13 (31.88) 42.16 (49.62) 17.74 
8 Total 108.27 60.39 3.68 (3.40) 3.83 (6.34) 2.94 12.02 (11.10) 6.79 (11.24) 0.14 32.82 (30.31) 16.35 (27.07) -3.24 
9 Total 146.79 113.55 10.3 (7.03) 4.53 (3.99) -3.04 20.39 (13.89) 10.6 (9.31) -4.58 42.86 (29.20) 25.66 (22.60) -6.60 

10 Total 54.52 43.21 3.28 (6.02) 0.66 (1.53) -4.49 6.85 (12.56) 1.59 (3.68) -8.88 12.02 (22.05) 2.36 (5.46) -16.59 
11 Total 95.73 95.04 9.06 (9.46) 3.62 (3.81) -5.66 23.19 (24.22) 4.89 (5.15) -19.08 31.62 (33.03) 6.37 (6.70) -26.33 

 

Table 6.18. Total area for all DCL cut offs, pre and post PVI. Rapid areas are reduced in size after PVI compared to the total mapped area in the 

majority of patients. This is an expected result following the observation that global DCL increases following PVI. 
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Patient ID Mapped Area  

AFV area and percentage in relation to complete mapped area  

10th percentile of AFV 20th percentile of AFV 30th percentile of AFV 

Pre-PVI Post-PVI Pre PVI Post-PVI % diff Pre PVI Post-PVI % diff Pre PVI Post-PVI % diff 
1 49.59 50.03 4.07 (8.21) 14.85 (29.68) 21.47 8.44 (17.02) 19.14 (38.26) 21.24 13.78 (27.79) 24.58 (49.13) 21.34 
2 79.97 41.18 6.05 (7.57) 9.27 (22.51) 14.95 12.87 (16.09) 16.65 (40.43) 24.34 23.21 (29.02) 22.29 (54.13) 25.10 
3 108.07 81.08 6.90 (6.38) 9.59 (11.83) 5.44 14.32 (13.25) 20.44 (25.21) 11.96 22.38 (20.71) 27.56 (33.99) 13.28 
4 92.94 89.47 4.03 (4.34) 10.15 (11.34) 7.01 14.46 (15.56) 17.58 (19.65) 4.09 20.06 (21.58) 26.25 (29.34) 7.76 
5 86.28 75.91 7.78 (9.02) 2.30 (3.03) -5.99 14.4 (16.69) 4.34 (5.72) -10.97 19.88 (23.04) 10.3 (13.57) -9.47 
6 88.13 83.17 7.05 (8.00) 4.63 (5.57) -2.43 18.55 (21.05) 11.04 (13.27) -7.77 26.43 (29.99) 18.5 (22.24) -7.75 
7 111.22 87.09 4.80 (4.32) 12.57 (14.43) 10.12 15.62 (14.04) 24.04 (27.60) 13.56 26.74 (24.04) 37.36 (42.90) 18.86 
8 110.40 60.39 1.65 (1.49) 5.23 (8.66) 7.17 13.6 (12.32) 17.5 (28.98) 16.66 20.32 (18.41) 20.71 (34.29) 15.89 
9 149.58 116.37 5.13 (3.43) 8.62 (7.41) 3.98 13.8 (9.23) 22.36 (19.21) 9.99 26.96 (18.02) 33.22 (28.55) 10.52 

10 57.98 43.97 3.00 (5.17) 1.95 (4.43) -0.74 7.42 (12.80) 5.48 (12.46) -0.33 13.63 (23.51) 10.81 (24.58) 1.08 
11 98.63 97.01 6.17 (6.26) 4.95 (5.10) -1.15 12.09 (12.26) 14.33 (14.77) 2.51 21.97 (22.28) 30.69 (31.64) 9.36 

Patient ID Mapped Area  

AFV area and percentage in relation to complete mapped area       

<0.35 mV <0.5 mV      
Pre-PVI Post-PVI Pre PVI Post-PVI % diff Pre PVI Post-PVI % diff      

1 49.59 50.03 24.03 (48.46) 34.82 (69.60) 21.14 34.29 (69.15) 43.67 (87.29) 18.14      
2 79.97 41.18 46.52 (58.17) 28.75 (69.82) 11.64 66.41 (83.04) 38.3 (93.01) 9.96      
3 108.07 81.08 42.42 (39.25) 42.13 (51.96) 12.71 72.59 (67.17) 66.24 (81.70) 14.53      
4 92.94 89.47 45.28 (48.72) 58.94 (65.88) 17.16 66.89 (71.97) 75.43 (84.31) 12.34      
5 86.28 75.91 35.59 (41.25) 33.07 (43.56) 2.32 51.44 (59.62) 49.34 (65.00) 5.38      
6 88.13 83.17 45.15 (51.23) 35.04 (42.13) -9.10 63.01 (71.50) 56.82 (68.32) -3.18      
7 111.22 87.09 78.19 (70.30) 72.84 (83.64) 13.34 92.98 (83.60) 81.77 (93.89) 10.29      
8 110.40 60.39 70.24 (63.62) 38.19 (63.24) -0.38 87.33 (79.10) 41.51 (68.74) -10.37      
9 149.58 116.37 66.45 (44.42) 69.21 (59.47) 15.05 116.00 (77.55) 100.73 (86.56) 9.01      

10 57.98 43.97 15.74 (27.15) 12.7 (28.88) 1.74 27.08 (46.71) 27.75 (63.11) 16.41      
11 98.63 97.01 45.51 (46.14) 52.82 (54.45) 8.31 59.56 (60.39) 66.54 (68.59) 8.20      
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Table 6.19.  Total area for all AFV cut offs, pre and post PVI. Low voltage areas compared to total mapped area increased in size after PVI in the 

majority of patients. This is an expected result following the observation that global AF reduces  following PVI.
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Patient 
ID 

Region 

Mapped Area  

DCL area and percentage in relation to complete mapped area  

10th percentile of DCL 20th percentile of DCL 30th percentile of DCL 
Pre-
PVI 

Post-
PVI Pre PVI Post-PVI % diff Pre PVI Post-PVI % diff Pre PVI Post-PVI % diff 

1 

Anterior 15.33 17.18 0.79 (5.15) 0.35 (2.04) -3.12 1.1 (7.18) 1.09 (6.34) -0.83 2.15 (14.02) 2.85 (16.59) 2.56 
Floor 4.39 4.72 0 (0.00) 0.43 (9.11) 9.11 0.11 (2.51) 0.72 (15.25) 12.75 0.31 (7.06) 1.73 (36.65) 29.59 
LAA 6.18 N/A 0.03 (0.49) N/A N/A N/A 2.37 (38.35) N/A N/A N/A 3.82 (61.81) N/A N/A N/A 

Lateral 1.40 3.80 0.28 (20.00) 0.74 (19.47) -0.53 0.4 (28.57) 1.2 (31.58) 3.01 0.46 (32.86) 1.66 (43.68) 10.83 
Posterior 11.49 9.94 0.58 (5.05) 0 (0.00) -5.05 0.95 (8.27) 1.32 (13.28) 5.01 1.32 (11.49) 1.91 (19.22) 7.73 

Roof 4.98 4.98 0.54 (10.84) 0.05 (1.00) -9.84 2.39 (47.99) 0.82 (16.47) -31.53 3.31 (66.47) 1.07 (21.49) -44.98 
Septum 5.80 8.00 1 (17.24) 0 (0.00) -17.24 1.31 (22.59) 0.69 (8.63) -13.96 1.74 (30.00) 2.25 (28.13) -1.88 

2 

Anterior 19.92 4.27 1.62 (8.13) 0.41 (9.60) 1.47 6.74 (33.84) 0.78 (18.27) -15.57 8.77 (44.03) 0.96 (22.48) -21.54 
Floor 12.97 5.47 0.19 (1.46) 0.72 (13.16) 11.70 0.87 (6.71) 0.98 (17.92) 11.21 5.04 (38.86) 1.09 (19.93) -18.93 
LAA 4.35 N/A 0 (0.00) N/A N/A N/A N/A N/A N/A N/A N/A 2.23 (51.26) N/A N/A N/A 

Lateral 9.84 N/A 0.46 (4.67) N/A N/A N/A 1.22 (12.40) N/A N/A N/A 2.35 (23.88) N/A N/A N/A 
Posterior 14.80 14.80 1.16 (7.84) 0.57 (3.85) -3.99 3.24 (21.89) 1.76 (11.89) -10.00 14.62 (98.78) 2.34 (15.81) -82.97 

Roof 5.42 5.19 0.75 (13.84) 0.8 (15.41) 1.58 1.53 (28.23) 1.31 (25.24) -2.99 2.24 (41.33) 1.71 (32.95) -8.38 
Septum 6.65 5.14 0 (0.00) 0 (0.00) 0.00 0 (0.00) 0.07 (1.36) 1.36 0 (0.00) 1.4 (27.24) 27.24 

3 

Anterior 25.59 20.31 5.15 (20.13) 4.66 (22.94) 2.82 11.09 (43.34) 7.26 (35.75) -7.59 14.17 (55.37) 10.48 (51.60) -3.77 
Floor 17.08 11.58 3.41 (19.96) 0.14 (1.21) -18.76 6.02 (35.25) 0.27 (2.33) -32.91 8.5 (49.77) 0.34 (2.94) -46.83 
LAA 15.67 7.37 0.06 (0.38) 0 (0.00) -0.38 0.46 (2.94) 4.28 (58.07) 55.14 8.07 (51.50) 4.97 (67.44) 15.94 

Lateral 10.18 3.12 0.94 (9.23) 0 (0.00) -9.23 1.72 (16.90) 0 (0.00) -16.90 2.36 (23.18) 0 (0.00) -23.18 
Posterior 20.41 20.41 0.09 (0.44) 0.49 (2.40) 1.96 4.79 (23.47) 1.18 (5.78) -17.69 7.4 (36.26) 2.54 (12.44) -23.81 

Roof 8.48 8.48 1.29 (15.21) 1.04 (12.26) -2.95 3.35 (39.50) 1.65 (19.46) -20.05 5.45 (64.27) 3.08 (36.32) -27.95 
Septum 9.70 8.19 0.21 (2.16) 0 (0.00) -2.16 0.48 (4.95) 0 (0.00) -4.95 0.99 (10.21) 0 (0.00) -10.21 

4 

Anterior 30.43 26.28 2.83 (9.30) 2.99 (11.38) 2.08 4.84 (15.91) 4.18 (15.91) 0.00 6.69 (21.98) 6.92 (26.33) 4.35 
Floor 7.33 7.48 0 (0.00) 0.13 (1.74) 1.74 0.26 (3.55) 0.3 (4.01) 0.46 1.03 (14.05) 0.79 (10.56) -3.49 
LAA 13.71 14.64 0 (0.00) 1.43 (9.77) 9.77 0 (0.00) 3.2 (21.86) 21.86 11.26 (82.13) 13.11 (89.55) 7.42 

Lateral 4.62 N/A 0 (0.00) N/A N/A N/A 0 (0.00) N/A N/A N/A 0.21 (4.55) N/A N/A N/A 
Posterior 22.23 20.91 0.05 (0.22) 0.59 (2.82) 2.60 0.42 (1.89) 0.93 (4.45) 2.56 2.67 (12.01) 4.1 (19.61) 7.60 

Roof 5.61 8.93 0.43 (7.66) 0.44 (4.93) -2.74 0.78 (13.90) 0.83 (9.29) -4.61 1.17 (20.86) 2.64 (29.56) 8.71 
Septum 8.52 8.29 0 (0.00) 2.46 (29.67) 29.67 0 (0.00) 2.94 (35.46) 35.46 0.03 (0.35) 3.3 (39.81) 39.45 
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5 

Anterior 17.86 17.86 2.49 (13.94) 1.33 (7.45) -6.49 4.79 (26.82) 1.62 (9.07) -17.75 5.79 (32.42) 1.69 (9.46) -22.96 
Floor 13.09 10.56 1 (7.64) 0.67 (6.34) -1.29 2.23 (17.04) 0.89 (8.43) -8.61 2.51 (19.17) 0.96 (9.09) -10.08 
LAA 12.21 12.20 0 (0.00) 0.61 (5.00) 5.00 0.46 (3.77) 0.78 (6.39) 2.63 5.64 (46.19) 0.82 (6.72) -39.47 

Lateral N/A 1.13 N/A N/A 0 (0.00) N/A N/A N/A 0 (0.00) N/A N/A N/A 1.13 (100.00) N/A 
Posterior 13.20 13.21 0.03 (0.23) 0.24 (1.82) 1.59 0.47 (3.56) 0.35 (2.65) -0.91 2.31 (17.50) 0.37 (2.80) -14.70 

Roof 6.93 6.92 0.87 (12.55) 0.07 (1.01) -11.54 1.89 (27.27) 0.09 (1.30) -25.97 2.1 (30.30) 0.09 (1.30) -29.00 
Septum 16.11 8.55 1.47 (9.12) 0 (0.00) -9.12 2.54 (15.77) 0 (0.00) -15.77 3.1 (19.24) 0 (0.00) -19.24 

6 

Anterior 18.27 18.08 1.09 (5.97) 0.8 (4.42) -1.54 1.44 (7.88) 1.1 (6.08) -1.80 2.4 (13.14) 2.17 (12.00) -1.13 
Floor 11.83 11.90 0.23 (1.94) 0.15 (1.26) -0.68 0.27 (2.28) 0.18 (1.51) -0.77 0.46 (3.89) 0.21 (1.76) -2.12 
LAA 8.01 3.14 1.86 (23.22) 0.75 (23.89) 0.66 2.26 (28.21) 0.82 (26.11) -2.10 3.71 (46.32) 1.08 (34.39) -11.92 

Lateral 3.86 1.65 0 (0.00) 0 (0.00) 0.00 0 (0.00) 0 (0.00) 0.00 0.03 (0.78) 0 (0.00) -0.78 
Posterior 18.44 18.10 0.01 (0.05) 1.05 (5.80) 5.75 0.9 (4.88) 1.4 (7.73) 2.85 1.27 (6.89) 1.75 (9.67) 2.78 

Roof 5.59 5.37 0.33 (5.90) 0 (0.00) -5.90 1.58 (28.26) 0 (0.00) -28.26 2.82 (50.45) 0.13 (2.42) -48.03 
Septum 17.84 17.62 0.27 (1.51) 0.15 (0.85) -0.66 0.33 (1.85) 0.21 (1.19) -0.66 0.45 (2.52) 0.27 (1.53) -0.99 

7 

Anterior 13.77 12.40 0.87 (6.32) 0.8 (6.45) 0.13 2.73 (19.83) 3.59 (28.95) 9.13 3.89 (28.25) 6.19 (49.92) 21.67 
Floor 16.60 14.71 1.15 (6.93) 2.76 (18.76) 11.84 4.38 (26.39) 5.12 (34.81) 8.42 7.18 (43.25) 7.47 (50.78) 7.53 
LAA 20.75 3.48 0.07 (0.34) 0.01 (0.29) -0.05 0.21 (1.01) 0.04 (1.15) 0.14 0.54 (2.60) 0.96 (27.59) 24.98 

Lateral 9.97 9.75 0.22 (2.21) 1.33 (13.64) 11.43 0.5 (5.02) 2.49 (25.54) 20.52 1.01 (10.13) 3.03 (31.08) 20.95 
Posterior 26.19 25.77 7.01 (26.77) 0.1 (0.39) -26.38 13.2 (50.40) 9.04 (35.08) -15.32 16.32 (62.31) 15.09 (58.56) -3.76 

Roof 8.77 8.77 0.01 (0.11) 1.88 (21.44) 21.32 0.4 (4.56) 3.34 (38.08) 33.52 1.53 (17.45) 4.04 (46.07) 28.62 
Septum 14.14 10.08 0.33 (2.33) 2.66 (26.39) 24.06 3.39 (23.97) 4.6 (45.63) 21.66 4.66 (32.96) 5.38 (53.37) 20.42 

8 

Anterior 18.93 3.55 0.04 (0.21) 0 (0.00) -0.21 0.23 (1.22) 0 (0.00) -1.22 4.28 (22.61) 0.46 (12.96) -9.65 
Floor 19.36 11.96 0.81 (4.18) 1.55 (12.96) 8.78 3.02 (15.60) 1.93 (16.14) 0.54 4.84 (25.00) 2.07 (17.31) -7.69 
LAA 24.60 18.84 1.05 (4.27) 0 (0.00) -4.27 2.41 (9.80) 0 (0.00) -9.80 12.5 (50.81) 6.41 (34.02) -16.79 

Lateral 12.32 2.19 0 (0.00) 0 (0.00) 0.00 1.47 (11.93) 0 (0.00) -11.93 3.47 (28.17) 0 (0.00) -28.17 
Posterior 15.28 15.28 0.61 (3.99) 0.47 (3.08) -0.92 2.91 (19.04) 1.9 (12.43) -6.61 4.95 (32.40) 3.87 (25.33) -7.07 

Roof 6.67 6.67 1.11 (16.64) 1.81 (27.14) 10.49 1.85 (27.74) 2.96 (44.38) 16.64 2.62 (39.28) 3.54 (53.07) 13.79 
Septum 11.11 1.90 0.06 (0.54) 0 (0.00) -0.54 0.13 (1.17) 0 (0.00) -1.17 0.16 (1.44) 0 (0.00) -1.44 

9 

Anterior 38.05 28.81 4.12 (10.83) 1.1 (3.82) -7.01 7.98 (20.97) 2.22 (7.71) -13.27 10.66 (28.02) 12.37 (42.94) 14.92 
Floor 15.20 13.76 3.24 (21.32) 0.53 (3.85) -17.46 4.81 (31.64) 1.29 (9.38) -22.27 5.76 (37.89) 1.85 (13.44) -24.45 
LAA 20.62 11.50 0.18 (0.87) 0.22 (1.91) 1.04 0.53 (2.57) 0.59 (5.13) 2.56 3.82 (18.53) 0.94 (8.17) -10.35 

Lateral 19.37 18.28 0.02 (0.10) 0 (0.00) -0.10 0.82 (4.23) 0 (0.00) -4.23 1.61 (8.31) 0.28 (1.53) -6.78 
Posterior 16.87 16.87 0.92 (5.45) 2.41 (14.29) 8.83 2.15 (12.74) 5 (29.64) 16.89 7.4 (43.86) 6.45 (38.23) -5.63 

Roof 11.33 10.91 0.65 (5.74) 0.27 (2.47) -3.26 2.31 (20.39) 1.47 (13.47) -6.91 4.49 (39.63) 2.65 (24.29) -15.34 



 192 

 

 

 

 

 

Table 6.20. Changes in areas of rapid activity by region and patient. Bold columns signify the change in DCL percentage in a certain area. Results 

between patients and between regions varied widely, highlighting the finding that electrophysiological changes after PVI are complex and 

although there is a global reduction in cycle length, in some areas, rapid activity may increase. There was no consistent pattern of regional 

changes. 

Septum 25.35 13.42 1.19 (4.69) 0 (0.00) -4.69 1.79 (7.06) 0 (0.00) -7.06 9.12 (35.98) 1.12 (8.35) -27.63 

10 

Anterior 16.86 13.52 1.85 (10.97) 0.04 (0.30) -10.68 3.11 (18.45) 0.16 (1.18) -17.26 3.76 (22.30) 0.21 (1.55) -20.75 
Floor 8.35 4.19 0.25 (2.99) 0 (0.00) -2.99 0.42 (5.03) 0 (0.00) -5.03 0.98 (11.74) 0 (0.00) -11.74 
LAA 6.27 6.27 0 (0.00) 0 (0.00) 0.00 0 (0.00) 0 (0.00) 0.00 2.75 (43.86) 0 (0.00) -43.86 

Lateral 4.39 3.05 0 (0.00) 0.29 (9.51) 9.51 0 (0.00) 0.54 (17.70) 17.70 0.39 (8.88) 0.61 (20.00) 11.12 
Posterior 10.77 10.72 0.49 (4.55) 0.12 (1.12) -3.43 2.05 (19.03) 0.26 (2.43) -16.61 2.63 (24.42) 0.79 (7.37) -17.05 

Roof 3.14 3.14 0.3 (9.55) 0.12 (3.82) -5.73 0.59 (18.79) 0.49 (15.61) -3.18 0.77 (24.52) 0.59 (18.79) -5.73 
Septum 4.74 2.32 0.39 (8.23) 0.09 (3.88) -4.35 0.68 (14.35) 0.14 (6.03) -8.31 0.74 (15.61) 0.16 (6.90) -8.72 

11 

Anterior 29.03 26.92 3.22 (11.09) 1.42 (5.27) -5.82 3.59 (12.37) 1.84 (6.84) -5.53 3.8 (13.09) 2.01 (7.47) -5.62 
Floor 8.80 8.79 1.18 (13.41) 0.23 (2.62) -10.79 2.18 (24.77) 0.31 (3.53) -21.25 2.97 (33.75) 1.31 (14.90) -18.85 
LAA 19.61 19.38 1.17 (5.97) 0 (0.00) -5.97 10.61 (54.11) 0 (0.00) -54.11 15.17 (77.36) 0 (0.00) -77.36 

Lateral 5.63 7.11 0 (0.00) 0 (0.00) 0.00 0 (0.00) 0 (0.00) 0.00 0 (0.00) 0.02 (0.28) 0.28 
Posterior 17.04 16.69 1.46 (8.57) 0.78 (4.67) -3.89 3.75 (22.01) 1.36 (8.15) -13.86 5.49 (32.22) 1.55 (9.29) -22.93 

Roof 9.56 9.56 0.54 (5.65) 0.52 (5.44) -0.21 1.37 (14.33) 0.59 (6.17) -8.16 2.19 (22.91) 0.63 (6.59) -16.32 
Septum 6.06 6.59 1.49 (24.59) 0.67 (10.17) -14.42 1.69 (27.89) 0.79 (11.99) -15.90 2 (33.00) 0.85 (12.90) -20.10 
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Patient 
ID 

Region Mapped Area  AFV area and percentage in relation to complete mapped area  

10th percentile of AFV 20th percentile of AFV 30th percentile of AFV 

Pre-
PVI 

Post-
PVI 

Pre PVI Post-PVI % diff Pre PVI Post-PVI % diff Pre PVI Post-PVI % diff 

1 Anterior 15.33 17.05 0.53 (3.46) 5.54 (32.49) 29.04 3.04 (19.83) 7.54 (44.22) 24.39 5.24 (34.18) 9.65 (56.60) 22.42 

Floor 4.39 4.72 0.00 (0.00) 0.30 (6.36) 6.36 0 (0.00) 1.13 (23.94) 23.94 0.07 (1.59) 1.44 (30.51) 28.91 

LAA 6.18 N/A 0.00 (0.00) N/A N/A N/A 0 (0.00) N/A N/A N/A 0 (0.00) N/A N/A N/A 

Lateral 1.42 3.80 0.00 (0.00) 1.27 (33.42) 33.42 0.02 (1.41) 1.49 (39.21) 37.80 0.19 (13.38) 1.67 (43.95) 30.57 

Posterior 11.49 10.78 3.09 (26.89) 5.28 (48.98) 22.09 4.66 (40.56) 5.59 (51.86) 11.30 6.31 (54.92) 6.01 (55.75) 0.83 

Roof 4.98 4.98 0.00 (0.00) 1.13 (22.69) 22.69 0.1 (2.01) 1.56 (31.33) 29.32 0.62 (12.45) 2.04 (40.96) 28.51 

Septum 5.80 8.70 0.45 (7.76) 1.33 (15.29) 7.53 0.62 (10.69) 1.83 (21.03) 10.34 1.35 (23.28) 3.77 (43.33) 20.06 

2 Anterior 20.20 4.27 0.89 (4.41) 0.00 (0.00) -4.41 1.66 (8.22) 0 (0.00) -8.22 4.32 (21.39) 0 (0.00) -21.39 

Floor 17.16 8.95 4.36 (25.41) 4.51 (50.39) 24.98 8.4 (48.95) 6.04 (67.49) 18.53 10.35 (60.31) 7.02 (78.44) 18.12 

LAA 4.35 N/A 0.00 (0.00) N/A N/A N/A 0.03 (0.69) N/A N/A N/A 0.73 (16.78) N/A N/A N/A 

Lateral 11.39 2.83 0.52 (4.57) 0.63 (22.26) 17.70 0.97 (8.52) 2.29 (80.92) 72.40 2.34 (20.54) 2.83 (100.00) 79.46 

Posterior 14.80 14.80 0.16 (1.08) 3.58 (24.19) 23.11 1.59 (10.74) 7.33 (49.53) 38.78 4.44 (30.00) 9.24 (62.43) 32.43 

Roof 5.42 5.19 0.12 (2.21) 0.17 (3.28) 1.06 0.21 (3.87) 0.47 (9.06) 5.18 0.99 (18.27) 0.88 (16.96) -1.31 

Septum 6.65 5.14 0.00 (0.00) 0.38 (7.39) 7.39 0.01 (0.15) 0.52 (10.12) 9.97 0.04 (0.60) 2.32 (45.14) 44.53 

3 Anterior 25.87 20.53 1.73 (6.69) 0.98 (4.77) -1.91 3.79 (14.65) 2.46 (11.98) -2.67 5.8 (22.42) 4.09 (19.92) -2.50 

Floor 17.08 11.58 0.14 (0.82) 0.31 (2.68) 1.86 0.65 (3.81) 2.13 (18.39) 14.59 1.14 (6.67) 3.84 (33.16) 26.49 

LAA 15.71 8.50 0.07 (0.45) 0.72 (8.47) 8.03 0.42 (2.67) 1.59 (18.71) 16.03 0.7 (4.46) 1.86 (21.88) 17.43 

Lateral 10.82 3.12 3.07 (28.37) 1.02 (32.69) 4.32 4.78 (44.18) 2.8 (89.74) 45.57 7.24 (66.91) 3.12 (100.00) 33.09 

Posterior 20.41 20.41 0.38 (1.86) 5.66 (27.73) 25.87 1.52 (7.45) 8.31 (40.72) 33.27 3.02 (14.80) 10.68 (52.33) 37.53 

Roof 8.48 8.48 0.00 (0.00) 0.00 (0.00) 0.00 0.26 (3.07) 0.01 (0.12) -2.95 0.76 (8.96) 0.38 (4.48) -4.48 

Septum 9.70 8.46 1.51 (15.57) 0.90 (10.64) -4.93 2.9 (29.90) 3.14 (37.12) 7.22 3.72 (38.35) 3.59 (42.43) 4.08 

4 Anterior 30.44 27.92 0.73 (2.40) 2.41 (8.63) 6.23 2.88 (9.46) 3.8 (13.61) 4.15 3.95 (12.98) 8.26 (29.58) 16.61 

Floor 7.40 7.48 2.79 (37.70) 0.00 (0.00) -37.70 3.8 (51.35) 0.96 (12.83) -38.52 4.36 (58.92) 1.93 (25.80) -33.12 

LAA 13.71 14.78 0.00 (0.00) 1.12 (7.58) 7.58 0 (0.00) 1.92 (12.99) 12.99 0 (0.00) 2.45 (16.58) 16.58 

Lateral 4.76 N/A 0.00 (0.00) N/A N/A N/A 1.06 (22.27) N/A N/A N/A 1.89 (39.71) N/A N/A N/A 

Posterior 22.23 22.07 0.25 (1.12) 5.19 (23.52) 22.39 4.52 (20.33) 7.73 (35.02) 14.69 6.83 (30.72) 9.72 (44.04) 13.32 
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Roof 5.88 8.93 0.00 (0.00) 0.91 (10.19) 10.19 1.35 (22.96) 1.78 (19.93) -3.03 1.74 (29.59) 2.22 (24.86) -4.73 

Septum 8.52 8.29 0.26 (3.05) 0.52 (6.27) 3.22 0.85 (9.98) 1.39 (16.77) 6.79 1.29 (15.14) 1.67 (20.14) 5.00 

5 Anterior 17.86 17.86 0.86 (4.82) 0.53 (2.97) -1.85 1.55 (8.68) 1.24 (6.94) -1.74 1.55 (8.68) 1.93 (10.81) 2.13 

Floor 13.10 12.39 0.76 (5.80) 0.58 (4.68) -1.12 2.44 (18.63) 1 (8.07) -10.55 4.32 (32.98) 2.65 (21.39) -11.59 

LAA 12.54 12.20 1.86 (14.83) 0.00 (0.00) -14.83 2.87 (22.89) 0.29 (2.38) -20.51 3.45 (27.51) 2.45 (20.08) -7.43 

Lateral 6.39 1.90 0.79 (12.36) 0.41 (21.58) 9.22 1.43 (22.38) 0.41 (21.58) -0.80 1.43 (22.38) 0.41 (21.58) -0.80 

Posterior 13.21 13.21 0.67 (5.07) 0.28 (2.12) -2.95 2.06 (15.59) 0.49 (3.71) -11.88 3.24 (24.53) 1.28 (9.69) -14.84 

Roof 6.93 6.92 0.00 (0.00) 0.01 (0.14) 0.14 0.04 (0.58) 0.04 (0.58) 0.00 0.41 (5.92) 0.23 (3.32) -2.59 

Septum 16.25 11.43 2.84 (17.48) 0.49 (4.29) -13.19 4.01 (24.68) 0.87 (7.61) -17.07 5.48 (33.72) 1.35 (11.81) -21.91 

6 Anterior 18.36 18.19 3.29 (17.92) 1.04 (5.72) -12.20 4.51 (24.56) 2.04 (11.21) -13.35 6.61 (36.00) 3.65 (20.07) -15.94 

Floor 12.02 11.98 1.55 (12.90) 0.02 (0.17) -12.73 4.8 (39.93) 1.64 (13.69) -26.24 5.69 (47.34) 3.45 (28.80) -18.54 

LAA 8.75 3.14 0.18 (2.06) 0.00 (0.00) -2.06 3.81 (43.54) 0 (0.00) -43.54 4.93 (56.34) 0 (0.00) -56.34 

Lateral 7.12 8.66 0.06 (0.84) 0.42 (4.85) 4.01 0.5 (7.02) 1.92 (22.17) 15.15 1.15 (16.15) 2.6 (30.02) 13.87 

Posterior 18.44 18.17 1.41 (7.65) 2.38 (13.10) 5.45 3.4 (18.44) 3.7 (20.36) 1.93 5.39 (29.23) 5.57 (30.65) 1.42 

Roof 5.59 5.40 0.55 (9.84) 0.39 (7.22) -2.62 1.49 (26.65) 0.75 (13.89) -12.77 2.57 (45.97) 1.44 (26.67) -19.31 

Septum 17.85 17.63 0.01 (0.06) 0.38 (2.16) 2.10 0.04 (0.22) 0.99 (5.62) 5.39 0.09 (0.50) 1.79 (10.15) 9.65 

7 Anterior 14.15 13.60 1.83 (12.93) 0.90 (6.62) -6.32 4.66 (32.93) 3.35 (24.63) -8.30 6.95 (49.12) 7.9 (58.09) 8.97 

Floor 16.74 14.86 1.11 (6.63) 1.53 (10.30) 3.67 1.61 (9.62) 2.4 (16.15) 6.53 3.46 (20.67) 4.04 (27.19) 6.52 

LAA 20.75 3.54 0.69 (3.33) 0.00 (0.00) -3.33 1.15 (5.54) 0.81 (22.88) 17.34 1.52 (7.33) 1.06 (29.94) 22.62 

Lateral 10.13 9.75 0.00 (0.00) 0.11 (1.13) 1.13 0.72 (7.11) 0.66 (6.77) -0.34 2.65 (26.16) 1.56 (16.00) -10.16 

Posterior 26.30 26.48 0.25 (0.95) 5.42 (20.47) 19.52 2.52 (9.58) 8.73 (32.97) 23.39 5.11 (19.43) 13.23 (49.96) 30.53 

Roof 8.77 8.77 0.20 (2.28) 4.02 (45.84) 43.56 2.89 (32.95) 7.06 (80.50) 47.55 4.27 (48.69) 7.93 (90.42) 41.73 

Septum 14.38 10.09 0.72 (5.01) 0.59 (5.85) 0.84 2.07 (14.39) 1.03 (10.21) -4.19 2.78 (19.33) 1.64 (16.25) -3.08 

8 Anterior 19.13 3.55 1.05 (5.49) 0.00 (0.00) -5.49 6.12 (31.99) 0.31 (8.73) -23.26 9.03 (47.20) 0.53 (14.93) -32.27 

Floor 20.05 11.96 0.08 (0.40) 2.82 (23.58) 23.18 4.83 (24.09) 8.06 (67.39) 43.30 6.37 (31.77) 9.23 (77.17) 45.40 

LAA 24.78 18.84 0.00 (0.00) 0.00 (0.00) 0.00 0.41 (1.65) 0 (0.00) -1.65 0.84 (3.39) 0 (0.00) -3.39 

Lateral 13.38 2.19 0.32 (2.39) 0.03 (1.37) -1.02 0.63 (4.71) 2.19 (100.00) 95.29 0.94 (7.03) 2.19 (100.00) 92.97 

Posterior 15.28 15.28 0.02 (0.13) 0.99 (6.48) 6.35 0.25 (1.64) 4.6 (30.10) 28.47 0.79 (5.17) 6.16 (40.31) 35.14 

Roof 6.67 6.67 0.00 (0.00) 0.22 (3.30) 3.30 0.43 (6.45) 0.53 (7.95) 1.50 0.53 (7.95) 0.73 (10.94) 3.00 

Septum 11.11 1.90 0.18 (1.62) 1.17 (61.58) 59.96 0.93 (8.37) 1.81 (95.26) 86.89 1.82 (16.38) 1.87 (98.42) 82.04 
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9 Anterior 38.05 28.83 1.28 (3.36) 0.00 (0.00) -3.36 4.04 (10.62) 1.29 (4.47) -6.14 6.16 (16.19) 3.78 (13.11) -3.08 

Floor 15.81 13.89 1.39 (8.79) 0.03 (0.22) -8.58 2.24 (14.17) 2.52 (18.14) 3.97 3.46 (21.88) 4.13 (29.73) 7.85 

LAA 20.62 12.00 0.00 (0.00) 0.22 (1.83) 1.83 0.02 (0.10) 0.44 (3.67) 3.57 0.57 (2.76) 0.61 (5.08) 2.32 

Lateral 21.51 20.45 1.35 (6.28) 5.65 (27.63) 21.35 3.48 (16.18) 10.5 (51.34) 35.17 8.7 (40.45) 11.76 (57.51) 17.06 

Posterior 16.87 16.87 0.00 (0.00) 0.86 (5.10) 5.10 0.51 (3.02) 2.07 (12.27) 9.25 1.54 (9.13) 4.78 (28.33) 19.21 

Roof 11.33 10.91 0.00 (0.00) 0.64 (5.87) 5.87 0.47 (4.15) 2.75 (25.21) 21.06 1.31 (11.56) 4.04 (37.03) 25.47 

Septum 25.39 13.42 1.11 (4.37) 1.22 (9.09) 4.72 3.04 (11.97) 2.79 (20.79) 8.82 5.22 (20.56) 4.12 (30.70) 10.14 

10 Anterior 16.86 13.52 0.53 (3.14) 0.64 (4.73) 1.59 1.53 (9.07) 1.37 (10.13) 1.06 4.21 (24.97) 2.59 (19.16) -5.81 

Floor 8.35 4.19 0.26 (3.11) 0.00 (0.00) -3.11 1.14 (13.65) 0 (0.00) -13.65 1.86 (22.28) 0.23 (5.49) -16.79 

LAA 6.27 6.27 0.03 (0.48) 0.00 (0.00) -0.48 0.08 (1.28) 0.51 (8.13) 6.86 0.2 (3.19) 1.41 (22.49) 19.30 

Lateral 7.85 3.81 2.11 (26.88) 1.14 (29.92) 3.04 4.16 (52.99) 2.67 (70.08) 17.09 5.78 (73.63) 3.81 (100.00) 26.37 

Posterior 10.77 10.72 0.07 (0.65) 0.17 (1.59) 0.94 0.27 (2.51) 0.77 (7.18) 4.68 0.64 (5.94) 2.38 (22.20) 16.26 

Roof 3.14 3.14 0.00 (0.00) 0.00 (0.00) 0.00 0.24 (7.64) 0 (0.00) -7.64 0.62 (19.75) 0.04 (1.27) -18.47 

Septum 4.74 2.32 0.00 (0.00) 0.00 (0.00) 0.00 0 (0.00) 0.16 (6.90) 6.90 0.32 (6.75) 0.35 (15.09) 8.34 

11 Anterior 29.07 28.60 1.35 (4.64) 1.44 (5.03) 0.39 3 (10.32) 1.97 (6.89) -3.43 7.74 (26.63) 8.8 (30.77) 4.14 

Floor 9.03 8.79 1.30 (14.40) 0.08 (0.91) -13.49 3.11 (34.44) 1.49 (16.95) -17.49 5.03 (55.70) 3.49 (39.70) -16.00 

LAA 19.61 19.38 0.31 (1.58) 0.00 (0.00) -1.58 0.79 (4.03) 0.72 (3.72) -0.31 1.4 (7.14) 1.32 (6.81) -0.33 

Lateral 8.26 7.40 2.50 (30.27) 0.00 (0.00) -30.27 3.71 (44.92) 3.19 (43.11) -1.81 4.43 (53.63) 4.83 (65.27) 11.64 

Posterior 17.04 16.69 0.66 (3.87) 1.39 (8.33) 4.46 1.33 (7.81) 3.02 (18.09) 10.29 2.25 (13.20) 6.94 (41.58) 28.38 

Roof 9.56 9.56 0.04 (0.42) 0.06 (0.63) 0.21 0.11 (1.15) 0.33 (3.45) 2.30 0.24 (2.51) 0.59 (6.17) 3.66 

Septum 6.06 6.59 0.01 (0.17) 1.98 (30.05) 29.88 0.04 (0.66) 3.61 (54.78) 54.12 0.88 (14.52) 4.72 (71.62) 57.10 

Patient 
ID 

Region Mapped Area  AFV area and percentage in relation to complete mapped area  
     

<0.35 mV <0.5 mV 
     

Pre-
PVI 

Post-
PVI 

Pre PVI Post-PVI % diff Pre PVI Post-PVI % diff 
     

1 Anterior 15.33 17.05 8.4 (54.79) 13.63 (79.94) 25.15 12.41 (80.95) 16.14 (94.66) 13.71 
     

Floor 4.39 4.72 1.89 (43.05) 1.94 (41.10) -1.95 3.27 (74.49) 2.61 (55.30) -19.19 
     

LAA 6.18 N/A 0.03 (0.49) N/A N/A N/A 0.32 (5.18) N/A N/A N/A 
     

Lateral 1.42 3.80 0.55 (38.73) 2.1 (55.26) 16.53 1.11 (78.17) 3.39 (89.21) 11.04 
     

Posterior 11.49 10.78 8.7 (75.72) 7.04 (65.31) -10.41 9.61 (83.64) 8.97 (83.21) -0.43 
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Roof 4.98 4.98 2.01 (40.36) 3.66 (73.49) 33.13 4.04 (81.12) 4.77 (95.78) 14.66 
     

Septum 5.80 8.70 2.45 (42.24) 6.45 (74.14) 31.90 3.53 (60.86) 7.79 (89.54) 28.68 
     

2 Anterior 20.20 4.27 10.54 (52.18) 0 (0.00) -52.18 16.48 (81.58) 2.28 (53.40) -28.19 
     

Floor 17.16 8.95 12.57 (73.25) 7.58 (84.69) 11.44 14.87 (86.66) 8.67 (96.87) 10.22 
     

LAA 4.35 N/A 1.23 (28.28) N/A N/A N/A 4.22 (97.01) N/A N/A N/A 
     

Lateral 11.39 2.83 6.63 (58.21) 2.83 (100.00) 41.79 9.46 (83.06) 2.83 (100.00) 16.94 
     

Posterior 14.80 14.80 10.68 (72.16) 12.47 (84.26) 12.09 14.54 (98.24) 14.56 (98.38) 0.14 
     

Roof 5.42 5.19 4.22 (77.86) 2.43 (46.82) -31.04 5.28 (97.42) 5.19 (100.00) 2.58 
     

Septum 6.65 5.14 0.65 (9.77) 3.44 (66.93) 57.15 1.56 (23.46) 4.77 (92.80) 69.34 
     

3 Anterior 25.87 20.53 12.63 (48.82) 8.44 (41.11) -7.71 21.53 (83.22) 13.78 (67.12) -16.10 
     

Floor 17.08 11.58 3.29 (19.26) 6.72 (58.03) 38.77 12.70 (74.36) 10.71 (92.49) 18.13 
     

LAA 15.71 8.50 1.39 (8.85) 2.29 (26.94) 18.09 2.42 (15.40) 4.82 (56.71) 41.30 
     

Lateral 10.82 3.12 10.45 (96.58) 3.12 (100.00) 3.42 10.82 (100.00) 3.12 (100.00) 0.00 
     

Posterior 20.41 20.41 6.94 (34.00) 14.61 (71.58) 37.58 14.48 (70.95) 18.51 (90.69) 19.75 
     

Roof 8.48 8.48 3.4 (40.09) 3.36 (39.62) -0.47 5.55 (65.45) 6.84 (80.66) 15.21 
     

Septum 9.70 8.46 4.32 (44.54) 3.59 (42.43) -2.10 5.09 (52.47) 8.46 (100.00) 47.53 
     

4 Anterior 30.44 27.92 11.03 (36.24) 16.37 (58.63) 22.40 21.34 (70.11) 22.55 (80.77) 10.66 
     

Floor 7.40 7.48 5.81 (78.51) 5.17 (69.12) -9.40 7.40 (100.00) 6.56 (87.70) -12.30 
     

LAA 13.71 14.78 0 (0.00) 10.55 (71.38) 71.38 1.00 (7.29) 12.03 (81.39) 74.10 
     

Lateral 4.76 N/A 4.31 (90.55) N/A N/A N/A 4.68 (98.32) N/A N/A N/A 
     

Posterior 22.23 22.07 16.96 (76.29) 16.25 (73.63) -2.66 21.39 (96.22) 19.81 (89.76) -6.46 
     

Roof 5.88 8.93 4.18 (71.09) 4.97 (55.66) -15.43 5.88 (100.00) 7.07 (79.17) -20.83 
     

Septum 8.52 8.29 2.99 (35.09) 5.63 (67.91) 32.82 5.20 (61.03) 7.41 (89.38) 28.35 
     

5 Anterior 17.86 17.86 3.54 (19.82) 6.93 (38.80) 18.98 8.45 (47.31) 10.78 (60.36) 13.05 
     

Floor 13.10 12.39 7.36 (56.18) 6.34 (51.17) -5.01 9.65 (73.66) 8.15 (65.78) -7.89 
     

LAA 12.54 12.20 4.72 (37.64) 5.19 (42.54) 4.90 6.09 (48.56) 6.28 (51.48) 2.91 
     

Lateral 6.39 1.90 1.43 (22.38) 0.41 (21.58) -0.80 1.43 (22.38) 0.41 (21.58) -0.80 
     

Posterior 13.21 13.21 8.57 (64.88) 5.34 (40.42) -24.45 11.63 (88.04) 10.54 (79.79) -8.25 
     

Roof 6.93 6.92 1.56 (22.51) 0.61 (8.82) -13.70 2.61 (37.66) 3.09 (44.65) 6.99 
     

Septum 16.25 11.43 8.41 (51.75) 8.25 (72.18) 20.42 11.58 (71.26) 10.09 (88.28) 17.01 
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6 Anterior 18.36 18.19 8.83 (48.09) 7.63 (41.95) -6.15 12.11 (65.96) 11.24 (61.79) -4.17 
     

Floor 12.02 11.98 6.77 (56.32) 5.12 (42.74) -13.58 8.66 (72.05) 7.66 (63.94) -8.11 
     

LAA 8.75 3.14 6.75 (77.14) 0 (0.00) -77.14 8.03 (91.77) 0.83 (26.43) -65.34 
     

Lateral 7.12 8.66 3.77 (52.95) 4.04 (46.65) -6.30 5.36 (75.28) 6.46 (74.60) -0.69 
     

Posterior 18.44 18.17 10.02 (54.34) 8.07 (44.41) -9.92 15.90 (86.23) 13.13 (72.26) -13.96 
     

Roof 5.59 5.40 3.86 (69.05) 2.41 (44.63) -24.42 5.41 (96.78) 4.45 (82.41) -14.37 
     

Septum 17.85 17.63 5.15 (28.85) 7.77 (44.07) 15.22 7.54 (42.24) 13.05 (74.02) 31.78 
     

7 Anterior 14.15 13.60 13.1 (92.58) 13.52 (99.41) 6.83 13.40 (94.70) 13.6 (100.00) 5.30 
     

Floor 16.74 14.86 12.12 (72.40) 12 (80.75) 8.35 15.30 (91.40) 14.81 (99.66) 8.27 
     

LAA 20.75 3.54 4.89 (23.57) 1.67 (47.18) 23.61 7.77 (37.45) 1.78 (50.28) 12.84 
     

Lateral 10.13 9.75 7.43 (73.35) 5.83 (59.79) -13.55 8.92 (88.06) 9.07 (93.03) 4.97 
     

Posterior 26.30 26.48 24.58 (93.46) 25.65 (96.87) 3.41 26.19 (99.58) 26.41 (99.74) 0.15 
     

Roof 8.77 8.77 7.29 (83.12) 8.77 (100.00) 16.88 8.39 (95.67) 8.77 (100.00) 4.33 
     

Septum 14.38 10.09 8.78 (61.06) 5.4 (53.52) -7.54 13.01 (90.47) 7.33 (72.65) -17.83 
     

8 Anterior 19.13 3.55 17.45 (91.22) 3.55 (100.00) 8.78 19.11 (99.90) 3.55 (100.00) 0.10 
     

Floor 20.05 11.96 18.32 (91.37) 11.96 (100.00) 8.63 20.04 (99.95) 11.96 (100.00) 0.05 
     

LAA 24.78 18.84 3.37 (13.60) 0 (0.00) -13.60 4.40 (17.76) 0.04 (0.21) -17.54 
     

Lateral 13.38 2.19 8.51 (63.60) 2.19 (100.00) 36.40 12.94 (96.71) 2.19 (100.00) 3.29 
     

Posterior 15.28 15.28 11.9 (77.88) 14.87 (97.32) 19.44 14.85 (97.19) 15.28 (100.00) 2.81 
     

Roof 6.67 6.67 3.13 (46.93) 3.72 (55.77) 8.85 5.08 (76.16) 6.59 (98.80) 22.64 
     

Septum 11.11 1.90 7.56 (68.05) 1.9 (100.00) 31.95 10.91 (98.20) 1.9 (100.00) 1.80 
     

9 Anterior 38.05 28.83 24.41 (64.15) 17.31 (60.04) -4.11 34.43 (90.49) 22.6 (78.39) -12.10 
     

Floor 15.81 13.89 5.29 (33.46) 6.69 (48.16) 14.70 11.44 (72.36) 12.58 (90.57) 18.21 
     

LAA 20.62 12.00 6.57 (31.86) 1.89 (15.75) -16.11 12.57 (60.96) 6.34 (52.83) -8.13 
     

Lateral 21.51 20.45 12.23 (56.86) 16.21 (79.27) 22.41 17.89 (83.17) 19.09 (93.35) 10.18 
     

Posterior 16.87 16.87 5.43 (32.19) 11.06 (65.56) 33.37 11.92 (70.66) 16.39 (97.15) 26.50 
     

Roof 11.33 10.91 3.08 (27.18) 7.86 (72.04) 44.86 9.67 (85.35) 10.31 (94.50) 9.15 
     

Septum 25.39 13.42 9.44 (37.18) 8.19 (61.03) 23.85 18.08 (71.21) 13.42 (100.00) 28.79 
     

10 Anterior 16.86 13.52 4.94 (29.30) 2.95 (21.82) -7.48 7.73 (45.85) 7.72 (57.10) 11.25 
     

Floor 8.35 4.19 2.35 (28.14) 0.34 (8.11) -20.03 3.37 (40.36) 3.2 (76.37) 36.01 
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LAA 6.27 6.27 0.26 (4.15) 1.95 (31.10) 26.95 0.68 (10.85) 4.87 (77.67) 66.83 
     

Lateral 7.85 3.81 6.03 (76.82) 3.81 (100.00) 23.18 6.72 (85.61) 3.81 (100.00) 14.39 
     

Posterior 10.77 10.72 0.76 (7.06) 3.1 (28.92) 21.86 3.68 (34.17) 6.11 (57.00) 22.83 
     

Roof 3.14 3.14 0.81 (25.80) 0.13 (4.14) -21.66 1.63 (51.91) 0.82 (26.11) -25.80 
     

Septum 4.74 2.32 0.59 (12.45) 0.42 (18.10) 5.66 3.27 (68.99) 1.22 (52.59) -16.40 
     

11 Anterior 29.07 28.60 12.66 (43.55) 14.77 (51.64) 8.09 17.03 (58.58) 19.94 (69.72) 11.14 
     

Floor 9.03 8.79 7.22 (79.96) 7.31 (83.16) 3.21 8.26 (91.47) 8.79 (100.00) 8.53 
     

LAA 19.61 19.38 3.14 (16.01) 2.32 (11.97) -4.04 4.32 (22.03) 4.1 (21.16) -0.87 
     

Lateral 8.26 7.40 6 (72.64) 6.46 (87.30) 14.66 6.24 (75.54) 6.95 (93.92) 18.37 
     

Posterior 17.04 16.69 11.68 (68.54) 14.92 (89.39) 20.85 15.39 (90.32) 16.64 (99.70) 9.38 
     

Roof 9.56 9.56 1.49 (15.59) 1.74 (18.20) 2.62 3.86 (40.38) 4.2 (43.93) 3.56 
     

Septum 6.06 6.59 3.32 (54.79) 5.3 (80.42) 25.64 4.46 (73.60) 5.92 (89.83) 16.24 
     

 

Table 6.21. Changes in areas of low voltage by region and patient. Bold columns signify the change in AFV percentage in a certain area. Results 

between patients and between regions varied widely, reinforcing the finding that electrophysiological changes after PVI are complex and 

although there is a global reduction in voltage, in some areas, low voltage zones may become reduce in size. The table also highlights the 

extensive areas covered by the absolute voltage cut offs, which, in certain regions can amount the complete region. There was no consistent 

pattern of regional changes.
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Patient 
ID 

Mean DCL Area percentage change (Range) Mean Low voltage zone Area percentage change (Range) 
10th 20th 30th 10th 20th 30th <0.35 mV <0.5 mV 

1 -4.44 (26.35) -4.26 (44.27) 0.64 (74.57) 20.19 (27.07) 22.85 (27.46) 21.88 (29.73) 15.72 (43.54) 8.08 (47.87) 
2 2.15 (15.68) -3.20 (26.78) -20.92 (110.21) 11.64 (29.39) 22.78 (80.62) 25.31 (100.84) 6.54 (109.33) 11.84 (97.53) 
3 -4.10 (21.58) -6.42 (88.05) -17.12 (62.77) 4.75 (30.80) 15.87 (48.51) 15.95 (42.01) 12.51 (46.48) 17.97 (63.63) 
4 7.19 (32.41) 9.29 (40.07) 10.67 (42.95) 1.99 (60.09) -0.49 (53.21) 2.28 (49.72) 16.52 (86.81) 12.25 (94.93) 
5 -3.64 (16.54) -11.06 (28.60) -22.58 (29.39) -3.51 (24.05) -8.94 (20.51) -8.15 (24.04) 0.05 (44.88) 3.29 (25.27) 
6 -0.34 (11.65) -4.39 (31.12) -8.88 (50.81) -2.58 (18.18) -10.49 (58.69) -12.17 (70.21) -17.47 (92.36) -10.69 (97.12) 
7 6.05 (50.43) 11.15 (48.84) 17.20 (32.38) 8.44 (49.87) 11.71 (55.85) 13.88 (51.89) 5.43 (37.16) 2.58 (30.66) 
8 1.90 (14.76) -1.93 (28.57) -8.14 (41.96) 12.32 (65.45) 32.93 (118.55) 31.84 (125.25) 14.35 (50.00) 1.88 (40.18) 
9 -3.24 (26.30) -4.90 (39.16) -10.75 (42.55) 3.85 (29.93) 10.81 (41.31) 11.28 (28.55) 17.00 (60.97) 10.37 (40.89) 

10 -2.52 (20.19) -4.67 (34.97) -13.82 (54.98) 0.28 (6.16) 2.18 (30.74) 4.17 (44.84) 4.07 (48.61) 15.59 (92.62) 
11 -5.87 (14.42) -16.97 (54.11) -22.99 (77.64) -1.49 (60.15) 6.24 (71.61) 12.66 (73.10) 10.15 (29.68) 9.48 (19.25) 

 

 

Table 6.22.  Area percentage change with PVI by patient. The mean regional changes and the ranges of the change vary widely between 

patients. In the majority of patients and cut offs, DCL areas decrease with PVI and low voltage areas increase, but the wide ranges, representing 

regional variation in increase and decrease, point to the significant regional difference observed in   

 

 

 

Table 6.20 and Table 6.21. 
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6.4 Discussion 

6.4.1 Main findings 

This study is the first to use automated, objective methods to map both psAF drivers 

and psAF substrate, with the use of AF cycle length mapping to locate rapid and regular 

patterns in AF, and the application of mean AF voltage measurement to localise low AF 

voltage areas. This work is also the first to describe in detail how PVI changes not only the 

dynamic aspect of psAF (AF cycle length - DCL) but the AF voltage substrate. In order to take 

this individual variability into account whilst retaining the objectivity of automated analysis, 

rapid AF cycle length and low AF voltage were defined on an individual patient level, by the 

10th, 20th and 30th percentiles of pre-PVI AF. The established absolute low AF voltage cut offs 

of <0.35 mV and <0.5 mV were used as comparators.  

Rapid activity properties were found to be stable in the areas that retained some rapid 

activity following PVI. A considerable number of sites developed rapid activity following PVI. 

There was significant inter-patient variability in baseline AF cycle length and baseline AF 

voltage. There was a global reduction in mean AF voltage and a global increase in DCL 

following PVI, with significant regional variance in terms of the direction of change. Although 

several regions changed in the dominant direction, a significant minority showed alteration in 

the opposite direction. Overall, DCL and AFV characteristics changed significantly following 

PVI. Rapid activity properties were found to be stable despite PVI in the EAFS that retained 

rapid activity following PVI. A considerable number of sites developed rapid activity following 

PVI. 

6.4.2 AFCL changes after PVI 

Similarly to previously described observations (143) AFCL prolonged significantly after 

PVI in 4/5 patients. There was a drop in the number of EAFS with any rapid activity after PVI 
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in 4/5 patients. Interestingly, 41-61% (10th percentile), 15-33% (20th percentile), and 9-27% 

(30th percentile) of post-PVI EAFS with rapid activity were found in new locations. This partly 

agrees with observation from Honarbakhsh and colleagues who described several new 

potential AF drivers following PVI (21). The electrophysiological background to the 

emergence of new sites with rapid activity following PVI are not understood, but these new 

sites may play a role in the maintenance of psAF, especially those in the narrowest and 

rapidest (0-10th) percentile range. One possible mechanism responsible for these new areas 

with rapid and regular activity could be the lower chance of interference between the overall 

reduced number of rapid areas in the LA, resulting in new areas that were previously 

supressed. 

The proportion of new locations with rapid activity, compared to the total number of 

post PVI EAFS with rapid activity was found to be lower for the 20th and 30th percentile cut 

offs. This may be explained by the fact that, with broader, less stringent cut offs extending to 

the 20th and 30th percentiles, more EAFS with less stable rapid activities can be detected. As 

an example, in patient 1, the 10th percentile defines rapid activity as 80-123 ms, while the 

20th and 30th percentile allow 80-131 and 80-133 ms episodes to be considered rapid and 

regular, therefore the reduced stability criteria will result in more areas with retained rapid 

activity rather than new locations.  

The theory of less interference between rapid sites could also explain that, there was 

no significant difference found between pre-and post PVI in cumulative duration, number of 

episodes and mean duration of episodes within EAFS at the 10th percentile, as the locations 

of retained activity could sustain their previous activity, while the new locations could 

operate in an environment with less competition from other rapid areas.  
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Both areas with retained rapid activity and new areas with rapid activity could be 

important in the mechanisms of psAF maintenance. New locations might represent areas 

that are unmasked by the reduction of the number of locations with rapid activity, coming 

into sight following the reduction of competition from other driving sites. Locations with 

retained rapid activity might represent extra-pulmonary vein drivers that are active during 

baseline AF and are unperturbed by the significant electrophysiological changes arising from 

pulmonary vein isolation. The fact that they are unaffected by PVI, lowers the possibility that 

these areas of rapid activity are due to artifact arising from wavefront collision, the sensing of 

double potentials through a line of functional or anatomical block, or purely fractionated 

electrograms arising from passive wavefront propagation through an area of diseased 

myocardium. They may signify areas that may play a particularly important role in the 

maintenance of AF, as their independent activity may be self-sustaining.    

The significant reduction seen in the minority of patients and regions in cumulative 

duration, number of episodes and mean duration of episodes could potentially be explained 

by passive, rather than active rapid activity in these areas.  

A stepwise, post PVI, extra-pulmonary vein ablation strategy, targeting the 10th 

percentile, and if needed, the 20th and 30th percentile areas would be one method of 

elucidating whether these phenomena represent active drivers or passive wavefront 

collisions. 

6.4.3 Cycle length and voltage variability at baseline  

The reason for reduced success rates for catheter ablation in persistent AF is currently 

not known. Attempts are ongoing to individualise psAF treatment based on identification and 

ablation of fibrotic areas (79) and targeting of potential driving areas, either by locating 

rotational activity (20, 21) or specific activation patterns (22, 85). The observation that AF 
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voltage correlates well with MRI identified fibrosis on the posterior wall of the LA (83), may 

open up opportunities of individualising AF ablation based on objectively identifiable voltage 

patterns seen on global electroanatomical maps of the LA. Current methods of localising and 

ablating potential driver areas are reliant on human assessment of low resolution global AF 

maps of up to 64 registration points (20, 21, 135).  

In order to achieve an integrated view of AF mechanisms, this study aims to describe 

the inter-patient and intra-patient variability of the AF substrate and potential extra-

pulmonary vein drivers, in the form of mean AF voltage and AF cycle length (DCL). 

This work shows significant variability of global DCL and AFV between patients and 

similarly disparate results between LA regions, showing a lack of an easily recognisable 

voltage or DCL pattern that could lead to the identification of low voltage areas harbouring 

AF drivers.  

Due to this wide individual variability, absolute voltage cut offs resulted in a large 

percentage of the mapped areas classified as low voltage zones (<0.35 mV: 13.4-77.2%; <0.5 

mV 54.3-90%). Percentile-based definitions of low voltage may direct a more specific focus 

on fibrotic areas, with the potential use of absolute cut offs as absolute maximum values.  

Despite previous studies showing the potential relevance rapid activity in the initiation 

and maintenance of AF (119, 142, 152–154), no previous work has explored the definitions of 

rapidity in psAF. The 10th, 20th and 30th percentiles of global DCL can be used as clear and 

unambiguous cut offs of decreasing specificity to locate clearly demarcated areas of rapid AF 

activity.  

Regional distribution of rapid areas and low voltage areas showed wide variation 

between patients, whether considering absolute rapidest and lowest voltage results, or the 

size of area under a certain cut off.  Whereas in some patients, prior to PVI, the region with 
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the largest rapid area stayed the same regardless of the cut off used, the regions with largest 

rapid area changed with alteration of cut offs in the majority of patients. The largest low 

voltage areas were found in the pulmonary veins in the majority patients for all cut offs. 

These observations underline the importance of using well defined, patient-tailored cut offs 

for low voltage and rapid activity areas in order identify the regions most likely to contribute 

to the maintenance of psAF.  

6.4.4 The effects of PVI on AF voltage and DCL 

Although AF voltage has not previously been compared pre- and post-PVI, the 2 studies 

that investigated AF drivers with the CARTOFINDER system have shown changes in response 

to PVI (21, 136), indicating that PVI may affect AF mechanisms. In this study, PVI had a 

significant effect on DCL as well as AF voltage, despite a meticulous exclusion of areas acutely 

affected by ablation.  

6.4.4.1 PVI effects on DCL 

Globally, viewing the entirety of the LA, there was a significant increase in DCL in all 

patients, in agreement with previously published results showing that AF cycle length 

measured in the coronary sinus increases in response to PVI (143).  

However, a fifth of all regions assessed showed a reduction in DCL. These areas might 

be of particular interest, as a reduction in DCL after PVI might signify the emergence of psAF 

drivers sustaining AF following PVI, and therefore might serve as targets for catheter 

ablation. Regional analyses also showed that the rapidest regions changed with PVI in 72.8% 

of patients, further pointing to a difference in psAF mechanism and a potential change in 

location of drivers that play a significant role in psAF maintenance.   

The size and percentage of the area defined as rapid showed an expected reduction 

with PVI. However, a global reduction in rapid areas was seen in more patients with less 
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stringent, 30th percentile cut offs compared to 10th percentile data. This points to a 

heterogeneous change in DCL following PVI, as a uniform increase in DCL would manifest 

throughout the LA, and the rapidest areas should be seen to reduce in most patients. 

Regional breakdown of patient-level results shows distinct differences in area change 

between regions within patients, pointing to heterogeneous changes in DCL throughout the 

LA and to the possible alteration of driver locations after PVI.  

6.4.4.2 PVI effects on AFV 

Substrate modification, involving ablation of fibrotic areas in the LA, is a promising 

emerging trend in the treatment of psAF. Voltage, as a surrogate for fibrosis, has been used 

in several studies to guide ablation (19) and recent research has shown that pre-PVI mean AF 

voltage correlates better with fibrosis defined by late gadolinium enhancement cardiac 

magnetic resonance imaging (cMRI) compared with SR voltage (83). Studies evaluating the 

role of the voltage substrate in AF or in SR have regarded voltage as a constant, and have not 

assessed whether PVI changes the voltage characteristics in the LA.  

The results of the present study show that, global and regional mean AF voltage 

changes significantly after PVI. Global AF voltage reduced significantly after PVI in all patients. 

This global mean AF voltage reduction seen on the patient level was driven by large 

reductions in some regions, while approximately a quarter of regions showed increased AF 

voltage. This would appear to support the hypothesis that, that not only is there considerable 

variability in baseline AF but there is large individual variance in the response of the AF 

voltage pattern to PVI. This is further supported by the finding that the lowest AF voltage 

region changed in more than half of patients after PVI. As expected from the global AF 

voltage reduction, the majority of patients showed an increase in low AF voltage areas after 

PVI.   
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6.4.5 Identifying potential drivers based on voltage and cycle length 

Previous research has shown that, psAF drivers localise to low voltage areas (176). 

Simultaneous use of high density mean AF voltage and DCL mapping, combined with 

automated, patient-tailored, percentile-based cut offs may serve as an objective and 

transparent framework to identify psAF drivers in low voltage areas, without the need for 

subjective judgement from the operator.  

6.4.6 Limitations 

The study is limited by patient numbers. The most significant limitations related to 

extended AF segment mapping are detailed in 5.4.4. Although AF phenotypes appeared and 

some similarities were seen between patients, neither group 1 nor group 2 was large enough 

to lead to generalised conclusions, or to identify regional patterns. Although extraction and 

measurement of rapid activity patterns and areas of low AF voltage and rapid DCL are 

objective and algorithm-driven, registering and exporting this information was laborious, thus 

analysis of a larger population was not possible. Due to the fact that the key functionalities 

required for the described analyses are not available on clinical systems, optimisation of the 

workflow in a clinical setting is currently not feasible.  

 

6.5 Conclusion 

Dominant cycle length and mean AF voltage show significant variability between 

patients and LA regions in baseline AF, emphasising the need for individualised treatment for 

psAF. The significant changes in DCL and AFV following PVI indicate that the apparent 

substrate and driving mechanisms of psAF may change significantly after PVI. While many 

areas retained rapid activity, a considerable number of new rapid areas were found following 

PVI. These observations lead to the hypothesis that, if DCL-based psAF driver mapping and AF 
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voltage mapping is performed simultaneously, post-PVI mapping may yield improved results 

compared to pre-PVI mapping, as it would allow decision making based on the altered 

environment following PVI. The opportunity to select percentile-based cut offs with 

automated mapping would give operators a standardised framework to change the size of 

the areas of interest with a view to avoiding extensive ablation. 
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Chapter 7 A novel marker for driver and substrate modification – 

composite voltage and cycle length maps 

 

7.1 Introduction 

Ablation of persistent AF (psAF) is difficult, and success rates vary between 21-74% (9). 

A recent large randomised trial failed to show any benefit from linear ablation or ablation of 

complex fractionated electrograms combined with pulmonary vein isolation (PVI), above PVI 

only (16). 

Consequently, there has been great interest in recent years to develop new strategies 

of improving outcomes of catheter ablation of psAF. Two major directions have emerged, 

with some researchers targeting the left atrial (LA) substrate, and others aiming at extra-

pulmonary vein drivers.  

Tissue fibrosis leading to inhomogeneous conduction has been associated with 

prolonged AF (177).  Fibrotic areas in the LA, defined by late gadolinium enhancement 

cardiac magnetic resonance imaging (LGE-cMRI) have been shown to correlate with poor 

outcomes from ablation (79).  Left atrial scar, as defined by a complete absence of electrical 

signals with a mapping catheter has been associated with poor outcomes from ablation (178) 

and fibrotic areas identified by LGE-cMRI have lower voltage compared to areas without 

fibrotic changes (18). Identification of LVZs as potential targets for ablation has led to several 

clinical trials targeting LVZs. Most groups used sinus rhythm (SR) to interrogate the LA voltage 

substrate, and the definition of LVZs varied significantly. One trial defined  <0.2 mV as scar 

and differentiated this from “diseased tissue” (0.2-0.5mV) (86), another used 0.1-0.4 mV to 

define LVZs and termed 0.4-1.3 mV as a “transitional zone”(87), while the majority opted for 
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a single zone low voltage at <0.5 mV (88, 89, 171). Jadidi et al performed voltage mapping in 

AF and defined AF LVZs as <0.5 mV and SR LVZs as <1.0 mV (85). Qureshi et al used LGE-cMRI 

and mean AF voltage over 8s and found that, a cut off of <0.35 mV predicted LGE-cMRI 

defined fibrosis with a 75% sensitivity and a 79% specificity (83). In parallel to the above 

studies, a recent paper by Wong and colleagues cast doubt on the accuracy and adequacy of 

static cut off LVZ maps to identify target zones for ablation (179).   

We conducted voltage measurements to characterise substrate in AF. Although several 

studies measured voltage in sinus rhythm, this approach disregards the fact that the 

substrate for atrial fibrillation may lie dormant in sinus rhythm (83). Fixed conduction blocks, 

caused by dense collagen mediated compact fibrosis,  can be resolved during mapping in 

sinus rhythm. Non-compact fibrosis, causing slowing of conduction and functional re-entry 

may only be elucidated by voltage mapping during AF (180–182). We used mean AF voltage 

measured over 8s as this has been shown to be a reproducible metric (83).  

While rapid activity from the pulmonary veins is known to be a major contributor for 

the initiation of paroxysmal AF(119), more prolonged periods of AF lead to a shortening of 

the atrial myocyte refractory period, which could give rise to rapid re-entry activity that could 

sustain AF (177) in the form of extra-pulmonary vein drivers. One of the first techniques to 

attempt to identify drivers used the dominant frequency (DF) of AF cycle length (137). This 

technique was later shown to have difficulty with identifying rapid AFCL areas in case of 

irregular signals with varying voltage amplitude and correlation between DF and AFCL was 

poor (140, 156). Focal impulse and rotor modulation (FIRM) creates dynamic maps of driver 

rotors and these live maps are used to guide ablation(20). The CARTOFINDER system uses 

direct annotation of AFCL to create wavefront propagation maps to show the presence of 

rotational drivers (21, 136). All the above mentioned techniques rely at some point on expert 
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assessment of maps or annotations, introducing subjective judgement into the evaluation of 

extra-pulmonary drivers. To ensure reliable results from DF analysis Ng and colleagues 

suggested manual review and selection of electrograms (141), while FIRM mapping and 

CARTOFINDER require visual inspection of activation maps to identify patterns that might be 

associated with rotational activity (20, 21).  

In an optical mapping study of explanted human hearts, fibrotic areas in the LA co-

localised with re-entry circuits in AF and it was assumed that fibrotic areas may contribute to 

stabilising these drivers (126). In a recent in vivo study using the CARTOFINDER mapping 

system, most identified drivers were localised in LVZs (21).  

Firstly, this study tests the hypothesis that percentile based AF voltage cut offs can 

safely identify LGE-cMRI defined fibrosis, which is an important target for psAF driver 

ablation. It achieves this by ascertaining the sensitivity and specificity of each patient-tailored 

voltage cut off to identify LGE-cMRI defined fibrosis and showing that the patient-tailored 

approach is comparable to the absolute cut offs. 

Secondly, this study sets out to prove the hypothesis that areas with rapid and regular 

AF activity within low voltage zones are identifiable using objective, automated, and patient-

tailored criteria. It aims to show that these areas can be located without the need for 

subjective assessment of maps or complex pattern recognition, thereby making the 

identification of potential psAF drivers more reproducible. It attains these goals by describing 

the relationship between LVZs and rapid DCL areas, using several accepted absolute cut offs 

and patient-tailored definitions of LVZs and rapid AFCL.  

In summary, this work lays out a framework to develop an objective and highly 

reproducible technique of identifying extra-pulmonary vein drivers at the intersection of LVZs 
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and rapid DCL areas, without the need for complex pattern recognition and subjective 

judgement. 

7.2 Methods 

7.2.1 Patient selection 

Data from two patient groups were analysed. The first group (Group 1) comprised 14 

patients (65±6.7 years of age, 8 male) with psAF who underwent LGE-cMRI for LA fibrosis 

imaging and electroanatomical mapping as part of a previous study. The data was collected, 

the cMRI images were merged with the electroanatomical maps and exported by Dr Norman 

Qureshi and colleagues (83).  

The second group (Group 2) consisted of 11 patients (61±10.8 years of age, 9 male) 

undergoing first time catheter ablation for symptomatic psAF. Persistent AF was defined as 

AF lasting for more than 7 days. All patients provided written informed consent for their 

electroanatomical mapping data to be exported and analysed.  

Both studies were approved by the UK National Research Ethics Service. The 

procedures followed were in accordance with the ethical standards of the local committee 

on human experimentation and with the Helsinki Declaration of 1975 as revised in 2000. 

7.2.2 LGE-cMRI acquisition and segmentation 

LGE-cMRI images were manually segmented to recreate LA anatomy shell. LA fibrosis 

was defined as ≥2 SD difference in voxel intensity compared with the LA blood pool. LA blood 

pool intensity was defined as the intensity of voxels located 3 mm from the manually 

segmented LA wall (83). 
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7.2.3 Electrophysiology procedure 

AF segments were collected in non-cardiac triggered mode with settings and 

equipment described in 2.3.  Non-cardiac triggered mode in the Ensite NavX Precision 

software enables the user to collect up to 8s of electrogram data for every bipole 

configuration of the mapping catheter. Recording was automatically started when the 

catheter is stable (<10 mm catheter movement). EAMs were created prior to and 

immediately after PVI prior to any additional ablation. PVI was performed as a wide area 

circumferential antral ablation (WACA) by the dragging technique, with a 4-mm tip irrigated 

ablation catheter (TactiCath Quartz SE; Abbott Inc, St Paul, MN, USA). 

7.2.4 Offline data analysis 

The complete anonymised studies were exported from the clinical system and 

imported into the Ensite NavX Velocity and Precision Research Systems (Abbott Inc, St Paul, 

MN, USA), where all further analyses was performed. For Group 1, EAMs from the clinical 

procedure and segmented LGE-cMRI shells with highlighted fibrotic areas were imported. For 

Group 2, EAMs from the clinical procedure were imported.  

7.2.5 Measurement of AF voltage 

AF voltage was measured for every bipole on the EAMs. For each 8s AF segment, 

markers were placed at local activations and the peak-to-peak voltage of these markers were 

registered. Mean, median, minimum, maximum, standard deviation and interquartile range 

of AFV was determined for all 8s segments. Voltage was considered valid between 0.05 mV 

and 3 mV. In Group 1 LVZs were defined by MRI  

7.2.6 Measurement of AFCL 

Dominant AFCL (DCL) was measured for every bipole on the EAMs. The algorithm is 

described in detail in 3.2.3, 3.2.4, 3.2.5. In brief, DCL returns the most frequent rapid and 



 213 

regular AFCL in an AF segment of 8s or less. As the algorithm uses AFCL annotation pairs to 

create CL intervals and interval clustering, segment sections that are poorly annotated due to 

low quality signal, do not influence the DCL result. 

7.2.7 Point-by-point analysis 

Point-by-point analysis was used to merge LGE-cMRI (Group 1) with EAMs and to 

investigate the global changes in AFV and DCL areas before and after PVI (Group 2). Both Pre 

and post PVI maps did not revisit the exact same locations for each of the several thousand 

mapping points, but they were projected onto the same LA geometry. Therefore, to improve 

accuracy of location based comparison, pre and post PVI AFV and DCL were compared using 

values interpolated to the smallest triangle shaped unit (vertex) of the 3D LA shell Figure xxx. 

This method allowed for the most accurate, point-by-point, vertex-by-vertex analysis of 

results. 

7.2.8 Group 1 

EAM and LGE-cMRI geometry shells were matched, and point-by-point analysis 

(described above) was used to quantify AFV in healthy and fibrotic areas. For the purposes of 

this analysis LVZs were defined as vertices that were labelled as fibrotic areas according to 

LGE-cMRI. Receiver operator curves were created for each patient and sensitivity-specificity 

analyses were performed to arrive at the AFV cut off that best represented LGE-cMRI defined 

fibrotic areas for a specific patient. Patient specific percentile values were determined for 

voltages that represented fibrotic areas for all patients. Further analyses were performed to 

capture voltage and sensitivity values corresponding to LVZs  10th, 20th and 30th voltage 

percentiles for each patient.  
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7.2.9 Group 2 

EAMs were created prior to and immediately after PVI, prior to any additional ablation. 

PVI was performed as a wide area circumferential antral ablation (WACA) with a 4-mm tip 

irrigated ablation catheter (TactiCath Quartz SE; Abbott Inc, St Paul, MN, USA).  

In order to correct for potential measurement errors related to the direct effect of 

ablation lesions, points within, and <5 mm from the outer edge of the WACA lines were 

excluded from analysis.  

7.2.9.1 Identifying areas of interest – LVZs with rapid activity 

EAMs from group 2 to were used to determine overlapping areas between LVZ and 

areas with rapid activity (ARA). LVZ-ARA overlap areas were defined as shared vertices 

between the 10th AFV and the 10th DCL percentiles, the 20th AFV and 20th DCL percentiles, 

and the 30th AFV and DCL percentiles. Separate maps were created for all major regions of 

the LA (anterior wall, posterior wall, septum, lateral wall, floor, roof, left pulmonary veins, 

right pulmonary veins), by manually editing EAMs. This enabled an analysis of the regional 

distribution analysis of LVZ-ARA overlapping areas. Overlap areas were calculated by 

overlying the DCL map with a certain percentile cut off onto the AFV map with the matching 

percentile cut off. Thus, LVZ-ARA overlap areas represented ARA within a certain LVZ.  Pre 

and post PVI overlap areas were compared and changes described. Pulmonary veins were 

excluded from the pre and post-PVI analysis, as no mapping was performed within these 

after PVI.  

7.2.10 Statistical analyses 

AFV between areas with late gadolinium enhancement a no LGE was compared with 

the Mann-Whitney U Test.  
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7.2.11 Contributions 

All electrophysiological procedures were performed by consultant cardiologists or 

senior registrars at Imperial College NHS Trust. MRI segmentation and data and voltage maps 

in Group 1  were collected by Dr Norman Qureshi, who kindly provided access to the raw 

data. Analyses were conceived and performed by the author. For group 2 data was collected 

as above during clinical procedures, and all analyses were conceived and performed by the 

author. The author wishes to thank Abbott engineers for the technical support and for 

providing upgrades to the research workstation that enabled the author to perform the 

analyses.   

7.3 Results 

7.3.1 Group 1 

7.3.1.1 AF voltage in areas of fibrosis defined by late gadolinium enhancement MRI 

EAMs and LGE-cMRIs from 14 patients were analysed. Demographic data can be found in 

Table 7.1. Mean AF voltage for all patients can be seen in Figure 7.1. There was a significant 

difference in AFV between LGE and non-LGE areas within patients ( 

Table 7.2). Receiver operator characteristics curves were plotted separately for all patients 

(Figure 7.2). The ideal specificity and sensitivity of mean AFV to predict LGE was calculated 

using Youden’s index in every patient separately, and patient specific voltage cut offs were 

calculated for each patient Table 7.3. The mean AFV with the best sensitivity specificity ratio 

across all patients was 0.37±0.18 mV, which corresponded to the 47±8th percentile of global 

AF voltage.  

Sensitivity increased significantly with more restrictive percentile cut offs applied. The 

10th percentile voltage cut off identified LGE defined fibrosis with >95% sensitivity (range: 96-
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100%), the 20th percentile attained >88% in all patients (range: 89-99%), and the 30th 

percentile performed at >83% sensitivity (84-97%) Table 7.4. 
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Baseline characteristics of Group 1 (n = 14) 
Mean Age, yrs 65 ±6.7 
Male 8 (57.1%) 
Diabetes mellitus  1 (7.1%) 
Hypertension  10 (71.4%) 
TIA/CVA  1 (7.1%) 
Ischaemic heart disease 3 (21.4%) 
Cardiac Surgery  0 (0.0%) 

Left ventricular EF ≥55%  12 (85.7%) 

Left ventricular EF 35-45%  2 (14.3%) 

Left ventricular EF <35%  0 (0.0%) 
LA size (diameter, according to British Society of 

Echocardiography Guidelines) 
  Normal 30-40 mm  4 (28.6%) 
  Mild 41-46 mm  8 (57.1%) 
  Moderate 47-52  2 (14.3%) 
  Severe ≥5.3  0 (0.0%) 
Mean AF duration, months 22 ±11.3 
Current antiarrhythmic or rate control strategy 
  Beta-blockers 6 (42.9%) 
  Amiodarone  3 (21.4%) 
  Digoxin  3 (21.4%) 
  Sotalol 1 (7.1%) 
Current anticoagulation 
  Warfarin  13 (92.9%) 
  Direct oral anticoagulants  1 (7.1%) 

Values are mean ± SD or N (%) or duration in months ± SD 

AF = atrial fibrillation; CVA= cerebrovascular accident; TIA = transient ischaemic 

attack; EF = ejection fraction; LA = left atrium; *information on duration of AF 

unavailable for 4 patients.  

 

Table 7.1. Group 1 baseline characteristics. 
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Figure 7.1. Global mean AF voltage in Group 1.  

 

Mean AF voltage for all patients in Group 1  
Patient 
ID Global AF voltage Non LGE AF voltage 

LGE AF 
voltage 

P-
value 

LGE001 0.3 ± 0.21 0.43 ± 0.23 0.2 ± 0.13 <0.001 
LGE002 0.42 ± 0.41 0.64 ± 0.51 0.28 ± 0.24 <0.001 
LGE003 0.41 ± 0.27 0.56 ± 0.24 0.25 ± 0.19 <0.001 
LGE004 0.61 ± 0.43 0.71 ± 0.44 0.33 ± 0.27 <0.001 
LGE005 0.4 ± 0.25 0.61 ± 0.22 0.29 ± 0.19 <0.001 
LGE006 0.4 ± 0.29 0.52 ± 0.3 0.21 ± 0.16 <0.001 
LGE007 0.33 ± 0.26 0.38 ± 0.26 0.22 ± 0.21 <0.001 
LGE008 0.19 ± 0.1 0.24 ± 0.1 0.13 ± 0.07 <0.001 
LGE009 0.3 ± 0.24  0.44 ± 0.24 0.21 ± 0.19 <0.001 
LGE010 0.52 ± 0.3 0.64 ± 0.28 0.4 ± 0.27 <0.001 
LGE011 0.9 ± 0.64 1.19 ± 0.63 0.54 ± 0.41 <0.001 
LGE012 0.69 ± 0.82 0.85 ± 0.57 0.55 ± 0.97 <0.001 
LGE013 0.5 ± 0.43 0.72 ± 0.45 0.38 ± 0.32 <0.001 
LGE014 0.53 ± 0.34 0.66 ± 0.33 0.31 ± 0.24 <0.001 

 

Table 7.2. Mean AF voltage for all patients in Group 1. There is a significant difference 

between AF voltage in late gadolinium enhancement  (LGE) areas and non LGE regions. 
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Figure 7.2. Receiver-operator characteristic (ROC) curves for all 14 patients in Group 1.  Ideal 

sensitivity and specificity were calculated based on these curves for each patient. 
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Patient ID 

Area 
under 
the 
curve 

Ideal 
Sensitivity/ 
Specificity 

Voltage 
cut off 
(mV) 

Percentile 
corresponding 
to cut off 

LGE001 0.849 85% / 75% 0.23 47 
LGE002 0.835 88% / 76% 0.28 52 
LGE003 0.88 90% / 84% 0.34 45 
LGE004 0.833 82% / 75% 0.36 33 
LGE005 0.871 79% / 85% 0.43 63 
LGE006 0.85 79% / 81% 0.30 44 
LGE007 0.706 76% / 65% 0.20 37 
LGE008 0.818 81% / 82% 0.18 51 
LGE009 0.759 73% / 79% 0.31 58 
LGE010 0.75 79% / 64% 0.41 43 
LGE011 0.809 70% / 79% 0.91 51 
LGE012 0.784 87% / 72% 0.46 45 
LGE013 0.777 85% / 63% 0.35 38 
LGE014 0.811 76% / 80% 0.43 44 

 

Table 7.3. Area under the curve, ideal specificity and sensitivity calculated by Youden’s index, 

voltage cut off and corresponding percentile for each patient.  While the voltage cut offs 

show considerable variability, the percentiles corresponding to the cut offs vary less.  

Patient ID 

10th AFV percentile 20th AFV percentile 30th AFV percentile 

AFV cut off 

(mV) 

Sensitivity / 

Specificity 

AFV cut off 

(mV) 

Sensitivity / 

Specificity 

AFV cut off 

(mV) 

Sensitivity / 

Specificity 

LGE001 0.14 98% / 13% 0.16 96% / 27% 0.18 94% / 37% 

LGE002 0.13 98% / 12% 0.15 97% / 25% 0.19 94% / 43% 

LGE003 0.13 100% / 16% 0.18 99% / 41% 0.23 97% / 59% 

LGE004 0.2 98% / 31% 0.25 92% / 51% 0.34 84% / 69% 

LGE005 0.15 98% / 14% 0.18 98% / 27% 0.23 96% / 41% 

LGE006 0.11 99% / 23% 0.16 96% / 43% 0.21 89% / 58% 

LGE007 0.09 98% / 11% 0.12 90% / 34% 0.17 82% / 52% 

LGE008 0.09 98% / 14% 0.12 89% / 33% 0.14 85% / 57% 

LGE009 0.08 98% / 13% 0.11 91% / 25% 0.14 85% / 39% 

LGE010 0.16 99% / 17% 0.24 94% / 34% 0.31 89% / 48% 

LGE011 0.16 98% / 20% 0.27 92% / 37% 0.44 87% / 53% 

LGE012 0.13 96% / 14% 0.2 93% / 31% 0.28 92% / 48% 

LGE013 0.14 96% / 17% 0.2 92% / 33% 0.28 88% / 52% 

LGE014 0.14 96% / 21% 0.2 91% / 37% 0.27 85% / 58% 
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Table 7.4. Voltage cut offs and sensitivities / specificities to identify LGE determined fibrosis 

at the 10th, 20th and 30th percentiles of global mean AF voltage.  A percentile-based approach 

results in excellent sensitivity for fibrosis even at the 30th percentile, meaning that ablation at 

these voltage cut offs is highly likely to target  fibrotic tissue. 
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7.3.2 Group 2 

7.3.2.1 Overlap of low voltage zones and areas with rapid activity 

EAMs from 11 patients were analysed and processed. Demographic data can be found 

in Table 6.1. Total area covered by LVZs and ARAs within LVZs can been seen in Table 7.5. 

Mean LVZ percentage of the total mapped area was 4.67±2.4%, 13.95±3.8%, 23.81±5.7% for 

the 10th, 20th and 30th percentiles respectively. Mean LVZ-ARA overlap area percentage of the 

total mapped area was 0.3±0.25%, 0.86±0.58, 3.1±1.9% for the 10th, 20th and 30th percentiles 

respectively.  

A regional breakdown of LVZ and LVZ-ARA overlap areas and their representative 

percentages can be found in Table 7.6.  

Pre- and post-PVI comparisons of the overlap areas, expressed as absolute area and 

percentage relative to the complete mapped area, can be found in Table 7.7 and Table 7.8. 

Regional distribution of differences by patient can be seen in Table 7.9. Changes in absolute 

areas and percentages with PVI varied greatly among regions and patients, with 4/11 patients 

showing an overall reduction in absolute LVZ-ARA area at the 10th and 20th percentiles, and 

5/11 patients showing an overall reduction in absolute LVZ-ARA area at the 30th percentile.  
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Patient 
ID 

Total 
area 

mapped 

LVZ at the 10th 
percentile 

AFV-DCL 10th 
percentile overlap 

LVZ at the 20th 
percentile 

AFV-DCL 20th 
percentile overlap 

LVZ at the 30th 
percentile 

AFV-DCL 30th 
percentile overlap 

LVZ 
area 

Percentage 
of total 

mapped 
area 

Overlap 
area 

Percentage 
of total 

mapped 
area 

LVZ 
area 

Percentage 
of total 

mapped 
area 

Overlap 
area 

Percentage 
of total 

mapped 
area 

LVZ 
area 

Percentage 
of total 

mapped 
area 

Overlap 
area 

Percentage 
of total 

mapped 
area 

1 78.56 6.37 8.11% 0.54 0.69% 13.47 17.15% 1.26 1.60% 24.26 30.88% 3.75 4.77% 

2 145.13 7.85 5.41% 0.39 0.27% 19.56 13.48% 2.26 1.56% 40.93 28.20% 8.93 6.15% 

3 201.70 8.62 4.27% 1.08 0.54% 22.96 11.38% 2.10 1.04% 41.74 20.69% 7.69 3.81% 

4 190.94 5.57 2.92% 1.04 0.54% 31.18 16.33% 2.58 1.35% 44.65 23.38% 6.64 3.48% 

5 177.75 16.86 9.49% N/A N/A 31.58 17.77% 0.35 0.20% 47.00 26.44% 1.62 0.91% 

6 162.78 7.41 4.55% 0.01 0.01% 22.54 13.85% 0.60 0.37% 31.69 19.47% 3.38 2.08% 

7 193.34 8.84 4.57% 0.17 0.09% 34.44 17.81% 1.54 0.80% 54.70 28.29% 10.31 5.33% 

8 209.32 2.88 1.38% N/A N/A 28.86 13.79% 0.48 0.23% 58.43 27.91% 1.55 0.74% 

9 283.27 15.11 5.33% 1.07 0.38% 47.58 16.80% 4.34 1.53% 73.84 26.07% 9.70 3.42% 

10 129.60 3.02 2.33% 0.01 0.01% 7.71 5.95% 0.48 0.37% 14.76 11.39% 2.74 2.11% 

11 203.87 6.18 3.03% 0.35 0.17% 18.76 9.20% 0.77 0.38% 39.03 19.14% 1.97 0.97% 

 

Table 7.5. Total area covered by LVZs and ARA within the LVZs, by patient. Areas expressed in cm2.  Overlap areas give compact and targeted 

regions for ablation. When rapid areas are located within the 30th percentile cut off for low voltage with the most permissive 30th percentile for 

rapid activity, only a small circumscribed area of atrial tissue will be targeted for ablation. 
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Patient 
ID Region 

Total 
mapped 

area 

LVZ at the 10th 
percentile 

AFV-DCL 10th 
percentile overlap 

LVZ at the 20th 
percentile 

AFV-DCL 20th 
percentile overlap 

LVZ at the 30th 
percentile 

AFV-DCL 30th 
percentile overlap 

LVZ 
area 

Percentage 
of total 

mapped 
area 

Overlap 
area 

Percentage 
of total 

mapped 
area 

LVZ 
area 

Percentage 
of total 

mapped 
area 

Overlap 
area 

Percentage 
of total 

mapped 
area 

LVZ 
area 

Percentage 
of total 

mapped 
area 

Overlap 
area 

Percentage 
of total 

mapped 
area 

1 

Anterior 15.33 0.53 3.46% 0.23 1.50% 3.04 19.83% 0.26 1.70% 5.24 34.18% 0.63 4.11% 

Floor 4.39 N/A N/A N/A N/A N/A N/A N/A N/A 0.07 1.59% 0.06 1.37% 

LAA 6.18 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

Lateral 1.42 N/A N/A N/A N/A 0.02 1.41% 0.02 1.41% 0.19 13.38% 0.14 9.86% 

Posterior 11.49 3.09 26.89% 0.17 1.48% 4.66 40.56% 0.72 6.27% 6.31 54.92% 1.31 11.40% 

Roof 4.98 N/A N/A N/A N/A 0.10 2.01% 0.03 0.60% 0.62 12.45% 0.29 5.82% 

Septum 5.80 0.45 7.76% N/A N/A 0.62 10.69% N/A N/A 1.35 23.28% 0.23 3.97% 

RPV 15.88 1.41 8.88% 0.14 0.88% 3.36 21.16% 0.23 1.45% 7.29 45.91% 1.09 6.86% 

LPV 13.09 0.89 6.80% N/A N/A 1.67 12.76% N/A N/A 3.19 24.37% N/A N/A 

Total 78.56 6.37 8.11% 0.54 0.69% 13.47 17.15% 1.26 1.60% 24.26 30.88% 3.75 4.77% 

2 

Anterior 20.20 0.89 4.41% 0.01 0.05% 1.66 8.22% 0.56 2.77% 4.32 21.39% 0.88 4.36% 

Floor 17.16 4.36 25.41% N/A N/A 8.40 48.95% 0.44 2.56% 10.35 60.31% 4.37 25.47% 

LAA 4.35 N/A N/A N/A N/A 0.03 0.69% N/A N/A 0.73 16.78% 0.03 0.69% 

Lateral 11.39 0.52 4.57% N/A N/A 0.97 8.52% 0.15 1.32% 2.34 20.54% 0.83 7.29% 

Posterior 14.80 0.16 1.08% 0.04 0.27% 1.59 10.74% 0.25 1.69% 4.44 30.00% 0.47 3.18% 

Roof 5.42 0.12 2.21% N/A N/A 0.21 3.87% N/A N/A 0.99 18.27% 0.49 9.04% 
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Septum 6.65 N/A N/A N/A N/A 0.01 0.15% N/A N/A 0.04 0.60% N/A N/A 

RPV 40.64 1.38 3.40% 0.34 0.84% 1.82 4.48% 0.77 1.89% 9.40 23.13% 1.65 4.06% 

LPV 24.52 0.42 1.71% N/A N/A 4.87 19.86% 0.09 0.37% 8.32 33.93% 0.21 0.86% 

Total 145.13 7.85 5.41% 0.39 0.27% 19.56 13.48% 2.26 1.56% 40.93 28.20% 8.93 6.15% 

3 

Anterior 25.87 1.73 6.69% N/A N/A 3.79 14.65% 0.21 0.81% 5.80 22.42% 0.45 1.74% 

Floor 17.08 0.14 0.82% N/A N/A 0.65 3.81% N/A N/A 1.14 6.67% 0.07 0.41% 

LAA 15.71 0.07 0.45% N/A N/A 0.42 2.67% N/A N/A 0.70 4.46% N/A N/A 

Lateral 10.82 3.07 28.37% 0.93 8.60% 4.78 44.18% 1.44 13.31% 7.24 66.91% 1.87 17.28% 

Posterior 20.41 0.38 1.86% 0.09 0.44% 1.52 7.45% 0.21 1.03% 3.02 14.80% 0.32 1.57% 

Roof 8.48 N/A N/A N/A N/A 0.26 3.07% N/A N/A 0.76 8.96% 0.16 1.89% 

Septum 9.70 1.51 15.57% N/A N/A 2.90 29.90% N/A N/A 3.72 38.35% N/A N/A 

RPV 54.06 0.74 1.37% 0.06 0.11% 1.48 2.74% 0.24 0.44% 2.19 4.05% 0.33 0.61% 

LPV 39.57 0.98 2.48% N/A N/A 7.16 18.09% N/A N/A 17.17 43.39% 4.49 11.35% 

Total 201.70 8.62 4.27% 1.08 0.54% 22.96 11.38% 2.10 1.04% 41.74 20.69% 7.69 3.81% 

4 

Anterior 30.44 0.73 2.40% 0.21 0.69% 2.88 9.46% 0.83 2.73% 3.95 12.98% 1.35 4.43% 

Floor 7.40 2.79 37.70% N/A N/A 3.80 51.35% 0.26 3.51% 4.36 58.92% 0.52 7.03% 

LAA 13.71 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

Lateral 4.76 N/A N/A N/A N/A 1.06 22.27% N/A N/A 1.89 39.71% N/A N/A 

Posterior 22.23 0.25 1.12% N/A N/A 4.52 20.33% 0.07 0.31% 6.83 30.72% 0.85 3.82% 

Roof 5.88 N/A N/A N/A N/A 1.35 22.96% N/A N/A 1.74 29.59% N/A N/A 
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Septum 8.52 0.26 3.05% N/A N/A 0.85 9.98% N/A N/A 1.29 15.14% N/A N/A 

RPV 54.64 0.91 1.67% 0.83 1.52% 9.42 17.24% 1.22 2.23% 14.49 26.52% 2.32 4.25% 

LPV 43.36 0.63 1.45% N/A N/A 7.30 16.84% 0.20 0.46% 10.10 23.29% 1.60 3.69% 

Total 190.94 5.57 2.92% 1.04 0.54% 31.18 16.33% 2.58 1.35% 44.65 23.38% 6.64 3.48% 

5 

Anterior 17.86 0.86 4.82% N/A N/A 1.55 8.68% N/A N/A 1.55 8.68% 0.01 0.06% 

Floor 13.10 0.76 5.80% N/A N/A 2.44 18.63% N/A N/A 4.32 32.98% 0.06 0.46% 

LAA 12.54 1.86 14.83% N/A N/A 2.87 22.89% N/A N/A 3.45 27.51% 0.53 4.23% 

Lateral 6.39 0.79 12.36% N/A N/A 1.43 22.38% N/A N/A 1.43 22.38% N/A N/A 

Posterior 13.21 0.67 5.07% N/A N/A 2.06 15.59% 0.04 0.30% 3.24 24.53% 0.09 0.68% 

Roof 6.93 N/A N/A N/A N/A 0.04 0.58% 0.03 0.43% 0.41 5.92% 0.24 3.46% 

Septum 16.25 2.84 17.48% N/A N/A 4.01 24.68% 0.18 1.11% 5.48 33.72% 0.26 1.60% 

RPV 61.58 8.34 13.54% N/A N/A 12.38 20.10% 0.06 0.10% 18.21 29.57% 0.29 0.47% 

LPV 29.89 0.74 2.48% N/A N/A 4.80 16.06% 0.04 0.13% 8.91 29.81% 0.14 0.47% 

Total 177.75 16.86 9.49% N/A N/A 31.58 17.77% 0.35 0.20% 47.00 26.44% 1.62 0.91% 

6 

Anterior 18.36 3.29 17.92% N/A N/A 4.51 24.56% N/A N/A 6.61 36.00% 0.48 2.61% 

Floor 12.02 1.55 12.90% N/A N/A 4.80 39.93% N/A N/A 5.69 47.34% 0.06 0.50% 

LAA 8.75 0.18 2.06% 0.01 0.11% 3.81 43.54% 0.13 1.49% 4.93 56.34% 0.99 11.31% 

Lateral 7.12 0.06 0.84% N/A N/A 0.50 7.02% N/A N/A 1.15 16.15% 0.02 0.28% 

Posterior 18.44 1.41 7.65% N/A N/A 3.40 18.44% N/A N/A 5.39 29.23% N/A N/A 

Roof 5.59 0.55 9.84% N/A N/A 1.49 26.65% 0.45 8.05% 2.57 45.97% 1.42 25.40% 
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Septum 17.85 0.01 0.06% N/A N/A 0.04 0.22% N/A N/A 0.09 0.50% N/A N/A 

RPV 43.18 N/A N/A N/A N/A 0.14 0.32% N/A N/A 0.38 0.88% N/A N/A 

LPV 31.47 0.36 1.14% N/A N/A 3.85 12.23% 0.02 0.06% 4.88 15.51% 0.41 1.30% 

Total 162.78 7.41 4.55% 0.01 0.01% 22.54 13.85% 0.60 0.37% 31.69 19.47% 3.38 2.08% 

7 

Anterior 14.15 1.83 12.93% 0.11 0.78% 4.66 32.93% 0.53 3.75% 6.95 49.12% 2.12 14.98% 

Floor 16.74 1.11 6.63% N/A N/A 1.61 9.62% N/A N/A 3.46 20.67% 0.02 0.12% 

LAA 20.75 0.69 3.33% N/A N/A 1.15 5.54% 0.04 0.19% 1.52 7.33% 0.06 0.29% 

Lateral 10.13 N/A N/A N/A N/A 0.72 7.11% N/A N/A 2.65 26.16% N/A N/A 

Posterior 26.30 0.25 0.95% N/A N/A 2.52 9.58% 0.19 0.72% 5.11 19.43% 2.07 7.87% 

Roof 8.77 0.20 2.28% N/A N/A 2.89 32.95% N/A N/A 4.27 48.69% 1.35 15.39% 

Septum 14.38 0.72 5.01% N/A N/A 2.07 14.39% N/A N/A 2.78 19.33% 0.04 0.28% 

RPV 47.30 4.04 8.54% 0.06 0.13% 18.14 38.35% 0.56 1.18% 26.76 56.58% 4.28 9.05% 

LPV 34.82 N/A N/A N/A N/A 0.68 1.95% 0.22 0.63% 1.20 3.45% 0.37 1.06% 

Total 193.34 8.84 4.57% 0.17 0.09% 34.44 17.81% 1.54 0.80% 54.70 28.29% 10.31 5.33% 

8 

Anterior 19.13 1.05 5.49% N/A N/A 6.12 31.99% 0.08 0.42% 9.03 47.20% 0.23 1.20% 

Floor 20.05 0.08 0.40% N/A N/A 4.83 24.09% N/A N/A 6.37 31.77% 0.11 0.55% 

LAA 24.78 N/A N/A N/A N/A 0.41 1.65% 0.08 0.32% 0.84 3.39% 0.30 1.21% 

Lateral 13.38 0.32 2.39% N/A N/A 0.63 4.71% 0.08 0.60% 0.94 7.03% 0.36 2.69% 

Posterior 15.28 0.02 0.13% N/A N/A 0.25 1.64% 0.04 0.26% 0.79 5.17% 0.15 0.98% 

Roof 6.67 N/A N/A N/A N/A 0.43 6.45% N/A N/A 0.53 7.95% N/A N/A 
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Septum 11.11 0.18 1.62% N/A N/A 0.93 8.37% N/A N/A 1.82 16.38% 0.01 0.09% 

RPV 42.02 1.23 2.93% N/A N/A 10.16 24.18% 0.18 0.43% 12.87 30.63% 0.35 0.83% 

LPV 56.90 N/A N/A N/A N/A 5.10 8.96% 0.02 0.04% 25.24 44.36% 0.04 0.07% 

Total 209.32 2.88 1.38% N/A N/A 28.86 13.79% 0.48 0.23% 58.43 27.91% 1.55 0.74% 

9 

Anterior 38.05 1.28 3.36% 0.57 1.50% 4.04 10.62% 1.81 4.76% 6.16 16.19% 3.32 8.73% 

Floor 15.81 1.39 8.79% 0.33 2.09% 2.24 14.17% 0.38 2.40% 3.46 21.88% 0.55 3.48% 

LAA 20.62 N/A N/A N/A N/A 0.02 0.10% N/A N/A 0.57 2.76% 0.15 0.73% 

Lateral 21.51 1.35 6.28% N/A N/A 3.48 16.18% N/A N/A 8.70 40.45% 0.59 2.74% 

Posterior 16.87 N/A N/A N/A N/A 0.51 3.02% 0.07 0.41% 1.54 9.13% 0.74 4.39% 

Roof 11.33 N/A N/A N/A N/A 0.47 4.15% 0.08 0.71% 1.31 11.56% 0.42 3.71% 

Septum 25.39 1.11 4.37% 0.02 0.08% 3.04 11.97% 0.28 1.10% 5.22 20.56% 0.73 2.88% 

RPV 67.32 9.98 14.82% 0.15 0.22% 15.50 23.02% 1.16 1.72% 25.65 38.10% 2.39 3.55% 

LPV 66.37 N/A N/A N/A N/A 18.28 27.54% 0.56 0.84% 21.23 31.99% 0.81 1.22% 

Total 283.27 15.11 5.33% 1.07 0.38% 47.58 16.80% 4.34 1.53% 73.84 26.07% 9.70 3.42% 

10 

Anterior 16.86 0.53 3.14% N/A N/A 1.53 9.07% 0.25 1.48% 4.21 24.97% 0.42 2.49% 

Floor 8.35 0.26 3.11% N/A N/A 1.14 13.65% N/A N/A 1.86 22.28% 0.01 0.12% 

LAA 6.27 0.03 0.48% N/A N/A 0.08 1.28% N/A N/A 0.20 3.19% N/A N/A 

Lateral 7.85 2.11 26.88% N/A N/A 4.16 52.99% N/A N/A 5.78 73.63% 1.26 16.05% 

Posterior 10.77 0.07 0.65% 0.01 0.09% 0.27 2.51% 0.23 2.14% 0.64 5.94% 0.57 5.29% 

Roof 3.14 N/A N/A N/A N/A 0.24 7.64% N/A N/A 0.62 19.75% 0.12 3.82% 
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Septum 4.74 N/A N/A N/A N/A N/A N/A N/A N/A 0.32 6.75% 0.12 2.53% 

RPV 33.03 0.02 0.06% N/A N/A 0.29 0.88% N/A N/A 0.69 2.09% 0.01 0.03% 

LPV 38.59 N/A N/A N/A N/A N/A N/A N/A N/A 0.44 1.14% 0.23 0.60% 

Total 129.60 3.02 2.33% 0.01 0.01% 7.71 5.95% 0.48 0.37% 14.76 11.39% 2.74 2.11% 

11 

Anterior 29.07 1.35 4.64% 0.06 0.21% 3.00 10.32% 0.17 0.58% 7.74 26.63% 0.27 0.93% 

Floor 9.03 1.30 14.40% 0.29 3.21% 3.11 34.44% 0.60 6.64% 5.03 55.70% 1.16 12.85% 

LAA 19.61 0.31 1.58% N/A N/A 0.79 4.03% N/A N/A 1.40 7.14% N/A N/A 

Lateral 8.26 2.50 30.27% N/A N/A 3.71 44.92% N/A N/A 4.43 53.63% N/A N/A 

Posterior 17.04 0.66 3.87% N/A N/A 1.33 7.81% N/A N/A 2.25 13.20% N/A N/A 

Roof 9.56 0.04 0.42% N/A N/A 0.11 1.15% N/A N/A 0.24 2.51% N/A N/A 

Septum 6.06 0.01 0.17% N/A N/A 0.04 0.66% N/A N/A 0.88 14.52% 0.38 6.27% 

RPV 57.86 N/A N/A N/A N/A 1.09 1.88% N/A N/A 8.10 14.00% 0.16 0.28% 

LPV 47.38 0.01 0.02% N/A N/A 5.58 11.78% N/A N/A 8.96 18.91% N/A N/A 

Total 203.87 6.18 3.03% 0.35 0.17% 18.76 9.20% 0.77 0.38% 39.03 19.14% 1.97 0.97% 

 

Table 7.6. Regional and patient level breakdown of overlapping areas and their relationship to LVZs and total mapped area. Areas expressed in 

cm2. Overlap  areas show  a large regional variability, however the algorithm is able to clearly rule out certain regions within the left atrium, 

directing attention to mechanistically important areas. 
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Patient 
ID 

Total mapped 
area 

LVZ-ARA overlap area at 
10th percentile 

LVZ-ARA overlap area at 
20th percentile 

LVZ-ARA overlap area at 
30th percentile 

Pre-
PVI 

Post-
PVI 

Pre-
PVI 

Post-
PVI Difference 

Pre-
PVI 

Post-
PVI Difference 

Pre-
PVI 

Post-
PVI Difference 

1 49.59 50.03 0.4 0.88 0.48 1.03 1.89 0.86 2.66 3.04 0.38 
2 79.97 41.18 0.05 0.69 0.64 1.4 1.24 -0.16 7.07 2.6 -4.47 
3 108.07 81.08 1.02 0.04 -0.98 1.86 0.47 -1.39 2.87 1.24 -1.63 
4 92.94 89.47 0.21 1.46 1.25 1.16 2.6 1.44 2.72 5 2.28 
5 86.28 75.91 0 0.04 0.04 0.25 0.27 0.02 1.19 0.36 -0.83 
6 88.13 83.17 0.01 0 -0.01 0.58 0.11 -0.47 2.97 0.89 -2.08 
7 111.22 87.09 0.11 0.15 0.04 0.76 3.89 3.13 5.66 12.55 6.89 
8 110.40 60.39 0 0.06 0.06 0.28 2.09 1.81 1.16 4.09 2.93 
9 149.58 116.37 0.92 0 -0.92 2.62 1.4 -1.22 6.5 4.22 -2.28 
10 57.98 43.97 0.01 0.12 0.11 0.48 0.58 0.1 2.5 0.77 -1.73 

11 98.63 97.01 0.35 0.29 -0.06 0.77 1.13 0.36 1.81 2.45 0.64 
 

Table 7.7. Overlap areas by patient, pre- and post-PVI. Areas expressed in cm2. Overlap areas are compact but with significant differences 

between patients, and pre and post PVI. This highlights the importance of regarding each patient individually, using percentile, rather than 

absolute cut offs. 
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Patient 
ID Total mapped 

area 

Percentage of LVZ-ARA 
overlap compared with total 
mapped area Pre and Post 

PVI at 10th percentile 

Percentage of LVZ-ARA 
overlap compared with total 
mapped area Pre and Post 

PVI at 20th percentile 

Percentage of LVZ-ARA 
overlap compared with total 
mapped area Pre and Post 

PVI at 30th percentile 
Pre-
PVI 

Post-
PVI 

Pre-
PVI 

Post-
PVI Difference 

Pre-
PVI 

Post-
PVI Difference 

Pre-
PVI 

Post-
PVI Difference 

1 49.59 50.03 0.81% 1.76% 0.95% 2.08% 3.78% 1.70% 5.36% 6.08% 0.71% 

2 79.97 41.18 0.06% 1.68% 1.61% 1.75% 3.01% 1.26% 8.84% 6.31% -2.53% 

3 108.07 81.08 0.94% 0.05% -0.89% 1.72% 0.58% -1.14% 2.66% 1.53% -1.13% 

4 92.94 89.47 0.23% 1.63% 1.41% 1.25% 2.91% 1.66% 2.93% 5.59% 2.66% 

5 86.28 75.91 0.00% 0.05% 0.05% 0.29% 0.36% 0.07% 1.38% 0.47% -0.90% 

6 88.13 83.17 0.01% 0.00% -0.01% 0.66% 0.13% -0.53% 3.37% 1.07% -2.30% 

7 111.22 87.09 0.10% 0.17% 0.07% 0.68% 4.47% 3.78% 5.09% 14.41% 9.32% 

8 110.40 60.39 0.00% 0.10% 0.10% 0.25% 3.46% 3.21% 1.05% 6.77% 5.72% 

9 149.58 116.37 0.62% 0.00% -0.62% 1.75% 1.20% -0.55% 4.35% 3.63% -0.72% 

10 57.98 43.97 0.02% 0.27% 0.26% 0.83% 1.32% 0.49% 4.31% 1.75% -2.56% 

11 98.63 97.01 0.35% 0.30% -0.06% 0.78% 1.16% 0.38% 1.84% 2.53% 0.69% 

 

Table 7.8. Overlap area percentages by patient, relative to total mapped area, pre- and post-PVI. Areas expressed in cm2. There is a large 

variability between patients’ overlap areas pre and post PVI. The area changes expressed in the percentage of the complete mapped area takes 

into account the difference in the size of the complete mapped area pre and post PVI. The table shows considerable differences in percentage 

change between patients. 
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Patient 
ID Region 

Total mapped 
area 

LVZ-ARA overlap area at 
10th percentile 

LVZ-ARA overlap area at 
20th percentile 

LVZ-ARA overlap area at 
30th percentile 

Pre-
PVI 

Post-
PVI 

Pre-
PVI 

Post-
PVI Difference 

Pre-
PVI 

Post-
PVI Difference 

Pre-
PVI 

Post-
PVI Difference 

1 

Anterior 15.33 17.05 
0.23 0.13 -0.1 0.26 0.39 0.13 0.63 0.8 0.17 

Floor 4.39 4.72 
0 0.27 0.27 0 0.58 0.58 0.06 0.86 0.8 

LAA 6.18 N/A 
N/A N/A N/A N/A N/A N/A N/A N/A N/A 

Lateral 1.42 3.80 
0 0.44 0.44 0.02 0.57 0.55 0.14 0.76 0.62 

Posterior 11.49 10.78 
0.17 0 -0.17 0.72 0 -0.72 1.31 0 -1.31 

Roof 4.98 4.98 
0 0.04 0.4 0.03 0.35 0.32 0.29 0.62 0.33 

Septum 5.80 8.70 
N/A N/A N/A N/A N/A N/A 0.23 0 -0.23 

2 

Anterior 20.20 4.27 
0.01 0 -0.1 0.56 0 -0.56 0.88 0 -0.88 

Floor 17.16 8.95 
0 0.64 0.64 0.44 0.95 0.51 4.37 1.09 -3.28 

LAA 4.35 N/A 
N/A N/A N/A N/A N/A N/A 0.03 0 -0.3 

Lateral 11.39 2.83 
N/A N/A N/A 0.15 0 -0.15 0.83 0 -0.83 

Posterior 14.80 14.80 
0.04 0.05 0.1 0.25 0.29 0.4 0.47 0.66 0.19 

Roof 5.42 5.19 
N/A N/A N/A N/A N/A N/A 0.49 0.18 -0.31 

Septum 6.65 5.14 
N/A N/A N/A N/A N/A N/A 0 0.67 0.67 

3 

Anterior 25.87 20.53 
N/A N/A N/A 0.21 0 -0.21 0.45 0.01 -0.44 

Floor 17.08 11.58 
0 0.04 0.4 0 0.08 0.8 0.07 0.25 0.18 

LAA 15.71 8.50 
N/A N/A N/A N/A N/A N/A 0 0.18 0.18 

Lateral 10.82 3.12 
0.93 0 -0.93 1.44 0 -1.44 1.87 0 -1.87 

Posterior 20.41 20.41 
0.09 0 -0.9 0.21 0.38 0.17 0.32 0.62 0.3 

Roof 8.48 8.48 
N/A N/A N/A 0 0.01 0.1 0.16 0.18 0.2 

Septum 9.70 8.46 
N/A N/A N/A N/A N/A N/A 0 0 N/A 

4 

Anterior 30.44 27.92 
0.21 0 -0.21 0.83 0.04 -0.79 1.35 0.22 -1.13 

Floor 7.40 7.48 
N/A N/A N/A 0.26 0.01 -0.25 0.52 0.28 -0.24 

LAA 13.71 14.78 
0 0.66 0.66 0 1.39 1.39 0 1.73 1.73 

Lateral 4.76 N/A 
N/A N/A N/A N/A N/A N/A N/A N/A N/A 

Posterior 22.23 22.07 
0 0.44 0.44 0.07 0.64 0.57 0.85 2.11 1.26 

Roof 5.88 8.93 
0 0.36 0.36 0 0.52 0.52 0 0.66 0.66 

Septum 8.52 8.29 
N/A N/A N/A N/A N/A N/A N/A N/A N/A 

5 

Anterior 17.86 17.86 
0 0.04 0.4 0 0.18 0.18 0.01 0 -0.1 

Floor 13.10 12.39 
N/A N/A N/A N/A N/A N/A 0.06 0 -0.6 

LAA 12.54 12.20 
N/A N/A N/A 0 0.09 0.9 0.53 0.26 -0.27 

Lateral 6.39 1.90 
N/A N/A N/A N/A N/A N/A N/A N/A N/A 

Posterior 13.21 13.21 
N/A N/A N/A 0.04 0 -0.4 0.09 0.1 0.1 

Roof 6.93 6.92 
N/A N/A N/A 0.03 0 -0.3 0.24 0 -0.24 

Septum 16.25 11.43 
N/A N/A N/A 0.18 0 -0.18 0.26 0 -0.26 

6 

Anterior 18.36 18.19 
N/A N/A N/A N/A N/A N/A 0.48 0.59 0.11 

Floor 12.02 11.98 
N/A N/A N/A 0 0.11 0.11 0.06 0.21 0.15 

LAA 8.75 3.14 
0.01 0 -0.1 0.13 0 -0.13 0.99 0 -0.99 

Lateral 7.12 8.66 
N/A N/A N/A N/A N/A N/A 0.02 0 -0.2 
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Posterior 18.44 18.17 
N/A N/A N/A N/A N/A N/A 0 0.08 0.8 

Roof 5.59 5.40 
N/A N/A N/A 0.45 0 -0.45 1.42 0 -1.42 

Septum 17.85 17.63 
N/A N/A N/A N/A N/A N/A 0 0.01 0.1 

7 

Anterior 14.15 13.60 
0.11 0 -0.11 0.53 0.19 -0.34 2.12 2.33 0.21 

Floor 16.74 14.86 
N/A N/A N/A N/A N/A N/A 0.02 0.52 0.5 

LAA 20.75 3.54 
N/A N/A N/A 0.04 0 -0.4 0.06 0 -0.6 

Lateral 10.13 9.75 
N/A N/A N/A 0 0.25 0.25 0 0.76 0.76 

Posterior 26.30 26.48 
N/A N/A N/A 0.19 0.42 0.23 2.07 4.37 2.3 

Roof 8.77 8.77 
0 0.02 0.2 0 2.54 2.54 1.35 3.53 2.18 

Septum 14.38 10.09 
0 0.13 0.13 0 0.49 0.49 0.04 1.04 1 

8 

Anterior 19.13 3.55 
N/A N/A N/A 0.08 0 -0.8 0.23 0.24 1 

Floor 20.05 11.96 
0 0.06 0.6 0 1.43 1.43 0.11 1.71 1.6 

LAA 24.78 18.84 
N/A N/A N/A 0.08 0 -0.8 0.3 0 -0.3 

Lateral 13.38 2.19 
N/A N/A N/A 0.08 0 -0.8 0.36 0 -0.36 

Posterior 15.28 15.28 
N/A N/A N/A 0.04 0.66 0.62 0.15 2.14 1.99 

Roof 6.67 6.67 
N/A N/A N/A N/A N/A N/A N/A N/A N/A 

Septum 11.11 1.90 
N/A N/A N/A N/A N/A N/A 0.01 0 -0.1 

9 

Anterior 38.05 28.83 
0.57 0 -0.57 1.81 0.75 -1.6 3.32 1.24 -2.8 

Floor 15.81 13.89 
0.33 0 -0.33 0.38 0 -0.38 0.55 0 -0.55 

LAA 20.62 12.00 
N/A N/A N/A 0 0.01 0.1 0.15 0.16 0.1 

Lateral 21.51 20.45 
N/A N/A N/A N/A N/A N/A 0.59 0.02 -0.57 

Posterior 16.87 16.87 
N/A N/A N/A 0.07 0.24 0.17 0.74 1.85 1.11 

Roof 11.33 10.91 
N/A N/A N/A 0.08 0.4 0.32 0.42 0.85 0.43 

Septum 25.39 13.42 
0.02 0 -0.2 0.28 0 -0.28 0.73 0.1 -0.63 

10 

Anterior 16.86 13.52 
N/A N/A N/A 0.25 0 -0.25 0.42 0 -0.42 

Floor 8.35 4.19 
N/A N/A N/A N/A N/A N/A 0.01 0 -0.1 

LAA 6.27 6.27 
N/A N/A N/A N/A N/A N/A N/A N/A N/A 

Lateral 7.85 3.81 
0 0.12 0.12 0 0.54 0.54 1.26 0.61 -0.65 

Posterior 10.77 10.72 
0.01 0 -0.1 0.23 0.04 -0.19 0.57 0.15 -0.42 

Roof 3.14 3.14 
N/A N/A N/A N/A N/A N/A 0.12 0.01 -0.11 

Septum 4.74 2.32 
N/A N/A N/A N/A N/A N/A 0.12 0 -0.12 

11 

Anterior 29.07 28.60 
0.06 0.08 0.2 0.17 0.24 0.7 0.27 0.45 0.18 

Floor 9.03 8.79 
0.29 0.06 -0.23 0.6 0.12 -0.48 1.16 0.17 -0.99 

LAA 19.61 19.38 
N/A N/A N/A N/A N/A N/A N/A N/A N/A 

Lateral 8.26 7.40 
N/A N/A N/A N/A N/A N/A 0 0.01 0.1 

Posterior 17.04 16.69 
0 0.04 0.4 0 0.26 0.26 0 0.93 0.93 

Roof 9.56 9.56 
0 0.06 0.6 0 0.17 0.17 0 0.24 0.24 

Septum 6.06 6.59 
0 0.05 0.5 0 0.34 0.34 0.38 0.65 0.27 

Table 7.9. Regional distribution of LVZ-ARA overlap areas and changes in area with PVI. Areas 

expressed in cm2.   Overlap zone changes with PVI, similarly to AF voltage and DCL, show 
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significant   regional, and patient-by-patient variability.  No specific regional trends were 

observed. 
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7.3.2.2 Qualitative evaluation of ablation strategies 

The global distribution of the LVZ-ARA overlap areas on 3 representative patients can be seen 
in  
 

Figure 7.3. Qualitatively the LVZs are significantly larger than the ARAs. Location of 

overlap areas differ significantly between patients and are distinctly and clearly marked with 

colours. Multi-colour areas including purple represent LVZ, multi-colour areas excluding 

purple show LVZ-ARA overlap. 
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Figure 7.3. Overlap areas in 3 representative patients. The top row represents the 10th percentile ARA within the 10th percentile LVZ. The middle 
and bottom rows show 20-20th and 30-30th percentiles. Multi coloured area including purple represents LVZ, coloured areas excluding purple 
represent LVZ-ARA overlap. 
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7.4 Discussion 

7.4.1 Main findings 

This is the first study to use AFCL measurement together with mean AFV to localise 

potential drivers of psAF. The percentile method of identifying low mean AFV uniquely takes 

the clinically observed wide AFV variability into account. Using MRI as a benchmark, the 10th 

20th and 30th AFV percentiles returned excellent sensitivity for the identification of atrial 

fibrosis. The percentile-based visualisation of overlapping LVZs and ARAs provides an 

objective and highly reproducible method to identify potential drivers within low voltage 

areas. Although the method is objective, the choice of percentile cut off remains in the hands 

of the operator, thereby allowing the clinician to tailor therapy in a transparent manner.  

7.4.2 Low voltage zones assessed by late gadolinium enhancement MRI 

The analysis of AFV in Group 1 of the study showed that, AFV exhibited variability even 

in a small cohort of 14 patients. Therefore, in this analysis, separate receiver operator 

characteristic curves were drawn for all patients individually, hypothesising that the AFV cut 

corresponding to the ideal sensitivity/specificity combination will differ between patients, 

similarly to baseline AF voltage. As expected, the mean AFV cut off corresponding to the ideal 

sensitivity/specificity varied greatly between 0.18 mv and 0.91 mV. Percentiles corresponding 

to these voltage cut offs varied as well, albeit with a slightly narrower range, between the 

33rd to 52nd percentiles. By choosing more restrictive percentile based AFV cut offs at the 

10th, 20th and 30th percentiles, the sensitivity to locate fibrotic areas as defined by LGE-cMRI 

increases rapidly, at the expense of specificity. Clinically, this would mean that, even by 

defining LVZ at a permissive 30th percentile and below, the operator can expect >82% 

probability that the circumscribed area will represent fibrosis. This cautious approach will 

reduce false positives i.e. identifying areas for ablation that do not have fibrosis and would 
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limit ablation only to regions of the LA that are highly likely to have fibrosis. By selecting the 

20th or the 10th percentiles, sensitivity to fibrosis increases even further. 

With the introduction of new high definition systems with closely spaced electrodes in 

parallel with basket catheters aiming to map the entire LA and due to extreme variability of 

electrode size and spacing even amongst traditional mapping catheters it is crucially 

important remember that bipolar signal amplitudes depend on several mapping system-

specific and patient-specific variables (183). Adoption of a percentile-based definition of LVZs 

allows for a reproducible definition of low voltage across several catheter systems, as voltage 

cut offs would apply to individual cases.  

7.4.3 The potential value of composite maps in persistent AF ablation 

Analysis of LVZ-ARA overlap by mean AFV and DCL provides an objective method of 

identifying potential drivers that localise to LVZs. The identified overlap areas constituted 

small, occasionally disparate areas within the LVZ of the LA. By adjusting the DCL and AFV 

percentiles the overlap areas can be tailored at the operator’s discretion, while still 

maintaining reproducible, objective decision making, without the need for complex pattern 

recognition. If ablation is planned, established techniques can be used to target the overlap 

areas, such as homogenisation or transection and connection to anatomical or ablative non-

conductive tissues.  

7.4.4 Pre and Post PVI changes 

LVZ-ARA overlap areas show high variability before and after PVI and between patients. 

There was no discernible trend of change, with approximately half of patients showing an 

overall reduction in LVZ-ARA overlap areas and the rest of the group showing an increase. 

The same disparity was observed in the regional breakdown. These change do confirm 

however, that PVI changes AF physiology in terms substrate (AFV) and dynamic drivers (DCL). 
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As LVZ-ARA overlap areas appear to show considerable change with PVI, post-PVI mapping 

may be more effective at identifying areas of interest for catheter ablation. 

7.4.5 Limitations 

Although the identification and calculation of overlapping electroanatomical maps is 

automated, the map workflow is investigator driven and is currently not available on clinical 

systems, making the optimisation of a clinical workflow not feasible at the present time. Due 

to the time-consuming nature of mapping, AF segments >8s were not available to test for 

temporal variability of rapid and regular DCL. Mapping in this study was performed 

sequentially, therefore simultaneous recordings from remote parts of the LA were not 

available for comparison of rapid activity. However, sequential mapping allowed for the 

registration of high density maps. Due to the nature of contact electroanatomical mapping, 

post PVI recordings did not cover the same areas as pre PVI maps, the differences are 

declared clearly in the tables of this chapter. Identifying fibrosis with cardiac MRI is used 

widely, as discussed in the introduction to this chapter, however it has its limitations. 

Acquisition protocols are not standardised and therefore image quality can vary widely 

between manufacturers. Identification of scar tissue is usually defined as deviation from 

normal blood pool, but the deviation varies between research groups (83, 184, 185).  

7.5 Conclusion 

AFV cut offs identifying LGE-cMRI defined fibrosis vary widely between patients and 

depending on technologies used. Percentile-based identification of LVZ is objective and 

reproducible and identifies fibrotic areas with high sensitivity. Localisation of ARAs within 

LVZs with automated methods creates a highly reproducible, objective method to target 

drivers of psAF within the electrical substrate, without extensive ablation of large areas.  
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Chapter 8 Conclusions and future directions 

8.1 Summary of key findings 

The mechanisms underlying the maintenance of persistent AF are unknown. There are 

several theories that endeavour to explain maintenance mechanisms and to locate drivers. 

This thesis explored a novel technique to identify drivers of AF by locating rapid and regular 

AF activity, and merged this dynamic driver mapping with substrate analysis based on AF 

voltage.  

Rapid bursts atrial activity has been known to play a role in the initiation of AF, however 

its role in the maintenance of psAF has not previously been explored.  

This research work concentrated on the development of a novel way of viewing AF 

cycle length (DCL: dominant cycle length), that focuses the operator’s attention to rapid and 

regular AF activity, but is not influenced by the changes intracardiac signal quality or an 

intermittent signal.  

The completely automated iteration of this algorithm was validated and was proven to 

have good agreement with the results relying on manual annotations, and this allowed for 

complex analysis of AF cycle length trends in psAF.  

Although rapid activity was shown to be transient, previous research has shown that 

drivers of AF may be spatially stable and temporally transient, recurring in the same location. 

Therefore, rather than the rapid activity itself, Chapter 5 of this thesis concentrated on the 

pattern of rapid activity found in longer AF segments, and found that this pattern was stable 

between separate AF epochs, and also highlighted areas that had stable rapid activity 

patterns despite the effects of pulmonary vein isolation (PVI).  
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To date, generalised approaches to psAF ablation have not been shown to have 

reproducible success. Therefore this work focused on the individualised definition of AF 

drivers, by calculating rapid activity based on the spread of all AF cycle lengths found within a 

patient and using percentile cut offs rather than absolute definitions of rapidity. The same 

individualised approach was applied to substrate ablation, and a percentile-based low voltage 

definition was compared to accepted low voltage cut off values. Percentile-based low voltage 

cut offs appeared to accurately identify LGE-cMRI defined fibrosis.  

In the final study, the thesis laid out an automated, objective method of identifying 

areas that might harbour drivers, focusing on rapid and regular activity in the low voltage 

zones.   

8.2 Future directions 

Although the groundwork has been laid by this thesis for a technique of rapid and 

regular psAF driver ablation within low voltage areas that does not require subjective 

assessment of maps, or extensive experience to identify complex AF patterns, the test of this 

theory would be a pilot clinical study to assess how the algorithms described herein can be 

transplanted into clinical practice.  
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