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Abstract 
Successful ablation of arrhythmias depends upon interpretation of the mechanism. However, 

in persistent atrial fibrillation (AF) ablation is currently directed towards the mechanism that 

initiates paroxysmal AF. We sought to address the hypothesis that atrial activation patterns 

during persistent AF may help determine the underlying mechanism.  

Activation mapping of AF wavefronts is labor intensive and often restricted to short time 

segments in limited atrial locations. RETRO-Mapping was developed to identify uniform 

wavefronts that occur during AF, and summate all wavefront vectors on to an orbital plot. 

Uniform wavefronts were mapped using RETRO-Mapping during sinus rhythm, atrial 

tachycardia, and atrial fibrillation, and validated against detailed manual analysis of the same 

wavefronts with conventional isochronal mapping. RETRO-Mapping was found to have 

comparable accuracy to isochronal mapping.  

RETRO-Mapping was then used to investigate atrial activation patterns during 

persistent AF. Atrial activation patterns demonstrated evidence of spatiotemporal stability 

over long time periods. Orbital plots created at different time points in the same location 

remained unchanged. Together with this important discovery, both fractionation and bipolar 

voltage were also demonstrated to express stability over time. Spatiotemporal stability during 

persistent AF enables sequential mapping as an acceptable technique. This property also 

allowed the development of a method for displaying sequentially mapped locations on a 

single map – RETRO-Choropleth Map. These findings go against the multiple wavelet 

hypothesis with random activation. 

Having gained insights in to these stable activation patterns, extensive analysis was 

undertaken to identify the presence of focal activation. Focal activations were identified 

during persistent AF. RETRO-Mapping was used to show that adjacent activation patterns 

were not related to focal activations. 

Lastly, the effect of pulmonary vein isolation (PVI) was studied by mapping atrial 

activation patterns before and after PVI. RETRO-Mapping showed that PVI leads to increased 

organisation of AF in most patients, supporting a mechanistic role of the pulmonary veins in 

persistent AF. 
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In conclusion, a new technique has been developed and validated for automated 

activation mapping of persistent AF. These techniques could be used to guide additional 

ablation strategies beyond PVI for patients with persistent AF. 
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1.1 Introduction 

 

Atrial fibrillation (AF) is the most common arrhythmia encountered in clinical practice. 

Regardless of age, there is a prevalence within the UK of around 1%. This prevalence increases 

sharply in the elderly population, to a prevalence of around 10%.1, 2 There are significant 

associations with morbidity and mortality, with consequent health economic implications. 

At present, the direct cost of AF approximates to 1% of the total healthcare spending in 

the UK. Patients suffering with AF have between a 10-40% chance of hospitalisation each year. 

Furthermore, around 20-30% of all strokes are due to AF, while other complications such as 

left ventricular dysfunction, decreased quality of life, depression, cognitive decline and 

vascular dementia remain strongly associated. AF is also independently associated with a 1.5-

fold increased risk of all-cause mortality in men, and 2-fold increased risk in women.3-5 

Catheter ablation procedures form an important part of the treatment strategy for 

patients with AF, as either an alternative to, or alongside pharmacological therapy. Since the 

important discovery of focal ectopy from the pulmonary veins (PVs) initiating AF6, other 

mechanistic insights have not resulted in any significant or reproducible improvement in 

procedural outcome.7, 8 As such, antral pulmonary vein isolation (PVI) forms the basis of all 

conventional catheter ablation procedures. This involves encirclement of the pulmonary veins 

with ablation lesions, resulting in their electrical isolation from the body of the left atrium. 

Despite approximately 100 years of attempts at understanding mechanisms responsible 

for maintaining AF, they remain poorly defined. Mapping activation during AF is notoriously 

challenging, however it may hold key mechanistic information. The chaotic activation 

patterns observed during AF are significant challenges when attempting to map AF. New tools 

are required in order to better understand the mechanisms resulting in human persistent AF. 

1.2 Mechanisms of Atrial Fibrillation 

1.2.1 The Critical Mass Theory of Atrial Fibrillation 

While watching the exposed fibrillating atrium of an animal heart, in 1914 Garrey described 

chaotic activity, with contractions that did not appear to be dependent on one another.9 He 

also noted that large mammalian ventricles would fibrillate with relative ease, while those of 

smaller mammals would either spontaneously stop fibrillating, or not fibrillate at all. 
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Following these observations he cut fibrillating tissue into four equal parts and found that 

fibrillation continued, but a critical muscle mass was required. 

1.2.2 Re-entry and Multiple Wavelets 

Predating the observations made by Garrey, insightful experiments utilising the contractile 

bell of the rhyzostomous Scyphomedusa (jellyfish) Cassiopea xamachana, and ventricular 

rings cut from turtles were conducted by Mayer (Figure 1-1).10 Combining the appropriate 

combinations of electrical pulses, wavefronts could propagate indefinitely in preparation. He 

also observed that simultaneous induction of two wavefronts from the same location could 

progress in opposite directions. However, wavefront collision resulted in their extinction, 

rather than indefinite propagation. 

 

 
 

Figure 1-1. Ring preparation cut from the rhyzostomous Scyphomedusa Cassiopea xamachana. The 
intact jellyfish (A) has its arm and stomach removed (B) before removal of the centre to create a ring 
preparation (C). Adapted from Mayer AG.10 

In subsequent work, Garrey was the first to suggest that AF was caused by circus 

movement re-entry.11 This was contrary to the popular alternative mechanistic theory 

involving multiple discharging foci, suggest by others. During these experiments, he 

simultaneously presented evidence against a focal source. He induced circus movement with 

a single stimulus in a ring preparation, and observed that the contractile impulse travelled in 

a ring-like circuit to repeatedly involve a given region after completion of each circuit. 

Following this, he cut the tissue in to pieces, such that only a single piece contained the 

original site/foci of stimulation. In doing so, this provided evidence against a focal source, as 

“only one of the pieces can contain the original hypothetical tachysystolic pacemaker”. 
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Ralf Mines conducted a series of experiments, corroborating the findings of Garrey. 

These defined the fundamental principles that govern the laws of re-entry12, which include: 

1. The requirement of unidirectional block for initiation of a re-entrant circuit 

2. A refractory period in which tissue cannot be excited 

3. Slowing in conduction rate with an increased rate of stimulation and shortened 

refractory period 

4. Re-entrant circuit dependence upon the conduction rate, refractory period 

duration, and length of the muscle path 

In 1921, Lewis et al. hypothesised that re-entry around anatomical structures, or functional 

re-entry around an unexcitable core due to functional block may be potential drivers of AF, in 

the mother wave hypothesis.13 This model was based on a meandering central or “mother 

wave” moving in multiple directions and giving rise to daughter waves whose conduction 

properties are determined by local tissue properties. This was supported by evidence from 

the surface electrocardiogram showing minor changes in the electrical axis of the fibrillatory 

deflections in patients with AF. Lewis incorporated these findings, along with the concepts of 

Garrey and Mines to describe the mechanisms of both atrial flutter and fibrillation. This later 

went on to become known as the ‘circus movement hypothesis of re-entry’ (Figure 1-2).14, 15 

 

 
 

Figure 1-2. Schematic diagram of atrial flutter (left) and atrial fibrillation (right). There is re-entry 
around a central area in both, however the course is variable in AF. Adapted from Lewis et al.13  

While AF could be induced with high rate pacing in animal models, these episodes would 

not persist beyond a few seconds. Moe therefore developed a canine model which enabled 

AF to be sustained for much longer periods of time. This model involved the use of 
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simultaneous vagal nerve stimulation to shorten the atrial refractory period, while pacing 

from the right atrial appendage.16 During AF, the appendage was excluded with a clamp. Upon 

discontinuation of atrial appendage pacing, the appendage was no longer in AF, however the 

rest of the atrium continued to fibrillate, suggesting the original foci was not required to 

sustain AF. This suggested that despite AF having originated from a single foci, it was 

independent of the ongoing high rate of discharge to sustain AF. Moe concluded that re-entry 

was the most likely mechanism for atrial fibrillation, with grossly irregular wavefronts 

becoming fractionated and producing independent, randomly wandering daughter wavelets 

as offspring. This became the multiple wavelet hypothesis for atrial fibrillation.  

Moe realised that while supporting re-entry as a major mechanism of AF, irregular 

activation of the atria could be the result of several factors. These include a single rapidly 

discharging focus, multiple discharging foci, or rapidly circulating circus movement. Due to 

the challenges of testing this in living tissue, Moe undertook computational modelling where 

the theoretical substrate had a variable repolarisation time and conduction velocity according 

to the level of tissue excitability.17 Following initiation of electrical activity in this model, it 

remained self-sustaining with activity resembling fibrillation. An estimate of 23-40 electrical 

wavelets, re-entering random regions of the substrate was determined to be required in order 

to sustain fibrillation. This model also illustrated that re-entrant circuits could be generated 

without an anatomical obstacle and added support for the multiple wavelet hypothesis. 

Interestingly, Lee et al. re-studied Moe’s canine vagal nerve stimulation model of atrial 

fibrillation some 50 years later, proposing that multiple foci are responsible for driving AF, 

rejecting the multiple wavelet hypothesis.18 

With the advent of mapping technology, Allessie et al. corroborated Moe’s findings in a 

series of elegant studies by placing micro-electrodes on rabbit atria. They demonstrated that 

re-entrant circuits could be independent of an anatomical substrate. From this, the “leading-

circle” concept of re-entry was proposed, where functional circuits could operate anywhere 

in the heart under the right local conditions. Initiation of re-entry was found to be dependent 

of the inhomogeneity in atrial fibre refractoriness in close proximity to one another, and the 

activation wavefront continually emitting wavefronts centrally to produce and sustain a 

refractory core.19-22 

Subsequent detailed studies by Allessie were conducted on Langendorff-perfused 

canine hearts using epicardial multi-electrode arrays.23 Continuous beat-to-beat variations in 
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activation pattern including functional turning, collision, fractionation and extinction in 

functional lines of block were mapped and described (Figure 1-3). Rather than the 23-40 

wavelets required to maintain AF as proposed by Moe17, the critical number of wavelets 

suggested by Allessie was just 3 to 6.23 

 

 
 

Figure 1-3. Isochronal activation maps of 0.5 seconds (from A to G) of AF in the right atrium of isolated 
canine hearts. A colour spectrum is applied to the map, with each colour representing 10ms. The right 
lower image shows an example of a sinus rhythm activation pattern for comparison. Focal activations 
resulting from epicardial-endocardial breakthrough are seen in panels C, F and G (marked with an 
asterisks). Reproduced from Allessie et al.23 

The potential benefit of multi-electrode mapping during cardiac surgery in humans was 

first described by Canavan.24 Atrial activation patterns were recorded from 156 epicardial 

electrodes during sinus rhythm, atrial pacing and reciprocating tachycardia. This group went 

on to study electrically induced AF in patients undergoing surgery for Wolf-Parkinson-White 

(WPW) syndrome.25 Once again, the complex activation patterns of multiple wavelets, 

fragmenting, colliding and propagating in variable directions was observed. Although re-
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entrant circuits involving anatomical obstacles such as the pulmonary and caval veins were 

present, there was further confirmation of circuits existing in the absence of structural 

obstacles. 

Further work in a similar patient population by Konings et al.26 showed different degrees 

of disorganised activation patterns. This ranged from predominantly planar activation, to 

those with completely disorganised activation. A classification system was developed to 

identify 3 different types of AF based on their degree of disorganisation (Figure 1-4). In 

addition, they described a small number of “new” wavelets appearing to originate from the 

free wall of the right atrium. These focal activations were thought to be the result of epicardial 

breakthrough due to the frequent presence of a small r wave on the unipolar signal at the 

earliest site of activation, rather than a true focal source. These events were infrequent, and 

the dominant mechanism for sustaining AF was concluded to be multiple re-entrant 

wavelets.27 

 

 
 

Figure 1-4. Classification criteria of AF mapping. (Left to right) Type I is characterised by single uniform 
wavefronts. During Type II, single non-uniform wavefronts, or two wavelets are present. Type III is 
characterised by three or more wavelets with multiple areas of slow conduction and arcs of 
conduction block. Reproduced from Konings et al.27 

The detailed mapping studies of Konings et al. provided insight in to the activation 

patterns that occur during AF. However, even for those with experience in this type of 

mapping, interpretation is challenging. In addition, separate maps are required to display the 

activation of AF rather than on one single map, making the technique cumbersome (Figure 1-

5). 
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Figure 1-5. Activation maps are displayed for 12 consecutive seconds of electrically induced AF. A 
surface ECG is displayed at the top, with a right atrial (RA) unipolar electrogram directly below. Each 
second has been annotated along the RA unipolar electrogram strip, with the corresponding activation 
maps numbered, and displayed below. Reproduced from Konings et al.27 

Around the same time, Schuessler et al. described activation patterns in a canine model 

of induced AF.28 With increasing concentrations of acetylcholine they observed a decrease in 

atrial refractory period, and eventual sustained fibrillation induced.  In accordance with the 

multiple wavelet hypothesis, as the refractory period decreases, both the number and 

instability of re-entrant circuits should increase. As predicted, this was observed for non-

sustained rapid repetitive responses, with activation sequence maps revealing multiple re-

entrant circuits. However, with further shortening of the refractory period at higher 

acetylcholine concentrations, the trend did not continue. Instead, the re-entry “stabilized to 

a small, single, relatively stable re-entrant circuit,” independent of anatomic obstacles. The 

same group further challenged Moe’s hypothesis by demonstrating that re-entry is able to 

occur in a three-dimensional manner due to the connecting transmural muscle fibres 

between epi- and endocardium during epicardial electrode mapping in canine atria.29 
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1.2.3 The Double Layer Hypothesis 

It is important to recognise that mapping either the epicardial or endocardial surface will 

present two-dimensional data, ignoring the transmural conduction which might be 

interpreted as focal activation. Bi-atrial high-density unipolar mapping of the epicardium has 

revealed frequent epicardial breakthrough of waves propagating in deeper layers in the so-

called ‘double-layer hypothesis’. De Groot et al. describe the observation of small r waves in 

unipolar electrogram recordings, suggesting that this supports breakthrough rather than a 

true focal mechanism resulting from automatic cellular discharge.30 Although this alone is not 

proof of breakthrough, they used a number of other metrics to support their concept. A 

wavemapping approach was used to identify individual fibrillation waves. This defines the 

starting point of the first fibrillation wave as the earliest activated site in the mapping area. 

The shortest time difference with the neighbouring 8 electrode is then calculated. If the time 

difference was ≤12ms, the electrode activation was attributed to that wave. In case of a time 

difference >12ms, the electrode was annotated as the starting point of a new wave. Four 

criteria were required for the classification of epicardial breakthrough; the epicardial 

breakthrough site had to be activated earlier than all surrounding electrodes, located at least 

2 electrodes from the mapping array border, and not obscured by large QRS complexes or 

artefact. Lastly, a time delay of >40ms between the site of epicardial breakthrough and lateral 

border of another wave was required, otherwise the wave was attributed to discontinuous 

conduction from the lateral boundary of that wave. 

This elegant mapping study by De Groot et al.30 does suggest some compelling evidence 

for the existence of a ‘double layer hypothesis’. However, it remains challenging to 

understand how a small r wave from a unipolar electrogram can definitively be assigned to 

that of transmural activity. The complexities of interpreting electrogram morphology during 

AF means that this deflection may merely be the result of wavefront collision or far-field 

signal. Furthermore, the measurement of ‘the smallest time delay’ between epicardial and 

endocardial signal may be difficult to interpret without the use of a reliable fiducial signal due 

to myocardial anisotropy. Lastly, a wavefront was deemed to reflect transmural conduction if 

it was present within a 4mm distance and <15ms before the origin of the focal wave based 

on normal atrial conduction properties. It is rare that patients with atrial fibrillation have 

normal atria, and therefore the likelihood of having normal conduction properties would 

seem doubtful in this patient population. Simultaneous mapping of the endo- and epicardial 
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surface has suggested asynchronous activation between the two layers, promoting 

maintenance of AF by replacing fibrillation waves that die out with breakthrough from the 

opposite side.31 This has important implications as limited and focal ablation is unlikely to 

result in termination of AF due to the multiple potential breakthrough sites, and may explain 

the high recurrence rates of AF after ablation of focal and rotational drivers. 

1.2.4 Focal Sources 

Defining a source as ‘focal’ is controversial, as the interpretation of this nomenclature for 

many is synonymous with an arrhythmia that results from a discrete collection of myocardial 

cells at its origin, such as a focal automatic atrial tachycardia. Within the AF literature, both 

rotors and complex fractionated atrial electrograms (CFAEs) are sometimes referred to as 

focal sources. This is confusing, as mechanistically they are completely different, although a 

‘localised’ ablative strategy would be applied to both. Furthermore, defining something as a 

‘driver’ can also be open to debate. For the purposes of this thesis, a focal source will be 

considered to be a localised source, where activity propagates outward from its earliest point 

of activation in all directions. It will not make inference on the underlying mechanism, unless 

specifically referred to under its accepted name and associated mechanism. It may be 

considered that all localised sources have the potential to be a driver. 

Rothberger and Winterberg first hypothesised that AF was the result of a single 

electrical focus in 1909.32 The persuasive evidence from Lewis for a re-entrant mechanism 

resulted in little further support for a focal driver mechanism until the 1940s. In a series of 

experiments, Scherf suggested that AF was the result of an ectopic focus.33 In one study he 

injected aconitine into canine atria, leading to rapid excitation with the appearance of AF. 

When he undertook local cooling of the area the arrhythmia terminated but restarted on 

discontinuation of cooling. Importantly, in his observations he stated that the wavefront 

interacted with islands of refractory tissue causing weaving and interweaving contraction, 

characteristic of fibrillation as it entered the larger mass of auricular muscle. He concluded 

that AF was caused by a rapid stimulus rather than re-entry. Consequently, he reported that 

the re-entry waves of excitation were a concomitant feature of AF rather than its cause.  

While some groups have failed to demonstrate repetitive focal activation as the 

mechanism driving AF25, 27, Harada et al. demonstrated regular and repetitive activation 

originating in the left atrium in 10 patients with chronic AF undergoing isolated mitral valve 
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surgery.34 Interestingly, they found activation in the right atrium to be chaotic, and suggested 

that the left atrium was driving the AF. Jais et al. described a small series of 9 patients with 

paroxysmal AF in which the surface ECG pattern of AF was the result of focal rapidly firing 

activity, exhibiting a consistent and centrifugal pattern of activation. All patients underwent 

limited focal radiofrequency ablation with elimination of the foci and subsequent non-

inducibility of AF.35 The following year, in 1998, Haissaguerre et al. made the important 

discovery of focal ectopy from PVs initiating AF.6 This has been central in both advancing our 

understanding of AF, and identifying a treatment target. It is on the basis of this finding that 

pulmonary vein isolation currently forms the mainstay of conventional ablation procedures. 

While a subset of patients achieve success from PVI in treatment of AF, others remain 

in AF despite the veins being electrically isolated indicating that this is not the only 

mechanism. As a result, the challenge of identifying targets for ablation beyond the 

pulmonary veins has remained. 

1.2.5 Rotors as drivers of atrial fibrillation 

Rotors are a specific type of localised functional re-entrant circuit. They possess a central core 

of extreme wavefront curvature, such that it results in very slow conduction at the core. The 

extreme wavefront curvature increases as conduction slows towards the central core, where 

a small curved excitable gap is present between the wavefront head and tail. The central core 

(or re-entrant phase singularity) from which the spiral wave is emitted is termed a ‘rotor’. The 

wavefront pivots around this unexcited but excitable tissue (Figure 1-6).36 
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Figure 1-6. (Left) Schematic diagram of a rotor. (1 to 3) Conduction velocity decreases (black arrows) 
and action potential duration shortens, which shortens the wavelength with increasing proximity to 
the rotor core. (Right, top) The transmembrane voltage distribution of a rotor is displayed during 
simulated model. (Right, bottom) The corresponding excitable gap during rotor re-entry. Adapted 
from Pandit et al.37 

Although there appear to be similarities between leading circle re-entry and rotors, 

there are fundamental differences. Importantly, there is complete refractoriness at the core 

during leading circle re-entry. This is the result of continuous centripetal invasion creating a 

ring of excitation around a functionally unexcitable obstacle (Figure 1-7). This prevents 

movement of the rotational circuit, and instead anchors it to a location for as long as it 

continues. Conversely, rotors are able to meander as they pivot around an unexcited, but 

excitable core. 
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Figure 1-7. Schematic diagram of leading circle re-entry around a functional obstacle. Centripetal 
activation (curved arrows) invade the core to create a refractory centre. 

Despite recent popularity in this field of research, rotors are not a new concept. Seminal 

work by Winfree in canine ventricular myocardium demonstrated spiral waves rotating 

around a phase singularity.38 In 1992, with the use of optical mapping Davidenko 

demonstrated cardiac fibrillation in animal myocardium where spiral waves could be non-

stationary, shifting the position of the phase singularity, as well as stationary by anchoring to 

anatomical structures.39 The idea that one or a number of localised rotors may drive AF holds 

important therapeutic implications as targets for catheter ablation. Complex computational 

algorithms have been developed which afford investigators important insight in to the 

patterns of activation in human AF. 

Mapping Rotors 

The Jalife group have published extensively on their optical mapping studies in the 

Langendorff-perfused ovine model of acetylcholine induced AF.40-42 They have demonstrated 

sustained rotors during AF, predominantly on the posterior LA wall, but also on the anterior 

wall of the left atrial appendage. 

Optical mapping is a technique that was established over 40 years ago and enabled the 

characterisation of wavefront propagation with resolution capabilities below the level of 

millimetres.43 More recently, simultaneous use of voltage-sensitive dyes have enabled the 3-

dimensional behaviour of rotors to be observed. This technique is limited in its use within 

humans due to the toxicity of voltage-sensitive dyes (Figure 1-8). 
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Figure 1-8. Sequential images (left to right) of optical mapping showing a rotor pivoting around its 
phase singularity. Adapted from Quintanilla et al.36 

Bi-atrial endocardial mapping using multi-spline basket catheters and a proprietary 

computational algorithm have been undertaken in Focal Impulse and Rotor Mapping (FIRM) 

by Narayan et al. In this approach, phase analysis has shown the presence of a small number 

of rotors in more or less fixed locations (Figure 1-9).44  

 

 
 

Figure 1-9. (A.) Fluoroscopic image of two, 64-pole basket catheters in each atrium. A decapolar 
catheter is positioned in the coronary sinus, and a map catheter in the left atrium. An implantable ECG 
monitor is also seen. (B.) FIRM post-processed and filtered electrograms show sequential activation 
over the course of the rotor (AF1 to AF3), with the corresponding FIRM map (C.). Adapted from 
Narayan et al.45  
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Employing a completely different mapping modality, which applies a complex algorithm 

of inverse-solution based analysis of body surface electrogram data, Haissaguerre et al. have 

also identified rotors using CardioInsight. Instead, they have observed them to be transient 

and migratory with a tendency to cluster around fibrotic zones (Figure 1-10). Furthermore, 

median rotor duration was 2.6 rotations46, in contrast to several minutes as observed by 

Narayan et al.44 

 

 
 

Figure 1-10. Non-invasive rotor mapping using CardioInsight. (A) A vest containing 252 electrodes is 
worn by the patient. (B) A CT scan is done to determine the relationship of each electrode to the CT 
geometry of the cardiac chambers. (C) Phase maps display the activation pattern. In this example, a 
rotor pivots around its phase singularity. Adapted from Haissaguerre et al.47 

Ablating Rotors 

The importance of rotors in arrhythmia maintenance has been suggested by limited ablation 

of localised regions resulting in termination of AF. In the CONFIRM trial, the acute efficacy 

endpoint of AF termination or ≥10% consistent slowing of AF CL was achieved in 86%, with AF 

termination in 56% after a mean of 4.3 ± 6.3 min of FIRM ablation at the primary source.44 

This limited ablation success was not the case with the AFACART study48, where mean RF time 

for driver-only ablation resulting in AF termination was 46 ± 28 minutes despite a mean of 
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only 4.9 ± 1 driver sites mapped per patient. It therefore seems surprising that RF ablation 

times are so long, despite rotors being localised sources. One possible explanation may be 

that the proposed source areas are in the order of cm2, and the choice of ablation area wider 

and operator dependent. They did however report AF termination in 64% of patients 

undergoing ‘driver only’ ablation. Despite this, evidence suggesting rotors possibly being 

transient and migratory does not explain why focal ablation should result in termination of 

AF. 44, 49  

Initial high success rates were achieved from FIRM guided catheter ablation44, but other 

groups were unable to achieve comparable success rates.8 If focal drivers such as rotors were 

spatiotemporally stable, it would be expected that focal ablation would consistently result in 

successful treatment of AF. Evidence that focal sources are stable is also challenged by the 

recent double-layer hypothesis demonstrating endocardial-epicardial dissociation where 

multiple different breakthrough locations are possible.31 With this hypothesis it is 

understandable why a focal ablative strategy would fail, and may in part contribute to the low 

procedural success rates. 

In the largest series of source focal source ablation, Miller et al.50 undertook FIRM 

guided ablation in 170 consecutive patients, including patients with PAF (37%), persistent AF 

(31%) and long-standing persistent AF (32%). 43% of these patients had undergone at least 

one prior ablation for AF. In combination with PVI, they achieved 87% freedom from AF after 

a single FIRM procedure at 1 year. They concluded that higher rates procedural success could 

be obtained with FIRM-guided ablation to those of PVI alone, supporting localised sources as 

a mechanism for AF, and corroborating the findings of CONFIRM.  

If the maintenance of AF is related to a hierarchical (focal sources) rather than non-

hierarchical (multiple wavelet) mechanism, it may be possible to explain why persistent AF 

has been terminated with relatively localised ablation. Narayan’s groups have undertaken 

computational modelling51 suggesting a possible explanation. They simulated spiral wave re-

entry in monodomain 2-dimensional myocyte sheets. Ablation lesions were applied, with 

models confirming that localised ablation may anchor re-entry, resulting in organised 

tachycardias. The ablation results in an excitable gap, which can be invaded by fibrillatory 

waves, which collide and rapidly terminate spiral re-entry. Targeted ablation may also 

terminate spiral waves by connecting lesions to large non-conducting obstacles, such as large 

areas or scar or an anatomic orifice. 
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There is disagreement as to whether rotors are stable or migratory. If rotors primarily 

localise at borders of fibrotic regions, it may be more appropriate to target these regions of 

scar, rather than the rotors themselves. However, extent of delayed enhanced-MRI (DE-MRI) 

abnormalities have been frequently show to far exceed driver domains, and the micro-fibrosis 

that anchored drivers in optical studies was beyond the resolution of clinical scanners.52 

Distinction between ‘culprit’ and ‘bystander’ regions would likely be required if this approach 

was to be successful. 

1.2.6 Autonomic Function Initiating AF 

Animal models have often needed autonomic stimulation to maintain induced AF.16, 53, 24 

Consequently, the autonomic nervous system has been assumed to be important in human 

AF pathogenesis. The description of ‘vagal symptoms’ and changes in heart rate variability 

prior to AF initiation has been presented as circumstantial evidence. Richly innervated areas 

on the epicardial surface of the left atrium have been identified around the pulmonary veins, 

known as ganglionated plexi (GP). The GP sites are located at the four PV atrial junctions and 

are highly innervated with both adrenergic and cholinergic nerve fibres. These sites form part 

of the epicardial neural network, which compromises multiple ganglia with interconnecting 

neurons and axons, including sensory fibres and sympathetic and parasympathetic 

efferents.54 During the delivery of radiofrequency energy during catheter ablation for AF, an 

increase in dispersion of AF cycle length has been observed with vagal responses.55 The 

increase in dispersion may promote wavefront fragmentation into multiple, smaller wavelets 

– a potential mechanism that sustains AF.16 

Direct stimulation of GP sites has been shown to initiate PV ectopy and induce AF.56 

Canine studies of PV sleeve preparations have shown action potential shortening, and 

triggered firing in the adjacent PVs but not the atrial myocardium in response to GP 

stimulation.57 This indicates that PVs appear to be the main effectors of GP stimulation. A well 

described method of functionally locating GP sites is to stimulate the left atrium with high 

output – high frequency stimulation (HFS)58 – over a presumed GP. If there is direct contact, 

a bradycardic AV nodal response can be elicited. Our group has used this technique to show 

autonomic modification of the AF substrate by demonstrating changes in AF cycle lengths 

both near and distant from the site of stimulation.56 
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With evidence of PV ectopy being triggered by stimulation of GP sites, Katritsis et al. 

investigated the effect of empirical GP ablation based on known anatomical sites in addition 

to PVI, and found it to be superior to outcomes of PVI alone.59 The same group went on to 

investigate the effect of GP ablation alone in AF, although they found this strategy to be less 

effective than either PVI alone, or in combination with GP ablation. However, formal evidence 

of autonomic modification was not presented, as the study did not use a functional method 

to confirm GP sites or a change after ablation.60 

There are two methods described for locating GP sites that include continuous high 

frequency stimulation (HFS) and synchronised HFS, with impulses delivered within the local 

refractory period, and the subsequent response observed. Continuous HFS locates GP sites 

by identifying AV nodal effects such as bradycardia and pauses. Synchronised HFS aims to 

identify the sites that trigger AF.61 There are studies that have used these techniques in a 

limited capacity to demonstrate the autonomic network in the human LA, and the feasibility 

to ablate these effects from the endocardium.40 Most studies have inferred a role for GP sites 

based on presumed anatomical co-localisation with little direct evidence of effect.62 In 

arrhythmias where there is a clear anatomical circuit, there is no need to target the autonomic 

stimuli as there is a clear substrate to ablate. In AF the stimuli and substrate appear to span a 

large part of the left atrial anatomy and therefore the autonomic stimuli may actually 

represent a ‘more targeted’ approach. 

1.3 Left Atrial Substrate in AF 

It was recognised early on that AF could be induced with relative ease. However, maintaining 

AF was only made possible under certain circumstances, such as vagal nerve stimulation.24 

This suggested that specific electrophysiological conditions were required in order to 

perpetuate AF. Structural and electrical remodelling have been implicated in the facilitation 

of AF. 

Structural remodelling is characterised by atrial enlargement and myocardial fibrosis, 

and has been shown to correlate with outcome from catheter ablation.63 Similarly, atrial 

electrophysiological properties governed by ion channels, exchangers and pumps can be 

transformed as a result of atrial remodelling, thereby facilitating AF continuation. Surrogate 

markers of electrical remodelling can be studied, manifesting as reduced voltage and 
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fractionated electrograms, while the structural changes can be determined with detailed 

imaging modalities. 

1.3.1 Non-invasive Assessment 

Fibrosis has been attributed with mechanistic importance in AF. Whether cause or effect, it 

has frequently been observed in this patient group. Late-gadolinium enhanced cardiac 

magnetic resonance imaging (LGE-CMRI) has been utilised by several groups for the 

quantification of atrial fibrosis. Although a technically challenging technique, the degree of 

atrial fibrosis has been shown to be higher with AF persistence and the presence of more AF 

risk factors.64 Furthermore, atrial fibrosis demonstrated by LGE-CMRI has been independently 

associated with AF recurrence in patients undergoing catheter ablation for AF.63 

The electrical manifestations of fibrosis are sometimes, but not exclusively seen during 

catheter ablation as regions of low-voltage and slowed conduction. There are challenges 

when using voltage as a surrogate marker for fibrosis. While some areas are low voltage 

during AF, they have been demonstrated to have increased voltage at the same site during 

sinus or paced rhythm.65, 66 This is important as areas of low voltage measured during AF may 

not truly identify regions of abnormal atrial substrate.  

High resolution contrast enhanced MRI has been integrated with transmural optical 

mapping.52 Conduction was found to occur in preferential micro-anatomic tracks via 

fibrotically insulated pectinate muscles and intramural myocardial bundles, such that re-entry 

was established. Radiofrequency ablation at primary re-entrant driver regions resulted in 

either termination of AF, continuation of AF with a new re-entrant driver established in a 

different location, or macro-re-entry around the ablation lesion. This suggested the 

importance of the atrial micro-architecture in the maintenance of AF. The same group went 

on to hypothesise that human AF is maintained by a limited number of spatially stable 

microanatomic re-entrant, but temporally competing sources.67 Haissaguerre et al. reported 

a tendency for rotors to cluster around fibrotic zones.46 Some have raised the question of 

whether homogenisation of low voltage regions from sinus rhythm maps to eradicate all 

potential channels and drivers supporting the arrhythmia is warranted.68 However, this risks 

damage to significant regions of atrial myocardium that may not even be implicated in 

arrhythmia maintenance. This approach would be ineffective should CFAE sites be driving AF, 

where an inverse relationship between fractionated electrograms and atrial fibrosis has been 
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demonstrated. Up to 90% of continuous CFAE sites occur in locations that have either patchy 

or no late gadolinium enhancement on MRI.69 

1.3.2 Invasive Assessment 

Endocardial voltage is frequently used during catheter ablation procedures as a surrogate 

marker or fibrosis or ‘scar’. Studies of persistent AF in humans and canine models have shown 

histopathological changes with fibrotic infiltration70, 71, while there is evidence that low 

voltage areas predict poor outcome from catheter ablation.72  

The constant variability in bipolar electrogram amplitude during AF makes accurate 

assessment of voltage challenging. It has been shown that mean peak-to-peak bipolar voltage 

maps during AF require an 8 second sampling window before spatial stability is achieved.73 

Despite this, it is not clear if these maps are reproducible over time. Others have attempted 

to overcome electrogram variability during AF by creating voltage maps during sinus rhythm. 

Bipolar voltage has been shown to be higher in patients with paroxysmal than persistent AF, 

during sinus rhythm and AF.74 However, by cardioverting patients to sinus rhythm, the 

opportunity for mapping potential drivers of AF is lost. 

Adopting an individualised approach, Rolf et al. undertook atrial substrate modification 

in low-voltage areas.68 Following circumferential PVI, voltage maps were created during sinus 

rhythm for patients with paroxysmal and persistent AF. Low voltage areas were defined as 

being <0.5mV. Based on this criteria, low-voltage areas were more commonly identified in 

the left atrial roof, anterior septum, and posterior wall. Fewer patients with paroxysmal AF 

were found to have low-voltage areas than patients with persistent AF (10% and 35%, 

respectively), although there was no improved arrhythmia free survival with substrate 

modification. 

1.3.3 Left Atria Myofiber Architecture 

The relationship between left atrial structural pathways and electrical function during 

persistent AF has not been fully characterised. Wavefronts with preferential activation 

direction have been demonstrated during re-entrant arrhythmias, and structural 

determinants suggested to be implicated.75 Electrical conduction from the PVs has also been 

correlated with anatomic features in canine atria.76 Similarly, the branching sites of the crista 

terminalis and pectinate muscles of the right atrium have been linked to causation of 

breakdown of wave propagation into fibrillatory conduction.77 
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Until recently, myofiber orientation has been determined by destructive sectioning with 

visually observed tracings or photography. More recently a technique has been developed 

which allows the myofiber architecture of the human left atrium to be imaged using diffusion 

tensor magnetic resonance imaging (DTMRI) at the submillimetre level.78 This has allowed an 

unprecedented insight in to the structure of the LA. This technique has been used by 

Pashakhanloo et al. to image the entire intact human heart of 8 specimens ex vivo. On 

average, the MRI scan time was approximately 50 hours per specimen using a 3T clinical 

scanner. They observed the existence of a LA coordinate system in 7 of the 8 specimens based 

on the PV origins, where major fibre bundles run in the same orientation (Figure 1-11). Similar 

observations of fibre orientation had been made in the 1960s using dissection and visual 

tracings of the PVs of 16 post mortem hearts.79 Therefore, a detailed understanding of the LA 

structure, down to the level of myofiber orientation might be beneficial in understanding the 

mechanisms responsible for maintenance of persistent AF and possible ablation strategies. 

 

 
 

Figure 1-11. Atrial geometry and myofiber orientation have been defined by DTMRI. (A) A posterior 
view of the roof and posterior wall, and (B) inferior and left lateral view are shown. Colour coding is 
applied to identify the local distance of the myofiber to the endocardial shell; the epicardial layer is 
red, and the endocardial later is yellow. Adapted from Pashakhanloo et al.78 

1.4 Alternative Ablation Targets 

Catheter ablation is less effective for persistent AF (AF duration lasting more than 7 days) 

compared to paroxysmal AF (AF duration lasting less than 7 days, with spontaneous reversion 

to sinus rhythm).80 This is presumably due to the progressive structural, electrical, and 

mechanical changes associated with an increasing duration of AF. Furthermore, ablative 

strategy in persistent AF often has limited scientific justification, and is largely empirically 
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based. Techniques commonly include linear ablation, and targeting of fractionated 

electrograms; neither of which has any demonstrable incremental benefit in maintaining 

sinus rhythm.7 

Recent attention has been heavily focused on the identification and ablation of focal 

sources. Use of novel tools to identify focal sources have been hampered either by dye toxicity 

in humans with optical mapping techniques, or complex mathematical algorithms using phase 

analysis to infer activation, rather than actually mapping true activation. Despite this, there 

has been some initial success with acutely terminating persistent AF during ablation of ‘rotors’ 

identified by Focal Impulse and Rotor Modulation (FIRM) mapping.45, 49 FIRM guided ablation 

has suffered from a lack of reproducibility in the hands of others, with poor outcomes in long 

term maintenance of sinus rhythm.8 Similarly, termination of persistent AF has been 

demonstrated with ablation of CFAEs81-83, suggesting that they contain either focal triggers or 

micro re-entrant circuits. The reproducibility of this technique has also proven challenging.7, 

81 

In contrast to many modern theories for maintenance of AF, the multiple wavelet 

hypothesis53 has still not been scientifically rejected. It seems somewhat hasty to suggest 

novel mechanistic theory when one is yet to prove or disprove a hypothesis dating back half 

a century. Recent support for the multiple wavelet hypothesis came from detailed activation 

mapping studies27 and the observation of endo-epicardial dissociation31 demonstrating 

multiple self-perpetuating and randomly propagating wavelets. These studies have been 

reliant on more traditional activation mapping during AF. 

1.4.1 Complex Fractionated Atrial Electrograms 

CFAE ablation was based on the assumption that areas of myocardium with such electrical 

activity may be acting as drivers of persistent AF. Identifying which were true drivers of AF 

was challenging. Ablation of some CFAEs resulted in prolongation of the AF cycle length 

suggesting their importance in contributing as a driver, while others had no effect on cycle 

length at all. 

Early studies by Konings et al.26 showed that CFAEs observed during intraoperative 

mapping in human AF were mainly in areas of slow conduction and/or regions of functional 

block where wavelets pivot. They were thought to represent either continuous re-entry of 

fibrillation, or areas where multiple different wavelets enter the same area. In 121 patients, 
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Nademanee et al.84 used electroanatomical mapping to tag and ablate CFAEs. They identified 

specific regions that were more likely to contain CFAEs, successfully ablating 115 of the 121 

patients to sinus rhythm, without the need for external cardioversion. Despite these 

encouraging results, others have not been able to replicate this. Oral et al. undertook solely 

CFAE ablation in 100 patients with persistent AF, reporting only 33% of patients maintaining 

sinus rhythm off medical therapy at a mean follow-up time of 14 months.85 Furthermore, the 

BOCA study suggest that not only did adjunctive CFAE ablation confer no additional benefit in 

maintaining sinus rhythm, but it significantly increased the incidence of both organised atrial 

tachycardia, and gap-related macro-re-entrant flutter.86  

Most recently, the STAR-AF II trial reported no additional benefit of CFAE ablation in 

addition to PVI for patients with persistent AF.7 The variability in definition of CFAE may in 

part be responsible for the large disparity in results from catheter ablation, or the variability 

of operator experience with CFAE ablation. While some have defined CFAEs based on only 

simple visual descriptions84, others have produced a more comprehensive visual classification 

system87, or characterisation using automated algorithms.88 There are certainly observations 

that support CFAE ablation resulting in acute organisation of AF, and in some cases 

termination. However, there are no consistently reproducible data that prove long-term 

adjunctive benefit.   

A recent meta-analysis of the efficacy of driver-guided catheter ablation for AF has 

demonstrated mixed results. A variety of different driver guided ablation strategies were 

used, including CFAE, FIRM, and high frequency source ablation. Four studies within the meta-

analysis suggested increased single-procedure freedom from AF/AT at ≥1 year (RR 1.34, 95% 

CI 1.05-1.70; P = 0.02).44, 89-91 However, after excluding cases of driver-guided ablation without 

PVI this was no longer significant (RR 1.41, 95% CI 0.96-2.08; P = 0.08).  

Four studies also reported a higher proportion of acute AF termination with driver-

guided ablation compared to controls (pooled RR 2.08, 95% CI 1.43-3.05; P <0.0001).44, 89, 91, 

92 This increased to a RR 2.90 (95% CI 1.152-5.55, P = 0.001) after excluding patients 

undergoing driver-guided ablation without concomitant PVI.44, 89, 92 Although this is promising, 

the meta-analysis included primarily nonrandomised studies of moderate quality, making 

results difficult to interpret. Interestingly, the only two full randomised controlled trials89, 92 

in the meta-analysis, did show greater acute AF termination with driver-guided ablation. 

Atienza et al.89 found that driver-guided ablation was non-inferior to PVI in achieving freedom 
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from AT/AF at 12months in patients with PAF, however there was no benefit when combined 

with PVI in patients with persistent AF. In contrast, Lin et al.92 reported greater freedom from 

AF/AT at 17.7 ± 8.2 months in patients that had undergone PVI with driver-guided ablation, 

rather than PVI with CFAE ablation. 

Current electroanatomical mapping systems have incorporated algorithms to map 

fractionation. There has been uncertainty over the stability of CFAEs, and no clear consensus 

on the optimal amount of time for data acquisition. The CFAE mapping algorithm in CARTO 

produces CFAE mean maps from data acquired over a period of 2.5 seconds, while Ensite 

Precision allows the user to determine the duration which can range from 1 to 8 seconds. 

CFAE mean is defined as the average time duration between consecutive deflections during a 

specific time period at a recording site. A study by Stiles et al.88 reported that at least 5 

seconds of electrogram data acquisition was required to accurately characterise CFAE sites. 

Shorter durations resulted in unacceptable error rates which could lead to misinterpretation 

and inappropriate ablation. 

1.4.2 Spectral Analysis 

The heterogeneous nature of CFAE sites prompted alternative methods for identification of 

high-frequency activation. Targeting of high-frequency activation is based on the assumption 

that they represent either localised re-entry or focal sources. Analysis of electrograms within 

the frequency domain is thought to distil information on local activation which is too 

challenging to interpret in the time domain, as it is with CFAEs. 

For analysis of electrograms within the frequency domain to be made possible, the 

Fourier transform is applied (Figure 1-12). This transform decomposes continuous signals to 

a sum of weighted sinusoidal functions. Doing so allows the frequency of the largest peak in 

the spectrum to be identified – the dominant frequency (DF) – which is used as a surrogate 

for the average activation rate at that location. 



  

44 
 

 

 
 

Figure 1-12. (A) Bipolar electrograms are displayed in the time domain before undergoing analysis 
with the Fourier transform. Following spectral analysis (B), the frequency distribution is appreciated, 
with the tallest peak representative of the dominant frequency. Adapted from Ng et al.93 

Spectral analysis in paroxysmal AF has demonstrated that high dominant frequency 

sites co-localise with PV junctions.94 Furthermore, a gradient has been identified from the left 

to right atria, indicating drivers within the left atrium.95 However, in persistent AF the 

distribution of sites with high dominant frequency is more widespread, with locations 

predominantly beyond the pulmonary veins.94 Targeting sites of high dominant frequency has 

suffered a similar fate to CFAE ablation, with variable reported outcomes with regard to its 

benefit.96 This may be related to incorrect interpretation of locations with apparently high 

dominant frequency that are actually the result of wavefront collision. Furthermore, there is 

debate surrounding the spatiotemporal stability of dominant frequency locations,97 limiting 

its clinical application. 

1.5 Induced and Spontaneous Atrial Fibrillation 

It is likely that there are significant differences between induced and spontaneous AF. These 

two distinct groups have been studied to extrapolate and explain the electrophysiologic 

changes that further promote AF.98, 99 Further research has identified differences surrounding 

the complexity of atrial activation patterns and organisation characteristics.27, 100 

Using a canine model, Sih et al.100 identified major differences between acutely induced 

AF and a chronic pacing induced model of AF. The LA of dogs in the chronic AF group had a 

significantly shorter LA cycle length (mean CL over 10 seconds) compared to the RA. In dogs 

with induced AF, there was no significant difference between the LA and RA cycle length. 

Activation mapping of the LA also showed predominantly repetitive broad wavefronts of 
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activation in induced AF, and more complex activation in chronic AF dogs. However, induced 

AF episodes was only required to last 15 seconds in order to be acceptable for analysis. 

Furthermore, data was analysed after exclusion of just 2 seconds following AF induction, and 

2 seconds before AF termination. Immediately following AF induction, it is common to see 

organised wavefronts that can persist for several seconds.101 Similarly, increased organisation 

is frequently seen significantly longer than 2 seconds prior to spontaneous termination of AF. 

It is therefore conceivable that the waiting time before mapping was insufficient. Additionally 

data too close to the time of spontaneous AF termination was included. This would have a 

significant impact on organisation characteristics of the wavefronts observed during mapping. 

Interestingly, other groups have not observed consistent differences between the left and 

right atria during induced AF in humans.27 

1.6 Activation Mapping 

1.6.1 Determining Local Activation Time 

Identifying the point of local activation is not a trivial task. This is made significantly more 

challenging during AF. In normal homogeneous myocardial tissue, the first peak of a bipolar 

electrogram is a reasonable approximation of activation time at the electrode pair. For the 

unipolar electrogram, the maximum negative slope is a good indicator of local activation.102 

The unipolar and bipolar electrogram is further discussed in Section 1.7. 

During AF, double potentials and fractionated electrograms present greater challenges 

regarding the correct electrogram component to define as local activation. Double potentials 

occur at sites of slow conduction or conduction block, where electrical activity is recorded 

from both sides of the line. Fractionated electrograms result from regions with 

heterogeneous conduction properties, such as fibrosis. Regions of fibrosis result in a reduced 

electrogram amplitude, which compounds the challenge of correct identification of local 

activation time (LAT). 

1.6.2 Isochronal Mapping 

Isochronal mapping is conventionally applied to rhythms with a regular cycle length. 

Electrograms are recorded from multiple different location across the cardiac surface. Each 

electrogram is assigned with a relative LAT to a fixed reference signal (also referred to as a 

fiducial signal). This is either a surface ECG component, or electrogram that is related to the 
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chamber being mapped. Electrograms with a similar LAT are grouped according to their 

relative timings, and assigned a colour to enable visual interpretation of activation times.  

In situations where there is a regular cycle length, the relative timing of electrograms 

collected across the cardiac surface can be used to infer the activation pattern. Its application 

for mapping AF is precluded by the constant cycle length variability. However, it is possible to 

create isochronal maps for individual uniform wavefronts (see Chapter 2). For an isochronal 

map to be created, and correctly interpreted, a number of steps are involved103: 

1. Stability of the catheter, and good electrode contact. 

2. Appropriate choice of reference: It is conventional that when mapping the atria 

or ventricles, a reference related to that chamber is used. This reference must 

also be spatially stable as it is being used to identify the relative timings of points 

collected. 

3. Sufficient density of points: The colour projection on to the anatomical shell 

involved interpolation between the points of data collection. The extent of 

interpolation is user defined, however it is important to recognise that the 

colouring extends beyond the boundaries of the location at which the 

electrogram recording was made. If interpolation is not appropriately set, the 

map may not be a true reflection of activation. 

4. Appropriate assignment of LAT: The correct electrogram component must be 

identified, and also the LAT correctly assigned within the complex. 

The Window of Interest 

The purpose of a window of interest is to ensure that electrograms from the same beat of 

tachycardia are compared. Typically, a window of interest is set at 90% of the tachycardia 

cycle length. It is only possible to set a single window of interest for each map, and relies upon 

the variability in cycle length of the tachycardia being no more than approximately ± 20ms. In 

many atrial tachycardias, for example, there is a repeating sequence of electrograms with a 

relatively consistent cycle length. Cycle length variability underpins the main obstacle to 

isochronal mapping during AF. 

1.7 Recording Cardiac Electrograms 

The intracardiac electrogram is used by clinical electrophysiologists as a signal for timing local 

electrical events, determining wavefront propagation direction, and morphologically as a 
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surrogate marker of the underlying endocardial substrate. Electrograms are generated by 

small potential differences that result from transmembrane ion flux throughout the 

myocardial action potential. These potential differences can be measured by unipolar and 

bipolar configurations, from electrodes conventionally between 1-4mm in diameter, and 

variable inter-electrode spacing. The advent of multipolar mapping catheters has greatly 

increased the amount of information that we can collect, however the interpretation of these 

electrograms is fundamental to understanding arrhythmias. 

1.7.1 Unipolar Electrograms 

Unipolar recordings are obtained by measuring the potential difference between an 

intracardiac exploring electrode, and a second electrode distant from the heart; the 

indifferent electrode. Wilson’s central terminal is frequently used as the indifferent electrode. 

It is formed by connecting the left and right arms, and left leg electrodes through high 

impedance resistors. This can result in unacceptable electrical noise, which can be reduced 

by selecting an alternative indifferent electrode, such as an intravascular electrode remote 

from the heart.104 

As a wavefront propagates towards the exploring electrode, a positive electrogram 

deflection is formed. Once the wavefront reaches the exploring electrode and begins to travel 

away, a steep negative deflection occurs (Figure 1-13). The maximum negative slope (-dV/dt) 

approximates to the local arrival of the wavefront directly under the exploring electrode. This 

is the LAT annotation point. 
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Figure 1-13. Unipolar electrogram created by a wavefront propagating across a myocardial bundle. 
Activation starts at the left (A) reflected by a negative electrogram with a QS morphology. A biphasic 
electrogram is created (B) as the wavefront propagates towards, and subsequently away from the 
electrode. As it continues towards the right (C) there is a positive deflection. Colour maps are displayed 
above which show the potential field generated by the wavefront. Reproduced from de Bakker et al.105 

The unipolar electrogram morphology can be exploited to gain additional information. 

When an electrogram has a QS morphology it can be used to identify the location of focal 

tachycardias, and accessory pathway localisation during anterograde conduction.104 

The unipolar configuration does have its disadvantage, as it contains far-field signal 

generated by myocardial tissue remote to the exploring electrode. Electrical interference can 

usually be easily mitigated by selecting an alternative indifferent electrode, as previously 

described. 

1.7.2 Bipolar Electrograms 

Bipolar recordings are made from a pair of electrodes located on the same catheter, exploring 

the region of interest.106 It has better spatial resolution than unipolar recordings, and can be 

improved by using narrowly spaced electrodes. The bipolar electrogram is formed by the 

summation of the potential from the positive and negative input. The far-field signal is largely 

subtracted out, with only local signal remaining. 

In normal homogeneous tissue, the initial peak of a bipolar electrogram coincides with 

LAT beneath the recording electrode pair (Figure 1-14). 
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Figure 1-14. Schematic diagram of a bipolar electrogram recording with corresponding unipolar 
electrograms. Electrode positions are numbered 1 and 2. As the wavefront propagates from left to 
right (arrow) a delay between the two unipolar electrograms (Uni 1 and Uni 2) is apparent, due to the 
time difference in the signal arriving at the electrodes. Uni 2 is an inversion of Uni 1 due to the 
wavefront direction. Addition of the two unipolar signals results in the bipolar signal (Bi 1-2), and 
removal of far-field signal. Adapted from Stevenson et al.102 

In other situations, additional information about the underlying substrate can be 

gained, although assignment of LAT can be more difficult (Figure 1-15). 

 

 
 

Figure 1-15. Schematic diagram of the effect of fibrosis on the bipolar electrogram. A stimulation at 
position A begins a wavefront of activation. The wavefront takes a meandering pathway towards its 
destination (B) due to the effects of fibrosis slowing conduction. The resulting electrogram shows 
fractionation due to the course of the wavefront. Reproduced from de Bakker et al.105 
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1.7.3 Filtering 

To emphasise components of the electrogram that correspond to activation, filtering is 

applied. Different types of filter can be applied, which include high pass, low pass, band pass, 

and notch filters. 

A high pass filter eliminates components below a given frequency, while a low pass filter 

eliminated components above a given frequency. A band pass filter restricts the frequency by 

setting an upper and lower limit, retaining only the frequencies between this range. In some 

specific situations, it may be desirable to eliminate a specific frequency. A notch filter is 

applied for this purpose. The most common notch filter to be applied is for the elimination of 

mains electrical interference (50Hz). 

Intracardiac bipolar signals are typically filtered with a high pass filter of 30-50Hz, and a 

low pass filter of 250-300Hz. In contrast, unipolar signals are filtered with a high pass filter of 

1-2Hz, and a low pass filter of 300Hz. 

1.8 Chaos Theory 

Chaos theory is an area of mathematics that focuses on highly sensitive dynamical systems. It 

is a relatively new area due to its heavy reliance on significant computational power. Chaos 

has the outward appearance of apparent randomness, however there are in fact underlying, 

repetitive patterns. We are surrounded by natural chaotic systems in our everyday lives, such 

as road traffic and climate. AF is frequently described as being completely random, with 

support offered by the multiple wavelet theory.53 However, if the electrical activation 

patterns are a manifestation of an underlying stable mechanism, they may possess features 

consistent with chaotic behaviour. Understanding the mechanisms responsible for chaotic 

behaviour in a system is important, as it is possible that by altering the underlying mechanism, 

we can eliminate undesirable chaos. Chaos theory has been applied to many chaotic systems 

that we depend on, such as weather forecasts. 

Weather systems can seemingly be random, as it results from multiple different 

parameters and conditions that depend on one another, similar to AF. Atmospheric 

convection results from temperature differences in the atmosphere. The different rates at 

which Earth’s temperatures change within dry and moist air result in instability. During the 

day, air mixing expands the atmospheric boundary layer height – the lowest part of the 

atmosphere. This results in increased winds, cloud development, and decreases the 
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temperature to which air must be cooled to become saturated with water. Subsequently, 

moist convection leads to thunderstorms responsible for severe weather changes. Without 

understanding of these underlying mechanisms, changes in weather conditions can have the 

appearance of completely random behaviour rather than chaotic behaviour. 

Edward Lorenz developed a mathematical model for atmospheric convection.107 This 

enabled weather to be predicted for short durations ahead, revealing that although weather 

appears chaotic, it is not random. The effect of small rounding errors within calculations from 

initial conditions become more divergent over longer periods, making distant predictions less 

accurate. This is frequently referred to as the ‘butterfly effect’ or ‘deterministic chaos’; i.e. a 

small change in one place (a butterfly flapping its wings in China) of a deterministic nonlinear 

system will result in a large change elsewhere (a hurricane in London). 

The question of whether cardiac fibrillation – atrial or ventricular – is chaotic has been 

investigated, but with mixed results.108, 109 However, the mathematical equations 

representing the spatiotemporal phenomena are more complex than purely temporal 

behaviour. Garfinkle et al. used an ouabain-epinephrine-induced arrhythmia model in rabbit 

ventricular septum preparations to study deterministic chaos.110 With a custom program to 

detect action potentials, they recorded time intervals between spontaneous activations. An 

indicator of the existence of deterministic chaos was the presence of preferred directions of 

approach and departure. It is possible that this exists during AF, however there are no 

mapping systems at present that enable automated mapping of atrial activation patterns 

during AF. We are therefore reliant at present on manual analysis, which limits the amount 

of data that can be analysed. It is likely that much longer recordings of AF are required to 

decipher the presence or absence of chaotic behaviour. This holds important consequences, 

with the possibility of developing a catheter ablation technique targeted towards the key 

interactions resulting in the apparently random activation patterns of AF. 

1.9 Hypothesis 

This thesis sets out to address the hypothesis that activation during human persistent AF is 

not random, but is determined by the underlying mechanism. This was investigated by initially 

developing a new AF activation mapping technique, with subsequent evaluation of these 

complex activation patterns. 
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1.10 Scope of this thesis 

In this chapter, historic and contemporary mechanisms of AF are reviewed, alongside current 

methods for mapping activation and surrogate markers of underlying atrial substrate. This 

has identified the following key issues that form the basis for the work in this thesis. 

x Develop a new method to track uniform activation during atrial fibrillation without the 

need for a window of interest, with comparable accuracy to that of carefully adjusted 

manual isochronal maps. 

x Avoid the need for manual assignment of local activation times. 

x Display data and electrograms in a manageable way for the user to interpret. 

x Determine spatiotemporal characteristics of persistent AF. 

x Characterise activation patterns and types of wavefront during persistent AF.  

x Create a prototype and potential workflow for analysis of clinical cases. 

Atrial activation patterns were studied by using conventional multielectrode catheters 

to collect endocardial bipolar electrogram data from humans that were undergoing clinically 

indicated procedures. The methods used are described in detail in Chapter 2.  

Although studies have been conducted in order to map activation during AF, they have 

historically been for short durations in limited regions due to the labor intensive manual 

analysis techniques. A stepwise approach was adopted for the development of an automated 

technique suitable for activation mapping during AF. Chapter 3 sets out the development and 

validation of this novel activation mapping technique. 

In Chapter 4, the mapping technique is applied to data collected from humans during 

persistent AF. Data was collected from the same location at different times to determine the 

spatiotemporal characteristics of persistent AF. This led to the discovery that atrial activation 

patterns during persistent AF are not random, but display stability over time. This important 

discovery suggests that a sequential mapping technique employing a roving multipolar 

catheter is feasible. 

Other research groups have demonstrated focal sources during persistent AF. On this 

basis, mapped locations were screened for evidence of focal activation in Chapter 5. The 

locations of focal activations were reviewed to investigate their relationship to AF activation 

maps, and new techniques developed to quantify the degree of organisation. No relationship 
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between focal activation location and activation pattern was identified, underlining the 

complexities of the mechanisms maintaining persistent AF. 

Having demonstrated the absence of a relationship between focal activation and atrial 

activation patters during persistent AF, the effect of PVI on activation maps was studied in 

Chapter 6. The only consistently demonstrable mechanism for AF has been pulmonary vein 

ectopy. It stands that one would expect activation maps to change following PVI, should the 

PVs be mechanistically important in persistent AF. Indeed, activation maps following PVI 

displayed increased wavefront coherence, confirming the role for PVI in the treatment of AF.  
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2.1 Introduction 

The first part of this chapter describes the methods used for collection of clinical data. 

Following this, there is a brief description of the methods used to develop custom software 

to map activation during atrial fibrillation. The purpose of this research was to develop a tool 

that removes the requirement for the laborious manual analysis techniques observed in 

historical AF mapping literature. This will allow longer durations of AF over larger surface 

areas to be mapped, with the aim of gaining mechanistic insight. 

2.2 Patient studies 

2.2.1 Patient selection 

Patients with a history of symptomatic atrial fibrillation that were undergoing clinically 

indicated procedures were recruited (in accordance with published guidance from the 

AHA/ACC/HRS/ESC). The study was approved by the Local Research Ethics Committee, and 

written informed consent obtained from all patients. 

2.2.2 System setup and electrogram recording 

Procedures were performed in a catheter laboratory routinely used for clinical 

electrophysiology procedures. All procedures were conducted in the post-absorptive state 

under general anaesthesia, with appropriate patient monitoring. Following general 

anaesthesia, all patients underwent trans-oesophageal echocardiography (TOE) to exclude 

left atrial appendage thrombus. TOE was also used to assist with transseptal puncture. A 

deflectable decapolar catheter (Inquiry™, St Jude Medical, St Paul, MN, USA) was positioned 

in the coronary sinus as a spatial reference, for recording of electrograms, and pacing if 

required.  

A single transseptal puncture was made using a Brokenbrough needle via an SL0 sheath 

under fluoroscopic guidance. Unfractionated heparin was administered after transseptal 

puncture, and an activated clotting time of around 300 was maintained throughout the 

procedure. 

Data was collected using the Ensite Velocity cardiac mapping system (Abbott, Chicago, 

Illinois, USA. Formerly St Jude Medical, St Paul, MN, USA) between 3/3/2016 and 12/10/2016 

date. An updated version of this mapping system was released following this date, and all 

subsequent data was collected using Ensite Precision. For the purposes of this thesis, 
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reference will only be made to Ensite Precision, which will include data collected from both 

software versions. 

Following transseptal access, left atrial and pulmonary venous geometry were collected 

using a roving 20-pole spiral double loop catheter (Inquiry™, AFocusII™, Abbott/St Jude 

Medical; 4mm inter-electrode spacing, 20mm fixed loop diameter) via the SL0 sheath. 

Ablation was undertaken at the operator’s discretion, and in accordance with the clinical 

requirements for each patient, using the TactiCath™ catheter (Quartz, Abbott/St Jude 

Medical) via a deflectable long sheath (Agilis™ NXT Steerable Introducer, Abbott/St Jude 

Medical). 

2.2.3 Acquisition of bipolar electrograms 

The AFocusII catheter was chosen because of its double loop configuration. Other spiral 

shaped catheters (e.g. Lasso Catheter, Biosense Webster, California, USA) lack electrodes 

central to the mapping field, as they are primarily designed to be used for mapping pulmonary 

vein signals. The AFocusII has superior coverage of the mapping area central to the catheter, 

due to its central electrode. The shaft of the catheter is also in a centralised position, which 

allows the catheter to be placed on the endocardial surface ‘en face’ with relative ease (Figure 

2-1). 
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Figure 2-1. Graphical user interface for Ensite Precision. A shadow of the spiral shaped AFocusII 
catheter is shown in the middle of the posterior wall of the left atrial geometry. The decapolar catheter 
is positioned in the coronary sinus. Bipolar electrograms are displayed below from the AFocusII 
(green), decapolar catheter (blue) and TactiCath ablation catheter (white), with three surface ECG 
leads directly above (white).  

The AFocusII multipolar catheter was used to acquire intracardiac bipolar electrogram 

data in all cases. Ensite Precision allows bipolar data to be recorded from multipolar catheters 

in two bipolar configurations:  

1. Paired bipoles, using electrodes 1-2, 3-4, 5-6, and so on 

2. All bipoles, using electrodes 1-2, 2-3, 3-4, and so on. 

 

The ‘all bipoles’ setting was used to allow 19 simultaneous bipoles to be recorded in 

each location, thereby maximising data points and resolution. 

Electrograms were recorded from the AFocusII by holding the catheter in a stable left 

atrial position for 30 seconds in each location to create each ‘data segment’ for analysis. The 

recording position of each data segment was documented by projecting a catheter shadow 
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on to the left atrial geometry surface. Following this, the catheter was moved to a different 

location and the process repeated. 

2.3 Accessing data 

2.3.1 Exporting data from Ensite Precision 

Following completion of each clinical procedure, data was exported for offline analysis with 

custom software. Data segments consist of electrode location and bipolar electrogram data 

for each recording position. The relative positions of electrodes from a multipolar catheter 

are represented as a matrix of x, y, and z coordinates in Ensite Precision. These coordinates 

are spatiotemporally relative to one another and have a sampling frequency of 1034.5Hz. 

Bipolar intracardiac electrograms were band-pass filtered at 30-500Hz during clinical 

procedures. A ‘raw’, unfiltered data file of bipolar electrograms is exported from Ensite 

Precision for offline analysis using custom software. 

2.4 Endocardial electroanatomical mapping during atrial fibrillation 

2.4.1 Bipolar Voltage Maps 

Based on previous studies111, mean peak-to-peak voltage maps become stable with an 8 

second sampling time. The constant variability in electrogram amplitude means that shorter 

durations are not an accurate representation of mean voltage. A dedicated platform with a 

research version of Ensite Precision (version 5.2R) was used to created mean peak-to-peak 

bipolar voltage maps from an 8 second sampling window in each recording location (Figure 

2-2). This function is not available on the clinical version of the mapping system. The first 8 

seconds of each data segment was used to produce the voltage map for each location 

mapped. 

The following settings were applied to the atrial bipolar electrograms acquired using 

the AFocusII catheter for mean peak-to-peak voltage: EGM width <10ms, to avoid detecting 

far-field electrograms; EGM refractory period 50ms; peak-to-peak sensitivity 0.08mV, to 

avoid sensing noise; interpolation set to 10mm and interior projection 5mm, as surrogate 

markers to exclude insufficient electrode contact. 
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Figure 2-2. Electrograms are acquired to create an 8-second mean peak-to-peak bipolar voltage map. 
The AFocusII position is shadowed on the mid posterior wall of the left atrial geometry during 
acquisition of electrograms for each data segment. Eight seconds of electrogram data are displayed 
below (green). Electrograms are annotated with yellow markers in accordance with the pre-set criteria 
previously described. The mean voltage is visually displayed by assignment of a colour spectrum. 

2.4.2 Complex Fractionated Atrial Electrogram Maps 

A standard algorithm available on the clinical version of Ensite Precision was used to create 

CFAE maps. The mean interval between the multiple deflections over an 8 second period of 

time (CFAEmean) was calculated for each mapped location, and a colour map of the 

CFAEmean projected on to the LA geometry (Figure 2-3). Areas of CFAE were defined based 

on previous research as sites with a CFAEmean of 80-120ms.84 The following settings were 

applied to the CFAEmean tool: CL 80-120ms, defining the typical CFAE range; EGM width 

<10ms; EGM refractory period 50ms; peak-to-peak sensitivity 0.08mV; interpolation set to 

10mm and interior projection 5mm. 
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Figure 2-3. Electrograms are acquired to create an 8-second CFAEmean map. The AFocusII position is 
shadowed on the mid posterior wall of the left atrial geometry during acquisition of electrograms for 
each data segment. Eight seconds of electrogram data are displayed below (green). Electrograms are 
annotated with yellow markers in accordance with the pre-set criteria previously described. The 
CFAEmean is visually displayed by assignment of a colour spectrum. 

2.4.3 Isochronal Maps 

This technique is typically reserved for mapping activation across a cardiac surface during 

rhythms with a regular cycle length. The constant variation in cycle length and electrogram 

amplitude during AF precludes its use in the conventional sense. Although it is not practically 

convenient, it is possible to create an isochronal map using Ensite Precision during AF. This 

was done to validate the activation sequence observed with RETRO-Mapping against a 

recognised and established technique. 

In each validation example, a wavefront was identified using RETRO-Mapping. The same 

wavefront was identified in Ensite Precision. A window of interest was manually set to include 

only the electrograms from that single wavefront. LAT was assigned to each electrogram using 

a validated algorithm (first deflection) incorporated on the Ensite Precision mapping system 

(Figure 2-4). 
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Figure 2-4. Isochronal map of a uniform wavefront during AF. Electrograms are acquired during AF, 
and the AFocusII catheter position shadowed on the left atrial geometry. A window of interest has 
been set around a single wavefront (electrograms to the right). LAT is marked on the bipolar 
electrograms in yellow in accordance with the pre-set criteria previously described. The activation 
sequence is visually displayed by assignment of a colour spectrum. White is assigned to the earliest 
activation, moving through the colour spectrum to purple which is the latest activation time. 

2.5 Development of a new signal processing algorithm to map human atrial 

fibrillation: Representation of Electrical Tracking or Origin Mapping (RETRO-

Mapping) 

The RETRO-Mapping algorithm underwent systematic stages of validation. This is described 

in detail in the relevant chapter (see Chapter 3). 

2.5.1 Tracking Wavefronts 

A custom platform (RETRO-Mapping) was developed to post-process large amounts of data 

that have been acquired during atrial fibrillation. Data was acquired using a commercially 

available electroanatomical mapping system – Ensite Precision – from multiple locations of 

the left atrium with the AFocusII multipolar catheter. 

Software for RETRO-Mapping has been designed with the specific intention to identify 

uniform wavefronts that occur during atrial fibrillation (see Chapter 3 for detailed 
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explanation). Data from each recording location is exported from Ensite Precision for analysis 

in RETRO-Mapping. The frequency of mean activation is identified in each direction and 

displayed on an orbital plot. 

A graphical user interface (GUI) has been developed to show a 2-dimentional 

representation of the AFocusII catheter. Electrodes that are not activated are displayed on a 

green background, while the activating wavefront is represented by a colour change to purple 

(Figure 2-5). The change in colour is to aid in visualisation of electrical activation only, and 

does not provide information on repolarisation characteristics. The user is able to corroborate 

the activation patterns observed in the GUI with the intracardiac electrograms displayed 

alongside. Activation can be played back at different speeds, defined by the user. This type of 

map is referred to as a RETRO-Propagation Map (RETRO-PM). 

 

 
 

Figure 2-5. GUI of RETRO-Mapping. (Right) Bipolar electrograms collected using the AFocusII in Ensite 
Precision are displayed in the GUI. A timing line (blue) enables the relative timing of electrograms to 
be easily appreciated. (Top left) The AFocusII catheter is displayed as a red spiral. Non-activated 
electrodes are displayed on a green background, and activated electrodes are assigned purple (RETRO-
Propagation Map). (Lower left) A white dot moves from the centre of the plot in the direction of mean 
wavefront activation in the wavefront vector plot. 

2.5.2 Automation of Wavefront Tracking 

Custom software was written to enable automated tracking of wavefronts. The space 

underlying the AFocusII catheter is triangulated to produce a fine 2-dimensional grid. As 
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activating wavefronts pass across the catheter, the activation direction of the triangulated 

segments can be used to identify the mean activation direction of that wavefront. A display 

window shows a plot with a dot moving in the direction of mean activation (Figure 2-5). The 

distance the dot moves from the centre of the plot is related to the uniformity of the 

wavefront – the further the dot moves from the centre of the plot, the more uniform the 

wavefront. This is referred to as the wavefront RETRO-Automated Direction (RETRO-AD), 

where the average wavefront direction in the catheter locality can be assigned, and 

magnitude (distance the dot moves) represents the uniformity.  

A constant record of wavefront vectors is retained by the custom software. This data is 

displayed on an orbital plot to allow a summary of all activation from a mapped location to 

be appreciated. The orbital plots produced from RETRO-AD were validated against orbital 

plots produced from manually assigned activation directions.  

2.5.3 Choropleth Maps 

Following offline analysis using RETRO-Mapping, a choropleth map was produced for each 

patient. A choropleth map is typically a map used to display geographical data using 

differences in colour, shading or symbols to indicate values of a specific measure, enabling all 

regions to be compared and viewed simultaneously on a single map.  

Each analysed data segment is displayed on an orbital plot. By re-projecting the orbital 

plots for all mapping location on to the Ensite Precision LA geometry, activation patterns of 

neighbouring locations can be appreciated (Figure 2-6). 

Data that has been analysed using RETRO-Mapping, and displayed as a choropleth map, 

is referred to as a RETRO-Choropleth Map. 
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Figure 2-6. Assignment of direction of uniform wavefronts. (Left to right) Exported bipolar 
electrograms from an AFocusII catheter are displayed distal (top) to proximal (bottom). Graphical 
representation of the AFocusII catheter (red spiral) with 2 consecutive uniform wavefronts. Colour 
coding is applied to the catheter as the activating wavefront (grey) propagates. The earliest (yellow 
star) and latest activating (green star) electrodes have been marked and a yellow arrow manually 
applied to assign the direction of activation on the RETRO-PM (RETRO-Propagation Map). An 
automated plot identifies the mean wavefront direction in the RETRO-Automated Direction (RETRO-
AD) of the same uniform wavefronts. The black dot (colour inverted to aid visualisation) moves from 
the centre to the magnitude of uniformity. A continuous record of all areas the dot has moved is used 
to create a summative image on an orbital plot. Each orbital plot is projected on to the left atrial 
geometry to build a RETRO-Choropleth Map. 

2.6 Conclusion 

The methods involved in this research have been outlined in this chapter. Further and more 

detailed explanations of these methods are provided in the following relevant chapters. 
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3.1 Introduction 

The following work has been published.112 This has been reorganised to include the 

appendices within the text, and additional data and discussion. 

 

Activation during AF is difficult to map due the varying cycle lengths and electrogram 

morphology. However, mapping studies in canine atria, and later in humans27, 34, 113-115, have 

advanced our understanding of the electrical activation patterns that occur. Many of the 

studies that have attempted LAT mapping of AF have done so using laborious manual 

annotation, or relied upon extremely high density electrode arrays that cannot be used during 

ablation procedures.27, 34, 114, 115 This has led researchers to seek alternative, surrogate 

markers of activation. These have included CFAE mapping84,7, dominant frequency analysis116, 

and phase analysis.117,8 

Ripple Map is a commercially available mapping tool that was developed to overcome 

the limitations of isochronal mapping during atrial tachycardia. Other groups have applied 

this mapping technique to map activation during AF.118, 119 However, the rapidly varying 

activation sequences during AF make it difficult to identify wavefronts and activation patterns 

using this approach. Using custom software, a number of permutations were tested to 

overcome the challenges of being able to produce a method to track activation without a 

fiducial signal, and visual interpretation once it was possible to map activation (see Section 

3.3.3). During these studies it was apparent that the electrograms from multipolar catheters 

can be cross-referenced against each other. Using this principle, RETRO-Mapping is a new 

mapping technique that has been developed and tested to automatically determine 

wavefronts on a multipolar catheter.  

The initial development stages were conducted during sinus rhythm and atrial 

tachycardia, which have reliable uniform wavefronts. The algorithm was subsequently 

applied to track uniform wavefronts during persistent AF. A number of validation steps were 

carried out, including manual analysis of wavefronts and their bipolar electrograms, 

construction of isochronal maps, and qualitative assessment. 
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3.2 Methods 

3.2.1 Patient Selection and Procedural Technique 

Patients with a history of symptomatic AF that were undergoing clinically indicated 

procedures were recruited. The study was approved by the Local Research Ethics Committee 

for Imperial College Healthcare NHS Trust, and written informed consent obtained from all 

patients.  

Clinical demographics, and parameters including duration of persistent AF, left atrial 

size, and anti-arrhythmic medication were recorded (Table 3-1). AF was induced in patients 

that presented in sinus rhythm on the day of their procedure, but whom data collection 

during AF was required (for induction protocol, See 3.3.2). Mapping was undertaken during 

sinus rhythm, atrial tachycardia, and atrial fibrillation for algorithm validation purposes. 

All procedures were performed in the post-absorptive state under general anaesthesia. 

Trans-oesophageal echocardiography was performed in all patients to exclude left atrial 

appendage (LAA) thrombus, and to assist with transseptal puncture. A deflectable decapolar 

catheter (Inquiry™, St Jude Medical, St Paul, MN, USA) was positioned in the coronary sinus 

as a spatial reference, for recording electrograms, and pacing if required. A single transseptal 

puncture was done using a Brokenbrough needle via an SL-0 sheath. Unfractionated heparin 

was administered after transseptal puncture. An activated clotting time of around 300 

seconds was maintained throughout the procedure. 

The Ensite Precision cardiac mapping system was used to collect left atrial and 

pulmonary venous geometry, using the AFocusII catheter via an SL-0 sheath. Following 

research data collection using the AFocusII, catheter ablation was undertaken according to 

the clinical requirements for each patient. 

3.2.2 Data Collection and Export 

The AFocusII was held in multiple stable recording positions on the left atrial posterior wall 

for 30 seconds in each location to produce each data segment. The posterior wall was 

targeted due to the relative ease of obtaining good contact on all electrodes of the catheter. 

Data was collected during sinus rhythm, AT, and during AF. AF was induced with burst 

pacing form the mid coronary sinus, starting with a cycle length of 300ms and reducing by 

20ms until AF induction. A waiting time of 2 minutes was observed to ensure self-

perpetuation and stabilisation of AF. 
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Following data collection and procedural completion, data were exported for offline 

processing. 

3.2.3 Algorithm Development 

Data collected was used to develop a custom Matlab algorithm capable of tracking uniform 

wavefront propagation (Matlab R2015b, MathWorks, Inc., Natick, MA, USA). Exported bipolar 

electrograms were bandpass filtered 10-250Hz to remove noise and baseline artefact. A 

number of algorithms and techniques were developed and tested to track and display 

activation during AF. Numerous challenges were encountered during this phase, and are 

presented in chronological order. 

Ripple Mapping Atrial Fibrillation 

Ripple Mapping was developed for mapping regular cycle length tachycardias.118 Ripple 

Mapping does not rely on a fiducial signal, and does not require annotation of local activation 

time. A dynamic bar is used to represent the voltage-time relationship of the bipolar 

electrogram. Ripple Mapping was applied to bipolar data collected during AF from a single 

location in which the catheter had been held in a stable position, and played back at different 

speeds to identify wavefronts. 

Dynamic Mesh 

Wavefront propagation was initially displayed by showing the bipolar voltage-time 

relationship as a dynamic bar on the geometry surface. A blue mesh was superimposed over 

the dynamic bars form the catheter to create a 3-dimensional dynamic landscape as activation 

passed across the catheter (Figure 3-1, and Movie 3-1).  

 

 
 

Figure 3-1. Three consecutive time-segments (moving from A-C) of a uniform wavefront passing across 
an AFocusII catheter during AF. The blue mesh moves in time with local activation. This is more clearly 
seen in Movie 3-1. 
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The 30 second recording of the dynamic mesh from a location was viewed so that the 

direction of uniform wavefronts could be observed. The most dominant direction of uniform 

wavefront activation was manually determined, and a second map generated by placing a 

patch of continuously moving dots on to the 3-dimensional left atrial geometry in the location 

in which the data had been collected. The direction of dot movement was manually 

determined by the operator (Figure 3-2). Multiple different patch locations were 

superimposed on to the left atrial geometry. 

 

 
 

Figure 3-2. Multiple dots are displayed on the LA geometry form different mapping locations. The dots 
constantly move in the mean direction of activation at a fixed speed. 

Cross-correlation of Electrograms 

In uniform activation of homogeneous tissue, electrograms from adjacent poles will have 

similar morphology but a small difference in timing. Adjacent electrograms are compared by 

the algorithm. This is done by applying a time-shift to these electrograms and quantifying the 

degree of similarity, to find the time delay that produces the best match (Figure 3-3). Using 

this windowed cross-correlation method, the relative timings were used to create and display 

the wavefront propagation. 
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Figure 3-3. Time-shifting electrograms. Bipolar electrograms from a uniform wavefront during AF are 
displayed as they pass across the AFocusII catheter. A timing line (broken red line) shows the relative 
timings of electrograms. (Magnified electrograms) By shifting the lower electrogram back 4 
milliseconds, there is a clear match in similarity of electrogram morphology to its neighbouring 
electrogram. This relative timing can be used to construct a display showing a propagating wavefront. 

Each data segment corresponds to voltage and position information from the 20 poles 

of the AFocusII catheter. We used bipolar voltage between successive poles (egm1=V2-V1, 

egm2=V3-V2, egm3=V4-V3, etc.) in order to reduce far-field signal from ventricular activation. 

The location of each midpoint between neighboring electrodes (p1, p2, p3 etc.) corresponds 

to the position of each bipolar electrogram, as illustrated in Figure 3-4. For the purposes of 

analysis, the positions of the electrodes are interpolated onto the best-fit plane. Using a 

standard Delaunay triangulation algorithm, they are then triangulated and where two 

positions are connected by an edge, the corresponding electrograms are compared. 
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Figure 3-4. The position of the midpoint between consecutive electrodes is shown after interpolation 
onto the best-fit plane. The midpoint between electrode 1 and electrode 2 on the catheter is p1, 
corresponding to the position of the bipolar electrogram measured between these electrodes. These 
positions are triangulated (grey lines). The triangulation forms the basis for comparing spatially 
neighboring electrograms. For example, the electrogram at p1 will be compared with the electrograms 
corresponding to p2, p13, and p12. Asterisks are drawn at the midpoint of each edge that is used for 
comparison. 

The comparison algorithm is a windowed cross-correlation. The 'windowing' involves 

weighting of the data so that the algorithm only compares data near to the time of interest 

(Figure 3-3). Cross-correlation is a signal processing method that provides a measure of 

similarity between two data series. The equation used is: 
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where 
� �,,R ti j '

 is the magnitude of the cross-correlation, i and j are the electrogram 

numbers, t is time (expressed as sample number), '  is the offset (expressed as a number of 

samples) between the two electrograms, iegm  and jegm , � �W k is a Kaiser window with Kaiser 

parameter 3 and a total width of 2 1n� . 
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Next the local maxima in 
� �,,R ti j '

 are determined and accepted if they exceed a 

threshold. At each local maximum, � �
1 2

max
, max max,egm egmR t ' , the relative timing of 𝑒𝑔𝑚1 and 𝑒𝑔𝑚2 is 

given by ∆𝑚𝑎𝑥:  

 

 𝑇𝑒𝑔𝑚2 − 𝑇𝑒𝑔𝑚1 =  ∆𝑚𝑎𝑥  Eq [2] 

 

Approximate timing of activation can be determined as follows: 

 

 𝑇𝑒𝑔𝑚1 =  𝑡𝑚𝑎𝑥 − ∆𝑚𝑎𝑥
2

  Eq [3] 

 𝑇𝑒𝑔𝑚2 =  𝑡𝑚𝑎𝑥 + ∆𝑚𝑎𝑥
2

  Eq [4] 

 

In order to avoid 'double counting' we assume that the tissue cannot depolarize more 

than once in a 50ms period (this might be refined in the future with more complex models 

that include action potential restitution information). The activation wavefront is interpolated 

onto a uniformly spaced grid with spatial smoothing and then displayed on the Propagation 

Map – RETRO-PM. 

A window was developed to display the propagation of activating wavefronts across a 

representation of the multipolar catheter. A grey colour is assigned to the activating 

wavefront. When the electrodes are non-activated, the background is black. The return of the 

grey activating wavefront to black is to aid wavefront visualisation only, and does not give 

information on repolarisation data. Over the developmental course of this display, different 

colours were applied. This propagation map is referred to as the RETRO-PM. Exported bipolar 

electrograms are simultaneously displayed so that the user can ensure that the RETRO-PM is 

an accurate representation of the corresponding electrograms. The RETRO-PM can also be 

played back at different speeds determined by the user (Figure 3-5, A-B). 
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Figure 3-5. (A) Bipolar electrograms of 4 uniform wavefronts during AF have been collected with the 
AFocusII catheter. (B) RETRO-PM for each of the 4 uniform wavefronts are displayed. The grey 
activating wavefront passes across the 2-dimensional representation of the spiral shaped AFocusII 
catheter (red spiral). The earliest (yellow star) and latest (green star) activated electrode have been 
marked. A yellow arrow has been placed on the RETRO-PM to show the direction of activation. (C) The 
manually assigned activation direction of each wavefront is displayed on an orbital plot (left). The 
same wavefronts have been analysed using the automated RETRO-AD (right). The dot moves in the 
direction of mean activation. 

3.2.4 Automation of Wavefront Tracking 

As a wavefront propagates across the triangulated 2-dimensional grid, the mean activation 

direction perpendicular to that wavefront can be calculated. A display window was created 

to show a dot moving from the centre of a plot (RETRO-AD), based on the direction of mean 

activation obtained from the RETRO-PM. The distance the dot moves from the centre of the 

plot relates to the uniformity of that wavefront – the more uniform the wavefront, the further 
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the dot moves from the centre (Figure 3-5, C). A constant record of the wavefront directions 

that have been tracked is retained by the custom software. This automated assignment of 

activation direction using the RETRO-AD is used to summate the data from a mapping location 

on a single orbital plot. 

3.2.5 Isochronal Map Construction 

Isochronal maps were constructed using a validated algorithm available on the clinical version 

of Ensite Precision. A window of interest was set manually so that it includes only the bipolar 

electrograms of a single wavefront, while other wavefronts are excluded. LAT was assigned 

to electrograms using the first deflection algorithm. Isochronal maps were created for each 

wavefront using two different methods (See Results, Figure 3-8): 

1. Automated isochronal – No adjustment of LAT assignment allowed 

2. Manual isochronal – Adjustment of LAT allowed according to the operator’s discretion 

The number of electrograms requiring manual adjustment of LAT was documented. LAT 

annotation was only documented as being manually adjusted if it resulted in a change in the 

overall activation sequence order, or if an entirely different electrogram component was 

annotated (i.e. the upward instead of downward deflection of an electrogram). Minor manual 

adjustments of electrogram annotation points that did not fulfil these criteria were not 

counted as being manually adjusted. Isochronal maps were all produced by an independent 

operator that was blinded to the RETRO-PM. 

3.2.6 Validation of RETRO-Mapping 

The RETRO-Mapping algorithm was validated in 4 stages: 

1. Manual analysis was done by playing through each data segment to identify uniform 

wavefronts on the RETRO-PM. Activation direction was assigned by manually 

identifying the earliest and latest electrodes to be activated from the RETRO-PM. 

Where more than one neighbouring electrode was activated earliest or latest 

simultaneously, the midpoint between the most lateral boundaries was identified as 

the point of activation. The activation direction was simultaneously measured for the 

same wavefront in the RETRO-AD plot for direct comparison (Figure 3-6). 

2. Isochronal maps were constructed using Ensite Precision for each of the wavefronts 

analysed in validation stage 1 by assigning a window of interest manually to include 

only the electrograms from that single wavefront. The isochronal maps were created 
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using the built-in first deflection algorithm (automated isochronal). The same 

wavefront was also used to create a second isochronal map in Ensite Precision in 

which the operator could manually adjust any of the automated annotation points at 

their discretion (manual isochronal). Not all automated isochronal maps required 

manual adjustment. These isochronal maps were validated against the RETRO-PM and 

RETRO-AD maps. For planar activation wavefronts, the direction was taken using the 

vector from the earliest to the latest electrogram. The two types of isochronal map 

were produced to identify whether an automated algorithm and manual adjustment 

of signal annotation are of similar accuracy - there being no true gold standard 

approach. 

3. A variety of previously described wavefront activation patterns have been described. 

Isochronal maps, constructed in Ensite Precision by the two different methods 

previously described (manual and automated isochronal), were used to validate these 

different activation patterns observed during persistent AF using RETRO-Mapping. 

Three of each activation pattern were identified from the RETRO-PM, and isochronal 

maps constructed for each wavefront. Maps were interpreted by a single operator 

that was blinded to the RETRO-PM for each wavefront (See Results, Figure 3-8). 

4. A qualitative assessment of non-uniform wavefront activations was made. Where the 

wavefront did not have a linear propagation, electrograms were inspected and 

wavefront patterns were inspected for sequences that have previously been described 

in the AF Mapping literature.27, 34, 114 
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Figure 3-6. Assignment of activation direction. The AFocusII catheter has been held in a stable position 
on the posterior left atrium near the left lower pulmonary vein. A window of interest has been set to 
include only the atrial electrograms from a single sinus beat. A yellow marker on each electrogram 
identifies the point at which the activation time has been annotated. The same exported bipolar 
electrograms, as viewed in the custom software are displayed alongside those seen in Ensite Precision. 
An isochronal map shows uniform activation moving from the earliest (white) to latest (purple) area 
of activation for the displayed atrial activation pattern. Four consecutive images (moving from A-D) 
along the bottom show the RETRO-Propagation Map of the same beat using the custom algorithm. 
The AFocusII catheter is displayed in red. The activating wavefront (purple) can be seen to propagate 
across the catheter. The non-activated regions are displayed in green. The RETRO-Automated 
Direction is shown at the bottom right. The white dot moves from the centre of the plot towards the 
periphery in the mean direction of activation. A yellow arrow has been placed on the isochronal map, 
RETRO-PM, and RETRO-AD to show the direction of activation. 

3.2.7 Statistical Analysis 

Results were expressed as mean ±SD (degrees). Bland-Altman analysis was used to visualise 

the reproducibility of measurements between RETRO-PM and RETRO-AD, and this was 

quantified by the limits of agreement. 

3.3 Results 

Data was collected from 33 different recording location in 16 patients (10 during AF, 3 in sinus 

rhythm, and 3 in atrial tachycardia). Patient demographics and characteristics are displayed 

in Table 3-1. 
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Table 3-1. Details of the cases recruited for algorithm development and validation. Sinus rhythm data 
was collected from case 1-3, and atrial tachycardia data from case 4-6. *AF was induced on the day of 
the procedure. 

3.3.1 Assessment of Algorithms applied to Atrial Fibrillation 

During atrial fibrillation, periods of intermitted organised activation were interspersed with 

disorganised activation. A number of challenges were encountered when applying different 

algorithms and visual interfaces to track uniform activation during AF. 

Ripple Mapping 

Offline analysis of bipolar electrograms using the Ripple Map algorithm was challenging to 

interpret, despite playing back recorded data at different speeds. The significant variability in 

amplitude of bipolar electrograms during AF resulted in constant low level movement of bars. 

This was distracting and hampered visualisation of uniform wavefronts. There is no 

interpolation of electrograms with Ripple Map, resulting in insufficient numbers of bars 

moving up and down to allow clear identification of wavefronts. 

Case Age Gender LA size 
(mm) 

Medications Persistent 
AF Duration 

(months) 

Previous 
ablation 

Previous 
Cardioversion 

1 57 M 44 Bisoprolol N/A 
Paroxysmal 

No No 

2 50 M 44 Flecainide N/A 
Paroxysmal 

No No 

3 59 M 38 Bisoprolol N/A 
Paroxysmal 

No No 

4 63 M 48 Bisoprolol N/A Atrial 
Tachycardia 

PVI No 

5 44 M 49 Bisoprolol N/A Atrial 
Tachycardia 

PVI, roof, 
mitral 

Yes 

6 69 M 46 Bisoprolol N/A Atrial 
Tachycardia 

PVI, roof, 
mitral 

Yes 

7* 56 M 45 Amiodarone 36 No Yes 
8 35 M 32 Bisoprolol, 

Flecainide 
6 PVI, redo PVI Yes 

9* 53 M 47 Bisoprolol 24 Cryo PVI, 
redo PVI + 

CTI 

Yes 

10 67 M 41 Flecainide 48 CTI Yes 
11 64 M 40 Bisoprolol 5 No Yes 
12 58 F 43 Bisoprolol 8 No Yes 

13* 72 M 51 Amiodarone 18 No Yes 
14 59 M 39 Bisoprolol 7 No Yes 
15 61 M 43 Bisoprolol, 

Amiodarone 
34 No Yes 

16 69 M 45 Bisoprolol 6 No Yes 
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Dynamic Mesh 

In order to try and overcome the problem of insufficient numbers of bars moving, and visually 

filter out the low level movement of bars, a blue mesh was superimposed over the dynamic 

ripple bars. This created a 3-dimensional dynamic landscape as activation passed across the 

catheter (Figure 3-1, and Movie 3-1). This improved clarity of wavefront propagation, 

although visual interpretation remained challenging. In part, this was attributed to the 3-

dimensional projection of chaotic activation being overwhelming, although it was now 

possible to identify intermittent uniform wavefronts.  

The movements of the dynamic mesh could be viewed for a single location over the 

period of data collection. Uniform wavefronts could be identified intermittently. For some 

mapped locations, a single uniform wavefront direction was identified and occurred 

intermittently throughout the mapping period. In many instances the uniform wavefronts 

occurred in multiple different directions. The observation of these uniform wavefront 

directions was used to create the 2-dimensional map of continuously moving dots. The 

direction that the dots move was determined by the operator. In situations where a single 

uniform wavefront direction was observed, programming the direction of moving dots and 

superimposing them on to the 3-dimensional geometry enabled the predominant direction 

of uniform activation to be observed. Where multiple different uniform wavefront directions 

occurred, this type of mapping failed. It was not possible to display dots continuously moving 

in multiple different directions for the same location. Additionally, identification of uniform 

wavefronts using this method required the playback speed to be slowed down. This resulted 

in time consuming manual analysis which was highly subjective. 

Cross-correlation of Electrograms 

Intermittent wavefronts with uniform activation, interspersed with disorganised activation 

were clearly observed during AF using windowed cross-correlation of electrograms to create 

a propagation map (RETRO-PM). Triangulation assisted with the point density, allowing less 

interpolation when constructing the propagation map.  

By assigning a colour change to displaying wavefront propagation, it helped to draw 

attention to the areas of electrical activity. For additional clarity, the bipolar electrograms 

could be visualised alongside. From initial observational analysis, the there was good 
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correlation between the propagation map and sequence of bipolar electrograms. More 

detailed analysis of this technique was undertaken and is presented below.  

3.3.2 RETRO-Mapping Algorithm Validation in Sinus Rhythm and Atrial Tachycardia 

Having identified windowed cross-correlation as a suitable technique to track activation 

during AF, a series of validation steps were undertaken. A comparison of the automated 

isochronal and manually adjusted isochronal maps was undertaken. The number of 

electrograms requiring manual adjustment of LAT was documented. LAT annotation was only 

documented as being manually adjusted if it resulted in a change in the activation sequence 

order, or if a different part of the electrogram component was annotated (e.g. the down-

stroke instead of the upstroke). Minor manual adjustments of signal annotation points that 

did not fulfil these criteria were not counted as being manually adjusted. The number of 

electrograms requiring manual adjustment of LAT was documented. 

Data from sinus rhythm (Patient 1-3) and atrial tachycardia (Patient 4-6) were used for 

the validation of RETRO-Mapping during regular activation. Five sequential beats at the start 

of the recorded data segments underwent detailed analysis alongside isochronal maps 

produced using conventional techniques in Ensite Precision. 

Automated isochronal electrogram annotation was adjusted for 26/285 sinus 

electrograms, and 22/285 atrial tachycardia electrograms when constructing the manually 

adjusted isochronal maps. For some electrograms, the automated algorithm assigned an 

'unconfirmed local activation time', displayed in Ensite Precision as a dashed purple 

annotated line. The number of electrograms with unconfirmed annotation points was 5/285 

sinus beat electrograms, and 9/285 AT beat electrograms. Of these unconfirmed annotation 

points, they were manually adjusted in 4/5 sinus electrograms, and 3/9 AT electrograms, 

while the remainder were confirmed without manual adjustment.  

Although there is no true ‘gold standard’ for activation mapping, wavefront direction 

assigned from manual isochronal maps was defined as the ‘gold standard’ for the purposes of 

this validation step. For sinus rhythm wavefronts, the difference (mean ± SD, degrees) 

compared to manual isochronal map activation direction was: 1.6 ± 7.3 for automated 

isochronal maps; -0.4 ± 5.7 for RETRO-PM; and 3.9 ± 3.2 for RETRO-AD. For AT wavefronts the 

difference compared to manual isochronal map activation direction was; -3.5 ± 10.5 degrees 
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for automated isochronal maps, -0.8 ± 5.7 degrees for RETRO-PM, and -0.3 ± 4.6 degrees 

RETRO-AD. 

3.3.3 Algorithm Validation during Atrial Fibrillation 

The longest mapping duration in a single location was 90 seconds. By viewing the RETRO-PM 

and making static images, it is possible to reproduce maps similar to those derived from 

conventional isochronal maps, but without the need for setting a time window (Figure 3-7). 

A video clip of the typical activation patterns observes during persistent AF can be seen in 

Movie clip 3-2. 
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Figure 3-7. Continuous mapping of 2 seconds from a 90 second data segment of AF. Bipolar 
electrograms recorded from the AFocusII catheter held in a stable position in the left atrium are 
displayed above. Each broken grey line transecting the electrograms represents a 50ms interval which 
relates to the activation displayed in each static map in the panel below. The AFocusII catheter is 
displayed in red on a background of non-activated electrodes in green. The activating wavefront is 
shown in purple. White arrows show the activation directions during each mapped time period. 
Broken lines on the static maps indicate regions of collision or block. The white asterisks on the static 
maps identify activation starting from a focus within the catheter mapping region and spreading out 
towards its periphery. 
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Qualitative assessment of the RETRO-PM viewer demonstrated the presence of uniform 

wavefronts in all data segments. These were interspersed with disorganised activity and a 

variety of activation patterns that have previously been described by other groups. All of the 

following were observed: uniform wavefronts; focal activations; rotational waves; turning 

waves; wavefront collisions. Three examples of each pattern were identified from the RETRO-

PM. These same wavefronts were used to generate isochronal maps in Ensite Precision using 

the automated and manually adjusted methods (Figure 3-8). 
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Figure 3-8. Example of the different patterns of activation observed during atrial fibrillation including 
a uniform wavefront, rotational activation, turning wavefront, wavefront collision, and focal activation 
identified during manual analysis of atrial fibrillation. For each activation pattern there are two 
isochronal maps; an automated isochronal constructed using the first deflection setting (top), and a 
manual isochronal with manual adjustment of annotated signals (bottom). Earliest activation is white, 
and latest activation is purple. The window of interest has been set so that it includes only the atrial 
signals for a single wavefront. Along the bottom of each activation pattern are RETRO-PM for the same 
atrial signals that have been analysed using the custom software. Four consecutive static images 
(moving from A-D) along the bottom show the RETRO-PM of the same wavefront using the custom 
algorithm. The AFocusII (red) is displayed. The activating wavefront (purple) can be seen to propagate 
across the catheter, and the non-activated regions displayed in green. 
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Automated isochronal electrogram annotation was adjusted for 64/285 electrograms 

when constructing the manual isochronal maps; 14/57 uniform wavefront electrograms, 9/57 

rotational wavefront electrograms, 16/57 turning wavefront electrograms, 11/57 collision 

wavefront electrograms and 14/57 focal activation electrograms. The number of 

electrograms with unconfirmed annotation points was 39/285 electrograms in total; 12/57 

uniform wavefronts, 6/57 rotational wavefronts, 8/57 turning wavefronts, 7/57 collision 

wavefronts and 6/57 focal activations. Adjustment of the unconfirmed electrogram 

annotation points was done in 4/12 uniform wavefront electrograms, 3/6 rotational 

wavefront electrograms, 5/8 turning wavefront electrograms, 3/7 collision wavefront 

electrograms and 3/6 focal activation electrograms.  

A comparative assessment was made of the activation directions assigned by the 

different measurement techniques. For uniform wavefronts the difference (mean ± SD, 

degrees) compared to manual isochronal map activation direction was: 6.3 ± 8.5 for 

automated isochronal maps; 1 ± 6.9 for RETRO-PM; and 2 ± 6.6 for RETRO-AD. For turning 

wavefronts the difference compared to manual isochronal map activation direction was: 21 ± 

19.5 for automated isochronal maps; -2.3 ± 8.6 for RETRO-PM; and 0.7 ± 8.1 for RETRO-AD. 

Collision wavefronts were analysed by drawing a line between the two earliest points of 

activation and identifying the activation direction from one of the two early activation sites 

for each wavefront. There is no RETRO-AD data due to the colliding wavefronts ‘cancelling 

out’ activation from opposing directions. For collision wavefronts the difference compared to 

manual isochronal map activation direction was: -0.3 ± 3.1 for automated isochronal maps; 

and -4.3 ± 3.8 for RETRO-PM. Rotational wavefronts and focal activation patterns all showed 

the same pattern of activation when qualitatively compared.  

Qualitative comparison of three different techniques to map the same wavefront was 

made. This included the automated isochronal map, manual isochronal map and RETRO-PM. 

This revealed agreement between all 3 maps in 2/3 uniform wavefronts, 3/3 rotational 

wavefronts, 2/3 turning wavefronts, 1/3 collision wavefronts and 2/3 focal activations. When 

comparing the manual isochronal map with the RETRO-PM, there was strong agreement 

between all 3/3 maps in uniform wavefronts, rotational wavefronts, turning wavefronts, 

collision wavefronts and focal activations. All instances of disagreement between all 3 maps 

were the result of the automated isochronal maps. An example of the maps with strongest 

and weakest agreement between the 3 maps is displayed (Figure 3-9 and 3-10). 
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Figure 3-9. Example of the best correlation between maps constructed using automated isochronal, 
manual isochronal and RETRO-PM. The isochronal maps as viewed in Ensite Precision show the 
AFocusII catheter held in a stable position on the posterior left atrium with activation moving in the 
same direction in both the automated (left) and manual (right) isochronal maps. Activation moves 
from earliest (white) to latest (purple) with the same activation pattern. Three electrograms are 
displayed between the two isochronal maps showing the signal annotation points that were adjusted 
between the two maps. A dashed line through each electrogram identifies the signal annotation point 
made in the automated isochronal map (electrogram labelled A), and manual isochronal map 
(electrogram labelled M). Two bipolar electrogram signals form electrodes 2-3 and 5-6 on the AFocusII 
are displayed (top left) that were unconfirmed in the automated isochronal map. These two 
electrogram annotation points were confirmed only and not adjusted. All other electrograms that 
were not adjusted are not displayed. The bottom panel displays the RETRO-PM (moving from A-D) 
using the custom software of the same wavefront analysed in the isochronal maps. The AFocusII (red) 
is displayed. The activating wavefront (purple) can be seen to propagate across the catheter, and the 
non-activated regions displayed in green. A yellow arrow shows the activation direction of the 
wavefront. 
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Figure 3-10. Example of the worst correlation between maps constructed using automated isochronal, 
manual isochronal and RETRO-PM. The isochronal maps as viewed in Ensite Precision shows the 
AFocusII catheter held in a stable position on the posterior left atrium. Activation moves from earliest 
(white) to latest (purple). Although there are similarities between the automated (left) and manual 
(right) isochronal maps, the appearance of the automated isochronal map more closely resembles 
that of uniform activation. The adjustment of just two electrogram annotation points (electrograms 
displayed between the two isochronal maps) to the correct location reveals the focal activation. A 
dashed line through each electrogram identifies the signal annotation point made in the automated 
isochronal map (electrogram labelled A), and manual isochronal map (electrogram labelled M). In this 
example there is an area of focal activation (central catheter) along with a uniform wavefront 
beginning near the distal electrode of the AFocusII catheter. A bipolar electrogram signal form 
electrodes 18-19 on the AFocusII is displayed (top left) that was unconfirmed in the automated 
isochronal map. This electrogram annotation point were confirmed only and not adjusted. All other 
electrograms that were not adjusted are not displayed. The bottom panel displays the RETRO-PM 
(moving from A-D) using the custom software of the same wavefront analysed in the isochronal maps. 
The AFocusII (red) is displayed. The activating wavefront (purple) can be seen to propagate across the 
catheter, and the non-activated regions displayed in green. A yellow arrow shows the activation 
direction of the wavefront. The activation pattern of the RETRO-PM more closely resembles that of 
the manual isochronal map. 

Twenty-seven data segments of 30 seconds from 10 patients were manually analysed 

for uniform wavefronts during AF. All uniform wavefronts were assigned an activation 



  

87 
 

direction from the RETRO-PM and the RETRO-AD for direct comparison. In total, 1373 

wavefront showing directional uniformity were observed. During AF, the RETRO-AD 

underestimated the activation direction (Bland-Altman mean difference: -0.1 degrees; limits 

of agreement: -8.0 to 8.3; 95% CI -0.4 to 0.2; (r = 0.01) R2 = <0.005), although this was not 

statistically significant (P = 0.77) (Figure 3-11). 

 

 
 

Figure 3-11. Bland-Altman plot showing agreement between wavefront directions assigned from the 
RETRO-PM and RETRO-AD during AF. The middle line (red) indicates the mean difference between the 
two measurement techniques (-0.1 degrees). Broken lines above and below indicate upper and lower 
limits of agreement (-8.0 to 8.3 degrees). 

3.3.4 Manual and Automated Orbital Plots 

Orbital plots were produced as a method to display multiple wavefronts from a single location 

on one map. Part of the problem of applying conventional mapping techniques to AF 

mapping, is that each wavefront has to be displayed on a separate map. Initially, the number 

and direction of all uniform wavefronts from a data segment were displayed in an orbital plot 

that was manually created. The validated RETRO-AD algorithm was subsequently applied to 

the same data segments, using the directional data to produce an ‘automated’ orbital plot. 

Fifteen data segments from 4 patients underwent manual and automated orbital plot 

construction for qualitative comparison. When comparing the two orbital plots for each 

location, in all instances there was a strong similarity between the manual and automated 

activation patterns. Activation patterns ranged from having predominantly all of the uniform 

activation in a single direction – almost resembling that of an atrial tachycardia – to having 



  

88 
 

relatively few uniform wavefronts occurring in all directions. This is more clearly displayed in 

Figure 3-12. 

 

 
  

Figure 3-12. Orbital plots constructed from wavefront direction assigned by RETRO-AD (top row – 
Automated Orbital Plot) to produce an automated orbital plot, and manually (below – Manual Orbital 
Plot). A clear similarity can be seen between the orbital plots constructed by the two different 
methods. (A) Frequent uniform wavefronts are predominantly confined to a single direction of 
activation, indicating a highly organised region of the atrium. (B) Uniform activation occurs in two 
predominant directions. (C) Uniform activation becomes more spread out, and tends to occur mainly 
in three different directions. (D) In this orbital plot there are relatively few uniform wavefronts that 
occur. Furthermore, these wavefronts are spread out in all directions with no particular directional 
preference. 

3.4 Discussion 

In this chapter, the development and validation of a new technique to map activation during 

AF without the need for a time window is presented. This technique shows comparable 

accuracy (mean difference <5°) to that of conventional isochronal mapping with careful 

manual adjustment of LAT. 

In the past, observational data from humans has been critical to the mechanistic 

understanding of atrial fibrillation. Electrogram recordings allowed focal activity within the 

pulmonary veins to be observed, which then provided the underpinning for pulmonary vein 

isolation.6 Subsequently, over decades, multipolar catheters have routinely been used during 

ablation procedures. However, validated methods for assessing wavefront propagation 

across the field of these multipolar catheters have not been described. Instead, many 

investigators have attempted to infer mechanisms from analyses of electrograms 'point-by-
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point' (for example using 'fractionation' or dominant frequency analysis). The observation of 

human atrial fibrillatory wavefronts is an important step in developing a better mechanistic 

understanding of atrial fibrillation. RETRO-Mapping provides an accurate, and practical 

solution to this mapping problem. 

A variety of different techniques to track uniform activation were initially tested. Data 

collected during AF was initially tested on these different techniques in order to identify their 

strengths and weaknesses before any time consuming and extensive validation steps had 

been undertaken. It was possible to track activation using the voltage-time relationship of 

bipolar electrograms in Ripple Mapping, however the constant low-level movement of 

dynamic bars was distracting. Additionally, there were not enough moving ripple bars to be 

able to easily identify activation patterns. Overlaying the dynamic mesh to create a dynamic 

landscape was helpful to determine the direction of uniform wavefronts, but required a 

second map of dots moving constantly in the direction of the majority of uniform wavefronts 

to be produced. The direction in which the dots moved was determined by the operator, and 

therefore highly subjective. Furthermore, it was not possible to display multiple uniform 

wavefronts from a single location on one map.  

Windowed cross-correlation enabled a propagation map to be created of the activating 

wavefront. Triangulation of electrodes further assisted by increasing the density of points 

from cross-correlating electrograms with multiple neighbouring electrograms. This technique 

was selected and underwent a series of validation steps, initially starting with sinus rhythm 

and atrial tachycardia, and subsequently AF. 

Sinus rhythm and atrial tachycardia data has been used to confirm that this method is 

able to track uniform activation. Following this, the technique has been applied to data 

collected during AF. This has shown that it is possible to achieve comparable results to those 

of manual isochronal mapping. Qualitative comparison of the automated and manual 

isochronal maps in some instances demonstrate that very little manual adjustment in 

annotation of LAT could result in a dramatic change to a map (Figure 3-9). The electrogram 

annotation algorithms in current mapping systems have not been specifically designed for 

mapping AF, and therefore it is understandable why they might be less accurate than manual 

annotation. Importantly, RETRO-Mapping allows human interpretation of mapped locations 

after they have been analysed. Wavefront propagation can be viewed by playing the data 
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segments back at different speeds while simultaneously displaying electrograms to ensure 

that the user is in agreement with the RETRO-AD results. 

These findings are in agreement with prior mapping studies that have identified uniform 

wavefronts interspersed with disorganised activation114, focal activation30, 120, 121 and 

rotational activation.122 Some patients appear to have more organised AF with a greater 

number of uniform wavefronts concentrated in a single direction.27 By mapping different 

locations within the LA, it was evident that some locations within the same patient express 

different degrees of organisation/disorganisation. This may be the result of the mechanisms 

underlying AF, or possibly a manifestation of the underlying structural anatomy. However, at 

present much of the interpretation of orbital plots is qualitative, and lacks a robust method 

to classify and quantify activation patterns. Despite this, orbital plots provide a method of 

displaying multiple different directions of uniform wavefront summarised on a single plot for 

a single location. 

Previous mapping studies have shown that uniform wavefronts occur in multiple 

different directions in the same location.113 Therefore, constructing a single isochronal map 

of a wavefront is of limited value if we are to better understand activation patterns. Despite 

this, it is possible to produce isochronal maps for individual wavefronts during AF, using 

current 3D electroanatomical mapping systems. A variety of automated settings can be used 

to annotate the LAT of electrograms once a time window has been set to include only the 

electrograms from a single wavefront. These include annotation of the first deflection, and 

maxima or minima of the voltage or its gradient with time.  The first deflection setting 

appeared to be the most reliable setting for signal annotation to identify uniform wavefronts 

during AF, although all methods have their strengths and weaknesses. 

Other groups have characterised the complex activation patterns during AF23, 25, 27, 113-

115, 123 but, due to practical difficulties of the laborious analysis techniques, mapping is 

restricted to short recording durations from limited regions. The resultant activation maps 

are also difficult to interpret, even for those with experience in this type of mapping. More 

conventional, automated techniques such as isochronal activation mapping have been 

available on clinical systems for several years. However, the cycle length variability precludes 

their use for mapping activation during AF. Even in instances of regular cycle length 

tachycardia, the technique can be challenging: relatively few incorrectly annotated 

electrograms can render an isochronal map completely inaccurate.118  
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The limited market release of CARTOFINDER™ has been used to map uniform 

wavefronts during atrial tachycardia and pacing124, and subsequently during AF125 to map 

potential drivers using a 64-pole basket catheter. The algorithm for this technique is 

proprietary, and raises questions as to how electrogram annotation and data processing are 

carried out. Additionally, both electrode contact and an even coverage of data points can be 

challenging when using the basket catheter. 

More recently, AcQMap, a dipole mapping system that exploits electrostatic field theory 

has been developed. Through application of this system with a specially designed basket 

catheter, global continuous maps of AF have been obtained.126 Using AcQMap, results of a 

recent trial have identified non-PV drivers in patients with persistent AF. In addition to PVI, 

ablation of these localised sources was undertaken. However, only 30% (38/125 patients) 

with persistent AF were ablated to sinus rhythm with mapping guided ablation, and the 

additional ablation time of non-PV targets was similar to the ablation time for PVI; 23.8±17.7 

and 30.5±11.8 respectively. Moreover, AF was induced in some of these patients as they 

presented in sinus rhythm. 

During AF, mapping is complicated by constant electrogram amplitude and cycle length 

variation, as well as double potentials and fractionated electrograms. This hampers the 

correct annotation of LAT and prevents setting of a fixed time window.  

3.5 Limitations 

As this is a feasibility study aimed at validation of a new activation mapping algorithm, 

mapping was limited to only a small area of the left atrium in a small number of patients. The 

emphasis has therefore been to develop a tool that can go on to be used in a larger, 

prospective dataset by mapping more extensive regions of the atria to further validate the 

observed activation patterns. Orbital plots are qualitatively analysed for their activation 

direction and degree of organisation. This is subjective and can make comparison of some 

orbital plots challenging. Tools are required that can be applied to these data that enable data 

analysis to be more quantitative. Automated mapping is currently limited to uniform 

wavefronts, with manual identification of other patterns. Developing techniques for 

automated identification of the different activation patterns observed is required. 
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3.6 Conclusion 

In this chapter, a systematic approach has been applied to the development of a technique 

for mapping wavefronts during AF. This has been done by considering the ideal requirements 

of a mapping system capable of mapping AF, which include: (i) correctly identify the relative 

timings between electrodes on a multipolar catheter without the need for manual 

adjustment; (ii) not require setting of a single, fixed time window; (iii) be at least comparable 

to the accuracy of carefully adjusted manual isochronal mapping, and; (iv) display mapping 

data in a manageable way for the user to interpret. RETRO-Mapping has been developed with 

these specific considerations in mind. The uniform wavefronts can be mapped with this 

automated algorithm, however it is not clear if the direction of these organised wavefronts 

are random, or possess reproducible and stable vectors over prolonged periods of time. 
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4.1 Introduction 

AF is widely regarded as a disorganised atrial arrhythmia, with random activation patterns. 

This was originally supported by the multiple wavelet theory17, 53, 127, and additionally from 

studies that have attempted to map LAT during AF.23, 27, 34, 113-115 These laborious manual 

mapping techniques have prevented longer durations of AF being mapped over larger atrial 

areas. The initial validation of RETRO-Mapping in the previous chapter (Chapter 3) was a 

proof-of-concept, aimed at developing an automated tool to map activation during AF and 

overcome the problem of manual analysis. 

Mapping techniques have focused attention on global simultaneous mapping of the 

atrium, both invasively and non-invasively.49, 128 These techniques are hampered by their 

incomplete mapping of the atrium. A roving endocardial multipolar catheter to sequentially 

map the entire atrium could overcome this problem. However, this type of mapping means 

that each location has been mapped at a different time. Consequently, direct comparison 

between the activation patterns of sequentially mapped locations would be considered 

illogical by current literature and mechanistic theory. 

Despite concerns about sequential activation mapping during AF, it is surprising that 

many operators are accepting of bipolar voltage and CFAE maps that have been collected in 

a similar fashion during AF. An inverse relationship between areas of fractionation and atrial 

fibrosis has been demonstrated using MRI.69 Little is known about the relationship of these 

components with activation patterns during AF when data are sequentially collected, and 

whether all of these parameters remain spatially stable over time. 

In this chapter, the updated software version of RETRO-Mapping has been used to study 

atrial activation patterns during persistent AF in greater detail. The purpose of this was to 

ascertain the spatiotemporal dynamics of persistent AF, and whether a sequential mapping 

technique is justifiable. If a particular location has electrophysiological features which are 

stable in time, then comparison with an adjacent area is justified. On this background, we 

tested the hypothesis that there are stable characteristics during persistent AF at given 

locations. 

4.2 Methods 

Significant changes were made to the software which allowed the speed of analysis to be 

improved. The GUI was also completely rebuilt to allow orbital plots from multiple locations 
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to be simultaneously displayed in relation to one another. This can be manipulated by the 

user in a moveable 3-dimensional model. Techniques for data analysis were also developed 

and incorporated with this software update. This was important, as analysis of orbital plots 

was solely qualitative. Application of quantitative tests enables data to be analysed more 

objectively. 

4.2.1 Patient selection 

Patients with symptomatic persistent AF that were undergoing clinically indicated catheter 

ablation procedures were prospectively recruited. All patients were spontaneously in AF on 

the day of their procedure. Patients with previous left atrial ablation were excluded. 

Procedures were conducted in the post-absorptive state under general anaesthesia. 

Anticoagulation regimens were maintained, and unfractionated heparin administered after 

trans-septal puncture. All antiarrhythmic medications were discontinued at least five half-

lives before the procedure with the exception of amiodarone. Eight patients (8/18) were 

established on amiodarone and continued to take this until that day of their procedure to 

investigate its effects on atrial activation patterns. 

All procedures were performed by a single operator using Ensite Precision and the 

AFocusII catheter. Left atrial and pulmonary venous geometry were collected at the start of 

each case (See Methods Chapter, section 3.3.1). Following this, the AFocusII was held in a 

stable position on the left atrial endocardium for collection of a 30 second data segment; 

‘dataset A’. Immediately following this a further 30 second data segment was recorded in the 

same location; ‘dataset B’. The AFocusII was subsequently moved to multiple different stable 

recording locations, and the process repeated. Each recording location was shadowed on the 

Precision LA geometry (Figure 4-1). Overall, 322 data segments were recorded from 161 

different locations in 18 patients. Patient demographics and characteristics are displayed in 

Table 4-1. 
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Case Gender Age 
(yr) 

Duration 
in 

persisten
t AF 

LA 
dimension 

(mm) 

LVEF 
(%) 

Amiodarone Number of 
data 

segments 

*1 F 69 9 44 30 N 4 
*2 M 53 11 46 45 Y 4 
*3 M 45 14 42 55 N 8 
*4 M 58 11 49 40 Y 4 
*5 F 45 20 42 50 Y 5 
*6 M 64 16 54 55 N 7 
*7 M 65 14 35 40 N 6 
*8 M 68 21 39 55 N 12 
*9 M 62 18 40 55 N 9 
10 M 58 51 38 60 N 10 
11 M 75 23 43 55 N 17 
12 M 56 34 43 50 Y 6 
13 M 65 29 51 55 Y 15 
14 F 65 8 43 30 Y 15 
15 M 64 15 56 55 Y 17 
16 F 75 21 41 55 N 8 
17 M 76 9 46 40 N 8 
18 M 47 44 47 55 Y 6 

Table 4-1. Patient demographics and characteristics. *Delayed interval mapping was undertaken in 
9/18 patients. 

 

 
 

Figure 4-1. AFocusII catheter shadows from multiple locations of the posterior left atrium and floor. 
Data segments (30 seconds each) were collected from each location to generate two datasets; ‘A’ and 
‘B’. In instances of delayed interval mapping (described below), the catheter was returned to the 
shadow of the first mapped location for collection of two further datasets; ‘C’ and ‘D’. 
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Delayed interval mapping was undertaken in the initial 9/18 patients. After completing 

data collection for dataset A and B, the AFocusII was returned to the first catheter location at 

least 10 minutes later. Two further datasets (‘dataset C’ and ‘dataset D’) were acquired in this 

location to investigate the temporal effect on activation patterns from the same location 

during persistent AF over an extended time period. 

4.2.2 Design modifications of RETRO-Mapping 

The updated GUI allows all data segments that have been collected from a patient to be 

simultaneously displayed. The exported matrix of x, y, and z coordinates from the AFocusII 

catheter provides the electrode and data segment positions relative to one another within 

the matrix. Data segments can be selected or deselected, determined by the user. A 

dropdown menu allows the user to display the catheter positions alone, orbital plots alone, 

or both together for each data segment. Once loaded, the model can be manipulated by 

rotation so that all data segments can be viewed (Figure 4-2). If the user highlights any of the 

data segments from the list, the original GUI displaying the RETRO-Propagation Map and 

corresponding electrograms can be viewed. 
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Figure 4-2. GUI for the updated software version of RETRO-Mapping. A list of data segments are 
displayed in a window (left). Data segments can be displayed by clicking each box. A drop down menu 
(lower left) allows the user to display the catheter positions alone, the orbital plots alone, or both. The 
catheter positions with their orbital plots are displayed in the main window in this example, and can 
be manipulated by the user. 

4.2.3 Optimal mapping duration 

Data was collected from patients during persistent AF to identify the optimal mapping 

duration. The AFocusII catheter was held in a stable position on the left atrial endocardial 

surface for 60 seconds. Data segments were divided into incremental sampling times 

increasing by 10 seconds each time, ranging 10 to 60 seconds. These data were analysed to 

identify the time at which activation patterns stabilised, thereby indicating sufficient data 

collection. Orbital plots for each 10 second increment were compared with the orbital plot at 

60 seconds to identify the point at which there is no significant change in percentage match. 

4.2.4 Developing Analysis Techniques 

Quantifying similarity of activation patters 

Initial comparison of datasets from the same patient was qualitative. This was a crude method 

of analysis which prevented statistical testing, and was open to subjective interpretation. To 

overcome this, location matched datasets (datasets A and B, and delayed mapping, datasets 

C and D) all underwent analysis to assess the similarity of activation patterns over time. Data 
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was collected carefully to ensure that all location matched datasets were within ≤5 mm of 

one another. 

Orbital plots were converted to histograms for analysis, with vector direction in degrees 

on the x-axis categorised in to 36 bins (10° per bin), and quantity of activation on the y-axis. 

The custom analysis code automatically loads up each folder of data which contains the 

histogram data, i.e. the probability distribution of the activation directions at each catheter 

location. The percentage match for each selected pair of datasets are evaluated using this 

probability data. The percentage match provides a quantitative measure of the similarity in 

activation directions between two datasets from the same mapping location. This is 

calculated by dividing the probability/frequency in each bin at a selected location in 

comparison to a second dataset. This is evaluated for all 36 bins and summed up to give the 

overall percentage match between the two datasets (Figure 4-3). 

 

 
 

Figure 4-3. Datasets A and B have been collected sequentially from the same location of the left atrium 
during persistent AF. Post-processing with RETRO-Mapping has produced orbital plots of activation 
for each 30 second data segment (left, Dataset A and B). The orbital plots are displayed to the right as 
a histogram (x-axis, degrees; y-axis, frequency of activation). The overlapping area for the two datasets 
is calculated to quantify the degree of similarity when the same location is mapped at different times 
(83.8% in this example). 

Organisation characteristics: Shannon Entropy and R50 

Percentage match can be used to determine whether activation patterns remain stable over 

time, but does not provide an objective measure of organisation. Activation patterns during 
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AF are frequently referred to as being disorganised. Two different methods to assess the 

organisation characteristics of AF were tested. In the first method, Shannon entropy of each 

data segment was calculated. Shannon entropy can be used as a statistical measure for the 

degree of organisation of all wavefront vectors in a mapped location. The following equation 

is used to perform the calculation: 

𝐻 =  − ∑ 𝑃𝑖log2

𝑁

𝑖=1

(𝑃𝑖) 

Where i is the bin number, N is the number of populated bins, and Pi is the proportion 

of data falling into the ith populated bin, subject to the condition ΣiPi = 1. In our calculation, 

the number of bins is 36, as we divide the 360° orbital plot in to 36 bins, each being 10°. If a 

wavefront vector occurs for 100% of the samples in a single bin, it is completely predictable, 

and will have an entropy of 0. The maximum entropy for 36 bins is 5.17 (log2 (36)), and would 

represent an equal chance of all vectors occurring. This would be expected to occur in 

disorganised regions, where activation is completely unpredictable; i.e. random activation. 

We can therefore use entropy to assess the degree of organisation, and compare entropy 

values of repeat mapping on a per location basis. If activation for a specific location is 

completely random, one would expect the entropy of that location to be significantly different 

when mapped repeatedly at different times. 

A novel technique was developed in the second method. The spread of activation 

directions on each orbital plot was used to determine how organised a mapped location was 

in a particular direction. Orbital plots for each location from datasets A and B were 

represented as histograms. This range is calculated by first sorting the probabilities into 

descending order per 10° bin (36 bins), and then evaluating at which angle the cumulative 

sum of these sorted probabilities is greater than or equal to 50% of the total sum of 

probabilities. This will be referred to as the ‘R50’ – the range in degrees in which 50% of the 

activation is contained. Data segments with a high degree of organisation in a particular 

direction would be expected to show a smaller range/spread of activation; a low R50. With 

completely random activation patterns, one would expect to have a theoretical R50 maxima 

of 180°. 
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CFAEmean and mean peak-to-peak bipolar voltage over 8 seconds 

Ensite Precision was used for CFAE analysis using the standard algorithm available on the 

clinical workstation. CFAEmean was calculated for each data segment from an 8 second 

sampling time. For each data segment, percentage area of CFAEmean >120ms (areas without 

CFAE), 80-120ms (conventional CFAE range), and <80ms (rapid CFAE/near continuous 

activation) was calculated, based on recognised criteria.81, 84 The following settings were 

applied to the CFAEmean tool: CL 80-120ms; EGM width <10ms; EGM refractory period 50ms; 

peak-to-peak sensitivity 0.08mV; interpolation set to 10mm and interior projection 5mm. 

An 8 second mean peak-to peak bipolar voltage map was created for each data segment 

using the same 8 seconds used for CFAEmean map construction. A lower cut-off of 0.35mV 

was set to define areas of low voltage based on its correlation with regions of fibrosis seen on 

MRI with late gadolinium enhancement.73 An upper cut-off was set at 0.50mV to define areas 

that were not likely to represent fibrosis. The following settings were also applied to the mean 

peak-to-peak bipolar tool: EGM width <10ms; EGM refractory period 50ms; peak-to-peak 

sensitivity 0.08mV; interpolation set to 10mm and interior projection 5mm. For each data 

segment, percentage area of mean peak-to-peak bipolar voltage >0.50mV, 0.35-0.50mV, and 

<0.35mV was calculated. 

Where delayed mapping was undertaken (datasets C and D), CFAEmean and mean 

peak-to-peak bipolar voltage maps were created using the same method.  

4.2.5 Statistical analysis 

Results were expressed as mean +/- SD. Bland-Altman analysis was used to visualise the 

reproducibility of measurements between datasets A and B, and this was quantified by the 

limits of agreement. The two-way ANOVA was used for comparison for delayed mapping 

analysis (datasets A, B, C and D) with Dunnett’s post hoc test performed for any significant 

analyses, including those with significant qualitative differences. 

Hierarchical statistics were used to quantify whether the outcome variables differed (a) 

across patients and (b) across locations within patients. In summary, mixed effects models 

were used to see if the variance across repeat measurements was reduced significantly when 

(a) patients were allowed to vary as a random effect, and (b) locations within patients were 

allowed to vary as a random effect. Significance testing was performed using a Chi square test 
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of the -2 log likelihood. The clustering at each level of hierarchy was calculated and reported 

as an intraclass correlation (ICC).  

Correlation statistics were used to identify relationships between mapping parameters. A 

value of P <0.05 was considered statistically significant. 

4.3 Results 

4.3.1 Optimal mapping duration 

Initially orbital plots were visually assessed to identify the point at which activation patterns 

no longer changed. This method suggested that at around 20-30 seconds, most orbital plots 

seemed to look similar to orbital plots at 60 seconds. In order to provide a more objective 

measure for optimal mapping time, percentage match was applied.  

Each 10 second time increment for a data segment was displayed simultaneously as an 

orbital plot, superimposed on one another based upon the electrode x, y, and z coordinates. 

This ensured that adequate catheter stability had been achieved in each location. Displaying 

the 5 orbital plots from the same location as a histogram allowed the similarity in activation 

pattern to be more clearly appreciated (Figure 4-4). For each location, percentage match was 

calculated for every 10 second time increment, using 60 seconds as the comparator (Table 4-

2). Activation patterns for 10/12 locations stabilised with no significant change at 30 seconds 

of data collection compared to 60 seconds of data collection (P <0.05). The remaining 2/12 

locations reached stability with no significant change at 40 seconds of data collection. It was 

important to achieve an appropriate balance between the amount of time required for 

mapping, and adequate data collection. Therefore, 30 seconds per data segment was used as 

the mapping duration for each location. 
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Table 4-2. Percentage match to identify the optimal mapping duration in each location. The 
percentage match between each 10 second time increment is calculated against 60 second of data 
collection for each location. *Significant difference in activation pattern compared with 60 second of 
data collection (P <0.05). 

  

 
 
Figure 4-4. (Left) Five orbital plots and AFocusII catheter position are displayed for 10 second 
incremental mapping durations in a single location, ranging 10 to 60 seconds. (Right) The same 5 
orbital plots are displayed as a histogram allowing the activation pattern of each 10 second 
incremental mapping duration to be clearly appreciated. 

4.3.2 Percentage match in activation patterns during persistent AF 

During persistent AF, the overall histogram percentage match (mean ± SD, percent, n=161) 

between dataset A and dataset B was 79.5 ± 7.7 (95% CI 78 to 80.5). (Figure 4-5). 

Location Percentage Match with 60 second Data Segment (%) 
 10 sec 20 sec 30 sec 40 sec 50 sec 
1 75.5* 82.5* 87.3 90.1 96 
2 78.1* 80.2* 84.1* 92.7 96.6 
3 84.7* 88.2* 90 92.1 95.1 
4 80* 87.9* 92.5 93.7 97 
5 84.1* 90.4* 93.6 93.8 96.4 
6 71.9* 79.3* 81* 93.8 94.3 
7 76.4* 82.1* 88.4 91.4 95.1 
8 83.1* 84* 92.4 94.5 96.3 
9 74.9* 81.9* 88.1 91.8 94.7 
10 82.6* 87.6* 90.6 91.4 93.7 
11 67.2* 77* 89.2 92.1 95.8 
12 76* 80.8* 87 88.7 93.1 
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Figure 4-5. Percentage match between dataset A and B for each mapped location (n=161). Datasets A 
and B have been collected sequentially from the same location of the left atrium during persistent AF. 
Post-processing with RETRO-Mapping has produced orbital plots of activation over each 30 second 
mapping period. (Left) Graph showing percentage match between dataset A and B for each mapped 
location (n=161). The overall percentage match (mean, ± SD, percent) was 79.5 ± 7.7 (95% CI 78.3 to 
80.7). The overall mean percentage match is displayed on the graph with a red line, with a dotted 
black line for standard deviation. (Right) Orbital plots are represented alongside as a histogram 
(degrees, x-axis; frequency of activation, y-axis). For three different locations, the overlapping area for 
the two datasets is calculated to quantify the degree of similarity when the same location is mapped 
at different times. 

In 9/18 patients, two further datasets (dataset C and dataset D) were collected from the 

first location mapped, at least 10 minutes later (mean time delay, min:sec, between dataset 

A and C was 20:34, range 11:05 to 36:35). The percentage match in activation patterns from 

datasets A and B was defined as the ‘control group’ for each location. The control group mean 

percentage match (± SD, percent) was 79.6 ± 3.6 (95% CI 76.9 to 82.4) for these 9 patients 

(Table 4-3). Percentage match between dataset A and C (Delayed 1), and dataset A and D 

(Delayed 2) was calculated for each location. There was no overall significant difference in 

activation pattern percentage match for Delayed 1 or Delayed 2 compared to the control 

group (P = 0.08). 
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Case Control  
(%) 

Delayed 1 
(%) 

Delayed 2 
(%) 

Time 
between A-C 

(min:sec) 
1 83.3 87.3 74.7 17:37 
2 74.7 74.8 77.1 22:39 
3 81.1 67.0 72.7 27:52 
4 84.6 81.3 76.6 17:55 
5 76.9 71.7 79.9 17:24 
6 76.5 45.3 38.6 21:25 
7 81.5 78.0 81.4 36:35 
8 81.2 74.1 67.6 19:40 
9 76.4 77.7 78.6 11:05 

Table 4-3. Details of percentage match for each patient undergoing delayed mapping of a single 
location. 

Qualitatively, the activation pattern did not remain stable on delayed mapping in 

Patient 6 for either delayed mapping period (Figure 4-6). On this basis, despite no overall 

significant difference in activation pattern (n=9), post hoc analysis was done. This showed a 

significant difference in activation pattern for Delayed 1 and 2 compared to the control group. 

The control percentage match in this patient was 76.5%, and decreased to 45.3% in Delayed 

1 (P = 0.01), and 38.6% in Delayed 2 (P = 0.004). There was no significant difference in 

activation patterns for the remaining 8 patients that underwent delayed mapping on post hoc 

analysis. 
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Figure 4-6. Percentage match in activation between the control group (datasets A and B), Delayed 1 
(datasets A and C), and Delayed 2 (datasets A and D) are displayed for the 9/18 patients that 
underwent delayed interval mapping. After completing data collection for dataset A and B, the 
AFocusII™ was returned to the first catheter location, at least 10 minutes later. Two further datasets 
(dataset C and D) were acquired in this location to investigate the temporal effect on activation 
patterns during persistent AF over an extended time period. The percentage match in activation is 
displayed, along with the mapping time delay in each comparison. 
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4.3.3 Temporal stability of CFAEmean 

For each location mapped in datasets A and B (n=161), the percentage area of CFAEmean was 

calculated within the following three ranges using Ensite Precision: 1. CFAEmean >120ms 

(area without CFAE); 2. CFAEmean 80-120ms (conventional CFAE range), and; 3. CFAEmean 

<80ms (rapid/near continuous fractionation). 

There was no significant difference in CFAEmean area (%) between dataset A and B for 

each CFAEmean range: 1. CFAEmean >120ms, Bland-Altman mean difference 0.98, limits of 

agreement -20.0 to 18.0, r = 0.016, P = 0.84; 2. CFAEmean 80-120ms, Bland-Altman mean 

difference 1.0, limits of agreement -19.0 to 21.0, r = 0.06, P = 0.46; 3. CFAEmean <80ms, 

Bland-Altman mean difference -0.01, limits of agreement -13.0 to 13.0, r = 0.04, P = 0.61 

(Figure 4-7). However, there was variability across different patients and different locations. 

The variance of CFAEmean in all three ranges, was greater between different patients than 

the variance within patients: CFAEmean >120ms, ICC 0.43 (P = <0.0001); CFAEmean 80-

120ms, ICC 0.32 (P = <0.0001), and; CFAEmean <80ms, ICC 0.45 (P = <0.0001). The variance of 

CFAEmean was also greater for different locations within the same patient than the variance 

within the same locations for the same patient:  CFAEmean >120ms, ICC 0.92 (P = <0.0001); 

CFAEmean 80-120ms, ICC 0.86 (P = <0.0001), and; CFAEmean <80ms, ICC 0.0.86 (P = <0.0001). 

 

 
 

Figure 4-7. Bland-Altman plot showing agreement between CFAEmean area (datasets A and B) 
represented by CFAEmean >120ms (no CFAE), 80-120ms (conventional CFAE range), and <80ms (rapid 
CFAE/near continuous activity) for each data segment. 

Delayed interval mapping (datasets C and D) in 9/18 patients was used to determine 

the stability of CFAEmean over longer time periods (>10 minutes) in the same location. 

Dataset A was defined as the control group for each location. Dataset C and D were defined 

as Delayed 1 and Delayed 2, respectively. There was no overall difference between Delayed 1 
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and Delayed 2 compared to the control group across the three CFAEmean ranges: CFAEmean 

>120ms, P = 0.85; CFAEmean 80-120ms, P = 0.47; CFAEmean <80ms, P = 0.27. However, 

Patient 6 showed a significant difference in both Delayed 1 and 2 compared to the control 

group for CFAEmean 80-120ms (P = 0.03, Delayed 1 and 2 vs. Control) and CFAEmean >120ms 

(P = 0.02 Delayed 1 vs. Control, P = 0.04 Delayed 2 vs. Control) with Dunnett’s post hoc test. 

4.3.4 Temporal stability of mean bipolar voltage 

Datasets A and B underwent analysis to identify the mean peak-to-peak bipolar voltage within 

three voltage ranges: 1. Mean voltage >0.5mV; 2. Mean voltage 0.35-0.5mV; 3. Mean voltage 

<0.35mV. For each location, the percentage area of these three voltage ranges was 

calculated. 

Mean voltage area (%) remained stable between dataset A and B for each voltage range: 

1. Mean voltage >0.5mV, Bland-Altman mean difference 0.68, limits of agreement -13.0 to 

14.0, r = 0.03, P = 0.71; 2. Mean voltage 0.35-0.5mV, Bland-Altman mean difference 0.08, 

limits of agreement -18.0 to 18.15, r = 0.03, P = 0.68; 3. Mean voltage <0.35mV, Bland-Altman 

mean difference -0.72, limits of agreement -19.55 to 18.11, r = 0.007, P = 0.93 (Figure 4-8). 

 

 
 

Figure 4-8. Bland-Altman plot showing agreement between peak-to-peak voltage area (datasets A and 
B) represented by voltage >0.5mV, 0.35-0.5mV, and <0.35mV for each data segment. 

Similar to CFAEmean, there was a greater variance between patients than there was 

within patients: mean voltage >0.5mV, ICC 0.50 (P <0.0001); mean voltage 0.35-0.5mV, ICC 

0.16 (P <0.0001); mean voltage <0.35mV, ICC 0.53, P <0.0001. Variance was also greater for 

different locations within the same patient than the variance within the same locations for 

the same patient: mean voltage >0.5mV, ICC 0.95 (P <0.0001); mean voltage 0.35-0.5mV, ICC 

0.81 (P <0.0001); mean voltage <0.35mV, ICC 0.94, P <0.0001. 
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Using dataset A as a control group, delayed interval mapping (datasets C and D) was 

used to determine the stability of mean voltage over longer time periods (>10 minutes) in the 

same location. There was no overall difference between Delayed 1 and Delayed 2 compared 

to the control group across the three mean voltage ranges: mean voltage <0.35mV, P = 0.14; 

mean voltage 0.35-0.5mV, P = 0.15; mean voltage >0.5mV, P = 0.74. 

4.3.5 Relationship between low percentage match and CFAEmean stability 

A low percentage match suggests random activation as it is changing over time, rather than 

remaining stable. Locations with low percentage match were investigated to identify whether 

these locations also had unstable CFAE maps. This might assist in determining CFAEs that are 

drivers and those due to passive effect of fibrillatory conduction. Percentage match between 

datasets A and B was greater than one standard deviation below the mean in 18/161 data 

segments (mean 79.5% ± 7.7%). These locations were further analysed to see if they displayed 

variability in CFAEmean spatiotemporal stability, as well as percentage match in activation 

pattern. 

The CFAEmean characteristics of datasets A and B for these 18 locations were reviewed. 

These data segments were identified on the Bland-Altman plots shown in Figure 4-8 to see if 

they were beyond the upper or lower limits of agreement, signifying variability between 

dataset A and B. There was no relationship between locations with a low percentage match 

and significant variability in CFAEmean for the three CFAEmean ranges (Figure 4-9). 
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Figure 4-9. Eighteen data segments were identified with a percentage match more than one standard 
deviation below the mean (mean 79.5% ± 7.7%). These data segments were identified on the Bland-
Altman plots showing the agreement between CFAEmean (datasets A and B) from Figure 4-8. There is 
no relationship between data segments that have a low percentage match and those with a variable 
CFAEmean (left to right): 1. CFAEmean >120ms, Bland-Altman mean difference 0.98, LOA -20.0 to 18.0, 
r = 0.016, P = 0.84; 2. CFAEmean 80-120ms, Bland-Altman mean difference 1.0, LOA -19.0 to 21.0, r = 
0.06, P = 0.46; 3. CFAEmean <80ms, Bland-Altman mean difference -0.01, LOA -13.0 to 13.0, r = 0.04, 
P = 0.61. 

4.3.6 Correlation between CFAEmean and mean bipolar voltage 

Quantitative analysis of the area of peak-to-peak bipolar voltage and CFAEmean during 

persistent AF was performed for all data segments. This demonstrated a positive correlation, 

i.e. sites with a large area of fractionation (conventional CFAE range 80-120ms) had larger 

areas of high voltage: correlation between voltage >0.5mV and CFAEmean 80-120ms (r = 0.41, 

P <0.0001); correlation between voltage 0.35-0.5mV and CFAEmean 80-120ms (r = 0.47, P 

<0.0001). However, there was no correlation between voltage and areas of rapid/near 

continuous fractionation (CFAEmean <80ms): voltage >0.5mV and CFAEmean <80ms (r = 0.06, 

P = 0.42); voltage 0.35-0.5mV and CFAEmean <80ms (r = 0.09, P = 0.25); voltage <0.35mV and 

CFAEmean <80ms (r = 0.09, P = 0.26). (Figure 4-10).  
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Figure 4-10. (Left to right, top row) Correlation between CFAEmean >120ms (no CFAE) and: Voltage 
>0.5mV (r = -0.37, P <0.0001); Voltage 0.35-0.5mV (r = -0.44, P <0.0001); Voltage <0.35mV (r = 0.52, P 
<0.0001). (Left to right, middle row) Correlation between CFAEmean 80-120ms (conventional CFAE 
range) and: Voltage >0.5mV (r = 0.41, P <0.0001); Voltage 0.35-0.5mV (r = 0.47, P <0.0001); Voltage 
<0.35mV (r = -0.58, P <0.0001). (Left to right, lower row) Correlation between CFAEmean <80ms and: 
Voltage >0.5mV (r = 0.06, P = 0.42); Voltage 0.35-0.5mV (r = 0.09, P = 0.25); Voltage <0.35mV (r = 0.09, 
P = 0.26). 

Excluding the effects of Amiodarone 

The patient group that were not taking amiodarone were analysed again separately to 

investigate the relationship between CFAEmean and mean bipolar voltage without the effects 

of amiodarone. This resulted in a stronger correlation between CFAEmean >120ms and 
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CFAEmean 80-120ms and all voltage groups. There remained no correlation between 

CFAEmean <80ms in all voltage groups (Table 4-4). 

CFAEmean 
(ms) 

Voltage 
(mV) 

Correlation 
Overall 

(r) 

Correlation Not 
on Amiodarone 

(r) 
>120 >0.5 -0.37 -0.45 

0.35-0.5 -0.44 -0.46 
<0.35 0.52 0.60 

80-120 >0.5 0.41 0.52 
0.35-0.5 0.47 0.51 

<0.35 -0.58 -0.69 
Table 4-4. Table showing the strength of correlation between CFAEmean and mean voltage for the 
overall patient population (combination of patient on amiodarone and not on amiodarone), and for 
only those patient not taking amiodarone. Correlation strength increases for all voltage groups when 
analysing patients not taking amiodarone separately. 

4.3.7 The Effect of Amiodarone on CFAEmean and Mean Voltage: A Sub-analysis 

Eight patients were taking amiodarone at the time of data collection. These patients remained 

on amiodarone due to poor rate and symptom control when not taking this medication. A 

sub-study was carried out to identify the effects of amiodarone on CFAEmean and mean 

bipolar voltage. Its effects were not studied on percentage match or R50 in this chapter, but 

have been studied in chapter 6. 

Mean Voltage 

The area (mean ± SD, %) of voltage >0.5mV was significantly higher in patients that were not 

taking amiodarone compared to those taking amiodarone (24.5 ± 25.0 vs 16.08 ± 18.68, 

respectively, P = 0.015). There was no significant difference in percentage area for atrial 

voltages of 0.35-0.5mV or <0.35mV (P = 0.71 and P = 0.09, respectively), although there was 

a trend towards patients that were taking amiodarone having a larger percentage area in 

these two lower voltage ranges. Mean percentage area of voltage 0.35-0.5mV: On 

amiodarone 23.23 ± 15.9; No amiodarone 22.31 ± 14.27. Mean percentage area of voltage 

<0.35mV: On amiodarone 60.88 ± 27.2; No amiodarone 53.18 ± 29.31 (Figure 4-11). 
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Figure 4-11. Effect of amiodarone on endocardial bipolar voltage area (mean ± SD, %). Mean area of 
voltage >0.5mV was significantly higher in patients that were not taking amiodarone (*P = 0.015). 

CFAEmean 

The area (mean ± SD, %) of CFAEmean <80ms (rapid/near continuous fractionation) was 

significantly higher in patients taking amiodarone compared to those not taking amiodarone 

(10.56 ± 13.92 vs 5.67 ± 9.46, respectively, P = 0.015). The area of CFAEmean >120ms (not 

containing CFAE) was significantly lower in patients taking amiodarone compared to those 

not taking amiodarone (50.53 ± 25.02 vs 59.6 ± 22.38, respectively, P = 0.02). There was no 

significant difference in the area of CFAEmean 80-120ms (conventional CFAE range) between 

the two groups (38.67 ± 19.44 vs 34.69 ± 20.11, respectively, P = 0.21). (Figure 4-12). 
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Figure 4-12. Effect of amiodarone on CFAEmean area (mean ± SD, %). Area of CFAEmean >120ms was 
significantly higher in patients that were not taking amiodarone (*P = 0.02). Area of CFAEmean <80ms 
was significantly higher in patients that were taking amiodarone (**P = 0.015). 

4.3.8 Organisation characteristics of persistent AF 

Shannon entropy 

Shannon entropy was calculated for each data segment during AF (n=161). A Bland-Altman 

plot was used to identify the level of agreement between data segments collected for dataset 

A and B (Figure 4-13). There was no significant difference in Shannon entropy between the 

two datasets (Bland-Altman mean difference: 0.003; limits of agreement: -0.37 to 0.37; r = 

0.13; P = 0.11).  
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Figure 4-13. Bland-Altman plot showing agreement between Shannon entropy for each data segment 
(mean difference: 0.003; limits of agreement: -0.37 to 0.37; r = 0.13; P = 0.11). 

Qualitative analysis of Shannon entropy in relation to the orbital plot highlighted some 

difficulties with its use. Entropy of datasets collected from a single location but at a different 

time could be compared with this method, however in some instances there was a disparity 

between the orbital plot activation patterns and the corresponding entropy. In situations of 

discrepancy, locations visually appeared to display organised activation in a single direction, 

but had a high entropy. One would expect entropy to be low with this type of orbital plot. 

This observation was related to orbital plots with a small amount of activation in all directions. 

Despite the majority of activation being in one ‘dominant’ direction, the low levels of 

activation in other directions resulted in a dramatic change in entropy. An example of this is 

shown below in Figure 4-14. This prevents comparisons being made between different 

mapping locations, although comparisons can be made between repeated measures from the 

same location. 
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 Figure 4-14. Orbital plots of four different data segments from different locations. The orbital plot of 
‘A’ shows activation that had occurred in a single direction of activation, and corresponds to a low 
entropy. ‘B’ shows activation that has occurred in all directions, and has an appropriately high entropy. 
Orbital plot ‘C’ shows activation that is predominantly in a single direction, but a disproportionately 
high entropy due to low levels of activation in all directions. ‘D’ shows activation spread in multiple 
directions, but a similar entropy to ‘C’. 

R50 

The R50 is the range in degrees containing 50% of all activation for a location. For each data 

segment during AF, R50 remained stable in the same location between datasets A and B, with 

no significant difference (Bland-Altman mean difference: 0.87 degrees; limits of agreement: -

34.0 to 36.0; r = 0.005; P = 0.95). (Figure 4-15). Comparison between orbital plots and R50 

showed visual consistency, where locations with a high R50 showed activation to be spread 

out in more different directions than locations with a low R50. Unlike Shannon entropy, R50 

was unaffected by low levels of activation in different directions. 
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Figure 4-15. Bland-Altman plot showing R50 agreement between datasets A and B for each data 
segments (mean difference: 0.87 degrees; limits of agreement: -34.0 to 36.0; r = 0.005; P = 0.95) 

Although R50 remained stable in the same location, the variance of R50 between 

patients was greater than the variance within patients (ICC 0.281; P <0.0001). A greater 

variance in R50 was also observed between different locations within the same patient than 

the variance within the same locations for the same patient (ICC 0.765; P <0.0001). 

Using dataset A as a control group, delayed interval mapping (datasets C and D) was 

used to determine the stability of R50 over longer time periods (>10 minutes) in the same 

location. There was no overall difference between Delayed 1 and Delayed 2 compared to the 

control group (P = 0.34). 

Comparison of Shannon entropy and R50 

Comparative assessment was made between Shannon entropy and R50. The agreement 

between datasets A and B for these parameters were demonstrated with Bland-Altman 

analysis. Therefore, dataset A was used to identify the correlation between Shannon entropy 

and R50 (Figure 4-16). There was a weak positive correlation between entropy and R50 (r = 

0.32, P <0.0001). 
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Figure 4-16. There was a weak positive correlation between Shannon entropy and R50 (r = 0.32, P 
<0.0001). 

4.3.9 Correlation between CFAEmean and R50 

Areas that did not contain CFAEs were defined as those with a CFAEmean >120ms. There was 

a weak negative correlation between area of CFAEmean >120ms and increasing R50 (r = -0.27, 

P <0.0001). Areas containing CFAEs in the typical range of 80-120ms, showed a slightly 

stronger positive correlation between area of CFAEmean and increasing R50 (r = 0.36, P 

<0.0001). Highly fractionated areas, with a CFAEmean <80ms, did not show any correlation 

with R50 (r = -0.05, P = 0.55). (Figure 4-17). 

 

 
 

Figure 4-17. (Left to right) Correlation between CFAEmean >120ms and R50 (r = -0.27, P <0.0001); 
CFAEmean 80-120ms and R50 (r = 0.36, P <0.0001); and, CFAEmean <80ms and R50 (r = -0.05, P = 
0.55). 
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4.3.10 Correlation between CFAEmean and Shannon entropy 

There was no correlation between Shannon entropy and CFAEmean: CFAEmean >120ms (r = 

-0.08, P = 0.30); CFAEmean 80-120ms (r = 0.10, P = 0.22); CFAEmean <80ms (r = 0.01, P = 0.88). 

(Figure 4-18). 

 

 
 

Figure 4-18. No correlation between Shannon entropy and CFAEmean (above) or mean peak-to-peak 
voltage (below). 

This finding is important, as it suggests that entropy cannot be used to assess the degree 

of organisation during AF. One would expect there to be a relationship between the amount 

of organisation in a particular direction, and the presence or absence of fractionation. 

4.4 Discussion 

These data demonstrate that there is evidence of spatiotemporal stability of a number of 

parameters during persistent AF. Although activation patterns appear chaotic, they are not 

random, and show consistency at anatomical locations. RETRO-Mapping has the advantage 

that there is no requirement for setting a window of interest, and the user does not need to 

manually assign LAT to electrograms. The automation of this process enables longer durations 

of AF to be mapped, over larger atrial surface areas compared to manual analysis. Therefore, 

sequential mapping is justified provided analysed segments are of sufficient durations. 

A mapping duration of 30 seconds for each data segment was chosen, as utilised by 

others using CARTOFINDER.125 This mapping duration was chosen because a balance between 

optimal mapping duration for sufficient data collection, and procedural efficiency was 

required. At this duration of data collection, the majority of activation patterns were not 

significantly different to those obtained from 60 seconds of mapping. This implies that in the 

majority of cases, collection of 30 seconds is sufficient. 
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Percentage match was used as a method to determine the similarity of activation 

patterns for a given location that has been mapped at a different time. During atrial 

tachycardia, one would expect a theoretical percentage match of 100% if the same location 

was mapped at different times. This of course would be unlikely given that very minor 

catheter movements will occur over the course of data collection for each 30 second data 

segment. The overall mean percentage match for datasets A and B was 79.5% across 161 

different locations from 18 patients. Therefore, it is unlikely that this has occurred by chance 

alone. This high percentage match results from multiple wavefronts occurring in the same 

direction but at different times. Transient linking has been described by others, and the 

probability of such an event being reported as unlikely to have occurred by chance.113, 129 

Although this in itself is important, datasets A and B have been collected sequentially from 

each location. It was not clear if this phenomena was only present over short periods of time, 

or whether stability was maintained for longer periods of time. 

The notion of spatiotemporal stability was further supported with data from delayed 

mapping of a single location, carried out in 9/18 patients. Using percentage match between 

dataset A and B as a control group, two delayed interval mapping groups were created by 

returning to the same location at least 10 minutes later (mean delay between dataset A and 

C; 20mins 34secs), and collecting two further datasets (C and D). Even with delayed interval 

mapping, percentage match in activation pattern remained unchanged compared to the 

control group. In part, small differences in percentage match are contributed to by the minor 

differences in catheter position when trying to orientate the AFocusII with the exact shadow 

position of the control datasets. The remainder may represent a degree of variability in local 

activation at different times due to cardiac anisotropy. 

Recently, CARTOFINDER has been used to target intermittent but repetitive focal 

activation during AF, resulting in high rates of AF termination or AF cycle length 

prolongation.125 High rates of freedom from atrial arrhythmia recurrence at 12 months have 

been observed using a novel dipole density mapping technique to target localised, non-PV 

regions in the atrium in addition to PVI.126 The success of these techniques suggests that the 

localised regions that were targeted have stable characteristics, otherwise neither AF 

termination or increased arrhythmia free survival should have resulted. Spatiotemporal 

stability of atrial activation patterns may be the result of localised mechanisms maintaining 

AF, and explain the success in the aforementioned studies using CARTOFINDER125 and dipole 
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density126 mapping. Similarly, the inconsistency in determining spatiotemporal stability of 

rotors may explain the challenges of reproducibility in ablation outcome.44, 130, 131  

Qualitative analysis of the orbital plots for delayed interval mapping highlighted a clear 

difference between the activation patterns observed in the control group compared to both 

delayed interval mapping groups in only one patient (Patient 6). Interestingly, there was no 

difference in percentage match when comparing the two delayed interval mapping datasets, 

and the two control group datasets with one another. This shows that there may be 

periodicity to spatiotemporal stability in some locations. Kuklik et al. observed transient 

linking of wavefronts, and the occurrence of multiple different uniform wavefront directions 

and different wavefront sequences (i.e. rotational, collision, conduction block) occurring in 

the same locations at different times.129 A mapping duration of 30 seconds for each dataset 

may have important implications if spatiotemporal periodicity occurs over prolonged periods 

of time, and might explain the changes observed in Patient 6. Support for this argument 

comes from epicardial wave mapping of persistent AF by Lee et al. in which activation patterns 

were described as heterogeneous and unstable when using a mapping duration of 10 

seconds.132 This is contrary to the findings of our data, and might be explained by the use of 

a mapping duration that is of insufficient duration. 

Alongside activation mapping of persistent AF with RETRO-Mapping, more conventional 

parameters were investigated to see if these also displayed spatiotemporal stability. It is 

debatable whether CFAE spatiotemporal stability exists. Using a 64-electrode basket catheter 

for simultaneous data acquisition over a continuous 5 minute period during AF, Habel et al. 

reported spatiotemporal variability in characteristics of CFAE.133 In contrast to this, Kogawa 

et al. used the same basket catheter, identifying the presence of spatiotemporal stability over 

a 10 minute period in both paroxysmal and persistent AF.134 More recently, mean bipolar 

voltage has been shown to stabilise with a mapping duration >4 seconds when comparing 

consecutive maps during AF.135 Our data supports the spatiotemporal stability of both 8-

second CFAEmean and mean peak-to-peak bipolar voltage maps collected sequentially with 

a roving catheter. More importantly we have demonstrated with delayed interval mapping 

that spatiotemporal stability remains present. Interestingly, Patient 6 also showed a 

significant difference when comparing CFAEmean 80-120ms (P = 0.03, Delayed 1 and 2 vs. 

Control) and CFAEmean >120ms (P = 0.02 Delayed 1 vs. Control, P = 0.04 Delayed 2 vs. Control) 

to the control group. This again highlights that there may be something mechanistically 
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different about this patient or atrial location, or that CFAE spatiotemporal periodicity may 

occur at some locations. 

Analysis of data segments showing variability in activation patters was undertaken to 

ascertain whether these locations also contained variability in CFAEmean maps over time, as 

was observed with delayed interval mapping for Patient 6. Data segments with a mean 

percentage match greater than one standard deviation below the mean were identified. 

These 18 data segments were identified on the Bland-Altman plots assessing CFAEmean 

agreement between datasets A and B. All of these data segments were within the limits of 

agreement on the Bland-Altman plots. This is interesting, as it suggests that although 

activation patterns displayed less spatiotemporal stability, CFAEmean remained stable in 

these locations. This goes against observations that have shown electrogram fractionation to 

be highly dependent on direction of activation.136 However, these differences were based on 

comparing CFAE locations identified during AF, CS pacing and sinus rhythm. Analysis in our 

study was unfortunately offline, however understanding the effect of ablation at these 

locations may be valuable. 

Further analysis of CFAEmean, mean bipolar voltage and percentage match was 

undertaken using intra-class correlation coefficient (ICC) statistics. We observed that all three 

of these parameters expressed a greater variability between patients than between different 

locations within the same patient. This is logical, as the underlying structural consequences 

and pathological processes are likely to express greater heterogeneity between patients, than 

within different atrial areas of the same patient. Furthermore, the underlying mechanism may 

also be a contributory factor, particularly if different mechanisms exist in different patients. 

Comparative assessment was made between mean bipolar voltage and CFAEmean. This 

showed a positive correlation, i.e. sites with a large area of fractionation (conventional CFAE 

range 80-120ms) had larger areas of high voltage (voltage >0.5mV and 0.35-0.5mV). These 

findings are in keeping with the observations of others, where an inverse relationship has 

been found between areas of gadolinium enhancement on MRI, and CFAE. Jadidi et al. 

suggest that atrial fibrosis (i.e. low voltage) is associated with slower and more organised 

conduction, while more healthy regions of the atrium (i.e. higher voltage) is associated with 

CFAE.69 In contrast to the findings of Jadidi et al. there was no relationship between bipolar 

voltage and areas of rapid/near continuous fractionation (CFAEmean <80ms), despite using 

very similar mapping parameters. In this study bipolar contact electrograms were used to 
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determine voltage directly. Jadidi et al. used gadolinium enhancement from atrial MRI to 

determine locations of fibrosis. The anisotropic properties of the atrium with the contact 

electrogram will provide a more functional assessment of the atrium, and is likely to represent 

significant differences to the more anatomical and static information obtained with 

gadolinium enhancement. These two different methods for determining ‘healthy’ and 

‘unhealthy’ areas in the atrium may therefore be responsible for the different observations 

in the relationship between bipolar voltage and CFAEmean <80ms. 

Eight of the patients studied remained on amiodarone during the time of data 

acquisition due poor rate and/or symptom control without its use.  A subgroup analysis was 

carried out to separate the patients that were taking amiodarone from those not taking 

amiodarone, to investigate its effects on endocardial mean voltage and CFAEmean. Patients 

taking amiodarone were found to have significantly smaller areas where the voltage was 

>0.5mV. Amiodarone has multiple effects on a wide variety of voltage gated ion channels.137 

These effects are frequently inhibitory or down-regulatory. There is no literature to suggest 

that amiodarone results in a decreased endocardial bipolar voltage, but it is understandable 

why it might. Alternatively, the patient group that were taking amiodarone may simply reflect 

patients with a higher underlying burden of fibrosis/disease substrate. Hence, these patients 

required powerful antiarrhythmic drugs like amiodarone for rate and symptom control. 

Similarly, patients that were not taking amiodarone has a significantly smaller area of 

CFAEmean <80ms (rapid/near continuous fractionation), and significantly larger area of 

CFAEmean >120ms (no CFAE). In contrast to this, Miwa et al. showed that patients taking 

amiodarone had fewer areas of CFAE requiring ablation than patients not taking 

amiodarone.138 It is likely that our result represents healthier atria in patients not requiring 

amiodarone for symptom control rather than a direct amiodarone effect. 

AF cycle length is often used to quantify extent of organisation during AF. The AF cycle 

length is determined either from the LAA or sometimes the mid-CS. However, this 

measurement is crude and represents an overall summary from the entire chamber rather 

than the subtle differences at different locations. Longer AF cycle lengths are associated with 

fewer regions containing CFAE.138 The degree of fractionation is commonly used to comment 

on how ‘organised’ or ‘disorganised’ a location is during AF. The degree of fractionation can 

vary for different locations in the atria. When an orbital plot is produced for a mapped 

location, it is a summary of the data acquired from all electrodes of the AFocusII catheter over 
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the duration of the mapping period. Spatiotemporal dispersion of fractionation has been 

described, where a highly fractionated bipolar electrogram can neighbour an organised and 

unfractionated bipolar electrogram.91 Orbital plots do not allow spatiotemporal dispersion to 

be appreciated. R50 was developed as a novel tool to quantify organisation of a mapped 

location by summarising the orbital plot data acquired from each catheter location.  

R50 is the range in degrees containing 50% of the total activation for an orbital plot. A 

high R50 represents a location in which activation is spread out and occurs in multiple 

different directions. A low R50 represents a location in which activation directions are less 

variable. A positive correlation between increasing area of CFAE 80-120ms and increasing 

R50, was observed. This is in agreement with what one might expect, and aligned with shorter 

AF cycle lengths in instances of greater fractionation. Locations with large areas of 

fractionation are more likely to show activation in multiple directions (higher R50), indicating 

that these areas are more disorganised. R50 also displays the same characteristics as 

CFAEmean with variability in the degree of organisation within different locations in the same 

patient, but greater variability when comparing different patients. This is in agreement with 

clinical observations, where some patients appear to have more ‘organised’ AF than others. 

The changing wavefront direction near the pivot point of rotational sites results in a 

broad distribution of bipolar electrogram amplitudes in close proximity to it. Shannon entropy 

has been used to demonstrate that locations with a high entropy co-localise with the pivot 

point of rotational sources.139 It would therefore be expected that locations with frequent 

uniform wavefronts might have a low Shannon entropy, however our results did not reflect 

this. A falsely high entropy, indicating ‘less organised’ activation occurred in certain situations. 

If low levels of activation occurred in multiple directions, and despite the majority of 

activation being highly organised in a narrow and single direction, a high entropy was 

assigned. Although mapping of the same location at a different time resulted in entropy 

reproducibility locally, they were not always visually reflective of orbital plots. This prevented 

comparison of different locations which could contain a similarly high entropy, but clear visual 

differences in orbital plot organisation. 

4.5 Limitations 

Mapping was restricted to limited regions of the left atrium. This was because of the time 

required to collect data from each location twice. Having demonstrated stability of activation 
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patterns, a larger left atrial area can be mapped within the same time period as only a single 

data segment from each location is required. It is likely that percentage match in activation 

patterns for locations is higher than those observed. Small movements in the catheter will 

affect the percentage match, especially with delayed mapping which involves returning to a 

previous location several minutes later. 

One of the consequences of offline analysis was the requirement for a fixed data 

collection time period to be adhered to. Some patients have more ‘organised’ AF, and 

therefore it is likely that these patients do not require data collection for such long periods of 

time. A stable atrial tachycardia technically requires only a single wavefront in each location. 

As such, online data export and analysis would enable the operator to identify the optimal 

mapping period with a patient tailored approach. 

4.6 Conclusion 

RETRO-Mapping has been developed to further investigate activation patterns during AF to 

advance our mechanistic understanding. This chapter presents the important novel discovery 

that during sequential mapping, atrial activation patterns during persistent AF do not appear 

to be random, but show distinct stability over prolonged periods of time. This is important 

because it validates a sequential mapping technique, suggesting that it is feasible to compare 

sequentially mapped locations. Established metrics, including CFAEmean and mean bipolar 

voltage, were also investigated. These also expressed spatiotemporal stability. A novel tool 

has also been developed – R50 – for quantitative analysis of the degree of organisation in 

mapped locations, and can be used to compare different locations in the same or different 

patients. The relationship between an increasing R50 and areas containing larger areas of 

fractionation, which supports R50 as a method to determine organisational characteristics of 

AF. One would expect that larger areas of fractionation would result in a greater degree of 

disorganisation. Further work is required to develop a method to display sequentially mapped 

locations so that they can be easily interpreted. It is also important to establish the underlying 

cause of the observed stable activation patterns. This may assist with identifying the 

mechanisms responsible for the observed activation patterns, and ultimately targets or 

strategies for ablation. 
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5.1 Introduction 

In the previous chapter, the feasibility of a sequential activation mapping technique for 

persistent AF has been demonstrated. This is based on the premise that atrial activation 

patterns during persistent AF are not random but remain stable over time, despite their 

chaotic appearance. It is therefore possible to compare activation patterns of locations that 

have not been simultaneously acquired. This is a major change in our thinking of AF 

mechanism, and goes against the multiple wavelet hypothesis, which describes random re-

entry of multiple wavelets. However, it does not directly explain the underlying mechanism 

responsible. 

Focal drivers from the pulmonary veins remain the only consistently demonstrated 

mechanism driving human AF, irrespective of mapping techniques. PVI has produced 

consistent and reproducible results between different centres and technologies, confirming 

the importance of PV drivers in AF.7, 140 Patients in whom PVI does not prevent AF are assumed 

to have other perpetuators such as non-PV focal drivers, spiral waves, localised re-entry or 

macro-reentry.49, 141 This has motivated adjunctive ablation techniques, but these remain 

inconsistent in outcome studies.83, 142, 143 

Atrial delayed enhanced MRI has identified that the majority of CFAEs reside in locations 

either without fibrosis or with only patchy fibrosis, while atrial fibrosis is associated with 

slower and more organised conduction.69 This is supported by data showing a correlation 

between fractionation and higher bipolar voltages in the previous chapter, and in agreement 

with data from other groups.136 In this chapter, the relationship between focal activation and 

spatiotemporally stable characteristics including CFAE and bipolar voltage are studied. 

Subsequently, RETRO-Mapping is used to further characterise and map atrial activation 

patterns during persistent AF. A focal driver hypothesis, where focal activation beyond the 

pulmonary veins drives fibrillation, may offer an explanation for atrial activation patterns. It 

is based upon the assumption that the perpetuators of AF are competing and intermittent, 

but have characteristic activation patterns and anatomical stability. Therefore, activation 

close to a perpetuator comprises: wavefronts characteristic to that perpetuator; wavefronts 

characteristic to other perpetuators; and meandering wavefronts. Importantly, activation is 

not random. To illustrate this concept, consider the idealised case of two focal sources. Figure 

5-1 illustrates the effect of using a multi-electrode mapping catheter on the myocardium in 
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between two stable drivers that are competing to activate the myocardium. Using this simple 

theoretical model of AF, it is immediately apparent from sequential wavefronts in the region 

of the catheter, that there are two alternating directions of activation. With data collection 

from multiple locations, it would be possible to locate the anatomical regions where the AF 

perpetuators are situated.  

 

 
 

Figure 5-1. Theoretical model of a ‘focal driver’ mechanism for atrial fibrillation. Two focal sources are 
shown. A line of conduction block/collision occurs where the two focal sources interact with one 
another. This line of block/collision will shift over the course of time depending on the cycle lengths 
of the respective focal sources, and the refractory properties of the myocardium. A multi-electrode 
mapping catheter held in a stable position between these two focal sources can be used to identify 
the activation direction. Due to the shifting line of block/collision as the focal sources compete with 
one another, the activation direction will change.  

5.2 Methods 

5.2.1 Patient selection 

One hundred and fourteen data segments were collected from 18 patients with persistent 

AF. All patients were undergoing clinically indicated procedures, and were prospectively 

recruited. Procedures were carried out using the same technique described previously (see 

Section 2.2.2). Antiarrhythmic drugs were stopped at least 5 half-lives before the day of the 

procedure, with the exception of amiodarone. Six patients were established on this 

medication, and continued to take it up to the day of their procedure. Five patients had 
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previously undergone left atrial ablation with PVI only, but no linear left atrial ablation. Two 

patients were in sinus rhythm on the day of their procedure as they had undergone electrical 

cardioversion for symptom control while awaiting catheter ablation. Table 5-1 shows details 

of patient characteristics. 

 

Case Age 
(yr) 

Gender 
Previous 

AF 
ablation 

Duration 
in 

persisten
t AF 

LA 
dimension 

(mm) 

Amiodarone 

1* 56 M No 36 45 Y 
2 58 M No 5 43 N 
3 35 M Yes 6 32 N 
4 53 M Yes 24 47 N 
5 67 M No 48 41 N 
6 59 M Yes 8 46 N 
7 63 F No 10 34 N 
8 64 M No 3 41 N 
9 66 F No 18 51 Y 
10* 78 F No 12 49 N 
11 70 M No 10 41 Y 
12 53 M No 12 42 N 
13 60 M No 22 42 N 
14 83 F No 19 38 N 
15 66 F No 14 45 Y 
16 53 F Yes 22 32 Y 
17 55 F Yes 16 30 N 
18 56 M No 12 54 Y 

Table 5-1. Patient demographics and characteristics. *Patients induced on the day of their procedure. 

5.2.2 Characterising Atrial Activation Patterns 

Mapping was performed using the AFocusII catheter to collect 30 second data segments. 

Mapping was restricted to the posterior wall and floor of the left atrium because of the 

relative ease of obtaining good contact with all electrodes of the AFocusII catheter. It is 

appreciated that there may be local differences in atrial activation patterns. The number of 

data segments collected varied between patients as some patients had extensive regions 

where no atrial electrograms could be collected. These data were exported for offline 

processing with RETRO-Mapping. 

Manual Data Analysis using RETRO-Mapping 

Data segments were manually reviewed with RETRO-PM to characterise and document the 

types of wavefront that occur during persistent AF. Bipolar electrograms were simultaneously 

reviewed to ensure that the RETRO-PM was an accurate representation. 
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Analysis of Choropleth Maps 

A choropleth map was produced for each patient. Focal activations identified during manual 

analysis were placed on the choropleth map in the location where earliest activation had been 

observed. A focal activation was defined as activation in which a wavefront starts from a point 

within the catheter mapping area, and eccentrically propagating outwards towards the 

periphery of the catheter in all directions. Qualitative analysis was undertaken to identify the 

relationship of dominant activation directions in relation to the location of focal activations. 

Based on the theoretical model shown in Figure 5-1, the dominant direction of activation 

would be expected to move away from focal sources in all directions. 

Surrogate Markers of Atrial Substrate 

Using the method described in the previous chapter, 8 second CFAEmean and mean peak-to-

peak bipolar voltage area of each data segment was calculated. The area of CFAEmean 

>120ms (not containing CFAE), 80-120ms (conventional CFAE range), and <80ms (rapid/near 

continuous fractionation); and voltage >0.5mV, 0.35-0.5mV and <0.35mV was calculated for 

each data segment. This was done to identify the relationship between atrial activation 

patterns and focal activations with the underlying atrial substrate. 

R50 and Number of Dominant Directions 

RETRO-Mapping was used to calculate R50 (the range in degrees containing 50% of activation 

in an orbital plot), and number of dominant directions (see below, Section 5.3.3) for each data 

segment to determine organisation characteristics. These data were also analysed to study 

the relationship between organisation and focal activations. 

5.2.3 Additional tools for analysis 

Dominant Directions of Activation 

A qualitative approach was initially taken for identification of the number of dominant 

directions. In situations where there was a clear single dominant direction, observational 

analysis was possible. However, analysis was extremely difficult for all other situations. 

Custom software was therefore written to assign dominant directions of activation in order 

to overcome this problem, and provide a more objective measure.  

The dominant direction of activation is determined by firstly smoothing the probability 

distribution from the orbital plot using a Savitzky-Golay filter with 5th order polynomial and 
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frame width of 7 samples. A Savitzky-Golay filter is a digital filter that can be applied to a set 

of digital data points in order to smooth the data, and increase the signal-to-noise ratio. This 

is followed by a local peak detection which is used to locate the dominant peaks in the data 

to identify the angles at which the highest probability of activation occurs. A high number of 

dominant directions relates to a data segment that has uniform activation in multiple 

different directions. Orbital plots with a lower number of dominant directions are 

representative of locations containing a greater amount of its total activation in fewer 

different directions. This information is different to that gained using R50. R50 will only 

provide information on the spread of activation in different directions. It does not tell you 

how that activation is directed. Identification of the number of dominant directions will help 

to identify the direction, or directions that activation is occurring. For example, R50 may be 

the same for two different locations. However, activation in one location might all be going 

in a single direction, whereas the activation for the other location may be split in two different 

directions. If atrial activation patterns are determined by focal drivers, it is important to be 

able to define the relationship of these drivers with dominant directions of activation. 

5.2.4 Myofiber Architecture 

An atlas of myofiber orientation78 was merged with the choropleth map for each patient. 

Following analysis of each data segment, the orbital plot for each location was analysed with 

respect to its corresponding location on the myofiber orientation atlas. Activation direction 

was assessed qualitatively for each data segment with respect to myofiber orientation. 

Activation was reported as either ‘related’ (similar direction, within 30 degrees either side) or 

‘unrelated’ (different direction, >30 degrees either side) to myofiber orientation. This was 

done to identify whether atrial activation patterns during persistent AF are determined by the 

underlying myofiber orientation, or if activation patterns are independent of the underlying 

structural architecture. 

5.2.5 Statistical analysis 

Results were expressed as mean +/- SD. Welch’s t-test and correlation statistics were used to 

identify relationships between mapping parameters. A value of P <0.05 was considered 

statistically significant. 
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5.3 Results 

5.3.1 Wavefront characteristics during persistent AF 

A total of 114 data segments were recorded from the posterior wall and floor of the left 

atrium in 18 patients. Qualitative assessment of RETRO-PM and RETRO-AD demonstrated the 

presence of uniform wavefronts in all data segments. These were interspersed with 

disorganised activity and a variety of activation patterns that have been described in the AF 

mapping literature (Figure 5-2, A). These include (See Movie 5-1): 

x Uniform wavefronts – Activation showing directional uniformity moving across 

the catheter from one side to the other 

x Focal activation – activation of a wavefront starting from a point within the 

catheter contact area, and eccentrically propagating outwards towards the 

periphery of the catheter 

x Rotational waves – rotational movement of a wavefront through ≥360° to that 

of its origin 

x Turning waves – movement of a propagating wavefront through >45° but <360° 

to that of its origin 

x Wavefront collision – two or more uniform wavefronts propagating across, and 

colliding within, the catheter mapping area 



  

133 
 

 

 
 

Figure 5-2. (A. Top to bottom panel) Examples of a uniform wavefront, focal activation, rotational 
activation, turning wavefront, and wavefront collision identified during manual analysis. The activating 
wavefront can be seen to progress across the face of the catheter in grey (moving from left-to-right 
across each row), and the direction of activation manually assigned (yellow arrow). (B.) Example of 
‘transient linking’ of wavefronts in the same data segment at different time points. Below the 
electrograms of each wavefront, an arrow shows the wavefront activation direction. There are only 
small differences in the activating directions of successive wavefronts. Three different directions of 
activation are shown (top to bottom). The activating wavefront is shown in grey to progress across the 
catheter and the manual direction is assigned (yellow arrow). 

After uniform wavefronts, a similar direction of uniform wavefront could then re-appear 

several seconds later at the same catheter location (Figure 5.2, B). On some occasions 

repetitive uniform wavefronts were seen to follow one another consecutively - ‘transient 

linking’.113 Multiple different directions of transient linking sometimes occurred in the same 

location at different time points. Transition between directions of activation was observed 

during episodes of disorganisation, spontaneously, or following episodes of wavefront 

collision. When wavefront collision occurred, transition between activation directions often 

matched the directions of the colliding wavefront directions involved. 
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Focal Activations 

Thirteen (13/18) patients showed evidence of focal activations from 32 (32/114) data 

segments. In total, 111 focal activations were observed. When focal activations were 

identified, they could either occur as a single focal activation, or as multiple focal activations 

sequentially, where one immediately follows another. Further information about the number 

of focal activations in each patient is provided in Table 5-2. 

Case Total number of 
focal activations 

Data segments 
with focal 

Total number 
of data 

segments 

Mean focal 
activation 
number 

Duration in 
persistent 

AF 

Amiodarone 

1* 11 2 6 1.8 36 Y 
2 4 2 8 0.5 5 N 
3 17 4 7 2.4 6 N 
4 7 1 3 2.3 24 N 
5 0 0 4 0 48 N 
6 6 1 6 1 8 N 
7 12 2 7 1.7 10 N 
8 9 2 4 2.3 3 N 
9 20 4 4 5 18 Y 
10* 5 3 3 1.7 12 N 
11 4 4 8 0.5 10 Y 
12 0 0 8 0 12 N 
13 6 3 11 0.6 22 N 
14 6 3 7 0.9 19 N 
15 0 0 6 0 14 Y 
16 0 0 5 0 22 Y 
17 0 0 7 0 16 N 
18 4 1 10 0.4 12 Y 

Table 5-2. Frequency of focal activations in each patient. All patients were spontaneously in persistent 
AF on the day of the procedure with the exception of two patients (*AF induced on the day of the 
procedure). Mean number of focal activations is calculated by dividing the total number of focal 
activations by the total number of data segments. 

Single focal activations were the most common, and occurred a total of 69 times in 

30/32 data segments. Episodes of repetitive non-sequential single focal activations occurred 

in 16 of these data segments. This is where a single focal activation was observed, 

interspersed with other activation patterns, followed by recurrence of a further single focal 

activation in the same location at a later time. 

Sequential focal activations were less commonly observed. Two sequential focal 

activations were identified 14 times in 11/32 data segments, three sequential focal 

activations 2 times in 2/32 data segments, and four sequential focal activations 2 times in 

2/32 data segments. There was no evidence on sustained focal activations lasting longer than 

4 sequential activations (Figure 5-3). 
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Figure 5-3. Frequency and pattern of focal activation is displayed for each data segment where focal 
activation was identified. 

5.3.2 Focal Activations and Conventional Markers of Atrial Substrate 

CFAEmean and mean peak-to-peak bipolar voltage area (%) were calculated for each data 

segment over an 8 second period. The CFAEmean and mean peak-to-peak bipolar voltage of 

data segments with and without focal activations were compared. In total, 32/114 data 

segments contained focal activations.  

CFAEmean 

There was no significant difference in CFAEmean area between data segments with and 

without focal activation, although a trend towards focal activation presence being associated 

with a larger area of CFAEmean 80-120ms (conventional CFAE range) and <80ms (rapid/near 

continuous fractionation) was observed: CFAEmean >120ms (no CFAE), mean difference -

11.42 ± 6.043 (95% CI -23.51 to 0.67), P = 0.06; CFAEmean 80-120ms, mean difference 5.77 ± 

4.33 (95% CI -2.86 to 14.41), P = 0.19; CFAEmean <80ms, mean difference 5.67 ± 4.04 (95% CI 

-2.49 to 13.83), P = 0.17. (Figure 5-4). 
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Figure 5-4. CFAEmean was calculated over 8 seconds for each data segment. There was no overall 
significant difference in CFAEmean area for data segments with focal activations (F), and those without 
focal activation. 

Mean peak-to-peak Bipolar Voltage 

Mean peak-to-peak bipolar voltage area <0.35mV was significantly smaller in data 

segments containing focal activations compared to those without; mean difference -11.62 ± 

5.77 (95% CI -23.16 to -0.084), P = 0.048. A trend was observed towards the presence of focal 

activation and data segments containing a larger area of higher voltage; for voltage 0.35-

0.5mV (mean difference 4.15 ± 3.44; 95% CI -2.77 to 11.07; P = 0.23), and voltage >0.5mV 

(mean difference 7.48 ± 6.231; 95% CI -5.03 to 20.0; P = 0.24). (Figure 5-5). 
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Figure 5-5. Mean peak-to-peak bipolar voltage was calculated over 8 seconds for each data segment. 
Overall, data segments with focal activations had a significantly smaller area of very low voltage 
myocardium (<0.35mV, *P = 0.048). There was no overall significant difference in voltage area for data 
segments with (F), and without the presence of focal activation in for >0.5mV or 0.35-0.5mV. 

5.3.3 Focal Activations and Novel Markers of Atrial Substrate 

R50 

R50 was calculated for each data segment. The mean R50 (degrees, ±SD) was not significantly 

different between data segments containing focal activations (90.31 ± 23.07; 95% CI 82 to 

98.6) and without focal activations (88.66 ± 27.02; 95% CI 82.72 to 94.6): mean difference 

1.65 ± 5.05; 95% CI -8.44 to 11.74; P = 0.74. 

There was no correlation between R50 and number of focal activations (r = 0.03, P = 

0.73). (Figure 5-6). 
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Figure 5-6. There was no correlation between R50 and focal activation. 

Dominant Directions of Activation 

Data segments were analysed with custom software to identify the number of dominant 

directions in each location (n = 114). The number of dominant directions ranged from 1 

(organised activation) to 8 (activation spread in multiple directions). The mean number of 

dominant directions was 2.9 ± 1.8. 

There was no significant difference in the number of dominant directions when 

comparing data segments with focal activations (2.8 ± 1.5; n = 32) to those without focal 

activations (3.0 ± 2.0; n = 82): mean difference -0.3 ± 0.3; 95% CI -0.9 to 0.4; P = 0.43 (Figure 

5-7). 
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Figure 5-7. There was no significant difference in the number of dominant directions when comparing 
data segments with focal activations to those without focal activations. 

5.3.4 Choropleth Maps 

Focal Activations 

The locations in which focal activations had been observed were projected on to the 

choropleth map, without the geometry shell. Qualitative analysis was undertaken to identify 

the relationship of focal activations to orbital plots on the choropleth map. Specifically, they 

were evaluated to see if the general dominant direction of activation moved away from 

locations where focal activation had been observed. The dominant direction of activation 

spread away from locations of focal activation in 21/32 orbital plots (Figure 5-8).  

The choropleth map was then evaluated to assess the effect of focal activation on 

neighbouring orbital plots. In 13 locations where focal activation had been identified, the 

dominant direction of a neighbouring orbital plot moved towards the focal activation. 
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Figure 5-8. Choropleth maps for 18 patients are displayed. The location in which focal activation was 
identified has been annotated with a red star. The red dot in each orbital plot marks the centre of the 
AFocusII catheter and is a reference point only. The dominant direction of activation in some locations 
appears to move away from locations of focal activation, however activation in neighbouring locations 
is frequently seen to move towards focal activation. 
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5.3.5 Effect of Amiodarone on Focal Activation 

Six patients were taking amiodarone up to the day of data collection, while the remaining 12 

patients were not on amiodarone. Data was analysed to identify the effect of amiodarone on 

focal activation. 

The mean number of focal activations was calculated for each patient. The mean 

number of focal activations identified in patients not taking amiodarone was 1.1 ± 0.9 (95% 

CI 0.5 to 1.7), and 1.3 ± 1.9 (95% CI -0.7 to 3.3) in patients taking amiodarone (Figure 5-9). 

There was no significant difference between the two patient groups: mean difference -0.2 ± 

0.8 (95% CI -2.2 to 1.9), P = 0.85. This is important, as one might expect amiodarone to be 

associated with suppression of any automatic focal ectopy. The absence of any effect on 

suppression of focal activation from amiodarone may suggest epicardial-endocardial 

activation or re-entry. 

 

 
 

Figure 5-9. Mean number of focal activations per data segment is displayed for patients taking 
amiodarone, and patients not taking amiodarone. There was no significant difference between the 
two groups: mean difference 0.2 ± 0.8 (95% CI -2.2 to 1.9), P = 0.85. 

5.3.6 Effect of Duration of Persistent Atrial Fibrillation on Focal Activation 

Twelve patients had been in persistent AF for ≥12 months at the time of data collection, and 

6 patients <12 months. Data was analysed to identify the effect of AF duration on focal 

activation. 
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The mean number of focal activations identified in patients with a persistent AF 

duration ≥12 months was 1.1 ± 1.5 (95% CI 0.1 to 2.0), and 1.4 ± 0.9 (95% CI 0.5 to 2.3) in 

patients with a duration <12 months (Figure 5-10). There was no significant difference 

between the two patient groups: mean difference 0.3 ± 0.6 (95% CI -0.8 to 1.5), P = 0.55. 

 

 
 

Figure 5-10. Mean number of focal activations per data segment is displayed for patients with a 
persistent AF duration ≥12 months, and <12 months. There was no significant difference between the 
two groups: mean difference 0.3 ± 0.6 (95% CI -0.8 to 1.5), P = 0.55. 

There was also no correlation between the mean number of focal activations and 

duration of persistent AF (r = -0.12; 95% CI -0.55 to 0.37; P = 0.64). (Figure 5-11). 
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Figure 5-11. There was no correlation between the mean number of focal activations and duration of 
persistent AF (r = -0.12; 95% CI -0.55 to 0.37; P = 0.64). 

5.3.7 Atlas of Myofiber Architecture with Choropleth Maps 

It is important to recognise that the use of an ‘atlas’ of myofiber orientation from a small 

study on fibre orientation makes many assumptions about fibre orientation between 

patients, particularly in conditions where an underlying atriomyopathy may be present. 

An atlas of myofiber orientation78 was merged with the choropleth map for each 

patient. Activation direction was assessed qualitatively for each data segment with respect to 

myofiber orientation. Activation was reported as either ‘related’ (same or similar direction; 

within 30 degrees either side of myofiber orientation) or ‘unrelated’ (different direction) to 

myofiber orientation. 

The dominant direction of activation appeared to be related to myofiber orientation in 

27/114 data segments, and was unrelated in 87/114 data segments. Patient 11 had the 

highest number of data segments in which the dominant direction of activation appeared to 

be related to myofiber orientation. Five data segments were related, while 2 data segments 

were not related to myofiber orientation in this patient (Figure 5-12). 

 

 
 

Figure 5-12. The posterior view of the left atrial geometry of Patient 11 is displayed, with the AFocusII 
shadows and choropleth map. Myofiber orientation has been projected over the top of the choropleth 
map so that the dominant direction of activation can be appreciated, relative to fibre orientation. Five 
orbital plots show the dominant activation direction to be similar to that of myofiber orientation. 
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5.4 Discussion 

In this chapter, the relationship between focal activation and conventional markers of atrial 

substrate has been studied during persistent AF. RETRO-Mapping has been used to test the 

hypothesis that focal activation within the left atrium is responsible for the observed 

choropleth map atrial activation patterns. An approach that focuses upon organised 

wavefronts has been adopted. These are not subject to the difficulties inherent in trying to 

characterise complex patterns of activation, and do not require ultra-high resolution 

recordings.  

In the previous chapter (Chapter 4), the spatiotemporal stability of atrial activation 

patterns during persistent AF has been demonstrated. Doing so has allowed locations mapped 

sequentially to be displayed simultaneously on a single map – a choropleth map. Each orbital 

plot provides a 'footprint' of each area that is mapped. Choropleth maps, which are comprised 

of multiple orbital plots, summarise these activation patterns spatially. The choropleth map 

displays data relating to the uniform activation patterns only, and does not display 

information relating to focal activation directly. It is the uniform activation that was 

hypothesised to be a surrogate of focal activation. 

Other mapping studies have demonstrated intermittent periods of regular and 

repetitive activation.34, 144, 145 Using a commercially available spiral multipolar catheter and 

3D cardiac mapping system, RETRO-Mapping can be used to show the dominant direction of 

organised wavefronts during AF. 

The custom-made mapping software was originally designed to detect wavefronts with 

directional uniformity, and therefore can only be expected to identify uniform wavefronts. 

During manual analysis, focal activation patterns were infrequently observed, with the point 

of earliest activation centrally within the mapping catheter spreading eccentrically outwards 

toward the periphery. These sites of activation may represent a true focal trigger, micro-

reentry or epi-endocardial breakthrough. All focal activation patterns were identified from 

manual analysis rather than an automated algorithm. Other groups undertaking epicardial 

mapping have also observed focal activation, with 2-4 foci in the majority of patients.115 

Interestingly a remarkably high proportion of focal-origin wavefronts have been reported by 

some studies, accounting for over 10% of fibrillation waves in patients with persistent AF.132 

We did not observe such frequent occurrences, possibly due to the limited region of atria that 
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was mapped. Similar to our observations, episodes were short lived, rather than continuous 

sequential focal activations occurring for long periods of time. It is therefore not surprising 

that the activation direction on choropleth maps could not be attributed to the location in 

which focal activation was identified. 

Simultaneous endo-epicardial mapping would be required to definitively differentiate 

between true focal activation and epi-endocardial breakthrough. It is therefore not possible 

to determine the true origin of the focal activation that was identified from these data. Using 

high density mapping, de Groot et al.31 observed marked differences in the endo- and 

epicardial atrial activation patterns during AF with simultaneous mapping of a limited region 

of the right atrium. They also identified episodes of focal activation, the majority of which 

were the result of endo-epicardial breakthrough, however a small number of simultaneous 

endo-epicardial focal activations were also observed. We found that in instances where 

multiple focal activations were seen in a single data segment, they occurred in the same 

location each time. If these were epicardial-endocardial breakthrough episodes, it would not 

make sense for activations to occur in the same location each time. The caveat to this is that 

epicardial-endocardial breakthrough occurs due to the underlying local myofiber 

architecture. 

Endocardial mapping with basket catheters has reported the presence of atrial rotors 

in almost all cases.44 By contrast, epicardial contact mapping has not demonstrated rotors at 

all146, or observed them infrequently and for no more than a couple of cycles.27, 132 While 

these findings were in agreement with the presence of organised wavefronts, focal activity 

was not detected with such frequency, and there was no evidence of the existence of stable 

rotors. 

The orbital plots demonstrate that there is a strong bias to wavefront direction in atrial 

fibrillation. The challenge is whether AF mechanisms and targets for ablation can be inferred 

from this information. It is feasible that the recurrent uniform activations of transient linking 

may be the product of a focal source. Due to the complex electrophysiological milieu of AF it 

is likely that these episodes would occur in close proximity to their sources before they 

interact with other wavefronts, refractory myocardium, or areas of scar. However, despite 

focal activation being identified, we could not determine if it is a driving mechanism. 

Focal activations have been identified at pulmonary veins and within sites of CFAE by 

Yamabe et al. but not in the non-CFAE sites.147 We observed a trend towards focal activation 
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being associated with locations containing a larger area of fractionation. Furthermore, focal 

activation was also associated with a trend towards locations containing a larger area of high 

(>0.5mV) and intermediate (0.35-0.5mV) voltage, and a significantly smaller area of low 

voltage (<0.35mV). It has previously been reported that CFAE and more healthy atrial voltages 

tend to co-localise. This suggests that there might be a relationship between focal activation, 

CFAE and voltage. This could assist in identifying active drivers that are critical to AF 

maintenance. Data analysis was offline, however the effect of ablation at sites containing 

CFAE, focal activation and voltage >0.35mV would help to determine their role in 

maintenance of AF. 

It has previously been shown that amiodarone can suppress atrial tachycardia.148 A sub-

study was undertaken to identify the effects of amiodarone on the frequency of focal 

activation. It is logical that amiodarone should also suppress focal activation during AF. 

However, there was no significant difference in the frequency of focal activation for patients 

that were, and were not taking amiodarone. The absence of an effect raises the question of 

whether the episodes of focal activation that were observed were the result of epicardial-

endocardial breakthrough or re-entry. 

5.5 Limitations 

The data are analysed ‘off-line’ after the procedure, so mapping could not be guided by the 

areas of ‘interest’ identified. Mapping has been confined to a limited region of the atrium. 

The labour intensive nature of manual analysis for focal activation precludes mapping of the 

entire atrium. Automation of the process to identify focal activation would facilitate mapping 

of larger regions of the atrium. Given the observations of other research groups, mapping of 

both atria would advantageous. A definite mechanism has not been demonstrated, nor a clear 

ablation target for the patients in whom mapping was performed. It is possible that the 

frequency of focal activation is higher, and is still responsible for the choropleth activation 

patterns, but the mapping resolution is not sufficiently high enough. Nevertheless, a practical 

and feasible method for approaching the mapping of fibrillatory wavefronts has been 

demonstrated, that has so far been elusive. 

5.6 Conclusion 

These data cannot determine focal activation as the driver for the activation patterns seen in 

choropleth maps, although it is possible that the mapping resolution is not sufficient to detect 
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all focal activation. With higher resolution mapping, the frequency of focal activation may be 

higher. 

The heterogeneity in observations of activation patterns and the proposed mechanisms 

of AF has a number of causes: the arrhythmia is complex; activation has to be inferred from 

electrograms that are an imperfect indicator of transmembrane potential; and even if 

activation is known, the underlying mechanism may not be obvious. Detailed characterisation 

of the dominant direction of activation and the presence or absence of focal activation is 

achievable with multipolar catheters that are in clinical use. This could help to improve our 

understanding of the mechanisms that perpetuate AF, on a patient-specific basis, and 

ultimately lead to a more robust framework for identifying ablation targets. 
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6.1 Introduction 

The observation of focal activations in patient with persistent AF using RETRO-Mapping is 

consistent with the findings of other groups.31, 125, 149 The creation of choropleth maps is an 

important step towards better understanding the global activation patterns of sequentially 

acquired data segments on a single map. 

During conventional antral PVI procedures, it is commonplace for operators to 

anecdotally describe more ‘organised’ AF after isolation of the pulmonary veins. The mid-CS, 

and more commonly the LAA are recording locations for LA cycle length but are crude 

measurements, usually calculated over the course of 30 cycle lengths. Prolongation of the AF 

cycle length resulting from PVI has been demonstrated150, and is frequently used in the AF 

literature to quantify the organising effect of ablation.151 Seminal literature report 

prolongation of LAA cycle length by 5-6ms following ablation being considered to have 

resulted in a significant effect.83, 87, 116 If R50 can be used as a marker for determining 

organisational characteristics of AF it would be expected to decrease following PVI, while LAA 

cycle length increases. Importantly, R50 might provide more detailed information regarding 

local characteristics of organisation. LAA cycle length is a summary of organisational 

characteristics for the entire LA. While local AF cycle lengths can be calculated, collision from 

wavefronts and fractionated electrograms can make their interpretation in the body of the 

atrium challenging. Much of the current justification for increased organisation relates to LAA 

cycle length prolongation. This may be an oversimplification for such a complex 

electrophysiological milieu. 

There are no data to describe the effects of PVI on atrial activation patterns, in part due 

to the significant challenges of mapping activation during AF. CARTOFINDER is a proprietary 

algorithm and has been used to identify focal drivers before and after PVI125, although the 

atrial activation patterns themselves are not described. Focal ectopy from the pulmonary 

veins is an accepted mechanism associated with AF6. Exclusion of these focal drivers offers a 

plausible reason for why AF becomes more organised following PVI. Having demonstrating 

spatiotemporal stability during persistent AF, it might be possible to attribute the changes in 

activation pattern after ablation to the effects of catheter ablation, despite not proving that 

atrial activation patterns on RETRO-Choropleth Maps directly result from focal activations. 
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This of course assumes that stability persists over even longer periods of time than 

demonstrated with delayed interval mapping in chapter 4. 

In this chapter, RETRO-Mapping has been used, with the validated tools for data analysis 

previously discussed, to study the effects of PVI on atrial activation patterns during persistent 

AF. We used RETRO-Mapping to test the hypothesis that PVI leads to more ‘organised’ atrial 

activation patterns. A workflow for live data export and analysis during a catheter ablation 

procedure has also been developed and described. 
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6.2 Methods 

6.2.1 Patient selection 

Patients with symptomatic persistent AF that were undergoing clinically indicated catheter 

ablation procedures were prospectively recruited. Three patients were in sinus rhythm on the 

day of the procedure, one of which had converted to sinus rhythm on amiodarone, and the 

other two had undergone DC cardioversion while awaiting ablation. Three patients with 

previous PVI only, and no linear or CFAE ablation were also included. Procedures were 

conducted in the post-absorptive state under general anaesthetic. Anticoagulation regimens 

were maintained, and unfractionated heparin administered after trans-septal puncture. All 

antiarrhythmic medications were discontinued at least five half-lives before the procedure 

with the exception of amiodarone. Patients established on amiodarone continued to take this 

up to the day of the procedure. 

All procedures were performed by a single operator using Ensite Precision and the 

AFocusII catheter for data collection. Left atrial and pulmonary venous geometry were 

collected at the start of each case. Following this, the AFocusII was held in a stable position 

on the left atrial endocardium for collection of 30 second data segments in multiple different 

locations. A shadow of the AFocusII catheter was projected on to the LA geometry for each 

recording location. PVI was undertaken in ipsilateral pairs with antral circumferential ablation 

using the TactiCath ablation catheter at 25-30W. Isolation of each pulmonary vein was 

confirmed. Isolation was defined as the absence of PV signals on the AFocusII catheter during 

AF. Once isolation of all veins was confirmed, catheter shadows for each data segment were 

displayed, one at a time. The AFocusII catheter was returned to the same location and 

catheter orientation for collection of a further 30 second data segment in each location after 

PVI. 

Overall, 554 data segments were collected from 23 patients. Data was collected from 

277 different locations before and after PVI. Patient characteristics are displayed in Table 6-

1. Twenty-four patients were recruited, however one patient terminated to sinus rhythm 

during catheter ablation of the right sided pulmonary veins, and was therefore excluded. 

Patient characteristics and demographics are displayed in Table 6-1. 
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Case Gender Age  
(yr) 

Duration  
in 

persisten
t AF 

(months) 

Previous AF 
ablation 

 

LA size 
(mm) 

 

LVEF 
(%) 

Induced 
persisten

t AF 

Amiodarone Data 
segments 

1 M 58 51 N 38 60 N N 11 
2 F 69 9 N 44 30 N N 12 
3 M 75 23 N 43 55 N N 17 
4 M 53 11 N 46 45 N Y 14 
5 M 58 11 N 49 40 N Y 9 
6 M 56 34 N 43 50 N Y 5 
7 M 65 29 N 51 55 N Y 6 
8 M 60 9 N 43 50 N N 20 
9 M 66 13 N 54 50 Y N 10 

10 M 64 16 N 54 55 N N 10 
11 M 54 26 N 51 50 N N 7 
12 F 75 21 N 41 55 N N 9 
13 M 62 28 Y 50 55 N N 21 
14 M 53 13 N 45 35 Y Y 15 
15 M 65 12 N 34 60 Y N 16 
16 M 56 18 N 51 35 N Y 8 
17 M 69 48 N 56 40 N Y 6 
18 M 55 30 N 49 45 N Y 21 
19 M 76 9 Y 46 40 N N 11 
20 M 47 44 Y 47 55 N Y 6 
21 F 74 12 N 42 55 N N 14 
22 M 65 14 N 35 40 N N 16 
23 F 71 15 N 50 45 N N 13 

*24 F 45 20 N 42 50 N Y N/A 
Table 6-1. Patient characteristics. Details of previous ablation procedures are provided in the 
Appendix section. *Patient 24 terminated to sinus rhythm during catheter ablation of the right sided 
pulmonary veins, after the left sided veins had been isolated. 

6.2.2 Live Data Export 

All data analysis up to, and including this point has been conducted offline. If activation 

mapping of AF is to be used to guide ablation strategy, it is a requirement that live data export 

and analysis can be achieved. A sub-study later in this chapter (See 6.3.6) involves online ‘live’ 

data export and analysis of 43 data segments in 3 further patients. 

Ensite Precision does not allow data to be exported during a case. Data export for offline 

analysis purposes is done by ending the active study and entering a case review mode. 

Software was provided from Abbott that would permit rights to export data during an ‘open’ 

Ensite Precision case. This software has not previously been used by Abbott, but allows the 

potential for access to live data only, and is not a means to analyse these data. Custom 

software was written to identify electrode location and bipolar electrogram data from the 

AFocusII catheter while data is being acquired for each data segment. Recognition of the 
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AFocusII catheter was achieved, however obtaining electrogram data was more challenging. 

Initial problems with 50Hz noise on all bipoles of the AFocusII catheter were resolved by 

applying a notch filter within the custom software. Despite this, no electrogram data could be 

streamed live from the catheter despite a 6 month endeavour. The software rights from 

Abbott were authorised with a limited license duration. Prior to this license expiring, an 

application for a license extension was made. The issuing of this is awaited, however the 

current license lapsed during this period. 

To overcome this obstacle, a protocol was devised so that data could be exported during 

the case. Prior to PVI, data was collected in the method previously described. Following data 

collection before PVI, the case was ended so that data could be exported. The case was re-

opened following data export, and PVI undertaken. This process took around 3-5 minutes. 

Data analysis was undertaken using RETRO-Mapping during the time that catheter ablation 

was being undertaken to isolate the pulmonary veins. 

6.2.3 Choropleth Maps 

Choropleth maps were constructed in the method previously described. 

6.2.4 Data analysis techniques 

All data segments underwent analysis to identify percentage match at baseline, and R50 and 

number of dominant directions of activation before and after PVI in the methods previously 

described (See 4.2.4). 

All patients underwent collection of two consecutive data segments from the first 

location mapped; datasets A and B. This was used to calculate a baseline percentage match 

for each patient and ensure spatiotemporal stability was present. Data segments were 

collected from multiple different locations before ablation with PVI; dataset A pre-PVI. 

Following confirmed pulmonary vein isolation, the AFocusII catheter was returned to each 

location mapped in dataset A pre-PVI for collection of a further 30 second data segment; 

dataset A post-PVI. 

Mean LAA cycle length was calculated over 30 AF cycle lengths before and after PVI. A 

significant change in LAA cycle length was defined as >6ms prolongation following ablation, 

as per established criteria.87, 116 
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6.2.5 Statistical Analysis 

Results were expressed as mean ± SD. Significance testing was performed using Welch’s t-test 

for unequal variance. The Wilcoxon signed-rank test was calculated for paired groups. 

Correlation statistics were used to identify relationships between mapping parameters. A 

value of P <0.05 was considered statistically significant. Changes in ≥6ms change LAA cycle 

length were considered significant in accordance with established data. 

6.3 Results 

6.3.1 Baseline Percentage Match 

Before PVI, the baseline percentage match was calculated at the first location mapped to 

ensure atrial activation pattern stability. Mean baseline percentage match (%) was 78.0 ± 10 

(95% CI 74.0 to 84.0). This is similar to the mean baseline percentage match observed in 

chapter 4 (79.5% ± 7.7%, n=161). 

Spatiotemporal stability was defined as being present at the start of the case if 

percentage match was no greater than one standard deviation below the overall mean 

percentage match at baseline from chapter 4 (see 4.4.2); 79.5% ± 7.7%. This will be referred 

to as the ‘standardised percentage match’. Activation was stable in 19/23 patients in 

accordance with this criteria (Figure 6-1). 

 

 
 

Figure 6-1. Baseline percentage match for the first location mapped in each patient is displayed in this 
graph. One standard deviation below the standardised percentage match (79.5% ± 7.7%) is 
represented by the broken red line. Baseline percentage match falls below this value in 4 patients. 
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6.3.2 Organising effects of ablation 

Left Atrial Appendage Cycle Length 

LAA cycle length was calculated before and after PVI for all 23 patients. There was a significant 

increase in LAA cycle length (mean ± SD, milliseconds) of 17.74 ± 15.95 (P < 0.0001) after PVI 

compared to before PVI (Figure 6-2). Mean LAA cycle length before PVI was 192.2 ± 20.63, 

and after PVI was 209.9 ± 29.31. The LAA cycle length increased in all patients following PVI. 

A significant prolongation in LAA cycle length was identified (>6ms) in 18/23 patients.  

 

 
 

Figure 6-2. Graph showing the LAA cycle length (ms) before and after PVI. LAA cycle length increased 
in all patients after PVI. 

R50 

R50 was calculated before and after PVI for all locations mapped (n=277). This showed (mean, 

± SD, degrees): R50 before PVI of 87.36 ± 30.88 (95% CI 83.71 to 91.02); R50 of 65.74 ± 32.6 

(95% CI 61.88 to 69.6) after PVI. Overall, there was a significant decrease in R50 following PVI 

(mean difference -21.62; 95% CI -25.49 to -17.76; P <0.0001); i.e. activation became more 

organised in a particular direction after isolation of the pulmonary veins. The mean R50 was 

calculated for each patient before and after PVI. Although the overall R50 had decreased, a 

variable response to PVI was identified between different patients (Figure 6-3).  
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Figure 6-3. Graph displaying the difference in mean R50 for each patient before and after PVI. 

Further analysis of the mean R50 for each patient showed that 16/23 patients had a significant 

decrease in R50 following PVI; i.e. PVI resulted in AF becoming more organised in a particular 

direction (Figure 6-4). There was a trend towards an increase in R50 in 1/23 patients. The 

remaining 6/23 patients showed a trend towards a decreased R50 following PVI. Four of the 

7 patients with no significant effect on R50 from PVI were on amiodarone while the remaining 

3 patients were not. 
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Figure 6-4. Histograms showing significant decrease (*P <0.05) in mean R50 overall, and for 16/23 
patients after PVI. 

Correlation between LAA Cycle Length and R50 

The change in LAA cycle length and R50 was calculated following ablation with PVI. The 

correlation between the change in LAA cycle length and mean R50 following ablation with PVI 

for each patient was investigated. There is a negative correlation between increasing LAA 

cycle length and decreasing R50; r = -0.48 (95% CI -0.75 to -0.072), P=0.02 i.e. PVI results in 

an increase in LAA cycle length and a decrease in R50, signifying atrial activation in more 

organised after PVI (Fig 6-5). 
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Figure 6-5. The difference between R50 and LAA cycle length before and after PVI is displayed in this 
graph. There is a negative correlation between increasing LAA cycle length and decreasing R50 
following PVI; r = -0.48 (95% CI -0.75 to -0.072), P=0.02. 

Of the 18/23 patients in whom a significant increase in LAA cycle length was 

demonstrated after PVI, 14/23 also demonstrated a significant decrease in R50. LAA cycle 

length significantly increased in 4/23 patients without an accompanying significant decrease 

in R50. There were 2/23 patients that showed a significantly decreased R50 without an 

accompanying significant increase in LAA cycle length (Table 6-2). 
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Case Change in LAA CL  
After – Before PVI (ms) 

Change in R50  
After – Before PVI (degrees) 

1 6* -23.6* 
2 33* -40.8* 
3 9* -15.9 
4 11* -24.3* 
5 14* -17.8* 
6 36* -40* 
7 25* -11.7 
8 53* -15.5* 
9 19* -32* 

10 18* -6 
11 65* -97.2* 
12 16* -25.6* 
13 3 -7.1 
14 2 -1.3 
15 5 -30.6* 
16 23* -33.8* 
17 8* -40* 
18 3 -14.8* 
19 4 1.8 
20 14* -8.3 
21 15* -24.3* 
22 14* -20.7* 
23 12* -32.3* 

Table 6-2. The change in LAA cycle length and R50 after ablation with PVI compared to before PVI is 
displayed for each patient (*P <0.05 for R50, *≥6ms CL increase). 

Patient 11 had the greatest increase in LAA cycle length and the greatest decrease in 

R50 following PVI; mean decrease in R50 was -97.14° ± 22.89° (95%CI -118.3° to -75.98°, P 

<0.0001) after PVI, compared to R50 before PVI. Data collected during persistent AF (before 

PVI) was used to produce a choropleth map. Before PVI, the mean R50 was 114.3° ± 23.7° 

(95% CI 92.36° to 136.2°). This is consistent with activation that is not organised in any 

particular direction, and is reflected by the choropleth map. Orbital plots show activation to 

be spread out in multiple different directions (Figure 6-6). 
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Figure 6-6. Choropleth map for Patient 11 during persistent AF, prior to PVI. Orbital plots for 5 data 
segments are projected on to the LA geometry in Ensite Precision. Activation is spread out in multiple 
directions, and is consistent with the high mean R50 114.3° ± 23.7° (95% CI 92.36° to 136.2°). 

The left sided pulmonary veins were isolated first. Upon isolation of the right sided pulmonary 

veins, activation in the CS became regular with distal to proximal activation; CL 254ms (189ms 

before PVI). This tachycardia was mapped conventionally using Ensite Precision to produce a 

LAT map which was consistent with a dual circuit of activation moving clockwise around the 

mitral annulus, and roof dependent left atrial macro re-entry (Figure 6-7). This tachycardia 

terminated during linear ablation at the roof. 
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Figure 6-7. LAT map for Patient 11 after PVI. CS activation is distal to proximal. Earliest activation 
(white) meets latest activation (purple) in a line extending from the mitral annulus and across the roof. 

A choropleth map using data collected after PVI was created for Patient 11 using RETRO-

Mapping (Figure 6-8). There was a significant decrease in mean R50 after PVI; R50 mean 

17.14° ± 11.13° (95% CI 6.85° to 11.13°) after PVI. The activation direction from each orbital 

plot was consistent with that of the LAT map created using Ensite Precision. The low R50 

reflects activation that is highly organised in a single direction of activation. 
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Figure 6-8. Choropleth map of Patient 11 after PVI. Orbital plots for 5 data segments are projected on 
to the LA geometry in Ensite Precision, with the LAT map simultaneously displayed. Yellow arrows 
have been added to aid with visual interpretation of activation direction only, and would not usually 
be part of a choropleth map. Activation in each location is highly organised, and is reflected by the low 
mean R50 17.14° ± 11.13° (95% CI 6.85° to 11.13°). Choropleth map activation is consistent with that 
of the conventional LAT map. 

Dominant directions 

The same data segments were also analysed to identify the number of dominant directions 

before and after PVI. The number of dominant directions ranged from 1 (most organised) to 

8 (least organised). PVI resulted in a significant decrease in the number of dominant directions 

(mean difference -0.74; 95% CI -0.96 to -0.51; P <0.0001); i.e. activation becomes confined to 

fewer different directions after PVI. The mean number of dominant directions before PVI was 

2.8 ± 1.7 (95% CI 2.6 to 3.0). Following PVI there was a decrease in the mean number of 

dominant directions, to 2.1 ± 1.4 (95% CI 1.9 to 2.2).  

The mean number of dominant directions was calculated for each patient. Ablation with 

PVI showed that there was a reduction in the number of dominant directions in 22/23 patients 

(Figure 6-9). 
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Figure 6-9. Graph displaying the difference in mean number of dominant directions for each patient 
before and after PVI (mean difference -0.74; 95% CI -0.96 to -0.51; P <0.0001). 

There was a significant reduction in the mean number of dominant directions for 5/23 

patients following PVI. Patient 19 showed a trend towards an increased number of dominant 

directions of activation. This patient also showed in trend towards increased R50. There was 

a trend towards a reduced number of dominant directions after ablation compared with 

before ablation in the remaining 17/23 patients (Figure 6-10). 
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Figure 6-10. Histogram showing significant decreases (*P <0.05) in the number of dominant directions 
following PVI overall, and for 5/23 patients. 

6.3.3 Correlation between R50 and dominant directions 

The relationship between R50 and number of dominant directions was investigated. One 

would expect that as R50 decreases, showing more organised activation in a particular 

direction, the number of dominant directions might also decrease. Analysis showed an overall 

positive correlation between R50 and number of dominant directions before (r=0.72, 95% CI 

0.66 to 0.77, P <0.0001) and after PVI (r=0.74, 95% CI 0.69 to 0.79, P <0.0001). (Figure 6-11). 
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A sub-analysis showed that the positive correlation between R50 and number of dominant 

directions was present in all patients, before and after PVI. 

                              Before PVI         After PVI 

 
 

Figure 6-11. Correlation between R50 and number of dominant directions before (left) and after (right) 
PVI. There is a positive correlation between R50 and number of dominant directions: Before PVI 
r=0.72, 95% CI 0.66 to 0.77, P <0.0001; After PVI r=0.74, 95% CI 0.69 to 0.79, P <0.0001. 

6.3.4 Differences between induced and spontaneous persistent AF 

Three patients with persistent AF presented in sinus rhythm on the day of their procedure. 

Two of these patients had undergone electrical cardioversion for symptomatic control while 

awaiting their catheter ablation procedure, and one had reverted to sinus rhythm while on 

amiodarone. AF was induced with burst pacing from the CS as previously described (See 

3.3.2), allowing 2 minutes before mapping. Comparison was made between the 3/23 patients 

with induced persistent AF, and 20/23 patients with spontaneous persistent AF. 

R50 

Before PVI, the mean R50 (degrees) for patients with: Induced persistent AF was 52 ± 31 (95% 

CI 43 to 62); Spontaneous persistent AF was 93 ± 27 (95% CI 90 to 97). Patients with induced 

persistent AF had a significantly lower mean R50, indicating that these patients have more 

organised AF; mean difference -41 ± 5.1 (95% CI -51 to -31), P <0.0001 (Figure 6-12). 



  

166 
 

 

 
 

Figure 6-12. The effect of ablation with PVI on R50 for patients with induced and spontaneous 
persistent AF are displayed (*P <0.0001). 

After PVI, the mean R50 for patients with: Induced persistent AF was 32.2 ± 18.8 (95% CI 26.3 

to 38.1); Spontaneous persistent AF was 71.6 ± 30.95 (95% CI 67.6 to 75.5). Patients with 

induced persistent AF also had a significantly lower mean R50 after PVI compared to 

spontaneous persistent AF after PVI; mean difference -39.37 ± 3.56 (95% CI -46.45 to -32.3), 

P <0.0001. Mean R50 significantly decreased following PVI in both patient groups: Induced 

persistent AF -20 ± 30 (95% CI -30 to -11), P <0.0001; Spontaneous persistent AF -22 ± 33 (95% 

CI -26 to -18), P <0.0001 (Figure 6-12). 

LAA Cycle Length 

Mean LAA cycle length for patients with induced persistent AF was shorter than for patients 

with spontaneous persistent AF, both before and after PVI. The mean LAA cycle length for 

patients with induced persistent AF before PVI was 182.7 ± 22.81 (95% CI 126.0 to 239.3), and 

spontaneous persistent AF before PVI was 193.6 ± 20.54 (95% CI 194.0 to 203.2). After PVI 

the mean LAA cycle length for induced persistent AF was 190.7 ± (95% CI 154.5 to 226.9), and 

spontaneous persistent AF was 212.8 ± (95% CI 198.7 to 226.9).  
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Dominant Directions 

Before PVI, the mean number of dominant directions for patients with: Induced persistent AF 

was 1.44 ± 0.98 (95% CI 1.13 to 1.75); Spontaneous persistent AF was 3.04 ± 1.73 (95% CI 2.82 

to 3.26). Patients with induced persistent AF had a significantly lower mean number of 

dominant directions, indicating that these patients have more organised AF; mean difference 

-1.60 ± 0.19 (95% CI -1.98 to -1.22), P <0.0001 (Figure 6-13). This finding is consistent with 

patients with induced persistent AF also having a low R50. 

 

 
 

Figure 6-13. The effect of ablation with PVI on the number of dominant directions for patients with 
induced and spontaneous persistent AF are displayed (*P <0.0001). 

After PVI, the mean number of dominant directions for patients with: Induced persistent AF 

was 1.12 ± 0.51 (95% CI 0.96 to 1.28); Spontaneous persistent AF was 2.23 ± 1.46 (95% CI 2.04 

to 2.42). Patients with induced persistent AF also had a significantly lower mean number of 

dominant directions after PVI compared to spontaneous persistent AF; mean difference -1.11 

± 0.12 (95% CI -1.35 to -0.86), P <0.0001. Within both induced and spontaneous persistent AF 

patients, following PVI there was a decrease in mean number of dominant directions: Induced 

persistent AF mean difference -0.32 ± 1.06 (95% CI -0.65 to 0.017), P = 0.06; Spontaneous 
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persistent AF mean difference was -0.81 ± 1.98 (95% CI -1.06 to -0.56), P <0.0001 (Figure 6-

13). There was a significant decrease in mean number of dominant directions for 

spontaneous, but only a trend towards decreased number of dominant directions for patients 

with induced persistent AF. 

Percentage Match  

Baseline percentage match (%) to assess for spatiotemporal stability for the two groups was: 

Induced persistent AF – mean 67 ± 16 (95% CI 27 to 107); Spontaneous persistent AF – mean 

80 ± 8.4 (95% CI 76 to 84). There was a trend toward lower baseline percentage match with 

induced persistent AF; mean difference -13 ± 9.4 (95% CI -51 to 24), P = 0.29 (Figure 6-14). 

The baseline percentage match for patients with induced persistent AF was greater than one 

standard deviation below the standardised mean percentage match (79.5% ± 7.7%) indicating 

that activation patterns were not stable before PVI in patients with induced persistent AF. 

 

 
 

Figure 6-14. The difference in baseline percentage match (mean, ±SD, %) in patients with spontaneous 
and induced persistent AF are displayed. 

6.3.5 Effect of previous ablation 

Three patients (3/23) had undergone previous ablation with PVI for persistent AF. Patient 13 

had undergone 2 previous ablations for AF, however the LUPV remained connected. Patients 

19 and 20 had undergone a single ablation for AF. The LLPV and RLPV had reconnected in 
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Patient 19, and the RLPV had reconnected in Patient 20. For these 3 patients, the first dataset 

was collected before any ablation. Reconnected PVs were then re-isolated, and a repeat 

dataset collected after isolation. 

Data was initially analysed for the 20/23 patients with no previous left atrial ablation. 

When comparing datasets collected before and after PVI in this group, there was a significant 

decrease (mean difference ± SD) in R50 (-24.21 ± 32.75°; 95% CI -28.48 to -20.14; P <0.0001), 

number of dominant direction (-0.85 ± 1.87; 95% CI -1.09 to -0.62; P <0.0001), and percentage 

match (-38.23 ± 21.28%; 95% CI -48.18 to -28.27; P <0.0001) following PVI. 

Data was analysed for the 3/23 patients with a history of previous ablation, in whom 

between 1 and 2 PVs required re-isolation. When comparing datasets collected before and 

after completion of PVI in this group, there was no significant decrease in R50 (-4.74 ± 27.19°; 

95% CI -13.67 to 4.2; P = 0.29), number of dominant directions (-0.03 ± 1.82; 95% CI -0.63 to 

0.57; P = 0.93), or percentage match (-26.27 ± 15.04%; 95% CI -63.64 to 11.1; P = 0.09) 

following re-isolation of the reconnected veins (Figure 6-15). LAA cycle length in patients 13 

and 19 did not show any significant increase after PVI, while there was a significant increase 

in LAA cycle length in patient 20. 
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Figure 6-15. Differences between patient that have undergone previous PVI for persistent AF and 
those with no previous ablation. There was a significant decrease in R50, number of dominant 
directions, and percentage match following PVI in patients with no previous history of AF ablation (*P 
<0.0001). There was no significant difference for these parameters in patients that had undergone 
previous AF ablation procedures. 

6.3.6 Workflow for online RETRO-Mapping 

In addition to the patients recruited in this chapter, three patients were recruited to develop 

a workflow that allowed data to be analysed during a procedure. Difficulties with accessing 

live data from Ensite Precision forced an alternative approach to be sought. 

Forty three data segments were collected from 3 patients before PVI. All patients had 

undergone two or more previous catheter ablation procedures for persistent AF. Prior to data 

collection, the PVs were assessed for isolation. All 4 veins in each patient were isolated at the 

start of the case. Following data collection, the active case in Ensite Precision was closed to 

allow the whole case to be exported to an external hard drive. Immediately following this, the 

case was re-opened to enable catheter ablation to be undertaken at the discretion of the 

operator. This process takes approximately 3-5 minutes. 

It is not possible to run the entire export file from Ensite Precision for analysis with 

RETRO-Mapping, and requires selection of the precise data for analysis manually. During the 
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time that catheter ablation was being undertaken, the case was imported to a laptop supplied 

by Abbott/St Jude which runs the clinical version of Ensite Precision. In order to obtain the 

data required for analysis with RETRO-Mapping, each recorded data segment has to be 

individually selected and stored as an export file containing the raw bipolar electrogram and 

electrode location data from the AFocusII catheter. These files are subsequently exported on 

to an external hard drive, and are ready for importing to RETRO-Mapping. This process takes 

approximately 10 minutes. RETRO-Mapping undertakes the analysis process to identify the 

activation patterns for each data segment and displays them in the GUI for the user. The data 

analysis phase takes 30-40 minutes, depending on the number of data segments that have 

been acquired. 

Using the method described, approximately 45-55 minutes is required for analysis of 

data from the time that data collection has been completed. Although this method allows 

data to be exported and analysed during a case, it is not currently at a stage that it can be 

relied upon for clinical use. 

6.4 Discussion 

It is common for clinical electrophysiologists to describe “more organised” AF following 

ablation. However, the way that this statement is qualified is subjective and based upon CS 

activation patterns, or based on crude measurement of LAA cycle length over 30 cycle. This 

chapter uses RETRO-Mapping to quantify the effect of catheter ablation with PVI on 

persistent AF with regard to a number of novel parameters, and their correlation with the 

established marker of LAA cycle length. Specifically, these novel parameters include; R50, 

number of dominant directions, and percentage match. Sub-group analyses have also been 

undertaken to investigate the difference between induced and spontaneous persistent AF, 

and patients with previous PVI to gain further mechanistic insight. 

Besides termination of AF, the LAA cycle length is commonly used to determine 

response to catheter ablation. As AF becomes more organised, the LAA cycle length prolongs, 

and when it reaches a critical cycle length it is associated with termination of AF.83 An increase 

of just 5-6ms in mean LAA cycle length over 30 cycles is considered to represent a significant 

response to ablation.83, 87, 116 Our observations were consistent with this. Following PVI, there 

was prolongation of LAA cycle length in all patients to some degree, reaching significance in 

18/23 patients. Of the 5/23 patients that showed a trend towards increased LAA cycle length, 
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each patient had one or more of the following characteristics; previous PVI (with 1 

reconnected PV), induced persistent AF, or taking amiodarone. It is understandable why a 

greater number of isolated PVs at baseline might result in a lesser increase in LAA cycle length 

on completion of their isolation to those with all PVs electrically connected at baseline. 

Similarly, possible suppression of focal drivers with amiodarone might explain why a more 

significant effect from PVI was not seen in patients on this drug. However, other groups have 

described differences between patients with induced and spontaneous AF, with longer LAA 

cycle lengths recorded during induced compared to spontaneous AF in a canine atria.100 We 

observed the opposite, however there was a much greater increase in LAA cycle length 

following ablation for patients with spontaneous compared to induced persistent AF. This 

does suggest that mechanistic differences likely exist between the two, and that the 

pulmonary veins might play a more important role in spontaneous compared to induced AF. 

Although LAA cycle length can be used to assess the response to catheter ablation, it 

reflects electrical information pertaining to the entire LA. There is interest in ablation beyond 

the PVs, which demands a more detailed and localised understanding of activation within the 

atria. It is possible to create maps showing the local AF cycle length throughout the atria. 

Similar to CFAE maps, wavefront collision and electrogram fractionation can make signal 

annotation challenging. Uniform wavefronts occurring during AF are used to produce orbital 

plots in RETRO-Mapping. R50 is the range in degrees in which 50% of this activation is 

contained and is calculated from orbital plots. There are local differences in R50 between 

different patients, and also within different locations in the same patient.  

Isolation of the pulmonary veins has previously been shown to result in prolongation of 

the LAA cycle length.83, 151 This effect was also identified in this study. Following PVI, R50 

decreased in all except 1 patient. This suggests that activation became more organised after 

PVI, as activation became restricted to a narrower spread of directions. Analysis of individual 

patients showed a significant reduction in R50 in the majority of patients (16/23). There was 

a trend towards decreased R50 following PVI in a further 6/23 patients, however one patient 

showed a trend towards increased R50. It is possible that patients that did not show a 

significant reduction in R50 following PVI may be the result of inadequate data collection, or 

identify patients in whom the predominant mechanism is non-PV driven AF. Importantly, 

there is a correlation between increased LAA cycle length and decreased R50 in response to 
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PVI, validating R50 as a tool to quantify ‘organisation’ of AF, and a tool to determine the 

effects of catheter ablation. 

Sih et al. have shown differences in AF cycle length between patients with induced and 

spontaneous AF, identifying induced AF to have a longer cycle length than persistent AF in a 

canine model, indicating that induced AF is more organised.100  In this study, patients with 

induced AF had a significantly lower R50 than those with spontaneous persistent AF, both 

before and after PVI. The demonstration of a lower R50 in patients with induced R50 is 

consistent with AF being more organised in this group of patients compared to spontaneous 

persistent AF.  

We identified that the mean LAA cycle length in patients with induced AF was shorter 

than for patients with spontaneous persistent AF, and contradicts the findings of Sih et al.100 

This might be explained by the methods used for measuring the cycle length following AF 

induction by the researchers. They measured the AF cycle length over a 10 second period of 

AF beginning 2 seconds after AF induction and at least 2 seconds before spontaneous AF 

termination. It is common that the AF cycle length varies significantly until it becomes stable 

following induction. Similarly, AF cycle length usually gradually prolongs just before AF 

terminates.83 Bearing this in mind, it is unlikely that the mean AF cycle length that they used 

can be relied upon, based on their measurement criteria by the researchers.  

Konings et al. characterised the atrial activation patterns that occur during in AF, 

showing different degrees of disorganisation.27 Gerstenfeld et al. showed that multiple 

uniform wavefront can intermittently occur in the same or multiple different directions in the 

same location.113 Focal drivers within the PVs have previously been documented, and remain 

the only consistently proven mechanism for AF.6 Increased organisation was shown following 

ablation with PVI in this study, determined by an increased LAA cycle length, and decrease in 

R50. The exclusion of focal drivers within the PVs, together with exclusion of any focal drivers 

within the confines of the circumferential antral ablation offers a plausible explanation for 

the increased organisation demonstrated.  

Following PVI, there was a significant decrease in the number of dominant directions 

compared to before PVI; i.e. activation becomes confined to fewer different directions after 

PVI. In agreement with the observations of differences between induced and spontaneous 

persistent AF, patients with induced persistent AF also had a lower number of dominant 

directions than patients with spontaneous persistent AF. It was also demonstrated that there 
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is a strong positive correlation between an increasing number of dominant directions and 

increasing R50. This might provide additional indirect evidence that as focal drivers are 

excluded within the confines of the antral circumferential ablation lesion sets, there are fewer 

directions in which the uniform wavefronts originate. Strengthening of this indirect evidence 

comes from the patients that had undergone previous PVI only procedure. Although these 

three patients did have some very limited PV reconnection, the PVs were largely isolated. Re-

isolation did not result in any significant change in R50, number of dominant directions, or 

percentage match. This suggests that there is an alternative mechanism responsible for 

maintenance of AF in these patients, and the PVs are not implicated. 

An alternative explanation for the change in activation pattern relates to the functional 

effect of introducing obstacles that alter the potential pathway that activation can take. The 

posterior wall between the antral PVI lesions effectively becomes a ‘corridor’ in which 

activation is restricted. The relationship between left atrial structural pathways and electrical 

function during persistent AF has not been fully characterised. Wavefronts with preferential 

activation direction have been demonstrated during re-entrant arrhythmias, and structural 

determinants suggested to be implicated.75 Electrical conduction from the PVs has also been 

correlated with anatomic features in canine atria.76 A recent technique has been developed 

which allows the myofiber architecture of the human left atrium to be imaged using diffusion 

tensor magnetic resonance imaging (DTMRI) at the submillimetre level.78 If the mechanism of 

change in activation pattern was the functional effect of ablation boundaries, one might 

expect activation to either move ‘up’ or ‘down’ the posterior wall only. We did not observe 

this, and identified activation to move in directions that are not consistent with the atlas of 

myofiber orientation, and goes against activation patterns solely being determined by 

myofiber orientation. 

RETRO-Mapping has also been demonstrated to be effective at mapping regular cycle 

length tachycardias. All electroanatomical mapping systems have the capability of producing 

conventional isochronal maps, however it has been demonstrated that incorrect annotation 

of only a few points can result in a map that does not reflect the underlying tachycardia 

mechanism.118 The benefit of RETRO-Mapping is that it does not require a window of interest 

to be set or any manual adjustment of signal annotation. One particular group of atrial 

tachycardias that might benefit from this type of mapping are those with a variable cycle 
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length. It is not possible to map these tachycardias using conventional methods, but would 

be possible using RETRO-Mapping. 

Finally, a workflow has been developed that allows data to be analysed during a 

catheter ablation procedure. The significant problems with developing a live data export in 

real time has limited the rate at which data can be analysed. Furthermore, the speed at which 

the data is analysed through RETRO-Mapping is not fast enough at present, and requires 

refinement to improve the analysis speed. As a result, it is not possible to undertake ablation 

within the acceptable time constraints of a clinical procedure at present. 

6.5 Limitations 

In order to assess the change in R50 and dominant directions between datasets collected 

before and after PVI, the catheter had to be returned to the same location and in the same 

catheter orientation. There were some problems with interference with the magnetic data 

location in Ensite Precision prevented its use during procedures in our catheterisation 

laboratory. Reliance was therefore upon the impedance based system which can suffer from 

‘map shifts’ due to changes in impedance throughout the case. To minimise errors of incorrect 

mapping position, the CS catheter was shadowed, along with the AFocusII position in all 4 

veins so that any changes could be identified and corrected.  

A large amount of time was spent attempting to develop a live data export and analysis 

method. It was underestimated how challenging this would be, and has prevented live data 

export and analysis. This is a requirement if the analysed data is to be used during a clinical 

procedure to guide ablation. 

6.6 Conclusion 

Catheter ablation of persistent AF with PVI results in significant organisation of fibrillatory 

activity. This is evidenced by decreased R50 and number of dominant directions, and an 

increase in LAA cycle length. It is not clear if these effects are purely down to isolation of the 

PVs, or if it is a combination of the functional effects and also inadvertent isolation of focal 

drivers during PVI. It is clear that differences exist between induced and spontaneous 

persistent AF, and between those patients that have undergone PVI only procedures but have 

the existence of minor PV re-connections at baseline. It might be possible to use RETRO-

Mapping to quantify the effect of catheter ablation which may provide prognostic information 

for recurrence rates and modes of AF. 
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7.1 Introduction 

Mapping to determine arrhythmia mechanism is crucial to successful catheter ablation. 

Development of techniques to map regular cycle length tachycardias have resulted in greatly 

improved procedural outcome118, however such advances have not been observed with atrial 

fibrillation. As a result, ablation beyond pulmonary vein isolation has not consistently been 

shown to improve long term outcomes.152 

The population of patients suffering from AF is expected to significantly increase over 

the coming years. Therefore, the number of patients requiring catheter ablation will 

substantially grow. Although mapping of AF may not be required for an initial ablation 

procedure, it is likely to benefit patients in whom PVI does not result in maintenance of sinus 

rhythm. 

A literature review, in Chapter 1, has identified some of the significant challenges that 

exist when attempting to map AF and some of the existing techniques that have caused great 

controversy. It is interesting that despite around 100 years of attempts to understand the 

underlying mechanisms of AF, several mechanisms have been suggested but evidence to 

confirm or disprove them is still lacking. The intention of this thesis was to develop a new 

automated technique which enables AF to be mapped in order to understand the mechanisms 

that maintain persistent AF. The eventual goal is to utilise this understanding to improve 

catheter ablation outcome with a patient tailored approach.  

7.2 Original Contributions 

7.2.1 Activation Mapping of Atrial Fibrillation 

In Chapter 3, the development and validation of a technique for activation mapping of AF was 

presented. This involved the development of a novel computational algorithm to track 

uniform activation during AF and display the data in a manageable way for the user to 

interpret. Importantly, this technique had to be able to operate without the use of either a 

fiducial signal, or a fixed time window. The algorithm underwent extensive validation to 

ensure that activation maps were consistent with isochronal mapping, which was defined as 

the ‘gold standard’. It is accepted that there is no true gold standard. 

The technique for mapping AF was further developed in Chapters 3 and 4, with 

automated techniques to quantify organisational characteristics of mapped locations. Large 
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volumes of AF data underwent initial manual analysis, with subsequent analysis using RETRO-

Mapping, as well as a novel method to display these data in the form of a choropleth map. 

The user interface was further developed in these chapters, to allow multiple different 

locations to be simultaneously displayed, determined by the user. Importantly, this user 

interface also allows the user to review the raw electrogram data that has been used to 

generate maps for corroboration of results.  

7.2.2 Spatiotemporal Stability of Atrial Fibrillation 

In Chapter 4, RETRO-Mapping was used to demonstrate that atrial activation patterns during 

persistent AF are not random. This is an extremely important discovery, as it implies that an 

ablation target may exist, and that a sequential mapping technique using a roving multipolar 

catheter is feasible. 

Qualitative assessment of orbital plots was initially applied. This identified that 

activation pattern of the majority of orbital plots stabilises at around 20-30 seconds. 

Development of ‘Percentage Match’ also provided evidence that activation patterns tend to 

become stable at 30 seconds of data collection. The same technique was used to show that 

atrial activation patterns during persistent AF remain stable over time periods of at least 10 

minutes. In addition to showing stability of atrial activation during persistent AF, more 

conventional markers of atrial substrate have also been shown to remain stable over time. 

This includes both endocardial mean peak-to-peak bipolar voltage and CFAEmean, measured 

over 8 seconds. 

An explanation for the stability of these activation patterns was explored in Chapter 5. 

This was based on the previously described theory of a focal driver hypothesis, and a 

simplified hypothetical model of AF. Manual analysis of data segments for focal activation 

was compared with the activation patterns and the novel tools for analysis of data segments, 

such as R50 and number of dominant directions (described in Chapters 4 and 5). Although 

focal activation was identified, it was not possible to demonstrate that they were responsible 

for the observed activation patterns. 

Finally, the effect of pulmonary vein isolation on atrial activation patterns has been 

characterised, in Chapter 6. Until now, crude markers such as LAA cycle length measured over 

30 AF cycle lengths, and activation sequences on the CS catheter have been used to ‘prove’ 

that AF becomes more organised with PVI. This is an oversimplification of such a complex 
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electrophysiological process. RETRO-Mapping has provided insight in to the effect of PVI on 

atrial activation patterns. Novel tools for analysis, including R50 and number of dominant 

directions have been studies alongside LAA cycle length to show that there is a quantifiable 

relationship between them all.  

7.2.3 Tools to Quantify Activation Characteristics 

RETRO-Mapping was developed for activation mapping of persistent AF, as at the time of 

embarking on this research, there were no commercially available platforms that currently 

exist. Since this research, CARTOFINDER and more recently a novel method using dipole 

mapping have been developed, but are not available on general commercial release. As a 

result, there are no established tools available for activation mapping of AF. In Chapters 3, 4 

and 5 of this thesis, new tools were developed and tested. In addition, some established 

analysis techniques, such as Shannon entropy, fractionation, and voltage were also applied. 

The rationale behind development of these tools was because qualitative comparison 

of data was subjective and prevented statistical testing. It was quickly noticed that although 

Shannon entropy could be used to compare repeated mapping of a location, it could not be 

used to compare different locations mapped in the same patient, or different patients with 

regard to the degree of AF organisation. Development of new tools (R50 and number of 

dominant directions) provided a method to compare locations within, and between locations. 

In Chapter 4, R50 provided a method to define the directional spread of activation, in which 

different locations could be compared. Additional analysis with the development of dominant 

direction assignment, in Chapter 5, assisted in determination of how activation was directed. 

In Chapter 6, the relationship between R50, dominant directions and the more established 

marker of LAA cycle length were studies in response to ablation. The correlations between 

R50, number of dominant directions, and LAA cycle length helps to validate these tools as 

markers of organisation during AF. 

The new tools that were developed in this thesis have allowed detailed characterisation 

of activation patterns. Furthermore, the effect of ablation can be measured quantitatively. 

These parameters may assist operators to identify the appropriate ablation strategy for 

patients to improve procedural outcomes. 
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7.3 Implications of the research 

Since the discovery of focal ectopy from the pulmonary veins initiating AF6, adjunctive 

ablation techniques have failed to result in significant incremental benefit from catheter 

ablation. Attempts at improving success rates have frequently involved the use of surrogate 

markers of activation to infer mechanisms. It is well accepted that an understanding of atrial 

activation patterns during atrial tachycardia enables the underlying mechanism to be 

identified, leading to successful ablations. It is therefore understandable why mapping 

activation during AF might lead to the same success. 

RETRO-Mapping is a technique that tracks uniform wavefronts that occur during AF in 

order gain mechanistic information. The automation of data analysis allows larger regions of 

the atrium to be mapped, as this technique is not reliant on manual analysis. Furthermore, 

this technique maps activation without a time window. This may have important implications 

in mapping other arrhythmias, such as variable cycle length atrial tachycardias. Conventional 

mapping techniques are reliant on a fixed time window or fiducial signal. If there is a 

significant variability in cycle length, it is not possible to map the arrhythmia. RETRO-Mapping 

is not reliant on a fixed time window, or fiducial signal and should therefore be able to map 

the arrhythmia. 

In this thesis, some patients were found to have multiple neighbouring data segments 

with very similar activation directions and patterns. In these situations, this might represent 

patients that are able to support macro re-entry. These patients may benefit from additional 

linear ablation, which has previously not been shown to provide additional benefit over PVI 

alone. 

In the research presented in this thesis, it has been shown that there are differences 

between patients in terms of the effect of PVI, and the stability of activation patterns. RETRO-

Mapping may help to classify the different ‘types’ or mechanisms of AF that exist in different 

patients. This has two important implications. Firstly, ablation techniques could be tailored to 

the requirements of each patient. Secondly, it may assist in providing prognostic data on the 

success of catheter ablation in certain patients. Importantly, data collection can be done with 

conventional multipolar catheters and a commercially available mapping system. 
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7.4 Future directions 

This thesis involves the development of a computational method to map atrial activation 

during atrial fibrillation with the aim of improving the procedural outcome of catheter 

ablation by understanding the mechanisms that maintain AF. The ultimate aim would be to 

incorporate this technique in to established mapping systems for its widespread use in 

hospitals around the world.  

In this thesis, mapping and data analysis was conducted off-line. Ensite Precision does 

not allow the user to export data from the platform during the clinical case. Although licensed 

software was provided from Abbott to enable export of data during the procedure, it was not 

possible to achieve this. The alternative method did allow data to be exported and analysed 

during the case. However, if this mapping technique is to be used during a clinical procedure 

it is a requirement that the procedure would not need to be interrupted for data export. This 

has been the major obstacle to progression of this research, however work is ongoing to 

overcome this problem. 

The speed of data analysis has also prevented the use of RETRO-Mapping during a 

clinical procedure. The nature of development of a computational system means that new 

developments are added to the existing platform. This can produce inefficiencies in the way 

that data is analysed and stored. The work in this thesis has shown that the mapping 

technique is effective. The next step to improve the computational efficiency will involve 

review of the algorithms in order to maximise analysis efficiency. 

To data, data collection has been intentionally confined to a limited region of the 

atrium. The extensive validation steps that have been undertaken have involved labour 

intensive manual analysis of large volumes of data. Furthermore, the computational efficiency 

has also prevented larger amounts of data to be collected due to the speed of automated 

analysis. Having validated RETRO-Mapping, future research will be directed towards data 

collection from the entire left and right atrium. The development of a live data export 

platform will also assist in optimising the amount of data that needs to be collected from each 

location. Some patients appear to have more organised AF than others, and it is therefore 

likely that 30 seconds of data collection in some patients is not required. 

Data collection from the entire left and right atrium will also be important to understand 

the modes of arrhythmia recurrence in patients following ablation. It is recognised that some 
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patients remain in sinus rhythm following PVI, while others recur with either AF or atrial 

tachycardia. RETRO-Mapping may be useful for predicting the mode of arrhythmia 

recurrence. This is important, as it may help to identify specific characteristics of patients that 

have a tendency to have post ablation atrial tachycardia due to either roof or mitral macro 

re-entry. If this is determined at the time of the initial procedure, empirical linear ablation 

may assist in preventing this mode of recurrence. 

Towards the end of this research, Abbott released a new multipolar mapping catheter; 

the HD Grid. This catheter has smaller electrodes with a dense electrode configuration. 

Development and validation of RETRO-Mapping is required to allow data to be collected and 

analysed with this catheter. One of the concerns with the AFocusII catheter was that the 

electrode density was not sufficient for detection of focal activation. The improved central 

coverage of electrodes in the catheter mapping area of the HD Grid with provide superior 

resolution. 

Incorporation of this mapping technique has been discussed with Biosense Webster. 

There is an ongoing working relationship, however Biosense Webster have recently 

developed CARTOFINDER as a tool for mapping AF. An important step moving forwards is to 

compare data analysed using CARTOFINDER with that of RETRO-Mapping to ascertain any 

similarities or differences between the mapping techniques. 

7.5 Conclusion 

The research presented in this thesis has involved the development of a new method for 

mapping atrial activation during persistent AF, and new tools for both qualitative and 

quantitative analysis of AF. This has resulted in the novel discovery that persistent AF is not 

random, and shows stability of activation patterns in addition to established surrogate 

markers of atrial substrate. It is hoped that this contribution will help to advance the quality 

of treatment that patients receive in the future. 
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