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Current Challenges in Atrial Fibrillation Ablation  

Abstract 

Dr Edward J Davies 

 

The ablative management of atrial fibrillation, despite a number of landmark discoveries, 

remains one of the most challenging fields in interventional electrophysiology. It is generally 

accepted that successful isolation of the pulmonary veins is a highly effective way of 

managing paroxysmal forms of AF. However, despite almost a decade of research into 

alternative lesion patterns, the solution to persistent AF remains beyond our grasp.  

A variety of strategies have been proposed to target key areas in the atria; these use various 

complex mapping systems, usually based on tailored lesion sets to try and improve 

outcomes. None have proven to be the golden bullet.  

We have investigated the role of a lesion set intended to alter the electrical properties of the 

posterior wall of the left atrium. Commonly known as the Ôbox-setÕ, this pattern has shown 

promise in early studies and may provide some key insights into future developments.   

Surgical ablation using the Epicor system aims to deliver the box-set lesion, outcomes have 

previously been documented but each series has its limitations. In our series, very late 

outcomes are reported to show an 80% freedom from AF rate in patients with paroxysmal 

AF pre-operatively and only 20% in those with long-standing persistent forms. The reason 

behind this dramatic variation is explored through the invasive electrophysiologal 

assessment of both successful and unsuccessful cases. We report a clear correlation between 

the successful isolation of the posterior wall and long-term freedom from AF.  

Though surgical ablation may be an acceptable approach for some, the ultimate goal is a 

lesion set that can be delivered purely endocardially. We explore the outcome of one such 

empirical pattern based on the box-set concept delivered through linear catheter technology 

and report outcomes broadly similar to alternative patterns.  
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ÒWhen the pulse is irregular and tremulous and the beats occur at intervals, then the impulse 

of life fades; when the pulse is slender (smaller than feeble, but still perceptible, thin like a 

silk thread), then the impulse of life is small.Ó 

 

Huang Ti Nei Ching Su Wen. Circa 220 BC 
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1! GENERAL  INTRODUCTION  

1.1! The Normal Heart Ð Atrium  

The normal heart is comprised of two atria and two ventricles (left and right). The atria 

receive blood from the systemic circulation (right) and lungs (left) and contribute to the 

active filling phase of the ventricles. Because they operate at a low pressure, the atria are thin 

walled chambers when compared to the ventricles. Like all chambers of the heart, they are 

composed of three layers, the epicardium, myocardium and endocardium. All three are 

electrically active and in the normal healthy heart, function synergistically.   

1.1.1! Anatomy of the atrium 

The right atrium has three inlets, the inferior and superior vena cava (IVC, SVC) and the 

coronary sinus (CS). The outlet connects to the right ventricle via the tricuspid valve. The 

triangle formed by the TV, CS and IVC is referred to as the triangle of Koch.1 It is an area 

that conducts relatively slowly and is of significance in the pathogenesis of a right atrial 

macro-re-entrant circuit Ð typical (or ÔclassicÕ) atrial flutter.  

The inlet to the left atrium (LA) is typically comprised of four (sometimes 3 or 5) pulmonary 

veins (PV). There is a blind ending sac arising from the LA known as the left atrial 

appendage (LAA) . In normal sinus rhythm, this appendage is of limited clinical interest; it is 

sheathed in myocytic tissue and contracts to empty during each atrial systole. Its importance 

becomes more apparent when viewed under pathological conditions; it is a significant source 

of thromboembolic particles during certain atrial arrhythmia.  
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1.1.2! Physiology of The Atrium 

1.1.2.1! Action Potentials 

The AP is a rapid and temporary change in the electrical property of a cell that is conducted 

and propagated to the adjacent cells. This results in rapid transmission of electrical signals 

across tissue. There are 5 phases to the AP: depolarisation, early repolarisation, plateau, 

repolarisation and resting potential. Depolarisation (phase 0) occurs during a massive influx 

of Na+ ions through opened sodium channels. At the same time, the reduced membrane 

permeability to K+ is mediated through a drop in passage through the slow K+ channels.  

This depolarisation is maintained through early repolarisation and plateau (phases 1 and 2 

respectively) through the increase in influx of Ca2+ via slow voltage-gated Ca2+ channels. It 

is this influx of Ca2+ that is integral to the contraction of the myocyte. During the plateau 

phase, the inward current mediated principally through Ca2+ is balanced through the outward 

current from K+.  

Repolarisation (phase 3) is mediated by two mechanisms: i. an increase in the membraneÕs 

permeability to K+ and ii . a decrease in the Ca2+ permeability which brings the membrane 

potential back towards the normal resting membrane potential of around -90mV.  

The action potential duration (APD) is split into 2 components: the absolute refractory period 

(ARP) and the relative refractory period (RRP). The absolute refractory period is the time 

between phase 0 depolarisation and midway through phase 3 repolarisation. During this 

phase, a second AP cannot be triggered.  Following on from this, the relative refractory is 

characterised by its ability to trigger a further AP if the stimulus intensity is high enough. 

The refractoriness of the atrial cell has been found to be in the region of 85 to 100ms during 

high frequency firing.2  
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1.1.2.2! Electrical Conduction System 

The complex synchronised cardiac conduction relies on both a specialist tree of conductive 

tissue and on conduction from adjacent myocytes via gap junctions.   

1.1.2.2.1! Sinoatrial Node 

Having the fastest escape rhythm in the heart, the sinoatrial (SA) node, first described 

anatomically in 1907,3 is primarily responsible for the regulating the heart rate.4 Specialist 

ÔpacemakerÕ cells are located near the junction of the RA and SVC. Though initially thought 

to be a simple dominate area of pacemaker cells, it has since been found to contain several 

major pacemaker components (head, centre and tail) surrounded by isolating structures 

situated all along the cristae terminalis.5 There are multiple sites within the RA that are able 

to initiate ÔsinusÕ rhythm.6  

The sinus node itself has 4 preferential conduction pathways (SACP) which are responsible 

for conduction of electrical impulses into the surrounding atrial myocardium.5 The route of 

exit and propagation depends on the preferential SACP, the excitation wave spreads from the 

right atria to the left atria through the main intra-atrial musculature: either through 

BachmannÕs bundle and the coronary sinus musculature or through intra-atrial septum 

connections.7 

1.1.2.2.2! Crista Terminalis 

The cristae terminalis is comprised of cells that conduct electrical impulses from the SA 

node through the atrium until they reach the AV node.   There is a conduction delay inherent 

to the cristae that can act as a slow pathway Ð a critical component to re-entrant circuits that 

may result in organised atrial tachyarrhythmia. The cristae is a rich source of ectopy and that 

these ectopics may lead to both atrial tachycardia (AT) or AF.8  
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1.1.2.2.3! Atrioventricular Node 

The Atrioventricular (AV) node is located at the base of the atrial septum in the triangle of 

Koch. There are 2 ÔzonesÕ of cells making up the node, transitional and compact. The cells 

within the transitional zone are a histological and functional fusion of atrial myocytes and 

compact zone cells. This compact zone gives way to 3 posterior extensions: one in the 

direction of the CS (the Ôslow pathwayÕ), one anteriorly near the compact zone (the Ôfast 

pathwayÕ) and the third towards the mitral annulus (the left atrial extension). There is 

typically a gap of around 15mm between the putative fast and slow pathways that allows for 

ablation not resulting in complete AV block.  

1.2! Atrial Fibrillation  

1.2.1! History 

The condition characterized by an irregular pulse has roots in all the main ancient 

civilizations. Perhaps the earliest recorded description dates from as far back as 250BC given 

in Huang Ti Nei Ching Su Wen, the Yellow EmperorÕs Classic of Internal Medicine. In 

1628, William Harvey, the first to correctly describe the circulatory system, was likely to be 

the first to describe fibrillation of the auricles of dying animals.9 It took a further 150 years 

for his theory to be replicated by Jean-Baptiste de Senac,10 described in relation to mitral 

valve disease. In 1909, Thomas Lewis, a close friend of the inventor of the 

electrocardiogram, William Einthoven, reported the first electrical description of pulsus 

irregularis perpetuus and correctly ascribed this chaotic rhythm as arising from fibrillation 

of the auricles.11 The beneficial effect of digitalis was first reported in the 1930s but the 

mechanisms and possible consequences of AF remained very much in debate until 1970 

when a computer model was used to demonstrate that the irregular ventricular response was 
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due to Òrandomly spaced atrial impulses of random strength reaching the atrioventricular 

node from random directionsÓ.12 

1.2.2! Epidemiology 

Atrial fibrillation is a very common condition with a prevalence increasing with age; 8% of 

the over 75 population are affected.13 It is responsible for significant morbidity and mortality 

and as such has major health economic implications. Hypertension, rheumatic heart disease 

and heart failure were identified as common precursors in the Frammingham study, though 

in around one-third of patients, no clear cause is found. In 2010, an estimated 33.5 million 

people were affected worldwide (20.9 million males and 12.6 million females).14 

Traditionally, hypertension has been considered a strong risk factor for AF. The actual 

relative-risk is between 1.2 and 1.5, but because of the extreme prevalence in the global 

population, the overall effect is large with estimates suggesting that around 14% of cases are 

related to hypertension.15  

1.2.3! Signs and Symptoms 

Atrial fibrillation contributes to a patientÕs morbidity and mortality regardless of symptoms. 

Many cases of asymptomatic AF are recognised as incidental findings during unrelated 

consultations with healthcare professionals. Unfortunately, many others present with 

thromboembolic events, such as stroke. Estimates suggest that between 5% and 35% of all 

AF cases are asymptomatic.16Ð18 

Patients may complain of ÔconstitutionalÕ symptoms including tiredness and lethargy or 

others related to a rapid heart rate: palpitations, dyspnoea and chest pain. Some patients only 

develop symptoms during exertion; others have debilitating symptoms, even at rest.   
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The only sign of AF is an irregularly irregular pulse. However, there may be other signs 

pertaining to the underlying condition such as the mid-diastolic murmur of mitral stenosis or 

proptosis suggesting GraveÕs disease.  

1.2.4! Complications 

Though thrombus arising from the LA can embolise to practically anywhere in the body, 

probably the most significant complication is a cerebral embolism leading to stroke.  

AF may lead to a reduced left ventricular ejection fraction; first described a century ago by 

James Mackenzie,19 itÕs prevalence probably remains underestimated to the current day. The 

exact mechanism of tachycardia or AF mediated cardiomyopathy remains poorly 

understood. Groups working on animal models have reported myocardial energy depletion, 

myocardial ischaemia, alterations in the way calcium is regulated and extracellular matrix 

remodelling as potential theories for the observed effect.20  

1.2.5! Definitions and Classifications of Atrial Fibrillation 

AF is a supraventricular arrhythmia characterised by disorganised, chaotic contraction of the 

atria. Diagnosis is made when all three of the following surface ECG properties are seen: 

1.! Irregular RR intervals 

2.! A lack of distinct p-waves on the surface ECG  

3.! A variable atrial cycle length of less than 200ms.21 

AF is classified depending on its temporal characteristics. Paroxysmal AF (PAF) is defined 

as recurrent (! 2) episodes that each last less than 7 days and terminate spontaneously. 

Persistent AF (PsAF) is defined as a single episode that lasts greater than 7 days. Should 

cardioversion be performed within 7 days of onset, it is classed as PAF if cardioversion 
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occurred within 48 hours of initiation, and PsAF if it was after.22 A third classification is that 

of  Ôlongstanding persistent AFÕ (LS PsAF), a continuous single episode lasting greater than 

one year.  Finally, when a joint decision has been made between the physician and patient to 

accept AF and make no further attempts at rhythm control, it is termed ÔpermanentÕ. Where 

patients have episodes that fall across categories, it is recommended that the predominant 

class over the preceding 6 months is used (particularly in relation to the outcomes from 

ablation procedures).22  

1.2.6! Mechanisms of Atrial Fibrillation 

Characteristics of AF give clues to the underlying pathophysiology. Patients with new onset 

AF usually have one of 2 main clinical phenotypes; those that have frequent, short lived 

episodes and those that have episodes that last >48 hours and require either AADs or DCCV 

to restore sinus rhythm. The former likely arises from the firing of rapid focal triggers, which 

may or may not arise from the PV. Where the AF lasts greater than 48 hours, there is likely 

to be electrical and later anatomical remodelling involvement (discussed in 1.2.6.2).  

1.2.6.1! Initiation 

Initiation of automated activity is thought to be responsible for the triggering of AF. Inward 

movement of Na+ or Ca2+ can cause depolarisation of the cell. Should this depolarisation 

reach a threshold potential, automatic activity is produced and the cell will fire . When this 

process occurs before the next sinus beat (originating from the SA node) a premature atrial 

complex results.  

 

There are different mechanistic theories as to how these ectopic beats come about, though 

Ôdelayed afterdepolarisationsÕ are the predominant mechanism within the atrial tissue.  
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1.2.6.1.1! Delayed Afterdepolarisations 

Ca2+ is stored within the cell in an organelle called the sarcoplasmic reticulum (SR). Ca2+ 

entering cardiomyocytes through channels during the AP plateau triggers a massive release 

of Ca2+ from these SR stores via a specialist channel called RyR2.  This causes the cell to 

contract. During the following relaxation phase, this Ca2+ is removed from the cytosol back 

into the SR by an active pump, an ATPase.  When there is an abnormality with the RyR2 

channel, Ca2+ can leak into the cytosol inappropriately.  This calcium is handled by a cell 

membrane Na+/Ca2+ exchanger which will eject one Ca2+ ion in exchange for three Na+ ions; 

this creates a net depolarisation and subsequently a delayed afterdepolarisation. 

1.2.6.1.2! Pulmonary Vein Triggers 

The majority of episodes of PAF arise from triggers located within the PVs. This discovery 

was made in the seminal paper by Haissaguerre.23 The evidence to back up this theory not 

only lies in the electrophysiological observations of PV potentials at the time of ablation, but 

also in the considerable success that PVI has accrued in the ablative management of PAF. 

Series outcomes from PVI report success rates ranging from 66% to 89% at one-year follow-

up.22 However, there are cases where PAF ablation has failed despite successful, validated 

PVI. It is in these cases that non-PV triggers should be sought.8,24Ð27  

1.2.6.2! Propagation Ð Remodelling 

ÒAF begets AFÓ, a commonly quoted expression which neatly expresses what was first 

observed by M. Rosenbaum with the phrase Òdomestication of atrial fibrillationÓ.28 It is 

based not only on anecdotal observation by the physicians, but also on the prevailing disease 

pattern. Typically, AF will initially exist in the paroxysmal form and will be reliant on 

triggers for repetitive initiation. This form of AF typically involves episodes the last less than 

48 hours. However, after a period of time these episodes become more sustained. There are 
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four main physiological changes that occur during AF, which may lead to it progressing 

from paroxysmal to persistent.  Some processes are brought on by AF itself and others are 

related to commonly associated disease processes. Remodelling can be both electrical and/or 

structural, autonomic changes occur and calcium handling is altered. 

1.2.6.2.1! Electrical Remodelling  

Like all the cells in the body, ion channels, the properties of which can be altered by atrial 

remodelling, mediate the electrophysiological properties of atrial cells. There are three main 

aspects to this:  

¥! Down-regulation of the ICaL channel. 

During the action potential depolarisation, Ca2+ enters the cell through the L-type Ca2+ 

channel (LTCC). This in turn triggers a release of Ca2+ from the SR via the RyR2 channel. It 

is this large net increase in intracellular Ca2+ levels that initiate cellular contraction via 

myofilament movement.  

The levels of Ca2+ within the SR are dictated by net Ca2+ movement; inward via an active 

ATPase channel and outward via the RyR2 channel. The ATPase channel is inhibited by a 

subunit which, when phosphorylated, becomes dissociated. This happens under adrenergic 

stimulation or increased intracellular Ca2+ loading, which also leads to phosphorylation of 

RyR2 by protein kinase A. This adaptive mechanism responding to adrenergic drive 

increases the cardiac chronotropic and inotropic response. However, sustained Ca2+ loading 

causes abnormal diastolic RyR2 Ca2+ release.  This is achieved via a Na/Ca exchange pump 

responsible for the inward current causing phase 4 membrane depolarisation. These resulting 

afterdepolarisations have been described previously (see section 1.2.6.1.1).  
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During rapidly conducted AF there is a sustained increase in the level of intracellular Ca2+ 

which leads to certain self-defence mechanisms designed to defend against chronic Ca2+ 

overload. Ultimately this leads to down regulation in the gene coding for the LTCC29   

resulting in a decrease in the inward calcium current, maintenance of the AP Plateau, 

shortening of the AP duration and leads to an environment where re-entrant circuits become 

more likely. These re-entry circuits, particularly in a fibrosed substrate increase the 

likelihood of AF sustainability. 

¥! Up regulation of IK1  

The IK1 channel controls the principal background cardiac inward rectifier current and 

determines the resting potential and terminal phase 3 repolarization. These inward rectifier 

currents are a particularly important determinant of the putative types of re-entry circuits that 

maintain AF. Unfortunately IK1 is up-regulated during AF.30  

An alternative inward-rectifier current is responsible for some of the effects of acetylcholine. 

The IKACh channel is the key to the causative effect of enhanced vagal activation to in the 

promotion of AF Ð in part by reduction in the action potential duration, which again leads to 

an environment of putative rotor stability. Further activation of IKAChc channel results from 

AF induced atrial tachycardia and enhanced Ca2+ loading. 

¥! Up regulation of the small conductance calcium activated potassium channel 

Small conductance calcium-activated potassium channels, when activated, may shorten the 

APD. The genes KCNN1/KCNN2 and KCNN3 encode these channels.  A link has been 

found between KCNN3 single nucleotide polymorphisms and AF.31 It has been proposed 

that rapid atrial activation, typically seen in AF, may up regulate expression of small 

conductorÕs calcium activated potassium channels which in turn contributes to AF 

maintenance and susceptibility.32 
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1.2.6.2.2! Structural Remodelling 

Many disease processes associated with AF act by causing atrial enlargement and secondary 

tissue fibrosis. There are a number of mechanisms by which fibrosis promotes AF; the 

interaction between cardiomyocyte and fibroblast is potentially arrhythmogenic by causing 

changes in the cardiomyocyte biochemistry. Also, the interruption of the fibre bundles within 

the LA wall can alter local conduction. There is a documented association between fibrosis 

and both AF incidence30,33,34 and the likelihood of failure of ablation procedures.35,36 

1.2.6.2.3! Autonomic Regulation 

There is a well-recognised pattern of AF, particularly in the young, which sees paroxysms 

triggering mostly at night. The autonomic nervous system is heavily implicated in both the 

initiation and propagation of AF.37 High vagal tone acts to enhance acetylcholine-dependent 

K+ currents, which leads to a reduction in the duration of the action potential. This stabilises 

re-entrant rotors and subsequently AF.38 In addition, adrenoceptor activation increases 

diastolic Ca2+ leak and promotes DAD related ectopic firing by hyperphosphorylating RyR2 

chnnels.39 This state of atrial sympathetic hyperinnervation can occur in PsAF.40  

Positive feedback loops may arise through autonomic remodelling and can act to promote 

AF persistence and recurrence.40 The role that targeting the ganglionic plexi has in the 

ablative management of AF is discussed in section 1.3.2.6.  

1.2.6.2.4! Calcium handling abnormalities 

Abnormal Ca2+ handling may be proarrhythmic through the increase in DAD induced 

ectopy. LS PsAF is associated with an increased incidence of arrhythmogenic DAD 

triggered activity.41 Hyperphosphorylation of RyR2 leads to an increase in sarcoplasmic Ca2+ 

leak.41 Meanwhile, up-regulation in the Na+/Ca2+ exchange increases the magnitude of 
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delayed afterdepolarisation generating inward currents for any given amount of aberrant 

Ca2+ release, thereby magnifying the effect from the leaked Ca2+. Sustained and rapid atrial 

activation appears to cause AF induced remodelling through increase in Ca2+ cytoplasmic 

loading.  

While LS PsAF is likely maintained by complex multiple circuit re-entry,30,33,42,43 ectopic 

activity may contribute by reinitiating AF should it terminate spontaneously or via medical 

intervention. Recent work points to a predisposition to DADs in patients with PAF that 

likely plays a more primary role in arrhythmogenesis.44 The principal underlying 

mechanisms include increased SR Ca2+ load due to hyperphosphorylation of RyR2 and 

abnormalities with RyR2 itself.44  

1.2.6.3! Propagation - Theories 

The basic mechanistic principles behind the competing AF theories are based around 

ideas developed nearly a century ago.45 Three such theories became mainstream: rapidly 

discharging atrial ectopic foci, single re-entry circuit and multiple functional re-entrant 

circuits. In the multiple-wavelet model (see 1.2.6.3.1), atrial irregularity is a 

consequence of the arrhythmia mechanism. For the rapid focal and single-circuit 

mechanisms, irregularity is proposed to arise from interactions between wavefronts 

produced by the primary generator (the ectopic focus or primary re-entrant circuit) and 

the spatially variable refractory properties of atrial tissue (Ôfibrillatory conductionÕ). 

In order to develop effective pharmacological and ablative strategies, an appreciation of 

the predominant mechanism is paramount.  
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1.2.6.3.1! Multiple Wavelets 

The multiple wavelet theory was the first to become mainstream. The work of Moe et al.,46 

emphasized the role of multiple wavelets in the propagation of AF. A familiarity of the 

Ôwavelength of re-entryÕ, developed by Allessie et al. is important in understanding the 

multiple wavelet concept.47,48  

The wavelength is the distance travelled by an electrical impulse in one refractory period, 

and is calculated as the product of the refractory period (RP) and the conduction velocity 

(CV). If the pathlength of a potential circuit is smaller than the wavelength, the impulse will 

meet its tail in a refractory state and subsequently terminate. Therefore, the wavelength is the 

shortest pathlength that can sustain re-entry. 

According to the Ôleading circleÕ hypothesis of Allessie et al.,47 functional re-entry will 

naturally establish itself in a pathlength the size of the wavelength. Wavelets behave as 

reentrant circuits. Therefore, the number of wavelets that can co-exist is proportional to LA 

size and the wavelength. When the wavelength decreases, so too does the minimum circuit 

size, which in turn increases the number of circuits that can be accommodated. This favours 

the formation of multiple wavelets and subsequently AF propagation. Based on this theory, 

the primary pharmaceutical approach to AF has been to increase the RP (and thereby the 

wavelength), limiting the number of wavelets to a point whereby AF can no longer be 

sustained. 

Interventions that limit the ability of these multiple wavelets to self-sustain include drugs that 

increase the RP and surgical division of the atria into electrically isolated areas. 

An observation incompatible with leading circle theory is the response of AF to 

antiarrhythmic drugs that block Na+ channels. Such agents are effective in terminating AF, 
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but according to leading circle theory should promote AF because they decrease conduction 

velocity and thereby decrease the wavelength. 

1.2.6.3.2! Focal Discharges 

Nearly 2 decades ago, Haissaguerre first reported the prominence of the PVs as dominant 

sites of ectopy, triggering PAF.23 To date, the role of PV and non-PV ectopy in PsAF is less 

certain.23 Focal impulses are defined by Òcentrifugal activation contours (isochrones) from 

an originÓ.49 Ectopic mechanisms would be susceptible to drugs that suppress automaticity 

and to targeted destruction of ectopic foci by surgery or catheter-based approaches.  

A recent study looked at the role of Ôarrhythmogenic fociÕ manifest through isoproterenol 

administration in PsAF ablation cases. They report that in the pre-ablation setting, 89% of 

their cases had PV foci and 54% non-PV. Following on from an ÒaggressiveÓ ablative 

strategy only 41% had demonstrable foci at any site. Those patients with on-going foci had a 

50% of AF recurrence at 2.5-year follow-up whereas in those with no foci, the rate was only 

26%.  

It may be that these ectopic foci encourage PsAF by acting as a driver or by reintroducing it 

when it terminates.50 A third possibility however is that these foci are merely a marker of an 

advanced disease process within the substrate and do not play a mechanistic role.50 Further 

work is needed to delineate the importance of these foci in PsAF to guide future ablative 

strategies.51  

1.2.6.3.3! Rotors 

Rotors are a form of spiral wave and were first described in Ômyocardial fibrillationÕ in the 

early 1990s,52 when they were linked to the characteristic ECG changes seen in ventricular 

fibrillation.53 They have since been proposed as a driving force behind PsAF. Initial attempts 
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to use isochronal (activation) mapping did not detect stable rotational circuits in  AF54 until 

complex signal analysis known as phase mapping was applied.55  

Several types of reentry exist; spiral waves represent one specific form. The central core 

from which the spiral waves emanate is termed a ÔrotorÕ and meanders as it pivots around 

Ôunexcited but eminently excitable tissueÕ.56 Critical to the action of rotors is the extreme 

wavefront curvature thet they exhibit. This curvature increases as conduction slows towards 

the ÔcoreÕ and the small (curved) excitable gap that exists between head and tail of the 

wavefront eluding standard entrainment maneuvers.57 Rotors are thus defined using three 

key characteristics (Figure 1-1).  

¥! Extreme wavefront curvature at the core where head meets tail.  

¥! An excitable and precessing core.  

¥! A highly variable reentrant wavelength, with a usually undetectable excitable 

gap.  
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Single-circuit re-entry should be suppressed by drugs that prolong the refractory period and 

inhibit re-entry, and by ablating key components of the re-entrant pathway. The role of focal 

impulse and rotor mapping and ablation is discussed in section 1.3.5. 

1.2.7! Management of Atrial Fibrillation  

The management of AF is a dynamic process which should be discussed and agreed upon 

between patient and physician. There are several important strands that need to be addressed 

at varying times throughout the management journey. Symptoms should be assessed and a 

cause found. For example, palpitations may be as a result of poor rate control; breathlessness 

could be secondary to impairment of LV function or inappropriate chronotropic responses 

and poor energy levels may be a ÔconstitutionalÕ symptom of AF itself. Secondly, an 

objective assessment of the LV systolic and diastolic function wil l guide subsequent 

management decisions. Depressed systolic function may be due to poor rate control, 

irregular RR intervals or the primary cause for the AF. Thirdly, the individual 

thromboembolic risk should be assessed and anticoagulants administered where appropriate.  

1.2.7.1! Rate vs. Rhythm Control 

The decision of rate versus rhythm is complex and dynamic. Experience is needed to 

formulate and guide patients through appropriate management strategies. Important variants 

affecting this process include the duration and severity of symptoms, co-morbidities, LV 

function and other structural abnormalities, and arguably, the thromboembolic risk.  

There have been several studies published investigating the advantages of either a rate or 

rhythm control strategy. The largest of these was the Atrial Fibrillation Follow-up 

Investigation of Rhythm Management (AFFIRM) trial.58 Including over 4000 patients, they 

found no difference in all cause mortality (primary endpoint) or stroke rate between the 2 

groups.  



! ! !

%, "

Rate control was judged to be non-inferior to rhythm control in the RAte Control versus 

Electrical cardioversion for persistent atrial fibrillation (RACE) trial.59 The population of 

patients with PsAF and LV function <35% were investigated in the Atrial Fibrillation and 

Congestive Heart Failure (AF-CHF) study. In patients with AF and congestive heart failure, 

a routine strategy of rhythm control was not found to reduce the rate of death from 

cardiovascular causes, as compared with a rate-control strategy.60 

These three studies were performed between 2002 and 2008 in an era when ablative 

technologies for managing AF were in their infancy. Furthermore, a subgroup analysis of the 

AFFIRM trial suggested that the benefit from being in NSR was counterbalanced by the risk 

of adverse side effects from the AADs.61 It was proposed that Òif an effective method for 

maintaining NSR with fewer adverse effects were available, it might be beneficialÓ.61 This 

statement lends support to the concept of invasive management of AF. These will be 

discussed in depth in section 1.3.   

1.2.7.2! Optimal Rate Control 

The optimal rate for a patient in PsAF is often thought to be similar to a person in NSR, i.e. 

between 60 and 100bpm. However, this is based on little more than intuition. Furthermore, 

as a result of the loss of atrial systolic contraction, it may well be that a higher than normal 

heart rate is physiologically appropriate. Through randomisation into either a strict (<80bpm) 

or lenient (<110bpm) rate control group, the RACE II study investigated this issue in over 

600 patients.62 Strict rate control conferred no advantage in any of the endpoints including 

mortality, hospitalisation or stroke rate, heart failure progression or, importantly, symptoms.  
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1.3! Ablative Strategies for Persistent Atrial F ibrillation  

Ablative technologies revolutionised the management of many types of cardiac arrhythmia 

by the mid-1990s. It was only more recently when reliable results were achieved for PAF 

and to this day, the results from ablation in PsAF remain disappointing.63 

1.3.1! Local Atrial Activity 

The possibility of there being key areas of substrate responsible for AF perpetuation led 

investigators to look for such critical area markers. In 2004, a study defined Complex 

Fractionated Atrial Electrograms (CFAE) as Òatrial electrograms that have fractionated 

electrograms composed of two deflections or more, and/or perturbation of the baseline with 

continuous deflection of a prolonged activation complex over a 10s recording periodÓ.27 

These have since been further classified into 6 grades of fractionation ranging from grade 1 

Òuninterrupted fractionated activity (defined as segments ! 70 ms) for ! 70% of recording and 

uninterrupted " 1 sÓ to grade 5 Òdiscrete simple electrograms (" 4 direction changes)Ó, (Figure 

1-2).  

By using electroanatomical mapping systems, it is possible to map and subsequently ablate 

these CFAEs. The landmark 2004 study by Nademanee et al. reported on the outcome from 

this strategy in a patient group comprising 121 patients. By ablating only on sites of CFAEs 

(and importantly without performing PVI) they reported a 76% one-year freedom from AF 

rate after a single procedure and 91% after 2.27 Subsequent studies have failed to replicate 

these promising results.64 
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The exact underlying mechanism responsible for CFAEs remains unclear.  Indeed, the 

presence of fractionated electrograms are normal findings in the left atrium during sinus 

rhythm owing to wavefront collisions.65  However, it is clear that ablation at these CFAE 

sites can result in slowing, termination, and long-term freedom from AF.64 Although the 

initial reports of this technique were encouraging, this strategy has not been universally 

successful. This may in part be due to the widespread distribution of CFAE within the LA, 

which often requires extensive ablation.66  

CFAE sites may represent areas of passive atrial activation or collision of wavefronts.67 As 

such, some of these sites may represent critical areas for the maintenance of AF whereas 

others may merely be bystanders.  

Initially Grade 5 was divided into normal electrograms which were
rapid (cycle length! 120 ms) or slow (cycle length. 120 ms), as a
cycle length of 70Ð120 ms has generally been included as criteria for
identifying CFE in clinical trials.3,19 However, on testing application of
the classiÞcation system (see what follows), this distinction was
found to be redundant. When the cycle length was, 120 ms, the
deßections would often fall within 70 ms of the last and hence were
classiÞed as continuous fractionation. This would then be classiÞed
as Grade 1, 2, or 3 depending on the proportion of the sample occu-
pied by this continuous fractionation. Hence, this has been removed
from the classiÞcation system.

Application of the classiÞcation system
We sought to examine whether the electrogram classiÞcation system
could be accurately applied during cases by rapid online VI. Electrograms
recorded for 10 s were viewed on the computer-based recording system
and graded by an experienced electrophysiologist. It has been demon-
strated previously that recordings of 5 s or greater are adequate for
determining the duration and characteristics of CFEs.20 Variable times
have been used in the literature ranging commonly from 2 to
10 s.12,20Ð22We used the maximum analysis time (10 s) to ensure accu-
rate results. One hundred electrograms over 10 patients (10 per case)
were chosen at random from those graded during the case and subjected

to detailed manual analysis ofßine by a second investigator blinded to the
previous results. These results were then compared.

As CFE can be consistent, ßeeting, or cyclical,9,10,22the proportion
of a sample that is fractionated can vary which may affect the grade
determined. Over the short term, however, automated assessment
of samples longer than 5 s has yielded consistent results compared
with longer samples.20 To determine the consistency of fractionation
and grade when shorter samples were analysed, the percentage of
the sample that was fractionated and the grade determined by MM
were calculated for the Þrst 3 s, then recalculated adding successive
seconds up to 10 s. The absolute percentage difference in fractionation
compared with 10 s was then calculated. Agreement in grade was also
compared with 10 s.

Validation of commercial automated detection systems
As electrogram appearance may be altered by differences in ampliÞca-
tion and Þltering of signals between systems, validation of automated
CFE detection systems was done by viewing electrograms on the 3D
mapping systems. The same sample analysed by the mapping system
was graded by VI. Electrograms were graded ofßine by VI on the
mapping system and compared with the automated result for the
same sample. As this process is slightly different to the process of
grading live during cases, the validation process was repeated. In

Figure 2 Examples of electrograms from the revised grading system. Electrograms are truncated for brevity but are representative of the 10 s
samples analysed. (i) The example for Grade 1 shows uninterrupted fractionated activity without pause at the isoelectric line for" 70 ms lasting
1.29 s. (ii) The example for Grade 2 shows fractionated activity which is interrupted by pauses at the isolelectric line of" 70 ms, but still occu-
pying. 70% of the recording. (iii) The example for Grade 3 shows intermittent fractionated activity which occupies between 30 and 70% of the
recording. (iv) The example for Grade 4 shows complex electrograms (" 5 deßections) which are discrete lasting for, 70 ms. Towards the end
of this sample, some complexes merge to last 320 ms (i.e. longer than 70 ms) and hence this part of the recording is considered fractionated.
However, this is still Grade 4 as, 30% of the sample is fractionated. (v) Grade 5 shows discrete electrograms (i.e., 70 ms in duration and! 4
direction changes). There are two examples of far-Þeld ventricular electrograms marked on this trace which can be easily distinguished from
near Þeld atrial electrograms. Grade 6 shows scar with no discernible deßections.

Visual and automated characterization of CFE 1589
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1.3.2! Linear Lesions 

The placement of various linear lesions for the ablative management of PsAF has been 

studied. The 2 most commonly deployed are the left atrial Ôroof lineÕ and Ômitral isthmus 

lineÕ, though others have been applied.68,69 Though there is some evidence that linear lesions 

can enhance the outcome for ablative procedures,70 the evidence is not yet compelling and 

such a strategy is not without risks.71 If an incomplete lesion is deployed, it may act as an 

area of slow conduction leading to the manifestation of macro-reentrant circuits.  

In 2015, the STAR-AF 2 study compared the outcome between 3 different ablation 

strategies; PVI alone, PVI plus CFAE ablation or PVI plus linear lesions (roof and mitral 

isthmus). At the 18 month follow up, there was no statistical inter-group difference in either 

the primary outcome of AF recurrence or the secondary outcome of atrial arrhythmia 

recurrence. Post-hoc analysis analyses showed that the group assigned to PVI plus linear 

lesions had a significantly higher incidence of arrhythmia recurrence without an AAD 

compared to PVI alone.71 

1.3.3! Targeting Ganglionic Plexi 

The intrinsic nervous system of the heart is formed by a complex network of nerves which 

join to form ganglionic plexi (GP) in areas typically sited in the epicardial fat around, but not 

exclusive to, the LA. The causative association between the autonomic nervous system and 

AF has long been described.72 A study looking at the effect of adjunctive complete vagal 

denervation during PVI procedures found it to significantly reduce AF recurrences at 12 

months.118  

Anatomical studies suggest that the majority of GP either overlay or are adjacent to the 

PVs.73 Over the past decade, there have since been many, relatively small studies, looking 

into the effect of different iterations of PVI and GP ablation. GPs have been identified both 


































































































































































































































