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Abstract 

 

Introduction 

Ablation Index is a novel ablation quality marker that incorporates contact force (CF), power 

and application time (Force-Power-Time Index Formula). We hypothesised that the 

prospective use of Ablation Index previously published targets would result in better AF 

ablation outcomes compared to the commonly used contact-force guided ablation. 

Methods and Results 

Our research on Ablation Index was the first to investigate the prospective use of Ablation 

Index targets, 550 for anterior and 400 for posterior left atrial (LA) regions, to guide AF 

ablation. We investigated that in two studies; the first was a retrospective analysis and 

compared the acute procedural and long-term clinical outcomes with those of a propensity 

matched group in which AF ablation was contact force-guided. The study showed significant 

improvements in the incidence of acute pulmonary vein (PV) reconnection and in the 

freedom from recurrence atrial tachyarrhythmia (ATA), defined as atrial fibrillation, atrial 

flutter or atrial tachycardia, at 12 months compared to CF -guided ablation. 

 The second study, the PRAISE (Pulmonary vein Reconnection following Ablation Index-

guided ablation: Success Evaluation) study, was a multicenter prospective study of 40 

patients with persistent AF of less than 12-month duration, and no significant structural 

heart disease who underwent a protocol-mandated repeat procedure after 2 months. 

Patients were monitored for atrial tachyarrhythmia recurrence using daily ECG recordings 
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for 12 months. In that study Ablation Index-guided ablation resulted in a low rate of PV 

reconnection at repeat electrophysiology study, with 93% of PVs found to remain durably 

isolated. We then compared the AF ablation outcomes form the 40 patients who form the 

PRAISE study cohort with those of the 40 paroxysmal AF patients of the PRESSURE 

(Pulmonary vein RE-isolation as a routine Strategy: a SUccess Rate Evaluation) study who 

were also randomised to a repeat procedure 2-months following the initial CF-guided PVI. 

Acute and late reconnections were significantly lower in the PRAISE cohort when compared 

to CF-guided ablation in the PRESSURE cohort, despite significantly shorter ablation times, 

lower average CF values, and significantly larger left atria in the former cohort compared to 

the later cohort. No major complications occurred with Ablation Index-guided ablation in our 

research studies.  

We then studied the potential occurrence of LA structural and electrical reverse remodelling 

following Ablation Index-guided PVI, and found that both structural and electrical 

remodelling became evident two months following Ablation-Index guided PVI. We also 

found that factors known to be associated with less likelihood for development of left atrial 

fibrosis in persistent AF patients, rather than durable PVI alone, were associated with LA 

structural reverse remodelling. We then studied the relation between LA reverse 

remodelling and Ablation Index-guided AF ablation outcomes, and found that the occurrence 

of all three types of LA reverse remodelling together; structural, conduction velocity and LA 

voltage, was associated with a low likelihood for ATA recurrence.  
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Finally, we studied the factors associated with late PV reconnection at repeat 

electrophysiology study and found that the occurrence of either absent first pass isolation 

or acute reconnection in a wide area circumferential ablation (WACA) circle predict late 

reconnection in the same WACA circle. A larger WACA circle transverse diameter was also 

found to be associated with a higher incidence of late PV reconnection. Late PV reconnection 

was also found to correlate with lower temperature and lower CF in the thicker anterior LA 

segments, and with lower impedance drop in the thinner posterior segments. 

 

Conclusion  

Ablation Index-guided ablation is associated with significant improvements in AF ablation 

outcomes with significant reduction of late reconnection and more freedom from atrial 

tachyarrhythmia at 12 months compared to CF-guided ablation, potentially due to the 

creation of more durable lesions as evidenced by higher impedance drop. 

LA structural and electrical reverse remodelling becomes evident two months following 

Ablation Index guided-PVI. Factors known to be associated with less likelihood for 

development of left atrial fibrosis in persistent AF patients, rather than durable PVI alone, 

are associated with LA structural reverse remodelling. The occurrence of  both structural and 

electrical reverse remodelling together is associated with a low likelihood for ATA 

recurrence.  
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The use of Ablation Index-guided ablation allowed the identification of factors associated 

with late PV reconnection in general as well as in the various LA regions.  

Late PV reconnection correlates with lower temperature and lower CF in the thicker anterior 

LA segments, and with lower impedance drop in the thinner posterior segments. 
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Abbreviations  

 

AF: Atrial fibrillation 

AI: Ablation Index 

ARC: Acute reconnection 

CFAE: Complex fractionated atrial electrograms 

CF: Contact Force 

CT: Computed Tomography 

CI: Confidence Interval  

DE-MRI: Delayed enhancement MRI 

DF: Dominant frequency 

EGM: Electrogram 

ERP: Effective refractory period 

FTI: Force Time Integral 

FPTI: Force Power Time Integral 

HR: Hazard Ratio 

LAA: Left atrial appendage 

LA: Left atrium 

LLR: Left lateral ridge 

LRC: Late reconnection 

MDCT: Multidetector Computed Tomography  

MRI: Magnetic Resonance Imaging 

PAF: Paroxysmal AF 

PeAF: Persistent AF 

PV: Pulmonary Vein 

PVI: Pulmonary vein isolation 

QoL: Quality of life 

SR: Sinus Rhythm 

WACA: Wide area circumferential ablation
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Chapter 1 Introduction 

 

Persistent Atrial Fibrillation Definition and Pathophysiology  

The 2017 HRS/EHRA/ECAS expert consensus statement on catheter and surgical ablation of 

atrial fibrillation (AF) defined persistent atrial fibrillation (PeAF) as continuous AF that is 

sustained beyond 7 days, and long-standing persistent AF as continuous AF of greater than 

12 months’ duration. In addition the statement introduced the new term, early persistent 

AF, to define continuous AF of more than 7 days’ but less than 3 months’ duration. 1 

AF is initiated by triggers from the pulmonary veins (PVs), or much less commonly from other 

non-PV triggers such as vein of Marshall, superior vena cava, and coronary sinus.2,3  

Early in the course of AF the atrial tissue is relatively healthy and as a result sinus rhythm is 

spontaneously restored, but as the atrial substrate remodels over time AF no longer 

terminates spontaneously and becomes persistent. 3  

Computational mapping of human AF suggested the presence of two types of stable drivers 

within the atria, reenterant circuits known as rotors, and focal triggers.4  

Compared to paroxysmal AF, more drivers are present in persistent AF and are thought  to 

be the main contributors to the AF maintaining substrate.5 In a study of 101 patients with 

sustained AF using a 64-pole basket catheter (Constellation, Boston Scientific, Natick, 
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Massachusetts) to map the left atrium, these drivers were found to be located in specific 

areas of the atria mainly in the regions of PV antra, adjacent to the septum, and the left atrial 

appendage.6 

In the early months of persistent AF, the arrhythmia is sustained by few driver domains but 

later the substrate disseminates making AF electrically and structurally more complex. 5 

Therefore, more electrophysiologists are opting to perform AF ablation early in the course 

of the AF in an attempt to limit AF-induced atrial damage and reduce AF burden.7,8 

 In addition, MRI studies have shown an association between reenterant drivers and the 

patchy zones bordering dense fibrosis. 9 

Structural and Electrical Remodelling in Persistent Atrial Fibrillation 

Structural remodelling in persistent AF is characterized by atrial enlargement and fibrosis. 

Both large atrial dimensions and fibrosis, through interrupting fibre-bundle continuity and 

causing local conduction disturbances, are determinants of the persistence of AF-

maintaining re-entry.10 While atrial fibrosis appears to be a common endpoint of several of 

AF-promoting conditions, AF also appears to promote atrial fibrosis that in turn predicts AF 

recurrence and therapeutic resistance. 11,12 

While electrical remodelling in persistent AF entails changes in the atrial electrophysiological 

properties including decreased L-type Ca2+-current (ICaL), increased inward-rectifier K+ 

current (IK1 and IKACh), and abnormal expression and distribution of the gap junction 
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connexin hemichannels that connect cardiomyocytes electrically. Electrical remodelling also 

promotes AF by creating a reentry-prone substrate. 11 

Drug Therapy versus Catheter Ablation for Persistent Atrial Fibrillation 

The SARA study, a multicentre study that compared catheter ablation with cardioversion and 

antiarrhythmic drugs as first-line therapy for persistent AF, demonstrated that patients who 

were randomized to catheter ablation had better maintenance of sinus rhythm, and better 

quality of life. 13 

In addition, systematic reviews also demonstrated that catheter ablation in persistent atrial 

fibrillation patients achieved significantly greater freedom from atrial fibrillation recurrence 

compared with medical therapy.7,14 

Recently, the large international multicenter Catheter Ablation versus Antiarrhythmic Drug 

therapy for Atrial Fibrillation (CABANA) study, Clinicaltrial.gov registration: NCT00911508, 

has been reported. 15 The study included patients with paroxysmal (43%), persistent (47%) 

and longstanding persistent (10%) atrial fibrillation. The study patients were randomized in 

a 1:1 fashion to either catheter ablation (n = 1,108) or drug therapy (n = 1,096). Catheter 

ablation was performed with standard techniques; pulmonary vein isolation / wide area 

circumferential ablation, and ancillary ablations as needed. Drug therapy was either for rate 

or rhythm control, and all patients received anticoagulation. With intention to treat analysis, 

the primary composite outcome of death, disabling stroke, serious bleeding, or cardiac arrest 

at 5 years for ablation versus drug therapy was similar (8% vs. 9.2% (HR 0.86, 95% CI 0.65-
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1.15, P= 0.3). However, there was a significant reduction of the secondary composite 

outcome of death or cardiovascular hospitalization with ablation compared to drug therapy 

(51.7% vs. 58.1%, HR 0.83, CI 0.74-0.93, P<0.001).15,16 

Persistent Atrial Fibrillation Ablation: A Historical Perspective 

In 1987, Cox et al. introduced the maze procedure (CMP) for the surgical treatment of AF 

that was designed to block the multiple macro-reenterant circuits that were considered as 

the putative cause of AF. 17 That was followed by another version of the surgery that involved 

cut-and-sew technique of both atria and proved to be highly efficacious, termed the CMP-

III.18 However, this procedure was not widely adopted because of its complexity and 

invasiveness. 19 With the development of alternative energy sources such as radiofrequency 

(RF) and cryoenergy, surgeons became able to create lines of ablation to replace the incisions 

of the original CMP-III and that shortened and simplified the procedure, which was then 

called CMP-IV.20 

In 1994, Swartz et al. reported successful percutaneous ablation of AF with multiple long 

linear lesions that was regarded as a replication of the surgical maze procedure.21 During the 

procedure, fluoroscopically guided sequential RF applications were made along a 

predetermined set of lines in both atria. Subsequently, a  long-term follow-up of 40 patients 

with chronic AF who underwent  this procedure demonstrated marked efficacy of the 

procedure , but with prolonged procedure times and a high incidence of major complications 

including stroke, significant pericardial effusion/tamponade, and PV stenosis.22 
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In 1998, Haissaguerre et al published a study that showed that ectopic beats from the 

pulmonary veins (PVs) are important in the initiation of AF, and that AF recurrence could be 

prevented by catheter ablation at the site of these PV triggers.23  

However, because the sites of AF initiation and/or maintenance were frequently located 

within the PV antrum and because of the recognition of PV stenosis as a complication of RF 

delivery within a PV, there was a shift in ablation strategies to target the atrial tissue located 

in the antrum rather than in the PV itself.24,25 

That strategy was pioneered by Pappone et al. who achieved PV isolation by encircling point-

by-point RF lesions placed in atrial tissue outside the LA-PV junction and utilizing 

electroanatomical mapping. The end point of the procedure was the recording of only 

delayed far-field electrograms (EGMs) from within the isolated area. 26 

Left atrial anatomy in relation to AF ablation 

The walls of the left atrium are muscular and can be described as roof, anterior, posterior, 

inferior, left lateral, and septal. The roof is in close proximity to the bifurcation of the 

pulmonary trunk and the right pulmonary artery, the anterior wall is located behind the 

ascending aorta and the transverse pericardial sinus, and the posterior and inferior walls are 

related to the oesophagus, the vagal nerve and the descending thoracic aorta.27  Usually the 

roof, anterior, posterior and inferior walls are the walls involved in the  wide antral 

circumferential ablation (WACA) isolation during left atrial ablation. 
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In a cadaveric study of the left atrial wall thickness, the mean thickness from the epicardium 

to endocardium was 4.5 ± 0.6 mm for the superior wall, 3.3  1.2 mm for the anterior wall, 

and 2.3 ± 0.9 mm for the posterior and inferior walls.28 In another study using multidetector 

computed tomography (MDCT) the thickest part of the left atrium was the left lateral ridge 

(LLR) with a mean thickness of 4.42 ± 1.28 mm.29  

Therefore, the roof and anterior walls are thicker and hence need higher RF energy delivery 

to prevent PV reconnection,30 while the posterior and inferior walls are thinner with 

subsequent possible risk of collateral oesophageal injury during AF ablation. 31 

Current AF Ablation Strategies for Persistent Atrial Fibrillation 

Currently, AF catheter ablation is considered an effective treatment that aims to restore and 

maintain sinus rhythm in patients with symptomatic AF. 32 

However, compared to paroxysmal AF ablation, persistent AF ablation is more challenging 

with less favourable outcomes and less available data on the safety and efficacy.7,32,33 

Nevertheless, all studies that compared the outcomes of catheter ablation for persistent AF 

to those of antiarrhythmic drugs found less recurrence rates and better maintenance of sinus 

rhythm with the former. 13,34,35 

The best documented target for catheter ablation is pulmonary vein isolation (PVI) at the 

antral level, with complete isolation showing  superior outcomes compared to incomplete 

isolation.36 
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Pulmonary Vein Isolation Only as an Adequate Strategy for Persistent Atrial Fibrillation 

Ablation 

As most triggers for PAF were found to originate from the pulmonary veins, PVI was initially 

tested in patients with PAF 23, and was eventually used to treat both PAF and persistent AF. 

37 According to the 2014 AHA/ACC/HRS guidelines for the management of patients with atrial 

fibrillation, PVI has been considered as the cornerstone for radiofrequency catheter ablation 

strategies because of the common observation of rapidly firing foci initiating paroxysmal AF 

arising from LA myocardial sleeves extending into the PVs.38 To improve outcomes of 

persistent AF ablation, more extensive ablation in the left atrium has been proposed. 

However, the value, extent and location of that ablation remained uncertain. 39  

In the last decade and early in this decade, several “PVI only” versus “PVI plus adjunctive 

ablation strategies” for persistent AF have been studied in relatively small studies including 

linear RF lesions in the left and right atrium, ablation of complex fractionated atrial 

electrogram (CFAE), ablation of non-PV foci, isolation of the left atrial appendage (LAA), 

ablation of scar identified by voltage mapping or MRI, ablation of autonomic ganglia and/or 

ablation of rotational activity.  Metanalysis of some of these studies demonstrated the 

superiority in ablation outcomes when substrate ablation, such as linear ablation or CFAE 

ablation, was added to PVI. 40,41 

More recently however, the randomised  Catheter Ablation of Persist End Atrial Fibrillation 

Study (CHASE-AF), in which stepwise approach aimed at AF termination consisting of PVI, 
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ablation of CFAE, and additional linear ablation lines, did show additional benefit over PVI 

alone in patients with persistent AF, but was rather associated with significantly longer 

procedural, fluoroscopic and RF ablation times. 42   

Subsequently, the landmark randomized Substrate and Trigger Ablation for Reduction of AF 

Trial Part II (STAR AF II) trial failed to demonstrate any reduction in AF recurrence by adding 

either linear or CFAE ablation to PVI in patients with persistent AF. 33 

A recent systematic review and metanalysis of studies in which persistent AF patients 

underwent PVI only ablation strategy using mainly contact force (CF)-sensing catheters or 

second-generation cryoballoon, and included PVI only patients from the CHASE-AF and STAR 

AF II studies, showed outcomes comparable to those for paroxysmal AF ablation historically.  

Of the 956 patients included in the metanalysis, 419 (45.2%) underwent PVI alone with RF, 

whereas 509 (54.8%) underwent cryoballoon PVI. Pooled single-procedure 12-month 

arrhythmia-free survival was 66.7% (95% confidence interval 60.8%–72.2%), with the 

majority of patients (80.5%) off antiarrhythmic drugs. 43 

The reason why PVI alone strategy in persistent AF showed lower success rates in the earlier 

studies and metanalysis is likely to have resulted from unrecognised late PV reconnections 

related to the use of prior technologies, as compared to the advanced ones that became 

available later such as contact force-sensing catheters, advanced mapping systems, and 

second-generation cryoballoon. Moreover, the earlier ablation procedures were more 
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frequently ostial and segmental, 44,45 compared to the more recent wide antral approach 

that often incorporates a significant part of the posterior LA wall. 43 

In the light of the above study findings, the 2017 HRS/EHRA/ECAS expert consensus 

statement on catheter and surgical ablation of atrial fibrillation recommended against the  

routine use of these  adjunctive strategies in the persistent AF ablation procedures until their 

safety, efficacy, and true clinical value have been demonstrated in well-designed and 

adequately powered prospective randomized clinical trials.1 
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Biophysics of Radiofrequency Ablation 

In 1996, the work of Simmers et al. made the assumption that tissue injury with 

radiofrequency (RF) ablation is exclusively thermally mediated. 46 

That was followed by several  assumptions made by Haines regarding the heat transfer in 

tissue based on the results of in vitro and in vivo studies,  as discussed below (Figure 1-1).47  

The assumptions were as follows: 

- The Exposure of the myocardium to heating results in a reproducible biological 

response  

The relationship between the resting membrane depolarization and rise in 

temperature was studied by Nath et al. who found little tissue injury occurs at 

temperatures below 45◦C, while a temperature above 50◦C results in a reproducible 

irreversible injury.48 

- Heat transfer in tissue is a predictable biophysical phenomenon  

The thermal transfer originates from the source and then spreads out in a radial 

fashion with temperature drop in an exponential fashion. That phenomenon was 

shown in an in vitro setting with a fairly predictable decrease in the tissue 

temperature with increasing the distance from the source.49 

- Lesion size is proportional to the electrode-tissue interface   
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In a controlled in vitro setting temperature was the best predictor of the depth of the 

lesion when compared to other ablation parameters including current, power, and 

energy. However, that was not found to translate directly to the in vivo setting 

because of the cooling effect of regional blood flow. 49 

- Lesion size is proportional to the radius of the catheter-tip electrode 

If a small electrode is used, less energy transfers to the tissue with an anticipated 

smaller lesion size, and vice versa. In a controlled in vitro setting lesion size was found 

to be directly proportional to the diameter of the electrode used. 50 

- Temperatures reaching or exceeding a critical temperature at the electrode–tissue 

interface result in coagulum formation with sudden rise in impedance  

A sudden impedance rise occurred fairly uniformly at a temperature threshold of 

100◦C, as demonstrated by in vitro and in vivo data on the relationship between the 

temperature at electrode–tissue interface and the resultant effect on impedance.51  

- Dissipation of RF energy into the circulating blood pool from poor contact results in a 

smaller lesion size  

This occurs due to the convective cooling that results in energy being carried away in 

the blood and less energy delivered to the tissue. However, a cooled-tip catheter with 

good tissue contact allows the power to be turned up without the risk of coagulum 

and char formation. Also, the increased power delivery means that resistive heating 

occurs deeper in the tissue resulting in deeper lesions.52 With cooled-tip catheters, 

however, the monitored temperature at the catheter tip is less accurate in 
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representing tissue temperature, and thus one loses some feedback about lesion 

formation. 47 

Convective cooling can occur because of blood flow in vessels, as in the case of 

coronary perfusion. Because they act as a heat sink, coronary arteries complications 

with RF ablation are rare. On the other hand, when there is a large perforating artery 

going through an area of tissue that is a target for RF ablation, heat sink becomes a 

potential problem that may lead to failure to reach the target tissue temperature 

required for effective ablation.53 

 

Figure 1-1 A schematic diagram showing the temperatures at which irreversible cell damage, char and coagulum 

formation and steam pop occur.
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Chapter 2 Prediction of the Durability of Pulmonary Vein Isolation 

Lesions Produced during Catheter Ablation of Atrial Fibrillation 

 

Introduction    

Radiofrequency catheter ablation (RFCA) of atrial fibrillation has developed into a common 

treatment to prevent AF recurrence in patients with symptomatic paroxysmal and persistent 

AF, 32  especially for those who are refractory or intolerant to antiarrhythmic medication. 54 

Several AF ablation strategies were advocated, with complete PVI widely regarded as the 

cornerstone in most of these strategies  36,54.  

Recurrence of atrial tachyarrhythmia following catheter ablation  

Unfortunately, the recurrence of atrial tachyarrhythmia, defined as atrial fibrillation, atrial 

flutter or atrial tachycardia, after RFCA leading to repeat ablation occurs in 20% to 40% of 

patients 55. Some studies suggested risk factors that predict AT recurrence such as older age, 

female sex, larger left atrial size, non-paroxysmal AF, longer AF duration, hypertension, 

hyperlipidaemia and lower power delivery during AF ablation. 35 

Early recurrence of atrial tachyarrhythmia (ERAT) occurs within the initial three months after 

catheter ablation, known as the "blanking period", and is assumed to be related to sterile 

pericarditis or proarrhythmic effects of the ablation procedure rather than PV 

reconnection.56 ERAT is common during the blanking period with an incidence that ranges 

between 35% and 46%.57,58  Some studies suggested ERAT, especially when it occurs late in 

the blanking period, predicts later recurrence of AT. 58,59 However, because it may resolve 

spontaneously, there is a consensus that, except for highly symptomatic patients, repeat 
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ablation for patients with ERAT should be deferred during the three-month blanking 

period.54 

On the other hand, late recurrence of atrial tachyarrhythmia (LRAT) that occurs after the 

blanking period has been largely attributed to pulmonary vein (PV) reconnection. 60,61 That 

view is supported by the observation of the reconnection of one or more PVs in the majority 

of patients who return for a repeat AF catheter ablation procedure.54 Because LRAT after a 

single ablation procedure has been a common problem, with a range of 15–60%, strategies 

to maximise the durability of ablations lesions are considered critical to reduce recurrence 

rates and improve outcome after catheter ablation of AF.62  

Improving RF catheter ablation of AF lesion durability 

To achieve durable PVI, a wide area circumferential ablation needs to be carried out using a 

series of focal lesions that must be both transmural and contiguous. This is because non-

transmural lesions can lead to oedema that heals and results in PV reconnection with 

subsequent AF recurrence.63 

Although a multicentre randomised trial showed that complete is superior to incomplete 

pulmonary vein antral isolation (PVAI) with respect to late AF recurrence, the rate of late PV 

reconnection 3  months after PVAI was still high even in patients with initially complete PVAI 

isolation 36.  

Recently new tools and techniques were developed to improve durability of ablation lesions, 

such as the use of steerable sheaths, CF monitoring, identification of dormant conduction 

with adenosine administration and direct visualization by intracardiac echocardiography 
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(ICE).62 Others strategies such as the use of general anaesthesia to minimize both patient 

motion and respiratory, and use of jet ventilation to eliminate respiratory excursions seemed 

to enhance RF ablation success rates.64 

Use of steerable sheaths 

A prospective randomized study comparing steerable and non-steerable sheaths showed 

that single procedure success, defined as freedom from LRAT after 6 months, was 76% versus 

53% , P=0.008.65 In addition, two other studies found that the use of steerable sheaths during 

both paroxysmal AF and persistent AF  increased ablation CF and reduced PV 

reconnection.62,66   

However, according to one of the two studies these benefits of the use of steerable 

sheaths during wide antral circumferential ablation of AF appeared to be region 

dependent.  The study found that there were regions in the WACA that retained a 

predilection for reconnection despite higher CF applied with these sheaths, suggesting 

regional differences in the optimal parameters required for ablation.66  Also, in this study 

the steerable sheaths failed to increase CF in certain WACA regions, however this may have 

been related to the SmartTouch catheter’s reduced accuracy in measurements with 

parallel contact. 66,67 

Monitoring of Contact Force 

Several animal studies showed that electrode-tissue CF is a major determinant of lesion size 

during RFCA. 68,69 This effect is likely related to the improved catheter-tissue contact leading 

to the reduction of energy dissipation into the circulating blood pool resulting in better 
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energy delivery to tissue.70 Moreover, monitoring CF is also important to prevent excessive 

CF and consequently decreases the risk of steam pop and cardiac perforation.71 

Before the advent of CF-sensing catheters, only surrogate markers were available to monitor 

CF to ensure better quality of ablation lesions and hence their durability. These surrogate 

markers include tactile feedback from catheter manipulation, catheter stability on 

fluoroscopy, impedance drop, tissue temperature rise, and electrogram attenuation.  

The impedance drop during the RF application is thought to be the result of tissue 

heating.68However, the measurement of impedance drop has been found to be at best 

moderately efficacious as surrogate marker for predicting CF.72 This may be related to the 

fact that impedance measurements are sensitive to the various parameters that could affect 

any of the components of the typically large unipolar RF energy delivery circuit.70 

The limitation of tissue temperature rise is that it cannot be reliably measured with irrigated 

catheters.73 In addition, earlier animal studies suggested that impedance drop had a better 

correlation to the increase in ablation lesion diameter and depth than temperature rise.68,71 

Other animal studies demonstrated that EGM attenuation is significantly greater in 

transmural compared to non-transmural lesions.74,75 In one of these studies Otomo et al. 

demonstrated that the elimination of the negative component of the unipolar atrial EGM during 

RF energy delivery was always associated with transmural lesions. Whereas bipolar atrial EGM 

recorded from transmural lesions consistently demonstrated elimination of a positive deflection 

with non-parallel catheter orientation, and predominant attenuation (≥75%) of the R wave at 

sites exhibiting QRS pattern preablation or complete elimination of the R’ wave at sites exhibiting 

RSR’ pattern preablation with parallel catheter orientation.74  
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Subsequently, Bortone et al. confirmed that the elimination of the negative component of the 

unipolar atrial EGM is a useful end point for RF energy delivery during PVI in patients with 

paroxysmal AF, with substantial midterm maintenance of sinus rhythm and decrease in the total 

ablation time.76  

However, bipolar atrial EGMs by virtue of subtraction of unipolar EGMs obtained from closely 

spaced electrodes eliminate noise and far-field activity, and hence has been preferred to 

unipolar atrial EGMs in the clinical settings.77  Several studies that included  EGM-guided PVI in 

AF patients used the reduction of >80% or more in the amplitude of local bipolar atrial EGMs as 

a target for ablation78–80 

One of the limitations of EGM monitoring is that low amplitude is present in areas of 

myocardial scarring, and only the measurement of CF during mapping will enable the 

operator to determine whether that low amplitude is due to scarring or poor catheter 

contact.81 

These limitations of the surrogate markers highlight the importance of real-time 

measurement of CF during ablation for optimisation of efficacy and enhancement of safety. 

Real-time Contact Force monitoring using Contact Force-Sensing Catheters 

Recently, catheters that allow real-time measurement of contact force between the catheter 

tip and the target myocardium have become available. Different technologies for measuring 

real-time contact force exist in different types of catheters.  

In 2008, the first experience of using robotic catheter ablation in humans using a novel 

remotely steerable sheath associated with a system that monitors ablation catheter contact 
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force called Intellisense™ Fine Force Technology was published. The system uses two force 

sensors that grip the shaft of the ablation catheter as it protrudes from the remotely 

steerable sheath. In their publication, the authors concluded that the system could work 

safely and effectively in humans and could achieve conventional ablation endpoints. 

However, the limitation of IntelliSense™ technology is that it works exclusively with the 

robotic system and cannot be used manually. 82  

Published one year later, was the first in human experience of the use of the EnSite Contact™ 

system that assessed catheter-tissue contact using impedance during AF ablation.83 

In 2012, data about the use of the TactiCath® (Endosense, SA), which was the first direct 

contact force sensing catheter evaluated in human, were published. The data demonstrated 

the catheter’s  feasibility and safety during ablation.81 In the TactiCath catheter, a fibreoptic 

sensor is mounted on a 3.5mm open irrigated-tip ablation catheter. The micro-deformation 

of optical fibres within the catheter tip provides real-time contact force measurements.84 

Finally, the ThermoCool® SmartTouch™ (Biosense Webster Inc., CA, US) catheter, Figure 2-

1, was developed. In that catheter, the irrigated tip electrode is connected to the shaft by a 

tiny precision spring, the degree of deformation of which is used to measure the CF. 84 
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Figure 2-1 ThermoCool® SmartTouch™ (Biosense Webster Inc., CA, US).  

The precision spring determines the contact force at the tip of the catheter 

 

Some studies demonstrated that the use of real-time contact force-sensing catheters 

duirng AF ablation has improved long-term freedom from recurrent AF after one year.85,86 

However, other studies including a recent multicentre randomised controlled trial showed 

no difference in long term success rate with the use of real-time contact force-sensing 

catheters. 87–89  

Force Time Intergral (FTI) monitoring 

The contact force–time integral (FTI) was introduced because the CF varies in the beating 

heart and with respiratory movements and that may result in subsequent variation in the 

ablation lesion quality. The preclinical study that introduced FTI found that it correlated 
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with lesion size, and that intermittent contact, as suggested by a lower FTI, produced 

smaller lesions when compared to variable contact with a higher FTI.90 

Studies on the relation between CF and FTI and durability of ablation lesions 

Several studies looked more specifically at the durability of ablation lesions that were made 

using real-time CF monitoring catheters during AF ablation. The TOCCATA study was the first 

study that used a direct CF catheter in human subjects. The study  showed that CF > 20 g is 

most likely to result in successful  PVI, defined as absence of AF recurrence or AF recurrence 

with durable PVI confirmed, while CF < 10 g is associated with unsuccessful PVI.81    

That was followed by the EFFICAS I trial that evaluated the association between CF, for which 

operators were blinded, and the existence of gaps during PVI and at 3-month follow-up. The 

study provided the recommendations of a target CF of 20 g, with minimum CF > 10 g,  and 

minimum FTI of 400 gs to achieve transmurality in a single RF application.91  

Subsequently, the EFFICAS II trial allowed operators to utilise CF and FTI information 

obtained from EFFICAS I to optimize lesion creation. The EFFICAS II comprised a target CF of 

20 g, range of 10 –30 g, and a minimum FTI of 400 gs. The use of these targets resulted in 

more durable PVI compared to EFFICAS I (85% vs. 72%, P = 0.037).92  

For a noninferiority comparison between CF and non CF-sensing ablation catheters, the 

ToccaStar trial was designed to compare the St. Jude Medical TactiCath™ Quartz CF-sensing 

ablation catheter to the Biosense Webster Navistar™ Thermocool™ non CF-sensing ablation 

Catheter. A total of 300 patients were randomized 1:1 into either the TactiCath Catheter “CF 

group” or the Thermocool “control group”. Whist there was no specific recommendation in 
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the study protocol for the value of CF that should be used in the CF group, the manufacturer 

recommended that the CF should be limited to 30 g. The CF group was then subgrouped into 

“optimal CF” group including patients who had ≥ 90% lesions delivered at ≥ 10 g of contact 

force, and “non-optimal CF” group including patients who had < 90% lesions at ≥ 10 g. The 

need for a repeat ablation after the required 3-month blanking period was statistically lower 

in the “optimal CF” group vs. the “non-optimal CF” group (4.8% vs. 16.1%, respectively, P = 

0.02) and vs. the control group (4.8% vs. 12.7%, P = 0.04).88 

Safe and effective catheter contact force values as suggested by preclinical studies  

In a preclinical study, catheter CF as low as 77 g was found to result in mechanical cardiac 

perforation and the perforating force was further reduced by 23% during ablation.93  

Other preclinical studies were carried out to help decide on the optimum CF values that 

would result in adequate transmural ablation lesions whilst avoiding potential complications 

related to high CF. These studies found that excessive CF was frequently associated with 

higher tissue temperature rise resulting in higher incidence of thrombus formation and 

steam pops that can lead to cardiac perforation, as discussed below.70,94  

In 2008, Okumura et al. published the results of their study in which they delivered ablation 

lesions to the right and left canine atria using Hansen Medical’s Sensei Robotic Catheter 

System, the Intellisense contact force assessment system, and an irrigated tip catheter. 

Intracardiac echocardiography (ICE) was used to assess the effect of CF. Contact force of 10–

20 and ≥20 grams produced full-thickness lesions; while smaller lesions occurred with <10 

grams.95  
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In a subsequent animal study, Di Biase et al. examined ablation lesion formation and 

complications in relation to RF applications placed in the left atrium at different power and 

CF settings again using the Hansen Medical’s Sensei Robotic Catheter System. They 

concluded that CF values in the range of 20 g to 30 g and power of 40 W were found to 

achieve transmurality and maintain safety. On the other hand, CF > 40 g and power of 45W 

were associated with steam pop and crater formation in 66.7% of lesions.96  

Also in 2008, Yokoyama et al. reported their animal study results in which they aimed to 

determine safe and effective CF values using the TactiCath open-irrigated catheter. They 

reported that larger and deeper lesions were produced by lower RF power (30 W) at higher 

CF (30–40 g), than with higher power (50 W) but lower CF (2 to 10 g). However, the higher 

CF was associated with increased incidence of steam pop and thrombus formation.97 

In a later study also using the TactiCath, RF was applied to ex-vivo porcine myocardium using 

low (20 W) and high (30 W) power; at low (2 g), moderate (20 g), and high (60 g) CF.  In that 

study, again CF proved to be an important factor that determined the size of ablation lesion. 

Moderate CF was associated with reasonable lesion size with no risk of steam pop formation 

with low power, whilst high CF was associated with larger lesion size and high incidence of 

steam pop formation both with low power (30%) and high power (80%).71 

Based on these preclinical studies, a CF target range of 10 g to 40 g has been suggested for 

carrying out a relatively safe and effective CF-guided RF catheter ablation. 95–97 
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Force-Power-Time Index  

Although the use of CF and FTI targets have resulted in improved AF ablation outcomes, up 

to two-thirds of patients were still found to have at least one reconnected PV at repeat 

procedures performed 2-3 months after the initial ablation. 59,98 

There therefore remains a need for a more effective lesion delivery strategy in order to 

achieve enduring PV isolation with a single ablation procedure.  Controlling CF, RF power and 

application time: CF (grams) x Power (Watts) x Time (sec), known as Force-Power-Time Index 

(FPTI) was found to predict lesion size in a preclinical study. 99 

Ablation Index 

Ablation Index is a novel marker of ablation lesion quality that was derived from 

incorporating catheter stability, RF power, catheter CF and RF delivery time in a logarithmic 

weighted formula, and was found to accurately estimate ablation lesion depth in pre-clinical 

studies.100   

Ablation Index is calculated by a proprietary formula, depicted below, in which the constants 

are replaced with letters. 

𝐴𝑏𝑙𝑎𝑡𝑖𝑜𝑛 𝐼𝑛𝑑𝑒𝑥 = (𝐾 ∗ ∫ 𝐶𝐹𝑎(𝜏)𝑃𝑏(𝜏)𝑑
𝑡

0

𝜏)

𝑐

 

CF: contact force, P: Power, t: duration of RF energy  

Ablation Index was subsequently incorporated with the VisiTag module, ablation lesion 

tagging software, in Carto 3 V4 (Biosense Webster, Inc., Diamond Bar, CA). With real time 
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monitoring of CF and fixed power delivery, the Ablation Index module allows the operator 

to compensate for CF variability by up and down titration of the duration of RF delivery to 

achieve the Ablation Index target value for each segment. The Ablation Index counter will 

only start after preset catheter stability parameters are met, therefore ensuring adequate 

energy delivery to every ablation lesion. Therefore, the use of Ablation Index-guided ablation 

was postulated to result in fairly uniform lesions of adequate quality in all targeted left atrial 

regions.  

Determination of Ablation Index targets  

Our research group at Liverpool Heart and Chest Hospital contributed to an AF ablation 

multicenter study that was the first in human to retrospectively analyse the relationship 

between the minimum Ablation Index value along the circumferential PVI segments and 

spontaneous or adenosine-mediated acute reconnection. The minimum Ablation Index value 

for non-reconnected anterior/roof PV segments (358 [307-421]) was found to be 

significantly higher than for non-reconnected posterior/inferior PV segments (321 [278-372], 

P<0.0001. Subsequently, the 100% positive predictive value minimum Ablation Index 

thresholds that were not associated with acute reconnection were calculated, and were 

found to be 550 for the thick anterior/roof segments and 380 for posterior/inferior 

segments. 101 

The same research group then conducted another study, Pulmonary Vein Re-Isolation as a 

Routine Strategy: A Success Rate Evaluation (PRESSURE) that analysed the relationship 

between the minimum Ablation Index value values along the circumferential PVI segments 

and late reconnection. The study included 40 paroxysmal AF patients who underwent 
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contact force-guided PVI, and the minimum Ablation Index values for each segment were 

identified according to a 12-segment model. All patients underwent repeat 

electrophysiology study at 2 months, regardless of symptoms, to identify sites of late PV 

reconnection. The minimum Ablation Index values in late reconnected and non-reconnected 

segments were then compared. Reconnected anterior/roof segments had significantly lower 

minimum Ablation Index values than those without reconnection [332 (287–385) vs. 409 

(350–447), P < 0.001], with a similar difference seen for posterior/inferior segments [295 

(249–322) vs. 344 (302–392), P < 0.0001. No late reconnection was seen in anterior/roof 

segments where the minimum AI value was ≥480 or in posterior/inferior segments where 

the minimum AI value was ≥370. 102 

Excluding the PRESSURE study patients, starting from November 2014 our research group 

adopted the routine use of Ablation Index-guided AF ablation using an approximation of the 

minimum Ablation Index values that predicted absence of acute reconnection as target 

values, ≥550 for the anterior/roof region and ≥400 for the posterior/inferior region. The AF 

ablations outcomes using that strategy were compared to the corresponding outcomes of 

the AF ablations that were performed using the previous contact force-guided ablation 

strategy as discussed in Chapter 3.103 

In the meantime, another research group that contributed to the multicentre study, 

conducted another study in which they used the same Ablation Index target values in 

addition to interlesion distance (ILD) to guide PVI, and called that strategy the CLOSE 

protocol.104,105 Eventually, the group developed a new criterion to guide PVI called Ablation 

Line Contiguity Index (ALCI) that incorporates the Ablation Index and ILD values, as discussed 

in Chapter 6.30 
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An ongoing multicenter study called Pulmonary Vein Isolation Guided by Ablation Index 

(Ablation Index Registry Study) (AIR), ClinicalTrials.gov Identifier: NCT03277976, has been 

studying the outcomes of PVI using two Ablation Index settings; the first is 500 for anterior 

wall and 380 posterior for posterior wall, whilst the second is 450 for the anterior wall and 

330 for the posterior wall, and using either Thermocool SmartTouch (ST) or Thermocool 

SmartTouch Surrounded Flow (STSF) (Biosense Webster, Inc., Diamond Bar, California) for 

RF energy delivery. 

The study has already recruited 490 patients who underwent Ablation Index-guided PVI in 

25 European centres, and the results that will possibly define the optimum Ablation Index 

target values are yet to be published. 

Lesion Size Index 

Lesion Size Index (LSI) is another novel marker to assess lesion size quality using the same 

principle of combining all 3 key ablation parameters; catheter CF, RF power and RF delivery 

time.  

In their study, Neuzil et al. developed LSI in a preclinical setting then validated it in 40 

paroxysmal AF patients recruited in the Efficacy Study on Atrial Fibrillation Percutaneous 

Catheter Ablation with Contract Force Support (EFFICAS I) multicenter study.91,106 The 40 

patients underwent PVI using TactiCath™ contact force-sensing ablation catheter (TactiCath, 

Endosense, Geneva, Switzerland) and were invasively re-evaluated at 3-months to assess for 

late reconnections. The lowest LSI per circumferential PVI segment was found to be the best 

predictor for late reconnection with very strong significance (2.9 ± 1.5 vs. 4.2 ± 1.8, 

p<0.00001).106  
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In the multicentre TOCCASTAR study, patients with paroxysmal AF were treated with the 

contact force-sensing ablation catheter (TactiCath, Endosense, Geneva, Switzerland). During 

the index AF ablation procedure, the following parameters were recorded for each ablation: 

force, FTI, LSI, and power, in relation to the circumferential PVI segments. Patients with 

symptomatic AF recurrence underwent a redo ablation and the location of late reconnection 

was determined and re-isolated.  

Ablation parameters for the same location at index procedure were correlated with 

occurrence of late reconnection. The CF guidelines derived from previous studies, such as 

TOCCATA and EFFICAS I, that recommend achieving CF > 20g, minimum FTI > 400gs and 

minimum LSI > 5.0 showed high durable PVI rate of 80% when all criteria were fulfilled versus 

46% when not all criteria were fulfilled, P=0.004. 107 

 

 

 

 

  

  



Chapter 3 The clinical experience at Liverpool Heart and Chest Hospital with the use of ablation index to guide atrial fibrillation 
ablation 

53 
 

 

Chapter 3 The clinical experience at Liverpool Heart and Chest 

Hospital with the use of ablation index to guide atrial fibrillation 

ablation 

 

Introduction  

Even with complete PVI, which is the primary target for catheter ablation of both paroxysmal 

and persistent AF, high rates of late PV reconnection that lead to AF recurrence are still 

seen.32,36 Several strategies have been proposed to prevent late reconnection and enhance 

RF ablation lesion durability, including real-time CF monitoring and using minimum CF or FTI 

targets during ablation.98-92  Although the use of such targets has resulted in some 

improvement in AF ablation outcomes, up to two-thirds of patients were still found to have 

at least one reconnected PV at repeat electrophysiology procedures performed 2-3 months 

after the initial ablation.59,98 Therefore, there appeared to be a need for a more effective RF 

delivery strategy to achieve durable PVI using a single ablation procedure.  

As discussed in the previous chapter, Ablation index is a novel marker of ablation lesion 

quality that incorporates power in addition to CF and time in a weighted formula was 

found to accurately estimate ablation lesion depth in pre-clinical studies.100 The integration 

of Ablation Index into the automated lesion tagging software (VisiTag TM) as an ablation 

lesion quality-monitoring module in the CARTO 3 V4 3D mapping system has enabled its 

real-time use to guide PVI. 
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We hypothesised that the prospective use of Ablation index-guided ablation using the 

derived target values from the studies discussed in Chapter 2 would result in an 

improvement in acute PV reconnection and clinical outcomes when compared to the 

previously used CF-guided ablation. We also hypothesised that Ablation index-guided lesions 

would demonstrate greater impedance drop compared to CF-guided lesions, which is 

indicative of more effective lesion creation. 

To study these hypotheses, we retrospectively compared the procedural and clinical 

outcomes in patients who underwent Ablation Index-guided ablation versus those who 

underwent CF-guided ablation, as discussed below. As the study was a retrospective study 

no formal Ethics Review Board approval was required. Please see Appendix B. 

Methods 

Study patients 

The study included consecutive AF patients who underwent first-time radiofrequency PVI 

for symptomatic drug-refractory AF by two experienced electrophysiologists at our 

institution, in the period between January 2013 and December 2015.  

The procedures that were performed between January 2013 and October 2014 were CF-

guided, whereas those that were performed between November 2014 and December 2015 

were Ablation Index-guided. The first 10 patients treated with Ablation Index-guided 

(Ablation Index learning curve) were excluded, as well as patients who had been involved in 

any other research study. After exclusions, the final Ablation Index-guided cohort (AI group) 

was propensity-matched with the CF-guided cohort to derive a final CF-guided cohort (CF 

group). 
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AF ablation technique 
 

The AF ablation procedures were performed under either conscious sedation or general 

anesthesia, and uninterrupted oral anticoagulation. Vascular ultrasound was used to guide 

venous access.108 Intravenous heparin was administered at the time of transseptal puncture 

and as needed, targeting an activated clotting time (ACT) of ≥300 seconds.  

CARTO 3, V4 3D navigation system (Biosense Webster, Inc., Diamond Bar, CA) was used in 

all cases to create an electroanatomical map of the LA, with possible integration with a 

computed tomography or magnetic resonance imaging reconstruction of the LA 

(CartoMerge, Biosense Webster, Inc., Diamond Bar, CA).  

A fast anatomical map of the left atrium was created at baseline using the Lasso catheter. 

About 8-10 ‘Location only’ points were acquired using the mapping catheter around each 

vein pair, with care taken to place these points ≥10 mm outside the PV ostia while ensuring 

that there were no near field PV signals recorded at these points.  

WACA was performed around each PV pair, guided by the location-only points, using a 

Thermocool SmartTouch contact force-sensing RF ablation catheter (Biosense Webster, Inc. 

Diamond Bar, CA), advanced via a non-steerable sheath (Mullins, Cook Inc., Bloomington, 

Indiana). Point-by-point lesions were created at least 10 mm outside the PV ostia, as 

described above, except on the anterior ridge of the lateral PVs where lesions were delivered 

just inside the ridge.  

The automated lesion tagging VisiTagTM (Biosense Webster, Inc.) was used to mark the 

location of each lesion. The VisiTag settings were as follows: minimum time 8s, maximum 
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range 3 mm, minimum contact force 5 g and force-over-time 30%, with the lesion tag display 

size of 2 mm.  

The RF lesions were contiguous, with center-to-center distance <5mm, as confirmed by the 

overlap of the adjacent VisiTag lesions. The power settings were 25–40W depending upon 

the region of the LA being targeted. Oesophageal temperature was monitored continuously 

for cases performed under general anesthesia, and RF delivery was terminated when 

oesophageal temperature reached >39 degrees C. 

Phase 1 of the study (CF group: January 2013 to October 2014) 

During this phase, lesion creation was guided by contact force targets of 5-40 g, aiming for 

local signal attenuation of ≥80% at each point.  These parameters were agreed on by the UK 

Multicentre Trials Group for a randomized trial running concurrently assessing the efficacy 

of CF-guided AF ablation.87  

Phase 2 (AI group: November 2014 to December 2015)  

During this phase, ablations were guided by AI target values for each lesion as follows: 550 

for anterior/roof segments and 400 for posterior/inferior segments of the LA. These Ablation 

Index target values were rounded up  from the values of 550 and 380 that had been found 

to have 100% positive predictive value for absence of acute reconnection in the anterior/roof 

and posterior/inferior segments respectively in our previous multicenter study, as discussed 

in Chapter 2.101 In case of catheter displacement before an Ablation Index target could be 

reached, RF was recommenced at the same spot until a lesion reaching the target value was 

placed. If RF delivery had to be terminated because of a rise in oesophageal temperature, a 

sub-therapeutic Ablation Index lesion was accepted.  
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The broad range of CF aimed for in Phase 2 was the same as that used during Phase 1 at 5-

40g. Midway during Phase 2 of the study, the operators felt comfortable to increase 

delivered powers from 30W to 35-40W, so as to allow the AI targets to be reached with 

shorter RF applications.  

Impedance drop and FTI values were not monitored prospectively nor targeted during 

ablation in either group.  

A 20-pole spiral catheter (Lasso NAV, Biosense Webster, Inc.) was positioned inside the 

WACA circle during ablation to check for PV isolation. First pass isolation was defined as 

isolation of both ipsilateral pulmonary veins that occurred either before or at completion of 

the WACA lesion set, without the need for ablation on the intervenous carina or for 

additional segmental ablation. The WACA circle was completed even in cases where first pass 

isolation occurred before the completion of the circle.36 A waiting period of at least 20 

minutes after the last circle was mandated,54 and 15 mg of intravenous adenosine was 

administered for each WACA circle to unmask dormant PV reconnection if no spontaneous 

reconnection was seen.109 Any spontaneous or adenosine-induced reconnection was 

addressed with further RF application. 

In patients with paroxysmal AF, the lesion set in the LA was restricted to PVI only. Patients 

underwent cavotricuspid isthmus (CTI) ablation in addition if they had documented atrial 

flutter.  

Conversely, in some patients with non-paroxysmal AF, the LA posterior wall was targeted 

with a box lesion set in addition to PVI, as this strategy was found to improve clinical 
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outcomes in some studies. 110–113 This seems intuitive because in patients with non-

paroxysmal AF,  the LA posterior wall may harbor more AF maintaining substrate. 114,115 

No additional linear lesions and no ablation of CFAEs were performed in any patient. 

 
Clinical follow-up 

All patients were followed up at 3, 6, 9 and 12-months with mandatory 12-lead ECG 

recordings, supplemented with symptom-determined 24-hour Holter ECG monitoring as 

needed. All anti-arrhythmic drugs were stopped by 3 months. Atrial tachyarrhythmia 

recurrence (ATA) was defined as atrial fibrillation, atrial flutter, or atrial tachycardia 

documented on ECG after a 3-month blanking period without anti-arrhythmic drugs. Follow-

up duration was capped at 12 months for all patients, to allow for the different times of 

procedures in the two groups.  

The study was exempted from ethical approval by the North West Research and Ethics 

Committee, as it did not involve any change to the normal clinical care of participants. 

 
Ablation lesion data analysis  

Although no Ablation Index targets were used to guide ablation in the CF group, an Ablation 

Index value for each lesion could be retrospectively calculated in the last 25 patients in that 

group, in whom ablation was performed using a Carto 3 system with added on Ablation Index 

module.  Therefore, a detailed offline retrospective analysis of the WACA circle ablation 

lesions was limited to the last 25 patients from each of the CF and AI groups. The data for 

each VisiTag included: ablation duration, CF, impedance drop, FTI, and Ablation Index.   
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CF was defined as the mean contact force during ablation, and impedance drop as the 

difference between the pre-ablation and the lowest recorded impedance values during 

ablation. FTI and Ablation Index values were automatically calculated for each lesion by the 

CARTO 3 system VisiTag and Ablation Index modules. FTI was calculated by multiplication of 

the mean contact force during energy application by the duration of the application and is 

measured in gram seconds (gs). Whilst Ablation Index was calculated using a complex 

weighted exponential formula allocating different weights to CF, time and power. 100   

To analyse the effect of using different AI target values for the various LA regions, each WACA 

circle was divided into six segments (roof, 2 anterior, inferior, and 2 posterior). We then 

categorized the segments into two categories according to the regional AI targets used for 

the AI group (anterior/roof segments and posterior/inferior segments) (Figure 3-1).  

Impedance drop, which is the only tissue related ablation parameter in the VisiTag module, 

was used as a surrogate to evaluate ablation lesion effectiveness in both CF-guided and AI-

guided groups.  An impedance drop cutoff of ≥10 Ω was used as a predictor of adequate 

lesion formation in our study based on observations from previous in vitro116 and human 

studies.117,118 
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Figure 3-1: Diagram showing the 12 WACA segments and the AI target values used for each segment 
in the AI group. The red dots represent ablation lesions with AI target values ≥550 while the pink 
dots represent AI target values ≥400 but <550, B: Screenshots showing right WACA with VisiTags 
color-coded by AI value. The red VisiTags seen in the anterior/roof region have AI target values ≥550 
while the pink VisiTags seen in the posterior/inferior region have AI target values ≥400. 

 

A 

B 
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Statistical analysis 

Propensity matching was used to adjust for patient age, sex, LA size, and type of AF when 

comparing study groups. Continuous variables were expressed as mean and standard 

deviation if they were normally distributed, or median and quartiles (25th–75th percentiles) 

if they were not normally distributed. For continuous variables, Student’s t-test, Mann–

Whitney U test or Kruskal–Wallis test was used for unpaired group comparison. Categorical 

variables were presented as frequency or percentage and were compared by the x2 test. 

Spearman’s rank correlation coefficient was used to assess the correlation between various 

variables. Multivariable linear regression analysis was used to assess the relationship 

between ablation lesion parameters and impedance drop. Receiver operating characteristic 

curve (ROC) analysis was performed to determine the optimum AI values that would result 

in a clinically relevant impedance drop in the various LA regions. All tests were two-sided and 

a P value <0.05 was considered statistically significant. All statistical analysis was performed 

using SPSS (version 24, IBM Corp., Armonk, NY). 

 

Results 

In Phase 2 of the study, 99 patients underwent Ablation Index-guided PVI. The first 10 cases 

in this cohort were excluded as their procedures were considered to have been performed 

during the Ablation Index-guided ablation learning curve, leaving 89 patients for analysis (AI 

group). Whilst in Phase 1 of the study period, 168 patients underwent CF-guided AF ablation, 

and after propensity matching with the AI-group, only 89 patients were left for analysis (CF 

group) (Figure 3-2). 
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Figure 3-2  A flowchart of patients recruited to retrospective analysis of Ablation Index-guided ablation versus contact force-
guided ablation study. In Phase 2 of the study, 99 patients underwent Ablation Index-guided PVI. The first 10 cases were 
excluded as their procedures were performed during the Ablation Index-guided ablation learning curve, leaving 89 patients 
for analysis (AI group). Whilst in Phase 1, 168 patients underwent CF-guided AF ablation, and after propensity matching 
with the AI-group, 89 patients were left for analysis. 

 

Patient characteristics of AI and CF groups 

As both groups were propensity matched, the baseline characteristics in terms of age, sex, 

type of AF, LA diameter and BMI were similar. Demographic information for both AI and CF 

groups is provided in Table 3-1. 

 

Total AF ablation cases

Jan 2013 - Dec 2015

n=267

Nov 2014 - Dec 2015

Ablation Index-guided cases

n=99

AI group

n=89

Jan 2013 - Oct 2014

Contact Force-guided cases

n=168

CF group

n=89

Learning curve patients 
excluded, n=10 

Propensity matching for 
age, and Type of AF 
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Table 3-1 Demographic information for AI and CF groups 

 
AI group (N=89) CF group (N=89) P value 

Age, year 62 ± 9.1 62 ± 9.1 0.88 

Sex (Male/female) 67/22 65/24 0.73 

LA diameter, cm 4.2 ± 0.6 4.1 ± 0.6 0.46 

BMI 29 ± 4.8 29 ± 5.0 0.96 

Type of AF   0.98 

    PAF 43 45  

    PeAF 31 29  

    LSPeAF 15 15  

Duration of PeAF (month)    

    PeAF 7(5-10) 9 (5-12) 0.4 

    LSPeAF 22 (12-28) 24 (18-33) 0.8 

BMI: body mass index; PAF: paroxysmal atrial fibrillation, PeAF: persistent atrial fibrillation, LSPeAF: longstanding persistent AF 
 

Procedural results of AI and CF groups 

Table 3-2 shows a comparison between the procedural data of both groups. First pass WACA 

circle isolation was significantly higher in the AI group compared to the CF group (173/178 

(97%) vs. 149/178 (84%) circles, P<0.001). Of the 5 (3%) WACA circles in which there was no 

first pass isolation in the AI-group, 4 (80%) were right-sided affecting the right ipsilateral PVs 

and required further RF delivery on the right intervenous carina to achieve isolation. 

After a minimum waiting period of 20-minutes, spontaneous PV reconnection was seen in 8 

(4%) circles in the AI group, compared to 19 (10%) circles in the CF group, P=0.02. Either 

spontaneous or adenosine-induced PV reconnection was identified in 11 (6%) circles in the 

AI group (3 on the left and 8 on the right) compared to 24 (13%) circles in the CF group (12 

on the left and 12 on the right) (P=0.02). All acute reconnections were successfully 

eradicated with further radiofrequency applications.  
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The mean PVI ablation time was similar for the two groups (AI group: 42±9 vs. CF group: 45 

± 14 mins, P=0.14), while the mean total ablation time was significantly shorter in the AI 

group compared to the CF group (48 ± 10 vs. 53 ± 13 mins, P=0.03). Neither the mean 

procedure time (AI group: 175 ± 31 vs. CF group: 163±47 mins, P=0.08) nor the mean 

fluoroscopy time (AI group: 11.9 ± 7.7 vs. CF group: 11.8 ± 5.6 mins, P=0.94) was significantly 

different between groups. 

CTI ablation was performed in a higher proportion of patients in the CF group than in the AI 

group (27 (30%) vs. 16 (18%), P=0.0.5). However, none of atrial tachyarrhythmia recurrences 

that were accounted for in this study was due to CTI-dependent atrial flutter. 

Two major complications (2%) occurred in the CF group (phrenic nerve palsy and 

retroperitoneal hematoma), whilst none occurred in the AI group (P=0.15).  

Table 3-2 Procedural data of AI and CF groups 

 
AI group (n=89) CF group (n=89) P value 

Mean fluoroscopy time, min 11.9 ± 7.7 11.8 ± 5.6 0.94 

Mean DAP, cGY.cm2 1656 ± 1425 1613 ± 1345 0.85 

Mean PVI ablation time, min 42 ± 9 45 ± 14 0.14 

LA posterior wall ablation, n (%) 25 (28%) 36 (40%) 0.08 

CTI line, n (%) 16 (18%) 27 (30%) 0.05 

Mean total ablation time, min 48 ± 10 53 ± 13 0.03 

Mean total procedure duration, min 175 ± 31 163 ± 47 0.08 

Complications, n (%)   0 (0%)    2 (2%)  0.15 

DAP: Dose area product, PVI: Pulmonary vein isolation, LA: Left atrium, CTI: Cavotricuspid isthmus 
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Follow-up and clinical outcome results 

For both the CF and AI groups, the median follow-up was identical at 12 months. Recurrence 

of atrial tachyarrhythmia was defined as AF, atrial flutter or atrial tachycardia recurrence 

after a 3-month post-ablation blanking period following a single procedure off anti-

arrhythmic drugs. Atrial tachyarrhythmia recurrence was significantly lower in the AI group 

than in the CF group (15 vs. 33 patients), P=0.002.  

Kaplan-Meier survival analysis showed a freedom from atrial tachyarrhythmia at 12 months 

of 83% in the AI-group as compared to 63% for the CF-group (log rank P=0.004), (Figure 3-3). 

Subgroup analysis showed recurrence rates were significantly lower in both the non-

paroxysmal AF subgroup: (8/46 (17%) AI-group patients vs. 17/44 (39%) CF-group patients, 

P=0.02), as well as in the paroxysmal AF subgroup: (7/43 (16%) AI-group patients vs. 16/45 

(36%) CF-group patients, P=0.04).  

 

Figure 3-3  Kaplan–Meier curves of the groups’ atrial arrhythmia (ATA)-free survival during the 12-month follow-up post 
procedure.  
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Ablation lesions data analysis 

In total, 4018 VisiTags across both groups were analyzed, of which 146 VisiTags were 

excluded because of incomplete data. The mean number of analyzed WACA ablation lesions 

(VisiTags) for each patient was 78±17, and this was not significantly different between the 

two groups (73±17 for the AI group vs. 82±18, for the CF group, P=0.09).   

The median impedance drop per VisiTag lesion was significantly higher in the AI group than 

in the CF group (15.2 [11.7-18.5] Ω vs. 9.5 [7.2-12] Ω, P<0.001, Figure 3-4A). In addition, the 

number of ablation lesions that were associated with impedance drop of ≥10 Ω was 

significantly higher in the AI group 1356 (74%), compared to 899 (44%) in the CF group, 

P<0.0001. 

The median CF was also significantly higher in the AI group than in CF group (12.2 [9.3 – 17.2] 

g vs. 10.2 [8.0 – 14.0] g, P<0.001, Figure 3-4B). As CF is a component of the Ablation Index 

formula, multivariable linear regression was used to adjust for it as a potentially confounding 

variable. Even after that adjustment, AI group membership was still associated with a 

significantly higher impedance drop (P<0.001). We again used multivariable analysis that 

incorporated all available ablation lesion data for both AI and CF group, and this time used 

ablation success defined as freedom from atrial tachyarrhythmia at 12-month follow-up as 

an outcome.  

After adjusting for time, power, impedance drop and group membership, logistic regression 

analysis suggested that CF was not an independent predictor for freedom from AT for 12 

months. OR=1, 95% CI=0.93-1.04, P=0.90. 
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Figure 3-4 Box and whisker charts comparing A. Impedance drop in AI and CF groups, B. Contact Force in AI and CF groups, 
C. Force Time Integral in AI and CF groups, and D. Ablation Index in AI (prospective) and CF (calculated retrospectively) 
groups. Each box is bounded on the top by the third quartile and on the bottom by the first quartile. The line that divides 
the box is the median value and the dark dot inside the box is the mean value. The top whisker extends to the maximum 
value and the bottom whisker extends to the minimum value. 
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Relationships between Ablation Index, Contact Force, Force–Time Integral and impedance 
drop 

Scatterplots in Figure 3-5 show the relationships between each of CF, FTI and AI with 

impedance drop in AI group patients. Ablation Index was found to have a significant but 

moderate correlation to impedance drop (Spearman r=0.42, P<0.001). Similarly, FTI 

correlated significantly but with moderate correlation with impedance drop (r=0.42, 

P<0.001). CF correlated significantly but weakly with impedance drop (r=0.29, P<0.001). A 

very strong correlation was seen between AI and FTI (r=0.89, P<0.001).  

 

 

A 

B 
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Figure 3-5 Scatter plots showing the relationships between A. CF and impedance 
drop, B. FTI and impedance drop, C. Ablation Index and impedance drop, and D. 
Ablation Index and FTI. 

 

 

 

 
Regional differences in ablation lesion parameters 

The regional median values of CF, FTI, Ablation Index and impedance drop in the 

anterior/roof and the posterior/inferior regions in both Ablation Index and CF groups are 

depicted in Table 3-3. In anterior/roof segments, the median ablation time, power, CF, FTI, 

Ablation Index and impedance drop were significantly higher in the AI group as compared to 

the CF group. 

C 

D 
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Conversely, for posterior/inferior segments, whilst the median power, Ablation Index and 

impedance drop were higher in the AI group as compared to the CF group, the ablation time, 

CF and FTI values were similar, suggesting better RF power delivery to the posterior wall with 

Ablation Index-guided ablation. 

Table 3-3 Regional median values of RF times, CF, FTI, Ablation Index and impedance drop in AI and CF groups 

 CF: Contact Force, FTI: Force-time integral, AI: Ablation Index 
*Derived from the last 25 patients from each group 

  
AI group VisiTags (N=1829)* CF group VisiTags (N=2043)* P value 

Time (s)     

 Anterior/Roof 36.0 (31.0 – 42.5) 30.0 (25.1 – 37.1) <0.001 

Posterior/Inferior 25.7 (21.1 – 29.6) 26.3 (19.9 – 30.6) 0.94 

All segments 30.0 (24.4 – 37.5) 27.8 (22.2 – 33.5) <0.001 

Power (W)     
 

Anterior/Roof 35 (34 – 40) 30 (30 – 30) <0.001 

Posterior/Inferior 35 (30 – 39) 30 (29 – 30) <0.001 

All segments 35 (31 – 39) 30 (30 – 30) <0.001 

CF (g)     
 

Anterior/Roof 14.5 (11.1 – 19.0) 10.6 (8.5 – 15.8) <0.001 

Posterior/Inferior 10.5 (8.3 – 13.5) 9.7 (7.8 – 12.6) 0.08 

All segments 12.2 (9.3 – 17.2) 10.2 (8.0 – 14.0) <0.001 

FTI (gs)     

 
Anterior/Roof 508 (416 – 626) 319 (261 – 436) <0.001 

Posterior/Inferior 256 (208 – 335) 247 (174 – 331) 0.16 

All segments 364 (253 – 518) 289 (219 – 398) <0.001 

AI     
 

Anterior/Roof 537 (483 – 575) 416 (389 – 456) <0.001 

Posterior/Inferior 420 (379 – 448) 376 (336 – 413) <0.001 

All segments 459 (415 – 538) 398 (357 – 435) <0.001 

Impedance Drop (Ω)     
 

Anterior/Roof 16.6 (13.4 – 20.5) 10.3 (7.6 – 13.1) <0.001 

Posterior/Inferior 13.2 (10.0 – 16.5) 8.8 (6.3 – 11.0) <0.001 

All segments 15.2 (11.7 – 18.5) 9.5 (7.2 – 12.0) <0.001 
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Relation between impedance drop and regional AI target values 

Receiver operating characteristic (ROC) analysis of the AI group ablation data showed that 

the Ablation Index cut-off (Youden Index) that predicted an impedance drop of ≥10Ω for 

anterior/roof segments was 444 (sensitivity 85.1%, specificity 36.9% and positive predictive 

value 85.5%), and for posterior/inferior segments was 382 (sensitivity 77.8%, specificity 

53.6% and positive predictive value 75.7%) (Figure 3-6). 

 

Figure 3-6 ROC curves for Ablation Index cutoff values for an impedance drop of ≥10Ω by left atrial regions. 

 

Discussion: 

Main study findings  

To our knowledge, this study was the first to investigate the prospective use of tailored AI 

targets to guide AF ablation, and to compare procedural and clinical outcomes to the 

commonly used current practice of CF-guided AF ablation.  
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The study showed that, when compared to CF-guided ablation, tailored AI-guided ablation 

provided significantly improved outcomes in three important areas. Firstly, better 

procedural outcomes were seen, with both a much higher rate of first-pass isolation and 

lower incidence of acute PV reconnection, obviating the need for additional extensive 

ablation for PV reisolation and hence resulting in an expected shorter mean total ablation 

time per procedure. Secondly, with regard to clinical outcomes, the AI group experienced 

significantly improved freedom from arrhythmia after 12 months of follow-up. Thirdly, AI-

guided ablation was associated with a significantly higher impedance drop suggesting 

creation of better-quality lesions.  

Although all acute reconnections were eradicated by additional ablation in both groups, 

better clinical outcomes were noted in the AI group.  This can be explained by the findings 

of one of our research group previous studies that although sites of acute reconnection are 

likely to remain isolated once ablated, other sites of PV reconnection are identified on repeat 

EP study. The vast majority of sites of late reconnection were not manifest acutely in spite 

of a 30-minute period of waiting and the use of IV Adenosine. 119 

Furthermore, although the sample size of patients who underwent Ablation Index-guided 

ablation was relatively small, there did not appear to be any signal of increased risk 

associated with this approach. This may well be related to the more tailored approach to LA 

ablation afforded by use of Ablation Index targets, with more ablation targeted to the thicker 

anterior portions of the chamber compared to that seen in the CF group (FTI value of 508 gs 

compared to 319 gs) but little change in posterior wall ablation (FTI 256 gs vs. 247 gs).  
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Furthermore, the use of Ablation Index targets allowed delivery of higher powers, especially 

on the LA posterior/inferior wall, resulting in achieving greater impedance drops without the 

need to increase either RF ablation times or CF.  

Advantages of Ablation Index over CF or FTI 

The advent of CF-sensing catheters was followed by a growing interest on how to utilise the 

real-time CF data to improve AF ablation outcomes. Some studies have suggested that 

certain CF thresholds are needed for durable lesion formation.92,91 However, the availability 

of CF information alone to guide ablation has not necessarily translated into improved 

results.87,88,89,120,121 This can be anticipated as lesion creation is not only dependent upon 

catheter-tissue contact, but also the duration of energy application and power delivery.  

Subsequently, FTI that combines application time with CF in a linear fashion was suggested 

as an alternative for ablation monitoring. However, this approach was criticised as it has two 

significant limitations. Firstly, the interplay between CF and time in lesion creation is more 

complex than simple multiplication of these two factors,122 and secondly FTI continues to 

omit the important role of power delivery. That latter point was clearly illustrated in an in-

vitro study by Guerra et al., in which it was shown that with a fixed FTI of 300 gs, an increase 

from 20 W to 35 W resulted in an almost three-fold increase in lesion volume.123 Accordingly, 

FTI target-guided ablation has shown some improvement in the rate of PV reconnection at 

repeat study, but not to hoped-for levels, with still more than one-third of patients exhibiting 

one or more gaps.92,91  

The use of Ablation Index-guided ablation has the potential to overcome these limitations 

by not only incorporating power delivered, but also combining these three factors in a 

weighted formula that has been shown to correlate to lesion depth in an animal model.100 
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The rate of late PV reconnection following prospective use of AI-guided ablation was 

evaluated in the Pulmonary vein Reconnection following Ablation Index-guided ablation: a 

Success Evaluation (PRAISE) study, the results of which are discussed in Chapter 5. 124 

Regional Ablation Index target values 

A significant difference in Ablation Index values that predicted an impedance drop of ≥10Ω 

between LA regions was demonstrated in this study (444 for the anterior/roof region 

compared to 382 for the posterior/inferior region). These values were notably similar to 

those identified by our research group for avoidance of late PV reconnection, 480 for the 

anterior/roof region and 370 for the posterior/inferior region as mentioned before in 

Chapter 2.101,102   

These differences in Ablation Index values between the anterior/roof region and the 

posterior/ inferior region  can be anticipated, as it is well-recognized that wall thickness 

varies considerably within the LA and can be particularly thick at the anterior left 

PV/appendage ridge.125  

Previously used regional FTI target values 

FTI target value of 400-500gs has been suggested to be necessary to create adequate 

ablation lesions,126,127 and in the EFFICAS studies to avoid late PV reconnection.92,91 While 

this value may well be required in some regions of the LA, there is concern that it may be 

excessive in more thin-walled areas, increasing the risk of damage to adjacent structures 

such as the oesophagus. A subsequent study has demonstrated that the optimal FTI value 

for achieving an effective lesion is dependent on the underlying atrial wall thickness,128 and 
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our research group has previously reported that FTI values of only 230 gs were associated 

with no reconnection of posterior/inferior segments at repeat electrophysiology study.102  

Clinical utility of Ablation Index-guided ablation 

Taking into consideration the potential limitations of the study of a non-randomised 

retrospective non-parallel group study design, the study demonstrated that the prospective 

use of Ablation Index regional target values was associated with more effective acute PV 

isolation and less recurrence of atrial tachyarrhythmia during follow-up, without an 

associated increase in ablation time, as compared to CF ablation alone.  

The study results suggest that the use of such Ablation Index regional targets, with a higher 

value for the thicker-walled anterior/roof region and a lower value for the thinner-walled 

posterior/inferior region, may be able to provide a more tailored approach to AF ablation, 

balancing ablation efficacy with avoidance of unnecessarily excessive ablation in the higher-

risk posterior/inferior region. As such, Ablation Index-guided ablation has been proposed to 

be used with the intention to improve the delivery of a lesion set that effectively and durably 

isolate the PVs while minimizing the risk of damage to adjacent structures. 

The PRAISE study, that is discussed in detail in Chapter 4, was designed to evaluate this 

hypothesis. 

 

Limitations  

The study was a retrospective analysis of a non-randomized consecutive series of patients 

who underwent CF-guided or AI-guided AF ablation. Although the two groups underwent 

propensity-matching resulting in similarities in their baseline characteristics, a possible 
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confounding effect of other unknown variables could not be excluded. Nevertheless, the 

study was a first and necessary step toward the design of the PRAISE study which is an 

adequately powered prospective study. 

In addition, the possibility of temporal bias and its associated effect via institutional and 

operator learning curve needed to be addressed, because the two groups were recruited in 

a consecutive rather than parallel fashion. However, all procedures in both groups were 

performed by two very experienced electrophysiologists in an established high-volume 

center, using identical equipment and an identical ablation strategy, except for the different 

catheter ablation guidance, as discussed below.   

The increase in RF power during the study period made it difficult to exclude the possibility 

that some of the benefits seen in the AI group was contributed to by this change. However, 

the increase in RF power during the study period highlights an important advantage of using 

Ablation Index target values in that it, in general, allows operators the flexibility to change 

any of the Ablation Index component parameters, such as power, RF ablation time and CF 

while being confident that the total amount of delivered RF energy will be limited by the 

composite Ablation Index value.  However, it should be borne in mind that the quality of RF 

ablation lesions may vary considerably as a result of changing some or all these parameters 

despite having a fixed Ablation Index value. This is because the RF ablation lesion results 

from thermal injury that occurs in 2 consecutive phases; resistive phase that leads to 

immediate heating of the superficial tissue layer, and time-dependent conductive phase that 

extends passively from the superficial layer to deeper layers.129  Therefore, a potential 

method to achieve uniform, transmural lesions during PVI is to increase the resistive phase 

to deliver immediate heating to the full tissue thickness, and reduce the conductive phase 
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to limit collateral tissue damage. This can be achieved by using higher RF power that must 

be delivered for a shorter duration.130 

Another limitation was the limited intensity of ECG monitoring on follow-up that might have 

led to failure to detect asymptomatic AF recurrences, and thereby may have overestimated 

ablation success rates. However, the monitoring protocol was identical for the two study 

groups, and so it is unlikely that this would have been a significant source of bias affecting 

one study group more than the other.  

Lastly, the study cohort was too small to provide definitive safety assessment of the Ablation 

Index-guided ablation strategy. However, the fact that the same two operators subsequently 

performed over 500 Ablation Index-guided AF ablation procedures with the absence of a 

single case of cardiac tamponade, stroke/TIA or oesophageal fistula in this cohort would 

appear to suggest that this strategy is likely to be at least as safe as CF-guided ablation. 

In June 2018, The United States Food and Drug Administration (FDA) approved the use of 

Carto 3 mapping system with the Ablation Index (SURPOINT™) module. According to the 

approval letter, the module underwent extensive bench testing and was not found to raise 

concerns about safety or effectiveness.  Please see Appendix C for the FDA approval letter. 

 

A Critical Appraisal of the Use of Historical Controls for Comparison with the Ablation Index-

guided Study Group  

In general, retrospective cohort studies may be affected by potential confounders that can 

create differences in outcomes between the groups apart from those related to the 

interventions being assessed.131 Nevertheless,  retrospective cohort studies comparing the 

intervention cohort with a historical cohort are commonly employed in clinical studies, 
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including AF ablation studies, to evaluate new techniques and  they frequently provide a 

useful “proof of concept” prior to development of randomized controlled trials. 132,133  

The effects of the following potential confounders in this study are being addressed here. 

The cumulative experience of operators  

In this study, all procedures of the two phases of the study were performed by the same 

two operators (DG and RS) who were already highly experienced in point-by-point RF AF 

ablation (having performed over 500 cases before January 2013) and had also used contact 

force-sensing catheters extensively since 2011. Therefore, the learning curve associated 

with controlling contact force for these operators, as well as for the institution, would have 

been passed long before the time-period from which the CF group was derived.  

In a study about the initial experience with the use of SmartTouch CF-sensing catheters for 

AF ablation procedures in an institution, the maximum reduction in fluoroscopy time and 

dose, and procedure time was noted following an initial learning curve of 300 

procedures.134   

Potential changes in the clinical practice  

These include potential changes in the indications for the AF ablation procedure, changes 

in equipment used and/or changes in the ablation procedure strategy. 

For all AF patients included in the study, whether they had paroxysmal, persistent or long 

standing persistent AF, the indication to refer a patient for AF ablation was limited to the 

presence of symptomatic drug-refractory AF, and that indication did not change 

throughout the course of both phases of the study. 
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The same exact equipment was used in both phases of the procedure including 

SmartTouch ablation catheter, circular mapping (Lasso) Catheter and Carto 3 

electroanatomical mapping system. 

Also, the ablation procedures in phase 1 and phase 2 of the study were identical in terms of 

mapping and ablation techniques, except for using different ablation target indices to guide 

ablation; CF of 5-40 g aiming for local signal attenuation of ≥80% at each point in phase 1, 

and Ablation Index targets of 550 for the roof and anterior wall and 400 for the posterior 

and inferior walls in phase 2. 

Conclusion 

This study was the first to investigate the prospective use of Ablation Index targets to guide 

AF ablation. Ablation Index-guided ablation was associated with significant improvements in 

the incidence of acute PV reconnection and in the rate of atrial tachyarrhythmia recurrence 

during follow-up, without change in the mean ablation time for PV isolation, as compared to 

CF-guided ablation. The use of different AI regional targets, with higher values for the 

anterior/roof region compared to posterior/inferior region, allows for the delivery of more 

effective ablation to thicker-walled areas while obviating the risk of excessive ablation on 

thinner-walled regions such as the LA posterior wall. 
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Chapter 4 Pulmonary vein Reconnection following Ablation Index 

guided ablation: a Success Evaluation (PRAISE) Study Design 

 

 

Introduction 

Creation of durable ablation lesions during PVI for AF is of critical importance to prevent late 

PV reconnection, which is responsible for the great majority of arrhythmia recurrence in 

patients with paroxysmal AF.54 Despite improvements in technology, the proportion of PVs 

remaining chronically isolated following radiofrequency ablation has remained 

disappointingly low.36,91 This has led to much interest in the delivery of effective ablation 

lesions.  

In the absence of real-time assessment of lesion development and transmurality, surrogate 

measures of lesion quality are commonly utilized. The fall in local impedance during ablation, 

which has been shown to relate to lesion size, 68,135is commonly used as a marker of the 

direct effect of ablation on cardiac tissue. 136–139 More recently, the minimum Force-Time 

Integral (FTI), which multiplies contact force by radiofrequency application duration has 

been shown to be predictive of PVI segment reconnection at repeat electrophysiology 

study.91 Prospective use of a minimum FTI-target during each ablation application improved 

rates of persistent PV isolation but nevertheless, over one-third of patients were still found 

to have at least 1 reconnected PV.92 This may be because FTI does not take into account the 

important role of power delivery, and is derived from a simple multiplication of contact force 

by time, whereas it is likely that these factors along with power provide differing 

contributions to lesion formation.122,123 Furthermore, using a single target FTI value for all 
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segments of the circumferential PVI circle, as has previously been suggested, 91 assumes that 

tissue thickness, and therefore the ablation depth required, is the same for all areas of the 

left atrium. However, it is known from anatomical studies that tissue thickness varies 

considerably between different left atrial regions.28  

Ablation Index CARTO 3 V4, Biosense Webster, Inc., Diamond Bar, CA) is a novel marker of 

lesion quality that incorporates contact force, time and power in a weighted formula, and 

has been shown to accurately estimate lesion depth in canine studies.140  

Hypothesis 

Primary Hypothesis: 

PVI achieved by point-by-point RF catheter ablation in WACA pattern, and guided by Ablation 

Index targets results in durable PVI, as confirmed at repeat electrophysiology study. 

Secondary hypotheses:  

- Durable WACA PVI, without additional left atrial ablation, results in good clinical success 

rates in patients with persistent AF. 

- There is a significant difference between the rate and pattern of PV reconnection in 

patients with and those without documented early AF recurrence. 

- Sites of acute PV reconnection (including those unmasked by adenosine) and late PV 

reconnection correlate with Ablation Index data from the initial PVI procedure. 
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PRAISE study design 

During the study design phase, a randomized controlled trial design option was discussed 

at the Research and Development committee at Liverpool Heart and Chest Hospital, with 

an Ablation Index group compared to a group where only Contact Force data was 

available to the operators. However, it was felt that as the operators already had some 

prior experience of using AI-targets, it would be relatively easy for them to mentally 

guesstimate the AI values from the Contact Force and Power values even if the AI value 

was not available to them. This would prevent a true randomised comparison between 

AI and CF. 

Furthermore, while randomized controlled trials are powerful tools that enable clinical 

researchers to evaluate the effectiveness of new therapies while accounting for the 

effects of unmeasured confounders and selection bias, they may be associated with high 

expenses and complexity, and longer time recruitment time frame.141  On the other hand, 

well-designed non-randomized trials studying the effectiveness of new therapies have 

the advantages of lower cost and greater timeliness, and can provide results that are 

similar to those of randomized controlled trials.142,143 

The PRAISE study was designed as a multicenter study that recruited patients from three 

centres; Liverpool Heart and Chest Hospital, Liverpool, UK, Freeman Hospital, Newcastle, 

UK and Centro Cardiologico Monzino, IRCCS, Milan, Italy. The aim of that design was to 

benefit from its advantages, which includes the accrual of an adequate number of 

subjects in a shorter period of time, reaching diverse populations, and benefiting from 

the expertise of the various centers involved.144 Milan and Newcastle were chosen as 

external centres because the operators in these centres had adequate experience in 

Ablation Index-guided AF ablation. 

The study comprised two arms were as follows: 

- A prospective cohort of 40 patients with persistent AF which (Ablation Index-guided 

group) in whom initial PVI procedure was performed guided by Ablation Index targets of 
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550 for the roof and anterior wall, and 400 for the posterior and inferior walls. All patients 

(regardless of AF recurrence) underwent a repeat EP study at 8-10 weeks to identify and 

re-ablate PV reconnection.  

Patients in this group were recruited all three centres in the period between February 

2016 and February 2017. The majority of these patients were recruited at Liverpool 

Heart and Chest Hospital, as discussed in Chapter 5, because of un-anticipated delays 

in obtaining necessary local approvals at the two other sites.  

- A historical control group (Contact Force-guided group) of 40 patients with paroxysmal 

AF enrolled to the repeat study arm of the PRESSURE study (ClinicalTrials.gov Identifier: 

NCT01942408). All 40 patients underwent contact force-guided PVI followed by a repeat 

EP study after 8-10 weeks. All patients in this group were recruited at Liverpool Heart and 

Chest Hospital.  

 

PRAISE study End-points 

Primary outcome measure: 

The proportion of patients with PV reconnection seen at repeat EP study 

Secondary outcome measures: 

The proportion of reconnected PVs seen at repeat EP study 

The proportion of patients maintaining freedom from atrial tachyarrhythmia for 12 months 

(after an initial 12 week blanking period) 
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 QOL 6 and 12 months after initial ablation, as quantified by the validated AFEQT 

questionnaire. 

Major complication rates (occurring within 60 days after a PVI procedure), to include cardiac 

tamponade, stroke/TIA, myocardial infarction, phrenic nerve paralysis, oesophageal 

perforation/atrio-oesophageal fistula, major vascular complications and death. 

Patients 

Patients were recruited from the heart rhythm clinics at Liverpool Heart and Chest Hospital, 

Liverpool, UK, Freeman Hospital, Newcastle, UK and Centro Cardiologico Monzino, IRCCS, 

Milan, Italy. Patients who were listed for RF ablation of persistent AF and were felt to be 

suitable for inclusion by their responsible consultant were approached and offered 

information regarding the study. Patients who were interested in taking part were provided 

with the Participant Information Sheet (PIS) by a member of the research team and offered 

the opportunity to take this literature home to discuss it with relevant relatives and friends. 

The PIS contained a contact phone number and email address for the research team should 

they wish to get in contact with any queries.  A follow-up phone call may be arranged to 

provide a further opportunity for discussion. If the patient wished to enrol, they were invited 

to either return the signed consent form by post, in which case consent was then re-

confirmed in person at the time of a subsequent hospital visit, or to sign the consent form at 

the time of their next hospital visit. 
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Inclusion criteria: 

- Aged over 18 years old. 

- Persistent AF (defined, according to the ESC/EHRA Guidelines for the Management 

of Atrial Fibrillation 2010, as AF episode that either lasts longer than 7 days or 

requires termination by cardioversion, either with drugs or by direct current 

cardioversion (DCC)). 

- Symptomatic AF despite drug treatment. 

- Due to undergo pulmonary vein isolation by RF ablation. 

Exclusion criteria: 

- Inability or unwillingness to receive oral anticoagulation with a Vitamin K antagonist 

(VKA) or non-VKA (NOAC) agent 

- Previous catheter or surgical ablation procedure for AF 

- Unwillingness or inability to complete the required follow-up arrangements 

- Current pattern of paroxysmal AF 

- Long standing persistent AF (continuous AF longer than 12 months before ablation) 

- Prior prosthetic mitral valve replacement or severe structural cardiac abnormality 

- Known infiltrative cardiomyopathy 

- Known severe left ventricular systolic dysfunction (ejection fraction <35%) 

- Pregnancy 
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PRAISE study Protocol (Appendix D)      

Pre-procedure management: 

Echocardiographic data were collected as part of routine care, including: left ventricular (LV) 

ejection fraction, LV end-systolic and end-diastolic dimensions, and left atrial diameter. 

Some patients underwent MRI scan prior to the ablation procedure to produce a detailed 3D 

reconstruction of the left atrial anatomy at the operator’s discretion.  

Patients on VKA agents continued these in the peri-procedural period, and a pre-procedure 

INR of between 2 and 4 was considered acceptable. All NOAC agents were continued peri-

procedurally or withheld on the morning of the procedure as per the operators’ preference. 

Trans-oesophageal echocardiography (TOE) was undertaken in some patients at the 

discretion of the operator prior to the procedure to exclude left atrial thrombus as per 

standard care (indications may include sub-therapeutic INR readings in the 4 weeks prior to 

the ablation procedure for those taking warfarin, or missed doses for those taking alternative 

oral anti-coagulants). 

Initial ablation procedure:  

The initial ablation procedure steps are summarized in this section and are discussed in more 

detail in Chapter 5-I.  

PVI was performed under general anaesthesia or deep sedation in a standard fashion. One 

or two transseptal punctures was/were made following which intravenous unfractionated 

heparin boluses was administered. 
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If the patient was in AF, electrical cardioversion was performed to restore sinus rhythm if 

possible. A voltage map of the left atrium was be created during atrial pacing using 

ConfiDense mapping (Carto 3, Biosense Webster, Inc.), and where appropriate, the left atrial 

map was integrated with the MRI of the left atrium (CartoMerge, Biosense Webster, 

Diamond Bar, California, USA). 

Patients then underwent PVI using point-by-point RF application in a WACA pattern using a 

Thermocool® SmartTouch™ irrigated RF ablation catheter. Drag lesions were not utilised. 

Standardised VisiTag™ settings were used for all cases (Catheter Position Stability: minimum 

time 10 seconds, maximum range 2 mm; force over time: 30%, minimum force 5 

g; and lesion tag size: 2 mm). These VisiTag settings were the mean of the values used for 

cases performed at the 4 sites that contributed to the retrospective evaluation of Ablation 

Index.101  Each RF lesion was guided by AI targets: 550 at the roof and anterior walls, and 400 

at the posterior and inferior walls. Power settings were chosen at the operator’s discretion 

within the range of 20-40W. Following the completion of each WACA, PVI entry and exit 

block were confirmed with a circular mapping catheter (Lasso® NAV Eco, Biosense Webster, 

Diamond Bar, California, USA) placed sequentially in each of the PVs. Intervenous carina 

ablation was not be performed routinely unless required to achieve PV isolation. No 

additional left atrial linear lesions or ablation of complex fractionated atrial electrograms 

was performed.  Patients with documented typical atrial flutter in the past received linear 

ablation on the cavotricuspid isthmus until bidirectional block was achieved. 

If the patient was still in AF after achieving isolation of all PVs, electrical cardioversion was 

performed.  Left and right atrial voltage maps were then created during atrial pacing using 

ConfiDense mapping (Carto 3, Biosense Webster, Inc.). After a minimum of 20 minutes since 

the last ablation to that WACA lesion set, ipsilateral PVs were rechecked with the circular 
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catheter to determine if spontaneous PV reconnection has occurred. If overt PV 

reconnection was not detected, a bolus of intravenous adenosine (12-18mg) was given to 

unmask any sites of dormant conduction. Further ablation was performed at any sites of 

overt or unmasked reconnection to achieve PVI once again. 

Oesophageal temperature monitoring was performed in all cases with an audible 

temperature alarm set at 38.9 degrees Celsius. RF delivery was stopped promptly as soon as 

the oesophageal temperature crossed this value, or earlier at the operator’s discretion. 

Oesophageal temperature was allowed to drop below 37.5 degrees before further RF energy 

is delivered in the vicinity. 

Acute complete procedural success was defined as electrical isolation of all PVs. Partial 

procedural success was defined as electrical isolation of 3 or more, but not all, PVs. 

Procedural failure was defined as electrical isolation of less than 3 PVs. 

Post-procedure management: 

All current antiarrhythmic drug therapy were continued for at least 1 month. It could then 

be discontinued as per physician preference. 

All patients were prescribed a proton pump inhibitor (e.g. Lansoprazole 30 mg OD) for at 

least 1 month. 

Post-PVI monitoring for AF recurrence: 

The 2012 HRS/EHRA/ECAS expert consensus statement on catheter and surgical ablation 

of atrial fibrillation task force recommended that the gold standard for reporting the 



Chapter 4 Pulmonary vein Reconnection following Ablation Index guided ablation: a Success Evaluation (PRAISE) Study 
Design 

89 
 

efficacy of new AF ablation techniques should remain freedom from atrial 

tachyarrhythmia of greater than 30 seconds in duration off all antiarrhythmic drugs.54 

According to the consensus statement, arrhythmia monitoring following AF ablation can 

be carried out by either continuous or non-continuous ECG monitoring methods. The 

non-continuous methods include scheduled or symptom-initiated standard ECGs, Holter 

monitor (24 hours to 7 days), transtelephonic recordings, automatically and patient 

activated monitoring devices, external loop recorders that can continuously record ECGs 

for up to 30 days, and more recently smart phone monitors that can record 30-second 

ECGs. 54,145 

 Although more intensive ECG monitoring using any of these modalities is associated with 

more likelihood of detecting both symptomatic and asymptomatic AF, the use of more 

complex and longer methods of monitoring may be associated with lower patient 

compliance.146  With adequate compliance, scheduled 7-day Holter ECG recordings or 

daily plus symptom activated event recordings are estimated to document 

approximately 70% of AF recurrences. 147 

The potential problem of low compliance with non-continuous ECG monitoring can be 

overcome with the use of continuous ECG monitoring, which  can only be achieved by 

implantable loop recorders (ILRs), unless the patient has an implantable cardiac device; 

a pacemaker or an implantable cardioverter defibrillator. 54  However, there are several 

disadvantages with the use of ILRs for arrhythmia monitoring following AF ablation. 

These include the relatively higher cost of the device, the need for surgical implantation, 

and the potential risk for LR removal for erosion and infection. Moreover, ILRs are 
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associated with high false-positive AF detection due to noise oversensing, frequent atrial 

or ventricular premature beats, T wave over-sensing and/or sinus arrhythmia. 148 

For these reasons, we opted to use daily plus symptom activated event recordings using 

the validated handheld ECG monitor (Omron HCG-801-E, Omron Healthcare, Kyoto, 

Japan) (Figure 4-1). Furthermore, we already had extensive experience of using this 

method of arrhythmia monitoring successfully.80 After educating the patients about how 

to use the handheld ECG monitor and about the importance of compliance with timely 

ECG recording, we provided each of them with a monitor to be kept for the duration of the 

study of 12 months.  Patients were asked to self-record a 30-second ECG recording once a 

day for the duration of the study, as well as each time they experience symptoms of 

palpitations. 

The 2007 and the 2012 Heart Rhythm Society (HRS)/European Heart Rhythm Association 

(EHRA) consensus documents on catheter and surgical ablation of AF, defined a sustained 

AF episode as lasting ≥30 seconds, with failure defined as detection of at least one 

sustained AF episode during follow-up.54,149  These definitions were designed to bring 

consistency to the measurement of outcomes after AF ablation,  therefore our research 

team adopted them to uniformly  measure then compare the outcomes of the PRESSURE 

and the PRAISE studies.80,124 

One of the limitations of the use of the HeartScan HCG-801 ECG monitor is its inability to 

differentiate between the routine daily and the symptom activated ECGs, because of its 

lack of ECG annotation capability. 
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Figure 4-1 ECG handheld monitor device – HeartScan HCG-801 ECG Monitor 

Repeat EP study: 

The repeat procedure was performed in the same way as outlined above for the initial 

procedure. Peri-procedural and intra-procedural anti-coagulation management was also 

identical to the initial procedure. As before, voltage map of the left atrium was created 

during atrial pacing using ConfiDense mapping and integrated with the original MRI 

reconstruction of the left atrium (CartoMerge, Biosense Webster, Diamond Bar, California, 

USA) where available. 

Each PV was assessed in turn for late reconnection with a circular mapping catheter and 

reconnection site(s) was recorded for subsequent analysis. All identified sites of 

reconnection were re-ablated using a Thermocool® SmartTouch™ irrigated RF ablation 

catheter, with the same target Ablation Index values as before; 550 or 400 depending on 

location and RF power was again set at the operator’s discretion until PV re-isolation was 

successfully achieved. If the patient was in AF after achieving isolation of all PVs, electrical 

cardioversion was performed. No additional left atrial linear lesions or ablation of complex 

fractionated atrial electrograms were performed during the repeat procedures. 
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 Follow-up (Table 4-1 and Figure 4-2) 

Continued daily, plus symptom episode, ECG recordings as described above were carried out 

for 12 months from the initial procedure. Clinical review appointments took place at 6 weeks, 

and then at 3, 6 and 12 months. Data from the handheld ECG monitors were downloaded at 

these visits. 

Participants were asked to complete AFEQT and EQ5D questionnaires at the time of the 6 

and 12-month clinic visits. 

Anticoagulation with warfarin or another oral anticoagulant agent was continued for at least 

3 months following the index ablation procedure. At that point the decision whether or not 

to continue was individually, based on the patient’s CHA2DS2/CHA2DS2-VASc score and 

patient preference.  

Any episodes of atrial tachyarrhythmia (ATA) ≥30 seconds in duration documented after the 

3-month blanking period was defined as a recurrence.  That signified that that the patient 

has reached the primary end-point of the study and offering further management including; 

re-initiation of anti-arrhythmic medications, electrical cardioversion or listing for repeat PVI, 

as per the discretion of the patient’s responsible Consultant. 

Table 4-1 PRAISE study schedule of events 

Procedure Recruit Pre-
admission  

Procedure 
Day 0 

6 Weeks 8 Weeks 12 
Weeks 

26 
Weeks 

52 Weeks 

Clinical review ✓   ✓ ✓ ✓ ✓ ✓ 

ECG Review ✓   ✓ ✓ ✓ ✓ ✓ 

Handheld monitor 

provision 

 ✓       

QOL forms ✓      ✓ ✓ 

PVI procedure   ✓  ✓    
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Figure 4-2 Flowchart of PRAISE study schedule of events 

Safety 
 

Major complications: 

Major complications of atrial fibrillation ablation, mentioned in the HRS/EHRA/ECAS Expert 

Consensus Statement published in 2012, were assessed throughout the 12-month following 

the initial ablation procedure.54 In general, a major complication was defined as a 

complication that results in permanent injury or death, requires intervention for treatment, 

or prolongs or requires hospitalization for more than 48 hours, such as cardiac tamponade, 

cerebrovascular stroke, transient Ischeamic attack, myocardial infarction, pulmonary vein 

stenosis, phrenic nerve palsy, oesophageal perforation or atrio-oesophageal fistula, major 

vascular complications that require interventions such as surgical repair or transfusion, and 

death. 
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The incidence of major complications following AF ablation in contemporary practice ranges 

from 3-5%. As such, it must be noted that the PRAISE study was not powered to assess the 

safety profile of Ablation-Index guided ablation. 

Serious adverse event reporting  

Any suspected major complication (as defined above) in the course of the study, either whilst 

in hospital or during the period of follow up, was to be reported as per the standard local 

adverse Event Reporting procedure.  

Data monitoring committee  

A data monitoring committee was appointed by the sponsor to review and monitor the 

PRAISE study. This committee, which is known as the Research Endeavour (SURE) group, 

comprised a general practitioner, a cardiologist, former patients, carers and members of the 

public.  The committee convened and reviewed the feasibility of patients’ involvement in the 

study, quality and clarity of the documentation, and the study safety data (Appendix H). An 

interim analysis of the study was carried out in February 2017 and received a favourable 

opinion from the Health Research Authority- North West in March 2017. 

Insurance/indemnity  

Indemnity was provided through the NHS indemnity scheme or professional indemnity. 

Sample size calculation 
 

Of the patients randomised to the Repeat Study arm of the PRESSURE study, 62.5% had 

reconnection of 1 or more PVs. We expected this rate to be at least halved when ablation 

was to be guided by AI targets. A formal sample size calculation was therefore performed 
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assuming a proportion of patients with PV reconnection of 31% in the AI-guided group and 

62.5% in the CF-guided group. 

With these values, an alpha error set at 0.05 and power set at 80%, the number of patients 

required for a two-sided test would be 36 per group. Allowing for 10% of patients who were 

expected to be lost to follow-up, the intended sample size was estimated to be 40 per group. 

That sample size requirement was already met for the CF-guided group represented by the 

PRESSURE study patients who had repeat ablation procedures. 

Statistical analysis 

All end points were examined by means of an intention-to-treat analysis. All categorical 

variables were compared with χ2 or Fisher’s exact test as appropriate. The dependent 

variables were checked for normal distribution by the Shapiro-Wilk statistic and appropriate 

descriptive statistics generated. Continuous variables that are normally distributed were 

expressed as means (±SD) and were compared using Student’s t-test. Variables that were 

not normally distributed were expressed as a median (interquartile range) and were 

compared with Wilcoxon rank-sum and signed-rank tests.  

For the primary outcome and the secondary outcomes, 2-sided t-test for continuous 

measures and Fisher’s exact for categorical measures. In addition, Spearman’s Rank 

Correlation Coefficient was used for analysis of secondary outcomes. All data were analysed 

using SPSS for Windows version 24 and alpha will be set at the 0.05 level. 

 Sponsorship and Funding 

The PRAISE study was sponsored by the Liverpool Heart and Chest Hospital NHS Foundation 

Trust. The sponsor was responsible for obtaining all the required ethics approvals, reaching 
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agreements with the other sites participating in the study, and the initiation and 

management of the study. 

The study was funded through an Investigator-Initiated Study funding agreement with 

Biosense Webster, Inc. (BWI-IIS-385). The funder reviewed and approved the study protocol. 

Subsequently, the funder provided the study monetary funding in instalments according to 

an agreed patient recruitment schedule, and provided the equipment required for repeat 

studies as described above.  

 Study registration  

The PRAISE study was prospectively registered on the ClinicalTrials.gov database 

(NCT02628730), North West - Greater Manchester East Research Ethics Committee 

(15/NW/0930) and National Institute of Health Research (NIHR) Clinical Research Network 

(CRN) Portfolio (20310). Please see Appendices D-H for the PRAISE study approvals and other 

relevant study documents. 
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Chapter 5 Prospective study on the use of Ablation Index-guided 

ablation 

This chapter is divided into four parts as follows: 

5-I Use of Ablation Index-guided ablation results in high rates of durable pulmonary vein 

isolation and freedom from arrhythmia in persistent AF patients: the PRAISE Study Results 

This part describes the results of the Pulmonary vein Reconnection following Ablation Index-

guided ablation: a Success Evaluation (PRAISE) study.  

5-II AI-guided ablation results in lower prevalence of PV reconnection following PVI 

compared to CF-guided ablation. A comparison between PV reconnections in the PRAISE and 

the PRESSURE studies 

In this part we compared the PV reconnection data of the PRAISE study with those of the 

PRESSURE study, in which the RF ablation was CF-guided.  

5-III Reverse remodelling of the left atrium occurs early after catheter ablation for persistent 

atrial fibrillation in the presence of durable pulmonary vein isolation 

 This part describes a substudy of the PRAISE study in which we studied the relationship 

between reverse remodelling of the left atrium following Ablation Index-guided ablation and 

the presence of durable pulmonary vein isolation.  

5-IV Factors Associated with Regional Late Pulmonary Vein Reconnection after Ablation 

Index-Guided Ablation in Patients with Persistent Atrial Fibrillation 

This part discusses the potential factors that may be associated with regional late pulmonary 

vein reconnection following the use of Ablation Index-guided ablation in the PRAISE study. 
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5-I Use of Ablation Index-guided ablation results in high rates of durable pulmonary vein 

isolation and freedom from arrhythmia in persistent AF patients: the PRAISE Study 

Results 

Introduction  

As discussed in Chapter 1, complete PVI has been recommended as the best established 

target for ablation of paroxysmal atrial fibrillation (PAF) and has been found to be non-

inferior to more extensive ablation in persistent AF.33,36,150   

Late PV reconnection  has been the Achilles’ heel of radiofrequency ablation, with at least 

one late PV reconnection reported in about 70% of patients even after complete acutely 

successful PVI.36  

As discussed in Chapter 3, the introduction of CF-sensing catheters and use of FTI-targeted 

ablation has improved results, but not to the levels hoped for, with 38-62% of patients still 

showing late PV reconnection.92,102  

Earlier this decade, Ablation Index was introduced as a novel marker of ablation lesion 

quality that incorporates power, CF and time in a weighted formula, and was found to 

accurately estimate ablation lesion depth in pre-clinical studies, as discussed before.140  

Ablation Index has been integrated as an ablation lesion quality monitoring module into the 

automated lesion tagging software (VisiTag™) in the CARTO 3 V4 3D electroanatomic 

mapping system (Biosense Webster, Inc., Diamond Bar, CA).  
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As previously discussed our research group contributed to two early studies on Ablation 

Index, the first was a multi-center study that defined the minimum regional Ablation Index 

target values that would be required to prevent acute PV reconnection, whilst the second 

defined the minimum regional Ablation Index target values that would be required to 

prevent late PV reconnection detected at protocol-mandated repeat procedures after 2 

months.101,102 Regional Ablation Index target values to be used prospectively were derived 

from these two studies as follows; 550 for anterior and roof, and 400 for posterior and 

inferior LA regions. 

Our hypotheses were that the prospective use of these Ablation Index targets would result 

in a low rate of PV reconnection, and that durable PVI that alone may be adequate to achieve 

a high rate of clinical success in patients with persistent AF. We therefore designed the 

‘Pulmonary vein Reconnection following Ablation Index guided ablation: a Success 

Evaluation (PRAISE)’ study, in which 40 patients underwent a protocol-mandated repeat 

electrophysiology procedure following Ablation Index -guided ablation to determine the 

prevalence of late PV reconnection. Patients were followed up 6 weeks after the initial 

ablation procedure then every three months and were monitored with daily ECGs for 12 

months to determine the clinical outcomes. 

Methods 

As discussed in Chapter 4, the PRAISE study population comprised consecutive patients with 

persistent AF of less than 12 months duration and with no significant structural heart disease 

who underwent Ablation Index-guided PVI at 3 sites: Liverpool Heart and Chest Hospital, 

Liverpool, UK (co-ordinator: Ms Maureen Morgan, RN), Freeman Hospital, Newcastle, UK 

(co-ordinator: Miss Leanne Thompson, RN) and Centro Cardiologico Monzino, IRCCS, 
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Milan, Italy (co-ordinator: Ms. Catto Valentina, PhD). Ms Maureen Morgan, LHCH 

research nurse coordinated the study workflow among the three sites with the assistance 

from Dr Ahmed Hussein, LHCH primary investigator, and Prof Dhiraj Gupta, the study 

chief investigator. Site initiation visits to Milan and Newcastle were carried out to ensure 

standardisation of study protocol implementation, including standardisation of the 

ablation procedure, at the 3 sites.  

Initial ablation procedure: 

All procedures were performed under general anesthesia or deep conscious sedation. 

Following ultrasound-guided right femoral venous access,151 two transseptal punctures were 

performed using fluoroscopic guidance with additional pressure monitoring, following which 

intravenous unfractionated heparin boluses were administered to maintain an Activated 

Clotting Time of >300 seconds. If the patient was in AF, electrical cardioversion was 

performed to restore sinus rhythm. CARTO 3 (Biosense Webster, Inc., Diamond Bar, 

California) electroanatomical mapping system was used to create a 3-D voltage map of the 

LA. 

PVI was performed with radiofrequency energy in a point-by-point in WACA pattern using a 

Thermocool® SmartTouch™ irrigated tip CF-sensing ablation catheter (Biosense Webster, 

Inc., Diamond Bar, CA) introduced via a non-steerable sheath. The WACAs were created >10 

mm outside the PV ostia, where the local electrograms did not show near-field PV signals. 

For the left pulmonary veins, ablation was performed just inside the ridge anterior to the 

veins. No ablation on the intervenous carinae, and no other ablations in the LA were 

delivered as part of initial lesion set unless needed to achieve pulmonary vein isolation. The 
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only other additional ablation permitted was cavotricuspid isthmus (CTI) ablation for 

documented typical atrial flutter.  

The VisiTag™ settings for all 40 patients were as follows: catheter position stability: minimum 

time 10s, maximum range 2mm; force over time: 30%, minimum force 5g; lesion tag size: 

2mm.  The protocol required that the operator should aim to deliver contiguous lesions 

(center-to-center distance ≤6mm).152 A CF of 5-40g was targeted at each site. Power settings 

were at the individual operator’s discretion within the range of 20-40W depending upon the 

LA segment. Each lesion was guided by Ablation Index targets: 550 at the roof and anterior 

walls, and 400 at the posterior and inferior walls (Figure 5-1).103 Impedance drop and FTI 

data were neither displayed nor targeted. Oesophageal temperature monitoring was 

performed in all general anesthesia cases and RF delivery was stopped as soon as the 

oesophageal temperature reached 39C, even if the target Ablation Index value of 400 had 

not been reached. Further RF was not delivered on the posterior wall until the oesophageal 

temperature reached baseline level. If there was evidence of residual conduction into the 

PVs on the posterior wall after completion of the WACA, RF was delivered inside the WACA, 

i.e. further away from the oesophagus, as shown in Figure 5-3.  

The acute endpoint of the procedure was complete PVI, as demonstrated by entrance block 

using a 20-pole circular mapping catheter (Lasso® NAV Eco; Biosense Webster, Inc.) placed 

sequentially in each of the PVs. After a minimum of 20 minutes from the last ablation to that 

WACA lesion set, ipsilateral PVs were rechecked with the Lasso catheter to determine if 

spontaneous PV reconnection had occurred, and these sites were tagged. If overt PV 

reconnection had not occurred, a bolus of intravenous adenosine (12-18mg) was 
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administered to unmask any sites of dormant conduction. Further ablation was performed 

at any sites of overt or unmasked reconnection to achieve PVI once again. 

Repeat electrophysiology study:  

All 40 patients underwent protocol-mandated repeat procedure, regardless of symptoms or 

documented AF recurrence, 8-10 weeks after the initial procedure. Peri-procedural 

anticoagulation management and procedural protocol were identical to the first procedure, 

including creation of a LA map using CARTO 3 and integration with the original computed 

tomography or magnetic resonance imaging reconstruction of the LA where available. Each 

PV was then assessed in turn for late reconnection with a Lasso catheter and reconnection 

sites were recorded. All reconnection sites were re-ablated using a Thermocool® 

SmartTouch™ irrigated ablation catheter until PVI was successfully achieved. The same 

Ablation Index target values as for the initial procedure (550 for the roof and anterior wall 

and 400 for the posterior and inferior walls) were used, as safety data for higher Ablation 

Index values than these are not available. 

If the patient remained in AF after achieving isolation of all PVs, electrical cardioversion was 

performed, and no additional ablation was performed. 

ECG follow up 

A validated portable ECG monitor (Omron HCG-801-E, Omron Healthcare, Kyoto, Japan) was 

given to every patient.153 After training them on its use, patients were instructed to self-

record a 30-second ECG every day and additionally whenever they experienced symptoms. 

ECG recordings were downloaded at each follow-up visit and were analysed for the presence 
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and dates of any atrial tachyarrhythmia (ATA), defined as atrial fibrillation or any other 

organized atrial arrhythmia, by experienced clinicians blinded to the patient symptoms. 

Patient follow-up 

Follow-up visits were arranged after 6 weeks, then at 3, 6, and 12-month. Any antiarrhythmic 

medications, including beta-blockers, were stopped 3 months after the initial ablation unless 

substantial ATA continued to occur beyond 3 months.  

A validated Atrial Fibrillation Effect on QualiTy-of-life (AFEQT) questionnaire, which includes 

20 questions across 3 domains (symptoms, daily activities, and treatment concerns) using a 

7-point Likert scale, was completed at baseline and at 6 and 12 months.154 

Study Outcomes  

The primary outcome measure was freedom from ATA recurrence after the 3-month 

blanking period following the initial ablation procedure. ATA recurrence was defined as 

documented atrial fibrillation, atrial flutter, or atrial tachycardia lasting ≥30 seconds.155 

Secondary outcome measures were as follows: quality of life 6 and 12 months after initial 

ablation; time to first ATA recurrence; ATA burden during the primary outcome period; re-

initiation of antiarrhythmic medication; and the occurrence of major complications.  
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Per-protocol analysis: 

The procedural data were reviewed to rule out protocol violations, defined as a divergence 

from the study protocol that may potentially reduce the quality or completeness of the 

outcome data. 

The occurrence of any of the following was regarded as a protocol violation and the relevant 

WACA circle/patient was excluded from PV reconnection data analysis: any technical 

problem that prevented the delivery of the full ablation lesion set during the initial ablation 

procedure; if the initial ablation lesion set was not delivered in a WACA pattern (>1 cm 

outside the PV ostia); or the presence of more than 8 gaps (defined as an inter-lesion 

distance of >6mm) in a WACA circle.152 

Ablation lesion data analysis: 

Detailed offline retrospective analyses of all WACA circle ablation lesions was carried out for 

all patients. The data for each VisiTag™ included ablation duration, CF, impedance drop, FTI, 

and Ablation Index. CF was defined as the mean CF during ablation, and impedance drop was 

defined as the difference between the pre-ablation impedance value and the lowest 

recorded value during ablation.  

The FTI and Ablation Index values were automatically calculated by the CARTO 3 system for 

each lesion. FTI was calculated by multiplication of the mean contact force during energy 

application by the duration of the application and is measured in gram seconds (gs). Ablation 

Index was calculated using a complex weighted exponential formula allocating different 

weights to CF, time and power.140  
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To analyse the effect of using different AI target values for the various LA regions, each WACA 

circle was divided into six potential reconnection segments (roof, 2 anterior, inferior, and 2 

posterior). We then categorized these 6 segments into 2 regions per WACA circle according 

to the regional AI targets used for AI-group: anterior and posterior regions (Figure 5-1). 

 

 

Figure 5-1 Diagram showing the anterior/roof and the posterior/inferior segments and the AI target values used for each of 
these segments in AI-group. The red dots represent ablation lesions with AI target values ≥550 while the pink dots represent 
AI target values ≥400 but <550. 

 

Statistical analysis  

Continuous variables are presented as mean and standard deviation or median and 

interquartile range (25th–75th percentiles) where appropriate. Student’s t-test or the 

Mann–Whitney U-test were used for unpaired group comparison. Categorical variables were 
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compared by χ2 or Fisher’s exact test and presented as frequency and percentage. All tests 

were two-sided and a P<0.05 was considered statistically significant. 

Statistical analysis was performed using SPSS (version 24, IBM Corp., Armonk, NY). 

 

Results 

In the period between February 2016 and February 2017, 40 consecutive persistent AF 

patients who fulfilled the PRAISE study inclusion criteria were recruited from all three 

participating centres. Most patients (n=33/40 (83%)) were recruited from LHCH, 6 (15%) 

patients were recruited from Milan and only one patient (2%) was recruited from Newcastle. 

The relatively low contribution of the latter two sites occurred because of unexpected delays 

in the paperwork required to start recruiting from them, and at the same time there was a 

need to meet the patient recruitment targets in a timely manner. During the recruitment 

period, a total of 574 atrial fibrillation patients scheduled for AF ablation at LHCH were 

screened (354 (62%) paroxysmal 187 (32%) persistent and 33 (6%) longstanding persistent).  

The demographic and procedural data for all 40 patients are presented in Table 5-1. As the 

patient cohort consisted solely of persistent AF patients, the mean LA size was relatively 

large at 43±5 mm and LV function was impaired in 8 (20%) of patients.   

The median duration of persistent AF was 9.5 (6-12) months, and 28/40 (70%) patients had 

undergone at least one attempt of electrical cardioversion prior to the initial PVI.  All 40 

patients returned for repeat study and no major complications occurred in any of the 80 

procedures. 

A total of 2,764 VisiTags™ were analyzed with a mean number of 69±12 VisiTags™ per 

patient. The mean ablation time was 36±9mins and the mean CF was 13±2g.  
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Four WACAs (2 left-sided and 2 right-sided), with the relevant 4 patients, 8 PVs and 24 

segments, were excluded from PV reconnection analysis because of protocol violation: 2 

because of the presence of >8 gaps in the WACA circle, 1 because segmental ostial (rather 

than WACA) PVI was performed, and 1 because of equipment failure. 

Table 5-1 Demographic and procedural Data 

Age, years  61±8 

Male (n, %) 30 (75%) 

Left atrial AP diameter, mm  43±5 

LV Ejection fraction >55% (n, %) 32 (80%) 

Hypertension (n, %) 12 (30%) 

Diabetes mellitus (n, %) 3 (8%) 

CHA2DS2Vasc Score 1 [0-2] 

Atrial fibrillation duration, months 9.5 (6-12) 

Antiarrhythmic drugs prior to ablation 36 (90%) 

Procedure time, minutes  158±34 

Ablation time, minutes 36±9 

Number of VisiTags™ per patient 69±12 

Fluoroscopy time, minutes 12 [8–14] 

General anesthesia (n, %) 39 (98%) 

Major complications (n, %) 0 (0%) 

Interval between procedures, days 64±6 

Mean CF, g 13±2 

Mean FTI, gram-seconds 327±77 

Mean AI 486±42 

Ablation time per lesion for anterior segments, seconds 35 (27- 44) 

Ablation time per lesion for the posterior segments, seconds 23 (17-28) 

Patients who received CTI ablation, n (%) 3 (8%) 

AP: anteroposterior, LV: left ventricular, CF: contact force, FTI: Force-Time Integral, AI: Ablation Index, CTI: 
cavotricuspid isthmus 

 

 



Chapter 5 Prospective study on the use of Ablation Index-guided ablation 

108 
 

Acute PV isolation and acute reconnection 

Acute PV isolation was successful in all (100%) of the 147 PVs included for analysis. A carina 

line was required to achieve PV isolation in 9/76 (12%) WACAs in 9/36 (25%) patients. After 

the 20-minute waiting period and the use of adenosine, acute reconnection was seen in 10 

(28%) patients affecting 14 (10%) PVs (Table 5-2). 

Acute reconnection occurred in 15 (3%) segments, the majority of which (13/15 (87%)) were 

spontaneous. The distribution of segments of acute reconnection is shown in Figure 5-2 

(Upper panel). All 15 acutely reconnected segments were successfully re-ablated and PV re-

isolation was achieved. 

Late PV reconnection at repeat electrophysiology study 

The mean duration between the initial PVI procedure and repeat electrophysiology study 

was 64±6 days.  Late PV reconnection was identified in 13 (3%) segments in 8 (22%) patients, 

affecting 11 (7%) PVs (Table 5-2).  The distribution of segments with late reconnection is 

shown in Figure 5-2 (Lower panel). 

All reconnected PVs in the 8 patients with late PV reconnection were successfully re-isolated. 

The median ablation time required for re-isolation was 5.6 (4.5–7.9) minutes.  

Table 5-2 Prevalence of Acute and Late Pulmonary Vein Connections in the study group* 

 Acute PV reconnection at initial 
ablation 

Late PV reconnection at repeat 
procedure 

By Patients, n=36 10 (28%) 8 (22%) 

By WACA circle, n=76 10 (13%) 8 (11%) 

By WACA segment, n=456 15 (3%) 13 (3%) 

By pulmonary veins, n=147 14 (10%) 11 (7%) 

WACA; Wide antral circumferential ablation, PV: Pulmonary vein 
 * Four WACAs with their relevant 4 patients and 24 WACA segments were excluded because of protocol violation: 2 because of the 
presence of >8 gaps in the WACA circle, 1 because segmental ostial (rather than WACA) PVI was performed, and 1 because of equipment 
failure. 
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Figure 5-2 Diagram showing the number of segments with reconnection identified within each region acutely (upper panel) 
and at repeat electrophysiology study (lower panel). Asterisks represent sites of reconnection in segments of the WACA 
circle, while black dots indicate carina involvement in ipsilateral WACA reconnection requiring additional carina line 
ablation. 
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Relationship between acute and late PV reconnection  

The proportion of PVs with re-isolated acute reconnection that exhibited late reconnection 

was significantly higher than that for PVs without acute reconnection (5/14 (36%) vs. 6/133 

(5%), P<0.001). However, late reconnection occurred in only one segment (1/15 (7%)) that 

exhibited acute reconnection during the initial PVI, compared to 12 of 441 (3%) segments 

that did not exhibit acute reconnection during the initial PVI (P=0.37).  

Regional variation in the pattern of acute and late PV reconnection 

Acute reconnection was commonest in the right posterior/inferior segments (9/15 (60%)) 

(Figure 2 (Upper panel)). Conversely, segments with late reconnection were most common 

in the left anterior/roof regions (5/13 (38%)) (Figure 2 (Lower panel)).  

Ablation Index values for reconnected versus non-reconnected segments  

As expected with using Ablation Index target values, there were no significant differences in 

the minimum Ablation Index values for segments with acute reconnection compared to 

those without, either for anterior/roof regions (566 [492-573] vs. 558 [384-567], P=0.23) or 

for posterior/inferior regions (425 [414-437] vs. 417 [348-430], P=0.15). This was also true 

for segments with and without late reconnection (anterior/roof regions: 563 [424-570] vs. 

557 [383-566], P=0.72; posterior/inferior regions: 434 [353-435] vs. 415 [348-429], P=0.27). 
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Pulmonary vein reconnection in relation to PV anatomy  
 

Oesophageal proximity to PVs  

During the initial PVI procedures, an oesophageal temperature rise of >39°C  was 

encountered in 12 patients affecting 14 posterior segments (7 right and 7 left) compelling 

premature termination of radiofrequency energy application before the Ablation Index 

target of 400 was reached (Figure 5-3). The highest recorded peak oesophageal temperature 

during ablation on the LA posterior wall was 40.4°C. The incidence of acute reconnection 

was significantly higher in the posterior segments where oesophageal temperature rise was 

detected (4/14 (29%)), compared to the posterior segments where there was no such rise 

(4/62 (6%), P=0.015). Following successful re-isolation of these acutely reconnected 

segments, there was no significant difference in the incidence of late reconnection between 

posterior segments that were or were not affected by oesophageal temperature rise (1/11 

(9%) vs. 4/65 (6%), P=0.72).  

Intervenous carina ablation 

In total, 16/76 (21%) WACA circles (10 right-sided and 6 left-sided) in 16/36 (44%) patients 

required a carina line for re-isolation at some point during the 2 procedures. A carina 

ablation line for re-isolation was needed in 4/10 (40%) of the acute reconnected WACAs. 

Similarly, there was a need for a carina ablation line at repeat study to re-isolate 4/8 (50%) 

of the late reconnected WACA circles (Figure 5-2).  

 

 

 

http://www.thefreedictionary.com/%C2%B0C
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Figure 5-3 Carto 3 posteroanterior view of one of the study patients. The VisiTags™ are color coded according to the 
following AI target values; red for values ≥550, pink for values 400-549, and light pink for values <400.  Note the sub-
therapeutic VisiTags™ that were initially delivered to the posterior left atrial wall due to the associated rise in oesophageal 
temperature (yellow arrow). Further RF delivery was needed more distally just inside the initial WACA set to treat acute 
reconnection of the right lower pulmonary vein (white arrow). 

 

Recurrence of atrial tachyarrhythmia 

No patient was lost to follow up. Good patient compliance with median 7 (7-7) weekly 

handheld ECG recordings was achieved by 31 (78%) of patients. The remaining 9 (22%) 

patients had a median of 4 (4-5) weekly ECG recordings. 

 A total of 14,424 ECG recordings were obtained and analyzed. The median number of ECGs 

recorded during the 12-month follow up period was 372 (342-405) recordings per patient, 
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with 100 (89-107) recorded during the blanking period, and 270 (240-302) recorded during 

the primary outcome period. 

In the period between the end of the blanking period and the end of 12-month follow-up, 

ATA recurrence was documented in 8/40 (20%) patients (Figure 5-4), only one of whom had 

late reconnection at repeat study. ATA recurrence was in a paroxysmal pattern in 5 (62.5%) 

patients (of whom 3 patients had ATA documented on a single day only), and in a persistent 

pattern requiring electrical cardioversion in 3 (37.5%) patients. The median time to first ATA 

recurrence 184 (133-191) days, and the ATA burden during the primary outcome period was 

11 (1-48) days.  By the end of the 12-month follow-up period, 38 (95%) patients were in sinus 

rhythm, with only four (10%) patients taking antiarrhythmic drugs (AADs) or beta-blockers. 

There was no significant difference in the proportion of patients with late pulmonary vein 

reconnection between patients with and without ATA recurrence (1/8 (13%) vs 7/32 (22%), 

P=0.55).  
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Figure 5-4 Kaplan-Meier curve of freedom from AT recurrence for all PRAISE patients. 

 

Patient characteristics in relation to atrial tachyarrhythmia recurrence 

Table 5-3 presents patient demographics and clinical characteristics of patients with and 

without AT recurrence. Higher body mass index (BMI) and excess alcohol intake, defined as 

>30g (about 4 units)/week, were the only two factors significantly associated with AT 

recurrence during the outcome period.  
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Table 5-3 Demographic and clinical characteristics in relation to AT recurrence 

  
No ATA recurrence 
(n = 32) 

ATA recurrence 
(n = 8) 

P-value 

Age, years 61 (56 - 69) 55 (49 - 68) 0.15 

Male gender (n,%) 24 (75%) 6 (75%) >0.99 

BMI, kg/m2 27.3 (25.5 - 32.1) 31.1 (29.1 - 34.0) 0.02 

Duration of AF before PVI, months 10 (6 - 12) 8 (5 - 11) 0.44 

CHA2DS2-VASc Score 1 (0 - 2) 1 (0 - 2) 0.96 

Hypertension (n,%) 11 (34.4%) 1 (12.5%) 0.40 

Diabetes mellitus (n,%) 1 (3.1%) 2 (25%) 0.10 

Excess alcohol of >30g/week (n,%) 0 (0%) 3 (37.5%) 0.006 

LVEF <40% (n,%) 6 (18.8%) 2 (25%) 0.65 

LA AP diameter, cm 4.3 (4.1 - 4.6) 4.0 (4.1 - 4.9) >0.99 

ATA: Atrial tachyarrhythmia, BMI: Body mass index, PVI: Pulmonary vein isolation, LVEF: Left ventricular ejection fraction, 
LA: Left atrial, AP: anteroposterior. 

Early recurrence of atrial tachyarrhythmia 

During the blanking period, early recurrence of atrial tachyarrhythmia (ERAT) occurred in 12 

(30%) patients. Only 2 patients with ERAT required redo ablation for PV reconnection at 

repeat study and neither had further ATA recurrence during the study follow-up period. Of 

the 10 remaining patients with ERAT but no PV reconnection, 4 went on to have post-

blanking period ATA, indicating a non-PV driver for their recurrent ATA.  The absence of ERAT 

during the blanking period was significantly associated with freedom from LRAT at 12 

months (85.7% vs 66.7%, P<0.01). 

AFEQT scores 

 For all patients at 6 months after the initial PVI procedure, AFEQT scores showed a 

significant improvement in patient quality of life compared to baseline (63.9 [39.1 to 69.9] 

vs. 91.7 [84.3 to 97.2]; P<0.001). This became even more evident at 12 months (98.2 [81.5 

to 99.5], P<0.001).  
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Discussion 

Main Findings 

This study is the first to investigate the durability of PVI following Ablation Index-guided 

ablation, as assessed at protocol-mandated repeat electrophysiology study, and clinical 

outcomes at 12 months following a PVI-only strategy in patients with persistent AF. The main 

findings of this study are: 1) AI-guided ablation was associated with high rate of durable PVI 

of 93% PVs in a persistent AF population; 2) around one-third of posterior segments where 

therapeutic AI values could not be reached because of a rise in oesophageal temperature 

exhibited acute PV reconnection after the 20-minute waiting period; 3) almost half of 

patients in the AI-group required ablation on the intervenous carina to achieve permanent 

PVI; 4) an AI-guided PVI-only ablation strategy was associated with a successful outcome in 

the vast majority of patients over 12 months, most probably due to more durable PVI, and 

5) higher BMI and excess alcohol consumption were significantly associated with AT 

recurrence. 

Reduction of acute and late reconnection  

Experiments in an animal model have suggested that AI accurately predicts the depth of 

ablation lesions,140 and AI has therefore been proposed as a novel marker of ablation lesion 

quality. Previous retrospective analysis of VisiTag™ data in a multi-center retrospective study 

identified minimum AI values of 550 and 380 that were predictive of freedom from acute 

reconnection in the anterior/roof and posterior/inferior regions, respectively.101 In our 

previously-published CF-guided paroxysmal AF ablation trial, the PRESSURE study, very 

similar AI values were also found to predict freedom from late reconnection at protocol-
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mandated repeat procedure after 2 months.102 Although the ablation protocol utilized in 

both studies was virtually identical, with the exception of the use of AI targets in this study, 

the fact that study populations are different and the two studies were not concurrent limits 

direct comparisons, though enrolment of persistent AF patients with larger LA size in the 

present study would be expected to confer a disadvantage. Nevertheless, the prospective 

use of AI target values in the current study resulted in a substantial reduction in the 

proportion of acutely reconnected WACA circles (13% vs. 26%), late reconnected WACA 

circles (11% vs. 35%) and patients with late reconnection (22% vs. 62%) compared to CF-

guided ablation in the PRESSURE study.119 These findings suggest that the use of Ablation 

Index-guided ablation may result in more durable PVI compared to CF-guided ablation.  

These results are also consistent with our previous findings that the use of Ablation Index-

guided ablation is more likely to be associated with a significant reduction in ATA recurrence 

compared to CF-guided ablation, possibly due to creation of better quality lesions as 

suggested by a greater impedance drop.103 Recently, Taghji et al have also demonstrated 

improved clinical results with the use of AI-guided PVI in a cohort of patients with paroxysmal 

AF.105 The wider reproducibility of this strategy is now being tested in a multicenter study of 

paroxysmal AF patients (ClinicalTrials.gov; Unique Identifier: NCT03062046). 

Despite the reduction in acute reconnection with AI-guided ablation, a predilection for this 

phenomenon was still seen in the right posterior regions. This finding may be related in part 

to the inability to deliver therapeutic lesions (AI target of 400) on the posterior left atrial wall 

whenever a significant rise in the oesophageal temperature was encountered during the 

initial RF ablation. 
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Carinal ablation 

There was a greater need for carinal ablation, especially on the right side, to achieve initial 

PVI, and the intervenous carinae were also common sites for both acute and late 

reconnection. This is very likely to be related to the relatively large LA size in the  study group, 

and may also be explained by a recent study using computed tomography that demonstrated 

that the carinae are the thickest segments of the PV-LA junction.156  

Since around half of WACA circles required carina ablation overall, routine ablation of the 

carinal regions, especially on the right side, could be considered a necessary part of the 

WACA lesion set in patients with persistent AF. This may be of particular importance in cases 

where attempts at delivering therapeutic lesions are thwarted by oesophageal temperature 

rise, or where the right WACA circle is particularly wide because of anatomical reasons such 

as presence of a dilated left atrium. We believe that the overall improvement in the acute 

and late reconnection rates with AI-guided ablation along the circumferential WACA lesion 

sets allowed identification of unablated carinae as the weak links in achieving permanent 

PVI. It is notable that each carinal region is obligatorily ablated twice during Cryoballoon PVI, 

and this may partly account for the high durable PVI rates described with this technology.157  

The overall relationship between acute and late PV reconnection with AI-guided ablation 

In keeping with previous findings,119 the proportion of segments with acute reconnection 

that exhibited late reconnection at repeat study was not different from the proportion of 

segments that did not exhibit acute reconnection at the initial procedure, indicating effective 

re-ablation at these segments. However, the proportion of PVs with acute reconnection that 

exhibited late reconnection was significantly higher than the proportion of PVs without acute 
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reconnection. These findings suggest that even with the use of AI-guided ablation, there may 

be an additional impediment to delivering effective ablation in some persistent AF patients, 

such as the presence of thicker or more fibrotic tissue. This merits further investigation. 

Freedom of ATA recurrence and its relation to early recurrence after AI-guided ablation  

Freedom from ATA recurrence was noted in 80% of patients, and sinus rhythm was 

maintained at 12 months in 95%, with only 4 patients started on antiarrhythmic drugs, 

including beta-blockers, during the outcome period. Although this is a small sample size, 

these outcomes are noticeably better than the reported outcomes of catheter ablation for 

most persistent AF trials, some of which used additional ablation strategies to PVI. The 

reported freedom from ATA at 12 months in these studies were 56-70% and 60-88% with 

and without intensive ECG monitoring, respectively. 1,7 

As shown in table 5-4, the PRAISE study clinical outcomes are comparable to those of two 

other published studies that prospectively used AI with similar regional targets (550 for 

anterior and 400 for posterior left atrial regions) for AF ablation. This is despite the fact that 

the PRAISE study used a PVI-only strategy in the more challenging persistent AF 

population.103,105 

Only two patients with early recurrence of ATA during blanking period had to undergo re-

isolation for late PV reconnection at repeat study. These two patients did not develop late 

recurrence of ATA during the study follow up period. Therefore, early recurrence of ATA was 

not a significant predictor of late reconnection of pulmonary veins with Ablation Index-

guided ablation, but rather resulted from non-pulmonary vein causes for ATA recurrence.  

Relation between ATA recurrence and late PV reconnection at repeat study  
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The freedom from late ATA recurrence at 12 months in patients who had a single Ablation 

Index-guided PVI ablation was not significantly different from that of patients who had redo 

ablation for late ATA recurrence (81 % vs.75%, P= 0.69). In contrast, with CF-guided ablation 

we had observed that a strategy of a routine repeat electrophysiology study to assess and 

ablate late reconnection of pulmonary veins provided significant improvements in freedom 

from late ATA recurrence.80 

Only one (13%) of the 8 patients who had ATA recurrence was found to have late PV 

reconnection at repeat study. This suggests that in the remaining patients with ATA 

recurrence, representing 7/40 (18%) of all study patients, AF at initial presentation and /or 

ATA recurrence may have been caused by non-pulmonary vein triggers. This percent is 

similar to the 11-20% prevalence of non-PV triggers of AF reported in studies involving 

persistent AF ablation.158–160 

In addition, ATA recurrence in our study was associated with excess alcohol intake. It has 

been suggested that alcohol toxicity causes fibrotic changes in the LA myocardium that may 

facilitate the development of non-PV triggers. 161,162 

With durable pulmonary vein isolation ensured in all study patients at repeat study, the fact 

that 95% of the study patients were in sinus rhythm by the end of the 12-month follow-up 

period suggests that most ATA recurrences in our study were likely caused by non-PV triggers 

leading to paroxysmal rather than persistent pattern of recurrence. This conforms with the 

previously reported concept that PVs remain the dominant source of the maintenance of 

persistent AF, with non-PV triggers involved mainly in AF perpetuation.163 

The 2017 HRS/EHRA expert consensus statement on atrial fibrillation ablation suggested that 

a strategy for identification and ablation of non-PV triggers may be considered during the 
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initial ablation and at repeat procedure for recurrence (Class IIb indication), but at the same 

time advised that the routine use of such strategy still warrants further study.1 

Table 5-4 Studies that prospectively used Ablation Index with regional targets for AF ablation 

 
Type 
of AF 

Type of ablation Contact 
Force 
(gram) 

Power 
(watts) 

Ablation 
time 
(min) 

Complication Freedom from 
LRAT at 12- 
month off AAD  

PRAISE PeAF 
only 

WACA only 13-15 20-40 36±9 None 81% 

Hussein et 
al. 103  

PAF 
PeAF 

WACA 
& 
Lines 

10-14 30-40 42±9 1 phrenic 
nerve palsy 

83%  

Taghji  
et al.105  

PAF 
only 

WACA only 13-17 30-40 34±10 1 TIA 73% 

WACA: Wide antral circumferential ablation, LRAT: Late recurrence of atrial tachyarrhythmia, AAD: Antiarrhythmic drug 

High incidence of single procedure durable PVI with Ablation Index-guided ablation 

A few previous studies have studied patients with a protocol-mandated repeat 

electrophysiology study 2-3 month after PVI to investigate the prevalence of late PV 

reconnection (Table 5-5). The percentage of patients with late reconnection of at least one 

PV was 60-70% in studies where CF information was not available,36,91 or where CF-sensing 

catheters were used without FTI target values.80 In the EFFICAS II study, where a minimum 

FTI target of 400gs globally was used to guide ablation, this was reduced to 38%, but the 

increased efficacy came at the expense of serious complications (tamponade) in 8.3%.92  

Our durable PVI rate of 93% with the use of regional AI targets is the highest reported, and 

this was achieved without any complications. The durability of PVI in our study is comparable 

to the small single-center SUPIR study in which at least two 4-minute freezes were delivered 

to each PV with the second-generation Cryoballoon.157 However, patients included in that 

study had PAF, with presumably smaller left atria, there was a 3/21 (14.3%) complication 

rate and 2/21 (9%) drop-out rate, and assessment for late reconnection was solely with a 
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circular catheter. A subsequent study of the second-generation Cryoballoon, in which a 

single 3-minute freeze was delivered to each PV, showed considerably higher rates of late 

reconnection affecting 27% of PVs in 66% of patients when assessed by both a circular 

mapping catheter and electroanatomical mapping, as in our study.164   

Given the fact that a strategy of a routine repeat procedure at 2 months is not feasible in 

routine clinical practice, the 12-month arrhythmia-free success rate of 81% in patients who 

did not require ablation at the repeat procedure (n=28) was equivalent to those who 

required repeat ablation (n=12).  This single-ablation procedure outcome is superior to the 

66.7% arrhythmia-free single-procedure success rate at 12-months using PVI only in 

persistent AF patients seen in a recently published systematic review43 , and likely represents 

an estimate of what is achievable with a durable WACA-based PVI. Moreover, these results 

are also consistent with our previously reported results from a wider clinical cohort, albeit in 

whom the intensity of ECG monitoring during follow-up was not as intensive as in this study.9  

 

 

 

 

 

 



Chapter 5 Prospective study on the use of Ablation Index-guided ablation 

123 
 

Table 5-5 Studies that examined late PV reconnection at mandated repeat electrophysiology study following PVI 

 
EFFICAS I 91 EFFICAS II 92 SUPIR 157 

 

Miyazaki et 
al. 164 

PRESSURE 80 

 

PRAISE 

Patients, n 46 26 21 32 40 40 

Repeat EPS, n(%) 40 (86.9%) 24 (92.3%) 19 (91%) 32 (100%) 40 (100%) 40 (100%) 

Population PAF PAF PAF PAF PAF PeAF 

Ablation Tools 
Contact Force/          

3D Mapping 

Contact Force/           

3D Mapping 

Second-

generation 

Cryoballoon 

Second-

generation 

Cryoballoon 

Contact Force / 

3D Mapping 

Contact Force/            

3D mapping 

Technique Blinded to CF CF & FTI targets 

2x 4-min 

freezes 

Single 3-min 

freeze 

CF & EGM 

targets 
AI targets 

Complications, n(%) 0 2 (7.7%) 3 (14.3%) 1 (3.1%) 1 (2.5%) 0 

Late PV 

Reconnection 
      

    By Patients, n(%) 26/40 (65%) 9/24 (38%) 4/19 (21%) 21 (66%) 25/40 (62%) 8/36 (22%) 

 By PVs, n(%) 44/160 (28%) 14/91 (15%) 7/75 (9%) 34 (27%) 41/160 (26%) 11/147 (7%) 

EPS: Electrophysiology study, PV: pulmonary vein, CF: Contact force, EGM: Electrogram, PAF: Paroxysmal atrial fibrillation, 
PeAF: Persistent atrial fibrillation 
 

Factors associated with late ATA recurrence  

Higher BMI and excess alcohol consumptions (>30g/week) were found to be associated with 

late ATA recurrence following catheter ablation. There findings are consistent with previous 

published work.165,166  

Our study findings therefore support  recommendations that AF patients should  pursue 

healthy lifestyle modifications, such as weight reduction and avoidance of excess alcohol, to 

facilitate rhythm control following AF ablation.161 

 



Chapter 5 Prospective study on the use of Ablation Index-guided ablation 

124 
 

 Limitations 

The study is not a randomized controlled study and therefore direct comparisons with CF-

guided ablation may not be quite straightforward. Secondly, despite the absence of 

complications in this study across the three centers, the study size is too small to provide 

definitive safety assessment of Ablation Index guided ablation strategy.  However, between 

Jan 2015 and April 2018, our electrophysiologists at Liverpool Heart and Chest Hospital 

performed 542 AF ablation procedures guided by Ablation Index targets for 385 de novo and 

157 redo cases. In these cases, the following major complications were observed: two 

cardiac tamponades (both caused by left atrial perforation with the mapping catheter before 

application of RF energy), two hematomas delaying hospital discharge, and one transient 

ischemic attack with full neurological recovery. There were no cases of phrenic nerve palsy, 

atrio-oesophageal fistula, or stroke. These findings are also consistent with our previously 

published early experience with AF ablation guided by these same Ablation Index targets.103  

Because of protocol violation, 4 WACAs, and the corresponding 4 patients, had to be 

excluded from detailed CARTO analysis; however, the clinical results data for the whole 

cohort of 40 patients were presented.   

Finally, in the absence of continuous ECG monitoring, it is possible that brief asymptomatic 

episodes were missed, thereby overestimating clinical success rates. 
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Conclusion 

The use of Ablation Index regional target-guided ablation results in a low rate of PV 

reconnection at 22% of patients at repeat electrophysiology study, with 93% of pulmonary 

veins found to remain durably isolated.  

The most common sites of late reconnection were encountered in carinal regions, and 

therefore ablating these regions pre-emptively during PVI needs to be considered.   

An Ablation Index-guided PVI-only strategy in patients with persistent AF of less than 12 

months duration, and with no significant structural heart disease provides a high rate of 

clinical success, potentially due to improved durability of PVI. 
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5-II AI-guided ablation results in lower prevalence of PV reconnection following PVI 

compared to CF-guided ablation. A comparison between PV reconnections in the 

PRAISE and the PRESSURE studies 

In the PRESSURE study; ‘Pulmonary vein RE-isolation as a routine Strategy: a Success Rate 

Evaluation (PRESSURE)’, forty consecutive patients who were randomized to a repeat 

procedure two months following CF-guided PVI in the study (ClinicalTrials.gov; Unique 

Identifier: NCT01942408) formed the control group.80 Please Appendix I for the PRESSURE 

study protocol. Whilst the PRAISE study, as previously discussed, included patients with 

persistent AF, the PRESSURE study included patients with PAF. In all 80 patients in both 

study groups the initial and the repeat ablation strategies and equipment were identical 

other than the use of AI targets in the former group (AI-guided group) compared to CF-

guided ablation in the Later (CF-guided group).102  As with the PRAISE study, the PRESSURE 

study was also approved by the individual institutional and national ethics committees, 

as well as monitored by Data Monitoring and Safety Committees and each patient 

provided written informed consent prior to participation. 

Localization of sites of reconnection in the PRESSURE study patients  

As in the PRAISE study, each WACA circle was divided into six potential reconnection sites 

(roof, 2 anterior, inferior, and 2 posterior). We then categorized these 6 sites into 2 

segments per WACA circle according to the regional AI targets used for AI-group: 

anterior/roof and posterior/inferior segments (Figure 5-1). FTI and AI values were 

recorded for each site. 
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Results 

A comparison between the demographic and procedural data for the 80 patients across 

the 2 groups are presented in Table 5-6. The PRAISE patient cohort was comprised of 

patients with persistent AF, while the PRESSURE trial involved patients with PAF,80 

accordingly, the mean LA size was larger and mean LV function was lower in AI-group as 

compared to CF-group.  

For the PRESSURE study patients, an additional 3220 VisiTags™ were analyzed 

individually. The mean number of VisiTags™ per patient was significantly lower in AI-

group (69±12 vs. 81±16, P<0.001), as was the mean ablation time (36±9 vs. 43±9 minutes, 

P<0.001).  In addition, the mean CF in AI-group of 13±2g was statistically lower than that 

in CF-group (14±3g, P=0.049).  No complications occurred in AI-group, whereas one 

complication (right phrenic nerve palsy that recovered during follow-up) occurred in CF-

group (P=0.30).   No complications occurred in any of the 80 repeat procedures across the 

two groups. 

Per protocol analysis was carried out for the AI-group as described in Section 5-I. 

Acute PV isolation and acute PV reconnection in AI and CF-groups (Table 5-7) 

Acute PV isolation and acute PV reconnection in the AI-group has been previously 

described in Section 5-I. In the CF-group, the right lower PV in 2 patients could not be 

isolated at the posterior aspect due to oesophageal temperature rise. These 2 

sites/WACAs/patients were excluded from acute reconnection (ARC) analysis but, as late 

reconnection was seen at other sites within the same WACA circle in these 2 patients, 
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both patients and WACAs (but not sites) were included in the late PV reconnection 

analysis.  

Significantly fewer patients in CF-group required a carina line for initial PV isolation (3/78 

(4%) WACAs in 2/38 (5%) patients, P=0.017). 

The incidence of acute PV reconnection in AI-group was significantly lower than in CF-

group in terms of proportion of patients (28% vs. 53%, P=0.0310) and WACAs (13 % vs. 

27%, P=0.012), with a strong trend seen for WACA sites (3% vs. 6%, P=0.061).  

Late PV reconnection in AI and CF-groups at repeat electrophysiology study (Table 5-7) 

Late PV reconnection in the AI-group has been previously described in Section 5-I. The 

incidence of late PV reconnection in the AI-group was significantly lower than in the CF-

group in terms of proportion of patients (22% vs. 62%, P<0.001), WACAs (11% vs. 35%, 

P<0.001), and WACA sites (3% vs. 11%, P<0.001).  

Table 5-7 and Figure 5-5 show comparisons between the proportions of ARC and LRC in 

the AI and CF-groups. 
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Table 5-6: Demographic and procedural Data for AI-group and CF-group 

 AI-group 
(n = 40) 

CF-group 
(n = 40) 

P value 

Age, years  61 ± 8 58 ± 12 0.25 

Male (n, %) 30 (75%) 24 (60%) 0.15 

Left atrial diameter, mm  
 

43 ± 5 39 ± 5 
 

<0.001 

LV Ejection fraction >55% 32 (80%) 40 (100%) 0.005 

Hypertension (n, %) 12 (30%) 14 (35%) 0.63 

Diabetes mellitus (n, %) 3 (8%) 0 (0%) 0.24 

CHA2DS2Vasc Score 1.2 ± 1.3 1.6 ± 1.2 0.78 

Antiarrhythmic drugs prior to 
ablation 

20 (50%) 22 (55%) 0.82 

   Procedure time, minutes  158 ± 34 164 ± 34 
 

0.4 

Ablation time, minutes 36 ± 9 43 ± 9 <0.001 

Fluoroscopy time, minutes 12 [8 – 14] 11 [8–16] 0.80 

General anesthesia (n, %) 39 (98%) 31 (78%) 0.11 

Interval between procedures, days 64 ± 6 62 ± 6 0.19 

Mean FTI (gram.seconds) 327 ± 77 342 ± 106 0.5 

Mean AI  486 ± 42 421 ± 43 <0.001 

 

Table 5-7 Comparison between the Prevalence of Acute and Late Pulmonary Vein Connections in AI and CF-groups 

  AI-group       CF-group P value 

Acute PV      Acute PV reconnection  
 
 

 
 

 
 

- By Patients, n (%) 10/36 (28%)* 20/38 (53%)** 0.030 

- By WACA circle, n (%) 10/76 (13%)* 21/78 (27%)** 
0.012 

- By sites of potential reconnection, n (%) 15/456 (3%)* 28/478 (6%)** 0.061 

Late PV reconnection 
 
 

 
 

 

- By Patients, n (%) 8/36 (22%)* 25/40 (62%) <0.001 

- By WACA circle, n (%) 8/76 (11%)* 28/80 (35%) <0.001 

- By sites of potential reconnection, n (%) 13/456 (3%)* 51/478 (11%)** <0.001 

*    Four WACAs with their relevant 4 patients and 24 sites were excluded because of protocol violation. 
** Two sites with their relevant WACAs and patients were excluded because of inability to isolate them during initial ablation. As these 
2 patients had late reconnection at other sites within the same WACA, the 2 patients and WACAs are included in this analysis. 
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Figure 5-5  Bar charts showing comparisons between the proportions of acute (upper panel) and late (lower panel) 
reconnection in AI and CF-groups in terms of patients, WACAs, and sites of reconnection. 
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Discussion 

Main Findings 

Acute and late reconnection following AI-guided ablation were significantly lower 

compared to CF-guided ablation despite significantly shorter ablation times, lower 

average CF values, and significantly larger left atria.  

Therefore, as we anticipated the prospective use of these AI target values in the current 

study resulted in a substantial reduction in both acute PV reconnection, by about half, 

and late PV reconnection, by about two-thirds, compared to CF-guided ablation, 

indicating that AI-guided ablation results in more durable PVI. These results are consistent 

with our previous findings that the use of this strategy is associated with a significant 

reduction in atrial tachyarrhythmia recurrence  compared to CF-guided ablation, possibly 

due to creation of better quality lesions as suggested by a greater impedance drop.103 

A recent study in which 50 consecutive paroxysmal AF patients underwent PVI using a 

contact force-sensing catheter targeting an interlesion distance of 6mm or less and 

Ablation Index of 400 or more and 550 or more at posterior and anterior walls, 

respectively. Results were compared to another group of 50 patients who underwent 

conventional contact force-guided catheter ablation. The procedure time and RF time per 

WACA circle were shorter, and incidence of adenosine-proof acute PVI was higher in the 

Ablation Index-guided group compared to the contact force-guided group. At 12 months, 

single-procedure freedom from AT was 94% in Ablation Index-guided group compared to 

80% in the contact force-guided group (P< 0.05). 104 
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 Limitations in the comparison between AI-guided and CF-guided ablations in the PRAISE 

and the PRESSURE studies, respectively 

The patient populations in the two groups were different with AI-group consisting of 

patients with persistent AF and CF-group comprising of patients with PAF. However, the 

superior acute and late reconnection rates observed in the AI-group, despite a 

significantly larger LA size in that group, suggests that the results of an AI-guided strategy 

may be even better in a PAF population. Because the two groups were recruited in a 

consecutive rather than parallel fashion, a temporal bias related to institutional and 

operator learning curves cannot be excluded. However, all procedures were performed 

by experienced electrophysiologists in established high-volume centers, using identical 

equipment and an identical ablation strategy, except for ablation lesion delivery guidance; 

Ablation Index in the AI-guided group and CF in the CF-guided group.  

Conclusion 

Ablation Index-guided ablation is associated with a significant reduction in both acute and 

late PV reconnection at repeat electrophysiology study when compared to CF-guided 

ablation, despite fewer ablation lesions and shorter ablation times.  
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Chapter 5-III Reverse remodelling of the left atrium following Ablation Index-guided 

catheter ablation for persistent atrial fibrillation  

Introduction:  

Animal studies have consistently pointed to the important role of atrial fibrosis in the 

development and maintenance of atrial fibrillation.167 LA remodelling resulting from LA 

fibrosis, occurs more prominently in patients with persistent AF compared to patients 

with paroxysmal AF,168 and is associated with increased risk of thromboembolic events.169 

In addition to LA enlargement,  LA remodelling due to fibrosis is associated with changes 

in the electrical characteristic of the LA substrate including increase in the conduction 

times and decrease in the voltages. 168   

LA structural reverse remodelling following catheter ablation for persistent  AF has been 

found to be associated with improved success rates.170 However, the reverse remodelling 

time course, exact pattern and contributing factors are all poorly understood.  

Research hypothesis  

As discussed earlier in this chapter, the PRAISE study showed that Ablation Index-guided 

PVI in the persistent AF patients was associated with high incidence of durable PVI and 

substantial reduction in atrial tachyarrhythmia recurrence. We therefore hypothesised 

that the PRAISE study patients who underwent PVI in adherence to the study protocol 

would acheive substantial structural and electrical reverse remodelling at the 2-month 

follow up EP procedure, regardless of whether early recurrence of atrial tachyarrhythmia 

occurred or not. 
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Methods 

Study population:  

This study is aposteriori subanalysis of the 40 PRAISE study patients, in which all PRAISE 

study patients who underwent PVI as per the PRAISE study protocol were intended to be 

included. Therefore, after exclusion of the four patients with PRAISE study protocol 

violation and suboptimal LA Carto maps, and one patient because of corrupt electronic 

archive of his 3D mapping study, the remaining 35 PRAISE study patients were included 

in this study. 

As this study is a subanalysis of the PRAISE study, the protocol of initial ablation 

procedure, repeat EP procedure after 2-month and follow up in this study is the same as 

that of the PRAISE study. All antiarrhythmic drugs were stopped four weeks after the 

initial ablation procedure. 

The ECGs of the 35 patients (n=9,484) recorded during the follow-up period were 

analysed by two experienced electrophysiologists (AH, VC) who were blinded to the 

CARTO data. 

LA volumes, linear dimensions, conduction velocities and bipolar voltages were measured 

from LA Carto maps both at the initial ablation procedure and the 2-month follow up EP 

procedure as detailed below.  
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Offline analysis:  

Detailed offline analysis of the 70 LA maps was performed by two experienced observers 

(BM/AH).  

The following characteristics were determined:  

LA volume and dimensions:   

The CARTO system provides automated assessment of the volume for each collected map. 

To allow for standardization across maps, respiratory data were excluded. The distal parts 

of the left atrial appendage (LAA) and the PVs were also excluded, retaining only the 

proximal 1 cm of each structure. LA dimensions were measured manually in orthogonal 

planes using the distance measuring tool in CARTO V3, as described in Figure 5-6. The 

antero-posterior (AP) dimension was measured as is the straight distance between the 

anterior and posterior wall midway between the left- and right-sided PVs. The LA height 

dimension was measured as the straight distance between the LA roof and the lowest 

inferior wall point midway between the left- and right-sided PVs.  

 

Figure 5-6 LA measurements. A: PA view B: left lateral view. 1: LA Height, 2: Antero-posterior dimension. 

1 

2 
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LA voltage:   

As previously discussed in Chapter 4, LA voltage mapping was created from the points 

collected by the Lasso and contact force- sensing catheters using the ConfiDense (Carto 

3, Biosense Webster, Inc.) mapping module. 

Only LA body voltage data were analysed whilst the isolated PV areas distal to the WACA 

ellipse were excluded from voltage analysis.  The Tissue Proximity Indicator filter was 

systematically applied offline, and therefore all the points collected by the circular 

mapping catheter that were not found to be in contact with the shell were excluded. 

LA body bipolar voltages were measured at 80,612 points by automatically measuring the 

peak-to-peak bipolar electrogram signals, filtered at 30 to 250MHz. Moreover, in 23 

patients of those included in this study each individual electrogram in the corresponding 

46 maps 58,326 points were also manually assessed for quality by an experienced 

observer (BM), as previously published.171  

 

Atrial conduction time: 

Atrial conduction time was assessed along a decapolar catheter with 2-5-2mm spacing 

positioned within the coronary sinus. 172  The conduction times between two alternate 

bipoles (between 5-6 and 1-2, or between 7-8 and 3-4), during constant pacing from the 

coronary sinus ostium at a cycle length of 600 ms, were measured offline using on-screen 

digital callipers at a sweep speed of 200 mm per second. The local activation time (LAT) 

was manually annotated to the peak of the first deflection on bipolar electrograms. 

Conduction time was averaged over 3-5 beats during stable pacing capture. Conduction 
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velocity was calculated by dividing the distance between alternate bipoles (18 mm) by the 

conduction time.   

Reverse LA remodelling:  

For each patient, the value of each of the following LA remodelling criteria measured 

during the first procedure; LA volume and dimensions, LA voltage and LA conduction 

velocity, was compared with the corresponding value in the second procedures. Reverse 

remodelling was defined as ≥15% decrease in LA volume, 173  ≥5% increase in bipolar 

voltage and a ≥5% higher conduction velocity. Patients who exhibited reverse LA 

remodelling in all three criteria were called reverse remodelling super-responders.  

Statistical analysis:  

All continuous variables with a normal distribution are expressed as mean ± standard 

deviation. Variables with a skewed distribution are expressed as median (Q1-Q3). 

Categorical variables are expressed as number of subjects (%). Comparisons of normally 

distributed continuous variables were made using analysis of variance, Student’s t-test or 

paired t-test as appropriate. Whilst, nonparametric variables were compared using a 

Wilcoxon test or a Fisher’s exact test as appropriate. A P value of less than 0.05 was 

considered statistically significant.  
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Results 

Patient demographics and ablation results (Table 5-8) 

The mean duration of persistent AF before the initial procedure was 9 ± 3 months. Twenty 

(57%) patients required cardioversion to sinus rhythm before the start of the initial 

ablation procedure. Whilst the remaining 15 (43%) were in sinus rhythm at the start of 

the initial ablation, with a median of 180 (96-341) days between the last cardioversion 

and the ablation procedure.    

During the initial ablation procedure LA body voltage mapping yielded 1,180 ± 476 points 

per map. Acute Isolation of all PVs was successfully achieved in all 35 (100%) patients. 

Four (11%) patients had additional CTI ablation for previously documented typical atrial 

flutter. The mean total ablation time was 36 ± 8 min.  

Eleven (31%) patients experienced early recurrence of ATA, 5 (45%) of them had the 

recurrence in the period between the two procedures, 4 (80%) of whom required direct 

shock cardioversion and one reverted to sinus rhythm spontaneously.   

Repeat electrophysiological studies were performed with a mean of 64 ± 6 days following 

the initial ablation procedures. LA body voltage mapping during the repeat procedures 

yielded 1,124 ± 490 points per map.  Six (17%) patients were found to have evidence of 

late PV reconnection, all of whom underwent successfully reablation after LA mapping 

had been completed.  

Starting from the end of the 3-month blanking until the end of 12-month follow-up period, 

6 (17%) patients had evidence of late ATA recurrence in their daily ECG monitoring. 
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Table 5-8 Demographic data and ablation outcomes for the study group 

Clinical characteristics at the first procedure Value 

Age, years  61 ± 7  

Male Gender, n (%)  26 (74%)  

BMI, kg/m2  29.2 ± 4.3  

CHA2DS2-VASc  1 (0-2)  

        Mild Heart dysfunction, n (%)  6 (17%)  

         Diabetes mellitus, n (%)  1 (3%)  

         Hypertension, n (%)  11 (31%)  

Persistent AF duration, months  9 ± 3.1  

Additional CTI ablation, n (%)  4 (11%)  

Use of Antiarrhythmic drugs  12 (34%)  

         Amiodarone, n (%)  8 (22.6%)  

         Flecainide, n (%)           3 (8.6%)  

         Dronedarone, n (%)          1 (2.8%) 
 

Catheter Ablation results   
 
         Early recurrence of ATA, n (%)  
 
         Late recurrence of ATA, n (%) 
 
         Late PV reconnection, n (%)  
 
         Radiofrequency Duration, min  

 
  
11 (31%)  
 
6 (17%)  
 
6 (17%)  
 
36 ± 8 

ATA: Atrial tachyarrhythmia, BMI: Body Mass Index; CTI: Cavotricuspid isthmus ablation;                                                                           PV: 
Pulmonary vein 

Left atrial electrophysiological and anatomic data (Tables 5-9) 

Left atrial electrophysiological and anatomic data at baseline and at repeat procedure are 

shown in Table 5-9.   
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Table 5-9: Left atrial electrophysiological and anatomic mapping data at baseline and repeat procedure 

    Baseline (n=35)  Repeat procedure (n=35)  P value  

LA volume, ml  137 ± 32 118 ± 31 <0.001  

Indexed LA volume, ml/m2  
65 ± 14 56 ± 14 <0.001  

LA dimension, mm  

      Antero-posterior dimension 
 
      Height  

  

40.4 ± 4.8 
  
61.5 ± 8.9  

  

37.6 ± 6.6 
 
60.2 ± 7.6  

  

0.002 
 
0.35  

LA body voltage, mV 
     

1.99 ± 0.63   
 

1.95 ± 0.59  
 

0.70 
 

LA conduction velocity, m/s  0.79 ± 0.16 0.87 ± 0.18 0.04 

LA: Left atrium 

LA dimensions and volume (Tables 5-9 and 5-10) 

As shown in table 5-9, the mean left atrial antero-posterior dimension was significantly 

reduced at the repeat electrophysiology procedure. 

In addition, the mean absolute and indexed LA volumes for all study patients were 

significantly lower at repeat procedure compared to initial procedure (118 ± 31 vs. 137 ± 

32 ml, P<0.001; and 56 ± 14 vs. 65 ± 14 ml/m2, P<0.001, respectively). A decrease in the 

LA volume index between the two procedures was noted in 31 (89%) patients. In these 

patients there was a certain trend, that was not quite statistically significant, towards less 

prevalence of late PV reconnection at repeat study when compared to the 4 (11%) 

patients in whom there was no decrease in LA volume index (4/31 (13%) vs 2/4 (50%), 

P=0.06). There was no significant relation between the prevalence of late ATA recurrence 

in patients who had and those who did not have reduction of LA volume index (6/31 (19%) 

vs.  0/4 (0%), P=0.33). 

 Of the 31 patients who had reduction in the LA volume index between the two 

procedures, only 15 (43%) met the definition of reverse remodelling with ≥15% reduction 
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in LA volume index. Again, there was no statistically significant differences in the 

prevalence of either late PV reconnection or late ATA recurrence between patients who 

had and those who did not have LA volume reverse remodelling, as shown in table 5-10. 

Likewise, there was no statistical difference in the occurrence of LA volume reverse 

remodelling between patients with durable PVI and patients with late PV reconnection 

(12/29 (41%) vs. 3/6 (50%), P=0.70). 

Patients with LA volume reverse remodelling had shorter duration since their first 

documented AF episode (12 (9-20) vs. 25 (19-55) months, P=0.045). These patients were 

less likely to experience early ATA recurrence (0 (0%) vs. 11 (55%) patients, P<0.001), and 

had significantly lower body mass index (27 (25-29) vs. 33 (26-35) kg/m2, P=0.004).  

Table 5-10 Demographic and procedural parameters by volume reverse remodelling outcome 

  No LA volume reverse 
remodelling  
(n = 20) 

LA volume reverse 
remodelling 
(n = 15) 

P value 

Male, n (%) 7 (35%) 13 (87%) 0.16 

Age, years 61 (56-67) 61 (54-69) 0.96 

BMI, kg/m2 33 (26-35) 27 (25-29) 0.004 

CHA₂DS₂-VASc score 1(0-2) 1(0-1) 0.3 

Duration since first of AF episode, months 25 (19-55) 12 (9-20) 0.045 

Indexed LA Volume at initial procedure, ml/m2 58 (49-72) 66 (59-82) 0.096 

Indexed LA Volume at repeat procedure, ml/m2 59 (49-66) 47 (45-57) 0.15 

RF duration, min 34 (30-42) 36 (30-42) 0.93 

Early ATA recurrence, n (%) 11 (55%) 0 (0%) <0.001 

Late PV reconnection, n (%) 3 (15%) 3 (20%) 0.71 

Late ATA recurrence 4 (20%) 2 (15%) 0.62 

ATA: Atrial tachyarrhythmia; LA: Left Atrium; ATA: Atrial tachyarrhythmia; BMI: Body Mass Index; SR: sinus rhythm. Volume reverse 
remodelling was defined as ≥15% decrease in volume; PV: Pulmonary vein. 
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Conduction Velocity (Table 5-11) 

The mean of LA conduction velocities for all study patients was significantly greater at the 

2-month repeat study (0.93 ± 0.18 vs. 0.69 ± 0.17 m/s, P<0.001). Even after excluding the 

12 patients who had their anti-arrhythmic drug therapy changed between the two 

procedures, LA conduction velocity remained significantly greater at the 2-month repeat 

study (0.90 ± 0.16 vs. 0.74 ± 0.17 m/s, P=0.007).  

There were no significant differences between the clinical and procedural characteristics 

between patients who had and those who did not have conduction velocity reverse 

remodelling, as shown in table 5-11.  

Table 5-11 Demographic and procedural parameters by conduction reverse remodelling outcome 

  No conduction reverse 

remodelling  

(n = 12) 

Conduction reverse 

remodelling 

(n = 23) 

P value 

Male, n (%) 10 (83%) 20 (87%) 0.96 

Age, years 61 (54-66) 61 (58-68) 0.49 

BMI, kg/m2 28 (26-33) 28 (26-33) 0.92 

CHA₂DS₂-VASc score 1(0-2) 1(0-2) 0.67 

Duration since first of AF episode, months 20 (12-48) 21 (13-32) 0.91 

Early ATA recurrence, n (%) 2 (17%) 9 (39%) 0.17 

Indexed LA Volume at initial procedure, ml/m2 58 (52-71) 66 (57-72) 0.17 

Change AAD after initial procedure, n (%) 2 (17%) 12 (52%) 0.57 

Late PV reconnection, n (%) 2 (17%) 4 (17%) 0.96 

Late ATA recurrence, n (%) 2 (17%) 4 (17%) 0.96 

ATA: Atrial tachyarrhythmia; LA: Left Atrium; AAD: Anti Arrhythmic Drugs; BMI: Body Mass Index; SR: sinus rhythm. Conduction reverse 
remodelling was defined as ≥5% higher conduction velocity. PV reconnection: Pulmonary vein reconnection documented at repeat 
electrophysiological study at 2 months. 
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Left atrial body voltage (Table 5-12)  

For all study patients, there was no significant difference between the mean LA body 

voltage values at the initial and repeat procedures (1.99 ± 0.63 vs. 1.95 ± 0.59 mV, P=0.70).  

As shown in Table 5-12, there were no significant differences between the clinical and 

procedural characteristics between patients who had and patients who did not have LA 

body voltage reverse remodelling. 

Table 5-12 Demographic and procedural parameters by voltage reverse remodelling outcome 

  No voltage reverse 

remodelling  

(n = 23) 

Voltage reverse 

remodelling 

(n = 12) 

P value 

Male, n (%) 18 (78%) 9 (75%) 0.39 

Age, years 61 (56-65) 64 (54-69) 0.47 

BMI, kg/m2 29 (26-33) 27 (25-33) 0.71 

CHA₂DS₂-VASc score 1(0-2) 1(0-3) 0.33 

Duration since first of AF episode, months 22 (12-49) 15 (10-32) 0.85 

Early ATA recurrence, n (%) 8 (35%) 3 (25%) 0.57 

Indexed LA Volume at the initial procedure, ml/m2 59 (52-71) 66 (60-76) 0.13 

Late PV reconnection, n (%) 3 (13%) 3 (25%) 0.39 

Late ATA recurrence, n (%) 4 (17%) 2 (17%) 0.96 

ATA: Atrial tachyarrhythmia; LA: Left Atrium; BMI: Body Mass Index; SR: sinus rhythm. Voltage reverse remodelling was defined as 
≥5% increase in mean bipolar voltage, at 2 months. PV reconnection: Pulmonary vein reconnection documented at repeat 
electrophysiological study at 2 months. 

 

Relationship between the various types of LA reverse remodelling 

LA electrical reverse remodelling occurred in the majority (25/35 (71%)) of patients, who 

either had LA conduction velocity reverse remodelling (23/35 (66%)) only, LA voltage 

reverse remodelling (12/35 (34%)) only or both (10/35 (29%)). 
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There were no significant correlations between LA structural reverse remodelling and 

either LA conduction velocity reverse remodelling or LA voltage reverse (Pearson r=0.02, 

P=0.92, and Pearson r=0.23, P=0.19, respectively). 

Reverse remodelling super-responders (Table 5-13) 

Six (17%) patients were identified as reverse remodelling super-responders. These 

patients tended to have shorter duration of AF compared to the rest of the study patients 

(14 (9-16) vs. 21 (12-48), P= 0.05) 

There was no significant difference in the prevalence of late PV reconnection between 

super-responders and non-super-responders (2 (33%) vs. 4 (14%), P=0.25). None (0%) of 

the super-responders had either early or late ATA recurrence, whilst in  the remaining 29 

(83%) non-super-responder patients; 11 (38%, P=0.15) had early ATA recurrence, 6 (21%, 

P=0.56) had late ATA recurrence, and 13 (49%, P=0.04) had either early or late ATA 

recurrence. As shown in table 5-13, super-responders tended to have shorter AF duration 

and less prevalence of early ATA recurrence, however, both findings did not reach 

statistical significance.  
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Table 5-13 Demographic and procedural parameters for super-responders 

  

Reverse remodelling 
non-super-responders 
(n=29) 

Reverse remodelling 
super-responders 
(n=6) 

P value 

Age, years  64 (56-68) 61 (65-67) 0.57 

Male, n (%)  24 (83%) 5 (83%) 0.97 

BMI, kg/m2  29 (26-33) 26 (25-27) 0.11 

CHA₂DS₂-VASc score  1 (0-2) 1 (0-1) 0.46 

Duration since first of AF episode, months 21 (12-48) 14 (9-16) 0.05 

Indexed LA Volume at the initial procedure, 
ml/m2 

65 (63-73) 65 (62-70) 0.09 

Early ATA recurrence, n (%) 11 (38%) 0 (0%) 0.07 

Late PV reconnection, n (%)  4 (14%) 2 (33%) 0.26 

Late ATA recurrence, n (%) 6 (21%) 0 (0%) 0.23 

 ATA: Atrial tachyarrhythmia; LA: Left Atrium; BMI: Body Mass Index; PV: Pulmonary vein. Volume reverse remodelling was defined as 
≥15% decrease in volume; Conduction velocity reverse remodelling was defined as ≥5% higher conduction velocity; Voltage reverse 
remodelling was defined as 5% increase in bipolar voltage.  Super-responder patients were defined as patients who exhibited 
improvement on all LA reverse remodelling criteria.  

 

 

Discussion 

To our knowledge, this study is the first study to evaluate early left atrial structural and 

electrical reverse remodelling in persistent AF patients 2 months following Ablation Index-

guided PVI procedure, in a protocol-mandated repeat electrophysiological study. The 

study findings suggest that 1) reduction of LA volume occurs almost invariably following 

Ablation-Index guided AF ablation regardless of the presence or absence of durable PVI, 

2) there is a trend towards the occurrence of LA structural reverse remodelling following 

durable PVI  3) structural and electrical remodelling may become evident as early as 2 

months following AF ablation, 4) factors that may be associated with LA structural reverse 

remodelling include shorter AF duration, absence of early ATA recurrence and lower BMI 

and 5) the occurrence of all 3 types of LA reverse remodelling; structural, conduction 
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velocity and  voltage is associated with complete absence of both early and late ATA 

recurrences in these patients.  

Left atrial structural reverse remodelling  

Our results conform with previous studies using non-invasive modalities that showed that 

LA structural reverse remodelling occurs in a substantial proportion of AF patients 

following successful AF catheter ablation, as well as following successful electrical 

cardioversion. In these studies, patients who had LA reverse remodelling were likely to 

have had successful restoration and adequate maintenance of sinus rhythm following 

their rhythm restoration procedures. 173,174  Similarly, in our study patients who were 

found to have LA structural reverse remodelling at the repeat procedure were more likely 

to have had shorter AF duration, and continuously remained in sinus rhythm following 

the initial ablation procedure with no evidence of early ATA recurrence. This can be 

explained by the directly proportional relationship between the duration of AF and the 

development of LA fibrosis. 168 

On the other hand, 20% of patients of our study patient with LA structural reverse 

remodelling were found to have late PV reconnection at repeat study.  

These findings suggest that the achievement and the early maintenance of sinus rhythm, 

rather than just the achievement of durable PVI using Ablation Index-guided ablation, 

were main determinants for LA structural reverse remodelling in our study. This finding 

may be intuitive because up to 20%  of persistent AF cases can be attributed to non-PV 

triggers. 158–160  
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Patients who achieved LA structural reverse remodelling were found to have significantly 

lower BMI. A study by Shoemaker et al found that higher BMI is associated with increased 

global LA voltage, supporting the concept that obesity results in LA hypertrophy and 

fibrosis, making reverse remodelling less likely to occur or occurs at a slower rate in obese 

patients. 175 

 Left atrial structural reverse remodelling and ATA recurrence 

As previously discussed, a significant finding in our study was the absence of early ATA 

recurrence in patients who achieved LA structural reverse remodelling. A metanalysis by 

Jeevanantham et al on 17 studies on the effect of radiofrequency catheter ablation of AF 

on LA size, and volumes found significant decreases in LA diameter and volumes after 3 

months or more postablation in patients without AF recurrence, but not in patients with 

AF recurrence.176  

Conversely, the achievement of LA structural reverse remodelling in our study patients 

was not associated with reduction of late ATA recurrence, compared to previous studies 

that used echocardiography and cardiac MRI to assess the LA size following AF catheter 

ablation and showed that LA structural reverse remodelling, with significant reduction in 

LA volume, was predictive of freedom from late ATA recurrence.177–179 This is likely due to 

the substantially low prevalence of late ATA recurrence, despite the more intensive ECG 

monitoring, in our study compared to these studies. 124  

Left atrial electrical reverse remodelling 

 In our study patients, electrical reverse remodelling evidenced by either increase in LA 

conduction velocity, LA bipolar voltages or both was noted in the majority of patients 2 
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months following the initial ablation. However, neither of the two components of LA 

electrical reverse remodelling was found to have a significant relation to the occurrence 

of either late PV reconnection or ATA recurrence.  

Relation between LA structural and electrical reverse remodelling  

There was no significant correlation between LA structural and electrical reverse 

remodelling in our study patients. A previous study also found that there was no 

correlation between LA structural and substrate remodelling. 180 Nevertheless, one of the 

most significant findings in our study is that super-responders who achieved all three 

types of LA reverse remodelling; conduction velocity, bipolar voltage and structural 

reverse remodelling, had neither early nor Late ATA recurrence throughout the 12-month 

duration of the study.  

Limitations 

This study sample size is relatively small, being a substudy of the PRAISE study that was 

not powered to study the effects of LA reverse remodelling. In addition, 5 PRAISE study 

patients had to be excluded because of ablation protocol violation and technical 

problems, as discussed in the Methods section. 

The use of Ablation Index-guided AF ablation in the PRAISE study was associated with 

substantial reduction in the number of patients with PV reconnection at repeat study. 

This may have contributed to the lack of a statistically significant relation between late PV 

reconnection and LA reverse remodelling. The PRAISE study population included patients 

with relatively low morbidity with less than one year duration of persistent AF, no 
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significant structural heart disease, and median CHA2DS2-VASc score of 1. Therefore, the 

degree of LA reverse remodelling following AF catheter ablation noted in our study may 

be more than what is expected to occur in patients with more extensive co-morbidities. 

Finally, LA reverse remodelling was looked for 2 months following catheter ablation, and 

this may have been too early to identify other patients who may have achieved LA reverse 

remodelling later in the course of the study.  

Conclusion 

Reduction of  LA volume occurs almost invariably following Ablation-Index guided PVI. 

Both structural and electrical remodelling may become evident as early as 2 months 

following Ablation-Index guided PVI. Factors known to be associated with less likelihood 

for development of left atrial fibrosis in persistent AF patients including; shorter AF 

duration, lower BMI and absence of early ATA recurrence, rather than durable PVI alone, 

are associated with left atrial structural reverse remodelling following Ablation Index-

guided PVI.  

The occurrence of all 3 types of LA reverse remodelling; structural, conduction velocity 

and LA voltage, is associated with a low likelihood for ATA recurrence following Ablation 

Index-guided PVI.  
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Chapter 5- IV Factors Associated with Regional Late Pulmonary Vein Reconnection after 

Ablation Index-Guided Ablation in Patients with Persistent Atrial Fibrillation 

Introduction  

Atrial fibrillation recurrence after successful PVI is typically associated with late PV 

reconnection detected at repeat electrophysiology study. 1,181 Therefore, maximizing the 

durability of PVI is critical for prevention of late AF recurrence.62 

The use of CF–guided PVI in paroxysmal AF patients has improved freedom from AF at 12-

month follow up, from 66% to 81%, possibly by creation of more durable ablation 

lesions.182 In one of our recent studies, we found a better freedom from AF at 12-month 

follow up with Ablation Index-guided AF ablation when compared to CF-guided ablation 

AF ablation (83% vs. 63%). That was supposedly due to the creation of better quality 

lesions as suggested by the greater impedance drop with Ablation Index-guided AF 

ablation.103 Even with that substantial improvement in the clinical outcomes of Ablation 

Index-guided ablation there appears to be room for more improvement, conceivably by 

further minimising late PV reconnection. 

Therefore, in this study we aimed to investigate the potential factors associated with of 

pulmonary vein reconnection in AI-guided ablation.  

 

 

 



Chapter 5 Prospective study on the use of Ablation Index-guided ablation 

151 
 

 

Methods 

 The study population comprised 40 consecutive patients who underwent AI-guided PVI 

at 3 sites: Liverpool Heart and Chest Hospital, Liverpool, UK, Freeman Hospital, Newcastle, 

UK; and Centro Cardiologico Monzino, Milan, Italy. The study was registered 

prospectively: ‘Pulmonary vein Reconnection following Ablation Index guided ablation: a 

Success Evaluation (PRAISE)’ (ClinicalTrials.gov Identifier: NCT02628730). The PRAISE 

study was approved and monitored by the individual institutional and national ethics 

committees, as well as Data Monitoring and Safety Committees. Each patient provided 

written informed consent before both procedures. 

Initial ablation procedure 

All procedures were performed under general anaesthesia or deep conscious sedation. 

Vitamin K antagonist treatment was uninterrupted while direct thrombin or Factor Xa 

inhibitor drugs were stopped 24h pre-procedure. Two transseptal punctures were made 

using fluoroscopic guidance with additional pressure monitoring, following which 

intravenous unfractionated heparin boluses were administered to maintain an Activated 

Clotting Time (ACT) between 250-300s. Trans-oesophageal echocardiography (TOE) was 

undertaken at the discretion of the operator prior to the procedure to exclude left atrial 

thrombus or to guide transseptal puncture. If the patient was in AF, electrical 

cardioversion was performed to restore sinus rhythm. A 3D navigation system (CARTO 3, 

Biosense Webster, Inc.) was used to create an electroanatomical map of the left atrium 

(LA) with possible integration with a computed tomography or magnetic resonance 
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imaging reconstruction of the LA (CartoMerge, Biosense Webster, Inc.).  Pulmonary vein 

isolation was performed by RF delivery in a point-by-point WACA pattern using a 

Thermocool® SmartTouch™ irrigated tip contact force- sensing RF ablation catheter 

(Biosense Webster, Inc.) introduced via a non-steerable sheath. The WACAs were created 

at >10 mm outside the PV ostia, where the local electrograms did not show near-field PV 

signals. The VisiTag settings were as follows: catheter position stability: minimum time 10 

s, maximum range 2 mm; force over time: time 30%, minimum force 5 g; lesion tag size: 

2 mm.  The RF lesions were contiguous (center-to-center distance <5mm) as confirmed 

by the overlap of adjacent VisiTag™ lesions. A contact force of between 5 and 40 g was 

targeted at each site. Power setting was at the individual operator’s discretion within the 

range of 20-40W depending upon the LA segment. Each RF lesion was guided by AI 

targets: 550 at the thicker anterior wall, and 400 at the thinner posterior wall.183 

Oesophageal temperature monitoring was performed in all GA cases and RF delivery was 

stopped promptly as soon as the oesophageal temperature crosses >39 degrees Celsius, 

even if the target AI value >400 had not been reached. After a minimum of 20 minutes 

from the last ablation to the WACA lesion set, ipsilateral PVs were rechecked with a 

circular mapping catheter (Lasso NAV, Biosense Webster, Inc.) to determine if 

spontaneous acute reconnection (ARC) of PV has occurred, and these sites were tagged. 

If overt PV reconnection has not occurred, a bolus of intravenous adenosine (12-18mg) 

was administered to unmask any sites of dormant conduction. Further ablation was 

performed at any sites of overt or adenosine-induced ARC to achieve PVI once again. 
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Repeat EP study 

 All 40 patients underwent mandated repeat procedure, regardless of AF recurrence, 

eight weeks after the initial procedure. Peri-procedural, intra-procedural anti-coagulation 

management and performing two transseptal punctures were identical to the initial 

procedure, as was creation of a left atrial map using CARTO and integration with the 

original MRI reconstruction of the LA where available. Each PV was then assessed in turn 

for late reconnection with a Lasso catheter and reconnection site(s) were recorded for 

subsequent analysis. All reconnection sites were re-ablated using a Thermocool® 

SmartTouch™ irrigated RF ablation catheter, until PV isolation was successfully achieved. 

If the patient remained in AF after achieving isolation of all PVs, electrical cardioversion 

was performed, and no additional ablation was performed. 

Localisation of Reconnection for Studying Potential Associated factors 
 

To analyse the effect of using different AI target values for the various LA regions, each 

WACA circle was divided into six potential reconnection segments (roof, 2 anterior, 

inferior, and 2 posterior).  For each segment we obtained the following radiofrequency 

(RF) ablation parameters; mean time of RF application, temperature, delivered power, 

impedance drop, CF, FTI, and ablation index (AI). Ablation lesions with AI values < 550 for 

the anterior segments and <400 for the posterior segments were considered 

subtherapeutic.  

In addition, in all patients we measured the transverse, longitudinal and circumference of 

all WACA circles, and the LA Carto volumes after excluding the pulmonary veins. 
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We then assembled the 12 segments in each patient into four regions according to the 

regional AI targets: right and left anterior segments and right and left posterior segments, 

allowing ease of comparison (Figure 5-7). 

 

 
Figure 5-7 Diagram showing the anterior and the posterior segments and the AI target values used for each of 
these regions. The red dots represent ablation lesions with AI target values ≥550 while the pink dots represent AI 
target values ≥400 but <550. 

 

Four WACAs (2 left-sided and 2 right-sided), with the relevant 4 patients, 8 PVs and 24 

potential reconnection segments, were excluded from PV reconnection analysis because 

of protocol violation: 2 because of the presence of >8 gaps in the WACA circle, 1 because 

segmental ostial (rather than WACA) PVI was performed, and 1 because of the inability to 

deliver AI-guided ablation due to equipment failure. 
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Right and left WACA circumferences were calculated by the approximation of the WACA 

ellipse to a circle, averaging the measured transverse (d1) and longitudinal (d2) diameters 

and using the equation for the circumference of a circle as shown in the formula below. 

WACA Circumference= π X (d1 + d2) / 2= 1.57 X (d1 + d2) 

In addition, the system-calculated LA volume (Carto volume) was obtained from the 3-

dimensional electroanatomical map after excluding the pulmonary veins and LA 

appendage.  

All ablation lesions underwent detailed analysis for ablation time, contact force, power, 

catheter-tip temperature, impedance drop, force-time integral and Ablation Index values.   

Statistical analysis  

Continuous variables were assessed for normality using the Kolmogorov-Smirnov test, 

and are presented as means ± standard deviations or medians and interquartile range 

(25th percentile – 75th percentile) as appropriate. Student’s t-tests or the Mann–Whitney 

U-test were used for group comparison. Categorical variables are presented as frequency 

and percentage and were compared using χ 2 or Fisher’s exact tests where necessary. All 

tests were two-sided and a P < 0.05 was considered statistically significant. Univariate 

comparisons were used to study the effect of various independent variables on the 

procedural outcomes. Statistical analysis was performed using SPSS (version 24, IBM 

Corp., Armonk, NY, USA). 
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 Results 

Demographics and Procedural Data 

The demographic and procedural data for the 40 patients are included in Table 5-14. 

During the initial ablation procedure, first pass isolation was achieved in 63/76 (83%) 

WACA circles in 24/36 (67%) patients. After 20 minutes of waiting and the use of 

adenosine, ARC was found in 10 (28%) patients affecting 14 (10%) PVs in 10 (13%) WACAs 

at 15 (3%) segments. The majority of which, 13/15 (87%), were spontaneous 

reconnections. The remaining two (13%) segments of reconnection were adenosine-

induced and were situated in the left posterior region. All 15 acutely reconnected 

segments were successfully re-ablated. The mean interval between the initial PVI 

procedure and repeat electrophysiology study was 64±6 days.  

All 40 repeat electrophysiology procedures were uncomplicated. Late PV reconnection 

was identified at 13 (3%) segments in 8 (22%) patients, affecting 11 (7%) PVs in 8 (11%) 

WACAs. All reconnected PVs in the 8 patients with late PV reconnection were successfully 

re-isolated. The median ablation time required for re-isolation was 5.6 (4.5–7.9) minutes. 

A total of 2,764 VisiTags™ were analyzed for ablation lesion parameters with a mean 

number of 69±12 VisiTags™ per patient. 
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Table 5-14 Demographic and Procedural Data 

Demographic and procedural Data Value 

Age, years  61±8 

Male (n, %) 30 (75%) 

Left atrial diameter, mm  
 

43±5 

LV Ejection fraction >55% 32 (80%) 

Hypertension (n, %) 12 (30%) 

Diabetes mellitus (n, %) 3 (8%) 

CHA2DS2Vasc Score 1.2±1.3 

Antiarrhythmic drugs prior to ablation 20 (50%) 

Procedure time, minutes  158±34 

Ablation time, minutes 36±9 

Fluoroscopy time, minutes 12 [8 – 14] 

General anesthesia (n, %) 39 (98%) 

Complications 0 

Interval between procedures, days 64±6 

Mean FTI (gram.seconds) 327±77 

Mean AI  486±42 

      AI: Ablation Index, FTI: Force-time integral, LV: Left Ventricle 

Distribution of Acute and Late Pulmonary Vein Reconnections  

Acute PV reconnections were most common in the right posterior segments (9/15 (60%)). 

Whereas late PV reconnection were most common in the left anterior segments (5/13 

(38%)), followed equally by right and left posterior segments, each represented 3/13 

(23%) of the total late reconnected segments.  
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Identifying Non-RF Ablation Lesion Factors Associated with Late PV Reconnection  

Left atrial size and WACA circle Size. Table 5-15. 
 

Univariate analysis did not show a significant relation between left atrial anteroposterior 

diameter and late reconnection, P= 0.481. Similarly, there was no significant relation 

between initial LA Carto volume and late reconnection, P=0.70. The WACA circle 

transverse diameter was significantly greater in WACA circles with, compared to those 

without late PV reconnection, P=0.05.  

As discussed in Chapter 5-III, LA volume reverse remodelling, defined as reduction of LA 

Carto volume by >15% at repeat procedure, was studied in 35 PRAISE patients in whom 

the Ablation Index-guided ablation protocol was followed and had good quality Carto 

maps.  LA volume reverse remodelling was noted to occur in 15/35 (43%) patients in 

whom the median LA index volume significantly decreased from 66 (60-76) ml/m2 at the 

initial to 47 (45-57) ml/m2 at repeat procedure, P= 0.001. There were no statistically 

significant differences in the prevalence of late PV reconnection between patients who 

had and those who did not have LA volume reverse remodelling ( 3/15 (20%) versus 3/20 

(15%), P=0.71). 

 

First Pass Isolation and Acute Pulmonary Vein Reconnection  

Absent first pass isolation was significantly more prevalent in late reconnected (5/8 (63%)) 

compared non-reconnected (8/68 (12%)) WACA circles at repeat study, P<0.001. Likewise, 

late reconnection at repeat study was noted to occur significantly more frequently in 
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pulmonary veins that were found to have acute reconnection, compared to those without 

acute reconnection during the initial ablation procedure (5/14 (36%) vs. 6/133 (5%) PV, P 

<0.001). Figure 5-8. 

 

 
Figure 5-8: A flowchart of showing the significant relation between acute and late pulmonary vein reconnection in the 
study group 

 

Table 5-16 shows the incidence of acute and late PV reconnection in the study group, and 

the relation between them in terms of pulmonary veins, patients, WACA circles and WACA 

segments. 

Table 5-15 Univariate analysis of non-ablation lesion related factors influencing late WACA reconnection 

  

Durable isolation 
(n = 68) 

Late reconnection 
(n = 8) 

P value 

WACA transverse diameter (mm) 21.2 (16.5 - 23.6) 26.9 (20.1- 32.8) 0.05 

WACA longitudinal diameter (mm) 35.6 (31.5- 39.1) 33.7 (31.1- 41.1) 0.87 

WACA circumference (mm) 88.1 (77.0 - 96.1) 93.3 (80.1- 116.2) 0.31 

Carto Volume (ml) 138 (115 - 158) 145 (126- 156) 0.70 

LA AP diameter (cm) 4.3 (4.0 - 4.6) 4.3 (4.1- 4.4) 0.48 

    AP: Anteroposterior diameter, LA: Left Atrium, WACA: Wide antral circumferential ablation 
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Table 5-16 Incidence of Acute and Late Reconnection in the Study Group 

 Durable isolation, n (%) Late reconnection, n (%) Total P value 

Pulmonary Veins (PVs)*    

<0.001 
PVs with acute 
reconnection, n (%) 

9 (64%) 5 (36%) 14 

PVs without acute 
reconnection, n (%) 

127 (95%) 6 (5%) 133 

Patients     

0.36 
Patients with acute 
reconnection, n (%) 

7 (70 %) 3 (30%) 10 

Patients without acute 
reconnection, n (%) 

25 (83%) 5 (17%) 30 

WACA circles *    

0.03 
WACA circles with acute 
reconnection, n (%) 

7 (70 %) 3 (30%) 10 

WACA circles without 
acute reconnection, n (%) 

61 (82%) 5 (8%) 66 

WACA segments *    

0.37 
WACA segments with 
acute reconnection, n (%) 

14 (93%) 1 (7%) 15 

WACA segments without 
acute reconnection, n (%)  

429 (97%)  12 (3%)  441  

*Four WACA circles, with their corresponding WACA segments and pulmonary veins, were excluded from analysis; three because 
of protocol deviation and one because of equipment failure. 
WACA: Wide antral circumferential ablation 

 

 
 

Identifying RF Ablation Lesion Factors Associated with Late PV Reconnection  
 

Number of gaps between ablation lesions per WACA 
 

Univariate analysis did not show a significant relation between the number of gaps of 

>6mm per WACA and late PV reconnection, P=0.39 (Figure 5-9). 
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Figure 5-9  Box and whisker plots showing univariate analysis of number of ablation lesion gaps and percent of 
subtherapeutic lesions and late reconnection. Left panel: Univariate analysis showed non-significant increase in the 
number of ablation lesion gaps of >6mm per WACA with, compared to WACA without, late reconnection (LRC). Right 
panel: Univariate analysis showed non-significant increase in the percent of subtherapeutic lesions per WACA with, 
compared to WACA without, late reconnection. 

 

Relation between mean ablation parameters and late reconnection (Table 5-17) 
 

Ablation Index  

 
Ablation index-guided lesions were considered to be therapeutic if their values were 550 

or more for the anterior region, and 400 or more for posterior region.   

For all segments, there was no statistically significant difference between the percent of 

late reconnections among segments with subtherapeutic lesions and segments with 

therapeutic lesions (3/121 [2%] vs. 10/332 [3%], P= 0.76). Similarly, there was no 

statistically significant difference between the percent of acute reconnections among 

segments with subtherapeutic lesions and segments with therapeutic lesions (1/121 [1%] 

vs. 14/332 [4%], P= 0.07).  

A subanalysis showed that the percent of segments with subtherapeutic mean AI values 

in anterior regions was significantly higher than in the posterior regions (87/227 [38%] vs. 

34/226 [15%], P<0.001. This is most likely related to the difficulty in achieving catheter 
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stability at the left lateral ridge on left anterior region where most late reconnections 

occurred. 

There was a statistically significant negative correlation between acutely reconnected 

WACA circles and the percent of subtherapeutic lesions per WACA circle, Pearson r = - 

0.24, P=0.04. In contrast, a slightly negative correlation, that was not statistically 

significant, was noted between late reconnection of WACA circles and the percent of 

subtherapeutic lesions per WACA circle, Pearson r = - 0.04, P=0.72.  These two correlations 

highlight the importance of the real time identification of subtherapeutic lesions in the 

prevention of PV reconnection. 

 

Temperature 

 

Univariate analysis showed that among all ablation parameters, mean ablation catheter 

tip temperature was a significant predictor for late reconnection for all segments, with 

mean temperature of 39±5°C for non-reconnected segments and 36±4°C for reconnected 

segments, P = 0.04.  

A subanalysis showed that while mean catheter tip temperature in the segments that did 

not show late reconnection was significantly higher than of those that showed late 

reconnection in the in the anterior region (39±4 vs. 35±3 °C, P=0.02), the corresponding 

difference in mean catheter tip temperature in the posterior region was not statistically 

significant (38±6 vs., 36±4°C P=0.15). 
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 Contact Force and Force Time Integral 
 

For the anterior region, the mean CF value was significantly higher in the segments that 

were found to have durable isolation compared to those that showed late reconnection 

(14±5 vs. 11±4 g), P=0.02.  

Conversely, among the posterior regions mean CF value was higher, though 

insignificantly, in those that showed late reconnection compared to those that did not 

show reconnection (11±5 vs. 14±6 g), P=0.57. Nevertheless, a significantly higher FTI was 

noted in the posterior regions that showed late reconnection compared to those that did 

not show late reconnection (237±74 vs. 307±99 gs, P=0.03).  Moreover, we found that 

there was weak but significant correlation between FTI and catheter tip temperature that 

was even weaker for the posterior region (R2=0.050 vs R2=0.012, both P<0.001) (Figure 5-

10). 
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Impedance Drop  

Only in the thin posterior regions, the mean impedance drop was significantly higher in 

the non-reconnected regions (11±4 vs. 9±3 Ω, P= 0.02), while in the thicker anterior region 

there was no significant difference between impedance drop in the reconnected and the 

non-reconnected segments (15±7 vs. 13±5 Ω, P= 0.30).  

Figure 5-10  Scatterplots showing the relation between Ablation Index and FTI in relation to impedance drop and 
catheter-tip temperature. Top two panels show a significant positive correlation between Ablation Index and 
impedance drop that was slightly more evident in the posterior region (left panel) than in the anterior region (right 
panel). Bottom two panels show a significant positive correlation between force-time integral (FTI) and temperature 
that appears to be blunted in the posterior region (left panel) compared to the anterior region (right panel). 
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In general, we found a significant positive correlation between Ablation Index and 

impedance drop that was slightly more evident in the posterior region than in the anterior 

region (R2=0.035, P= 0.002 vs R2=0.007, P<0.001) (Figure 5-10). 

 

Table 5-17 Relationship between mean RF ablation values and late reconnected WACA segments  

  

Durably isolated segments 
(n = 443) 

Late reconnected 
segments 
(n = 13) 

P value 

Time (s) 
   
   All segments 
   Anterior 
   Posterior 

 
29±10 
35±10 
23±7 

 
32±10 
37±9 
25±6 

 
0.64 
0.23 
0.96 

Force (g) 
    
   All segments 
   Anterior 
   Posterior 

 
13±5 
14±5 
11±5 

 
13±5 
11±4 
14±6 

 
0.76 
0.03 
0.57 

Temperature (C) 
     
    All segments 
    Anterior 
    Posterior 

 
39±5 
39±4 
38±6 

 
36±4 
35±3 
36±4 

 
0.04 
0.02 
0.15 

Impedance drop (Ohm) 
 
    All segments 
    Anterior 
    Posterior 

 
12±5 
13±5 
11±4 

 
12±6 
15±7 
9±3 

 
0.86 
0.30 
0.02 

FTI (g.s) 
   
  All segments 
    Anterior 
    Posterior 

 
 
345±146 
452±117 
237±74 

 
 
364±153 
412±181 
307±99 

 
 
0.16 
0.06 
0.03 

Ablation Index 
 
    All segments 
    Anterior 
    Posterior 

 
489±69 
546±45 
433±32 

 
493±61 
530±59 
449±23 

 
0.12 
0.37 
0.12 
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Relation between minimum ablation parameters and late reconnection (Table 5-18)  
 

There were no statistically significant differences between minimum Ablation Index, 

contact force, FTI and impedance drop values in segments with late reconnection 

compared to segments without reconnection. 

 

 
 
Table 5-18 Relationship between minimum RF ablation values and late reconnected WACA segments 

  Durably isolated segments 
Late reconnected 

segments 
P value 

Minimum Contact 
Force (g) 

7 (6-10) 8 (5- 10) 0.80 

Minimum FTI (g.s.)    

       Anterior 333 (156-433) 361 (144- 489) 0.64 

       Posterior 163 (117-215) 195 (157- 235) 0.32 

Minimum AI            

     Anterior    557 (383-566) 563 (424-570) 0.72 

     Posterior 415 (348-429) 434 (353-435) 0.27 

Minimum Impedance 
drop (Ohms) 

6 (3-8) 5 (3-7) 0.98 

 

  

Rise in Oesophageal Temperature 

A rise in oesophageal temperature > 39° C was noted during ablation at the posterior 

regions of 14 /76 (18%) WACA circles, prompting premature termination of 

radiofrequency energy application before the AI target of 400 was reached. The highest 

recorded oesophageal temperature was 40.4°C. The incidence of acute reconnection in 

the posterior regions where oesophageal temperature rise was detected (4/14 (29%)) was 

significantly higher compared to the posterior regions where these was no such rise (4/62 

(6%)), P=0.015. However, there was no significant difference in the incidence of late 
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reconnection between posterior regions that were or were not affected by rise in 

oesophageal temperature (1/11 (9%) vs. 4/65 (6%), P=0.72).  

Discussion 

Main Findings: 

This is the first study to examine potential factors associated with regional late PV 

reconnection two months after Ablation Index-guided PVI in patients with PeAF, by means 

of mandated repeat electrophysiology studies to regardless the presence or absence of 

symptoms or documentation of AF recurrence. 

 The main findings of this study are as follows. Firstly, AI-guided ablation in persistent AF 

patients is associated with a low incidence of late PV reconnection. Secondly, the small 

overall incidence of late PV reconnection correlates with larger WACA circle transverse 

diameter. Thirdly, late reconnection best correlates with lower temperature and lower CF 

in the thicker anterior segments, and with lower impedance drop in the thinner posterior 

segments.  Fourthly, there is a negative correlation between acute, and to a lesser degree 

late, reconnections of WACA circles and the percent of lesions with subtherapeutic 

Ablation Index. This can be explained by the fact that the real time Ablation Index 

monitoring in our study allowed for immediate identification of subtherapeutic lesions, 

with their distinctive VisiTagTM colour in certain locations, leading to instant delivery of 

more therapeutic RF lesion(s) to these locations to prevent potential reconnections. This 

is particularly important because interstitial edema starts to develop very soon after 

initiation of RF ablation and lasts for 20-30 minutes.184  Consequently, it is envisaged that 
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the use of AI targets may obviate the need for waiting for at least 20 minutes for edema 

resolution before checking for acute PV reconnections caused by under delivery of RF 

energy.  

Finally, although Ablation Index-guided ablation significantly reduced late PV 

reconnection, it allowed the identification of ablation lesion parameters that are 

associated with late reconnection in the various LA regions as discussed below. 

Relevance of temperature to lesion durability in the anterior region but not the posterior 
region 

In this study, higher catheter tip temperature was found to be predictive of lesion 

durability in the anterior region but not in the posterior region. The lack of significant 

difference between catheter tip temperature in the late reconnected and non-

reconnected segments in the posterior region indicates that catheter-tip temperature is 

not a good surrogate for tissue temperature at that region, probably because of extra 

cooling of the catheter tip by increased blood flow in the oesophageal wall producing a 

heat sink effect, with no rise in oesophageal temperature.47 This is particularly important 

with the prevalence of LA dilatation in our persistent AF study group leading to closer 

proximity of the posterior LA wall to the oesophagus. 

Moreover, it has been previously demonstrated that irrigated ablation drives the hot spot 

of RF ablation into the deeper tissue due to excessive cooling of the resistive heat at the 

endocardial surface and extension of conductive heat deeper to collateral 

structures.31,185,186 That deep dissipation of energy results in teardrop shaped lesions, with 

a narrower lesion width subendocardially and greater width deeper below the 
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endocardial surface. 47,187 This may explain the frequent oesophageal heating, and the 

development of more acute PV reconnections in the posterior region in our study patients 

as reported in previous studies. 188,189  

In a study that examined the anatomic relation between the oesophagus and the LA 

posterior wall in individuals who had no history of AF, the oesophagus was found to pass 

along the middle posterior LA wall in 40% of cases, descended close to the left PV-atrial 

junction in 40% of cases and had a rightward course close to the right PV-atrial junction 

in the remaining 20% of the cases. 190 Similarly,  in a study in patients with  AF, 75%  

paroxysmal and 25% persistent, undergoing atrial fibrillation ablation there was a 

predilection of the oesophagus to have leftward course, with the most common location 

near the left PVs (54%), followed by midline (23%) and  near right PVs (23%) locations.191  

However, with significant left atrial enlargement, deviation of the oesophagus to the right 

and the descending aorta to the left occur due to wedging of the enlarged left atrium in 

between these structures. This finding was described as “posterior wedging sign”.192  With 

the oesophageal deviation noted with left atrial enlargement, we presumed that the 

variation of the oesophageal location in relation to the LA posterior wall may be 

contributing to the late PV reconnection on the ipsilateral side through the heat sink 

effect. 

To prove that concept, we studied the relation between the oesophagus and the 

reconnected posterior LA regions in the preablation MRI pictures, and we indeed found 

close proximity between the oesophagus and the ipsilateral reconnected posterior LA 

region as shown in Figure 5-11. 
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Figure 5-11 Cardiac MRI with contrast pictures 
showing cross section at the level of left atrium 
and pulmonary veins. A, B and C: are pictures 
from patients with late reconnection at right 
posterior regions. D and E: are pictures from 
patients with late reconnection at left posterior 
regions. Note the close proximity of the 
oesophagus (white arrow) to the right side of 
the left atrial posterior wall in A, B and C, and to 
the left posterior wall in D and E. Significant left 
atrial dilatation is noted in A and B, while C 
shows pectus excavatum with associated 
narrow chest antero-posterior diameter. 
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Contact force as a factor associated with late reconnection   

 

Our results are consistent with a previous study that found that the majority of gaps and 

dormant PV reconnections were related to low ablation catheter contact force at the thick 

anterior LA wall, as detected by multidetector CT scan.128 

In this study, we found that the significant correlation between FTI and catheter tip 

temperature was blunted for the posterior region compared to anterior region. As 

discussed before, left atrial dilatation brings the posterior LA wall in close proximity to the 

oesophagus and the descending aorta. As such, it can be anticipated that during right and 

left WACA ablation the longer the time and the more the force the catheter tip pushes 

the LA posterior wall against the oesophagus, the more the heat sink effect becomes more 

evident.  This may explain our finding of the higher mean FTI in segments with late PV 

reconnection in the posterior region.  

Although previous research found that higher minimum FTI is required for durable PVI 

isolation on the anterior compared to the posterior region 102,  a negative effect of higher 

FTI on the posterior region has not been yet described . 

Clinical implications and future prospective  

This study’s results suggest clear advantages for the routine use of Ablation-Index guided 

ablation. The study also suggests the need for real time monitoring of force and catheter 

tip temperature for the anterior LA region, and impedance drop for the posterior LA 

region.   
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In addition, our study results conform with the recent recommendations to increase the 

initial resistive heating phase by delivering higher RF energy by increasing the power to 

achieve transmural lesions, and at the same time to shorten the conductive heating phase 

by reducing RF application time to limit collateral tissue damage especially on the thin 

posterior wall.130  In a recent study, this high power-short duration RF application strategy 

was found to be safe with short procedure time and outstanding clinical outcomes.193 

Moreover, it has been recently shown that low-flow irrigation of the posterior LA wall 

creates larger endocardial lesions, compared to standard irrigation that produces larger 

epicardial lesions with endocardial sparing and potential lesion extension to collateral 

structures. 31  

This study demonstrated a potential importance of catheter-tip temperature monitoring 

in predicting sites of potential late reconnection, especially in the anterior region. This is 

likely due to the ability of catheter-tip temperature to predict endocardial surface 

heating.31 Novel irrigated-tip RF ablation catheters with thermocouples situated directly 

at the catheter tip-tissue interface were found to exhibit more accurate tissue 

temperature measurements during temperature-controlled AF ablation, with a resultant 

safe and durable PV isolation.186  

In this study several late reconnections were thought to be related to oesophageal heat 

sink effect. Recently, mechanical oesophageal deviation from the PV ablation line has 

been found to prevent significant oesophageal heating during the delivery of RF ablation 

lesions to the LA posterior region.194  We envision that the use of that strategy may also 

help reduction of late reconnection by abolishing the oesophageal heat sink effect.  
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Limitations  

The limited number of the late reconnected segments, owing to the improved RF energy 

delivery with AI-guided ablation, may have reduced the statistical power required to 

optimally adjudicate some of the factors associated with late PV reconnection.    

In our study we used the SmartTouch catheter open-irrigated catheter that incorporates 

a thermocouple temperature sensor embedded in the catheter-tip that measures the 

mean catheter-tip temperature. Therefore, the temperature measured during ablation is 

only a surrogate, rather than an accurate measurement, of the atrial tissue temperature 

at the catheter-tip tissue interface.195 

Finally, although there were no complications with AI-guided ablation the number of 

patients in this study is too small to evaluate the incidence of serious complications that 

can occur with this technique. 

Conclusion  

Ablation Index-guided ablation is associated with a high incidence of durable PVI in 

patients with persistent AF. The occurrence of either absent first pass isolation or acute 

reconnection in a WACA circle predict late reconnection in the same WACA circle. A larger 

WACA circle transverse diameter is associated with a higher incidence of late PV 

reconnection. The significantly lower catheter tip temperature seen in late reconnected 

thicker anterior segments, and the prevalence of late reconnections without significant 

correlation with catheter tip temperature in the thinner posterior segments suggest 

excessive irrigation with current settings.  
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Lower catheter tip-temperature and contact force in the anterior segments, and lower 

impedance drop in the posterior segments, predict late pulmonary vein reconnection 

during Ablation Index-guided pulmonary vein isolation.   
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Chapter 6 Summary, Conclusions and Future Prospective 

 

Summary and Conclusions 

Our research on Ablation Index was the first to investigate the prospective use of Ablation 

Index targets to guide AF ablation. We investigated the Ablation Index-guided ablation in 

two studies. The first study was a retrospective analysis of the use of Ablation Index target 

values of 550 for anterior and 400 for posterior left atrial regions in AF ablation, and 

compared the acute procedural and long-term clinical outcomes with those of a 

propensity matched group in which AF ablation was contact force-guided. The study 

showed significant improvements in the incidence of acute PV reconnection and in the 

rate of AT recurrence during follow-up, without change in the mean ablation time for PV 

isolation, as compared to contact force -guided ablation. That study also showed that the 

use of different AI regional targets, with higher values for the anterior/roof region 

compared to posterior/inferior region, delivers more effective ablation to thicker-walled 

areas while obviating the risk of excessive ablation on thinner-walled 

regions.103 

The second study, the PRAISE (Pulmonary vein Reconnection following Ablation Index-

guided ablation: Success Evaluation) study, which is a multicenter prospective study of 

forty consecutive patients with persistent AF of less than 12-month duration, and no 

significant structural heart disease underwent Ablation Index-guided PVI also with target 

values of 550 for anterior and 400 for posterior left atrial regions, followed by a protocol-
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mandated repeat procedure after 2 months. Patients were monitored for atrial 

tachyarrhythmia recurrence via daily plus symptom-initiated ECG recordings for 12 

months. Recurrence was defined as ≥30 seconds of any atrial tachyarrhythmia (ATA) after 

a 3-month blanking period. In that study Ablation Index regional target-guided ablation 

resulted in a low rate of PV reconnection at repeat electrophysiology study, with 93% of 

PVs found to remain durably isolated with late reconnection was most commonly 

encountered in carinal regions. Eventually, 44% the PRAISE study patients required a 

carina ablation line at some point during the 2 procedures. 

 

The incidence of acute reconnection was significantly higher in the posterior segments 

where a rise in oesophageal luminal temperature rise was detected compared with the 

posterior segments where there was no such rise. Moreover, there was obvious 

anatomical proximity between the oesophagus and the ipsilateral late reconnected 

posterior LA regions.  

The study concluded that an Ablation Index-guided PVI only strategy in patients with 

persistent AF of <12 months duration, and with no significant structural heart disease 

provides a high rate of clinical success, potentially because of improved durability of 

PVI.124 

We then compared the AF ablation outcomes form the forty patients who form the 

PRAISE study cohort with those of the forty paroxysmal AF patients of the PRESSURE 

(Pulmonary vein RE-isolation as a routine Strategy: a SUccess Rate Evaluation) study who 

were randomised to a repeat procedure two months following the initial CF-guided PVI.80 

In both study groups the initial and the repeat ablation strategies and equipment were 
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identical other than the use of Ablation Index targets in the former group compared to 

the CF-guided ablation in the Later. Acute and late reconnections following Ablation 

Index-guided ablation in the PRAISE cohort were significantly lower when compared to 

CF-guided ablation in the PRESSURE cohort, despite significantly shorter ablation times, 

lower average CF values, and significantly larger left atria in the former cohort compared 

to the later cohort. These results were found to be consistent with our previous findings 

that the prospective use of Ablation Index-guided AF ablation was associated with a 

significant reduction in atrial tachyarrhythmia recurrence  compared to CF-guided 

ablation, possibly due to creation of better quality lesions as suggested by a greater 

impedance drop.103 No major complications occurred with Ablation Index-guided ablation 

in our research studies.  

Following that we looked for the potential occurrence of LA structural and electrical 

reverse remodelling following Ablation Index-guided PVI. We found that reduction of  LA 

volume occured almost invariably, and that both structural and electrical remodelling 

became evident two months following Ablation Index-guided PVI. We also found that 

factors known to be associated with less likelihood for development of left atrial fibrosis 

in persistent AF patients including; shorter AF duration, lower BMI and absence of early 

ATA recurrence, rather than durable PVI alone, were associated with LA structural reverse 

remodelling. Then we studied the relation between LA reverse remodelling and  the 

Ablation Index-guided AF ablation outcomes, and found that the occurrence of both 

structural and electrctrical reverse remodelling together was associated with a low 

likelihood for ATA recurrence.  
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Finally, we studied the factors associated with late pulmonary vein reconnection at repeat 

electrophysiology study 2-month following Ablation Index-guided PVI in the PRAISE study 

patients.  We found that the occurrence of either absent first pass isolation or acute 

reconnection in a WACA circle predict late reconnection in the same WACA circle. A larger 

WACA circle transverse diameter was found to be associated with a higher incidence of 

late PV reconnection. The significantly lower catheter tip temperature seen in the late 

reconnected thicker anterior segments, and the prevalence of late reconnections without 

significant correlation with catheter tip temperature in the thinner posterior segments 

suggested excessive irrigation with the current settings.  

Moreover, we concluded that the lower catheter tip-temperature and contact force in 

the anterior segments, and lower impedance drop in the posterior segments, predicted 

late pulmonary vein reconnection.  

Finally, Ablation Index-guided ablation has shortened the total duration of AF ablation 

procedures and improved the cardiac electrophysiology lab work-flow. This is likely 

related to the better RF energy delivery with that strategy. This is because even at sites 

where the ablation catheter had low contact, Ablation Index-target could be reached by 

increasing the amount of power delivered at these sites, therefore obviating the need to 

manipulate the catheter to get better contact.  Moreover, better first pass isolation and 

less acute reconnections have been noticed with Ablation Index-guided ablation, 

therefore obviating the need for extensive additional ablation to isolate or reisolate the 

pulmonary veins.   
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Recommendations 

Based on our research findings we would recommend the routine use of Ablation Index-

guided, rather than contact force-guided, PVI alone for AF ablation in patients with 

persistent atrial fibrillation of less than 12-month duration and no significant structural 

heart disease. In addition, we recommend giving special consideration to pre-emptive 

ablation of the carinal regions to prevent late reconnection in these regions. 

We also recommend the creation of WACAs with shorter transverse diameter and 

checking for first pass isolation and acute PV reconnections, with PV re-isolation as 

needed, as these all predicted late reconnection. Moreover, the real time monitoring for 

adequate contact force and catheter tip temperature for the anterior LA region, and 

impedance drop for the posterior LA region may help ensure durable PVI lesions.  

Based on our research results, we recommend increasing the initial resistive heating 

phase enough to achieve transmural lesions by adequately increasing the power, and at 

the same time shorten the conductive heating phase by reducing of RF application time 

to limit collateral tissue damage especially on the thin posterior wall.  

Moreover, high irrigation rates may result in deeper lesions whilst sparing the endocardial 

surface with the potential risks of causing collateral damage and late PV reconnection. 

We therefore recommend reducing the irrigation rate for the posterior LA region.  

Future Prospective 

 Future Prospective of Real-time Assessment of Ablation Lesions 

Ablation Index, in addition to other surrogates measures such as force-time-integral and 

impedance drop, have been introduced  for assessment of lesion quality and transmurality during 
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AF ablation because of the unavailability of a reliable real-time method for such assessment.102 

During the past decade, a number of centers developed a technology to allow real-time 

MR-guided AF ablation. This technology allows for real-time monitoring of lesion 

development in the absence of ionizing radiation. However, these systems are still under 

development and are not available for routine clinical use because of the need for non-

metallic catheters and relatively sizeable and expensive of MRI scanners, long image 

acquisition times, and limited spatial resolution.1,196  

Acoustic Radiation Force Impulse (ARFI) Imaging is a novel ultrasound technique that 

measures tissue elasticity with high spatial and temporal resolution using standard clinical 

ultrasound imaging systems. An ARFI image is created by delivering a series of ultrasound 

pulses to mechanically displace tissue then measuring the displacement of each image 

pixel to assess tissue elasticity. ARFI imaging can visualize formation of an RF lesion in near 

real-time and distinguish between an incomplete and a complete atrial ablation lines and 

assess transmurality. However, clinical studies to establish the role of this technology in 

clinical practice are still needed.197  

Recently, the use of near-field ultrasound (NFUS) which is a novel imaging technology that 

allows real-time observation of the formation and transmurality of RF ablation lesions, 

has enabled subsequent adjustment of ablation parameters to optimise lesion formation. 

Therefore, the use of NFUS to guide AF catheter ablation is anticipated to improve 

procedural safety and success. 188 
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With the significantly low rate of acute reconnection, only 3% of WACA segments, noted 

in the PRAISE study, one would question the need for routine rigorous check for acute 

PV reconnections following PVI. Therefore, it is envisaged that the routine use of 

adenosine and circular mapping catheters to check acute PV reconnections may not be 

needed with the modern PVI technologies and strategies, such as the use of Ablation 

Index-guided AF ablation. A metanalysis of contemporary data suggest that there is no 

benefit from an adenosine- guided strategy in patients undergoing AF ablation. The 

benefits observed in the early studies published before 2013 could have been the result 

of less evolved technology, lower operator-experience leading to a higher rate of 

dormant vein conduction. 198 In addition, a recent study found that the use of contact 

force-guided single-catheter technique is feasible for PVI in patients with paroxysmal AF, 

leading to substantial cost-savings compared to the standard circular mapping catheter-

based approach while leading to similar clinical results.199 

Future Prospective in Catheter Pulmonary Vein Isolation Strategies and Technologies 

A study found that minimal Ablation Line contiguity Index (ALCI), a novel ablation quality 

marker integrating both Ablation Index and interlesion distance into a weighted formula, 

may be a more accurate independent predictor of PV reconnection than Ablation Index.30 

This finding can be intuitively anticipated because the addition of interlesion distance to 

the formula accounts for the contribution of gaps in the PVI circle to reconnection. 

Conforming with our recommendations above this high power-short duration RF 

application strategy was found to be safe with short procedure time and outstanding 

clinical outcomes.193 Moreover, it has been recently shown that low-flow irrigation of the 
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posterior LA wall creates larger endocardial lesions, compared to standard irrigation that 

produces larger epicardial lesions with endocardial sparing and potential lesion extension 

to collateral structures. 31  

Our study demonstrated a potential importance of catheter-tip temperature monitoring 

in predicting sites of potential late reconnection, especially in the anterior region. Novel 

irrigated-tip RF ablation catheters with thermocouples situated directly at the catheter 

tip-tissue interface were found to exhibit more accurate tissue temperature 

measurements during temperature-controlled AF ablation, with a resultant safe and 

durable PV isolation.186  

The PRAISE study results suggested a causative relation between the proximity of the 

oesophagus to either the right or left side of the LA posterior wall and the occurrence of 

ipsilateral acute reconnections and late reconnections at posterior LA regions. Recently, 

mechanical oesophageal deviation from the PV ablation line has been found to prevent 

significant oesophageal heating and injury during the delivery of RF ablation lesions to the 

LA posterior region.194,200 We envision that the use of that strategy will not only enable 

adequate radiofrequency energy delivery to the posterior LA wall while circumventing the 

risk oesophageal temperature rise, but may reduction of acute and late reconnection by 

allowing for better energy delivery whilst eliminating the oesophageal heat sink effect.  

Other energy sources have been investigated for AF ablation in an effort to reduce 

complications and improve efficacy. That has led to the development of an improved 

method of direct current ablation called electroporation. Electroporation involves the 

application of an external electric field that disrupts cellular membranes resulting in 
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irreversible and well-demarcated lesions by increasing cell membrane permeability, and 

inducing subsequent cellular apoptosis. However, it yet remains unknown if 

electroporation can be used successfully in cardiac ablation.201 

Future Prospective in Other Pulmonary Vein Isolation Strategies and Technologies 

Our research in conjunction with other research studies concluded that an Ablation Index-

guided PVI only strategy in patients with persistent AF of <12 months duration and no 

significant structural heart disease provides a high rate of clinical success.33,42,43,124 

Therefore, one would expect that the utility of PVI only strategy using single-shot ablation 

devices, in persistent AF patients may increase in the near future, especially with the 

recent publications of studies that demonstrate their efficacy and safety.202,203 

Some studies found that cryoballoon PVI, mainly using second-generation cryoballoon, 

appears to be an effective initial strategy in treating persistent AF especially if offered 

early, with a reported AF recurrence-free rate of 59%-67% at 1 year. 202,204–206   Similarly, 

a randomized multicenter study comparing the outcome of PVI using laser balloon-

guided strategy and wide-area circumferential PVI using irrigated RF catheter in patients 

with persistent AF showed similar efficacy.207 
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