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Abstract: Atrial fibrillation (AF) is the most common cardiac arrhythmia worldwide and represents a
heterogeneous disorder with a complex pathological basis. While significant technological advances
have taken place over the last decade in the field of catheter ablation of AF, response to ablation
varies and long-term success rates in those with persistent AF remain modest. Mechanistic studies
have highlighted potentially different sustaining factors for AF in the persistent AF population with
substrate-driven focal and re-entrant sources in the body of the atria identified on invasive and
non-invasive mapping studies. Translation to clinical practice, however, remains challenging and
the application of such mapping techniques to clinical ablation has yet to demonstrate a significant
benefit beyond pulmonary vein isolation (PVI) alone in the persistent AF cohort. Recent advances
in catheter and ablation technology have centered on improving the durability of ablation lesions
at index procedure and although encouraging results have been demonstrated with early studies,
large-scale trials are awaited. Further meaningful improvement in clinical outcomes in the persistent
AF population requires ongoing advancement in the understanding of AF mechanisms, coupled with
continuing progress in catheter technology capable of delivering durable transmural lesions.

Keywords: persistent AF; pulmonary vein isolation; substrate ablation; AF mapping; novel abla-
tion technology

1. Introduction

Atrial fibrillation (AF) represents the most common cardiac arrhythmia worldwide
and is associated with a significant burden of morbidity and mortality. The incidence
of AF has increased dramatically over the last two decades and current prevalence is
expected to further double between 2010 and 2060 with a predicted 17.9 million adults
living with AF by this timepoint [1]. AF is traditionally classified according to the charac-
teristic duration of episodes experienced. Paroxysmal AF describes episodes terminating
spontaneously or with intervention within seven days. AF that is sustained longer than
seven days is considered persistent, while long-standing, persistent AF refers to continuous
AF lasting >1 year [2]. It is generally accepted, however, that this classification scheme
does not accurately reflect the diversity of the underlying pro-arrhythmic atrial substrate
in patients with AF. The role of catheter ablation as a rhythm control strategy in AF is
well established. In contrast to paroxysmal AF patients, in whom one-year success rates
are reported as high as 90% with current workflows [3], outcomes are significantly more
modest in persistent AF, with many patients requiring multiple procedures to maintain
sinus rhythm. In these patients, progressive structural and electrical remodeling creates
a substrate for the initiation and maintenance of AF in the body of the left atrium. As
such, more extensive ablation strategies have been advocated in the persistent AF cohort
including linear ablation, ablation of complex fractionated electrograms, and rotor and
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voltage-based ablation [4–7]. In this review we provide an overview of the major ablation
strategies utilized in the last two decades, we discuss developments in AF mapping and
its application to clinical ablation and we highlight contemporary advances in ablation
technology demonstrating promise for the creation of durable lesion sets in the persistent
AF population.

2. Catheter Ablation—The Historical Perspective

The observation by Haissaguerre et al. nearly two decades ago that AF may be initiated
by focal pulmonary vein triggers led to the development of the pulmonary vein isolation (PVI)
radiofrequency (RF) ablation procedure, the endpoint of which is electrical disconnection
of the pulmonary veins [8]. PVI represents the cornerstone of AF ablation worldwide with
current ESC guidelines recommending it as a primary strategy for all AF patients under-
going ablation (class I, level of evidence A) [2]. Indeed, a 2015 survey reported that PVI
alone is performed for first-time persistent AF ablation in 67% of 30 European centres with
one-year success rates off anti-arrhythmic drugs in the range of 50–60% [9]. It is important
to view the current emphasis on PVI alone in the context of the historical evolution of
catheter ablation for persistent AF as it represents a return towards a simplified workflow
following the evaluation of various adjunctive strategies over the last two decades.

Although the majority of studies evaluating the technique of PVI, evolving from
targeted ablation of ectopy within the pulmonary veins to wide area circumferential
ablation, focused on paroxysmal AF patients, several assessed this approach in persistent
AF patients. An early study of segmental isolation of the pulmonary veins including a small
number of persistent AF patients demonstrated significantly lower success rates at one
year compared to those with paroxysmal AF, with over 50% experiencing recurrence [10].
Although better outcomes were seen in subsequent larger studies, results were largely
underwhelming, with freedom from AF in the range of 58–69% at ≥1 year, and higher
recurrence rates in persistent vs. paroxysmal AF patients being a frequent finding [11–13].

The inferior results seen with PVI alone in the persistent AF cohort are likely to reflect
substrate-driven AF, in the setting of more advanced atrial remodeling, as distinct from
trigger-driven AF in early paroxysmal AF which responds well to PVI. Conduction velocity
heterogeneity and altered tissue refractoriness consequent on progressive atrial fibrosis
and dilatation increase vulnerability to the development and maintenance of AF [14–17].
Furthermore, left atrial fibrosis burden (measured on cardiac MRI imaging and invasive
voltage mapping) and dimensions are associated with persistence of AF [18–21] and
recurrence post ablation [22–25]. As such, ablation techniques targeting this arrhythmia
substrate were proposed as adjunctive strategies to PVI in persistent AF patients.

2.1. The Advent of Linear Ablation

The motivation for left atrial linear ablation was based on experience with the surgical
maze procedure involving atrial compartmentalization through the creation of lines of
electrical block, theoretically reducing the ability of the atria to sustain re-entry circuits
responsible for AF maintenance [26].

The Bordeaux group first described the technique of linear ablation at the mitral
isthmus and the left atrial roof as an adjunct to PVI in 2004 [4,27], the endpoint of which
was bidirectional block across the ablated lines. Subsequent prospective and randomized
studies of linear ablation, as an adjunct strategy to PVI, reported significantly higher rates
of sinus rhythm on follow-up compared to PVI alone, an effect that was more pronounced
in patients with persistent compared to paroxysmal AF [28–30]. Achievement of block at
the mitral isthmus was variable in these studies; however, with rates of complete mitral
isthmus block as low as 31%, although the rate of roofline block was demonstrably higher.
Furthermore, while evidence suggests that recurrence of atrial tachycardia tends to occur
less frequently in those undergoing adjunct linear ablation vs. PVI alone, incomplete block
across ablation lines has been identified as a significant risk factor for the development
of atrial tachycardia on follow up [31]. Overall, while several studies appear to support
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an incremental benefit to linear ablation in persistent AF patients, results are generally
conflicting with disappointing long-term outcomes seen in others [29,32].

2.2. Box Isolation as a Form of Linear, Endpoint Driven Ablation

A linear ablation strategy of ‘box isolation’ of the posterior left atrial wall, consisting of
a roof and an inferior transverse line joining the encircled pulmonary veins was described
by Kumagai et al. in 2007 [33] with the endpoint of complete electrical isolation of the region
bound by the ablation set. The rationale behind this approach was the isolation of focal and
re-entrant AF drivers frequently described at the left atrial posterior wall [34], reflecting its
common embryologic origin with the pulmonary veins, and the reduction in the conducting
size of the atria. Supporting this point, a mechanistic study of phase mapping in patients
with persistent AF demonstrated both a reduction in atrial critical mass and the number
of AF drivers in the body of the atrium post box isolation [35]. Conflicting reports exist
regarding the efficacy of this approach, however, and several small randomized studies
have failed to demonstrate a benefit to the box isolation strategy [36–38].

2.3. CFAE Ablation

Distinct from endpoint driven PVI and linear ablation, the ablation of complex frac-
tionated atrial electrograms (CFAE) represents a strategy that gained significant traction
over the last two decades. CFAEs can be defined as electrograms displaying continuous
electrical activity, short mean cycle lengths or complex fractionated potentials [39]. The
justification for targeting these for ablation is based on their association with sites of
slow conduction or block, anchor points for re-entry circuits, wave break, and wavefront
collision and ganglionated plexi [5,40,41]. Mapping and identification of CFAEs in sinus
rhythm or AF are facilitated by automated algorithms incorporated into contemporary
electro-anatomic mapping systems. CFAE ablation was initially proposed by Nademee et al.
in 2004 as a stand-alone ablation strategy with excellent outcomes reported in paroxysmal
and persistent AF patients undergoing ablation of sites identified during mapping in AF [5].
A subsequent study in 2007, however, failed to reproduce these results in persistent AF
patients with only 33% remaining in sinus rhythm at >1 year follow up [42]. As such CFAE
ablation was evaluated as an adjunct to PVI in the persistent AF population with mixed
results. Oral et al. failed to show an outcome benefit of incremental CFAE ablation after
PVI in long-standing persistent AF [43], findings echoed by the RADAR-AF multicentre
randomized trial in 2014 [44]. A randomized study by Elayi et al., including 144 patients
with permanent AF, demonstrated superior, albeit modest results with additional CFAE
ablation with 68% freedom from atrial arrhythmia at 16 months [45]. Furthermore, a meta-
analysis of seven randomized and non-randomized trials reported a significantly higher
rate of sinus rhythm at 12 months when CFAE ablation was performed in addition to
PVI in persistent but not paroxysmal AF patients [46] highlighting the differences in AF
mechanisms and substrate between these two populations. Of note, however, several of the
studies included in this meta-analysis evaluated a combination strategy of linear and CFAE
ablation limiting the ability to assess the added value of CFAE ablation alone. Additional
factors to consider when reviewing these studies include variability in the definition of
CFAEs and endpoints which renders it difficult to compare results between them. Further-
more, the role of CFAEs in the maintenance of AF remains unclear with a lack of correlation
previously demonstrated between sites exhibiting CFAEs during AF compared to sinus
rhythm [47] as well as a poor association between CFAE sites and local complex activation
or re-entry activity in AF [48]. These and other mechanistic studies suggest that many
CFAEs may be passive, rather than active, participants in AF perpetuation [49] potentially
leading to extensive ablation of noncritical areas, without a clear endpoint, as well as
prolonged procedure times.
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2.4. The Stepwise Approach to Ablation

A ‘stepwise’ approach for ablation combining CFAE and linear ablation in persistent
AF patients was first described by Haissaguerre et al. in 2005 [50,51]. This involved isolation
of the pulmonary veins, ablation of complex fractionated atrial activity and linear ablation
at the left atrial roof and mitral isthmus, with AF termination as a procedural endpoint. In
initial reports, this strategy resulted in termination of AF in 87% with notably high rates of
sinus rhythm (95%) at 11 months after 1 or more procedures in persistent AF patients [50].
In 2011, Rostock et al. evaluated this approach in 395 persistent AF patients and reported
a success rate of 79% after a median of 2.3 procedures and 27 months of follow-up [52].
Subsequently, in 2015, Scherr et al. reported arrhythmia-free survival rates after a mean of
2.1 procedures of 89.7%, 79.8%, and 62.9%, at 1, 2, and 5 years respectively in 150 persistent
AF patients undergoing a stepwise approach [53]. Those advocating this strategy in the
persistent AF cohort would argue that high success rates can be achieved with extensive
substrate ablation to sinus rhythm over several procedures, although efficacy tends to
diminish with time on follow-up.

The multicentre STAR AF II trial published in 2015 represents the most robust evalu-
ation of ablation strategy in persistent AF patients to date [32]. In this trial, 589 patients
were randomized to PVI vs. PVI plus CFAE ablation or PVI plus linear ablation at the left
atrial roof and mitral isthmus. At 18 months no difference was seen in outcomes between
the three ablation strategies with 59% in the PVI arm free of recurrent atrial fibrillation,
compared to 49% and 46% in the CFAE and linear ablation arms respectively (p = 0.015)
again underscoring the modest results obtainable in this patient group. This study did
not evaluate the stepwise approach, however, and in those receiving linear ablation as an
adjunct strategy block across both lines was achieved in only 74% of patients.

Despite the abundance of studies evaluating different ablation techniques in the
persistent AF population, there remains a lack of consensus regarding the optimum strategy
in this cohort and a strong suggestion from STAR AF II that ablation beyond PVI may not
be of benefit. As such, the central role of PVI is underscored in the 2020 ESC guidelines
while the employment of additional lesions beyond PVI may be considered but are ‘not
well established’ and carry a class IIb recommendation [2].

3. Mapping of AF
3.1. The Principle of Phase Mapping

In parallel with the evaluation of different ablation techniques, a drive towards a better
understanding of AF mechanisms resulted in the emergence of two major invasive and non-
invasive forms of AF mapping technology, namely ‘Focal impulse and rotor modulation’
or FIRM mapping and electrocardiographic imaging or ECGi mapping. These techniques
employ the principle of phase mapping, a mathematical approach for the assessment
of spatial and temporal periodicity in tissue and identification of periodic rotations or
‘rotors’ [54]. In mechanistic terms, a rotor is described as a form of functional re-entry
where the wavefront and wavefront tail meet at an area known as the phase singularity [55].
Optical mapping work in animal models provides compelling evidence for the existence
of rotors and their role in AF perpetuation [56] and it is from insights derived from such
studies that the clinical translation to AF mapping was based.

3.2. FIRM Mapping

FIRM mapping is an invasive endocardial phase mapping technique that utilizes
a custom-made, 64 pole basket contact catheter (FIRMap, Topera, Palo Alto, CA, USA;
Constellation, Boston Scientific, Marlborough, MA, USA) covering at least 80–90% of the
atria to map AF. AF propagation maps, generated from monophasic action potentials and
processed using specialized software, are used to guide intra-procedural elimination of
sources demonstrating appropriate spatial and temporal stability [54]. The CONFIRM
(Conventional Ablation for Atrial Fibrillation With or Without Focal Impulse and Rotor
Modulation) trial evaluated 97 AF patients (72% persistent) undergoing conventional abla-
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tion consisting of PVI ± roofline ablation vs. conventional plus FIRM guided ablation [6].
In this study, 97% of patients demonstrated temporally stable rotors or focal impulses with
a significantly greater number seen in persistent compared to paroxysmal AF patients. Ab-
lation of these drivers resulted in AF termination or slowing in 86% of participants and at a
median follow-up of 273 days, single procedure freedom from AF was significantly greater
in patients undergoing adjunct FIRM guided ablation (82.4% vs. 44.9%, p < 0.001). These
results were maintained at three years [57] leading the authors to conclude that this novel
mechanistic-based ablation technique may offer a promising future treatment paradigm
for AF. Nevertheless, other groups have failed to replicate the success of the CONFIRM
trial with success rates of <40% demonstrated in further studies with this approach [58,59].
Furthermore, early results from the REAFFIRM trial, the only prospective, randomized
trial comparing adjunct FIRM guided ablation to conventional PVI failed to demonstrate a
benefit in 375 persistent AF patients with similar single procedure success rates at 1 year
(69.3% vs. 67.5%, p = 0.96) [60].

3.3. ECGi Mapping

Electrocardiographic imaging mapping or ECGi mapping is a non-invasive phase
mapping approach that utilizes a 252 body-surface electrode array combined with thoracic
imaging to display virtual cardiac potentials on the epicardial surface (Figure 1). Re-
entrant and focal activities are identified from activation maps generated from unipolar
electrograms combined with phase mapping analysis. This technique was first applied by
Cuculich et al. in 2010 in a study of continuous bi-atrial activation mapping in human AF
validated against invasively generated CARTO maps [61]. In this study, multiple wavelets
were identified as the most common pattern of activation in 92% and ablation at critical
sites on ECGi resulted in restoration of sinus rhythm. Subsequently, using the commercially
available ECVUE mapping system (CardioInsight, Cleveland, OH, USA), the Bordeaux
group described unstable re-entry circuits with varying spatio-temporal activity (in contrast
to the stable focal sources demonstrated on FIRM mapping) as the predominant sustaining
mechanism in 103 persistent AF patients [62,63]. In patients with ablation-induced AF
termination, arrhythmia-free survival was 87% at one year, similar to a comparison group
undergoing the stepwise approach. In 2017, the multicentre AFACART study reported on
the efficacy of ECGi guided ablation in persistent AF patients, in eight European centres,
using AF termination as a primary endpoint [64] (Figure 1). Ablation strategy consisted of
targeted ablation of drivers and PVI, with further linear ablation if AF persisted. In total
4.9 ± 1.0 driver sites were mapped per patient with 53% located in the left atrium and 27%
in the right atrium. Driver-only ablation resulted in AF termination in 64% of patients with
77% free from AF at one year. It is worth noting however that no randomized trial exists to
date evaluating this technology in AF ablation.

Inherent limitations of these mapping techniques relate to electrode density and mapping
resolution as well as the potential for poor electrode contact in the case of invasive FIRM
mapping. Transformation of electrograms using phase mapping is a complex process, and
an obvious disadvantage is a limited ability for raw signal analysis by the operator prior
to transformation. This, coupled with conflicting results regarding driver stability using
FIRM vs. ECGi mapping has fueled skepticism about reproducibility and validity. In recent
years, further systems have been developed to facilitate mapping of focal and rotational
activity without the need for phase mapping transformation including the Cartofinder
(Biosense Webster) contact mapping system and the AcQMap (Acutus Medical) non-contact
ultrasound-based mapping system. These platforms are capable of identifying focal and
rotational activation during AF with the elimination of such activity associated with high
procedural AF termination and midterm success rates of up to 72% in persistent AF
patients [65,66]. As for ECGi mapping, no randomized trials exist for these techniques.
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Taken together, the aforementioned studies do not suggest a significant incremental
benefit of an adjunct ablation strategy targeting rotors or drivers, with arrhythmia-free
survival similar to a conventional ablation approach. Further development in mapping
technology and standardization of electrogram analysis is needed to facilitate ongoing
understanding of AF mechanisms that can be translated into a meaningful clinical benefit
to the patient.

4. Novel Technology for Catheter Ablation

Returning to the central message of STAR AF II, and considering the overall modest
results reported with mechanistic mapping techniques, in recent years focus has been
placed on the biophysics of ablation and the durability of ablation lesions. Although
the inferior results seen in persistent AF ablation may be explained by an incomplete
understanding of AF mechanisms, another possible explanation is a failure to achieve
durable transmural ablation lesions at index procedure. Certainly, prior to the introduction
of contact force sensing catheters, rates of pulmonary vein reconnection at repeat procedure
were reported as high as 94% [67] while significantly lower rates were seen with contact
force sensing technology [68,69]. Nevertheless, the multicentre, randomized TOUCH-AF
trial failed to demonstrate an outcome benefit to contact force guided ablation in persistent
AF patients, although gaps in lesion sets were associated with significantly less contact
force and a lower force–time integral [70]. Contact force, however, represents only one
metric of ablation lesion assessment and the force-time integral does not account for power
delivery to the myocardium. As such, in recent years more complex models of lesion
prediction have been developed.

4.1. Optimized Workflows for Ablation

The Ablation Index (Carto3, Biosense Webster) is a real-time lesion assessment index
incorporating force, time, and power in a weighted formula. Ablation Index has been shown
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in canine studies to predict lesion depth [71] and in humans to identify sites of pulmonary
vein reconnection at repeat procedure [72]. Lesion contiguity is also crucial to pulmonary
vein reconnection [73]. High single procedure success rates have been demonstrated using
a novel workflow, ‘the CLOSE protocol’, focused on the creation of contiguous (interlesion
distance ≤ 6 mm), optimized RF lesions with targeted Ablation Index values (550 anterior,
400 posterior) in patients with paroxysmal AF [74,75]. The PRAISE-AF study assessed
this protocol in 44 patients with persistent AF undergoing first-time PVI with a protocol-
mandated repeat procedure at 2 months [76]. Pulmonary vein reconnection was seen in
22% of patients at repeat procedure and ablation at the intervenous carina required in
44% to achieve durable PVI. At one year 95% of patients were in sinus rhythm leading the
authors to conclude that high clinical success rates can be achieved in most persistent AF
patients using optimized AI guided PVI alone, re-emphasizing the central role of PVI in
current guidelines.

4.2. Novel Techniques for Substrate Ablation
4.2.1. Optimized RF Lesions for Linear Ablation

Aside from PVI, novel RF delivery protocols have been employed for, and shown
benefit in, additional substrate ablation in patients with persistent AF. The ALINE study ex-
amined the effect of optimized, contiguous RF lesion delivery (interlesion distance ≤ 6 mm,
ablation index ≥ 550) on the rate of first-pass block of linear ablation at the left atrial roof
and mitral isthmus in 41 patients with persistent AF. A high rate of first-pass block at the
roof (93%) but not the mitral line (23%) was reported using this protocol [77] (Figure 2).
Additional endocardial and epicardial RF applications resulted in a final rate of bidirec-
tional mitral isthmus block of 80%, underscoring the challenges with RF ablation alone at
this site.
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4.2.2. Vein of Marshall Ethanolization

Indeed, the complex anatomy of the mitral isthmus often necessitates additional
epicardial ablation within the coronary sinus in order to achieve block. Ethanol infusion
of the Vein of Marshall was proposed as an adjunct to RF ablation with several studies
confirming its added value for achieving block along the mitral isthmus (Figure 2). A 2020
comparative study of 262 patients demonstrated a significantly higher rate of acute mitral
isthmus block (98.7% vs. 63.6%) with adjunct Vein of Marshall ethanolization compared to
RF only, with more durable block at repeat procedure [78]. A further publication from the
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same group again emphasized the high rate of mitral isthmus block achievable (98%) with
Vein of Marshall ethanolization in combination with RF ablation endocardially and within
the great cardiac vein [79]. Aside from its role in facilitating block at the mitral isthmus,
the Vein of Marshall has been additionally implicated as a source of AF triggers and the
site of parasympathetic and sympathetic nerve fibers important in the pathogenesis and
maintenance of AF [80,81]. Emphasising this point, the recently published VENUS-AF
trial randomized 343 patients with persistent AF to catheter ablation alone vs. catheter
ablation plus Vein of Marshall ethanol infusion and reported significantly greater freedom
from AF or atrial tachycardia at 6 and 12 months post-procedure [82]. Secondary analysis
identified the presence of peri-mitral block as a significant determinant of post-procedural
success [83]. Nevertheless, arrhythmia-free survival was modest (65.2% vs. 53.8%) with a
significant amount of additional substrate ablation performed in both groups. While the
rate of mitral isthmus block is undoubtedly improved with this technique, further work is
needed to fully elucidate any associated incremental benefit on outcomes in the persistent
AF population.

4.2.3. Voltage Guided Ablation

Invasive assessment of atrial bipolar voltage has gained significant attention over the
last number of years, with left atrial scarring, defined as a bipolar voltage of <0.05 mV
in sinus rhythm, identified as a powerful independent predictor of AF recurrence post
ablation [23]. In recent years several groups have evaluated strategies of voltage guided
ablation through ablation or isolation of low voltage regions with favourable outcomes,
albeit in small numbers. Rolf et al. reported similar success rates for those with low voltage
areas undergoing voltage guided ablation compared to patients without low voltage areas
undergoing standard ablation [84]. In 2016, Cutler et al. demonstrated an improvement
in outcome when voltage maps were used to guide additional ablation along the left
atrial posterior wall in a small retrospective study [7]. The STABLE-SR multicentre study
randomized patients to PVI and homogenization of low voltage areas or the stepwise
approach with similar success rates (74% vs. 71%, p = 0.325) albeit with lower procedure
and fluoroscopy times in those undergoing the voltage guided approach [85]. Endpoints
and ablation strategies vary between studies however and large-scale trials with clear and
standardized endpoints are needed to ascertain the added value of this approach.

4.3. Cryoablation for AF

In the last decade, cryoablation, the ‘single-shot’ technique of isolating the pulmonary
veins using a cryoballoon cooled to approximately −40 ◦C has emerged as an alternative
catheter ablation strategy in patients with AF [86]. Its non-inferiority to a conventional
RF ablation approach in both safety and efficacy was demonstrated in the Fire and Ice
multicentre randomized controlled trial in paroxysmal AF patients [87]. More recently, the
multicentre STOP Persistent AF study supported its safety and feasibility in the persistent
AF population with 12-month freedom from AF of 54.8% [88]. Further multicentre registry
data demonstrated a 61% single procedure freedom from AF at a median of 2.4 years in the
persistent AF cohort [89]. The Fire and Ice II randomized trial will compare outcomes be-
tween cryo and RF ablation in persistent AF patients and will be important in determining
the ongoing role of the technique in this population [90].

4.4. Outcomes Measures and Proposed Workflow for Persistent AF Ablation

Given the variable success rates reported in prior studies of ablation outcome, it is
important to consider the methods employed for post-procedural rhythm monitoring
when interpreting results. The intensity of rhythm monitoring on follow-up has been
demonstrated in multiple studies to be associated with greater sensitivity and specificity
for the detection of arrhythmia recurrence [91]. This is of relevance given the considerable
variability between studies regarding the timeframe, duration, and method of follow-up
monitoring. While earlier studies tended to employ 24-h Holter monitoring at 3–6 month
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intervals for detection of recurrence, in recent years there has been a trend towards more
intensive monitoring with 7-day to 1-month monitoring or continuous monitoring with
implantable loop recorders.

Although procedural success has been traditionally defined as freedom from ≥30 s of
atrial tachyarrhythmia, the CLOSE to CURE study evaluating ‘CLOSE’ protocol guided ab-
lation utilized the novel outcome measure of atrial tachyarrhythmia burden on implantable
cardiac monitoring. In this study, a 100% reduction in arrhythmia burden was demonstrated
on follow-up [74]. This redefinition of endpoints may be of relevance to the persistent
AF population in whom a significant reduction in atrial arrhythmia burden undoubtedly
represents a more clinically meaningful outcome than traditionally employed endpoints.

The broad spectrum of atrial remodeling encompassed by the term persistent AF
suggests that ‘patient-tailored’ ablation may be a more appropriate strategy than ‘one
size fits all’ ablation in this cohort. In our centre, therefore, we undertake a workflow
for first-time persistent AF ablation that is guided by AF burden on continuous long-
term monitoring and the presence of risk factors for non-PV triggered AF. Those with
self-terminating AF and no features of advanced atrial remodeling are deemed to have
‘pseudo’ persistent AF and undergo PVI alone as per the CLOSE protocol [3]. Patients
not fulfilling these criteria are deemed to have truly persistent AF and undergo PVI plus
substrate modulation consisting of a roof and mitral isthmus line using the ALINE criteria
facilitated by Vein of Marshall ethanolization (Figure 3). This protocol is being evaluated as
part of the ongoing CLOSEMAZE study with atrial tachyarrhythmia burden on continuous
monitoring as a primary endpoint. Preliminary data suggest that one-third of recruited
patients with persistent arrhythmia, resistant to anti-arrhythmic medication and requiring
at least one cardioversion, demonstrate self-terminating AF. This again underscores the
diversity of the AF substrate amongst patients with persistent AF and the need for a better
understanding of AF mechanisms and optimization of substrate assessment in order to
guide treatment on a more individualized basis.
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ablation at the roof and mitral isthmus facilitated by Vein of Marshall ethanolization. VoM = Vein of
Marshall (ethanolization).
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5. Future Perspectives
5.1. High Power–Short Duration Ablation

High power–short duration ablation is a novel technique that offers a theoretical
advantage due to a reduction in the time-dependent conductive heating phase of lesion
formation with less consequent collateral tissue damage [92]. In swine, high power–short
duration ablation at 90 Watts results in more contiguous lesions than conventional ablation
with a wider diameter but shallower depth [93]. In humans, the single centre Power-
AF study demonstrated greater procedural efficiency and similar midterm efficacy in
paroxysmal AF patients undergoing CLOSE protocol guided PVI at 45 W vs. 35 W [94].
The QDOT Fast multicentre study evaluating very high power ablation demonstrated
the feasibility of 90 W/4 s ablation, again in paroxysmal AF patients [95]. A significant
oesophageal complication occurred in both studies; however, suggesting a narrower margin
of safety with increased power at the posterior wall. Ongoing studies will shed light on
safety concerns and the potential role for this novel ablation technology in expanded
populations including those with persistent AF.

5.2. Pulsed Field Ablation

One of the most exciting developments in ablation delivery in recent years is that of
pulsed field ablation (PFA), a non-thermal ablative technique that causes cell death through
the destabilization of cell membranes. Its potential advantage over RF lies in the preferential
targeting of myocardial tissue with a reduction in collateral tissue damage demonstrated in
pre-clinical studies [96–98]. The first-in-human IMPULSE and PEFCAT trials evaluating
the Farapulse PFA system and multi-spline catheter (Farapulse, Menlo Park, CA, USA) in
81 patients with paroxysmal AF reported 100% PVI durability at three months along with an
excellent safety profile [99]. Subsequently, the same group performed an evaluation of this
technology in patients with persistent AF using the multi-spline PFA catheter for PVI and
posterior left atrial wall ablation [100]. Isolation of the pulmonary veins and the posterior
wall was achieved in all patients and re-evaluated at 75 days post-procedure. In all cases,
the posterior wall remained isolated, as did 96% of pulmonary veins. The favorable safety
and efficacy profile demonstrated in this small study led the authors to conclude that PFA
may have a promising role in the treatment of persistent AF patients. Ongoing trials in this
field include the PULSED AF and INSPIRE trials; prospective, non-randomized, multicentre
studies evaluating the safety and efficacy of the Medtronic PulseSelect platform for PFA
delivery and the Biosense Webster PFA system and VARIPULSE catheter respectively.
Initial results from the PULSED AF trial report 100% acute pulmonary vein isolation with
no significant safety concerns [101]. Further technological development has allowed for
combined PFA and RF delivery using a novel expandable lattice catheter which has shown
promise for short-term efficacy and safety in patients undergoing PVI and linear ablation
at the LA roof, mitral isthmus, and CTI [102,103]. Although large-scale trials are needed
for further assessment, this combined approach may have application in persistent AF
patients in whom additional substrate modification is required and may not be achieved
with a PFA catheter alone. Data on safety and mid-term outcomes from large-scale trials
will be essential to fully ascertain the role of this exciting technology going forward and
the patient groups likely to derive the greatest benefit from it.

6. Conclusions

Patients with persistent AF remain a particularly challenging cohort with conflicting
evidence regarding the optimal catheter ablation strategy in these patients. Progressive
atrial remodeling beyond the pulmonary veins results in substrate-driven AF that is likely
to be mechanistically different from that seen in paroxysmal disease, with further signifi-
cant variation in the degree of remodeling within the persistent AF cohort itself. Despite
the wealth of published data on adjunctive substrate-based ablation for persistent AF, no
technique has demonstrated a consistent benefit over PVI alone, and latest guidelines
underscore the central role of PVI in all patient populations. Advances in catheter tech-
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nology coupled with optimized, parameter-driven ablation workflows have translated
into increased PVI durability on follow-up in recent years, with novel methods for energy
delivery demonstrating further potential for improving ablation efficacy and safety. This
progress coupled with ongoing research into AF mechanisms and advanced substrate
assessment will be central to the refinement of ablation strategy on a more individualized
basis and the improvement of outcomes in this population.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Krijthe, B.P.; Kunst, A.; Benjamin, E.J.; Lip, G.Y.H.; Franco, O.H.; Hofman, A.; Witteman, J.C.M.; Stricker, B.H.; Heeringa, J.

Projections on the number of individuals with atrial fibrillation in the European Union, from 2000 to 2060. Eur. Heart J. 2013,
34, 2746–2751. [CrossRef]

2. Hindricks, G.; Potpara, T.; Dagres, N.; Bax, J.J.; Boriani, G.; Dan, G.A.; Fauchier, L.; Kalman, J.M.; Lane, D.A.; Lettino, M.; et al.
2020 ESC Guidelines for the diagnosis and management of atrial fibrillation developed in collaboration with the European
Association for Cardio-Thoracic Surgery (EACTS). Eur. Heart J. 2021, 42, 373–498. [CrossRef] [PubMed]

3. Taghji, P.; El Haddad, M.; Phlips, T.; Wolf, M.; Knecht, S.; Vandekerckhove, Y.; Tavernier, R.; Nakagawa, H.; Duytschaever, M.
Evaluation of a Strategy Aiming to Enclose the Pulmonary Veins with Contiguous and Optimized Radiofrequency Lesions in
Paroxysmal Atrial Fibrillation: A Pilot Study. JACC Clin. Electrophysiol. 2018, 4, 99–108. [CrossRef]

4. Jaïs, P.; Hocini, M.; Hsu, L.F.; Sanders, P.; Scavee, C.; Weerasooriya, R.; Macle, L.; Raybaud, F.; Garrigue, S.; Shah, D.C.; et al.
Technique and results of linear ablation at the mitral isthmus. Circulation 2004, 110, 2996–3002. [CrossRef]

5. Nademanee, K.; McKenzie, J.; Kosar, E.; Schwab, M.; Sunsaneewitayakul, B.; Vasavakul, T.; Khunnawat, C.; Ngarmukos, T. A
new approach for catheter ablation of atrial fibrillation: Mapping of the electrophysiologic substrate. J. Am. Coll. Cardiol. 2004,
43, 2044–2053. [CrossRef]

6. Narayan, S.M.; Krummen, D.E.; Shivkumar, K.; Clopton, P.; Rappel, W.J.; Miller, J.M. Treatment of atrial fibrillation by the
ablation of localized sources: CONFIRM (Conventional Ablation for Atrial Fibrillation with or Without Focal Impulse and Rotor
Modulation) trial. J. Am. Coll. Cardiol. 2012, 60, 628–636. [CrossRef]

7. Cutler, M.J.; Johnson, J.; Abozguia, K.; Rowan, S.; Lewis, W.; Costantini, O.; Natale, A.; Ziv, O. Impact of Voltage Mapping to
Guide Whether to Perform Ablation of the Posterior Wall in Patients with Persistent Atrial Fibrillation. J. Cardiovasc. Electrophysiol.
2016, 27, 13–21. [CrossRef]

8. Haissaguerre, M.; Jais, P.; Shah, D.C.; Takahashi, A.; Hocini, M.; Quiniou, G.; Garrigue, S.; Le Mouroux, A.; Le Metayer, P.;
Clementy, J. Spontaneous initiation of atrial fibrillation by ectopic beats originating in the pulmonary veins. N. Engl. J. Med. 1998,
339, 659–666. [CrossRef]

9. Dagres, N.; Bongiorni, M.G.; Larsen, T.B.; Hernandez-Madrid, A.; Pison, L.; Blomström-Lundqvist, C. Current ablation techniques for
persistent atrial fibrillation: Results of the European Heart Rhythm Association Survey. Europace 2015, 17, 1596–1600. [CrossRef]
[PubMed]

10. Arentz, T.; Von Rosenthal, J.; Blum, T.; Stockinger, J.; Bürkle, G.; Weber, R.; Jander, N.; Neumann, F.J.; Kalusche, D. Feasibility and
Safety of Pulmonary Vein Isolation Using a New Mapping and Navigation System in Patients with Refractory Atrial Fibrillation.
Circulation 2003, 108, 2484–2490. [CrossRef]

11. Bhargava, M.; Di Biase, L.; Mohanty, P.; Prasad, S.; Martin, D.O.; Williams-Andrews, M.; Wazni, O.M.; Burkhardt, J.D.; Cummings,
J.E.; Khaykin, Y.; et al. Impact of type of atrial fibrillation and repeat catheter ablation on long-term freedom from atrial fibrillation:
Results from a multicenter study. Heart Rhythm 2009, 6, 1403–1412. [CrossRef]

12. Tzou, W.S.; Marchlinski, F.E.; Zado, E.S.; Lin, D.; Dixit, S.; Callans, D.J.; Cooper, J.M.; Bala, R.; Garcia, F.; Hutchinson, M.D.; et al.
Long-term outcome after successful catheter ablation of atrial fibrillation. Circ. Arrhythmia Electrophysiol. 2010, 3, 237–242.
[CrossRef]

13. Bertaglia, E.; Tondo, C.; De Simone, A.; Zoppo, F.; Mantica, M.; Turco, P.; Iuliano, A.; Forleo, G.; La Rocca, V.; Stabile, G.
Does catheter ablation cure atrial fibrillation? Single-procedure outcome of drug-refractory atrial fibrillation ablation: A 6-year
multicentre experience. Europace 2010, 12, 181–187. [CrossRef] [PubMed]

14. Platonov, P.G. Atrial fibrosis: An obligatory component of arrhythmia mechanisms in atrial fibrillation? J. Geriatr. Cardiol. 2017,
14, 233–237.

http://doi.org/10.1093/eurheartj/eht280
http://doi.org/10.1093/eurheartj/ehaa612
http://www.ncbi.nlm.nih.gov/pubmed/32860505
http://doi.org/10.1016/j.jacep.2017.06.023
http://doi.org/10.1161/01.CIR.0000146917.75041.58
http://doi.org/10.1016/j.jacc.2003.12.054
http://doi.org/10.1016/j.jacc.2012.05.022
http://doi.org/10.1111/jce.12830
http://doi.org/10.1056/NEJM199809033391003
http://doi.org/10.1093/europace/euv323
http://www.ncbi.nlm.nih.gov/pubmed/26498718
http://doi.org/10.1161/01.CIR.0000097118.75179.83
http://doi.org/10.1016/j.hrthm.2009.06.014
http://doi.org/10.1161/CIRCEP.109.923771
http://doi.org/10.1093/europace/eup349
http://www.ncbi.nlm.nih.gov/pubmed/19887458


J. Clin. Med. 2021, 10, 4060 12 of 16

15. Williams, S.E.; Linton, N.W.F.; Harrison, J.; Chubb, H.; Whitaker, J.; Gill, J.; Rinaldi, C.A.; Razavi, R.; Niederer, S.; Wright, M.; et al.
Intra-Atrial Conduction Delay Revealed by Multisite Incremental Atrial Pacing is an Independent Marker of Remodeling in
Human Atrial Fibrillation. JACC Clin. Electrophysiol. 2017, 3, 1006–1017. [CrossRef] [PubMed]

16. Ravelli, F.; Allessie, M. Effects of atrial dilatation on refractory period and vulnerability to atrial fibrillation in the isolated
Langendorff-perfused rabbit heart. Circulation 1997, 96, 1686–1695. [CrossRef]

17. Sparks, P.B.; Mond, H.G.; Vohra, J.K.; Jayaprakash, S.; Kalman, J.M. Electrical remodeling of the atria following loss of atrioven-
tricular synchrony: A long-term study in humans. Circulation 1999, 100, 1894–1900. [CrossRef] [PubMed]

18. Frustaci, A.; Chimenti, C.; Bellocci, F.; Morgante, E.; Russo, M.A.; Maseri, A. Histological substrate of atrial biopsies in patients
with lone atrial fibrillation. Circulation 1997, 96, 1180–1184. [CrossRef] [PubMed]

19. Kostin, S.; Klein, G.; Szalay, Z.; Hein, S.; Bauer, E.P.; Schaper, J. Structural correlate of atrial fibrillation in human patients.
Cardiovasc. Res. 2002, 54, 361–379. [CrossRef]

20. Boldt, A.; Wetzel, U.; Lauschke, J.; Weigl, J.; Gummert, J.; Hindricks, G.; Kottkamp, H.; Dhein, S. Fibrosis in left atrial tissue of
patients with atrial fibrillation with and without underlying mitral valve disease. Heart 2004, 90, 400–405. [CrossRef]

21. Xu, J.; Cui, G.; Esmailian, F.; Plunkett, M.; Marelli, D.; Ardehali, A.; Odim, J.; Laks, H.; Sen, L. Atrial Extracellular Matrix
Remodeling and the Maintenance of Atrial Fibrillation. Circulation 2004, 109, 363–368. [CrossRef]

22. Fiala, M.; Wichterle, D.; Chovancik, J.; Bulkova, V.; Wojnarova, D.; Nevralova, R.; Januska, J. Left atrial voltage during atrial
fibrillation in paroxysmal and persistent atrial fibrillation patients. Pacing Clin. Electrophysiol. 2010, 33, 541–548. [CrossRef]
[PubMed]

23. Verma, A.; Wazni, O.M.; Marrouche, N.F.; Martin, D.O.; Kilicaslan, F.; Minor, S.; Schweikert, R.A.; Saliba, W.; Cummings, J.;
Burkhardt, J.D.; et al. Pre-existent left atrial scarring in patients undergoing pulmonary vein antrum isolation: An independent
predictor of procedural failure. J. Am. Coll. Cardiol. 2005, 45, 285–292. [CrossRef] [PubMed]

24. Marrouche, N.F.; Wilber, D.; Hindricks, G.; Jais, P.; Akoum, N.; Marchlinski, F.; Kholmovski, E.; Burgon, N.; Hu, N.; Mont, L.; et al.
Association of Atrial Tissue Fibrosis Identified by Delayed Enhancement MRI and Atrial Fibrillation Catheter Ablation. JAMA
2014, 311, 498–506. [CrossRef] [PubMed]

25. Zhuang, J.; Wang, Y.; Tang, K.; Li, X.; Peng, W.; Liang, C.; Xu, Y. Association between left atrial size and atrial fibrillation
recurrence after single circumferential pulmonary vein isolation: A systematic review and meta-analysis of observational studies.
Europace 2012, 14, 638–645. [CrossRef] [PubMed]

26. Pak, H.N.; Oh, Y.S.; Lim, H.E.; Kim, Y.H.; Hwang, C. Comparison of voltage map-guided left atrial anterior wall ablation versus
left lateral mitral isthmus ablation in patients with persistent atrial fibrillation. Heart Rhythm 2011, 8, 199–206. [CrossRef]

27. Hocini, M.; Jaïs, P.; Sanders, P.; Takahashi, Y.; Rotter, M.; Rostock, T.; Hsu, L.F.; Sacher, F.; Reuter, S.; Clémenty, J.; et al. Techniques,
evaluation, and consequences of linear block at the left atrial roof in paroxysmal atrial fibrillation: A prospective randomized
study. Circulation 2005, 112, 3688–3696. [CrossRef] [PubMed]

28. Fassini, G.; Riva, S.; Chiodelli, R.; Trevisi, N.; Berti, M.; Carbucicchio, C.; Maccabelli, G.; Giraldi, F.; Bella, P.D. Left mitral isthmus
ablation associated with PV isolation: Long-term results of a prospective randomized study. J. Cardiovasc. Electrophysiol. 2005,
16, 1150–1156. [CrossRef]

29. Gaita, F.; Caponi, D.; Scaglione, M.; Montefusco, A.; Corleto, A.; Di Monte, F.; Coin, D.; Di Donna, P.; Giustetto, C. Long-term
clinical results of 2 different ablation strategies in patients with paroxysmal and persistent atrial fibrillation. Circ. Arrhythmia
Electrophysiol. 2008, 1, 269–275. [CrossRef] [PubMed]

30. Kettering, K.; Yim, D.H.; Gramley, F. Catheter ablation of persistent atrial fibrillation: Circumferential pulmonary vein ablation:
Beneficial effect of an additional linear lesion at the roof of the left atrium on the long-term outcome. Herzschrittmacherther.
Elektrophysiol. 2017, 28, 328–334. [CrossRef]

31. Knecht, S.; Hocini, M.; Wright, M.; Lellouche, N.; O’Neill, M.D.; Matsuo, S.; Nault, I.; Chauhan, V.S.; Makati, K.J.; Bevilacqua,
M.; et al. Left atrial linear lesions are required for successful treatment of persistent atrial fibrillation. Eur. Heart J. 2008,
29, 2359–2366. [CrossRef]

32. Verma, A.; Jiang, C.; Betts, T.R.; Chen, J.; Deisenhofer, I.; Mantovan, R.; Macle, L.; Morillo, C.A.; Haverkamp, W.; Weerasooriya,
R.; et al. STAR AF II Investigators. Approaches to Catheter Ablation for Persistent Atrial Fibrillation. N. Engl. J. Med. 2015,
372, 1812–1822. [CrossRef]

33. Kumagai, K.; Muraoka, S.; Mitsutake, C.; Takashima, H.; Nakashima, H. A New Approach for Complete Isolation of the Posterior
Left Atrium Including Pulmonary Veins for Atrial Fibrillation. J. Cardiovasc. Electrophysiol. 2007, 18, 1047–1052. [CrossRef]

34. Lin, W.-S.; Tai, C.-T.; Hsieh, M.-H.; Tsai, C.-F.; Lin, Y.-K.; Tsao, H.-M.; Huang, J.-L.; Yu, W.-C.; Yang, S.-P.; Ding, Y.-A.; et al. Catheter
Ablation of Paroxysmal Atrial Fibrillation Initiated by Non–Pulmonary Vein Ectopy. Circulation 2003, 107, 3176–3183. [CrossRef]
[PubMed]

35. Kumagai, K.; Toyama, H.; Ashihara, T. Impact of Box Isolation on Rotors and Multiple Wavelets in Persistent Atrial Fibrillation.
Circ. J. 2020, 84, 419–426. [CrossRef] [PubMed]

36. Mun, H.S.; Joung, B.; Shim, J.; Hwang, H.J.; Kim, J.Y.; Lee, M.H.; Pak, H.N. Does additional linear ablation after circumferential
pulmonary vein isolation improve clinical outcome in patients with paroxysmal atrial fibrillation? Prospective randomised study.
Heart 2012, 98, 480–484. [CrossRef]

http://doi.org/10.1016/j.jacep.2017.02.012
http://www.ncbi.nlm.nih.gov/pubmed/28966986
http://doi.org/10.1161/01.CIR.96.5.1686
http://doi.org/10.1161/01.CIR.100.18.1894
http://www.ncbi.nlm.nih.gov/pubmed/10545434
http://doi.org/10.1161/01.CIR.96.4.1180
http://www.ncbi.nlm.nih.gov/pubmed/9286947
http://doi.org/10.1016/S0008-6363(02)00273-0
http://doi.org/10.1136/hrt.2003.015347
http://doi.org/10.1161/01.CIR.0000109495.02213.52
http://doi.org/10.1111/j.1540-8159.2009.02646.x
http://www.ncbi.nlm.nih.gov/pubmed/20025720
http://doi.org/10.1016/j.jacc.2004.10.035
http://www.ncbi.nlm.nih.gov/pubmed/15653029
http://doi.org/10.1001/jama.2014.3
http://www.ncbi.nlm.nih.gov/pubmed/24496537
http://doi.org/10.1093/europace/eur364
http://www.ncbi.nlm.nih.gov/pubmed/22117033
http://doi.org/10.1016/j.hrthm.2010.10.015
http://doi.org/10.1161/CIRCULATIONAHA.105.541052
http://www.ncbi.nlm.nih.gov/pubmed/16344401
http://doi.org/10.1111/j.1540-8167.2005.50192.x
http://doi.org/10.1161/CIRCEP.108.774885
http://www.ncbi.nlm.nih.gov/pubmed/19808418
http://doi.org/10.1007/s00399-017-0519-x
http://doi.org/10.1093/eurheartj/ehn302
http://doi.org/10.1056/NEJMoa1408288
http://doi.org/10.1111/j.1540-8167.2007.00911.x
http://doi.org/10.1161/01.CIR.0000074206.52056.2D
http://www.ncbi.nlm.nih.gov/pubmed/12821558
http://doi.org/10.1253/circj.CJ-19-0826
http://www.ncbi.nlm.nih.gov/pubmed/32051349
http://doi.org/10.1136/heartjnl-2011-301107


J. Clin. Med. 2021, 10, 4060 13 of 16

37. Tamborero, D.; Mont, L.; Berruezo, A.; Matiello, M.; Benito, B.; Sitges, M.; Vidal, B.; Caralt, T.M.; Perea, R.J.; Vatasescu, R.; et al.
Left atrial posterior wall isolation does not improve the outcome of circumferential pulmonary vein ablation for atrial fibrillation:
A prospective randomized study. Circ. Arrhythmia Electrophysiol. 2009, 2, 35–40. [CrossRef] [PubMed]

38. Pak, H.N.; Park, J.; Park, J.W.; Yang, S.Y.; Yu, H.T.; Kim, T.H.; Uhm, J.S.; Choi, J., II; Joung, B.; Lee, M.H.; et al. Electrical Posterior
Box Isolation in Persistent Atrial Fibrillation Changed to Paroxysmal Atrial Fibrillation: A Multicenter, Prospective, Randomized
Study. Circ. Arrhythmia Electrophysiol. 2020, 13, 938–947. [CrossRef] [PubMed]

39. Latchamsetty, R.; Morady, F. Complex fractionated atrial electrograms a worthwhile target for ablation of atrial fibrillation? Circ.
Arrhythmia Electrophysiol. 2011, 4, 117–118. [CrossRef]

40. Kalifa, J.; Tanaka, K.; Zaitsev, A.V.; Warren, M.; Vaidyanathan, R.; Auerbach, D.; Pandit, S.; Vikstrom, K.L.; Ploutz-Snyder, R.;
Talkachou, A.; et al. Mechanisms of wave fractionation at boundaries of high-frequency excitation in the posterior left atrium of
the isolated sheep heart during atrial fibrillation. Circulation 2006, 113, 626–633. [CrossRef]

41. Lin, J.; Scherlag, B.J.; Zhou, J.; Lu, Z.; Patterson, E.; Jackman, W.M.; Lazzara, R.; Po, S.S. Autonomic mechanism to explain complex
fractionated atrial electrograms (CFAE). J. Cardiovasc. Electrophysiol. 2007, 18, 1197–1205. [CrossRef] [PubMed]

42. Oral, H.; Chugh, A.; Good, E.; Wimmer, A.; Dey, S.; Gadeela, N.; Sankaran, S.; Crawford, T.; Sarrazin, J.F.; Kuhne, M.; et al.
Radiofrequency catheter ablation of chronic atrial fibrillation guided by complex electrograms. Circulation 2007, 115, 2606–2612.
[CrossRef]

43. Oral, H.; Chugh, A.; Yoshida, K.; Sarrazin, J.F.; Kuhne, M.; Crawford, T.; Chalfoun, N.; Wells, D.; Boonyapisit, W.; Veerareddy,
S.; et al. A Randomized Assessment of the Incremental Role of Ablation of Complex Fractionated Atrial Electrograms After
Antral Pulmonary Vein Isolation for Long-Lasting Persistent Atrial Fibrillation. J. Am. Coll. Cardiol. 2009, 53, 782–789. [CrossRef]

44. Atienza, F.; Almendral, J.; Ormaetxe, J.M.; Moya, Á.; Martínez-Alday, J.D.; Hernández-Madrid, A.; Castellanos, E.; Arribas, F.;
Arias, M.Á.; Tercedor, L.; et al. Comparison of radiofrequency catheter ablation of drivers and circumferential pulmonary vein
isolation in atrial fibrillation: A noninferiority randomized multicenter RADAR-AF trial. J. Am. Coll. Cardiol. 2014, 64, 2455–2467.
[CrossRef] [PubMed]

45. Elayi, C.S.; Verma, A.; Di Biase, L.; Ching, C.K.; Patel, D.; Barrett, C.; Martin, D.; Rong, B.; Fahmy, T.S.; Khaykin, Y.; et al. Ablation
for longstanding permanent atrial fibrillation: Results from a randomized study comparing three different strategies. Heart
Rhythm 2008, 5, 1658–1664. [CrossRef]

46. Li, W.J.; Bai, Y.Y.; Zhang, H.Y.; Tang, R.B.; Miao, C.L.; Sang, C.H.; Yin, X.D.; Dong, J.Z.; Ma, C.S. Additional ablation of complex
fractionated atrial electrograms after pulmonary vein isolation in patients with atrial fibrillation a meta-analysis. Circ. Arrhythmia
Electrophysiol. 2011, 4, 143–148. [CrossRef]

47. Jadidi, A.S.; Duncan, E.; Miyazaki, S.; Lellouche, N.; Shah, A.J.; Forclaz, A.; Nault, I.; Wright, M.; Rivard, L.; Liu, X.; et al.
Functional nature of electrogram fractionation demonstrated by left atrial high-density mapping. Circ. Arrhythmia Electrophysiol.
2012, 5, 32–42. [CrossRef]

48. Rostock, T.; Rotter, M.; Sanders, P.; Takahashi, Y.; Jaïs, P.; Hocini, M.; Hsu, L.F.; Sacher, F.; Clémenty, J.; Haïssaguerre, M.
High-density activation mapping of fractionated electrograms in the atria of patients with paroxysmal atrial fibrillation. Heart
Rhythm 2006, 3, 27–34. [CrossRef] [PubMed]

49. Sohal, M.; Choudhury, R.; Taghji, P.; Louw, R.; Wolf, M.; Fedida, J.; Vandekerckhove, Y.; Tavernier, R.; Duytschaever, M.; Knecht, S.
Is mapping of complex fractionated electrograms obsolete? Arrhythmia Electrophysiol. Rev. 2015, 4, 109–115. [CrossRef] [PubMed]

50. Haissaguerre, M.; Hocini, M.; Sanders, P.; Sacher, F.; Rotter, M.; Takahashi, Y.; Rostock, T.; Hsu, L.F.; Bordachar, P.; Reuter, S.; et al.
Catheter ablation of long-lasting persistent atrial fibrillation: Clinical outcome and mechanisms of subsequent arrhythmias. J.
Cardiovasc. Electrophysiol. 2005, 16, 1138–1147. [CrossRef]

51. Haïssaguerre, M.; Sanders, P.; Hocini, M.; Takahashi, Y.; Rotter, M.; Sacher, F.; Rostock, T.; Hsu, L.F.; Bordachar, P.; Reuter, S.; et al.
Catheter ablation of long-lasting persistent atrial fibrillation: Critical structures for termination. J. Cardiovasc. Electrophysiol. 2005,
16, 1125–1137. [CrossRef] [PubMed]

52. Rostock, T.; Salukhe, T.V.; Steven, D.; Drewitz, I.; Hoffmann, B.A.; Bock, K.; Servatius, H.; Müllerleile, K.; Sultan, A.; Gosau,
N.; et al. Long-term single- and multiple-procedure outcome and predictors of success after catheter ablation for persistent atrial
fibrillation. Heart Rhythm 2011, 8, 1391–1397. [CrossRef]

53. Scherr, D.; Khairy, P.; Miyazaki, S.; Aurillac-Lavignolle, V.; Pascale, P.; Wilton, S.B.; Ramoul, K.; Komatsu, Y.; Roten, L.; Jadidi,
A.; et al. Five-year outcome of catheter ablation of persistent atrial fibrillation using termination of atrial fibrillation as a procedural
endpoint. Circ. Arrhythmia Electrophysiol. 2015, 8, 18–24. [CrossRef] [PubMed]

54. Zaman, J.A.B.; Schricker, A.; Lalani, G.G.; Trikha, R.; Krummen, D.E.; Narayan, S.M. Focal impulse and rotor mapping (FIRM):
Conceptualizing and treating atrial fibrillation. J. Atr. Fibrillation 2014, 7, 1103.

55. Waks, J.W.; Josephson, M.E. Mechanisms of Atrial Fibrillation—Reentry, Rotors and Reality. Arrhythmia Electrophysiol. Rev. 2014,
3, 90–100. [CrossRef]

56. Gray, R.A.; Jalife, J.; Panfilov, A.V.; Baxter, W.T.; Cabo, C.; Davidenko, J.M.; Pertsov, A.M.; Winfree, A.T. Mechanisms of cardiac
fibrillation. Science 1995, 270, 1222–1225. [CrossRef]

57. Narayan, S.M.; Baykaner, T.; Clopton, P.; Schricker, A.; Lalani, G.G.; Krummen, D.E.; Shivkumar, K.; Miller, J.M. Ablation of rotor
and focal sources reduces late recurrence of atrial fibrillation compared with trigger ablation alone: Extended follow-up of the
CONFIRM trial (conventional ablation for atrial fibrillation with or without focal impulse and rotor modulation). J. Am. Coll.
Cardiol. 2014, 63, 1761–1768.

http://doi.org/10.1161/CIRCEP.108.797944
http://www.ncbi.nlm.nih.gov/pubmed/19808442
http://doi.org/10.1161/CIRCEP.120.008531
http://www.ncbi.nlm.nih.gov/pubmed/32755396
http://doi.org/10.1161/CIRCEP.111.962274
http://doi.org/10.1161/CIRCULATIONAHA.105.575340
http://doi.org/10.1111/j.1540-8167.2007.00976.x
http://www.ncbi.nlm.nih.gov/pubmed/17916143
http://doi.org/10.1161/CIRCULATIONAHA.107.691386
http://doi.org/10.1016/j.jacc.2008.10.054
http://doi.org/10.1016/j.jacc.2014.09.053
http://www.ncbi.nlm.nih.gov/pubmed/25500229
http://doi.org/10.1016/j.hrthm.2008.09.016
http://doi.org/10.1161/CIRCEP.110.958405
http://doi.org/10.1161/CIRCEP.111.964197
http://doi.org/10.1016/j.hrthm.2005.09.019
http://www.ncbi.nlm.nih.gov/pubmed/16399048
http://doi.org/10.15420/AER.2015.04.02.109
http://www.ncbi.nlm.nih.gov/pubmed/26835111
http://doi.org/10.1111/j.1540-8167.2005.00308.x
http://doi.org/10.1111/j.1540-8167.2005.00307.x
http://www.ncbi.nlm.nih.gov/pubmed/16302892
http://doi.org/10.1016/j.hrthm.2011.04.012
http://doi.org/10.1161/CIRCEP.114.001943
http://www.ncbi.nlm.nih.gov/pubmed/25528745
http://doi.org/10.15420/aer.2014.3.2.90
http://doi.org/10.1126/science.270.5239.1222


J. Clin. Med. 2021, 10, 4060 14 of 16

58. Buch, E.; Share, M.; Tung, R.; Benharash, P.; Sharma, P.; Koneru, J.; Mandapati, R.; Ellenbogen, K.A.; Shivkumar, K. Long-term
clinical outcomes of focal impulse and rotor modulation for treatment of atrial fibrillation: A multicenter experience. Heart
Rhythm 2016, 13, 636–641. [CrossRef] [PubMed]

59. Mohanty, S.; Gianni, C.; Trivedi, C.; Metz, T.; Bai, R.; Al-Ahmad, A.; Bailey, S.; Burkhardt, J.D.; Gallinghouse, G.J.; Horton,
R.; et al. Impact of rotor ablation in non-paroxysmal AF patients: Findings from the per-protocol population of the OASIS trial at
long-term follow-up. Am. Heart J. 2018, 205, 145–148. [CrossRef]

60. Brachmann, J.; Hummel, J.D.; Wilber, D.J.; Sarver, A.E.; Rapkin, J.; Shpun, S.; Szili-Torok, T. Prospective randomized comparison
of rotor ablation vs conventional ablation for treatment of persistent atrial fibrillation—The REAFFIRM trial. In Proceedings of
the Heart Rhythm Society Scientific Sessions, San Francisco, CA, USA, 8–11 May 2019.

61. Cuculich, P.S.; Wang, Y.; Lindsay, B.D.; Faddis, M.N.; Schuessler, R.B.; Damiano, R.J., Jr.; Li, L.; Rudy, Y. Noninvasive characteriza-
tion of epicardial activation in humans with diverse atrial fibrillation patterns. Circulation 2010, 122, 1364–1372. [CrossRef]

62. Haissaguerre, M.; Hocini, M.; Denis, A.; Shah, A.J.; Komatsu, Y.; Yamashita, S.; Daly, M.; Amraoui, S.; Zellerhoff, S.; Picat,
M.Q.; et al. Driver domains in persistent atrial fibrillation. Circulation 2014, 130, 530–538. [CrossRef] [PubMed]

63. Lim, H.S.; Hocini, M.; Dubois, R.; Denis, A.; Derval, N.; Zellerhoff, S.; Yamashita, S.; Berte, B.; Mahida, S.; Komatsu, Y.; et al.
Complexity and Distribution of Drivers in Relation to Duration of Persistent Atrial Fibrillation. J. Am. Coll. Cardiol. 2017,
69, 1257–1269. [CrossRef] [PubMed]

64. Knecht, S.; Sohal, M.; Deisenhofer, I.; Albenque, J.P.; Arentz, T.; Neumann, T.; Cauchemez, B.; Duytschaever, M.; Ramoul, K.;
Verbeet, T.; et al. Multicentre evaluation of non-invasive biatrial mapping for persistent atrial fibrillation ablation: The AFACART
study. Europace 2017, 19, 1302–1309. [CrossRef]

65. Willems, S.; Verma, A.; Betts, T.R.; Murray, S.; Neuzil, P.; Ince, H.; Steven, D.; Sultan, A.; Heck, P.M.; Hall, M.C.; et al. Targeting
Nonpulmonary Vein Sources in Persistent Atrial Fibrillation Identified by Noncontact Charge Density Mapping: UNCOVER AF
Trial. Circ. Arrhythmia Electrophysiol. 2019, 12, e007233. [CrossRef]

66. Honarbakhsh, S.; Schilling, R.J.; Dhillon, G.; Ullah, W.; Keating, E.; Providencia, R.; Chow, A.; Earley, M.J.; Hunter, R.J.
A Novel Mapping System for Panoramic Mapping of the Left Atrium: Application to Detect and Characterize Localized Sources
Maintaining Atrial Fibrillation. JACC Clin. Electrophysiol. 2018, 4, 124–134. [CrossRef]

67. Ouyang, F.; Tilz, R.; Chun, J.; Schmidt, B.; Wissner, E.; Zerm, T.; Neven, K.; Kokturk, B.; Konstantinidou, M.; Metzner, A.; et al. Long-
term results of catheter ablation in paroxysmal atrial fibrillation: Lessons from a 5-year follow-up. Circulation 2010, 122, 2368–2377.
[CrossRef]

68. Kautzner, J.; Neuzil, P.; Lambert, H.; Peichl, P.; Petru, J.; Cihak, R.; Skoda, J.; Wichterle, D.; Wissner, E.; Yulzari, A.; et al. EFFICAS
II: Optimization of catheter contact force improves outcome of pulmonary vein isolation for paroxysmal atrial fibrillation. Europace
2015, 17, 1229–1235. [CrossRef]

69. Ullah, W.; McLean, A.; Tayebjee, M.H.; Gupta, D.; Ginks, M.R.; Haywood, G.A.; O’Neill, M.; Lambiase, P.D.; Earley, M.J.; Schilling,
R.J. Randomized trial comparing pulmonary vein isolation using the SmartTouch catheter with or without real-time contact force
data. Heart Rhythm 2016, 13, 1761–1767. [CrossRef]

70. Conti, S.; Weerasooriya, R.; Novak, P.; Champagne, J.; Lim, H.E.; Macle, L.; Khaykin, Y.; Pantano, A.; Verma, A. Contact force
sensing for ablation of persistent atrial fibrillation: A randomized, multicenter trial. Heart Rhythm 2018, 15, 201–208. [CrossRef]

71. Nakagawa, H.; Ikeda, A.; Govari, A.; Ephrath, Y.; Sharma, T.; Pitha, J.V.; Lazzara, R.J.W. Controlling lesion size and incidence of
steam pop by controlling contact force, radiofrequency power and application time (Force-Power-Time Index) in canine beating
heart. Circulation 2010, 122, A15777.

72. Das, M.; Loveday, J.J.; Wynn, G.J.; Gomes, S.; Saeed, Y.; Bonnett, L.J.; Waktare, J.E.P.; Todd, D.M.; Hall, M.C.S.; Snowdon, R.L.; et al.
Ablation index, a novel marker of ablation lesion quality: Prediction of pulmonary vein reconnection at repeat electrophysiology
study and regional differences in target values. Europace 2016, 19, euw105. [CrossRef] [PubMed]

73. Park, C., II; Lehrmann, H.; Keyl, C.; Weber, R.; Schiebeling, J.; Allgeier, J.; Schurr, P.; Shah, A.; Neumann, F.-J.; Arentz, T.; et al.
Mechanisms of Pulmonary Vein Reconnection After Radiofrequency Ablation of Atrial Fibrillation: The Deterministic Role of
Contact Force and Interlesion Distance. J. Cardiovasc. Electrophysiol. 2014, 25, 701–708. [CrossRef] [PubMed]

74. Duytschaever, M.; De Pooter, J.; Demolder, A.; El Haddad, M.; Phlips, T.; Strisciuglio, T.; Debonnaire, P.; Wolf, M.; Vandekerckhove,
Y.; Knecht, S.; et al. Long-term impact of catheter ablation on arrhythmia burden in low-risk patients with paroxysmal atrial
fibrillation: The CLOSE to CURE study. Heart Rhythm 2020, 17, 535–543. [CrossRef] [PubMed]

75. Duytschaever, M.; Vijgen, J.; De Potter, T.; Scherr, D.; Van Herendael, H.; Knecht, S.; Kobza, R.; Berte, B.; Sandgaard, N.; Albenque,
J.P.; et al. Standardized pulmonary vein isolation workflow to enclose veins with contiguous lesions: The multicentre VISTAX
trial. Europace 2020, 22, 1645–1652. [CrossRef]

76. Hussein, A.; Das, M.; Riva, S.; Morgan, M.; Ronayne, C.; Sahni, A.; Shaw, M.; Todd, D.; Hall, M.; Modi, S.; et al. Use of Ablation
Index-Guided Ablation Results in High Rates of Durable Pulmonary Vein Isolation and Freedom from Arrhythmia in Persistent
Atrial Fibrillation Patients. Circ. Arrhythmia Electrophysiol. 2018, 11, e006576. [CrossRef]

77. Wolf, M.; El Haddad, M.; Fedida, J.; Taghji, P.; Van Beeumen, K.; Strisciuglio, T.; De Pooter, J.; Lepièce, C.; Vandekerckhove, Y.;
Tavernier, R.; et al. Evaluation of left atrial linear ablation using contiguous and optimized radiofrequency lesions: The ALINE
study. Europace 2018, 20, f401–f409. [CrossRef]

http://doi.org/10.1016/j.hrthm.2015.10.031
http://www.ncbi.nlm.nih.gov/pubmed/26498260
http://doi.org/10.1016/j.ahj.2018.05.021
http://doi.org/10.1161/CIRCULATIONAHA.110.945709
http://doi.org/10.1161/CIRCULATIONAHA.113.005421
http://www.ncbi.nlm.nih.gov/pubmed/25028391
http://doi.org/10.1016/j.jacc.2017.01.014
http://www.ncbi.nlm.nih.gov/pubmed/28279292
http://doi.org/10.1093/europace/euw168
http://doi.org/10.1161/CIRCEP.119.007233
http://doi.org/10.1016/j.jacep.2017.09.177
http://doi.org/10.1161/CIRCULATIONAHA.110.946806
http://doi.org/10.1093/europace/euv057
http://doi.org/10.1016/j.hrthm.2016.05.011
http://doi.org/10.1016/j.hrthm.2017.10.010
http://doi.org/10.1093/europace/euw105
http://www.ncbi.nlm.nih.gov/pubmed/27247002
http://doi.org/10.1111/jce.12396
http://www.ncbi.nlm.nih.gov/pubmed/24575734
http://doi.org/10.1016/j.hrthm.2019.11.004
http://www.ncbi.nlm.nih.gov/pubmed/31707159
http://doi.org/10.1093/europace/euaa157
http://doi.org/10.1161/CIRCEP.118.006576
http://doi.org/10.1093/europace/eux350


J. Clin. Med. 2021, 10, 4060 15 of 16

78. Nakashima, T.; Pambrun, T.; Vlachos, K.; Goujeau, C.; André, C.; Krisai, P.; Ramirez, F.D.; Kamakura, T.; Takagi, T.; Nakatani,
Y.; et al. Impact of Vein of Marshall Ethanol Infusion on Mitral Isthmus Block: Efficacy and Durability. Circ. Arrhythmia
Electrophysiol. 2020, 13, e008884. [CrossRef]

79. Pambrun, T.; Derval, N.; Duchateau, J.; Denis, A.; Chauvel, R.; Tixier, R.; Welte, N.; André, C.; Nakashima, T.; Nakatani, Y.; et al.
Epicardial Course of the Musculature Related to the Great Cardiac Vein: Anatomical Considerations and Clinical Implications for
Mitral Isthmus Block after Vein of Marshall Ethanol Infusion. Heart Rhythm 2021. [CrossRef]

80. Kamanu, S.; Tan, A.Y.; Peter, C.T.; Hwang, C.; Chen, P.S. Vein of Marshall activity during sustained atrial fibrillation. J. Cardiovasc.
Electrophysiol. 2006, 17, 839–846. [CrossRef]

81. Ulphani, J.S.; Arora, R.; Cain, J.H.; Villuendas, R.; Shen, S.; Gordon, D.; Inderyas, F.; Harvey, L.A.; Morris, A.; Goldberger, J.J.; et al.
The ligament of Marshall as a parasympathetic conduit. Am. J. Physiol.-Heart Circ. Physiol. 2007, 293, H1629–H1635. [CrossRef]

82. Valderrábano, M.; Peterson, L.E.; Swarup, V.; Schurmann, P.A.; Makkar, A.; Doshi, R.N.; Delurgio, D.; Athill, C.A.; Ellenbogen,
K.A.; Natale, A.; et al. Effect of Catheter Ablation with Vein of Marshall Ethanol Infusion vs Catheter Ablation Alone on Persistent
Atrial Fibrillation: The VENUS Randomized Clinical Trial. JAMA J. Am. Med. Assoc. 2020, 324, 1620–1628. [CrossRef] [PubMed]

83. Lador, A.; Peterson, L.E.; Swarup, V.; Schurmann, P.A.; Makkar, A.; Doshi, R.N.; DeLurgio, D.; Athill, C.A.; Ellenbogen, K.A.;
Natale, A.; et al. Determinants of outcome impact of vein of Marshall ethanol infusion when added to catheter ablation of
persistent atrial fibrillation: A secondary analysis of the VENUS randomized clinical trial. Heart Rhythm 2021, 18, 1045–1054.
[CrossRef] [PubMed]

84. Rolf, S.; Kircher, S.; Arya, A.; Eitel, C.; Sommer, P.; Sergio, R.; Gaspar, T.; Bollmann, A.; Altmann, D.; Piedra, C.; et al. Tailored
atrial substrate modification based on low-voltage areas in catheter ablation of atrial fibrillation. Circ. Arrhythmia Electrophysiol.
2014, 7, 825–833. [CrossRef] [PubMed]

85. Yang, B.; Jiang, C.; Lin, Y.; Yang, G.; Chu, H.; Cai, H.; Lu, F.; Zhan, X.; Xu, J.; Wang, X.; et al. STABLE-SR (Electrophysiological Sub-
strate Ablation in the Left Atrium During Sinus Rhythm) for the Treatment of Nonparoxysmal Atrial Fibrillation: A Prospective,
Multicenter Randomized Clinical Trial. Circ. Arrhythmia Electrophysiol. 2017, 10, e005405. [CrossRef]

86. Hintringer, F. Cryoablation of atrial fibrillation. Br. Med. Bull. 2016, 120, 101–109. [CrossRef]
87. Kuck, K.-H.; Brugada, J.; Fürnkranz, A.; Metzner, A.; Ouyang, F.; Chun, K.R.J.; Elvan, A.; Arentz, T.; Bestehorn, K.; Pocock,

S.J.; et al. Cryoballoon or Radiofrequency Ablation for Paroxysmal Atrial Fibrillation. N. Engl. J. Med. 2016, 374, 2235–2245.
[CrossRef]

88. Su, W.W.; Reddy, V.Y.; Bhasin, K.; Champagne, J.; Sangrigoli, R.M.; Braegelmann, K.M.; Kueffer, F.J.; Novak, P.; Gupta, S.K.;
Yamane, T.; et al. Cryoballoon ablation of pulmonary veins for persistent atrial fibrillation: Results from the multicenter STOP
Persistent AF trial. Heart Rhythm 2020, 17, 1841–1847. [CrossRef]

89. Sawhney, V.; Schilling, R.J.; Providência, R.; Cadd, M.; Perera, D.; Chatha, S.; Mercer, B.; Finlay, M.; Halimi, F.; Pavin, D.; et al.
Cryoablation for persistent and longstanding persistent atrial fibrillation: Results from a multicentre European registry. Europace
2019, 22, 375–381. [CrossRef]

90. FIRE AND ICE II Trial Pilot. ClinicalTrials.gov. Available online: https://clinicaltrials.gov/ (accessed on 10 August 2021).
91. Kottkamp, H.; Tanner, H.; Kobza, R.; Schirdewahn, P.; Dorszewski, A.; Gerds-Li, J.H.; Carbucicchio, C.; Piorkowski, C.; Hindricks,

G. Time courses and quantitative analysis of atrial fibrillation episode number and duration after circular plus linear left atrial
lesions: Trigger elimination or substrate modification: Early or delayed cure? J. Am. Coll. Cardiol. 2004, 44, 869–877. [CrossRef]

92. Terricabras, M.; Piccini, J.P.; Verma, A. Ablation of persistent atrial fibrillation: Challenges and solutions. J. Cardiovasc. Electrophys-
iol. 2020, 31, 1809–1821. [CrossRef]

93. Leshem, E.; Zilberman, I.; Tschabrunn, C.M.; Barkagan, M.; Contreras-Valdes, F.M.; Govari, A.; Anter, E. High-Power and
Short-Duration Ablation for Pulmonary Vein Isolation: Biophysical Characterization. JACC Clin. Electrophysiol. 2018, 4, 467–479.
[CrossRef]

94. Wielandts, J.Y.; Kyriakopoulou, M.; Almorad, A.; Hilfiker, G.; Strisciuglio, T.; Phlips, T.; El Haddad, M.; Lycke, M.; Unger, P.;
Le Polain De Waroux, J.B.; et al. Prospective Randomized Evaluation of High Power during CLOSE-Guided Pulmonary Vein
Isolation: The POWER-AF Study. Circ. Arrhythmia Electrophysiol. 2021, 14, 49–55. [CrossRef] [PubMed]

95. Reddy, V.Y.; Grimaldi, M.; De Potter, T.; Vijgen, J.M.; Bulava, A.; Duytschaever, M.F.; Martinek, M.; Natale, A.; Knecht, S.; Neuzil,
P.; et al. Pulmonary Vein Isolation With Very High Power, Short Duration, Temperature-Controlled Lesions: The QDOT-FAST
Trial. JACC Clin. Electrophysiol. 2019, 5, 778–786. [CrossRef]

96. Koruth, J.; Kuroki, K.; Iwasawa, J.; Enomoto, Y.; Viswanathan, R.; Brose, R.; Buck, E.D.; Speltz, M.; Dukkipati, S.R.; Reddy, V.Y.
Preclinical Evaluation of Pulsed Field Ablation: Electrophysiological and Histological Assessment of Thoracic Vein Isolation. Circ.
Arrhythmia Electrophysiol. 2019, 12, e00781. [CrossRef]

97. Van Driel, V.J.H.M.; Neven, K.G.E.J.; Van Wessel, H.; Du Pré, B.C.; Vink, A.; Doevendans, P.A.F.M.; Wittkampf, F.H.M. Pulmonary
vein stenosis after catheter ablation electroporation versus radiofrequency. Circ. Arrhythmia Electrophysiol. 2014, 7, 734–738.
[CrossRef] [PubMed]

98. Van Driel, V.J.H.M.; Neven, K.; Van Wessel, H.; Vink, A.; Doevendans, P.A.F.M.; Wittkampf, F.H.M. Low vulnerability of the right
phrenic nerve to electroporation ablation. Heart Rhythm 2015, 12, 1838–1844. [CrossRef]

99. Reddy, V.Y.; Neuzil, P.; Koruth, J.; Petru, J.; Funosako, M.; Cochet, H.; Sediva, L.; Chovanec, M.; Dukkipati, S.R.; Jais, P. Pulsed
Field Ablation for Pulmonary Vein Isolation in Atrial Fibrillation. J. Am. Coll. Cardiol. 2019, 74, 315–326. [CrossRef] [PubMed]

http://doi.org/10.1161/CIRCEP.120.008884
http://doi.org/10.1016/j.hrthm.2021.06.1202
http://doi.org/10.1111/j.1540-8167.2006.00516.x
http://doi.org/10.1152/ajpheart.00139.2007
http://doi.org/10.1001/jama.2020.16195
http://www.ncbi.nlm.nih.gov/pubmed/33107945
http://doi.org/10.1016/j.hrthm.2021.01.005
http://www.ncbi.nlm.nih.gov/pubmed/33482387
http://doi.org/10.1161/CIRCEP.113.001251
http://www.ncbi.nlm.nih.gov/pubmed/25151631
http://doi.org/10.1161/CIRCEP.117.005405
http://doi.org/10.1093/bmb/ldw042
http://doi.org/10.1056/NEJMoa1602014
http://doi.org/10.1016/j.hrthm.2020.06.020
http://doi.org/10.1093/europace/euz313
https://clinicaltrials.gov/
http://doi.org/10.1016/j.accreview.2004.10.063
http://doi.org/10.1111/jce.14311
http://doi.org/10.1016/j.jacep.2017.11.018
http://doi.org/10.1161/CIRCEP.120.009112
http://www.ncbi.nlm.nih.gov/pubmed/33300809
http://doi.org/10.1016/j.jacep.2019.04.009
http://doi.org/10.1161/CIRCEP.119.007781
http://doi.org/10.1161/CIRCEP.113.001111
http://www.ncbi.nlm.nih.gov/pubmed/24958397
http://doi.org/10.1016/j.hrthm.2015.05.012
http://doi.org/10.1016/j.jacc.2019.04.021
http://www.ncbi.nlm.nih.gov/pubmed/31085321


J. Clin. Med. 2021, 10, 4060 16 of 16

100. Reddy, V.Y.; Anic, A.; Koruth, J.; Petru, J.; Funasako, M.; Minami, K.; Breskovic, T.; Sikiric, I.; Dukkipati, S.R.; Kawamura, I.; et al.
Pulsed Field Ablation in Patients with Persistent Atrial Fibrillation. J. Am. Coll. Cardiol. 2020, 76, 1068–1080. [CrossRef]

101. Verma, A.; Boersma, L.; Hummel, J.; Calkins, H.; Sanders, P.; Haines, D.; Marchlinski, F.; Natale, A.; Hindricks, G.; Packer, D.; et al.
First Human Experience and Acute Procedural Outcomes Using a Novel Pulsed Field Ablation. D-LBCT02-03. Late Breaking
Clinical Trials, HRS 2020. Available online: https://www.dicardiology.com/content/pulsed-af-trial-shows-pulsed-field-ablation-
may-be-safer-traditional-rf-ablations (accessed on 9 May 2020).

102. Anter, E.; Neužil, P.; Rackauskas, G.; Peichl, P.; Aidietis, A.; Kautzner, J.; Nakagawa, H.; Jackman, W.M.; Natale, A.; Reddy, V.Y. A
Lattice-Tip Temperature-Controlled Radiofrequency Ablation Catheter for Wide Thermal Lesions: First-in-Human Experience
With Atrial Fibrillation. JACC Clin. Electrophysiol. 2020, 6, 507–519. [CrossRef]

103. Reddy, V.Y.; Anter, E.; Rackauskas, G.; Peichl, P.; Koruth, J.S.; Petru, J.; Funasako, M.; Minami, K.; Natale, A.; Jais, P.; et al.
Lattice-Tip Focal Ablation Catheter That Toggles between Radiofrequency and Pulsed Field Energy to Treat Atrial Fibrillation: A
First-in-Human Trial. Circ. Arrhythmia Electrophysiol. 2020, 13, 483–495. [CrossRef]

http://doi.org/10.1016/j.jacc.2020.07.007
https://www.dicardiology.com/content/pulsed-af-trial-shows-pulsed-field-ablation-may-be-safer-traditional-rf-ablations
https://www.dicardiology.com/content/pulsed-af-trial-shows-pulsed-field-ablation-may-be-safer-traditional-rf-ablations
http://doi.org/10.1016/j.jacep.2019.12.015
http://doi.org/10.1161/CIRCEP.120.008718

	Introduction 
	Catheter Ablation—The Historical Perspective 
	The Advent of Linear Ablation 
	Box Isolation as a Form of Linear, Endpoint Driven Ablation 
	CFAE Ablation 
	The Stepwise Approach to Ablation 

	Mapping of AF 
	The Principle of Phase Mapping 
	FIRM Mapping 
	ECGi Mapping 

	Novel Technology for Catheter Ablation 
	Optimized Workflows for Ablation 
	Novel Techniques for Substrate Ablation 
	Optimized RF Lesions for Linear Ablation 
	Vein of Marshall Ethanolization 
	Voltage Guided Ablation 

	Cryoablation for AF 
	Outcomes Measures and Proposed Workflow for Persistent AF Ablation 

	Future Perspectives 
	High Power–Short Duration Ablation 
	Pulsed Field Ablation 

	Conclusions 
	References

