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Abstract

Modern medicine increasingly offers the potential to individualise patient care and tailor therapies to meet specific patient needs. Catheter
ablation in atrial fibrillation has undergone radical evolution since the advent of early ablative therapies; however, more comprehensive
or extensive strategies are now possible. Moreover, novel energy sources, catheters, and mapping platforms are being developed and
implemented, raising the potential to deliver ablation strategies more effectively, durably, quickly, and potentially more extensively.
This poses the challenge of whether to prioritise anatomical landmark-based ablation or pursue individual mechanisms of arrhythmia
on a personalised basis. Thus, this review aims to summarise the current state-of-the-art developments in catheter ablation for atrial
fibrillation, recent advances, and developments in both the ablation and understanding of arrhythmia pathophysiology.
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1. Introduction

Atrial fibrillation (AF) is the most common cardiac ar-
rhythmia worldwide and has substantial impact on morbid-
ity and mortality, as well as significant associated health-
care costs to both primary and secondary care [1]. With in-
creasing longevity and the rise of key risk factors, the preva-
lence of AF continues to rise to increase towards epidemic
proportions and is set to double by the year 2050 [2,3].

As the importance of early rhythm control has be-
come recognised, catheter ablation for symptomatic AF has
become the cornerstone of management reducing AF re-
currence, burden and progression, as well as improving
quality of life indices over and above treatment with anti-
arrhythmic drugs [4–8]. Consequently, catheter ablation is
given a Class I recommendation as a first-line therapy in pa-
tients with paroxysmal AF, with a Class IIb recommenda-
tion for selected patients with persistent AF [9] even outside
the context of patients with heart failure in whom catheter
ablation is arguably of most importance [7,10].

As the field of catheter ablation in AF has evolved,
we have seen a shifting dynamic between ablation strate-
gies which target anatomical landmarks alone irrespective
of other factors and those which seek to identify patient-
specific substrate within the atria as targets for ablation.
The formative early work demonstrating the importance of
pulmonary vein triggers has led to pulmonary vein isola-
tion (PVI) being the foundation of AF ablation [11] but it
remains unclear what, if any, ablation therapies may be ben-

eficial beyond this and how best to identify which strategies
benefit which patients.

Whilst PVI without adjunctive ablation strategies has
been shown to benefit a large proportion of patients, there
remains a substantial group of patients in whom AF recurs
despite successful isolation of the pulmonary veins [12].
This becomes more challenging still in patients with per-
sistent and long-standing AF [13]. Therefore, the goal of
achieving and maintaining sinus rhythm requires not only
improving the delivery of successful and durable PVI, but
also an improved understanding of the pathophysiology of
AF to allow elimination of non-pulmonary vein triggers and
substrate modification, when applicable. Multiple adjunc-
tive ablation strategies, beyond PVI, have shown inconsis-
tent results with poor reproducibility, further solidifying the
importance of PVI as the cornerstone of AF ablation [14].

Since its inception, catheter ablation for AF has wit-
nessed multiple evolutions aiming to achieve durable lesion
creation, safely, and efficiently. Point-by-point radiofre-
quency (RF) ablation in particular, has had multiple ad-
vancement in terms of technology, including tip-irrigation,
contact-force sensing, and refined delivery parameters inte-
grated into 3D mapping systems enabling catheter stability
monitoring and contiguous lesion delivery [15]. First-time
AF ablations commonly utilise single-shot modalities de-
signed to achieve PVI. Cryoballoon ablation platforms of-
fer a short procedure duration with excellent safety profiles
and have may have a shorter learning curve for operators
but are less adaptable to anatomical variants. Two land-
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mark randomised controlled trials assessing efficacy be-
tween single-shot cryoballoon and point-by-point radiofre-
quency PVI found no difference in clinical or safety end-
points [16,17] although CIRCA-DOSE found a higher rate
of progression to persistent atrial arrhythmia in patients un-
dergoing cryoballoon therapy compared to radiofrequency
ablation [18]. Despite very high acute procedural success
rates, longer-term freedom from atrial arrhythmia with cry-
oballoon PVI is consistently less than 80% [19] with prob-
lematic reconnections in the carinas [20], which drives the
search for other time-efficient approaches with higher clin-
ical efficacy.

Pulsed-field ablation has come to the fore as an al-
ternative energy modality for both single-shot PVI and fo-
cal applications. An adaptation of early ablations which
utilised direct current, pulsed-field ablation causes both
reversible and irreversible electroporation of cardiac cell
membranes and offers the potential for higher success rates
and favourable procedure duration and safety profiles, with
some promise of added safety through cardioselectivity and
sparing of surrounding structures.

This has resulted in an exciting new era in catheter
ablation in AF, with new energy delivery systems and
catheters as well as novel ways to enhance our understand-
ing of pathophysiology of AF. This review focusses on the
unmet needs in current catheter therapies for AF, novel de-
velopments to address these and standardised versus indi-
vidualised ablation strategies.

2. Current Standards of Care, Challenges &
Unmet Needs
2.1 Risk Factors, Indications & Contra-Indications to
Ablation

Fundamental to aligning the most appropriate therapy
to those who will derive the most benefit is patient selec-
tion. Management of risk factors is crucial to the wider
management of AF and this is central to the principles of
AF-CARE as compiled in recent guidelines [9]. Without
adequately addressing hypertension, heart failure, obesity,
sleep apnoea, alcohol and diabetes, many argue that pro-
ceeding to catheter ablation is not justified as the chances
of long-term success are significantly reduced and the risk-
benefit calculation around the procedure is therefore sub-
stantially different.

The LEGACY trial enrolled patients and offered
weight and risk-factor management, observing a 6-fold in-
crease in arrhythmia-free survival at 5-year follow-up in pa-
tients who lost ≥10% body weight, compared to patients
who achieved less marked weight loss [21]. Of these pa-
tients with ≥10% weight loss, reversal from persistent to
paroxysmal or no AF was observed in 88% at follow up,
in contrast to the cohort achieving the least weight loss
in whom 80% had no change or regressed from persistent
to paroxysmal AF [22]. Physical activity and improved
cardiorespiratory fitness have been shown to be associ-

ated with reduced arrhythmia recurrence and improved AF-
related symptom burden, irrespective of weight loss as ini-
tially observed in the CARDIO-FIT study [23], and later
prospectively tested in the ACTIVE-AF randomised con-
trolled trial [24]. Emphasising the importance of address-
ing the modifiable risk factors holistically, beyond simply
weight management, was the ARREST-AF cohort study.
Aggressive risk factor management including weight loss,
enhanced blood pressure and glycaemic control, in addi-
tion to identifying and treating sleep-disordered breathing
when present, resulted in a near five-fold increase in the
chances of maintaining sinus rhythm after multiple abla-
tions (multivariable hazard ratio for risk factor modifica-
tion = 4.8, 95% confidence interval: 2.04–11.4, p < 0.001)
[25]. Further, a comprehensive risk factor modification ap-
proach has been shown to be associated with reversal of AF
type as reported in the REVERSE-AF study, which demon-
strated that nearly 90% of patients with persistent AF who
achieved ≥10% weight loss, their AF regressed to parox-
ysmal underpinning the role of risk factor modification in
AF management [22]. Subsequently, risk factor modifica-
tion has been recognised in multiple societal guidelines and
scientific statements [26].

Research and development of novel mapping and ab-
lation modalities has endeavoured to characterise triggers
and substrate underlying AF in the hope that these can
be directly addressed with catheter intervention. Low-
voltage areas have been repeatedly implicated in patho-
genesis of AF, however they do not appear to be indepen-
dently effective therapeutic targets [27,28]. Fractionation
of atrial electrograms [29,30] as well as pattern and wave-
form [31,32] are also recognised as relevant contributors
to AF-triggering but have yet to be proven to benefit all-
comers as part of an upfront ablation strategy. Overall,
these data remind us how closely risk factors drive substrate
and underscore the importance of risk factor management
in any treatment strategy for AF [33].

Beyond these risk factors, patients who benefit most
from catheter ablation therapies are those with symptomatic
high-burden AF resistant to anti-arrhythmic drug therapy as
well as those with cardiac failure [7,34,35] and these groups
should therefore be prioritised for catheter-based strategies.

2.2 Importance of Time to Therapy

Time from diagnosis to ablation is increasingly recog-
nised as an important metric, with improved AF burden,
recurrence, progression and symptom control [36], as well
as potential for longer-term reduction in stroke risk and im-
pact on cardiac function. Practices around catheter abla-
tion as a first-line rhythm control strategy vary between
centres and between countries. Multiple randomised stud-
ies have shown reduced AF burden as well as improve-
ment of symptoms at 12–24 months with first-line ablative
strategies particularly for symptomatic paroxysmal AF [37–
39] without significantly higher adverse events. Analyses

2

https://www.imrpress.com


of healthcare costs comparing early ablation strategies to
anti-arrhythmic drug therapies have consistently predicted
cost-savings, predominantly driven by quality-adjusted life
years gained [40,41]. Whilst there are data to suggest that
waiting up to 1 year for catheter ablation whilst on anti-
arrhythmic drugs can be reasonable [42], it is increasingly
recognised therefore that early ablative strategies can bring
benefit for both patients and healthcare systems.

2.3 Radiofrequency Pulmonary Vein Isolation: Wide Area
Circumferential Ablation

Radiofrequency PVI has historically been the back-
bone of ablation for AF. As electroanatomical mapping
platforms have evolved with very high degrees of spatial
and temporal resolution, ablation protocols have been stan-
dardised to deliver effective PVI reproducibly and safely.
To mitigate against extra-cardiac thermal injury, alternative
thresholds for energy delivery are applied to vulnerable ar-
eas such as the posterior wall. These protocols have been
shown to improve safety whilst delivering effective lesions
in these areas.

Ablation lesions in the left atrium are standardised by
some mapping platforms (Lesion Size Index, Abbott; Ab-
lation Index/Tag Index [43], CARTO, Johnson & Johnson
Med Tech) whilst others use impedance only (Rhythmia,
Boston Scientific, Marlborough, MA, USA [44]). Use of
these standardised measures of lesion delivery with well-
defined protocols have shown a high degree of acute proce-
dural success [45]. The CLOSE-to-CURE study prospec-
tively examined contact force-guided pulmonary vein iso-
lation targeting an intertag distance of≤6 mm and a region-
specific ablation index (400 posterior wall, 550 elsewhere)
demonstrated a significant reduction in arrhythmia burden,
with 87% freedom from arrhythmia at 1 year, and 78% at 2
years [46].

2.4 Single-Shot: Cryoballoon Pulmonary Vein Isolation
The advent of cryoballoon PVI represented an innova-

tive method to deliver acutely effective therapy to most pa-
tients as an alternative strategy. It offered comparable rates
of venous isolation to radiofrequency, without compromis-
ing procedure time or safety. Furthermore, cryoballoon PVI
is achievable in most patients without deep sedation or gen-
eral anaesthesia, improving efficiency of workflow and ser-
vice delivery, particularly in lower-volume centres.

The main challenge with cryoballoon platforms is
variant anatomy, in particular common venous anatomy,
where adaptability suffers in comparison to radiofrequency
point-by-point approaches. Consequently, pre-procedural
cross-sectional imaging is performed routinely in some
healthcare systems [47,48]. Where reconnection occurs,
it is more commonly observed in the right-sided veins, al-
though common venous anatomy also provides a challenge
[49].

2.5 Challenges and Unmet Needs
Intraprocedural patient comfort and stability is of

paramount importance in delivering effective ablation. In
addition to the suffering caused by pain, inadequate seda-
tion causes patients to move, increasing risk and jeopardis-
ing the accuracy of electroanatomical mapping platforms.
Equally, deeper levels of conscious sedation can lead to
erratic respiration patterns, especially in patients with ob-
structive sleep apnoea, resulting in greater catheter insta-
bility. Deep sedation protocols using propofol or general
anaesthesia are highly effective in overcoming these chal-
lenges but access to such resources is far from widespread.
Efforts to improve access to these by adopting and formal-
ising physician-directed propofol have been well-received
in some settings but require direct involvement of anaes-
thetists in others [50,51].

High rates of recurrence of atrial arrhythmia have long
been the Achilles heel of catheter ablation for AF. This is
a greater challenge in patients with persistent AF and with
dilated atria but even in paroxysmal AF whilst most series
report very high success of acute PVI, atrial arrhythmia re-
currence can be as high as 63% at 10 years [52]. This has
driven the search for improved techniques in PVI but also
in understanding factors above and beyond anatomical ap-
proaches.

There remains a lack of consensus on the most ap-
propriate ablation strategy in a patient with recurrence of
AF despite effective PVI in either paroxysmal or persis-
tent AF. Additional ablation lines (roof lines, posterior wall
isolation, mitral lines) in all patients during the index pro-
cedure has been shown to confer no additional benefit in
terms of AF recurrence to PVI alone in persistent AF [53].
However, in repeat procedures with confirmed isolated pul-
monary veins, most operators will consider additional lines
based on empirical anatomical sites, the presence of scar in
different regions of the left atrium, electrogram morphol-
ogy or patterns, or other factors such as abnormal activity in
the superior vena cava, highlighting the importance of tech-
niques to individualise ablation therapies in some cases.

3. Recent Advances in AF Ablation
Evolution of ultra high density mapping catheters has

significant advanced speed and accuracy of map generation
for left atrial ablation for AF and has proven a useful tool in
understanding the mechanisms of reconnection in cases of
reconnection [54]. As a result of greater understanding of
mechanisms of failure of PVI has driven advances in tech-
niques to deliver more durable ablation.

3.1 High-Power Short-Duration Radiofrequency Ablation
Whilst more versatile than cryoballoon PVI in pa-

tients with large veins, dilated atria, and common venous
anatomy, radiofrequency point-by-point PVI requires good
catheter stability for accurate and durable lesion deliv-
ery. This challenge is increased further without general
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anaesthesia due to patient discomfort and erratic respira-
tory patterns. Lower power lesion delivery for greater time
can paradoxically increase lesion depth through conductive
heating, increasing risk of damage to extra-cardiac struc-
tures such as the oesophagus [55], a risk which garners con-
siderable anxiety despite being an extremely rare complica-
tion [56].

High-power short-duration ablation protocols offer
potential to limit conductive tissue damage and control le-
sion depth in higher risk areas such as the posterior wall.
A recent meta-analysis of 6 randomised controlled trials
found significant shorter procedure duration and ablation
times with high-power short-duration strategies compared
to a conventional approach [57]. Very-high-power short-
duration strategies take this further delivering up to 90
Watts for up to 4 seconds, whereby depth of ablation lesions
are reduced due to less thermal latency [58]. High- and
very-high-power short-duration temperature-controlled ab-
lation lesions produce lesions with greater diameter but less
depth [59,60]. Shorter lesion delivery protocols are very
attractive in healthcare systems with more limited access
to general anaesthesia and deep sedation, however clini-
cal efficacy is key and in a recent study with high-power
short-duration ablation was unable to match cryoballoon
PVI [61].

3.2 Ethanol Ablation of the Vein of Marshall

Ethanol ablation of the vein of Marshall targets areas
of potentially key arrhythmogenic substrate for AF as well
as peri-mitral flutter [62,63]. Retrograde cannulation and
occlusive infusion of ethanol causes effective upstream tis-
sue necrosis and denervation which may have a beneficial
impact on initiation and maintenance of AF [64].

Several observational studies and a single randomised
controlled trial of ethanol ablation of the vein of Marshall
have consistently reported reduced rates of recurrence of
AF and atrial tachycardias beyond PVI alone [65]. How-
ever, recurrence rates remain significant with less than 70%
freedom fromAF or atrial tachycardia at 36months [66], in-
dicating a substantial proportion of patients for whom this
adjunctive therapy is ineffective. Rates of successful mi-
tral isthmus block are substantially higher in the Marshall
vein ethanol ablation groups suggesting this form of abla-
tion may be important for patients with peri-mitral flutter or
focal atrial tachycardia arising from the mitral isthmus [65].
Recent data also suggest ethanol ablation of the Marshall
vein remains important in achieving mitral isthmus block
despite use of novel pulsed field ablation techniques [67].

One potential factor attenuating impact on AF from
vein of Marshall ethanol ablation in published data is the
rate of success for identifying, cannulating and ablating the
vein of Marshall, which is not possible in every patient.
Success rates range from 84% to 91% [68,69] and further
randomised trial data are needed. At present, the evidence
does not support routine adoption of ethanol ablation of the

vein of Marshall as part of routine workflow for catheter
ablation of AF, but it remains an important treatment in se-
lected patients.

3.3 Pulsed Field Ablation

Recent years have seen a dramatic expansion in the re-
search and use of pulsed field ablation for AF ablation with
multiple catheters in use or development at present. With
its origins in direct current ablation first used for atrioven-
tricular node ablation in humans in 1982 [70], pulsed field
ablation applies a more refined dose and waveform of direct
current to induce both reversible and irreversible electropo-
ration of myocardial cells but with the promise of improved
tissue-selectivity and safety profile over the primarily ther-
mal ablation delivered by cryoballoon and RF ablation [70].

There have been multiple clinical studies to date with
catheters designed for single-shot PVI with pulsed field
ablation (Farapulse, Boston Scientific, Marlborough, MA,
USA; PulseSelect, Medtronic, Minneapolis, MN, USA;
Varipulse, Johnson & Johnson MedTech, New Brunswick,
NJ, USA; Volt, Abbott, IL, Chicago, USA). The largest
of these trials, ADVENT, assessed a pentaspline catheter
(Farapulse, Boston Scientific) in patients with paroxysmal
AF and was industry sponsored. ADVENT recruited over
300 patients to each of two arms receiving direct thermal
(cryoballoon/radiofrequency) or pulsed field ablation [71].
The study showed non-inferiority with no difference be-
tween patients meeting the primary endpoint of recurrence
of atrial arrhythmia at 12 months. MANIFEST-PF reported
a large registry, incorporating 1568 patients from 24 Euro-
pean centres, of patients with paroxysmal or persistent AF
treated with pulsed field ablation for PVI [72]. The free-
dom from atrial arrhythmia at median follow-up of 1 year
was 78%, with adverse events reported in 1.9%. Overall,
single-shot pulsed field ablation devices have shown non-
inferiority to current modalities, with trends to shorter pro-
cedure duration [73] and with no clear signal of increased
adverse risk to patients [74].

To date there has been only one investigator-initiated
randomised controlled trial [73] which undertook a multi-
centre head-to-head comparison of cryoballoon and pulsed
field ablation PVI. With a non-inferiority design, 105 pa-
tients were recruited 1:1 to each modality with a primary
endpoint of first recurrence of atrial arrhythmia at 3–12
months with a non-inferiority margin of 20%. Pulse field
ablation reached non-inferiority with a signal for a lower
rate of atrial arrhythmia recurrence at 12 months. Some key
features of this important studywarrant discussion. The rate
of recurrence in both groups was higher than has been re-
ported in other series. The high incidence of reported com-
mon venous anatomy in the cryoballoon group (20% versus
7%) may be partly explanatory. The higher reported recur-
rence rates than other published studies may also be par-
tially explained by the definition of≥30 s of atrial arrhyth-
mia on implantable loop recorder, irrespective of symp-

4

https://www.imrpress.com


toms. The authors reported that two patients in the pulsed
field ablation cohort presented acutely to the emergency de-
partment with atrial arrhythmia, compared to 8 in the cry-
oballoon group. Importantly, the confidence interval for
this observation was very wide and should be interpreted
with caution in a study that was powered for non-inferiority.

Focal pulsed field ablationwill soon be integratedwith
all industry mapping platforms but is already independently
available for use with current commercial systems (CEN-
TAURI™, CardioFocus). Designed to work across plat-
forms with existing irrigated radiofrequency catheters, this
open-system third party generator offers point-by-point le-
sion creation with delivery times of 4–6 s. The multicen-
tre ECLIPSE AF trial enrolled 82 patients to point-by-point
PVI with focal pulsed field ablation with all commercially
available mapping and ablation platforms, looking at acute
and 3-month isolation along with safety endpoints [75].
The investigators optimised the ablation strategy following
analysis of the first 2 cohorts and reported per-PVI rate of
89% at 3 months in optimised cohorts. There was no sig-
nal for harm relating to pulsed field ablation therapy but the
study was not powered for safety endpoints. Further studies
are needed to assess longer term efficacy but there is real po-
tential for focal pulsed field ablation to have wider applica-
bility and utility across the whole field of invasive electro-
physiology, with applications in both atria and ventricles.
Beyond PVI, prospective data have also shown promise
of this focal pulsed field ablation system for cavotricuspid
isthmus ablation as well as non-PVI left atrial lesion sets,
with a high rate of first-pass block [76].

There are several different designs of catheter and
waveform of pulsed field ablation in clinical use and devel-
opment, varying by manufacturer. Individual parameters of
delivered pulsed field ablation energy consist of the ampli-
tude, polarity, pulse duration, number of pulses and inter-
pulse delay which collectively determine the effect on local
tissues as well as safety profiles [77]. Pulse sequences are
individual to specific platforms and not presently amenable
to being changed by the operator. The different core treat-
ment parameters of different pulsed field ablation products
may have varying effects on lesion size and efficacy, which
could in turn impact reversible electroporation and longer
term recurrence of arrhythmia [78]. There have been safety
concerns with specific platforms over increased risk of sys-
temic thromboembolism requiring modification of their us-
age [79] and safety profiles are likely to differ between in-
dividual pulsed field ablation product. It is therefore crucial
to adequately characterise acute and longer-term safety data
prior to widespread adoption of these catheters to the mar-
ket and replacement of other established modalities.

A key recognised advantage of pulsed field ablation
is the reduction in risk of atrio-oesophageal fistula to the
extent where it has never been reported in clinical appli-
cation of the energy source [80] but other safety concerns
specific to themodality have emerged. Acute arterial spasm

has been reported with pulsed field ablation applications to
areas of the heart in close proximity to coronary arteries,
with longitudinal data suggesting that longer-term stenosis
cannot be excluded in such cases [81]. Additional concerns
have been raised about intravascular haemolysis, which oc-
curs commonly in cases of very high doses of pulsed field
ablation, but clinical impact is yet to be fully understood
and widespread harm has not been evident from modest ap-
plications [82].

At the time of writing, there has been no pulsed field
ablation system adopted in widespread clinical practice
which can be used without general anaesthesia or deep se-
dation. This is largely due to skeletal muscle contraction
and pain associated with the energy delivery. This poses a
logistical challenge for many healthcare systemswhere rou-
tine access to anaesthetic support is variable. There remains
lack of agreement on the relevance of marginal procedure
time gain with pulsed field ablation modalities if overall
catheter laboratory utilisation time is longer because of re-
quirements for general anaesthesia.

Despite understandable enthusiasm for this novel ab-
lation modality which has potential to revolutionise prac-
tice moving forwards, robust short-term randomised trials
and long-term outcome and safety data are crucial before
widespread adoption into mainstream practice.

4. Individualised Versus Anatomical Therapy
4.1 Initial Individualised Therapy: CFAE Ablation

The origins of catheter ablation for AF were rooted
in trying to identify specific causative triggers in the indi-
vidual atrium undergoing treatment, first focussing on pul-
monary vein triggers and evolving to target complex frac-
tionated atrial electrograms for ablation [83]. Felt to be of
particular relevance to patients with persistent AF in whom
outcomes from PVI alone have been inferior [84], this ap-
proach is time-consuming and requires a high degree of op-
erator skill and experience. STAR AF I looked exclusively
at quality of life indices following PVI or additional abla-
tion of complex fractionated atrial electrograms, finding no
impact of the additional therapy on symptom burden up to
1 year [85]. In STAR AF II, patients were randomised to
PVI alone, PVI plus complex fractionated electrogram abla-
tion or PVI plus linear roof andmitral isthmus ablation [53].
Aside from significantly longer procedure times, there were
no discernible differences between the groups, suggesting
that upfront additional ablation beyond the pulmonary veins
in all-comers is not a beneficial strategy. Fig. 1 summarises
key findings from randomised controlled trials examining
ablation approaches beyond PVI in patients with persistent
AF.

4.2 Anatomical Approaches
In recent years, ablation strategies have moved from

these more individualised efforts to a standardised anatom-
ical approach. The cornerstone of this is isolation of pul-
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Fig. 1. Summary of notable randomised controlled trials of catheter ablation beyond PVI for persistent AF. Red %: proportion
of patients receiving interventional ablation who are free of arrhythmia at follow-up (typically 12 months). Blue %: proportion of
arrhythmia-free patients receiving PVI alone. CFAE, complex fractionated electrograms; LA, left atrium; VoM, Vein of Marshall; PVI,
pulmonary vein isolation; AF, atrial fibrillation; MRI, magnetic resonance imaging.

monary veins. There remains broad lack of consensus as to
whether more ablation is indicated and if so, what form this
additional therapy should take.

As an alternative addition to PVI alone, coronary si-
nus isolation was recently assessed in patients with high-
burden (long-episode paroxysmal or persistent) AF [86].
Participants were randomised to either coronary sinus and
PVI plus a roof line or PVI and a roof line only, but no
additive value was seen with the addition of this ablation
target. The CAPLA trial assessed the impact of additional
posterior wall to PVI alone in patients with persistent AF,
again reporting no additional benefit freedom from arrhyth-
mia at 1 year follow-up [87] (Fig. 1). STAR-AF III in-
tends to assess the specific additive value over and above
PVI of posterior wall isolation or ablation of AF drivers us-
ing contemporary catheter technologies, with results antici-
pated in 2027 [88]. Targeting the left atrial appendage as an
arrhythmogenic structure is an interesting hypothesis, that
was tested in the BELIEF trial [89]. Empirical left atrial
appendage isolation, added to extensive left atrial ablation,
resulted in a near-doubling of arrhythmia-free survival in
a small cohort of longstanding persistent AF patients (n =
173, unadjusted hazard ratio [HR] for recurrence with stan-
dard ablation: 1.92; 95% confidence interval [CI]: 1.3 to
2.9; log-rank p = 0.001). However, this approach has not
been widely adopted due to concerns regarding thrombosis
and stroke risk that are associated with reducing left atrial
appendage mechanical emptying with electrical isolation.

The potential importance of left atrial fibrosis as sub-
strate for arrhythmia has further driven substrate-based
anatomical approaches to ablation, as magnetic resonance
imaging-derived fibrosis extent independently predicts ar-
rhythmia recurrence at 1 year following an index ablation
procedure [90]. However, translating this to practice with
ablation in individual regions of fibrosis in addition to PVI
did not result in a difference in freedom from arrhythmia
[91]. There was a signal for greater adverse events in the
group receiving more extensive ablation, suggesting target-
ing anatomical image-defined substrate for arrhythmia in
the left atrium is unlikely to be an appropriate upfront strat-
egy in all patients.

Somewhat contrasting these data, the ERASE-AF trial
randomised patients with persistent AF to PVI or addi-
tional low-voltage guided substrate ablation by multipolar
mapping rather than imaging guidance, reporting a signif-
icantly lower recurrence rate at 1 year in the group receiv-
ing substrate-based ablation at 35% compared to 50% [92].
A trend to higher adverse events in the treatment arm did
not reach statistical significance. More recently, Masuda
and colleagues reported their findings from SUPPRESS-AF
study, in which they randomised 341 patients with persis-
tent AF and low-voltage areas (≥5 cm) after PVI to PVI
alone, or PVI and low voltage ablation [93]. There was no
difference in arrhythmia-free survival at 12 months (61%
vs 50%, p = 0.127), with no difference in procedure-related
complications.
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Increasingly, there is recognition that it can be impos-
sible in a proportion of patients to achieve durable bidirec-
tional block with left atrial lines from endocardial radiofre-
quency ablation alone [94] indicating that epicardial con-
nections are likely to play a role. Failure of durable ab-
lation lines has been suggested as a contributing factor to
higher recurrence rates. In light of this, groups have be-
gun to explore hybrid endo-/epicardial ablation strategies
in patients with persistent AF, with CEASE-AF employing
a thoracoscopic epicardial ablation element and reporting
dramatically improved freedom from arrhythmia at 1 year
of 72% in the hybrid ablation arm compared to 39% with
endocardial ablation alone [95]. EPIC-AF aims to address
this question with a concomitant epicardial atrial catheter
ablation arm to ensure bidirectional block is achieved in or-
der to assess impact on outcomes [96]. Whether the same
issues of endo-/epicardial transmurality will also apply to
novel pulsed field ablation technologies remains to be seen.

The Marshall Plan proposes an extensive upfront ap-
proach with vein isolation as well as lines and ethanol ab-
lation of the vein of Marshall [69]. Likewise, PROMPT-
AF found that the addition of vein of Marshall ethanolisa-
tion and linear ablations (roof, mitral isthmus, and cavotri-
cuspid isthmus) was associated with higher arrhythmia-free
survival at 1 year (hazard ratio, 0.73; 95% CI, 0.54–0.99, p
= 0.045) [97] (Fig. 1). Whilst early signs that lines with
vein of Marshall ablation may confer modest benefit, the
long-term data from the Marshall Plan are awaited and it
is likely that multi-centre data will be required to know if
there is true benefit across the population as a whole.

4.3 Spatiotemporal Dispersion Mapping

Artificial intelligence has most recently been applied
to the field of catheter ablation for AF, in a rejuvenated ef-
fort to better understand mechanisms of arrhythmia and tai-
lor therapies to individual patients. Focus has been returned
to complex fractionated atrial electrograms but by using the
power of artificial intelligence to assimilate large datasets of
electrograms, analysing them for patterns of spatiotempo-
ral dispersion to identify regions within the atrium which
are more likely to be actively involved in triggering AF for
the patient.

There are currently two platforms adopting artificial
intelligence-assisted spatiotemporal dispersion with pub-
lished data, one of which is available commercially (Volta
AF-Xplorer™, Volta Medical, USA). This identifies three
or more consecutive atrial electrograms which occupy the
majority of the AF cycle length, highlighting these areas as
potential key triggers. Ockham, usable as a research tool
with Rhythmia™ (Boston Scientific) utilises an alternative
artificial intelligence algorithm, comparing local electro-
grams according to cycle length and spread of activation
within this cycle length, incorporating stability, providing
a ranking of key regions of rapid but stable fractionation
relative to other areas [98]. Both methods share the aim

of giving a tailored understanding of the pathophysiologi-
cal mechanisms of arrhythmia in an individual patient basis,
enabling therapy to be optimised.

One randomised control trial exists in this space to
date, randomising 374 patients with persistent AF 1:1 to
PVI alone using radiofrequency ablation or a tailored ap-
proach with additional spatiotemporal distribution-guided
ablation [99]. Following a 3-month blanking period, free-
dom from AF was significantly higher in the group under-
going tailored therapy (88%) compared to standard therapy
(70%). This difference was lost when considering freedom
from all atrial arrhythmias but this was due to recurrence
of left atrial macro re-entrant tachycardias which is perhaps
unsurprising. Procedural and total ablation time were also
longer in the tailored group but there were no differences
in safety endpoints. This high rate of freedom from AF in
a persistent population is striking and offers promise that
understanding the specific mechanisms of arrhythmia in pa-
tients undergoing catheter ablationmay be key to improving
longer-term procedural success beyond purely anatomical
approaches.

5. Conclusions & Future Directions
Electrophysiologists continually strive for the best

outcomes in a population of increasingly co-morbid and
complex patients. Despite advances in ablation catheters
which have enabled more durable and effective lesion de-
livery, mapping platforms and novel energy delivery, there
remains a significant portion of patients who return with re-
current AF within 12 months.

Fig. 2. PubMed Citations; Pulsed Field Ablation vs Vein of
Marshall Ethanol Ablation.

Pulsed field ablation has expanded rapidly (Fig. 2) and
vigorous research continues to further understand and hone
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this novel ablation modality for both single-shot PVI and
focal applications. The evidence to date presents an abla-
tion workflow which appears safe and effective, with po-
tential to have improved longer-term outcomes compared
to existing techniques, though this is yet to be confirmed.
Future studies are needed to evaluate efficacy of anatomical
approaches in addition to PVI using pulsed-field ablation.
Whether barriers around access to general anaesthesia will
be overcome remains to be seen.

Can we individualise therapy in ablation for AF or
should one size fit all? A wealth of published trial data tell
us that anatomical approaches with additional ablation be-
yond PVI are, so far, yet to demonstrate significant impact
on the population of patients with AF as a whole, although
in selected patients they certainly have a role. It seems that
we cannot, at present, remove expert experience and skill
from informing what anatomical ablations will benefit in-
dividual patients. Early evidence is emerging that improved
identification of individual triggers for AFmay enhance our
ability to achieve freedom fromAF longer-term, harnessing
the power of artificial intelligence to assimilate very large
datasets. There remain key challenges in this area before
it is clear that this approach will benefit the wider patient
population as a whole and further work in the field of indi-
vidualisation of ablation is needed to better understand its
potential impact.

Whilst the many innovative advances in the field now
mean there is a broad array of interventional treatment
strategies for patients with AF, to pursue these in all pa-
tients blindly without first aggressively managing risk fac-
tors exposes patients to greater risk and reduces long-term
procedural success rates, and therefore should be avoided.
The modern-day electrophysiologist must use all tools at
their disposal, both as an operator and a physician, in an ef-
fort to improve outcomes in what is a rapidly evolving and
exciting era in the speciality.
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