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Abstract In the last three decades, ablation of atrial fibrillation (AF) has become an evidence-based safe and efficacious treatment for
managing the most common cardiac arrhythmia. In 2007, the first joint expert consensus document was issued, guiding
healthcare professionals involved in catheter or surgical AF ablation. Mounting research evidence and technological advances
have resulted in a rapidly changing landscape in the field of catheter and surgical AF ablation, thus stressing the need for
regularly updated versions of this partnership which were issued in 2012 and 2017. Seven years after the last consensus,
an updated document was considered necessary to define a contemporary framework for selection and management of
patients considered for or undergoing catheter or surgical AF ablation. This consensus is a joint effort from collaborating
cardiac electrophysiology societies, namely the European Heart Rhythm Association, the Heart Rhythm Society, the Asia
Pacific Heart Rhythm Society, and the Latin American Heart Rhythm Society .
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1. Introduction

1.1. Preamble

In the last three decades, ablation of atrial fibrillation (AF) has become
an evidence-based safe and efficacious treatment for managing the
most common cardiac arrhythmia. In 2007, the first joint expert con-
sensus document was issued, guiding healthcare professionals involved
in catheter or surgical AF ablation.' Mounting research evidence and
technological advances have resulted in a rapidly changing landscape
in the field of catheter and surgical AF ablation, thus stressing the
need for regularly updated versions of this partnership, which was is-
sued in 2012 and 2017.%3 Seven years after the last consensus, an up-
dated document was considered necessary to define a contemporary
framework for selection and management of patients considered for
or undergoing catheter or surgical AF ablation. This consensus is a joint
effort from collaborating cardiac electrophysiology societies, namely
the European Heart Rhythm Association (EHRA), the Heart Rhythm
Society (HRS), the Asia Pacific Heart Rhythm Society (APHRS), and
the Latin American Heart Rhythm Society (LAHRS).

1.2. Organization of the writing committee

The EHRA, as the leading society, nominated the chair of the document,
and each of the partner societies nominated a co-chair. The writing
group was defined based on a list of representatives put forward by
each organization. The members were qualified in order of preference
provided that they did not meet any of the following: part-time employ-
ment or salary from a related company, significant stock ownership,
holding of a patent which generates significant revenues, and receipt
of significant royalties for intellectual property related to the topic of
the scientific paper. The entire group comprised 44 members and
was appointed to section writing teams based on preference and ex-
pertise, aiming to cover specific content. All members provided disclos-
ure statements to assess potential conflicts of interest. Details are
available in the Supplementary Material.

1.3. Methods

A detailed survey including 140 questions was sent to all members, aiming
to capture common practice and preferences in the care of patients
undergoing AF ablation. After a comprehensive literature search, evalu-
ation of existing evidence, and consideration of the survey results, prac-
tical advice was proposed by the writing group in five sections
(indications, preprocedural management, ablation strategies, procedural,
and postprocedural management). The writing group had face-to-face
meetings and web-based conference calls discussing proposed guidance
and pertinent supporting evidence, while consensus modifications were
made based on raised comments, thus compiling a final list of clinical ad-
vice for the voting process. During voting, each member had the option
to agree, disagree, or abstain. Every proposed advice was included only if
the voting results (excluding abstention) were at least 80% in support. In
total, the suggested clinical advice has been approved by an average of
94% of the writing committee members.

It should be emphasized that the current document is not in-
tended as a guideline and aims to document the current expert con-
sensus in the dedicated narrow field of catheter and surgical AF
ablation. Healthcare professionals should refer to the latest guide-
lines for overall structured management of AF patients.*® In this
consensus document, a colour-coded classification of proposed clin-
ical advice was used. Classification of different categories of advice
and the respective definitions are presented in Table 1.
Furthermore, the evidence supporting each advice has been classi-
fied in different categories based on the type, quality, and quantity
of respective sources (Table 2).
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Table 1 Colour-coded classification of different categories of
advice and respective definition

Definition Category of
advice
Evidence or general agreement that a given Advice TO DO
measure is clinically useful and appropriate
Evidence or general agreement that a given Vi e prapram e
measure may be clinically useful and To DO

appropriate

No strong advice can be given, lack of data, Area of uncertainty

inconsistency of data
Evidence or general agreement that a given

measure is not appropriate or harmful

Table 2 Classification of different types of evidence and
respective criteria

Type of evidence— Criteria
abbreviation

META ® Evidence from >1 high-quality RCT
® Metaanalyses of high-quality RCTs

RAND ® Evidence from 1 high-quality RCT
® Evidence from >1 moderate-quality RCT
® Metaanalyses of moderate-quality RCTs

OBS e Observational studies or registries
® Metaanalyses of such studies

OPN ® Randomized, non-randomized,
observational or registry studies with
limitations of design or execution, case
series

® Metaanalyses of such studies

® Physiological or mechanistic studies in
human subjects

e Consensus of expert opinion based on

clinical experience

RCT, randomized clinical trial.

1.4. Document review and approval

The draft document was subjected to a peer review process by a re-
view committee whose members were assigned by each of the partner
societies. All peer reviewers were requested to complete a declaration
of interest and were not allowed to own stocks or stock options or any
type of financial interest in a company marketing electrophysiologic
products. Each partnering organization has officially reviewed and en-
dorsed the final document.

1.5. Scope of the document

The objective of this consensus document is to provide practical
guidance and set standards in the selection and management
(preprocedural, procedural, and postprocedural) of patients consid-
ered for or undergoing AF ablation. Specific sections are devoted to
AF pathophysiology, anatomical considerations, evaluation and man-
agement of complications, training, and institutional requirements for

Table 3 Abbreviations

Term (abbreviation)

AHA
Al
ANS
APD
APHRS
ASD
AT
ATP
AVNRT
AVRT
BMI

BP
CABG
cCs
ccT
CF
CFAE
CMR
CNS
CPAP
CRT-D
cs
CSANZ
CcTl
DAT
DOAC
EAM
ECG
ECGI
EHRA
ERP
ESC
FTI
GCv
GP
HCM
HF
HFJV
HFLTV
HFpEF
HFrEF
HRS
ICD

Definition

Antiarrhythmic drug

American College of Cardiology
Atrioesophageal fistula

Atrial fibrillation

Atrial flutter

American Heart Association

Ablation index

Autonomic nervous system

Action potential duration

Asia Pacific Heart Rhythm Society

Atrial septum defect

Atrial tachycardia

Adenosine triphosphate

Atrioventricular nodal reentry tachycardia
Atrioventricular reentry tachycardia

Body mass index

Blood pressure

Coronary artery bypass graft

Canadian Cardiovascular Society

Cardiac computed tomography

Contact force

Complex fractionated atrial electrogram
Cardiac magnetic resonance

Cardiac nervous system

Continuous positive airway pressure
Cardiac resynchronization therapy defibrillator
Coronary sinus

Cardiac Society of Australia and New Zealand
Cavotricuspid isthmus

Diagnosis to ablation time

Direct oral anticoagulant
Electroanatomical mapping
Electrocardiogram

Electrocardiographic imaging

European Heart Rhythm Association
Effective refractory period

European Society of Cardiology

Force time integral

Great cardiac vein

Ganglionated plexi

Hypertrophic cardiomyopathy

Heart failure

High-frequency jet ventilation
High-frequency low tidal volume

Heart failure with preserved ejection fraction
Heart failure with reduced ejection fraction
Heart Rhythm Society

Implantable cardiac defibrillator

Continued
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Table 3 Continued

Term (abbreviation) Definition
ICE Intracardiac echocardiography
ICM Implantable cardiac monitor
INR International normalized ratio
LA Left atrium

LAA Left atrial appendage

LAHRS Latin American Heart Rhythm Society
LAPW Left atrial posterior wall

LGE Late gadolinium enhancement
LoE Level of evidence

LIPV Left inferior pulmonary vein
LMWH Low molecular weight heparin
LSI Lesion size index

LSPV Left superior pulmonary vein
LVEF Left ventricular ejection fraction
MRI Magnetic resonance imaging
OSA Obstructive sleep apnoea
PFA Pulsed field ablation

PFO Patent foramen ovale

PN Phrenic nerve

PPI Proton pump inhibitor

PV Pulmonary vein

PVI Pulmonary vein isolation

PWI Posterior wall isolation

QoL Quality of life

RA Right atrium

RCT Randomized clinical trial

RF Radiofrequency

RSPV Right superior pulmonary vein
SvC Superior vena cava

SVT Supraventricular tachycardia
TEE Transesophageal echocardiography
TIA Transient ischemic attack

TTI Time to isolation

UFH Unfractionated heparin

VKA Vitamin K antagonist

VoM Vein of Marshall

AF ablation. The terms and abbreviations used in the consensus state-
ment are summarized in Table 3.

2. Classification—atrial fibrillation
pathophysiology

2.1. Definitions

Atrial fibrillation is the most common supraventricular arrhythmia
characterized by rapid, disorganized atrial electrical activation leading
to ineffective atrial contraction. The diagnosis of clinical AF requires

rhythm documentation with an electrocardiogram (ECG) tracing.
Electrocardiographic characteristics of AF include:

® absence of distinct P waves on the surface ECG;

® irregular atrial activations with an atrial cycle length that is usually
<200 ms; and

® ‘absolutely’ irregular R—R intervals [when atrioventricular (AV) conduc-
tion is not impaired].

By convention, an AF episode is defined as an arrhythmia that has the
ECG characteristics of AF and persists for at least 30 s in an ECG re-
cording (or the duration of a 12-lead ECG).> While the 30 s duration
has been employed in previous published consensus statements, it is im-
portant to recognize that this duration of AF has not been associated
with clinically meaningful outcomes or pathophysiological processes.
While it has been proposed that 30 s of atrial tachyarrhythmia may
be a harbinger of more advanced or clinically relevant disease, recent
evidence suggests that may not be the case.” Moreover, the 30's sus-
tained AF episode duration was defined in the era of non-invasive inter-
mittent rhythm monitoring, and its relevance is unknown when applied
to continuous rhythm monitoring [cardiac implantable electronic de-
vices, implantable cardiac monitors (ICMs), or wearable devices
(e.g. ECG-tracking smartwatches)].”

2.2. Classifications

Although there are several classification systems for AF, for this consen-
sus document, we have continued to endorse the duration-based AF
classification system employed by the American College of
Cardiology/American Heart Association (AHA)/HRS, the Canadian
Cardiovascular Society, the Cardiac Society of Australia and New
Zealand, and ESC, with slight modifications (Table 4).>%™"" This classifi-
cation system broadly categorized AF into four clinical patterns, based
on the clinical assessment of AF episode duration and persistence:
(i) paroxysmal AF, defined as a continuous AF episode lasting longer
than 30 s but terminating spontaneously or with intervention within
7 days of onset; (i) persistent AF, defined as a continuous AF episode
lasting longer than 7 days but <1 year; (iii) long-standing persistent AF,
defined as continuous AF >1 year in duration, in patients where rhythm
control management is being pursued; and (iv) permanent AF, defined as
AF for which a therapeutic decision has been made not to pursue sinus
rhythm (SR) restoration.

It is important to recognize that permanent AF represents a thera-
peutic attitude on the part of a patient and the treating physician rather
than on any inherent pathophysiological attribute of the AF. If a rhythm

Table 4 Proposed classification of atrial fibrillation

Duration-based classification

Paroxysmal—continuous AF episode lasting longer than 30 s but
terminating spontaneously or with intervention within 7 days of onset
® FEarly paroxysmal—continuous AF episode lasting longer than 30 s but

terminating spontaneously or with intervention within 24 h of onset

Persistent—continuous AF episode lasting longer than 7 days but <1 year
® Early persistent—continuous AF episode lasting longer than 7 days

but <3 months

Long-standing persistent—continuous AF episode lasting longer than
1 year, in whom rhythm control management is being pursued

Permanent—AF for which a therapeutic decision has been made not to

pursue sinus rhythm restoration

AF, atrial fibrillation.
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control strategy is recommended after re-evaluation, the AF should be
redesignated as paroxysmal, persistent, or long-standing persistent AF.
Early paroxysmal AF is defined as a continuous AF episode lasting longer
than 30 s but terminating within 24 h of onset either spontaneously or
with intervention. The 24 h duration was chosen based on the knowledge
that important changes in AF-related electrical and structural remodelling
occur over time frames as short as 24 h,"*"? leading to reductions in car-
dioversion'*'® and catheter ablation efficacy.'® Similarly, AF episodes
>24 h have been associated with increased risk of ischemic stroke or sys-
temic embolism, as well as increased cardiovascular hospitalization, all-
cause hospitalization, and all-cause mortality."~? Early persistent AF is de-
fined as continuous AF of more than 7 days of duration but <3 months of
duration. Within the context of AF ablation and clinical trials of AF abla-
tion, early persistent AF defines a population of patients in whom better
outcomes of AF ablation are anticipated when compared with persistent
AF of more than 3 months of duration.

A duration-based AF classification is a relatively straightforward
schema that can be employed to standardize reporting, characterize
the severity of disease, define patient populations in clinical trials of
catheter and surgical ablation of AF, and form the basis of therapeutic
recommendations regarding invasive arrhythmia management.
However, it is important to recognize that clinical assessment of AF epi-
sode duration often underestimates the temporal persistence of AF
when compared with long-term ECG monitoring, often leading to mis-
classification between paroxysmal and persistent AF.>%%" In addition,
AF is a chronic progressive disease, evolving often from short parox-
ysms of AF to more frequent exacerbations of longer-lasting persistent
AF. If both paroxysmal and persistent episodes are present, the classi-
fication should be defined based on the predominant AF pattern during
the preceding 6 months.

2.3. Natural history of atrial fibrillation and

atrial fibrillation progression

Atrial fibrillation is a chronic progressive disease characterized by ex-
acerbations and remissions. Early in its course, AF is predominantly
an isolated electrical disorder, triggered by rapid discharges originating
mainly from the pulmonary veins (PVs), either secondary to enhanced
automaticity or triggered activity from afterdepolarizations. These trig-
gered impulses initiate and maintain AF through sustained rapid firing
with secondary disorganization into fibrillatory waves. Although re-
entry is not usually sustained in a normal atrium, the presence of a vul-
nerable substrate can perpetuate AF through electrical heterogeneity
[e.g. regional differences in conduction velocity, action potential dur-
ation (APD), and refractory period], with functional conduction abnor-
malities promoting reentrant activity and stabilizing reentrant circuits.
Moreover, the cumulative effect of these intermittent AF episodes is
electrical, contractile, and structural remodelling, with fibrosis promot-
ing reentry through structural conduction abnormalities, and chamber
dilatation promoting reentry. This atrial structural remodelling and
worsening of atrial cardiomyopathy promote sustained arrhythmia
and underpin the progression from paroxysmal to persistent forms
of AF.>

While a wealth of experimental data exists regarding structural and
functional atrial changes that contribute to the development, mainten-
ance, and progression of AF, considerably less data exist regarding the
natural history of AF. The reported rate of AF progression to non-
paroxysmal AF types varies substantially due to differences in patient
characteristics and comorbidities, study design (retrospective vs. pro-
spective), follow-up duration (progression appears to be non-linear),
and arrhythmia monitoring technology (e.g. most used intermittent
rhythm assessments, which underestimate progression).”**?* Within
these limitations, a proportion of patients presenting with their first

AF episode will remain free of further recurrence, particularly if they
are young and free of comorbidities at the time of index presenta-
tion. 22242 A metaanalysis of 47 studies reported that the incidence
of progression from paroxysmal to non-paroxysmal AF was 7.1 per
100 patient-years of follow-up, with higher incidence in studies with
shorter follow-up duration.”? In a relatively young and healthy popula-
tion at low risk of AF progression, 7.4% of patients with symptomatic
paroxysmal AF receiving first-line antiarrhythmic drug (AAD) therapy
experienced an episode of persistent AF over a 3 year follow-up as
documented by continuous rhythm monitoring with implantable car-
diac device.?” A recent loop recorder study of 417 paroxysmal AF pa-
tients with 2.2 years of follow-up demonstrated progression to
persistent or permanent AF in 8.4% (~3.8% annually).”® For longer dur-
ation studies, the rate of progression has been reported to be 22-36%
at 10 years.**?*3% Importantly, while AF progression has been asso-
ciated with worse outcomes, it is unclear whether progression is re-
sponsible for or merely a marker of a worse underlying substrate.3'?

Predictors associated with progression from paroxysmal to persist-
ent AF include increasing age, the presence of structural cardiac path-
ology [left atrial (LA) dilatation], and an increasing burden of
madifiable risk factors and concomitant risk conditions such as hyper-
tension, diabetes mellitus, obesity, heart failure (HF), coronary artery
disease, chronic kidney disease, chronic obstructive pulmonary disease,
prior transient ischemic attack (TIA) or stroke, and obstructive sleep
apnoea (OSA).>>3%3373¢ Several biomarkers have also been associated
with AF progression.2 '

2.4. Pathophysiology of atrial fibrillation
2.4.1. Genetics of atrial fibrillation

Atrial fibrillation is a complex disease where both environmental and
genetic factors contribute to disease pathogenesis. Studies have shown
familial aggregation and heritability of AF.3®3? After accounting for es-
tablished clinical risk factors, individuals with a first-degree relative
with AF have a 40% increased risk for AF development.*

The first rare pathogenic variant linked to familial AF was found in the
Kv1.7 voltage-gated potassium channel.*' Since then, further variants
have been identified in genes encoding potassium channels,**~*€ sodium
channel,*=" and other non-channel |:)roteins‘r’2'53 in patients and fam-
ilies with AF. In addition, genome-wide association studies comparing
AF patients with the general population have associated a common
variant at the 4925 locus, a non-coding region of the genome near
the gene PITX2, with a 60% increased risk of developing AF>*
Further genome-wide association studies have associated single nucleo-
tide polymorphisms at more than 140 loci with AF.>>~8 Single nucleo-
tide polymorphisms identified by genome-wide association studies
account for ~22% of the risk of developing AF.>

Polygenic risk scores derived from these single nucleotide poly-
morphisms have been associated with stroke, outcomes after AF abla-
tion or cardioversion, and response to certain rate and rhythm control
medications.®° Larger, prospective, multi-ethnic studies will be neces-
sary before clinical application of these scores can be considered.

[t may be reasonable to refer patients with onset of AF earlier than
45 years old without any identifiable risk factors to an inherited arrhyth-
mia clinic for consideration of genetic testing and family screening.60
The 2022 EHRA/HRS/APHRS/LAHRS expert consensus statement
on the state of genetic testing for cardiac diseases supports analysis
of specific genetic variants (SCN5A, KCNQ1, MYL4, and truncating
TTN) in index patients in whom the diagnosis of familial AF is estab-
lished, based on examination of the patient’s clinical history, family his-
tory, and ECG characteristics.®’ Currently, there is no role for routine
clinical genetic testing in older patients presenting with AF in the ab-
sence of familial disease.®’
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2.4.2. Molecular basis of atrial fibrillation

Atrial fibrillation triggers resulting from ectopic activity within the atria
are linked to spontaneous diastolic Ca**-release from the sarcoplasmic
reticulum via leaky ryanodine receptor channels. Early afterdepolariza-
tions due to loss-of-function mutations in outward potassium channels,
or gain-of-function mutations in inward calcium channels leading to a
reduced repolarization reserve, have also been linked to spontaneous
ectopic activity.(ﬁ’63 The canine PVs have been shown to have smaller
inward rectifier K* current (IK;) and L-type Ca®* current (ICa,L), as
well as larger delayed rectifier K™ currents, compared with the LA
cells.?

Conduction abnormalities have a role in AF pathophysiology, presum-
ably by increasing susceptibility to reentry and maintenance of AF. The
most important determinants of conduction are as follows: (i) structural
integrity of atrial tissue, often disrupted by fibrosis; (ii) effective cell-to-cell
coupling, principally determined by connexin hemichannels in interca-
lated disks; and (iii) integrity of the rapid phase-0 Na* current (INa),
which provides the electrical energy for conduction.®*¢*

2.4.3. Mechanisms of atrial fibrillation initiation and
maintenance

2.4.3.1. Role of triggers and automaticity

Atrial fibrillation is initiated by triggers and then sustained by distinct
mechanisms for longer durations. Ectopic activity, particularly occurring
in the PVs, has been shown to have a central role in initiation of AF.%>
Variances in the ion channels and the structure of PV tissue predispose
to ectopic activity by (i) reducing APD leading to reentry and (i) in-
creasing delayed afterdepolarizations (DADs) due to aberrant
Ca**-release leading to spontaneous ectopy.®>*® Clinically, PVs are
noted to have smaller electrogram voltages, slower conduction, shorter
effective refractory period (ERP), and a greater vulnerability to AF in-
duction during programmed electrical stimulation.®” Embryologically,
the posterior wall of the LA has the same origin as the PVs and there-
fore is considered to have a similar arrhythmogenic role.%® Other sites
of triggered activity include the superior vena cava (SVC), the ligament
of Marshall, and the LA appendage (LAA), although atrial sites beyond
PVs are less clearly linked to AF initiation.®”

2.4.3.2. Role of focal and rotational activity and spiral waves

The concept of small rapidly rotating circuits postulates that fibrillatory
conduction is maintained by AF-perpetuating drivers or localized re-
gions that activate faster compared with the surrounding atrial tis-
sue.”%”" Rotational and focal drivers of AF have been identified near
regions of fibrosis by optical mapping of ex-vivo animal hearts, ex-vivo
human atria, and in-vivo human atria.”>74

Unfortunately, the tools required to demonstrate rotational and fo-
cal drivers of AF are limited by the complexity of assessing intracardiac
electrograms during fibrillatory conduction, particularly in reference to
the accurate identification of local activation timings.”>~"”

2.4.3.3. Role of multi-wavelet reentry

The multiple wavelet concept was initially proposed by Garrey,78 re-
fined by Moe et al.”® with computer modelling studies, and later sup-
ported by Allessie and colleagues® with mapping of AF in canine
atria and human atria2’ The multiple wavelet theory proposes that
multiple AF-perpetuating wavelets self-replenish by collision, facilitated
by structural obstacles and conduction dissociation between the endo-
cardial and epicardial surfaces of the atrial wall. This theory implies that
extensive ablation is required to limit the surface area of conduction
and resolve constant replenishment of fibrillatory wavelets. Recent
mechanistic evidence from computational models also suggests that
smaller areas for fibrillatory waves to propagate are associated with im-
proved long-term postablation outcomes in persistent AF.2>

2.4.3.4. Role of endocardial—epicardial asynchrony

Recent data have found that despite the relatively thin-walled atria, the
complex LA anatomy has a structure that, combined with the progres-
sion of intramural fibrosis, can contribute to AF maintenance by provid-
ing a larger three-dimensional (3D) substrate that increases the
probability of intramural reentry and AF maintenance. Preclinical and
clinical surgical high-density mapping studies have found that activation
is often asynchronous and dissociated during AF, likely exacerbated by
slow conduction and intramural conduction delay and block.”+#38%
These findings have been confirmed in right atrium (RA) recordings
in humans with AF undergoing cardiac surgical proceduresgs’88 and
in LA simultaneous endo-epicardial recordings of patients undergoing
catheter ablation of AF.2%%° Such findings further increase the complex
nature of AF and may explain why mapping from the endocardium or
epicardium alone has failed to identify the true underlying mechanism of
AF.

In summary, the presently available data suggest that both ectopic ac-
tivity and reentry play important roles in AF initiation and maintenance
of fibrillatory conduction. Moreover, localized driver sites may have a
role in AF maintenance independent of the initiating mechanism. The
specific mechanisms and determinants remain to be elucidated, along
with their implications for therapy.

2.4.4. Structural and electrical remodelling in atrial
fibrillation
2.4.4.1. Structural remodelling

The atria of patients with AF often show evidence of structural remod-
elling. The easiest type of structural change to recognize is LA enlarge-
ment, which is seen in many AF patients and correlates with disease
progression and outcomes.”"”? Atrial enlargement provides more at-
rial tissue to harbour disordered wavelets or drivers and also correlates
with the presence of fibrosis.”® Atrial fibrosis can be a result of the elec-
trical remodelling of AF, AF-related risk factors, or a fibrotic atrial car-
diomyopathy.®*”3~% The mechanisms of fibrosis and its consequences
comprise many phenomena at molecular, cellular, organelle, and tissue
levels.”” At the molecular level, dynamic changes occur in the genome,
the transcriptome, and the signalling pathways underlying the gener-
ation of profibrotic molecules.”® Cellular changes involve interactions
among the various cardiac cells, including myocytes, fibroblasts or myo-
fibroblasts, and inflammatory cells such as macrophages and neutro-
phils.gs‘99 Tissue changes relate to the dynamics of scar, angiogenesis,
electrical conduction, and contractility.100 Fibrosis may also increase
the number of fibroblasts, promoting AF by altering the electrophysio-
logical behaviour of cardiomyocytes coupled to fibroblasts through car-
diomyocyte—fibroblast interactions’”10! (Figure 1).

Atrial fibrosis results in heterogeneous electrical conduction and re-
polarization and may facilitate multiple wavelet reentry or anchor driver
regions.'®% Clinically, identification of atrial fibrosis has been challenging,
with promising techniques including detection of increased signal inten-
sity on gadolinium-enhanced magnetic resonance imaging (MRI)'*® or
identification of low amplitude electrical signals at invasive electrophysi-
ology study,'®*"% although a mismatch between these techniques has
been suggested'®® (Section 5.2.1.4.).

Another potentially important factor in AF-related atrial remodelling
is fatty infiltration, which is known to increase in several pathophysio-
logical conditions and is regarded as arrhythmogenic.'®”"'%® Epicardial
fatty infiltration occurs with obesity and has been associated with AF
via structural and electrical remodelling of the atria, via direct infiltration
of adipose tissue into the atrial tissue, and via indirect mechanisms
through paracrine modulators resulting in inflammation and oxidative
stress'°*110 (Section 5.2.1.4.).

Myocardial infiltration by amyloid deposits may also disturb atrial
conduction in cardiac amyloidosis.""! Patients with long-standing AF
and rheumatic heart disease have a very high prevalence of atrial
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Madifiable risk factors (e.g. hypertension, obesity, sleep apnoea, alcohol consumption, diabetes)
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Figure 1 Pathophysiological mechanisms of atrial fibrillation. APD, action potential duration; CV, conduction velocity; DADs, delayed afterdepolar-
izations; EADs, early afterdepolarizations; RP, refractory period; RyR, ryanodine receptor; SERCA, sarcoplasmic/endoplasmic reticulum Ca?*-ATPase.
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amyloidosis."? Isolated atrial amyloidosis is more prevalent than
amyloid light chain (AL) amyloidosis or wild-type (senile) transthyretin
cardiac amyloidosis, with a prevalence of >90% in the ninth decade.""®
Pathophysiologic association between amyloidosis and AF is still under
investigation but is considered to relate to structural abnormalities
similar to atrial fibrosis.

2.4.4.2. Electrical remodelling

Electrical remodelling in AF patients involves shortened atrial refractory
periods from down-regulation of Ca** currents, shortened repolariza-
tion and hyperpolarization of atrial cells from increased outward K*
currents, and conduction slowing from altered expression and localiza-
tion of connexins between myocytes''* (Figure 1). Oxidative stress, at-
rial dilatation, microRNAs, inflammation, and myofibroblast activation
also have a role in electrical remodelling.®*

Electrical remodelling, manifested as shortening of atrial refractori-
ness, develops within the first few days of AF."%%""> Several ion channel
madifications underlying such electrical changes have been described in
animal models and humans.""*""¢"""® Dominant frequency of AF is
shown to increase gradually after AF onset, stabilizing within 2 weeks.
These dominant frequency changes are associated with down-
regulation of ICaL and INa and up-regulation of IK1, along with corre-
sponding mRNA or protein changes. Interstitial fibrosis develops at
6-12 months, highlighting increasing tendency of AF to persist over
time."%12% Systained AF shortens APD and ERP, decreasing the wave-
length and facilitating the acceleration and stabilization of sustained re-
entry. The primary determinants of APD shortening are the decrease in
ICaL and increase in IK1.""? Rapid atrial rates can activate fibroblasts
and increase collagen gene activity, promoting fibrosis and structural
remodelling."*’

2.4.5. Autonomic nervous system and its role in atrial
fibrillation pathophysiology
The electrophysiology of the heart is highly influenced by the auto-
nomic nervous system (ANS; Section 3.7.). Initiation and termination
of AF episodes have been linked to changes and abnormalities in cardiac
autonomic tone.'?>7'?* At the whole heart and cellular levels, both ex-
trinsic and intrinsic autonomic modulations have been shown to pro-
duce early or DADs that trigger ectopic firing and contribute to AF
maintenance,'**~"3°

Autonomic interventions have been shown to modulate AF occur-
rence. A small randomized trial of vagal stimulation via the tragus re-
duced AF burden over 6 months.">' This effect may be mediated by
up-regulation of small conductance calcium-activated potassium chan-
nels in the stellate ganglion."? Spinal cord stimulation has also demon-
strated a protective effect on AF inducibility in a tachypacing model.'*®

Due to the inter-relationship between the sympathetic and parasym-
pathetic ANS components, it is not possible to perform selective
modulation of the parasympathetic or the sympathetic nervous system
alone with direct ablation at ganglionated plexi (GP) sites. However, ab-
lation targeting GP sites has been shown to modulate cardiac auto-
nomic tone and AF inducibility."***"3” Due to their anatomic location
in proximity to the PVs, these GP sites may actually be ablated during
a standard PV isolation (PVI) procedure.

3. Anatomical considerations—
implications for catheter ablation

3.1. The pulmonary veins—typical

anatomy and variants

Atrial fibrillation is regarded as a primarily LA arrhythmia, mainly be-
cause AF episodes are initiated most commonly by atrial extrasystoles

emanating from the PVs. Since the ground-breaking publication of
Haissaguerre et al,®® multiple studies have shown that unique anatomic
features of the PV myocardial sleeves or extensions enable focal auto-
maticity.®®'*® In addition to the enhanced focal activity of the PV them-
selves, anisotropic, heterogeneous conduction in the PV antra creates
an environment prone to microreentrant activity, acting like a ‘repeater’
augmenting single ectopics into a burst of fibrillatory activity or PV
tachycardia'>*"° (Section 2.4.3.).

The entrance of the PVs to the LA is located on the superior—
posterior part, with the inferior PVs entering the LA inferiorly but
also posteriorly to the superior PVs. The typical PV branching pattern
comprises four separate PV ostia, with a pair of superior and inferior
PVs on the left and right posterior aspect. Most common PV variants
include a common trunk (either short or long) of the left-sided PVs
and an additional (middle) PV on the right side."*"'** Rarely, other
atypical variations in PV anatomy may be encountered including an ac-
cessory PV draining at the LA roof, a common superior or inferior con-
joined vein, and three or even all four PVs entering LA together with a
common trunk™'="*3 (Figure 2).

Myocardial sleeves extend into the PVs ~2-3 cm from the PV-LA
junction, often taking a spiralling course."** Additionally, the thickness
of the LA wall in the region of the PV antra varies from 2 mm (posterior
wall) up to 8 mm at the ridge separating the left superior PV (LSPV)
from the LAAS8™11% This variance in target lesion depth is one of
the challenges in safely achieving transmural and durable PVI."*

3.2. Pulmonary vein epicardial connections

Besides the knowledge of typical PV anatomy and related variants, it is
also critical to understand the concept of epicardial connections be-
tween PVs and other adjacent atrial structures as it can strongly influ-
ence short-term and long-term achievement of PVI. Although difficult
to evaluate, their overall prevalence appears to be as high as
13.5%."*” The presence of underlying structural heart disease or a pa-
tent foramen ovale (PFO) is associated with a higher prevalence of epi-
cardial connections, whereas a left common trunk is associated with
absence of epicardial connections."”"*® Several studies have reported
the anatomical distribution and functional impact of these epicardial
connections.'*~"*"

More than half of epicardial connections are located in the left PVs
and are mediated by the ligament of Marshall."*’ As described here-
after, the ligament of Marshall is an epicardial structure containing the
vein of Marshall (VoM), the Marshall myocardial bundle, and autonomic
nerves. Post-mortem studies have revealed that, unlike other atrial
tracts, the ligament of Marshall is distinctly segregated and insulated
from the underlying LA myocardium and connects directly to the cor-
onary sinus (CS) musculature and the LA free wall at the level of the left
inferior PV (LIPV).'*2153

Epicardial connections are also located in the right PVs connecting
them with the RA or less frequently with distinct areas of the LA. In
the former, epicardial connections are supported by muscular strands
that connect the muscular sleeves of the right PVs to the RA,'>371%
Epicardial connections between the right PV and the posterior wall of
the LA have also been described suggesting variants of the septopulmon-
ary bundle that link the right carina with the posterior wall 147148150156

3.3. Fossa ovalis—interatrial septum

(implications for transseptal puncture)

During cardiac development, a complex advancement, growth, and mi-
gration of atrial tissue forming the septum primum and then the septum
secundum allow the formation of the interatrial septum, which eventu-
ally separates left from RA."**"'>” During this process, the fossa ovalis is
formed, which is where the septum primum overlies the septum secun-
dum. The fossa ovalis represents the thinnest part of the septum and
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A Typical PV anatomy B

D Common ostium of inferior veins E

Figure 2 Typical PV anatomy and common variants. PV, pulmonary vein.

Left common ostium C

PV draining at the roof F

Right middle PV

Miscellaneous

Figure 3 (A) Anatomy of interatrial septum and optimal site of transseptal puncture (demarcated with a brace). Black arrow in the dotted area shows
the infolded groove of the atrial wall between the SVC and the right PVs filled with extracardiac fat tissue. (B) Intracardiac echo view of typical tenting
before transseptal crossing. Modified from Tzeis et al.'>® IVC, inferior vena cava; LIVP, left inferior pulmonary vein; LSVP, left superior pulmonary vein;
PV, pulmonary vein; RIVP, right inferior pulmonary vein; RSVP, right superior pulmonary vein; SVC, superior vena cava

thus is the ideal location for transseptal punctut’e.145'157’158 It has an
average vertical diameter of 18.5 + 6.9 mm and an average horizontal
diameter of 10.0 + 2.4 mm." The septal area located superiorly (cra-
nially) to the fossa ovalis is formed by an infolded groove of the atrial
wall between the SVC and the right PVs and contains extracardiac adi-
pose tissue.'®” Inadvertent puncture of this area must be avoided since
it may result in interatrial septum dissection, atrial wall hematoma, or
tamponade'®° (Figure 3).

In ~25-28% of patients, the two membranes that comprise the fossa
ovalis do not fuse, so that a PFO is present. This defect varies consid-
erably in size, from a more slit like formation to defects of 19 mm
size, with a mean reported PFO diameter of 5 mm."®""¢3 Although
the fossa ovalis is considered to be the optimal site for transseptal punc-
ture, crossing the septum via a PFO during AF catheter ablation has sev-
eral limitations, since the PFO is located very cranially and anteriorly at
the septum, thus impeding access to the caudal parts of the LA
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Figure 4 Anatomic variations of the interatrial septum that may be encountered during transseptal puncture. (A) Patent foramen ovale (white ar-
row); (B) septal aneurysm with large excursion towards the right atrium (white arrow); (C) tenting of floppy septum from transseptal needle close to
the left atrial wall; (D) very small fossa ovalis (white arrow) in a patient with lipomatous septal hypertrophy (yellow arrow); (E) standard transseptal
needle crossing a pericardial patch; (F) atrial septal closure device (yellow arrow) covering almost all of the interatrial septum. LA, left atrium.

(including the inferior PVs) and the right superior PV (RSPV), where a
steep turn is needed to enter. Hence, some operators prefer to per-
form transseptal puncture inferior and posterior to a present PFO.
Several observational studies have shown that use of a PFO to gain ac-
cess in the LA during AF catheter ablation does not adversely affect ab-
lation efficacy when compared with needle-assisted LA access.'®*"
However, the presence of a large and/or compliant PFO has been re-
ported as independent predictor of PVI failure and increased arrhyth-
mia recurrence rate following AF catheter ablation.'®®

In contrast, ‘true’ atrial septum defects (ASDs) are usually located at
the site of a transseptal puncture and offer a very convenient access to
the LA and the PV regions. However, an ASD with a relevant
left-to-right shunt results in RA volume load with subsequent increased
arrhythmogenic remodelling. The latter should be taken into account
when individualizing AF ablation approach, since in the presence of
an ASD, the RA is likely implicated in AF initiation and maintenance
and thus should be evaluated as potential ablation target."*®'¢”

The rare variant of an atrial septum aneurysm (~1-2% of patients) can
complicate transseptal puncture. Most commonly, the aneurysm com-
prises a ‘floppy septum’, which means that true crossing of the septum
requires pushing the transseptal needle almost to or even beyond the
most left lateral boundaries of the LA, risking a perforation of the LA.
Available technologies that facilitate crossing of the septum in
challenging anatomies are presented in Section 7.5.157.158.161,167,168
Anatomic variations of interatrial septum and clinical settings that may
be encountered during transseptal puncture are presented in Figure 4.

Some patients with AF may have had prior surgical or percutaneous
ASD closure. Surgical closure of an ASD with a stitch typically does
not impede subsequent transseptal puncture. Use of a pericardial patch
to close the ASD may impede crossing of the septum, but there is often
room to cross above or below the patch. Direct puncture through the
patch with a radiofrequency (RF) needle is also feasible. Percutaneous

closure devices can pose more of a challenge. Typically, there is a
room inferior—posterior to most ASD closure devices for transseptal
access through the native septum using the usual transseptal tools."®”
Occasionally (Figure 4F) an ASD device may cover the entire septum.
Crossing through an ASD closure device has been described but should
be reserved for highly experienced centers.'”

3.4. Architecture of left atrial musculature

The orientation of the major atrial muscular bundles has been recognized
from anatomical dissections, with mostly circular bundles around the os-
tia of the PVs, AV valves, and LAA."”" The body of the LA is comprised of
the venous component located posteriorly, the septum, and the vestibu-
lar portion, which forms the ‘LA outlet’.">> The vestibule partly forms the
mitral isthmus located between the orifice of the LIPV and the annular
attachment of the mitral valve.'>>"”? Several anatomical isthmuses can
be identified between these native obstacles, which have the potential
for supporting reentry.'”>~'® The body of the LA has relatively smooth
wall with a complex architecture of overlapping myofibres of different
orientation. The most prominent interatrial muscular connection is the
Bachmann’s bundle comprised of atrial myocardial strands aligned in a
parallel fashion. It extends from the right of the SVC orifice, crosses
the interatrial groove, and courses along the anterior wall of the LA until
the LAA where it divides into two branches that encircle it.'””" The super-
ior part continues along the left lateral ridge and the inferior part towards
the atrial vestibule and then merge into the musculature of the lateral and
inferoposterior atrial wall'”® (Figure 5).

In 1920, Papez'”” first described the septopulmonary bundle and the
septoatrial bundle. This terminology directly reflects their different
course through the LA components previously described. The two
bundles arise from the septum, but the septoatrial bundle preferentially
covers the LA body (as well as the LAA and the vestibule), while the
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1 Superior vena cava

2 Right atrial appendage
3 Ascending aorta

4 Pulmonary artery

5 Left atrial appendage
6 Pectinate muscules

7 Antero-superior interatrial bundle
(Bachmann'’s bundle)

8 Postero-superior interatrial bundle
9 Septopulmonary bundle

10 Precaval bundle

11 Septoatrial bundle

12 Fat interposition

13 Circumferiential band

14 Coronary sinus and musculature

15 Marshall vein and bundle

16 Intercaval bundle

17 Postero-inferior interatrial bundle

18 Terminal bundle

* Sites of main epicardial connections of the pulmonary veins

Figure 5 Architecture of atrial musculature. Upper left: main atrial muscular bundles from anterior view. Lower left: transection of the Bachmann'’s
bundle, postero-superior interatrial bundle, and the septopulmonary bundle enables visualization of the septoatrial bundle. Upper right: main atrial mus-
cular bundles from posterior view with slight rightward tilting—the stars denote epicardial connections of the right PVs with the right atrium and left
atrium posterior wall. Lower right: transection of the septopulmonary bundle coursing epicardially enables visualization of the septoatrial bundle and

neighbouring fat inter-position. PV, pulmonary vein.

septopulmonary bundle mainly encircles the PVs. Both bundles course
along the dome and the posterior wall, where the septopulmonary bun-
dle epicardially overlaps the septoatrial bundle to form a bilayer architec-
ture. Until recently, these bundles were not considered to be separated
by a layer of insulating tissue.'>*”1177178 Recently, the septopulmonary

bundle has been described to be separated from the LA body by fat
inter-position. This intervening fat layer may act as an insulation prevent-
ing transmission of ablation energy to the epicardially situated
septopulmonary bundle and thus impairing the achievement of durable
PVI, complete roof line, or posterior wall isolation (PWI)."”?
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3.5. Coronary sinus—vein of Marshall

The coronary venous system, with the CS located at its most proximal
part, drains ~85% of the venous flow into the RA. The great cardiac
vein (GCV) ascends into the left AV groove, where it passes close to
the circumflex artery and under the cover of the LAA. The CS has
an individualized musculature separated from the LA myocardium by
fat, with sparse connections to the posterior wall via discrete muscular
tracts."® The juncture between the GCV and the CS is marked by the
entrance of the VoM."®"

The CS-VoM musculature has an arbourized layout. A primary bun-
dle running epicardially along the vein displays secondary bundles insu-
lated into fibro-fatty tissue. Following an epi-endocardial course, these
secondary bundles join at the bottom with the LA free wall myocar-
dium. "8 182718% A myscular continuum is observed from the CS to
the left PVs, using the VoM as a hub: its primary bundle is connected
to the CS musculature near the Vieussens valve, while its secondary
bundles are connected to the left PV sleeves at the ridge.

The VoM is an embryological remnant of the left upper caval system
resulting from the involution of the left anterior cardinal vein.'® This
vestigial structure is separated into two portions: (i) the extracardiac
portion, named the ligament of Marshall, is contained in a fold of peri-
cardium, occluded in almost all cases and associated with branches of
extrinsic cardiac nerves and (ii) the intracardiac part that extends
from the left lateral ridge (between LAA and left PVs) to the CS, main-
taining patency at different distance from its connection with the CS,
forming the VoM (also known as oblique vein of the LA). The VoM
has an epicardial myocardial sleeve (the Marshall bundle) and neigh-
bours with closely associated autonomic nerve fibres and
fat.,'82183186 The Marshall bundle is an insulated muscular structure
that connects to the LA myocardium at the level of the left PVs with
limited connections to the underlying myocardium along its epicardial
course. Several studies have demonstrated that the muscular fibres
of the VoM and adjacent structures have a multi-faceted proarrhythmic
potential, since they may be the source of focal activities, part of reentry
circuits and autonomic modulators.'® ="' Being co-localized with ar-
rhythmogenic structures, the VoM may represent an ablation target be-
yond PVI during AF catheter ablation (Section 8.2.7.).

The VoM has close anatomical relationship with the mitral isthmus,
located between the mitral annulus and the LIPV ostium'>>"?% with
practical implications during ablation attempts at the mitral isthmus ei-
ther for LA substrate modification or for the treatment of perimitral
flutter.">"%® Achievement of mitral isthmus block may prove challen-
ging not only due to mitral isthmus wall thickness but also due to its
complex anatomy including: (i) the thick left lateral atrial wall, rarely
exceeding 4 mm,">>"** (i) the VoM,"*>"%¢ and (jii) the GCV with its
musculature extending over 2—40 mm, either at the anchored or free
wall of the vessel."”’

3.6. Superior vena cava

Apart from the PVs, the SVC also exhibits myocardial sleeves that ex-
tend as much as 4-5 cm cranially into the vein.'*"*® Increased length of
SVC myocardial sleeves and increased SVC diameter are reported as
independent predictors of SVC firing in AF patients undergoing cath-
eter ablation.'”” However, the SVC myocardium has different origin
than the myocardial sleeves of the PVs, and hence, the arrhythmogenic
potential of the SVC is not prominent. This seems to be especially true
for the influent or antral region of the SVC, which is not known to have
such anisotropic or heterogenous conduction properties as the PV an-
tral region.”® Several studies have reported that the SVC acts as an
extra-PV trigger in 2-6% of patients.'”®?°" In such settings, SVC isola-
tion is usually attempted. Superior vena cava isolation can be compli-
cated by sinus node dysfunction due to close vicinity of the sinus
node to the lateral influx of the SVC into the RA. Delivery of RF energy
should be avoided in the sinus node region at the base of the right atrial

appendage joining the SVC, and ablation should be interrupted if sinus
acceleration or deceleration is observed. Furthermore, collateral dam-
age may occur to the neighbouring right phrenic nerve (PN), which
should be clearly delineated with high-output pacing prior to abla-
tion?%% (Figure 6; Section 3.9.).

3.7. Autonomic ganglionated plexi

The cardiac nervous system (CNS) plays a crucial role in arrhythmogen-
esis and more specifically in the initiation and maintenance of AF. The
CNS is divided into the extrinsic and the intrinsic CNSs, 45202204
The extrinsic CNS consists of sympathetic and parasympathetic com-
ponents and includes neurons in the brain and spinal cord and nerves
directed to the heart.?%® The extrinsic parasympathetic fibres are car-
ried almost entirely within the vagus nerve.?%® The extrinsic sympathet-
ic fibres are largely derived from the autonomic ganglia along the
cervical and thoracic spinal cord.”**?% The intrinsic ANS includes auto-
nomic nerve fibres once they enter the pericardial sac, forming a com-
plex network composed of GPs, concentrated within epicardial fat
pads.?%”2% These GPs function as integration centers between extrin-
sic and intrinsic cardiac ANSs and contain predominantly parasympa-
thetic, as well as sympathetic neurons, 203204209

Ganglionated plexi are most commonly located at the anterior—
superior LA (close to the SVC—RA junction and the anterior aspect of
the RSPV), at the inferior—posterior RA/LA junction (adjacent to the in-
teratrial groove), at the lateral-posterior (close to LIPV) and lateral-
superior LA (between LAA and LSPV), and in proximity to the
VoM, 202204209

Localization of GPs is feasible with nuclear imaging studies and intra-
procedurally with high-frequency stimulation to elicit a vagal re-
sponse.%8219213 However, due to their common localization close
to the PVs, it is estimated that the GPs are ‘collaterally ablated’ in
20-50% of AF patients undergoing wide antral circumferential PVI. In
line with this, a substantial proportion of patients display signs of auto-
nomic modulation, e.g. changes in mean heart rate or heart rate variabil-
ity, following PVI, a finding which has not been observed in pulsed field
ablation (PFA)-treated patients.”™**"> Some studies have shown that
such an increase in resting heart rate after PVI is associated with a
more favourable prognosis.zw”218

3.8. Pericardial reflections

Although less frequent than in ventricular arrhythmia management,
pericardial access is sometimes required for the treatment of atrial ar-
rhythmias. Alternative to the conventional endocardial ablation, hybrid
strategies have been proposed to improve the transmurality of lesions
created during AF ablation with favourable impact on arrhythmia out-
come?'*22" (Section 12). In selected patients, epicardial approach might
be an option for second or third ablation strategy to achieve transmural
block in areas with protected epicardial connections.”*>%* Therefore, it
is important to familiarize with the anatomy of the pericardium and its
anatomic characteristics that impair accessibility in specific areas of the
LA during epicardial mapping and ablation. The normal pericardium is a
double-layered sac consisting of an outer fibrous envelope and an inner
serous sac (divided into a visceral layer and a parietal layer) that is invagi-
nated by the heart. The visceral layer is reflected from the heart back onto
the parietal layer along the great vessels including the aorta, pulmonary ar-
tery, proximal PVs, and vena cavae. These reflections define recesses and
sinuses that constrain catheter manipulation. Therefore, epicardial map-
ping of the anterior wall or the mitral annulus is unimpeded, whereas
the network of pericardial sinuses at the posterior wall limits the catheter
from crossing the dome, roof, and carina on both sides.*>***

There are three sinuses in the pericardial space. The superior sinus is
situated along the right side of the ascending aorta. The transverse sinus
is located behind the great vessels and has the LA dome as an anterior
boundary. Its exploration allows access to the antero-superior aspect
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- ‘— Trachea
“J

Esophagus

Figure 6 Course of the right phrenic nerve in relation to neighbouring structures in different projections (A: right anterior oblique; B: right lateral;
C: right posterior oblique)—reconstruction from computed tomography scan. IVC, inferior vena cava; LA, left atrium; RA, right atrium; RIPV, right in-
ferior pulmonary vein; RSPV, right superior pulmonary vein; SVC, superior vena cava.

of the LA. The oblique sinus extends behind the LA between the four
PVs. Its exploration allows access to most of the inferior part of the
dome and the posterior wall. However, superiorly, the oblique sinus
is separated from the transverse sinus by the pericardial reflection con-
necting left and right PVs. Thus, the middle part of the dome remains
inaccessible for epicardial mapping.

3.9. Phrenic nerves

Ablation-induced damage of the PNs (mainly the right one) is a possible
complication of AF catheter ablation (Section 11). The anatomical rela-
tionship of the right PN to the right PVs is complex, due to the course
of the PN in between the RA and LA: cranio-caudally, coming from
the lateral aspect of the SVC, it runs between both atria along the antero-
septal portion of the RSPV and turns then via the posterior RA to the
lateral RA, where it crosses very often the crista terminalis'**?%%
(Figure 6). Thus, damage occurs most frequently while isolating the
RSPV, especially while using balloon devices.***’ There are several po-
tential reasons why a (transient or permanent) palsy of the right PN may
occur significantly more often with balloon-shaped than point-by-point
RF ablation. First, balloon devices are—by their shape and technical de-
sign—placed inside the PVs, and ablation energy is also delivered (in part)
inside the PVs.2% Thus, the PN, which runs along the PV, is more often
comprised within the most distal extensions of the ablation lesion.
Furthermore, the balloon is inflated in the PV with the purpose to obtain
maximum contact and occlusion of the PV by the balloon. Therefore, the
PV tissue is circumferentially stretched and the PV diameter is enlarged,
placing the PN closer to the ablation lesion. Proposed measures to pre-
vent the occurrence of PN palsy/paralysis are reported in Section
11226228 | arger diameter of the right PVs and a flat angle between the
right PV and the LA body are reported to predict PN damage during
PVI, whereas an enlarged LA is potentially protective.”?®

There is also an anatomic relationship between the left PN and the
LAA, but damage to the nerve is rare when using endocardial ablation
techniques. This is because the PN remains along the whole course on
the pericardial surface and does not enter the pericardial space or the

epicardium, so that the distance between the endocardial surface close
to the PVs and the left PN is usually more than 7-10 mm. Localization
and mapping of the left PN with high-output pacing is feasible and avoids
its inadvertent injury during LAA isolation using RF or cryoballoon abla-
tion.??” During surgical/epicardial ablation, protective measures similar to
those taken during endocardial PVI for the right PN are recommended.

3.10. Esophagus

Thermal injury to the esophagus by ablation energy is one of the most
dangerous and frequently fatal complications of AF ablation®3° (Section
11). The anatomic course of the esophagus is variable but is more com-
monly closer to the left PVs'*202239-233 (Figre 6). However, it should
be kept in mind that the esophagus is a mobile structure, and its relative
position may change intraprocedurally especially when the patient re-
mains under conscious sedation, allowing esophageal peristalsis to oc-
cur.®* In 67% of patients undergoing AF catheter ablation, the
esophagus shifts sideways by >2 cm, while in 4%, there is a lateral
movement exceeding 4 cm.>® Furthermore, the location, size, and
shape of the esophagus may be affected by the presence of common
esophageal abnormalities such as hiatal hernia.

Apart from the distance between the esophagus and the LA poster-
ior wall (LAPW), another anatomical factor that influences the prob-
ability of thermal esophageal injury is the presence of pericardial fat
pads around each PV that are located between the LA and the esopha-
gus and may protect against esophageal lesions during abla-
tion. 230232233 Most of the inferior PVs are not covered by fat pads.?

Furthermore, the movement of the esophagus may be restricted by
surrounding mediastinal structures, like the descending aorta or the
spine. In these cases, if the LA wall is ‘tented’ by the ablation catheter pos-
teriorly towards the esophagus, the latter remains entrapped, so that the
full impact of the applied energy is absorbed by the esophageal wall. If the
ablation also damages the arterioles supplying the esophagus, impairing
blood flow to the affected esophageal tissue, the resultant ulcerations
may not heal and may progress to perforation and fistulaization to the
pericardium and/or to the LAZ*233 (Section 11).
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4. Indications for catheter ablation of atrial fibrillation
Indications for catheter ablation of atrial fibrillation Category of Type of
advice evidence
Patients with AF-related symptoms
Catheter ablation of AF is beneficial in symptomatic patients with recurrent paroxysmal or persistent AF Advice TO DO METAZ6-242
resistant or intolerant to previous treatment with at least one Class | or Il antiarrhythmic drug
Catheter ablation of AF is beneficial as first-line treatment in symptomatic patients with recurrent paroxysmal AF Advice TO DO METAZ43-249
Catheter ablation of AF may be reasonable as first-line treatment in symptomatic patients with persistent AF Area of uncertainty OPN
Patients with AF and heart failure
Catheter ablation is beneficial in patients with AF and left ventricular systolic dysfunction, suspected to be related Advice TO DO METAZ0-254
to arrhythmia-mediated cardiomyopathy, to improve left ventricular function
It is reasonable to perform catheter ablation in selected patients with AF and heart failure with reduced ejection .
May be appropriate to 254260
fraction to reduce cardiovascular hospitalizations and prolong survival, regardless of previous antiarrhythmic DO META
drug failure or intolerance
Patients without AF-related symptoms
Catheter ablation of AF may be reasonable in selected asymptomatic patients with recurrent paroxysmal or Area of uncertaingy OPN
persistent AF following thorough discussion of potential risks and associated benefits
Patients with AF and coexistent rhythm disorders
Catheter ablation of supraventricular tachycardia alone is reasonable in patients with supraventricular May be appropriate to 261264
tachycardia and AF when the former is considered the main trigger of the latter DO OBS
Catheter ablation of AF is reasonable in patients with AF and symptomatic bradycardia or prolonged sinus pauses = May be appropriate to 265266
upon AF termination to avoid pacemaker implantation DO ©OBS
Cavotricuspid isthmus ablation with documentation of bidirectional block is reasonable in patients undergoing AF ~ May be appropriate to 267269
ablation in case of prior history or intraprocedural induction of cavotricuspid isthmus-dependent flutter DO OBS
Patients with AF and other risk factors or diseases
It is reasonable to use similar indications for AF ablation in older (>75 years of age) patients with AF as in younger = May be appropriate to 270.272
patients after taking into account comorbidities and patient preferences DO OBS
Catheter ablation of AF is reasonable in patients with hypertrophic cardiomyopathy after careful consideration of e e
anticipated clinical benefit, associated risk of procedural complications, and potential need for more than one DO OBS™"*~

procedure

This section presents the consensus of the writing group on the indica-
tions for catheter ablation of AF. Suggested advice has been formulated
based on the presence of AF-related symptoms and the duration-
dependent type of AF (Section 2) but also in specific patient groups.
Advice pertaining to the management of patients with persistent AF
is also applicable to those with long-standing persistent AF. The writing
group decided not to issue a separate set of advice for long-standing
persistent AF due to lack of specific evidence and a high degree of simi-
larity with the management of persistent AF patients.

The final decision regarding patient eligibility for catheter ablation
should be refined on an individualized basis, considering factors that
influence rhythm outcome including among others age, duration of AF
episodes, comorbidities, atrial dilatation, and presence of fibrosis.
Furthermore, the selection of catheter ablation vs. AADs for rhythm con-
trol may also depend on the underlying clinical setting, which may limit the
use of several AADs and/or may reinforce the need for SR maintenance
due to associated prognostic benefit. Therefore, the selection of optimal
management strategy should be guided by a balanced analysis of the po-
tential clinical benefits of reducing AF burden, the likelihood of achieving it,

and the associated risk of complications. Finally, patient preferences
should be taken into consideration in a shared decision-making process.

4.1. Catheter ablation in patients with

atrial fibrillation-related symptoms

Patients with AF may experience different types of symptoms including
palpitations, dyspnea, dizziness, fatigue, pre-syncope, and syncope. The
presence and intensity of AF symptoms may vary significantly even in
the same patient. Several symptom scales [EHRA score, Canadian
Cardiovascular Society Severity of Atrial Fibrillation (CCS-SAF) scale]
have been developed to assess AF-related symptoms in a more standar-
dized approach.”®! The documentation of correlation between
symptoms and underlying rhythm in patients with intermittent AF is
challenging, since patient symptomatology is not specific and may be at-
tributed to coexistent cardiovascular conditions or AF risk factors.”®?
Symptom rhythm correlation is low in patients with persistent AF es-
pecially in the presence of comorbidities such as HF and diabetes.?8%28*
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CRYO-FIRST?**
superior to AADs

0.48 (0.26-0.86)
24.3 vs. 33.3 (NS)
Cryoballoon ablation

ablation superior

EARLY-AF**
to AADs?

0.48 (0.35-0.66)
3.2 vs. 40 (N.S)

Cryoballoon

STOP-AF**#

Cryoballoon ablation superior to
AADs

0.57 (0.36-0.91)
14 vs. 14 (NS)

superior to

RAAFT-22*
AAD

0.56 (0.35-0.90)
RF ablation

9.1 vs. 4.9

MANTRA-PAF**¢

between RF ablation and
AADs in the cumulative AF
burden over a period of

No significant difference
2 years©

13.7 vs. 108 (NS)

RAAFT-1%4%
RF ablation superior to AAD

(ablation vs. AADs)
=0.004.

Findings/comments

AAD, antiarrhythmic drug; AE, adverse event; AF, atrial fibrillation; AFL, atrial flutter; AT, atrial tachycardia; LA, left atrium; LVAD, left ventricular assist device; LVEF, left ventricular ejection fraction; NS, non-significant; PVI, pulmonary vein isolation;

RF, radiofrequency; SD, standard deviation; TTM, transtelephonic monitoring.

Symptomatic AF recurrence, P < 0.001.

Serious AEs—no. of patients (%)
®Recurrence of any AF, P

Table 5 Continued
9dContinuous cardiac rhythm monitoring.

Treatment effect
“No PVI documentation.

These considerations need to be taken into account when assessing pa-
tients’ symptomatic status before tailoring management approach.

Several multicenter randomized clinical trials (RCTs) have demon-
strated the superiority of catheter ablation over AADs in patients
with paroxysmal or persistent AF resistant or intolerant to AADs, in
reducing AF recurrences and improving symptoms and quality of life
(QOL).2367242

Implementation of an early rhythm control strategy in patients with AF
and concomitant cardiovascular conditions is associated with improved
cardiovascular outcomes.?® Antiarrhythmic agents have a modest
efficacy in preventing AF recurrences with significant adverse event
rates.”®¢*” QObservational data have shown that invasive intervention
early in the natural course of AF results in favourable outcome, with
shorter ‘diagnosis-to-ablation’ time related to lower likelihood of
arrhythmia recurrence, repeat ablation, and cardiovascular hospitaliza-
tion.?882%° However, a recent RCT enrolling 100 symptomatic paroxys-
mal or persistent AF patients demonstrated that a strategy of AAD
therapy with 12 month delay in catheter ablation had no impact on
arrhythmia-free survival or AF burden over 12 month postablation
follow-up when compared with an early ablation strategy (within
1 month).*’" This study provides reassurance that an initial approach
of medical therapy and risk factor management may be reasonable with-
out compromising ablation outcomes. This approach takes into consid-
eration the highly variable natural history of paroxysmal AF (Section 2.3.).

Several prospective multicenter RCTs have evaluated cryoballoon
ablation as first-line treatment in symptomatic paroxysmal AF and de-
monstrated that it significantly reduces atrial tachyarrhythmia recur-
rences and improves patients’ QoL with similar risk of adverse events
when compared with AAD treatment>*~2*>2%2 (Table 5).

The superiority of cryoballoon ablation over antiarrhythmic therapy
in reducing arrhythmia burden was also verified in the 3 year follow-up
of patients enrolled in the EARLY-AF trial with a strict monitoring
protocol with implantable loop recorder and scheduled follow-up vis-
its.”” A crucial question is whether the favourable impact of catheter
ablation as first-line treatment in paroxysmal AF patients is specific
for cryoenergy ablation or represents a ‘class effect’ irrespective of
the employed ablation technology. Prior trials of first-line RF catheter
ablation demonstrated modest efficacy in arrhythmia outcome but
were limited by high cross-over rates, inconsistent procedural end-
points, and lack of procedural standardization®** (Table 5). A
pooled analysis concluded that RF catheter ablation resulted in signifi-
cantly higher freedom from AF recurrence compared with AAD ther-
apy in AAD-naive paroxysmal AF patients.”*’ Furthermore,
randomized comparison of cryoballoon ablation with RF ablation has
demonstrated similar safety and efficacy in arrhythmia outcome in
drug-refractory paroxysmal AF |3atients.293‘294

Recent data have indicated that in addition to traditional physical
symptoms, AF may be associated with significant adverse impact on
mental health. An observational study found that over one-third of pa-
tients referred for AF management demonstrated severe psychological
distress.*”> A recent randomized trial indicated significant improve-
ments in psychological distress maintained at 12 months associated
with catheter ablation but not with active medical therapy.*”®

In the real world, RF ablation has greater heterogeneity in procedural
results and is less reproducible than cryoablation in paroxysmal AF pa-
tients.>”” Furthermore, the center’s annual AF ablation caseload is an
independent predictor of procedural success only in RF-treated parox-
ysmal AF patients.””” Despite variant needs in gaining experience and
maintaining skills, an annual operator volume of at least 25 AF ablation
procedures and an annual hospital volume of 50 AF ablation cases have
been associated with improved procedural outcome.>”®2%? Therefore,
procedural volumes should be taken into account when selecting the
type of ablation technology to perform first-line catheter ablation.

The value of catheter ablation as first-line rhythm control therapy in
persistent AF patients has not been specifically evaluated. Although the

$20Z 1snBny 6| uo 1sanb Aq 8Z¥6£9/ /S 08eNS//9Z/8101e/e0ed0inNa /w02 dno dIwapese//:sdiy Wol) PapEojuMO(]



Catheter and surgical ablation of atrial fibrillation

19

Paroxysmal AF

|
v v

Symptomatic

|
v v

Resistance or First-line
intolerance to AAD(s) treatment

! !

Catheter ablation

Catheter ablation
is beneficial

is beneficial

Asymptomatic

Catheter ablation may
be reasonable in

selected patients

Persistent AF

|
v v

Symptomatic

|
v v

Resistance or First-line
intolerance to AAD(s) treatment

s .

Catheter ablation may
be reasonable in
selected patients

Catheter ablation

is beneficial

Stand-alone surgical
or hybrid ablation
is reasonable*

*In patients who prefer a surgical/hybrid approach after careful consideration of relative safety and efficacy of treatment options

Figure 7 Suggested advice for catheter ablation in patients with paroxysmal or persistent AF in relation to the presence of AF-related symptoms.

AAD, antiarrhythmic drug; AF, atrial fibrillation.

relative efficacy of catheter ablation in reducing AF burden and first AF
recurrence is similar in paroxysmal and persistent AF types, extrapola-
tion of the beneficial impact of first-line catheter ablation from the
paroxysmal to the persistent patient group needs further verifica-
tion.2*%3% Nevertheless, the discrimination between paroxysmal and
persistent AF may be challenging, and some patients may present
with both paroxysmal and persistent AF episodes. In addition, some pa-
tients may present with an early stage of persistent AF, which is asso-
ciated with fewer arrhythmia relapses following ablation compared
with longer-lasting persistent AF. Suggested advice for catheter ablation
in patients with paroxysmal or persistent AF in relation to the presence
of AF-related symptoms is presented in Figure 7.

4.2. Catheter ablation in patients with

atrial fibrillation and heart failure

Atrial fibrillation and HF frequently coexist and potentiate each other in
a vicious circle (AF begets HF and HF begets AF). Several studies have
evaluated potential benefits of AF catheter ablation in patients with HF
(Table 6). The favourable impact of catheter ablation in patients with AF
and impaired left ventricular systolic function extends beyond rhythm
outcome and may frequently result in left ventricular ejection fraction
(LVEF) improvement. In the CAMERA-MRI trial, 68 patients with per-
sistent AF and non-ischemic cardiomyopathy were randomized to
catheter ablation or medical rate control.>*® All patients had cardiac
magnetic resonance (CMR) before enrolment to assess LVEF and late
gadolinium enhancement (LGE), indicative of underlying ventricular fi-
brosis. Patients randomized to catheter ablation had significantly great-
er LVEF improvement compared with the rate control group, while
LVEF normalization was achieved in 58% of patients postablation.
These results were maintained during long-term follow-up.?>" The
study findings suggest that left ventricular dysfunction was at least partly

attributed to arrhythmia-mediated cardiomyopathy and could be re-
verted with SR maintenance achieved by catheter ablation. On the
other hand, patients with more advanced HF are more likely to have
established myocardial dysfunction due to structural alterations, patho-
physiologically unrelated to AF, which is thus not reversible by catheter
ablation (Table 6).

Catheter ablation in HF with reduced ejection fraction (HFrEF) pa-
tients may also have a beneficial impact on patient prognosis. A pooled
analysis of randomized data concluded that rhythm control strategy re-
duces hospitalizations and confers a survival benefit in HFrEF patients
when implemented with catheter ablation but not with antiarrhythmic
medications.>*® The CASTLE-AF study enrolled patients with paroxys-
mal or persistent AF and HF [New York Heart Association (NYHA)
Class Il or above, and LVEF < 35%], and implantable cardiac defibrillator
(ICD), who were unresponsive, intolerant, or unwilling to take AAD.3%
Patients were randomized to catheter ablation or medical treatment
with rate or rhythm control. Fewer patients in the catheter ablation
group had primary endpoint events (death from any cause or hospital-
ization for worsening HF) at a follow-up of 3.2 years [28.5 vs 44.6%;
hazard ratio (HR), 0.62; P=0.007]. Mortality was also significantly
reduced in the catheter ablation group (13.4 vs. 25.0%; HR, 0.53; P=
0.01). Therefore, these results were strongly supportive that catheter
ablation may favourably affect prognosis in this population, despite
study limitations related to sample size, strict selection criteria, gener-
alizability of findings, lack of blinded randomization, and treatment allo-
cation. In the AATAC prospective RCT, catheter ablation was also
shown to significantly reduce all-cause mortality in ICD/CRT-D recipi-
ents with persistent AF and HFrEF (LVEF < 40%) when compared with
amiodarone treatment.?> In the recent CASTLE HTx trial, catheter ab-
lation plus optimal medical therapy in patients with symptomatic AF
and end-stage HFrEF referred for heart transplantation evaluation sig-
nificantly reduced the composite of death from any cause, implantation
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of a left ventricular assist device, or urgent heart transplantation than

ﬁ_ medical therapy alone after a median follow-up of 18 months (8 vs.
4 S & 30%; HR, 0.24; P < 0.001).2¢°
= Nx 6 & £ - . . . . P )
2E: % E 7 £ g Proper patl.ent.selectlon is .cruoal for maximizing benefit from AF
oL 2 S £ 5 > catheter ablation in HFrEF patients. Several indicators may help guide
£ 396 P this decision (Table 7).
2 [ 4 Higher NYHA class (11l/1V), ischemic HF etiology, paroxysmal AF type,
# % IS % prolonged QRS duration (>120 ms), severe LA dilatation [left atrial vol-
t‘ g o E s b N 5 ume index (LAVI) >50 mL/m?], and atrial and ventricular fibrosis are pre-
< ' EE=28 < o 9 dictors of lack of LVEF recovery following catheter ablation in patients
€ ! »abdo =3 x5 with impaired left ventricular systolic function,2>32°6307:308.311.313
< E’m D2 5 = g It is also important to determine the relative chronologic sequence
Zg : g g < 5 é Z of AF and HF presentation, since patients who develop HF first have
g ‘_é i 8 ~ -‘g é gy 2 g § a worse prognosis, are less likely to present AF-mediated tachymyopa-
5 §:2g¢ E 3 g g 2| ¢ thy and have a poorer outcome after AF ablation.>*>*123"* The
2: 25895 ¢ EQ Z&o;; Antwerp score based on four simple parameters (wide QRS, known
2 : 5 5 £ < HF etiology, severe atrial dilatation, and paroxysmal AF) has been
T.<|. - g é 2 shown to predict left ventricular systolic function recovery after AF ab-
o S8 %0 < lation in HF patients.” Recently, this score was externally validated in a
B -% b g G E large multicenter study yielding good discrimination and calibration.>*®
“’t’ ?:: _8 = 3:; Nevertheless, even in the presence of less favourable characteristics,
O  ® T a2 some patients with AF and HF may experience improvement in LV sys-
3 2 % s tolic function and clinical outcome following SR restoration.
< L & =4 Registry and observational data suggest that catheter ablation signifi-
%) = % ﬁ (3 cantly reduces arrhythmia recurrences and the risk of cardiovascular
E o & S E.,’, events compared with drug therapy in HF patients across all LVEF sub-
z E vE groups, even in HF patients with preserved ejection fraction
, i (HFpEF).3133157321 | 3 prespecified subanalysis of the CABANA trial
gg £ ’é $ in patients with baseline HF symptoms (NYHA Class >II, 79% with
¢ - £ E LVEF >50%), catheter ablation conferred significant improvement in
<E: . o TS arrhythmia recurrence, Qol, and survival when compared with
v % g —5 %_ pharmacological therapy.®” In the subgroup of HFpEF patients
o ) 5 X (LVEF > 50%), ablation reduced mortality by 60% compared with
2 <é g > ;;’ & drug therapy.?®” A small, randomized trial demonstrated that AF cath-
2 c g 3 K Tt; z5 eter ablation significantly improved invasive hemodynamic parameters,
> -% o < s 0 - § exercise capacity, and QoL outcomes when compared with medical
é 2 33 ¢% E 28 therapy in patients with HFpEF and concomitant AF.3*> Adequately
« £528%§ % E powered prospective RCTs are needed to provide more robust clinical
P 2 88 data.
2 £ qx
E 2 z 2 . . . .
T w3 5z 4.3. Catheter ablation in patients without
v 2 E gi atrial fibrillation-related symptoms
3 5 fug % The main objective of AF catheter ablation is symptom amelioration
T 2 £ B = and reduction in arrhythmia recurrences. Pertinent benefit, beyond
s} g 20 € § 2 symptomatic control, might justify eligibility of truly asymptomatic AF
5 5 qé Ei é’ ? © patients for catheter ablation.
o =80 g § A key issue in the management of patients without symptoms while
% ~ 1= = 5 remaining in AF is the exclusion of a pseudo-asymptomatic status. Up
5 3_ - T:j : to 77% of these patients may experience subjective symptomatic ameli-
Qs UZJ ié = é oration,**® improvement in functional class, and decrease in brain
§ @ 2 g fé. g natriuretic peptide levels with SR restoration following electrical cardi-
- - 5 8 oversion.** Therefore, in asymptomatic patients, especially at younger
9&_ T £ age, a cardioversion is worth attempting to assess potential symptom-
5 o g = atic improvement that would enhance patient eligibility for catheter ab-
< 2 g _‘g E 2 lation due to reclassification in the symptomatic category.
® E e g =S % ZC Atrial fibrillation has significant hemodynamic consequences that
Z | £ 8% g 2 may lead to HF and worsen patient prognosis, such as loss of atrial con-
B o & tribution to cardiac output, rapid and irregular heart rate, and loss of
S £ é heart rate adaptation to metabolic demands. Heart rate irregularity re-
& E‘ 3 sults in inefficient cardiac cycles due to inadequate ventricular filling,
: 2 g g contributes to hemodynamic impairment, and worsens left ventricular
r g ‘21 3 systolic and diastolic functions.’®® An irregularly paced ventricular
l‘_‘ > < E rhythm following AV node ablation decreases cardiac output and in-

creases pulmonary wedge pressure when compared with a regular
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Table 7 Characteristics associated with LVEF recovery in response to AF catheter ablation in patients with impaired left ventricular systolic

function

Characteristics

Lower NYHA class

Evidence

Lower NYHA Class (I and Il) at presentation is a predictor of significant LVEF recovery following AF ablation when

compared with higher NYHA Class (lll and IV) in patients with HFrEF*>¢

Non-ischemic etiology

Persistent AF

ablation in patients with impaired LVEF**"~

Narrow QRS
LVEF307:308
Absence of CMR-detected atrial fibrosis
HFrEF"
Absence of CMR-detected ventricular
fibrosis
Post-cardioversion EF and NYHA
improvement

Absence of severe atrial dilatation

ablation in patients with impaired LVE

AF preceding HF or simultaneous AF and
HF diagnosis

Non-ischemic HF etiology is a significant predictor of LVEF improvement after AF ablation in patients with HFrE

normalization of LVEF and resolution of HF symptoms following catheter ablation

FZSé

Persistent AF is an independent predictor of LVEF improvement and left ventricular reverse remodelling after AF

310

Narrow QRS (<120 ms) is an independent predictor of LVEF recovery after AF ablation in patients with impaired
Extent of atrial fibrosis is inversely correlated to LVEF response following AF catheter ablation in patients with

Absence of ventricular fibrosis is an independent predictor of LVEF normalization after AF catheter ablation in
patients with non-ischemic cardiomyopathy and persistent AF**°

Improvement in functional status and/or LVEF after cardioversion is indicative of underlying
tachyarrhythmia-mediated cardiomyopathy and a favourable response to catheter ablation in HFrEF patients

Absence of severe atrial dilatation (LAVI < 50 mL/m?) is an independent predictor of LVEF recovery after AF

307,308
F397

Patients with simultaneous AF and HF diagnosis or AF history preceding HF diagnosis are more likely to present

252,312

AF, atrial fibrillation; CMR, cardiovascular magnetic resonance; HF, heart failure; HFrEF, HF with reduced ejection fraction; LA, left atrial; LAV, left atrial volume index; LVEF, left ventricular

ejection fraction; NYHA, New York Heart Association.

rhythm at the same average cycle length.*2® Therefore, SR maintenance
might confer benefit due to prevention of abovementioned
AF-mediated hemodynamic sequelae even in the absence of coexisting
symptoms.

Apart from symptomatic improvement, catheter ablation is also ef-
fective in delaying AF progression from paroxysmal to persistent type
(Section 2). Atrial fibrillation progression to longer-lasting types has
an impact on patient outcome since non-paroxysmal AF is associated
with significantly increased risk of thromboembolism, HF, hospital ad-
missions, and mortality compared with paroxysmal AF.32327328 | the
ATTEST trial, catheter ablation significantly delayed AF progression
compared with AADs in patients with drug-refractory paroxysmal
AF.3% Furthermore, in the 3 year follow-up of the EARLY-AF trial,
first-line treatment of paroxysmal AF patients with cryoballoon abla-
tion was associated with significantly lower incidence of persistent AF
[HR, 0.25; 95% confidence inetrval (Cl), 0.09-0.70] when compared
with AAD therapy using continuous cardiac monitoring.” Therefore,
beyond symptom control, catheter ablation may have a favourable im-
pact by limiting disease progression especially when implemented in
early stages of AF natural course.

The largest trial assessing potential prognostic benefits of catheter
ablation is the CABANA trial that enrolled 2204 symptomatic patients
with AF aged 65 years and older or younger than 65 years with 1 or
more risk factors for stroke.**° Patients were randomized to catheter
ablation or AAD/rate control therapy. In the intention-to-treat analysis,
catheter ablation did not significantly reduce the primary composite
endpoint of death, disabling stroke, serious bleeding, or cardiac arrest
compared with medical therapy over a median follow-up of 48.5
months. However, the study was limited by high crossover rates, while
the per-protocol analysis demonstrated significant differences in favour

of catheter ablation (P =0.046). In addition, the composite secondary
endpoint of death from any cause or cardiovascular hospitalization oc-
curred significantly less frequently in the catheter ablation group than in
the medical therapy group. Despite these considerations and caveats,
the study findings do not support the use of catheter ablation to im-
prove prognosis in the general population of asymptomatic patients
with AF. However, in the CABANA trial, the clinical outcome of abla-
tion vs. AAD therapy demonstrated an age-based variation with the lar-
gest relative and absolute prognostic benefit seen in patients younger
than 65 years, suggesting that selected patient subgroups may have
clinical outcome benefit from catheter ablation.**" Furthermore, a pre
specified analysis of the EAST-AFNET 4 trial showed that an early sys-
tematic rhythm control strategy (mainly with AADs) confers a similar
degree of outcome benefit in symptomatic and asymptomatic AF
patien‘cs.332

4.4. Patients with atrial fibrillation and

coexistent rhythm disorders

4.4.1. Atrial fibrillation and supraventricular tachycardia
Paroxysms of AF are commonly triggered by ectopic beats from the
PVs.%> However, other types of supraventricular tachycardia (SVT),
such as AV nodal reentry tachycardia (AVNRT), focal atrial tachycardia
(AT), or AV reentry tachycardia (AVRT) may trigger AF, especially in
younger patients.’>* The incidence of AF in patients with paroxysmal
SVT is higher than in age-matched normal populations, while 12% of pa-
tients with known SVT also experience AF episode within 12 months of
follow—up.334 Furthermore, a small subgroup of patients who are re-
ferred for AF catheter ablation, ranging from 7.6 to 10.1%, also have in-
ducible SVT. %1262 Sciarra et al.?*" reported that the role of SVT as AF
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trigger could be verified in 42.3% of patients with AF and inducible SVT,
as evidenced by spontaneous conversion of SVT to AF. In these pa-
tients, elimination of the SVT only, without AF catheter ablation, may
be sufficient for a favourable rhythm outcome with freedom from AF
recurrences ranging from 70 to 92.3% during follow-up.2¢"263264
Observational trials have demonstrated an age-related increase in the
risk of AF recurrence in patients with coexistent SVT and AF following
ablation of the SVT only, with age over 50 years indicative of high AF
recurrence rate.’**33> Therefore, in patients with coexistent SVT
and AF, preferably in the younger age group, and only when the former
is considered the main trigger of the latter, it is reasonable to simplify
the ablation strategy to elimination of the SVT only. Atrial fibrillation
ablation would then be deferred depending upon AF recurrence fol-
lowing SVT ablation.

4.4.2. Atrial fibrillation and sinus node dysfunction
Symptomatic prolonged sinus pauses are common upon AF termin-
ation and may be aggravated by AV node-blocking agents and AAD:s.
This often leads to the indication for pacemaker implantation. Atrial fib-
rillation catheter ablation is effective in preventing both AF recurrences
and sinus pauses upon AF termination, likely due to autonomic modu-
lation.2® Chen et al2®® reported that 95.3% of patients with paroxys-
mal, AF-related, symptomatic prolonged sinus pauses who underwent
AF catheter ablation no longer needed a pacemaker and had significant-
ly higher freedom from AF recurrences and tachycardia-related hospi-
talizations compared with those treated with permanent pacemaker
implantation and AADs. Although sinus node dysfunction in the pres-
ence of paroxysmal AF is mainly attributed to electrical remodelling,*3¢
underlying sinus node structural remodelling may also be present in a
few cases.>3”3% A minority of patients with coexistent AF and sinus
node dysfunction will still require permanent pacemaker implantation
following catheter ablation due to underlying structural alteration of
the sinus node.>>” However, the vagal denervation that occurs with
catheter ablation results in a higher resting heart rate, which may also
help a patient compensate for coexistent sinus node dysfunction,
even if AF recurs. Atrial fibrillation recurrence rate was significantly
higher in patients requiring pacemaker implantations after AF ablation
than those who did not.***3%

4.4.3. Atrial fibrillation and atrial flutter

Cavotricuspid isthmus (CTl)-dependent atrial flutter (AF) is frequent in
patients with AF, either spontaneously or during type Ic AAD or amio-
darone therapy.”®” The two arrhythmias have mechanistic and patho-
physiological linkage with short bursts of AF frequently preceding and
triggering AFI development.®*" Scharf et al.**” reported that spontan-
eous or pacing induced AFl occurrence during AF ablation procedure
is predictive of symptomatic AFl during post-PVI follow-up, with 24%
of patients who did not undergo CTl ablation during the PVI procedure
experiencing symptomatic AFl recurrence during a mean follow-up of
609 + 252 days. These findings are supportive of CTI ablation in case
of AFl occurrence during AF ablation procedure. Contradictory findings
have also been reported. Wazni et al.?*® in a trial conducted at the be-
ginning of the AF ablation era advocated that PVI only, without CTI ab-
lation, suppressed both AF and typical AFl recurrences. However, in
this patient series, CTl block reduced early AFl recurrences, since
55% of patients not receiving CTl ablation experienced episodes of typ-
ical AFl within the first 8 weeks following catheter ablation and 20%
needed electrical cardioversion.?® Based on the concept that PV ecto-
pics are main triggers of typical AFl, the CRAFT trial tested the hypoth-
esis whether cryoballoon PVI was superior to CTl ablation as first-line
therapy in patients with typical AFl without prior AF documentation.
The primary efficacy outcome measure (time to first recurrence of sus-
tained symptomatic atrial arrhythmia) was similar between the com-
pared groups, although patients subjected to PVI had a five-fold

higher likelihood of flutter recurrence within 1 year (10 vs. 2%, P=
0.07).3%

In recent catheter ablation trials, recurrence rates are not negligible,
and therefore, patients with both AF and typical AFl may still be prone
to AFl recurrence following PVI since even short bursts of AF may trig-
ger AFI. In addition, CTI ablation reduces the likelihood of AFI recur-
rence if AAD is administered following AF catheter ablation.

Non—CTl-dependent AFl is also encountered following AF ablation
especially after extensive ablation lesion sets in the context of persist-
ent AF ablation.****** However, these types of macroreentrant ATs
may resolve spontaneously in some patients, and therefore, catheter
ablation should be deferred for several months and beyond the blanking
period unless non—CTl-dependent AFl episodes are recurrent, highly
symptomatic and resistant to AADs and cardioversion (Section 9).

4.5, Atrial fibrillation with other risk

factors or diseases
4.5.1. Older patients with atrial fibrillation

Some centers may withhold ablation therapy in older patients.>** This
reluctance stems from a perceived less favourable risk to benefit ratio
of catheter ablation in elderly patients. Two recent metaanalyses of ob-
servational studies demonstrated similar AF ablation success rates with
a significantly higher risk of complications in patients >75 years when
compared with younger ones.”’?”" However, contradictory results
have also been reported. Data from a Danish nationwide cohort study
reported a similar incidence of periprocedural complications and AF re-
lapse in patients >75 years subjected to catheter ablation when com-
pared with patients aged 65-74 years.’?

At present, it is unclear whether a specific technology of AF catheter
ablation should be preferred in elderly patients due to associated en-
hanced safety profile. In a propensity-matched comparison of older pa-
tients >75 years, cryoballoon ablation was associated with similar
efficacy and safety, but with shorter procedural time when compared
with RF ablation.*** Furthermore, a subanalysis of the CABANA trial
found no prognostic benefit of catheter ablation (CA) in patients
>75 years of age, with similar rates of complications and AF recur-
rences postablation.®*’

4.5.2. Atrial fibrillation and hypertrophic cardiomyopathy
Atrial fibrillation is highly prevalent in patients with hypertrophic car-
diomyopathy (HCM).>*¢3* These patients often have limited options
for antiarrhythmic therapy, due to hypertrophy and underlying struc-
tural heart disease. However, AF is often poorly tolerated and impairs
clinical outcome in HCM patients, thus stressing the need to pursue SR
maintenance in many patients.348

Several studies have evaluated the efficacy of catheter ablation in
HCM patients with AF. Three metaanalyses have reported significantly
lower freedom from AF/AT recurrences in patients with as compared
to those without HCM after single and multiple catheter abla-
tions.2’327427% Recent studies have shown that catheter ablation has
comparable efficacy in HCM patients as compared to the general patient
population when treating paroxysmal AF.>”>*"® However, results are
poorer in patients with persistent AF273:275:276 Therefore, early inva-
sive intervention, before progression of AF and/or underlying atrial sub-
strate, is of primary importance in HCM patients to increase success
rates.

Non-PV triggers are commonly involved in AF pathophysiology in
HCM patients and are documented in many patients with arrhythmia
recurrence following catheter ablation, thus supporting the concept of
extensive ablation lesion sets to increase success rate.”’” However, ad-
junctive ablation beyond PVI was not associated with additional benefit
in a large multicenter cohort of HCM patients undergoing AF catheter
ablation.?”® The use of RF vs. cryoballoon ablation has no impact on
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procedural outcome among HCM patients.””® Furthermore, the risk of
major procedural complications appears to be increased in HCM pa-
tients when compared with the general AF population.””® Despite a tem-
poral decline in the incidence of procedural complications in HCM
patients, real-world data verify the still high periprocedural morbidity
and mortality.”’®

4.5.3. Patients with atrial fibrillation and obesity—physical
inactivity—obstructive sleep apnoea

Obesity and physical inactivity are associated with increased risk of
AP** and reduced efficacy of AF ablation®***" (Section 5.1.2.).
Obesity also increases the risk of complications of catheter ablation
and increases radiation to both the patient and personnel®** (Section
11). Comprehensive management of these modifiable risk factors
improves the outcome of catheter ablation®**3%¢ (Section 5.1.).
However, weight reduction and improvement in cardiorespiratory fit-
ness requisites lengthy efforts with slow yielding results that may be dif-
ficult to sustain in long term. Furthermore, prolonged delays from AF
diagnosis to catheter ablation adversely affect success rates.?®%2%
Therefore, catheter ablation of AF should not be deferred in obese or
physical inactive patients who have initiated lifestyle interventions
and are showing progress towards their pertinent lifestyle goals.
Individualized risk—benefit assessment is needed in patients with morbid
obesity [body mass index (BMI) >40kg/m?] due to a higher

complication rate and lower long-term freedom from AF.3°93%2
Evaluation at a comprehensive weight loss clinic may be useful to deter-
mine eligibility for medications or surgical approaches to facilitate weight
loss (Section 5.1.2.).

Obstructive sleep apnoea is associated with AF,**® and up to 45% of
patients referred for AF ablation have OSA.>*® Patients with OSA have
a significantly increased risk of AF recurrence following catheter abla-
tion compared with those without OSA.>*773*° Treatment with con-
tinuous positive airway pressure (CPAP) appears to significantly
reduce the risk of AF recurrence or progression in patients with AF
and OSA.*"3? Continuous positive airway pressure therapy also re-
sults in reversal of atrial remodelling in AF patients.**? For these rea-
sons, some centers are reluctant to perform AF ablation before OSA
evaluation and potential initiation of CPAP treatment. The rate of AF
recurrence following PVI is similar between CPAP-treated OSA pa-
tients and non-OSA patients.®*” In addition, PVI considerably reduces
the burden of paroxysmal AF in OSA patients, but the use of CPAP
following ablation has not been shown to further reduce the risk
of AF recurrence in a recent randomized study, which was though
lacking sufficient statistical power (Section 5.1.3.).3¢* Finally, there are
no controlled studies comparing AF ablation followed by OSA treat-
ment vs. OSA treatment followed by AF ablation if needed. At present
time, there is no evidence supporting the concept that CPAP may com-
pletely prevent AF recurrences and the need for catheter ablation at
follow-up.

5. Atrial fibrillation risk factors and preprocedural management

Atrial fibrillation risk factors and preprocedural management

Madifiable risk factors

Comprehensive management of AF risk factors should be undertaken to improve the outcomes of catheter

ablation of AF

Preablation anticoagulation strategy

Patients with stroke risk factor(s) (CHA;DS,-VASc score >1 in males and >2 in females) or with increased risk

of thrombus® should receive oral anticoagulation therapeutically for at least 3 weeks before AF catheter

ablation

Catheter ablation of AF without interruption of anticoagulation is beneficial in patients who have been

therapeutically anticoagulated with either vitamin K antagonists or direct oral anticoagulants (DOACs)

For patients anticoagulated with a DOAC prior to AF catheter ablation, it is reasonable to hold one dose prior

to AF catheter ablation with early reinitiation postablation

Imaging for exclusion of atrial thrombus

Transesophageal echocardiography or cardiac computed tomography within 48 h prior to catheter ablation or

intraprocedural intracardiac echocardiography are reasonable imaging options for exclusion of atrial

thrombus

Imaging for exclusion of atrial thrombus is reasonable in patients with stroke risk factor(s) (CHA,DS,-VASc

score >1 in males and >2 in females) or with increased risk of thrombus® presenting for AF catheter

ablation, who have not received anticoagulation therapeutically for 3 weeks or longer

Imaging for exclusion of atrial thrombus may be reasonable in patients with increased risk of thrombus® even if

therapeutically anticoagulated for 3 weeks or longer

Category of Type of
advice evidence
Advice TO DO ORS353:354364-366
Advice TO DO OBRS367-380
Advice TO DO META381-393
May be appropriate 104398
TO DO META
May be appropriate 199408
TO DO OBS
May be appropriate 267380
TO DO OBS
Area of uncertainty OBRS367-380

?Persistent AF, hypertrophic cardiomyopathy, rheumatic heart disease, or cardiac amyloidosis.

PCHA,DS,-VASc score >3, persistent AF, hypertrophic cardiomyopathy, rheumatic heart disease, or cardiac amyloidosis.
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5.1. Atrial fibrillation risk factors

Several risk factors for AF development and recurrence following cath-
eter ablation have been identified, many of which are modifiable. These
include traditional modifiable risk factors such as hypertension®?*12
and diabetes****"**"7 but also emerging factors such as obes-
ity, 109351418419 1 etabolic S)Indrome,‘mH22 physical inactivity,‘mJ‘27
OSA, 358359428429 5| ohol consumption,3“"‘r"43°’431 and smoking.366’
There is compelling evidence to suggest that management of these
risk factors has the potential to reduce AF burden and improve the out-
comes of ablation strategies to maintain SR. In practice, although there
have been variable results when targeting risk factors in isolation, com-
prehensive management in specific risk factor management clinics has
been shown to be effective in conferring tangible clinical improve-
ments.?***** In addition, there are cardiovascular comorbidities that
warrant specific treatments and may have a role in improving the out-
comes of catheter ablation. The recently described HEAD2TOES sche-
ma with targets for secondary prevention of AF is presented in
Figure 8.3 Below we discuss the evidence pertaining to each of these
modifiable factors (see Supplementary material online, Table S7).

432

5.1.1. Hypertension

Hypertension is one of the most significant risk factors for AF develop-
ment. ¥ It increases left ventricular wall thickness and diastolic dys-
function, which mediate adverse atrial remodelling associated with
increased LA pressure, wall thickness, fibrotic changes, and dilatation.
In addition, the increased activation of the renin-angiotensin-aldosterone
system in hypertensive patients mediates atrial fibrosis and electro-
physiological remodelling thus promoting AF.**’

Discrepant results have been reported regarding the impact of un-
controlled hypertension on AF ablation outcome. In an observational
study including 531 patients who underwent AF catheter ablation, un-
controlled hypertension was significantly associated with postablation
arrhythmia recurrence after confounder adjustment.*'? In contrast, a
registry analysis showed that patients with a diagnosis of hypertension,
without information regarding the efficiency of antihypertensive

management, had similar rhythm outcome after catheter ablation to
those without hyper‘tension.438 In the SMAC-AF randomized trial,
short-term aggressive blood pressure (BP) treatment (target systolic
BP <120 mmHg) for a median duration of 3.5 months before scheduled
AF catheter ablation in patients with hypertension did not reduce ar-
rhythmia recurrence following ablation when compared with standard
BP treatment (target systolic BP <140 mmHg).**” Although treating
modest hypertension in isolation has not proven to be of benefit,
when undertaken in the setting of a comprehensive risk factor manage-
ment programme in overweight and obese individuals, it has been asso-
ciated with higher rate of SR maintenance after catheter ablation.>*?

Renal artery denervation, a procedure developed for the treatment
of resistant hypertension, has also a potential antiarrhythmic role. In a
small, randomized study of 27 patients with drug-resistant hyperten-
sion scheduled for AF catheter ablation, combined renal artery denerv-
ation and PVl resulted in significant BP reduction and a higher freedom
from AF recurrence at 12 months compared with PVI only.**° In the
larger, multicenter ERADICATE-AF RCT, 302 patients with hyperten-
sion resistant to at least one antihypertensive medication undergoing
paroxysmal AF ablation were randomized to catheter ablation alone
or ablation plus renal denervation.**" Addition of renal denervation
to catheter ablation significantly increased freedom from AF recur-
rence at 12 months when compared with ablation alone. The under-
lying mechanisms explaining the favourable impact of renal artery
denervation on AF burden have not been clarified. It has been postu-
lated that this effect may be due to BP control itself or to direct antiar-
rhythmic actions of renal artery denervation including reduction in
central sympathetic output and attenuation of atrial structural and elec-
trophysiological remodelling.**>

5.1.2. Obesity

Obesity is a pandemic and contributes significantly to the increasing
prevalence of AF worldwide. The correlation between obesity and
AF is well—recognized.443 A metaanalysis of 51 studies reported that
for every 5-unit increase in BMI, there was a 29% greater excess risk

Optimization of AF risk factors

eart failure

xercise

<130/80 mmHg (rest)

Optimize heart failure medications

> 210 min/week of moderate/vigorous exercise @

rterial hypertension <200/100 mmHg (exercise) ®
iabetes type Dietary changes | HbAlc < 7.0%
obacco Complete cessation
besity > 10% weight reduction | BMI < 27 Kg/m? ()
thanol <3 standard drinks/week °
(secondary AF prevention)
leep apnoea AHI < 15 without CPAP |

CPAP for AHI > 30 or AHI > 20 with HTN

e R

Figure 8 Risk factors and respective targets for AF prevention in patients considered for or undergoing AF ablation—the HEAD2TOES schema
(green light: established evidence; orange light: evolving evidence). AF, atrial fibrillation; AHI, apnoea—hypopnoea index; BMI, body mass index;
CPAP, continuous positive airway pressure; HbA1c, glycated haemoglobin; HTN, hypertension.
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of incident AF and a 13% increased likelihood of AF recurrence follow-
ing ablation.*** Related mechanisms include structural and electrical at-
rial remodelling.'?®**#%¢ In addition, cardiac imaging studies have
shown that obesity is associated with increased epicardial and pericar-
dial fat depositions adjacent to the LA.**” Increased pericardial and epi-
cardial fat is associated with AF, likely through direct fatty infiltration of
the LA and/or paracrine effects attributable to released cytokines and
chemokines.**®

Based on the findings of the ESC-EHRA AF Ablation Long-Term
Registry, patients with BMI over 30 kg/m2 had 1.2-fold increased likeli-
hood of AF recurrence following catheter ablation when compared
with overweight patients.>>! A single-center retrospective study enrol-
ling 2715 consecutive patients undergoing AF catheter ablation con-
cluded that BMI over 35 kg/m2 was an independent predictor of
worse postablation rhythm outcome.*'? In an observational study
that categorized patients who underwent ablation by BMI, AF recur-
rence was higher in all high-BMI groups when compared with normal-
weight controls.**°

The role of weight loss in patients undergoing AF ablation has also
been examined in several studies. The ARREST-AF study evaluated
the value of a comprehensive risk factor management approach in pa-
tients undergoing AF ablation and showed that aggressive risk factor
management achieved significantly greater weight loss and increased
freedom from AF.>> In contrast, a small non-randomized study in pa-
tients with morbid obesity and long-standing persistent AF undergoing
AF ablation reported that weight loss did not improve either AF symp-
tom severity or freedom from AF recurrence at 1-year follow-up.**’
The prospective SORT-AF trial randomized patients with symptomatic
AF and BMI 30—40 kg/m? undergoing AF ablation to a supervised struc-
tured weight management programme or to usual care on the day of
the procedure and evaluated potential impact on rhythm outcome as-
sessed by invasive monitoring. **° The primary endpoint of AF burden
did not differ between compared groups probably due to a high rate
of non-compliance in the intervention group, a modest weight loss
achieved, and a rather short postablation follow-up.

Bariatric surgery may also have a positive impact on postablation AF
recurrence rate in patients with morbid obesity. In a retrospective co-
hort study of 239 patients with morbid obesity, bariatric surgery prior
to AF ablation was associated with reduced risk of AF recurrence and
reduced rate of repeat AF ablation. Prospective RCTs are needed to
confirm the positive impact of surgical weight loss procedures.*’

5.1.3. Obstructive sleep apnoea

Obstructive sleep apnoea is a chronic condition characterized by recur-
rent pharyngeal collapse leading to repetitive interruption of ventilation
during sleep. It is increasingly recognized as a critical risk factor in a var-
iety of cardiovascular conditions and has recently been shown to dou-
ble the risk of incident AF.**? Both the acute effects of apnoeic episodes
and the chronic effects of long-term OSA contribute to the increased
risk of AF. The transient hypoxaemia associated with pharyngeal col-
lapse is postulated to mediate changes in atrial ERP acutely and subse-
quently to enhance susceptibility to AF induction and maintenance.**?
In the long-term, OSA mediates significant hemodynamic changes re-
sulting in increased LA pressures and LA enlargement.*** Obstructive
sleep apnoea is also known to induce a systemic inflammatory and pro-
thrombotic state, which increase the likelihood of fibrotic changes and
electrophysiological remodelling within the atria.*>

Mounting evidence suggests that OSA is also associated with worse
outcomes following catheter ablation.>*®3*%42842% Metaanalyses re-
port that patients with OSA have a significantly increased risk (ranging
from 25 to 70%) for AF recurrence following AF catheter abla-
tion.3***28 Observational studies and metaanalyses concluded that
the use of CPAP as a treatment strategy for OSA is associated with im-
proved patient outcome following ablation.****>” A recent study in pa-
tients with OSA and AF demonstrated that CPAP therapy reverses

electrical remodelling as documented by high-density RA mapping.3®*
Randomized evidence on the impact of CPAP treatment on arrhythmia
outcome after ablation is sparse. In a recent study, 83 patients with par-
oxysmal AF and OSA undergoing PVI were randomized to either CPAP
or standard of care without any difference in postablation AF recur-
rence as documented by implantable loop recorders. Of note, this
was a small study and probably without adequate statistical power to
detect subtle treatment differences.>*®

Importantly, treatment of OSA in the context of a comprehensive
risk factor management strategy has been associated with improved ab-
lation outcomes.®***** |n the ARREST-AF study, patients were offered
therapy if the apnoea—hypopnoea index (AHI) was >30/h or if it was
>20/h with resistant hypertension or problematic daytime sleepi-
ness.>>3 However, proponents of treating sleep apnoea are increasingly
utilizing therapy with an AHI >15/h in patients with AF.>¢” This latter
trigger for treatment is being prospectively evaluated in the
SNORE-AF study (ACTRN12621001213831).

5.1.4. Alcohol consumption

Long-term alcohol intake is associated with incident AF in a dose-
dependent manner.**® High quantities of alcohol consumption (more
than three standard drinks per day) increase the risk of AF development
by almost 35%, with a more significant effect in males. However, there
is limited association with incident AF in those who limit alcohol con-
sumption to less than one standard drink per day. Proposed mechan-
isms underlying this association include pleiotropic effects of alcohol
on atrial electrical properties: conduction slowing and shortening of
the atrial ERP,459 alterations in autonomic nervous control of the
heart,*° and an increase in circulating plasma free fatty acids, which
have been shown to be arrhy‘chmogenic.461 Structural LA remodelling
may also be implicated in the association of alcohol consumption
with AF development, since chronic alcohol consumption has been
identified as a predictor of LA enlargement.*? Furthermore, chronic al-
cohol consumption is closely associated with other independent AF risk
factors including hypertension, obesity, and OSA.

Several studies support a relationship between alcohol consumption
and AF recurrence following ablation. In a study of patients with parox-
ysmal AF undergoing ablation, those consuming alcohol had higher AF
recurrence rates after first catheter ablation compared with those who
did not, though this difference was attenuated after repeat ablations.**°
In an observational study of symptomatic patients with paroxysmal AF,
alcohol consumption was an independent predictor of low-voltage
zones assessed by LA voltage mapping and AF recurrence following
catheter ablation.*' Contradictory results regarding potential associ-
ation of alcohol consumption with substrate remodelling (atrial low
voltage and conduction slowing) have been repor‘ted.“sg'463 The asso-
ciation of alcohol consumption with adverse postablation rhythm out-
come has also been validated in studies using objective markers of
alcohol use, such as ethyl glucuronide levels in hair, thus overcoming po-
tential bias in patient self-reporting.***

Several studies have evaluated the impact of alcohol abstinence on
clinical outcome after AF ablation either alone or in the context of a
comprehensive risk factor management. Alcohol reduction of >1%
from baseline to 1 year follow-up is independently associated with a
lower risk of postablation arrhythmia recurrence.’®> Therefore, it is
reasonable to reduce alcohol consumption to fewer than 30 g/week
(three standard drinks) in individuals undergoing catheter ablation of
AF as part of a comprehensive management of risk factors.3*33%

5.1.5. Physical inactivity

Physical activity and exercise are linked with cardiovascular health.
Increasing evidence supports that sedentary lifestyle increases the risk
of incident AF.**® Regular light-to-moderate exercise has been shown
to reduce the risk of AF development.**® However, the relationship be-
tween physical exercise and incident AF does not appear to be linear.
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Several cohort studies have shown that exercise intensity has a
U-shaped relationship with AF, with highly active subjects exhibiting in-
creased risk of incident AF compared with moderately active indivi-
duals #6668 Regular moderate-intensity exercise would, therefore,
appear to be the key in reducing the risk of AF.

Physical activity is also important in secondary AF prevention. In the
CARDIO-FIT study, cardiorespiratory fitness (a surrogate for physical ac-
tivity) measured by metabolic equivalents was associated with reduced
AF burden and symptom severity in obese individuals with symptomatic
AF. Each unit increase in metabolic equivalent was associated with 13%
decline in the risk of AF recurrence.**’ In a recent prospective RCT
(ACTIVE-AF), implementation of a supervised exercise-based interven-
tion with progressively increased aerobic exercise up to 210 min per
week significantly reduced arrhythmia recurrence by 50% and improved
symptom severity when compared with usual care°

Several studies have evaluated the impact of physical activity and car-
diorespiratory fitness on clinical outcome following catheter ablation
(see Supplementary material online, Table S7). Higher cardiorespiratory
fitness measured with the use of exercise stress test is associated with
reduced arrhythmia recurrence and mortality following ablation.*?®
In the subgroup of highly trained athletes, several rather small observa-
tional studies have shown that catheter ablation is similarly effective as
in the general population.***426471472 The |argest observational study
in 144 athletes undergoing ablation found a similar arrhythmia recur-
rence rate following PVl when compared with a matched cohort of
non-athletes.*** In a randomized study including persistent AF patients
treated with AF ablation, participation of patients in an exercise-based
cardiac rehabilitation programme improved exercise capacity after a
6-month follow-up without associated reduction in AF recurrence
when compared with usual care.*” The latter finding may be due to in-
sufficient sample size and limited patient follow-up. Based on the exist-
ing evidence, individuals undergoing catheter ablation of AF should
follow a training programme of at least moderate aerobic exercise
for a minimum of 210 min per week to improve rhythm outcome.**’

5.1.6. Diabetes mellitus

A number of studies have confirmed diabetes mellitus as an independ-
ent risk factor for AF.*73 Through increased production of reactive oxy-
gen species and advanced glycation end-products, diabetes has been
shown to result in fibrotic changes as well as ion channel and gap junc-
tion remodelling within the atria.*’* These changes increase conduction
heterogeneity, reduce conduction velocity, and prolong APD, promot-
ing an electrophysiological milieu that favours AF development.

The association between diabetes mellitus and AF recurrence fol-
lowing ablation has been demonstrated in several studies. Metabolic
syndrome, which encompasses disorders of BP, fasting sugar state,
body weight, and lipids, has been associated with poor AF catheter ab-
lation outcomes.*?°~*?? |n a prospective study including 1496 patients
with non-paroxysmal AF undergoing catheter ablation, metabolic syn-
drome was associated with higher AF recurrence rates.*?? In the
German Ablation Registry, diabetic patients experienced a similar
rate of AF recurrence when compared with those without diabetes
at 12 months of follow-up.*'* In contrast, another observational study
of 2504 patients undergoing AF ablation concluded, after propensity-
matched analysis, that diabetes was an independent predictor of post-
ablation AF recurrence.*'® Smaller observational studies have also
demonstrated the detrimental impact of diabetes mellitus on catheter
ablation outcome.*®

In addition, preablation glycaemic control has been shown to affect
arrhythmia recurrences after ablation.** Patients with glycated haemo-
globin (HbA1c) >9% were more than twice as likely to experience AF
recurrence following AF ablation compared with those with an HbA1c
< 7. In multivariate analysis, improved glycaemic control prior to abla-
tion, defined as >10% reduction in HbA1c during the last 12 months
prior to ablation, was an independent predictor of arrhythmia-free

survival after ablation.*** Therefore, in the context of a multidisciplinary
risk factor management approach, optimized glycaemic control should
be set as a treatment objective in diabetic patients undergoing AF abla-
tion to improve rhythm outcome.

5.1.7. Smoking
Several long-term prospective observational cohort studies have iden-
tified smoking as an independent predictor of incident AF.*>~7 Most
of these studies showed that the risk was higher in those who contin-
ued smoking compared with those who were able to quit. Proposed
implicated mechanisms include increased sympathetic tone, oxidative
stress, inflammation, and atrial fibrosis. In the presence of AF, smoking
increases the risk of thromboembolism and mortality, even after adjust-
ing for well-recognized risk factors used in stroke risk stratification
schemes.*’® In a matched case—control study including AF patients
with a low stroke risk (CHA;DS,-VASc score 0 in men or 1in women),
smoking was the only independent predictor associated with ischemic
stroke. These findings provide strong evidence that smoking cessation
should be an important part of AF risk factor management.479

There are limited data exploring the relationship between smoking
and AF ablation. In a small study of 59 patients who underwent PV,
smoking was associated with a three-fold relative risk of AF recur-
rence.¥*? In another retrospective study of persistent AF patients
undergoing ablation, smokers had a significantly higher incidence of
non-PV triggers compared with non-smokers without associated differ-
ence in long-term ablation outcomes.**® Implementation of smoking
cessation in the context of a structured risk factor management pro-
gramme significantly improves long-term outcome in symptomatic AF
patients undergoing AF ablation.*¢°

5.1.8. Cardiovascular comorbidities

Cardiovascular disease contributes to the development of AF. There is
considerable evidence supporting the association of AF with HF and
valvular heart disease. In patients with severe rheumatic mitral stenosis,
reduction of chronic stretch after mitral commissurotomy results in
reversal of atrial structural remodelling and associated conduction ab-
normalities.*®" In HFrEF patients, HF-directed therapy reduces AF
recurrence, cardiovascular hospitalization, and mortality.‘m—484
Although not specifically studied in the context of AF catheter ablation,
optimizing therapy directed at these underlying conditions, when
indicated, may improve AF ablation outcomes. Therefore, guideline-
recommended HF treatment should be undertaken in patients under-
going catheter ablation of AF.

5.2. Preprocedural management

5.2.1. Preprocedural predictors of atrial fibrillation
recurrences

Atrial fibrillation recurrence following catheter ablation is not uncom-
mon and remains a notable problem.*®® Several preprocedural factors
are associated with increased risk of AF recurrences, including modifi-
able comorbidities (Section 5.1.), AF type and duration, LA size, and ab-
normal atrial substrate as detected by ECG and cardiac imaging’
Consideration of these predictors of postablation rhythm outcome is
important to drive patient selection for AF ablation.

5.2.1.1. Atrial fibrillation type and duration

The association of AF type with postablation recurrence rates has been
widely investigated. Despite variation associated with the type and inten-
sity of postablation rhythm monitoring, postablation arrhythmia recur-
rence rate is lower in patients with paroxysmal when compared with
those with persistent AF 213-245,366,486-490 Apart from AF type, the
time interval from AF diagnosis to ablation (DAT) is a predictor of post-
ablation AF recurrence.88%%%1%% Each year increase in DAT in-
creases the risk of AF recurrence by 20% after adjustment for baseline
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comorbidities and medications.*”’ A metaanalysis of 6 observational
studies with a total of 4950 patients demonstrated that DAT <1 year
was associated with a lower AF recurrence rate (relative risk: 0.73) com-
pared with DAT >1 year.®®

5.2.1.2. Left atrial size

Several studies showed that LA size is an independent preprocedural
predictor of AF recurrence following AF ablation,***#**=%8 A |inear re-
lationship has been reported between the increase in LA anteroposterior
diameter and the mean predicted proportion of patients with AF recur-
rence after AF ablation.**” Although linear LA measurements are widely
used in everyday practice and clinical trials, they may underestimate LA
dilatation, since LA enlargement is asymmetric, mainly occurring in the
medial-lateral and superior-inferior axes and to a lesser extent in the an-
teroposterior axis, due to constrainment of the LA within the thoracic
cavity. Left atrial volume is a more accurate indicator of LA size, and it
has been shown to independently predict AF recurrence following cath-
eter ablation in a metaanalysis of 13 studies.**® Left atrial dilatation is sug-
gestive of underlying atrial remodelling and correlates with AF
progression and presence of fibrosis (Section 2).”">

5.2.1.3. Electrocardiographic predictors

Electrocardiography is a widely available and inexpensive tool for evalu-
ation of atrial substrate.***% Several P-wave indices have been asso-
ciated with AF recurrences following catheter ablation.’’% In a
recent metaanalysis of 14 studies with 1674 patients, maximal
P-wave duration and P-wave dispersion were shown to predict posta-
blation AF recurrences.’®® Prolonged P-wave duration on amplified
12-lead surface ECG also correlates with the extent of LA low-voltage
substrate, and a cutoff value >150 ms was shown to identify persistent
AF patients at increased risk for arrhythmia recurrence following
PVI.>%73% | addition, several signal-averaged P-wave parameters, in-
cluding total filtered P-wave duration, have been proposed to reflect
the extent of underlying atrial remodelling and predict postablation
AF recurrences.**?°%%% However, signal-averaged ECG measure-
ments are rarely used in everyday practice.

5.2.1.4. Preprocedural imaging of atrial structure

Preprocedural documentation of atrial structural changes is useful to
identify patients with advanced atrial remodelling and AF progression,
who are less likely to have a favourable response to catheter ablation.
Preprocedural imaging may provide relevant prognostic information
with implications for guiding selection of patients considered more suit-
able candidates for ablation. Atrial fibrosis is the primary structural
change associated with atrial cardiomyopathy, AF progression, and per-
sistence and can be detected and quantified by LGE-MRI.7%103:210=513 |
the DECAAF study, the extent of preablation fibrosis as assessed by
LGE-MRI was an independent predictor of arrhythmia recurrence fol-
lowing AF catheter ablation.'®? Implementation of this imaging modality
requires experience in atrial LGE imaging and specific image sequences.
Lack of reproducibility in atrial fibrosis assessment based on LGE meas-
urement has limited its widespread adoption. Furthermore, discrepan-
cies have been reported in the extent and distribution of fibrotic areas
documented by LGE-MRI when compared with low-voltage areas iden-
tified during LA catheter-based mapping.'%"*

Cardiac computed tomography (CCT) may be used to quantify LA
epicardial adipose tissue, which is related to AF recurrence after cath-
eter ablation. Several observational studies and a metaanalysis have
shown that epicardial adipose tissue volume or thickness have a nega-
tive impact on AF ablation outcomes.”’>™"? Discrepant results have
also been reported.>***?! In a retrospective observational study, en-
hanced attenuation of posterior LA adipose tissue, as an imaging

marker of local inflammation, was associated with increased risk of
AF recurrence in patients undergoing catheter ablation.*?’

Preprocedural imaging may also be useful for anatomic modelling to
guide the ablation procedure. Though most patients have typical PV
anatomy (Section 3.1.), unusual PV variants (PV draining at the roof,
common trunk) occur and may influence choice of ablation approach
and modality (single shot vs. point-by-point ablation). While postabla-
tion imaging is no longer routinely performed to check for PV stenosis
in the absence of symptoms, preprocedural imaging in patients who
have undergone prior RF ablation may be reasonable to identify unrec-
ognized significant stenosis and/or avoid ablation in areas of mild-
moderate PV narrowing.

5.2.2. Preprocedural pharmacological treatment
5.2.2.1. Preprocedural anticoagulation

Based on currently used stroke risk assessment that guides decision-
making on eligibility for antithrombotic treatment, patients with AF
and stroke risk factor(s) (CHA,DS,-VASc score >1 in males and >2
in females) who are scheduled for AF catheter ablation should receive
oral anticoagulation therapeutically for at least 3 weeks prior to abla-
tion.”*?? This panel of experts shares the opinion that a minimum of
3-week therapeutic anticoagulation before AF catheter ablation is
also beneficial in patients with the lowest CHA;DS,-VASc score (0 in
males and 1 in females) if they are considered to have increased risk
of thrombus due to persistent AF type or specific underlying heart dis-
ease (HCM, rheumatic heart disease, and cardiac amyloidosis; Section
5.2.3.1).

In the pre-DOAC era, several trials validated the superiority of per-
forming catheter ablation without warfarin interruption.®®'—38
COMPARE was a large, randomized trial that demonstrated that
undergoing AF ablation on uninterrupted vitamin K antagonist (VKA)
compared with VKA interruption and bridging with low molecular
weight heparin (LMWH) resulted in a significantly lower incidence of
thromboembolic events and was associated with a lower minor bleed-
ing risk.*®* Importantly, there was no increased incidence of major
bleeding in the uninterrupted group. In the VENTURE-AF,
RE-CIRCUIT, AXAFA-AFNET 5, and ELIMINATE-AF trials, patients
undergoing AF ablation on uninterrupted rivaroxaban, dabigatran, apix-
aban, and edoxaban, respectively, were compared with patients under-
going AF ablation on uninterrupted warfarin.®®>-3®¢ The primary
endpoint used in these studies varied slightly, as did the outcomes. In
the VENTURE-AF, the primary endpoint of major bleeding did not
differ between the rivaroxaban and warfarin groups385; in the
RE-CIRCUIT, the primary endpoint of major bleeding occurred signifi-
cantly less frequently with dabigatran compared with warfarin®®¢; in the
AXAFA-AFNET 5 and the ELIMINATE-AF, the primary composite
outcome of all-cause death, stroke, or major bleeding did not differ be-
tween the DOAC (apixaban or edoxaban, respectively) and warfarin
groups.®®”?% Metaanalyses have documented a significant relative
risk reduction in major bleeding (50-55%) with uninterrupted
DOAC when compared with uninterrupted warfarin strategy at the
time of AF ablation.*®"3%° Taken together, these studies provide strong
evidence in favour of the use of uninterrupted anticoagulation with ei-
ther DOACs or VKA during AF ablation procedures.

Several randomized trials have shown comparable efficacy and safety
of a minimally interrupted DOAC anticoagulation strategy, skipping a
single dose at the day of the procedure, when compared with uninter-
rupted s‘cra‘cegy.”‘F398 A recent metaanalysis including 2168 patients
reported similar rate of adverse clinical events (major bleeding,
thromboembolic events) with minimally interrupted (holding morning
DOAC dose on the day of the procedure without any LMVWH bridging)
when compared with an uninterrupted DOAC strategy.>> However,
there was no sign of lower bleeding rates with preprocedural DOAC
interruption.®?* The randomized trials supporting the minimally (single
dose) interrupted DOAC strategy had several limitations: most were
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single-center, mainly performed in Asian populations, and the sample
size was insufficient to document non-inferiority. It is though acknowl-
edged that conduction of an adequately powered randomized trial
comparing the two preprocedural anticoagulation strategies based on
standard sample size calculations is rather unrealistic due to a prohibi-
tive sample size related to the very low event rate.

A survey of the writing group showed that 47% of the members rou-
tinely implement an uninterrupted anticoagulation strategy when per-
forming AF catheter ablation, while 53% use a minimally interrupted
anticoagulation approach (single skipped DOAC dose).

5.2.2.2. Preprocedural antiarrhythmic drug treatment

Many patients undergoing AF ablation are already on prior AAD treat-
ment when scheduled for AF ablation. Optimal handling of AAD before
ablation has not been clarified. Observational data support that failure
of amiodarone to restore and maintain SR prior to AF ablation is not
associated with poor procedural outcome.>** A retrospective observa-
tional study in 180 consecutive patients undergoing their first ablation
procedure demonstrated a similar rate of symptomatic AF recurrences
in patients undergoing ablation while taking AAD when compared with
those who were not on an AAD at the time of ablation, at 6 months and
at the end of follow-up (mean 24 months).>**

Prior trials of persistent AF ablation employing extensive substrate
ablation evaluated the impact of AAD continuation on intraprocedural
SR restoration and procedural outcome. In a retrospective study of
persistent AF patients undergoing a stepwise AF ablation,
preprocedural amiodarone prolonged AF cycle length during catheter
ablation and reduced substrate ablation needed to achieve SR without
favourable impact on long-term outcome.*® A multicenter prospective
randomized study of long-standing persistent AF patients on
amiodarone therapy undergoing PVI plus substrate ablation also de-
monstrated that amiodarone continuation during ablation significantly
reduced the procedure, RF, and fluoroscopy times.>%’ However, amio-
darone continuation was associated with significantly increased late re-
currence rates, which was attributed to AAD-mediated masking of
non-PV triggers.>?’ In the absence of definitive evidence suggesting an
impact of AAD continuation at the time of AF ablation on procedural
outcome, pertinent recommendations cannot be issued.

5.2.3. Imaging for exclusion of thrombus
5.2.3.1. Candidates for thrombus screening prior to ablation

The presence of atrial thrombus is a contraindication for catheter
ablation due to associated risk of procedural thromboembolic com-
plications. In this context, patients undergoing catheter ablation
should be screened to rule out the presence of thrombus. A survey
of the writing group showed that 59% of the members routinely
employ imaging for thrombus exclusion in all patients undergoing
AF ablation irrespective of presenting rhythm, AF type, and prior
anticoagulation. However, the adoption of uninterrupted peri
procedural anticoagulation strategy has reduced substantially the
rate of periprocedural stroke thus calling into question the need
for routine screening of all patients undergoing AF ablation,?%?>2852°
Furthermore, several baseline factors increase the risk of thrombus
detection and/or procedural thromboembolic event, supporting the
adoption of a selective, individualized strategy of thrombus surveil-
lance in patients undergoing AF ablation.

The writing group suggests that imaging for thrombus exclusion is
reasonable in patients who are considered eligible for anticoagulation
before AF catheter ablation (CHA;DS,-VASc score >1 in males and
>2 in females, persistent AF, HCM, cardiac amyloidosis, or rheumatic
heart disease—see below) but have not received anticoagulation thera-
peutically for 3 weeks or longer.

In the context of maximizing procedural safety, screening for throm-
bus may be reasonable even if patients have received therapeutic

anticoagulation for 3 weeks or longer prior to catheter ablation in
the presence of any of the following factors.

High CHA,DS-VASc score. In an early trial assessing the value of sys-
tematic screening with transesophageal echocardiography (TEE) before
AF catheter ablation, the prevalence of thrombus or sludge was shown
to increase with increasing CHADS, score.>® In a recent trial of con-
secutive DOAC-treated AF patients, higher CHA,;DS,-VASc score sig-
nificantly predicted the presence of TEE-detected LA thrombus before
catheter ablation or scheduled electrical cardioversion.*®’ A recent
metaanalysis of 35 studies assessing the prevalence of LA thrombus in
adequately anticoagulated patients with AF/AF| undergoing TEE before
cardioversion or AF catheter ablation demonstrated a significantly high-
er prevalence of LA thrombus in patients with CHA;DS,-VASc scores
>3 when compared with those with scores <2 (6.3 vs. 1.1%, P <
0.00‘1).368 Therefore, preprocedural imaging for thrombus exclusion
may be a reasonable approach in patients with CHA,DS,-VASc score
>3 scheduled for AF catheter ablation even if adequately treated with
therapeutic oral anticoagulation for at least 3 weeks.

Persistent atrial fibrillation. Multiple anticoagulation trials have vali-
dated that persistent AF patients, even if adequately anticoagulated,
are more likely to experience thromboembolic events when compared
with those with paroxysmal AF after adjustment for baseline vari-
ables.3?83¢371 |n an older retrospective study of 1058 AF patients
undergoing systematic screening with TEE to rule out atrial thrombus
before AF ablation, patients with persistent AF had a 3% incidence of
LAA thrombus when compared with 0.5% in patients with paroxysmal
AF presenting in normal SR.>*° In a multicenter retrospective study of
414 consecutive AF patients undergoing TEE before scheduled electric-
al cardioversion or ablation, LAA thrombus was documented in 15 pa-
tients and 93.3% of those had persistent AF.>*” In a recent prospective
registry, 900 patients with at least 3 weeks of prior uninterrupted
therapeutic anticoagulation underwent AF ablation without any type
of imaging screening. In total, four (0.32%) thromboembolic complica-
tions were documented, and all occurred in patients with persistent
AF>% In a recent metaanalysis of 14 653 adequately anticoagulated pa-
tients with AF/AFI undergoing TEE before cardioversion or AF catheter
ablation, non-paroxysmal AF was associated with a four-fold higher LA
thrombus prevalence when compared with paroxysmal AF.>*® Based
on the abovementioned evidence, persistent AF patients have an in-
creased risk of LA thrombus irrespective of their anticoagulation status.

Hypertrophic  cardiomyopathy—rheumatic  heart  disease—cardiac
amyloidosis. Atrial fibrillation patients with HCM have significantly
higher incidence of ischemic stroke compared with those without
HCM.*”? Hypertrophic cardiomyopathy patients with AF categorized
as low risk based on their CHA,;DS,-VASc score (0 in men or 1 in wo-
men) have a significantly greater stroke risk than AF patients without
HCM and a CHA,DS,-VASc score of 2.2 In a large cohort of patients
with AF undergoing TEE, HCM patients had a significantly higher risk of
LA thrombus than matched control subjects (8.8 vs. 4.1%; P < 0.001)
despite high rates of anticoagulation at the time of TEE and continuous-
ly for 1 month prior.>®

Several small observational studies have shown that patients with
rheumatic mitral stenosis have a substantially increased incidence of
LA thrombus as documented by TEE even when in SR, varying from
24 to 25%.°7777

Patients with cardiac amyloidosis have an increased incidence of in-
tracardiac thrombus, even in the absence of AF/AFI, due to the amyloid
infiltration, which results in atrial enlargement, mechanical dysfunction,
and blood stasis.*”®”” In a series of 116 autopsies, intracardiac throm-
bus was identified in 33% of amyloidosis cases, with AL amyloidosis and
AF being independently associated with thromboembolism.?”® In a
single-center, retrospective analysis of patients referred for elective dir-
ect cardioversion for atrial arrhythmias, patients with cardiac amyloid-
osis had 10 times higher rate of TEE-documented LA/LAA thrombus
when compared with a matched cohort (28.5 vs. 2.5%) even if
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anticoagulated for >3 weeks before TEE.>”® In a more recent observa-
tional study, LA thrombus was present in 14% of patients with cardiac
amyloidosis referred for electrical cardioversion, despite prior anticoa-
gulation, mainly with DOACs.3”?

Based on the abovementioned evidence, patients with HCM, rheum-
atic heart disease, or cardiac amyloidosis are considered as high risk for
stroke, and therefore, routine preprocedural screening for thrombus
exclusion may be reasonable irrespective of their CHA,DS,-VASc
score or previous anticoagulation.

5.2.3.2 Imaging modalities for thrombus exclusion

Several imaging modalities may be used for exclusion of atrial thrombus
in patients undergoing AF ablation. The selection of a particular imaging
tool is based on patient’s characteristics, physician preference and ex-
pertise, institutional availabilities, and cost. Available options are dis-
cussed below.

Transesophageal echocardiography. Transesophageal echocardiog-
raphy has long been used in the preablation setting since it enables re-
liable exclusion of atrial thrombus and assessment of LA size, functional
parameters, and valvular disorders. In an early large prospective intrao-
perative study, TEE had a sensitivity and specificity of 100 and 99%, re-
spectively, for identifying atrial thrombi when compared with direct
visual inspection of LA content.>' However, TEE is a semi-invasive pro-
cedure requiring sedation and esophageal intubation, occasionally lim-
ited by subjective estimates, and is not devoid of complications
(0.18-2.8%), which may be associated with major morbidity (0.2%)
and rarely mortality (<0.01-0.02%).>*** Transesophageal echocardi-
ography prior to the ablation procedure may lengthen the procedure
and general anesthesia time, while it can prove helpful in guiding trans-
septal puncture.

Cardiac computed tomography. Delayed phase CCT is a useful and re-
liable imaging modality for exclusion of atrial thrombus. Incorporation
of late acquisition protocols reduces false-positive rates by providing a
time delay to allow enhanced LAA contrast opacification and differen-
tiate whether a low attenuation region is due to thrombus or circula-
tory stasis and low blood flow. A metaanalysis of 22 studies
demonstrated that CCT had a sensitivity and specificity of 0.99 and
0.94, respectively, vs. TEEAY7 Delayed imaging CCT protocols signifi-
cantly improved specificity when compared with early imaging proto-
cols.* %5497 A recent prospective cohort analysis evaluating optimal
time delay for late phase CCT protocols demonstrated that even a
3-min delay may be associated with false-positive results, while a
6-min delayed acquisition protocol is optimal due to associated 100%
specificity.™® Related disadvantages include (i) the risk of
contrast-induced nephropathy, which is low in patients with normal re-
nal function and reversible in most cases, and (ii) the related radiation
exposure, which is though relatively low (<3 mSv) with contemporary
technology computed tomography (CT) scans, 062343

Another prerequisite for recommending CCT for exclusion of atrial
thrombus prior to AF ablation is its performance within 48 h prior to
ablation to prevent the likelihood of de novo thrombus formation in
the waiting period between screening and ablation.

Cardiac magnetic resonance imaging. Cardiac MRI enables imaging of
atrial anatomical features and structural changes that are important
for procedural planning (Section 5.2.1.4.). It also has a favourable diag-
nostic performance for assessment of atrial thrombus.>>¢738 A recent
metaanalysis of four CMR studies reported a sensitivity and specificity
of 0.80 and 0.98, respectively, when compared with TEE.*”” However,
the existing trials supporting the role of CMR for thrombus exclusion
are limited, single-center, rather small in number, heterogeneous in
type of MRI sequence used, and with uncertain reproducibility.
Large-scale studies with standardized and consistent CMR protocols
are needed to support the value of MRI as reasonable imaging option
for exclusion of atrial thrombus in the preablation setting.

Intracardiac echocardiography. Intracardiac echocardiography (ICE) is
increasingly used as an alternative to TEE for exclusion of LAA throm-
bus at the time of AF ablation.*®® In an early study comparing ICE with
TEE in patients undergoing AFI ablation, ICE showed very high correl-
ation with TEE for detection of LA stunning.**! Since then, several pro-
spective studies comparing ICE with TEE for detection of LAA and/or
LA thrombus have indicated that ICE is as effective as TEE.****%% The
ICE-CHIP study compared ICE with TEE and observed a non-significant
trend to increased thrombus detection with TEE.*** However, ICE im-
aging was performed from the RA, and it is now well-established that
optimal LAA views are obtained when the ICE catheter is positioned
in the right ventricle or the pulmonary artery.*®® Intracardiac echocar-
diography may also have a role for LA thrombus screening after a re-
cent equivocal or even negative TEE in patients undergoing AF
ablation.*®® In a prospective multicenter registry of 6186 patients
undergoing AF ablation on uninterrupted DOAC anticoagulation, ICE
was used to screen for LA/LAA thrombi. In this population with
mean CHAD,S,-VASc score of 2.9, no thrombi were observed and
only one TIA occurred.>*” In practices familiar with ICE, it is reasonable
to use ICE, with imaging from the RV inflow tract or pulmonary artery,
instead of TEE to screen for LA/LAA thrombi prior to ablation. Since
ICE may be used at some centers to guide transseptal puncture and
monitor for complications, use of ICE to screen for thrombi may
save procedural time and cost (compared with additional TEE or
CCT performance).

A survey of the writing group showed that 59% of the writing group
members mainly use TEE for exclusion of LA thrombus, 18% use ICE,
and 23% use cardiac CT.

6. Mapping and ablation tools for
atrial fibrillation catheter ablation

6.1. Mapping tools
6.1.1. Invasive mapping tools
6.1.1.1. Electroanatomical contact mapping

Mapping and ablation require precise navigation within the chamber of
interest. Electroanatomical mapping (EAM) systems allow for 3D visu-
alization of the anatomy of any heart chamber, delineation of AT/AFL
circuits, catheter positioning, and catheter manipulation without use
of fluoroscopy. Accurate anatomical reconstruction of the 3D shell
of the chamber of interest is of the utmost importance. However, inac-
curacies are caused by continuous motion of the heart, patient breath-
ing, and body movement. All available EAM systems have a set of
algorithms to account for movement (including respiratory gating).
Mapping can be performed either with point-by-point acquisition using
the ablation catheter or more frequently using dedicated multi
electrode catheters.

In general, there are two types of EAM systems. Impedance-based
systems utilize a transthoracic electrical field for catheter localization,
which is created by surface patch electrodes that emit high-frequency
electrical signal in three orthogonal axes. Drawbacks include that the
field is non-linear, impedance is affected by changes in tissue properties,
and the co-ordinate system (patches) can move. Magnetic field-based
systems, on the other hand, are not affected by tissue differences and
are inherently linear and stable over time. Magnetic sensors are needed
to visualize catheters, so map creation is only possible with sensor-
enabled catheters. The co-ordinate system is often linked to the fluor-
oscopy unit under the patient and can be distorted by metal (bed, flat
detector, ICDs, etc.).

Several EAM systems are currently on the market. The CARTO 3
(Biosense Webster, Irvine, CA, USA) is a hybrid system, which uses
magnetic technology for localization of dedicated mapping and ablation
catheters and current-based technology for visualization of electrodes
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Figure 9 Multielectrode mapping catheters.

and shaft of other electrophysiology catheters. Integration of ICE into
the CARTO mapping system (CARTOSOUND, Biosense Webster)
enables the construction of the 3D shell of the chamber of interest
from a series of ICE-acquired chamber contours with associated reduc-
tion in fluoroscopy time even to zero.>39°%0

The Ensite NavX (Precision) EAM system (Abbott, Chicago, IL, USA)
uses both voltage and impedance data for localization of proprietary
and non-proprietary mapping and ablation catheters. In addition, the
system integrates magnetic information for dynamic optimization of
3D models (field scaling) when sensor-enabled catheters are used.
The latest generation of the Ensite NavX (Ensite X) EAM system
uses magnetic-based data from sensor-enabled catheters to create
3D maps, also maintaining the option to rely on impedance data for
map creation and catheter visualization.

The Rhythmia system (Boston Scientific, Marlborough, MA, USA)
uses a combination of magnetic and impedance-based location technol-
ogy and allows for automated high-density mapping using a dedicated
steerable 64-electrode mini basket catheter (Figure 9).

Multimodality approaches allow for image integration of pre-
acquired CCTs and MRIs with real-time 3D EAM maps or ICE imaging.
Accuracy is critically dependent on fusion quality (including the use of
fiducial points in both images). In addition, 3D rotational angiography
images can be merged with live two-dimensional fluoroscopy and
thus obviate the need for pre-interventional imaging. The quality of
EAM acquired with multielectrode catheters has generally reduced
the need for fusion with pre-acquired images due to the higher reso-
lution of the former and errors associated with the latter.

The quality of electrogram acquisition is crucial for accurate annota-
tion of signals, particularly in low-voltage areas and diseased atrial tissue.
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Furthermore, mapping catheters now have multiple bipoles with smal-
ler electrodes for signal recording, allowing faster acquisition of high-
quality signals (Figure 9). Synthesizing all this information from multiple
electrograms requires mathematical algorithms, which automate elec-
trogram annotation and timing.

Newer modules are helping operators to delineate complex tachy-
cardias. A new module in the latest CARTO 3 platform provides an al-
gorithm, which computes conduction velocity based on collected
electrograms and applies a global best-fit solution when displaying
wave propagation (Coherent Mapping).>*" Activation direction map-
ping in the latest generation EnSite X system uses ‘omnipolar’ EGMs
correcting for voltage differences caused by directionality of the elec-
trical wavefront in relation to the mapping electrodes. Using these cor-
rected electrograms, the system can compute a beat-by-beat vector
direction of the wavefront and present the information in a propagation
map.>*? The incremental value of both coherent and omnipolar map-
ping in the management of complex atrial tachyarrhythmias needs to
be proven in prospective studies.

Electroanatomical mapping systems have attempted to incorporate
algorithms for mapping persistent AF. CARTOFINDER is an algorithm
used to map focal and rotational sources during AF, with clinical trials
pending>** Both CARTO and Ensite include optional algorithms
for automated detection of complex fractionated atrial electrograms
(CFAE) during AF and tagging of respective areas on the 3D anatomical
map. Other algorithms are in development (Section 6.4.).

The evolution of ablation indicators (Section 8.1.2.2.) incorporating
power, ablation duration, and contact force (CF) in one formula to assess
lesion quality has further leveraged EAM systems. Radiofrequency-based
ablation incorporating CF-sensing ablation catheters combined with
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quality lesion indicators allows for automated tagging of ablation points
to interactively review the position and quality of RF lesions.

Using EAM systems has proven to reduce fluoroscopic duration and
dose.>**>*® However, studies assessing the clinical benefit of safety and
efficacy in various arrhythmias have initially shown mixed results.>*=>>3
The implementation of the CLOSE protocol in RF-based AF catheter
ablation has proven both effective and safe®>*>* and consequently
standardized the PVI procedure using the CARTO mapping system
(Section 8.1.2.2.).

The cost of the ablation procedure is inevitably increased when using
EAM systems with high complexity (multipolar catheters, mapping sys-
tem upgrades). This cost needs to be weighed against the benefits de-
scribed above. However, the future role of 3D EAM systems in PVI
procedures using single-shot or large footprint ablation catheters is
at present unclear.

6.1.1.2. Non-contact mapping

Most EAM systems require contact between the mapping catheter and
cardiac tissue to accurately record cardiac potentials. It is difficult, how-
ever, to achieve stable, complete contact of multipolar or even single
point catheters on the cardiac surface, and therefore, interpolation al-
gorithms are required to smooth out the electrical data collected. This
limits both the spatial and temporal accuracy of such recordings and can
obscure finer, detailed patterns of activation. It is also difficult to obtain
a global, instantaneous, panoramic view of a chamber’s activation se-
quence when recordings of the various chamber segments are col-
lected sequentially in a stepwise fashion.

Non-contact mapping utilizes a large, multipolar catheter positioned
within the chamber of interest to record global far-field and near-field
unipolar electrograms. These electrograms are then typically fed into a
mathematical algorithm, which can interpolate and extrapolate global
activation based on the ‘ground-truth’ of the recorded unipoles.>®°
The resulting activation patterns can then be projected onto a map
surface.

One system (AQMap, Acutus Medical) utilizes a multi-splined, 48
electrode catheter, equipped with ultrasound transducers for recon-
struction of the anatomic surface, which records unipolar electrograms
and then uses an inverse algorithm to calculate the ‘charge density’ on
each point of the map surface.>*® Charge density is calculated from the
local unipolar voltage but filters out putative far-field effects to provide
a higher resolution local electrical activation. Early results have sug-
gested that complex atrial activations during AF can be identified, but
the additive effect of targeting these activations in the persistent AF ab-
lation strategy is not well-established.>®" Furthermore, the system loses
accuracy when the cardiac surface of interest is 40 mm or more from
the catheter.”?

Electrographic flow mapping (Ablamap, Ablacon) utilizes a large bas-
ket catheter to record unipolar electrograms, which are then interpo-
lated and processed into a beat-by-beat electrical intensity map.>®* As
the electrical intensity changes beat-by-beat in AF, the Horn—Schunk it-
erative algorithm calculates the flow pattern seen during AF over time.
Regions with divergent flow patterns can be labelled as ‘sources’, which
can then be targeted for ablation. The recently announced FLOW-AF
trial randomized persistent or long-standing persistent AF patients with
recurrent, symptomatic AF despite at least one prior AF ablation pro-
cedure to PVI plus electrographic flow-guided source ablation or to PVI
only. Adjunctive ablation of electrographic flow sources resulted in sig-
nificant improvement in 1 year freedom from AF.>¢*

6.1.1.3. Spatiotemporal dispersion mapping

Mapping and ablation of regions exhibiting CFAEs was pioneered many
years ago by the work of Nademanee et al.>®® However, the STAR-AF ||
trial did not show an incremental benefit in rhythm outcome when
CFAE ablation was performed in addition to PVI during AF ablation.>*®

Several studies have shown promising results regarding the efficacy and
safety of AF ablation guided by spatiotemporal electrogram disper-
sion.”®’7>¢? Seitz et al. described an ablation approach where regions
displaying spatiotemporal ‘dispersion’ were targeted.>®” Dispersion
areas were visually identified and defined as clusters of electrograms,
either fractionated or non-fractionated, that displayed interelectrode
time and space dispersion at a minimum of three adjacent bipoles
such that activation spans the AF cycle length. These electrograms
could be continuously fractionated, burst fractionated, or of very rapid
cycle length. Areas displaying spatiotemporal electrogram dispersion
can be identified either manually or automatically with the use of ma-
chine and deep learning algorithms (VOLTA VX1) that perform real-
time analysis of electrograms recorded by multipolar catheters
and then annotate areas of interest on the 3D anatomical shell, which
represent potential ablation targets.57o The TAILORED AF trial
(NCT04702451) is comparing an ablation strategy targeting areas of
spatiotemporal dispersion identified with the use of this artificial intel-
ligence software algorithm in combination with PVI to PVl alone in pa-
tients with persistent AF and will provide further data on the efficacy of
this approach. Stability and reproducibility of identified target sites dis-
playing spatiotemporal dispersion needs to be documented.

6.1.2. Non-invasive mapping tools
6.1.2.1. Electrocardiographic imaging
In recent years, a drive towards better understanding of AF mechan-
isms has resulted in the emergence of new forms of AF mapping tech-
nology, which employ the principle of phase mapping, a mathematical
approach for the assessment of spatial and temporal periodicity in
tissue electrical activity and identification of periodic rotations or
‘rotors’.>’’ Optical mapping work in animal models provides compelling
evidence for the existence of rotors and their role in AF perpetuation,
and these insights served as the basis for clinical translation to AF
mapping.572

Electrocardiographic imaging or ECGI mapping is a non-invasive
phase-mapping approach, which utilizes a 252-body surface electrode ar-
ray and patient-specific heart-torso geometries to display virtual cardiac
potentials on the epicardial surface. Activation mapping in AF allows iden-
tification of reentrant and focal activities generated from unipolar elec-
trograms combined with phase-mapping analysis. Potential advantages
over conventional invasive mapping systems include non-invasive, simul-
taneous, global characterization of biatrial electrical activity, albeit at a
lower mapping resolution.””* Three-dimensional imaging acquisition is
central to the technique for generation of individualized anatomical mod-
els of the atria and torso volume conductor. Computed tomography im-
aging is most commonly utilized due to its speed, widespread availability,
and high-resolution imaging with the obvious disadvantage of exposure
to ionizing radiation.>”* Magnetic resonance imaging provides better
soft tissue delineation albeit at a lower resolution, while eliminating radi-
ation risk.>"*> However, higher costs and longer scan times limit its applic-
ability. The recently developed imageless ECGI overcomes the need for
CT or MRlimaging by estimating the cardiac geometry and location inside
the patient’s thorax based on electrical, statistical, and thoracic geomet-
rical information.>”®

The ECGI technique was first applied in a study of continuous biatrial
activation mapping validated against invasively generated electroanato-
mical maps.>”® In this study, multiple concurrent wavelets were identi-
fied as the most common pattern of activation and ablation near
ECGl-identified critical sites resulted in restoration of SR. Using com-
mercially available mapping systems, unstable reentry circuits with vary-
ing spatiotemporal activity were described as the predominant
sustaining mechanism in persistent AF patients.>’”>"® In patients with
ablation-induced AF termination, arrhythmia-free survival was 85% at
1 year.577 In the AFACART study, an ablation strategy consisting of tar-
geted ablation of AF drivers and PVI, followed by LA linear ablation if AF
persisted, resulted in 77% freedom from AF at 1 year in a cohort of
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persistent AF patients with continuous AF duration less than 1 year.>”?
Driver-only ablation resulted in AF termination in 64% of patients.”’
The TARGET-AF1 trial reported a 65% freedom from recurrent
AF/AT at 1 year in persistent AF patients undergoing PVI plus
ECGlI-guided ablation with a high rate of AF termination during driver
ablation.*®

More recently, ECGI findings indicative of AF complexity, including
number, distribution, and density pattern of AF reentrant sites, have
been associated with AF termination during ablation.”®"#> The on-
going STRATIFY trial will further evaluate the role of ECGI-based as-
sessment of AF complexity for prediction of ablation efficacy
(NCT04578275).

Inherent limitations of ECGI relate to electrode density and mapping
resolution. Transformation of electrograms using phase-mapping is a
complex process, and an obvious disadvantage is the limited ability
for raw signal analysis by the operator prior to transformation. In add-
ition, ECGI mapping is costly and time consuming. Finally, the lack of a
gold standard for validating the existence of rotors/drivers and conflict-
ing results using ECGI vs. other phase-mapping approaches have fuelled
scepticism about validity and reproducibility.>”"="778

Nevertheless, ECGI remains the only modality capable of simultan-
eous biatrial electrical characterization in AF. Further assessment in ran-
domized trials as well as technological improvements to streamline
workflows is needed before it can be incorporated as a valid tool in
the routine invasive management of AF patients.

6.1.2.2. Magnetic resonance imaging fibrosis guidance

Magnetic resonance imaging has been used to identify areas of atrial fi-
brosis in patients scheduled for AF catheter ablation,'0>38%°84
However, adequate spatial resolution remains problematic in the thin-
walled LA, and reproducibility of the different imaging techniques
across centers remains low (Section 5.2.1.4.). Several RCTs have failed
to document that ablation of MRI-detected fibrotic areas provides in-
cremental benefit in postablation rhythm outcome (Section 8.2.6.).

6.2. Ablation tools
6.2.1. Radiofrequency ablation

Radiofrequency catheter ablation is a widely employed thermal-based
technique with documented beneficial effect on rhythm outcome
when compared with medical therapy in paroxysmal and persistent
AF |:>atients.2367238 Initial studies reported on PVI using non-irrigated
catheters with RF delivery in temperature-controlled mode. Since the
introduction of irrigated catheters, RF is most often delivered in power-
controlled mode with conventional power settings between 20 and
40 W. The positive impact of CF measurement on procedural and
RF time and recurrence rates°®>~>% has resulted in the adoption and
widespread use of irrigated CF-sensing catheters and additionally facili-
tated the development of algorithms aimed at real-time assessment of
lesion quality including the force time integral (FTI),>®" lesion size index
(LS1),>*® and ablation index (Al)**%>%" (Section 8.1.2.2.). Within the last
years, the employment of point-by-point workflows using CF-sensing
catheters and focusing on optimized and contiguous lesions has re-
sulted in improved outcomes for paroxysmal AF, with high first-pass
isolation rates and 1 year success rates,>>*3>%°3859

More recently, focus has centered on enhanced lesion formation for
durable PVI, with increased power delivery proposed to improve lesion
quality and reduce procedure times. Experimental studies have demon-
strated shallower and wider lesions with higher power and shorter dur-
ation Iesions,sc)z’593 and several clinical studies have underscored the
enhanced procedural efficiency and preserved safety profile associated
with 40-50 W ablation in power-controlled mode.>”*>%? In a recent
small RCT comparing high-power (50 W) vs. standard power (30 W
anterior/25 W posterior wall) RF ablation in patients undergoing PVI,

the former resulted in significantly shorter time to achieve PVI, higher
freedom from arrhythmias at 12 months, and a trend towards in-
creased asymptomatic cerebral emboli.’® Furthermore, power-
controlled ablation at 70 W over 57 s is associated with significantly
greater procedural efficiency, fewer AF recurrences, and a similar safety
profile to conventional power protocol (30-40 W for 20-40 s).60"¢02
The absence of use of Al or LSI to standardize the lesion set in these
latter studies may limit the reproducibility of the results. Care should
be exercised using higher power at the posterior wall due to potential
inadvertent overshoot and ‘heat stacking’ when applying consecutive le-
sions in close proximity, although it is also possible that a high-power
short-duration (HPSD) protocol may be safer over the esophagus
due to less depth of penetration (Section 11.3.1.).>%*¢% Based on re-
cent RCT findings, HPSD ablation may be associated with increased
risk of asymptomatic cerebral emboli (Section 11.2.3.).

The reduced accuracy of tissue temperature feedback during high-
power irrigated ablation has led to the development of novel catheters
equipped with multiple thermocouples capable of accurate, real-time
tissue temperature monitoring, allowing RF delivery in temperature-
controlled mode using low irrigation flow rates (QDOT Micro,
Biosense Webster; DiamondTemp, Medtronic). The randomized
DIAMOND-AF study demonstrated similar safety and efficacy of the
DiamondTemp ablation system compared with standard CF-guided ab-
lation with higher overall power delivery and reduced procedure times
using temperature-controlled ablation.*®* The CF-sensing QDOT cath-
eter is capable of energy delivery of up to 50 W in ‘QMODE’ with a re-
cent study supporting the safety and efficacy of this modality with a
first-pass isolation rate of 92% and no esophageal injury on post
procedural endoscopy.®®®> Furthermore, this catheter is capable of
very high power delivery at 90 W over 4 s (QMODEH+). Several pre-
clinical studies report a predominant resistive form of tissue heating
with 90 W/4 s ablation with a high rate of contiguity and transmural-
ity.>72695=€08 | contrast, in a recent canine study, lesion size was smal-
lest with RF applications at 90 W/4 s, followed by 50 W/10's and
greatest with 30 W/30 5.°%” The QDOT-FAST study demonstrated
the feasibility and safety of 90 W/4 s ablation in paroxysmal AF patients
undergoing PVI.2'® The safety profile of this ablation workflow was fur-
ther supported in a study showing lack of esophageal injur‘y.611 More
recently, a small non-randomized study reported significantly reduced
procedural times with 90 W/4 s vs conventional 25—40 W ablation
with a similar safety profile.612 In contrast, a further comparative study
suggested an overall similar procedure time (with time being lost due to
a lower rate of first-pass isolation with 90 W/4 s ablation protocol).*%®
In the multicenter randomized POWER PLUS trial, first-time PVI with
very HPSD (90 W/4 s) RF ablation resulted in a significant but modest
reduction in procedure time with similar safety and 6-month arrhyth-
mia recurrence rate when compared with 35/50 W Al-guided conven-
tional ablation."® Furthermore, despite the potential of HPSD ablation
to alleviate the issue of catheter instability, when it does occur it may
have a greater impact on lesion formation particularly in areas of in-
creased tissue thickness such as the carina.

In summary, contiguous, point-by-point RF ablation for PVI has
evolved into a clinically safe and efficacious procedure. With high-power
or very high-power ablation (in temperature-controlled or power-
controlled mode), procedural times of close to or less than one hour
are achievable with similar safety and efficacy profiles.>?®*% In the ab-
sence of definite randomized data on long-term outcomes, the decision
to opt for novel higher power strategies may come down to operator
preference or patient profile (shorter procedure times are preferable
in awake patients, whereas low fluid delivery may be advantageous in pa-
tients with HF). Large-scale randomized trials are needed to determine
the long-term efficacy of such novel strategies.

A multielectrode RF balloon catheter (HELIOSTAR, Biosense
Webster) has also been used for PVI.6™ This single-shot ablation device
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is compatible with a 3D EAM system (CARTO) and is equipped with 10
irrigated, flexible electrodes that independently deliver RF energy, thus
allowing customization of energy delivery in a focal, segmental, or cir-
cumferential approach. Furthermore, the use of an integrated,
intraluminal, circular diagnostic catheter enables real-time recording
of PV electrograms. Observational studies have demonstrated that
PVI with this multielectrode RF balloon catheter may have favourable
safety and effectiveness in paroxysmal AF patients.®’>¢'8

Another recent development in the field of RF ablation is a larger
footprint, single-tip ablation device. Instead of a 3—4 mm, irrigated ter-
minal tip, this catheter employs a lattice spherical structure, which is
9 mm in diameter, and the surface of the sphere contains nine mini-
electrodes (0.7 mm), which also contain thermocouples.’ The system
delivers temperature-controlled, contact sensing—facilitated RF with sa-
line irrigation sprayed from the center of the catheter, which does not
impact temperature sensing at the surface of the catheter in contact
with the tissue. The system delivers high-current RF to achieve a uni-
form current cloud on the lattice spherical surface.®" In an initial pilot
study, the system demonstrated a very high incidence of durable PVI
and linear lesion block.®’® The system has also incorporated PFA offer-
ing versatility in type of delivered energy.*

6.2.2. Cryoablation and ultra-low temperature
cryoablation
6.2.2.1. Conventional cryoballoon technologies

Cryotherapy, or the use of freezing temperatures to elicit a specific tis-
sue response, has a long history of safe and effective use in medicine.
After open cardiac surgery applications had developed in the 1960s
and 70s, the first clinical experience using a focal tip cryoablation
catheter—targeting the AV node—was described in 2001.5%" Finally,
the development of a balloon-based cryothermy in the beginning of
the 21st century has led to a striking uptake in cryoablation for AF abla-
tion. A single-shot balloon design delivers significant benefits over a focal
design. Firstly, it allows procedural simplification (no need for mapping
systems, potential time gains), and secondly, it blocks antegrade flow
from the targeted PV, thereby eliminating balloon heating by the blood
pool and greatly enhancing cryoablation efficacy. However, a caveat re-
lated to the absence of mapping system in the cryoballoon procedural
workflow is the increased fluoroscopy exposure.®*>

All currently available cryoballoon catheters have an open inner lu-
men to allow insertion of a guidewire or a diagnostic catheter and
use N,O as a coolant, exploiting the Joule—Thomson gas expansion ef-
fect to achieve temperatures down to a theoretical minimum of —89°C.
The first-generation cryoballoon (Artic Front, Medtronic, Inc) showed
superiority over AADs in a randomized setting.2>* However, over 80%
of patients with AF recurrence after first-generation cryoballoon abla-
tion showed PV reconnection at the time of repeat ablation and over
50% had reconnection of more than one PV.%*3 The second-generation
cryoballoon (Arctic Front Advance, Medtronic, Inc.) was introduced in
2012 and incorporates a modified refrigerant injection system charac-
terized by eight injection jets in a more distal balloon position. Thus, a
more homogeneous cooling of the complete distal balloon hemisphere,
including the distal tip, is achieved.

More recently, the POLARXx (Boston Scientific) cryoballoon catheter
received approval, and clinical experience has accumulated. A recent
multicenter registry has validated the procedural safety and efficacy
of this cryoballoon for the treatment of patients with paroxysmal
AF.6%* Despite similarities in ablation technique and catheter design,
important differences exist when compared with other cryobal-
loons.®?>%2¢ |n the COMPARE-CRYO trial, 201 symptomatic paroxys-
mal AF patients undergoing their first PVl procedure were randomized
to cryoballoon ablation using either the POLARX or the Arctic Front
catheter and were monitored with an ICM. The freedom from

arrhythmia recurrence at 12 months was similar in both groups, but
the use of the POLARX balloon resulted in significantly higher rate of
PN palsies that did not recover within 24 h.¢*’

The FIRE AND ICE trial compared energy modalities for AF ablation
and randomized 762 patients with drug-refractory paroxysmal AF to
treatment with either the second-generation cryoballoon or conven-
tional RF using a prospective multicenter design. The study showed
cryoballoon ablation to be non-inferior to RF ablation with respect
to its primary endpoints of efficacy and safety and reported a possible
reduction in re-hospitalization or reablation in secondary ana-
lyses.””*?® Phrenic nerve injury was the most commonly reported
complication at discharge in the cryoballoon ablation group (2.7%).
Permanent PN palsy was reported in 0.3% of patients. More recently,
the CIRCA-DOSE trial evaluated contemporary approaches to PVI
using latest generation technology in both the cryoballoon ablation as
well as the RF ablation arms using an ICM for postablation rhythm mon-
itoring.6%2 In this trial, no difference in 1 year efficacy (freedom from at-
rial tachyarrhythmia) was confirmed between the compared groups,
whereas continuous monitoring showed median AF burden reduction
of >99% with both ablation technologies.

6.2.2.2. Ultra-low temperature cryoablation

An innovative approach using highly compressed liquid nitrogen allows
a change from the liquid to the gaseous phase without the associated
volume expansion and thus without the associated problems of vapour
lock when using liquid nitrogen in closed circuit catheters.®?® The impli-
cations are that an ablation energy source with a far wider therapeutic
margin can be used—Iiquid nitrogen boils at —189 °C—and that cryo-
catheter design is no longer constrained by the need for occlusion.

Currently, a single platform using this technology is commercially
available in the EU (iCLAS, Adagio Inc) and is undergoing clinical evalu-
ation in the USA (IDE # G180263). The iCLAS system allows the use of
variable shape catheters that enable rapid reconfiguration of the cath-
eter to the desired target tissue. The recently published first in man
CRYOCURE-2 observational study reported promising acute proced-
ural results and 12-month freedom from atrial arrhythmias in a mixed
paroxysmal and persistent AF |:>opulation.630 Potential synergies be-
tween ultra-low temperature cryoballoon and PFA may exist, such as
guaranteed tissue contact and elimination of microbubbles. Evidence
for this strategy is currently limited, and a trial assessing its usefulness
is underway (NCT05408754).

6.2.3. Pulsed field ablation

6.2.3.1. Biophysics and mechanisms

In contrast to RF or cryothermy, irreversible cardiac electroporation is
considered a non-thermal energy source, meaning the cell death induc-
tion is not dependent on thermal processes. Instead of exposing cells to
a thermal insult, electrical fields are applied to the cells leading to a dis-
ruption in cell membrane integrity and function.®®' This short-term dis-
ruption then leads eventually to cellular death and replacement fibrosis.
Ablation using irreversible electroporation is more commonly referred
to as PFA.

The exact mechanism of PFA-induced cell death is not known.®
Application of electrical fields of sufficient strength will lead to accumu-
lating charge on cell membranes, which can result in development of na-
nopores in the membrane surface and increased membrane
permeability. This permeability disrupts the intracellular and extra
cellular concentration gradients required for cellular homeostasis. If
the electrical field application is sufficiently long, alterations in cellular
pH, generation of reactive oxygen species, release of mitochondrial cy-
tosome ¢, and other processes all result in a progression to cellular
apoptosis combined with some immediate cellular necrosis.®*~¢%*
These processes occur over days to weeks and lead eventually to
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replacement fibrosis over 4-8 weeks. Unlike thermal ablation, PFA
does not permanently disrupt the local tissue extracellular matrix struc-
ture or vascular supply,®>> which is a critical element in why PFA may
not result in as much collateral damage to non-cardiac tissues.®®'

Electrical field ablation was pioneered in the 1980s when Scheinman
et al®* delivered a full defibrillator shock through a catheter in the
heart. The investigators achieved heart block, but the accompanying
heat and barotrauma sidelined direct current ablation and paved the
way for RF ablation. The key technological advance for today’s PFA is
that a ‘large charge’ can be broken up into a series of multiple applica-
tions of very brief duration. Since the cardiac cell is like a capacitor that
can store charge, the intensity of the electrical field will depend on the
total duration of the exposure (number of repeated applications) in
addition to the actual voltage delivered.®’

Key parameters for PFA include voltage, pulse width, waveform (bi-
phasic vs. monophasic), and polarity (bipolar vs. monopolar). Increasing
voltage will not only increase treatment effect but can also generate un-
wanted heating, gaseous microbubbles, and barotrauma.®**¢3” Most
systems approved or in development today are utilizing voltages of
500-2000 V peak-to-peak for each application. Monopolar PFA deli-
vers energy from a single catheter to a return ground patch. Bipolar
PFA delivers energy between adjacent electrodes and is more suited
to larger, efficient, multipolar ablation catheters. Pulse width is also crit-
ical for treatment effect and minimization of gaseous emboli, muscle
contraction, and unwanted heat generation. Most systems are utilizing
pulse widths in the microsecond range. Delivery of pulses (typically 10—
20) usually occurs in a series called a ‘packet’ or ‘train’ and then multiple
trains (1-7) may be delivered over several seconds.

Although PFA is supposed to be non-thermal, the recipes used for
ablation today encroach on the thermal threshold. For biphasic, bipolar
pulses, there can be 5-40°C rises in tissue surface tempera-
ture 831:638639 However, these rises are for such brief duration (a
few milliseconds) that significant thermal damage does not occur.
Contact between the tissue and catheter is still required for optimal
PFA delivery.®*® Whether CF is required for optimal PFA delivery is still
an open question.

6.2.3.2. Efficiency and safety—key advantages

Since PFA can be delivered over several milliseconds and several packets
can be delivered within seconds, procedural efficiency is one of the key
advantages of this energy source. Furthermore, PFA can be easily deliv-
ered in large footprint (so-called ‘single shot’) devices, which can achieve
large lesions around the PVs and on the posterior wall with ease. Even in
the early evaluation studies, where operators were very early in their
learning curve, LA dwell times were only 60-90 min or less.®*"**2 Now
that some systems are available commercially, early registries report
average procedure times close to or even less than one hour for AF
ablation,**¢%*

The safety profile of PFA also makes it very promising for cardiac ab-
lation. With thermal ablation, there has always been a low, but detect-
able, risk of collateral damage to the lung, esophagus, and PN.
Esophageal damage can lead to fatal complications such as an
atrial-oesophageal fistula (AEF; Section 11.3.1.). Early preclinical data
have suggested that the field threshold for damaging cardiac cells is
much lower than that required for smooth muscle (esophagus),®* vas-
cular (veins and arteries),®*> and nerve cells.**® Adipose tissue is an ex-
cellent insulator for electricity, and even thin fat layers separating
esophageal tissue from the LA may have a significant protective ef-
fect.®" Preclinical data have confirmed that clinical PFA systems ap-
proved or under development do not cause long-term esophageal
damage.€’38'647'648 Esophageal temperature rises are not seen during ab-
lation over the esophagus in humans.** While acute PN capture can
occur during PFA applications, PN palsy is very rare.** Even when

PN palsy occurs, it typically recovers within a few hours.*’ PFA also
does not appear to cause PV stenosis.***¢*° Skeletal muscle contrac-
tion was a problem with early versions of PFA, but with the implemen-
tation of more optimized waveforms (biphasic especially), this risk is
reduced, and most studies have shown that PFA can be safely per-
formed without the use of |:>aralytics.641‘6’42'651

Microbubble formation has been observed with most PFA systems. It
is unclear whether this is due to unwanted heat generation, an electro-
lytic effect on water, or displacement of nitrogen gas.®*® The size of the
bubbles appears to be small (<40 um),®>? and if gaseous, they should
spontaneously resorb prior to causing significant cerebral ischemia.
Early studies have suggested a low rate of silent cerebral emboli on
cerebral MRI post-PFA ablation (3%), but further studies are required
to confirm the potential risk of these bubbles.**"*>* High Joule mono-
phasic pulse deliveries, e.g., can cause very large volumes of these bub-
bles and have been associated with ST segment elevation and MRI
lesions indicating embolic ischemia.®>*

Coronary arterial spasm has been reported with PFA deliveries in
proximity to coronary vessels®*>¢>¢ (Section 11.2.2.). The spasm per-
sisted even after delivery was terminated and required injection of
intracoronary nitroglycerin to terminate the process. Cough has also
been frequently reported even in anesthetized patients, which may
be due to field stimulation of the ] receptors within the PVs or due
to bronchial stimulation.®>" In large cohorts of unselected patients,
the safety profile of PFA was consistent with preferential tissue
ablation,®*3%4

6.2.3.3. Efficacy of pulsed field ablation

Pulsed field ablation can be delivered from a variety of different catheter
shapes and styles. It can be delivered from larger, multipolar catheters
creating a ‘large footprint’ ablation. It can also be delivered from
balloon-style devices. Finally, it can also be delivered from standard
point-by-point RF-style catheters (3.5 mm tip) and even larger tip ca-
theters (like the 9 mm lattice sphere).®>”**® Pulsed field ablation deliv-
eries can cause myocardial cell stunning and disappearance of electrical
signals. Therefore, acute disappearance of electrograms cannot neces-
sarily predict long-term success. Repetitive applications of PFA around
the veins may push the field penetration (and therefore lesion depth) to
achieve better results.**?

Early studies using a pentaspline multielectrode PFA catheter have
shown that optimized biphasic, bipolar PFA deliveries can achieve
very high rates of durable PV at a 3-month remapping procedure.*!
Few 1-year follow-up studies have been published to date. A pooled
analysis of three non-randomized prospective studies reported a
78.5% freedom from any atrial arrhythmia at 1 year in paroxysmal AF
patients.®>' Multicenter registries (MANIFEST-PV and EU-PORIA)
using this pentaspline multielectrode PFA catheter reported 1-year
arrhythmia-free survival of 78.1 and 74%, respectively, in real-world
mixed paroxysmal and persistent AF populations undergoing PVI, with-
out a standardized rhythm monitoring protocol.***

Recent evidence supports the efficacy and safety of other PFA sys-
tems. In the large-scale, prospective, multicenter PULSED AF trial,
PFA resulted in 100% acute PVI rate with a low rate of primary safety
adverse events (0.7% without PV, esophageal, or PN complications)
and 12-month clinical success rates consistent with those reported in
thermal catheter ablation studies with similarly rigorous rhythm mon-
itoring (66.2% in paroxysmal AF and 55.1% in persistent AF).**° A bi-
phasic PFA system with a variable-loop circular catheter integrated
with a 3D mapping system showed a 71% 1-year atrial arrhythmia free-
dom without device-related serious adverse events in a paroxysmal AF
patient population.661 A focal 9 mm lattice-tip catheter able to deliver
both RF and PFA recently demonstrated 78% freedom from atrial ar-
rhythmias at 12 months with primary safety endpoint rate of 0.6% in
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a mixed paroxysmal and persistent AF patient population. Invasive re-
mapping demonstrated PVI durability in 97% of PVs and 91% of all de-
ployed linear lesions using the optimized waveform.®%°

In the recent ADVENT trial, 607 patients with drug-refractory par-
oxysmal AF were randomized either to PFA with the pentaspline cath-
eter or to thermal ablation (either CF-sensing RF or cryoballoon
ablation). After a 12-month follow-up, PFA was shown to be non-
inferior to thermal ablation in respect to efficacy (composite of acute
procedural and chronic success) and safety (device-related and
procedure-related serious adverse events).®®> Results of the SINGLE
SHOT CHAMPION (NCT05534581) and BEAT AF (NCT05159492)
RCTs will shed further light on the long-term efficacy and safety of
PFA for AF ablation when compared with RF and cryoballoon ablation.

6.2.4. Laser ablation

A laser balloon ablation system transmits light energy through a balloon
filled with deuterium oxide (‘heavy water’) to perform PVI. The lumen
of the 16 Fr catheter contains a fiber optic endoscope that allows PVI
under direct visualization. The balloon is quite compliant, allowing a
variable inflation diameter (25-32 mm), depending on PV size. Once in-
flated, the operator can visualize the edge of the balloon and the PV an-
tra. The laser can then be delivered in a 30° arc around the antrum of
the vein. Energy can be titrated from 5.5 to 12 W for 20-30 s depend-
ing on the thickness of the tissue and the proximity to the esophagus.663
A newer development is the ability for the catheter to rotate the laser
arc 360° around the PV in a continuous sweep to avoid gaps and reduce
procedure times compared with the segmental lesions delivered with
the old system.*®®

Several studies sought to compare the safety and efficacy of laser bal-
loon ablation with RF or cryoballoon ablation. In an early multicenter,
prospective RCT, laser ablation resulted in similar 1-year freedom
from AF when compared with wide-area circumferential RF ablation
in persistent AF patients.®®* Evidence from both comparative and ran-
domized trials and from a metaanalysis demonstrated similar efficacy
and safety of laser balloon compared with cryoballoon ablation.®>
€67 How laser will fit in a post-PFA world remains to be seen.

6.3. Robotic and magnetic catheter
navigation

The concept of remote catheter navigation was developed many years
ago and was quite promising for some time. The benefit was that op-
erators could reduce radiation exposure for themselves (and possibly
the patient) and reduce the risk of occupational injury associated
with wearing medical protective gear. The systems fell into two main
categories: (i) magnetically assisted catheter control, such as the
Niobe (Stereotaxis Inc., USA) and the Magnetecs system and (ji) robot-
ic assisted catheter control, such as the Sensei robotic catheter system
(Hansen Medical, USA) and the Amigo remote catheter system
(Catheter Precision, USA). As AF ablation procedures have become
shorter (single-shot technologies) and radiation exposure has become
very low (electroanatomic mapping, ‘zero’ fluoroscopy techniques), the
use of these remote navigation systems has become more niche and is
not being widely adopted. Evidence from non-randomized trials and
metaanalyses demonstrates that AF ablation guided by remote magnet-
ic navigation is associated with similar efficacy as manual navigation but
showed reduced periprocedural complications, reduced fluoroscopy
time, and prolonged procedure time.245¢7% The high cost of installation
and disposables is a key barrier to wider adoption. In a post-PFA world
when procedural times will be further reduced, the advantage of such
systems for AF ablation will be further limited.

6.4. Future developments

6.4.1. Mapping tools

Future mapping catheters are being developed, which will allow for ac-
commodation of larger numbers and smaller electrodes to increase the
resolution of maps. Three-dimensional printing of electrodes is also al-
lowing large numbers of electrodes to be placed on flexible surfaces.
Already the Orion basket mapping catheter (Boston Scientific) exem-
plifies this technology. Future grid and basket designs will be developed.

The development of the ‘near’ unipole reference is a new advance,
which will be expanded in multiple catheters. This was first seen on
the Sphere 9 catheter where the indifferent electrode is placed on
the shaft of the catheter, close to the mapping elements, rather than
at Wilson’s Central Terminal. This produces a unipolar signal with
less far-field artefact. Future basket designs will also feature algorithms,
which can measure far-field signals and subtract them from unipolar re-
cordings. This will allow for cleaner, localized unipolar recordings,
which may enhance accuracy in defining propagation of wavefronts
and identifying local arrhythmia sources.

Artificial intelligence will be further incorporated into mapping sys-
tem algorithms to help identify critical zones for arrhythmia initiation
or perpetuation, particularly for complex arrhythmias like AF (Section
6.1.1.3.). The main limitation to this approach is the ‘black box’ nature
of artificial intelligence algorithms, which may limit operator
acceptance.

6.4.2. Ablation tools

Combined thermal/pulsed field modalities may overcome several lim-
itations of the currently available PFA systems. Combined pulsed field
cryoablation using ultra-low cryothermy can create deeper lesions by
delivering subtherapeutic cryoablation to create ice, which acts as an
electrical insulator. Large voltages of PFA can then be delivered without
causing heating, bubbles, or muscle contraction because of the ice on
the catheter.®”! Combined RF-PFA may allow for preconditioning of
the tissue with low-dose RF, dropping local impedance, and increasing
intracellular fluid, which could allow for increased PFA efficacy.

Even subtherapeutic doses of PFA can cause electrical stunning of
cardiomyocytes such that signals disappear very quickly.
Disappearance of signals, however, does not guarantee a fully devel-
oped lesion. Repeated deliveries may be used to achieve durability,
but this is still empiric. Other electrogram characteristics or new lesion
assessment technologies (such as optical assessment of tissue birefrin-
gence) may be required to acutely assess whether a fully transmural le-
sion has been developed with PFA.

Real-time guidance of ablation procedures with magnetic resonance
systems has been proposed for some time, and early feasibility studies
have been |:>erformed.672 However, the approach has been limited by
the size of the MRl system, the current inability of an operator to func-
tion comfortably in the environment, and the limited spatial resolution
of the various catheters within real-time, non-processed MRI imaging.
As the resolution of systems improve and the size of MRI machines de-
creases, this may eventually become a possible way to perform ablation
without any risk of fluoroscopic exposure. Current mapping systems,
however, are already enabling near-zero fluoro procedures and could
slow down development of MRI-guided ablation systems.

Carbon beam or other high-energy, heavy ion beams may be used to
non-invasively beam radiation into specific cardiac structures to achieve
ablation. Preliminary preclinical data show that beams can be targeted
to the AV node, the PV—atrial junction, and the left ventricle.*”> While
the non-invasive nature of the ablation is enticing, the complexity and
cost of installing such systems (such as MRI guidance) is sure to be a lim-
iting factor.
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7. Procedural management and
techniques

Procedural management and  Category of Type of
techniques advice evidence
Ultrasound guidance is beneficial
for vascular access during AF Advice TO DO OBSE74-680
catheter ablation to reduce the
risk of vascular complications
Heparin should be administered
during AF catheter ablation and Advice TO DO OBSEB1-685
adjusted to achieve and maintain
an ACT of at least 300 s
Administration of initial heparin
bolus befc?re transseptal May be
puncture is reasonable, e TO OBg686-688
especially when performed DO
under echocardiographic
guidance
Use of an esophageal temperature
probe may be reasonable during
thermal AF ablation procedures Area <.>f RANDE-694
to monitor esophageal uncertainty

temperature and help guide

energy delivery

7.1. Anesthesia and ventilation during

atrial fibrillation ablation

An AF ablation procedure can be performed under general anesthesia,
deep sedation, or conscious sedation based on patient and procedural
characteristics, physician experience, anesthesia availability, and institu-
tional protocols. A multidisciplinary approach, involving electrophysiol-
ogists and anesthesiologists, is necessary to develop a safe and
effectively structured anesthesia protocol.

7.1.1. General anesthesia vs. sedation

General anesthesia is the most commonly used anesthetic method in
patients undergoing AF ablation. Under deep sedation, the anesthesia
depth approaches that of general anesthesia, and in most centers an
anaesthesiologist, a second physician, or a specially trained nurse is re-
quired to be present.®” For conscious sedation, patients are able to re-
spond purposefully to verbal commands.

An analysis of the National Anesthesia Clinical Outcomes Registry
that included 51 070 cases of AF ablations from 2013 to 2018 showed
that 94% of cases were performed under general anesthesia in the
USA.% In addition, the worldwide EHRA survey in 2021 showed
that the most commonly used anesthetic technique was general anes-
thesia (40.5%), followed by conscious sedation (32.0%) and deep sed-
ation (27.5%). However, this varied by continent, and in Europe,
conscious sedation was still the most commonly used technique
(38%). Between 2010 and 2019, the proportion of procedures per-
formed under general anesthesia and deep sedation increased by 4.4
and 4.8%, respectively, whereas the use of conscious sedation de-
creased by 9.2%.5%°

In addition to alleviating pain and anxiety, an important goal for anes-
thesia during AF ablation is to minimize patient movement as this im-
proves catheter stability. Therefore, general anesthesia and deep
sedation have frequently been preferred. A prior prospective study ran-
domized 257 patients undergoing ablation for paroxysmal AF to either
conscious sedation or general anesthesia and demonstrated significantly
improved 17-month ablation efficacy with general anesthesia. General
anesthesia was also associated with shorter fluoroscopy and procedure
times.®”” Other retrospective studies and a metaanalysis have also ob-
served better outcomes when general anesthesia is used compared
with conscious sedation, and this finding was associated with improved
CF and greater first-pass isolation.*”” "% General anesthesia has also
been found to be as safe as conscious sedation in terms of total compli-
cations and serious adverse events.”% With the increasing use of cryoa-
blation for PVI, a number of studies have demonstrated the feasibility of
conscious sedation for this technique with similar efficacy and complica-
tion rates to general anesthesia, but with significantly reduced total pro-
cedure duration due to reduced anesthetic time.”"~% With the
emergence of PFA, there may be a swing back towards the use of general
anesthesia to reduce PFA-related pain and prevent discomfort due to
contraction of the diaphragm.*'=6*379%7% However, recent studies
have documented the safety and efficacy of deep sedation protocols dur-
ing AF ablation with PFA.7%>7% A survey of the writing group showed
that 52.8% of the writing group members use general anesthesia during
AF ablation procedures, 27.8% use deep sedation, and 19.4% use con-
scious sedation.

7.1.2. Ventilation

Catheter—tissue CF and catheter stability are critically influenced by
respiration. An early study demonstrated greater CF when ablation
was performed during periods of apnoea with implications for ablation
time to achieve PVI and acute reconnection rates.””” Ventilation modu-
lation has been employed in several studies to improve catheter stability
and contact. Beyond using periods of apnoea, techniques have included
high-frequency jet ventilation (HFJV) and high-frequency low tidal vol-
ume (HFLTV) ventilation. High-frequency jet ventilation has been
shown to improve catheter stability.ms‘709 A recent prospective regis-
try indicated that use of HFJV in patients undergoing PVI for paroxysmal
AF using CF catheters was associated with decreased arrhythmia recur-
rence without appreciable increase in adverse procedural events.”%®
High-frequency jet ventilation is most suitable for patients with normal
pulmonary physiology and chest wall compliance. Hypotension requir-
ing administration of vasopressors is significantly more frequent during
HFJV cases when compared with those using standard ventilation.”®
Complications that have been described with the use of HFJV have in-
cluded airway dehydration, inadequate oxygenation and ventilation, re-
spiratory acidosis, barotrauma, gastric distension, and aspiration.”'®”""
Both due to these potential complications and lack of widespread avail-
ability of dedicated ventilators, adoption of HFJV during PVI has been
relatively limited.

A simpler alternative strategy that has recently been described is the
use of conventional ventilators to deliver HFLTV ventilation. Several
studies demonstrated that HFLTV ventilation was associated with
improved catheter CF and stability, higher first-pass PVl rate, and short-
er total procedural and RF times without an increase in complica-
tions.”">~""* This technique has been more widely adopted due to its
ease of use. A recent large prospective multicenter registry enrolling
paroxysmal AF patients undergoing catheter ablation demonstrated
that HFLTV ventilation improved freedom from atrial arrhythmia re-
currence, AF-related symptoms, and AF-related hospitalizations in
comparison with standard ventilation.”"®

A survey of the writing group showed that 5.6% of the writing group
members routinely use HFJV and 29% routinely use HFLTV ventilation
during RF ablation procedures.
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7.2. Vascular access

Femoral venous access for AF ablation may be obtained using anatom-
ical markers or under ultrasound guidance. Significant vascular compli-
cations that may occur include inadvertent arterial puncture,
arteriovenous fistula, pseudoaneurysm formation, access site hema-
toma, and retroperitoneal bleed”'®”"” (Section 11.3.6.). When trad-
itional anatomical marking is used for vascular access, an inferior
approach is associated with increased risk of femoral pseudoaneurysm
and arteriovenous fistula, while a superior approach may be associated
with an increased risk of retroperitoneal bleeding. Evidence from ob-
servational studies and metaanalyses has indicated that use of
ultrasound-guided vascular access significantly reduced the risks of vas-
cular complications, postprocedural pain, and prolonged bruis-
ing.675'678768° A multicenter RCT comparing ultrasound-guided
venipuncture vs. an anatomically guided approach was terminated early
due to substantially lower than expected complication rates.®’®
Nevertheless, analysis of data collected demonstrated that first-pass
success in gaining femoral vein access was higher in the ultrasound-
guided group, while puncture time, extra puncture attempts, inadvert-
ent arterial puncture, and unsuccessful cannulation were all significantly
lower in the ultrasound-guided group.®”® In an era where AF ablations
are increasingly performed on uninterrupted anticoagulation, the risks
associated with vascular complications need to be minimized.
Therefore, preventive measures including ultrasound-guided venipunc-
ture should be implemented routinely.

A survey of the writing group showed that 75.7% of the writing
group members routinely use ultrasound guidance for vascular access
during AF catheter ablation.

7.3. Continuous arterial blood pressure

monitoring

Continuous arterial BP monitoring via an intraarterial line is utilized in
many laboratories to monitor patients undergoing AF ablation (39.5%
of the writing group members routinely use invasive arterial BP moni-
toring during AF catheter ablation). Limited data comparing outcomes
with invasive vs. non-invasive BP monitoring exist. A retrospective multi
centre study of 362 patients having AF ablation under general anesthe-
sia found no difference in complication rates between the invasive and
the non-invasive BP monitoring groups.718 Intheory, an arterial line may
provide critical early indication to the presence of a major complication
such as pericardial tamponade. Whether this justifies the routine use of
invasive hemodynamic monitoring or would indeed improve outcomes
is not established. In patients with impaired ventricular function, hemo-
dynamic instability, and significant comorbidities, the use of invasive BP
monitoring may be reasonable on an individualized basis.

7.4. Anticoagulation during atrial

fibrillation ablation

Meticulous sheath handling and optimal intraprocedural anticoagula-
tion with unfractionated heparin (UFH) is critical to prevent
thromboembolic complications and the development of silent cerebral
infarction 681682684685719 A ingle non-randomized study evaluated
the impact of flushing the transseptal sheath prior to vascular entry
using 2 U/cc heparin concentration when compared with a flush con-
taining 1000 U/cc heparin on the incidence of thrombus formation
on the transseptal sheath.”?° Intracardiac echocardiography was used
to screen for thrombus. Patients having received a low-dose heparin
flush prior to intravenous access had a significantly higher incidence
of thrombus formation compared with the high-dose heparin group
(9 vs. 1%) within 5-15 min of entering the LA. Notably however, the
procedures were not performed on uninterrupted oral anticoagulant

(OAQ), heparin was not administered until after the second transseptal
crossing, the initial UFH bolus was at least 5000 units, and the target
activated clotting time (ACT) was only 250-300. It remains unclear
whether a strategy of heparinized saline infusion of sheaths is important
in the context of a contemporary anticoagulation strategy. Nevertheless,
84% of the writing group members reported using heparinized sheath
irrigation.

Most of the evidence regarding UFH administration during AF abla-
tion was derived from patients taking VKA. Studies that investigated the
use of UFH in patients on uninterrupted DOAC have shown that high-
er amounts of intraprocedural UFH were needed to achieve target
ACT and not all DOACs interact with UFH in the same way.”?~"%
Post hoc analysis of RE-CIRCUIT showed that patients on dabigatran re-
quired similar amounts of UFH to achieve therapeutic ACTs compared
with VKA, while other studies indicated that more UFH was needed in
patients taking factor Xa antagonists.”>~%® From literature review, a
great amount of variability exists across different practices on intrapro-
cedural UFH dosing protocols. Specific dosing regimens should be tai-
lored to the patient population, medication use, and the last dose of
OAC as these factors impact the amount of UFH needed to achieve
therapeutic anticoagulation.”¢~"2®

A metaanalysis of 19 studies involving 7150 patients concluded that
patients with ACT > 300 s during AF catheter ablation had significantly
reduced risk of thromboembolic complications without increased
risk of bleeding when compared with those with ACT <300 s, irre-
spective of the type of oral anticoagulation used periprocedurally.683
A survey of the writing group showed that 61% of the members employ
a target ACT > 300 s during AF ablation, while 34% a value >350s.

Evidence supports initial heparin bolus administration before trans-
septal puncture. Observational studies in patients undergoing AF abla-
tion have demonstrated that UFH administration before transseptal
puncture is associated with a reduced incidence of |ICE-detected
thrombus when compared with those receiving UFH after transseptal
puncture.®®®%®” A prospective observational study in 280 patients
undergoing AF ablation under VKA treatment reported that compli-
ance to a periprocedural anticoagulation protocol including UFH ad-
ministration before transseptal puncture, maintenance of therapeutic
preprocedural INR, and consistent procedural ACT levels >300 s re-
sulted in significantly reduced incidence of silent cerebral ischemia after
ablation.®®® In addition, the increasing use of ICE significantly decreases
the risk of transseptal puncture associated bleeding. A survey of the
writing group showed that 74% of the members administer initial
UFH bolus before transseptal puncture.

In the event when anticoagulation needs to be reversed due to intra-
procedural complications such as cardiac perforation and cardiac tam-
ponade, UFH can be reversed with protamine administration. This was
validated by an RCT showing that protamine expedites vascular hemo-
stasis after AF ablation.”*” If bleeding stops, reversal of OAC is not sug-
gested to protect against periprocedural thromboembolic risk. If
bleeding persists despite protamine administration, fresh frozen plasma
can be administered in warfarin-treated patients, idarucizumab to re-
verse dabigatran, and andexanet for reversal of Factor Xa inhibi-
tors.”>%731 I specific reversal agents are not available, prothrombin
complex concentrates (Factors Il, VII, IX, and X) can be administered
to achieve immediate hemostasis and should be preferred over
recombinant activated Factor Vlla due to the latter’s prominent pro-
coagulant effect.”3?

7.5. Transseptal puncture

Transseptal puncture can now be performed with several different
technologies. In addition to the conventional needle, transseptal access
can also be gained using an RF needle or a needle-free technique.
Several RCTs have compared the RF needle with a standard approach.

$20Z 1snBny 6| uo 1sanb Aq 8Z¥6£9/ /S 08eNS//9Z/8101e/e0ed0inNa /w02 dno dIwapese//:sdiy Wol) PapEojuMO(]



Catheter and surgical ablation of atrial fibrillation

39

These studies found that transseptal puncture with an RF needle was
associated with significantly shorter time required for transseptal LA
access, shorter fluoroscopy requirement, lower rate of transseptal fail-
ure, and fewer visible plastic shavings after needle advancement.
Complication rates did not differ.”3*”* However, one of these studies
had a transseptal failure rate of 28% and an incidence of visible plastic
shavings of 33%, which are not consistent with the actual very low in-
cidence of these two events in clinical practice.733 Furthermore, the
time savings of 20 s to several minutes seem insignificant in a clinical
or lab usage context. Neither study addressed the additional cost asso-
ciated with use of the RF needle. Indeed, uptake of the RF needle has
varied widely and in many countries is not in routine use. An observa-
tional study also found that use of the RF transseptal needle was asso-
ciated with a lower incidence of MRI-confirmed silent cerebral
lesions.”*

The needle-free transseptal approach can be achieved with the use of
specific wires. A transseptal wire (Safesept, Pressure Products, San
Pedro, CA, USA) is safe and effective in gaining LA access without a
need for transseptal needle or exchange for a standard guidewire.”>
In a large, retrospective single-center analysis, it was shown to significant-
ly reduce the risk of transseptal puncture-related cardiac tamponade.”®’
A newer technology is an RF wire that can be used to cross the septum
and provide support for the transseptal sheath (Versacross, Boston
Scientific). The RF wire forms a pigtail end that can be advanced into
the SVC to guide initial sheath placement. When pulled into the sheath,
the wire straightens out, and upon ‘tenting’ of the septum, RF is applied
to the tip of the wire and the wire is advanced into the LA, reforming the
pigtail end that can be advanced into a PV and allow the sheath to be
atraumatically advanced. This system can be useful in cases of redo abla-
tion or prior ASD closures to prevent the ‘jumping’ across the septum
that may occur with standard needles.

With circumferential RF ablation, both the single (two sheaths via
one transseptal puncture site) and double transseptal (each sheath
via a separate transseptal puncture site) approaches have been used
(50% of the writing group members use single and 50% double
transseptal access). A prospective study comparing single vs. double
transseptal in patients undergoing AF ablation revealed no difference
in procedure time, fluoroscopy time, complication rates, or AF recur-
rence between the two approaches.738

The use of steerable sheaths during AF ablation facilitates catheter
navigation and manipulation and is associated with increased catheter
stability.739 In an earlier prospective RCT, the use of steerable sheath
significantly reduced arrhythmia recurrences 6 months after AF abla-
tion and was the only independent predictor of rhythm outcome.”*°
The introduction of steerable sheaths that can be visualized on 3D elec-
troanatomical maps facilitates fluoroless understanding of their posi-
tioning. Integration of visualizable steerable sheaths in AF ablation
workflows has been shown to reduce fluoroscopy exposure when
compared with the use of conventional steerable sheaths.”*'="4*

7.6. The use of intracardiac

echocardiography

The use of ICE during AF ablation offers multiple benefits in different
stages of the procedure. As already presented in detail (Section
5.3.2.2), ICE is useful to screen for LA/LAA thrombus at the time of
catheter ablation. Intracardiac echocardiography use has also a favour-
able impact on procedural duration and safety. Observational studies
and two metaanalyses indicated that ICE use in AF ablation was asso-
ciated with significant reductions in fluoroscopy time, procedure
time, and complication rates compared with AF ablation without
ICE/*7*|na propensity score—matched analysis, ICE was associated
with a significantly lower incidence of complications and repeat abla-
tion.”*” A retrospective analysis of a national representative database

including 299 152 patients undergoing AF ablation over a 14-year per-
iod reported that the use of ICE was significantly increased over the
years and led to significant reduction in complication rate, in-hospital
mortality, and length of hospital stay.”** A more recent propensity
score—matched analysis from a nationwide database validated the fa-
vourable impact of ICE use on in-hospital mortality, readmission rate,
and length of stay without increase in healthcare-associated cost.”*°

Intracardiac echocardiography may also be used as an adjunct to AF
ablation tools to guide safe and efficient energy delivery. Direct visual-
ization of the LAPW and the adjacent esophagus may guide titration of
power and duration at these high-risk areas to reduce the risk of collat-
eral damage during energy delivery.”>" Intracardiac echocardiography
use allows real-time visualization of PV anatomy preventing inadvertent
intra-PV RF energy delivery that increases the risk of PV stenosis.
Intracardiac echocardiography is also useful in validating proper PV oc-
clusion during cryoballoon ablation either with colour-flow Doppler as-
sessment of PV leakage or with evaluation of microbubble backflow to
the LA after saline injection in the internal lumen of the cryoballoon.”**~
754 The latter approach is feasible, safe, and useful in patients with
contraindication to iodinated contrast medium.”*® Intracardiac echo-
cardiography has been used to measure LA wall thickness in different
segments of the PV periphery and accordingly adjust target Al during
RF energy delivery.””® Employment of a tailored Al protocol based
on ICE-measured LA wall thickness significantly increased acute pro-
cedural success and freedom from AF recurrence following PVl in par-
oxysmal AF patients compared with an FTlI protocol.756

Factors limiting the adoption of ICE use in routine AF ablation work-
flow include associated increase in procedural cost and the need for a
second operator or multitasking by a single operator. A survey of the
writing group showed that 47.4% of the members routinely use ICE
during AF ablation. Therefore, in practices familiar with ICE, it is reason-
able to use ICE to exclude thrombi and enhance procedural safety and
efficiency during AF ablation.

7.7. Fluoroless ablation

Radiation exposure during catheter ablation of AF can cause potential
delayed complications both in patients and operators that include acute
and subacute skin injury, cataract, and malignancy.”®’ In addition, wear-
ing of lead over time can lead to orthopaedic injuries (back pain, disc
herniations) in operators and laboratory staff. Traditionally, many steps
during an AF catheter ablation require fluoroscopy, including catheter
positioning, transseptal puncture, PV angiography, and ablation.
Studies have shown that the lifetime risk of excess fatal malignancies
normalized to 60 min of fluoroscopy was 0.07% for female and 0.1%
for male patients and that obese patients receive more than twice
the effective radiation dose of normal-weight ones during AF ablation
procedures.”*87>?

Fluoroscopy times were frequently in excess of 60 min in the initial
years of AF ablation. However, a single-center analysis of over 2300 AF
ablations indicated that fluoroscopy times and doses have dramatically
decreased over a 12 year period.”*® Indeed, today, fluoroscopy times
and doses generally average fewer than 10 min and 1000 mGycm?
for RF AF ablation procedures predominantly associated with position-
ing of diagnostic catheters and transseptal puncture.”®! The use of ad-
vanced 3D mapping systems has largely obviated the need for
fluoroscopy after LA access has been achieved. When considering low-
dose pulsed fluoroscopy of 2-5 min duration with collimation,’¢%7¢3
the effective radiation dose is as low as 1 mSy, equivalent to ~4 months
background radiation. Whether zero fluoroscopy meaningfully reduces
the risk associated with 3-5 min of fluoroscopy remains unproven.
Electrophysiologists should be familiar with measures that reduce radi-
ation exposure of patients and cath lab personnel, which include, but
are not limited to, fluoroscopy system customization, workflow
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adaptations (frame rate, collimation, cine, projection angle, sensitive
areas), and shielding measures,”*7¢°

Nevertheless, in recent years, there has been an initiative to perform
zero-fluoroscopy AF ablation. A number of studies have demonstrated
that fluoroless transseptal puncture and AF ablation can be performed
with TEE and/or ICE guidance with similar procedural duration, acute
success rate, procedural complication rate, and 1-year AF recurrence
rate to a minimal fluoroscopy approach.”®*="”* In up to 37% of patients
in some series, complete fluoroless ablation could not be achieved, and
minimal rescue fluoroscopy was needed to confirm catheter location
and to assess for potential complications.”¢”7¢%77

The increasing use of cryoablation has again resulted in significantly
longer fluoroscopy times, when compared with RF ablation, with re-
ported times of ~20 min.2** Fluoroless cryoballoon ablation has not
been widely adopted both because of the need to identify balloon po-
sitioning at the PV ostium and to prove occlusion of the vein with con-
trast injection. A single observational study of 50 patients found that
fluoroless cryoablation is achievable with similar outcomes to a fluoro-
guided procedure, but this approach is not in wide clinical usage.”’> A
survey of the writing group showed that 18.4% of the members rou-
tinely perform fluoroless RF ablation.

7.8. Esophageal temperature management

Animal models and clinical series have documented that esophageal
perforation develops in the presence of underlying esophageal tissue in-
jury.”’777 Therefore, because of the rarity of AEF occurrence, endo-
scopically detected esophageal lesions are considered as a surrogate
indicator for potential development of AEF.

Studies evaluating the relationship between measured esophageal
heating during RF AF ablation and detection of esophageal ulceration
on postprocedural endoscopy have yielded divergent results. In a co-
hort of patients undergoing their first RF ablation under continuous
esophageal temperature monitoring using an infrared thermography
system, peak esophageal temperature was predictive of thermal
esophageal lesions detected by postablation endoscopy.®”" A retro-
spective study of 43 patients who underwent high-power (50 W)
short-duration (6—7 s) ablation found no difference in peak esophageal
temperatures measured on the multielectrode S-Cath probe (Circa
Scientific, LLC, Englewood, CO, USA), between those patients who de-
veloped compared with those who did not develop esophageal abnor-
malities (including small ulcers, non-bleeding erosions, erythema, and
esophagitis). However, it was not determined whether the peak tem-
peratures occurred in anatomic relationship to the esophagus.®®> A
metaanalysis of studies reporting prevalence and prevention of endo-
scopically detected esophageal lesions following AF ablation found a le-
sion prevalence of 11% and no difference with or without the use of
esophageal temperature monitoring.*”®

Since then, a prospective randomized study of 86 patients has
found no difference in new endoscopically detected esophageal le-
sions when comparing ablation with vs. without luminal esophageal
temperature monitoring (S-Cath, Circa Scientific, LLC, Englewood,
CO, USA), with an overall prevalence of 9%.°%” However, ablation
was not terminated until the esophageal temperature reached 42°
C. Achievement of an esophageal temperature of 42°C was predictive
of esophageal lesions raising the possibility that an approach limiting
temperature rise to more conservative levels may potentially be ef-
fective in preventing esophageal lesion formation. In another pro-
spective RCT, esophageal temperature monitoring using an
intraluminal probe (SensiTherm™, FIAB, Firenze, Italy) had no signifi-
cant impact on the incidence of endoscopically diagnosed esophageal
lesions. The total prevalence of esophageal lesions was 10%, and peak
temperature measured by the thermoprobe did not correlate with

the incidence of esophageal lesions.®”® In a consecutive series of
120 patients undergoing high-power (50 W), short-duration RF abla-
tion, the endoscopic detection of ulceration was compared between
an initial group with use of a Circa esophageal temperature probe
(maximum allowable temperature of 39°C) and a second group with-
out esophageal temperature monitoring.694 The overall incidence of
new endoscopically detected lesions was only 2.5% with no difference
between the groups. The authors used a series of measures to avoid
overheating the esophagus such as not performing contiguous lesions
over the esophagus and allowing time between lesions for cooling,
suggesting that this approach may be most important. Based on the
existing evidence, the use of esophageal temperature monitoring dur-
ing AF ablation has not resulted in reduced risk of endoscopically de-
tected esophageal lesions. Esophageal temperature probes with
varied numbers of temperature sensors and varied temporal respon-
siveness are available for clinical use,””®””? but the esophagus is broad
relative to the spatial resolution of even multisensor temperature
probes, and severe esophageal temperature rise may remain un-
detected when the sensor is >2cm away from the ablation
catheter.”®

Mechanical esophageal deviation has been reported, but its use
has been limited to a small number of patients at a limited number
of centers.”®" Significant esophageal deviation related trauma has
been reported when trying to achieve the extent of mechanical
esophageal deviation required to avoid esophageal heating, and it re-
mains unclear whether the benefits of esophageal deviation exceed
the risks.”®"

Esophageal cooling has also been evaluated for reducing the se-
verity of esophageal heating. A systematic review of four RCTs
found that esophageal cooling reduced the risk of severe esopha-
geal injury during AF catheter ablation.”®* A single-center study
randomized 188 patients undergoing RF ablation to either active
esophageal cooling at 4 °C using the ensoETM device (Attune
Medical, USA) or standard practice with a single-sensor tempera-
ture probe. Esophageal endoscopy was performed in 120 patients
1 week following ablation and demonstrated significantly higher
occurrence of thermal injury in the control group when compared
with those receiving esophageal protection.’®®> The use of esopha-
geal cooling has also been shown to improve postprocedural free-
dom from AF recurrences.”®* The challenge with these studies is
that the AEF is such a rare complication that it is unlikely any
RCT will show a true difference in that endpoint. In a retrospective
analysis of RF ablation cases from 30 US hospitals, the rate of AEF
was significantly lower in the group of 14 224 patients who re-
ceived active esophageal cooling when compared with the control
cohort of 10 962 patients who underwent RF ablation without eso-
phageal cooling but under esophageal temperature monitoring in
>90% of cases (0 vs. 0.146%).”%

Additional strategies that may be considered for limiting severe
esophageal heating include altering ablation lesion set to avoid ablation
of atrial tissue directly overlying the esophagus,786 avoiding higher CF
during LAPW ablation,”®” and avoiding consecutive ablation lesions at
sites with risk of esophageal injury.”® Use of PFA may also mitigate
this risk.

A survey of the writing group showed that 50% of the members rou-
tinely use an esophageal temperature probe during catheter ablation
procedures to monitor esophageal temperature during energy delivery.
Furthermore, as a strategy to avoid severe esophageal heating during RF
catheter ablation, 84.2% of the members avoid high CF during energy
delivery at the posterior wall, 76.3% reduce ablation power and/or dur-
ation at the posterior wall, 63.2% avoid consecutive lesions at sites with
risk of esophageal injury, 10.5% use mechanical esophageal deviation,
and 2.6% use esophageal cooling.
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8. Ablation strategies

Ablation strategies

Pulmonary vein isolation

Electrical isolation of the PVs is required during all AF ablation procedures

Achievement of electrical isolation requires, at a minimum, assessment and demonstration

of entrance block into the PVs

A waiting period (e.g. 20 min) following initial PVI may be reasonable to monitor for PV

reconnection

Administration of adenosine 20 min following initial PVI, with reablation if PV reconnection

occurs, may be reasonable to improve PVI durability

Pace capture—guided approach following PVI using RF energy may be reasonable to improve

PVI durability

Adjunctive ablation targets beyond pulmonary vein isolation

If linear ablation lesions are deployed, mapping and pacing maneuvers are required to

document conduction block

If a reproducible focal trigger that initiates AF is identified outside the PV ostia at the time of

an AF ablation procedure, ablation of the focal trigger is beneficial

Vein of Marshal ethanol infusion is reasonable to facilitate achieving block in the lateral mitral

isthmus in patients with mitral annular flutter

Ablation of areas of abnormal myocardial tissue identified with voltage mapping during sinus

rhythm may be reasonable during persistent AF ablation

Vein of Marshal ethanol infusion may be reasonable during persistent AF ablation
Mapping and ablation of non-PV triggers may be reasonable during persistent AF ablation

Isolation of the left atrial posterior wall may be reasonable during repeat ablation of

persistent AF

Ablation of MRI-detected atrial delayed enhancement areas is not beneficial during

persistent AF ablation®

Category of Type of evidence

advice
236,238,241,243-245,
Advice TO DO META
247,248,253,294,304,566,622,788
236,238,241,243—
Advice TO DO META

245,247,248,253,294,304,566,622,788-792
Area of uncertainty RAND793-800

Area of uncertainty RAND4796-798.801-807

Area of uncertainty RANDS08-810
Advice TO DO OBSB117818
Advice TO DO OB58197823

May be appropriate 16804806

TO DO ©OBS
Area of uncertainty META827-829
Area of uncertainty RANDS30-834

Area of uncertainty OBS819-823835

Area of uncertainty METAB836-847

MET, A848.849

%It is reasonable to enrol patients in prospective RCTs to assess the utility of newer technologies.

8.1. Pulmonary vein isolation

8.1.1. Endpoint of pulmonary vein isolation

Pulmonary vein isolation is the cornerstone of AF ablation and is required
during all AF ablation procedures. The endpoint of PVl is achievement of
electrical disconnection between the PVs and the LA. This disconnection
can be verified by documenting the absence of wavefront propagation
from the LA to the PV (entrance block) and/or from the PV to the LA
(exit block). Pulmonary vein entrance block is confirmed with disappear-
ance or dissociation of PV potentials recorded usually with a multipolar
catheter. Pulmonary vein exit block is verified in the presence of non-
conducted spontaneous PV activity (isolated PV ectopics, PV tachycardia,
or PV AF) or during non-conducted PV pacing. During pacing from the
vein to assess PV to LA conduction, it is important to verify local PV cap-
ture (usually recorded on a multipolar catheter) and to avoid inadvertent
far-field capture of the LAA (when pacing anteriorly in the left PVs) or
SVC (when pacing anteriorly in the RSPV) that could erroneously suggest
the presence of persistent electrical connection 808> Pacing the poster-
ior and proximal aspect of the PVs is a simple method to avoid far-field
capture of these structures. Differential pacing maneuvers, catheter

placement in adjacent structures, and gradual decrease of pacing output
to demonstrate loss of far-field capture have also been proposed to dif-
ferentiate far-field from near-field capture.®®' Following PV, it may not
be possible to demonstrate PV sleeve capture in up to 20% of patients.
This finding correlated with PV entrance block and with adenosine-proof
isolation.2>2

Initial studies of segmental PVI using non-irrigated catheters reported
persistent PV to LA conduction in almost 40% of cases in the presence
of entrance block, stressing the need to include exit block documentation
in the PVI procedural endpoint.2>* However, recent studies of circumfer-
ential PVI using contemporary RF ablation technology have indicated that
unidirectional exit conduction in the presence of documented entrance
block is extremely infrequent.””® Duytschaever et al.””! reported a
0.6% prevalence of residual PV-LA conduction after proven entrance
block.

Few studies have also assessed the impact of bidirectional vs. unidir-
ectional (entrance only) block on acute PV reconnection rate and
long-term arrhythmia outcome after PVI. Chen et al.””? showed that
bidirectional block of the PV—-LA junction is associated with reduced
intraprocedural reconnection incidence compared with unidirectional
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block. However, in a retrospective cohort analysis, inability to demon-
strate exit block was not associated with increased risk of PV reconnec-
tion in redo procedures.”?

The reported very low rates of persistent PV—LA conduction in the
presence of entrance block using contemporary ablation technology in-
dicate that this finding alone is an adequate procedural endpoint during
PVI. However, exit block documentation may prove useful when veri-
fication of entrance block is ambiguous.

8.1.2. Pulmonary vein isolation using radiofrequency energy
8.1.2.1. Electrogram parameters and impedance change

Changes in electrogram morphology have been proposed as
indicators of lesion transmurality during RF energy delivery to achieve
PVI.>89854857 Ejimination of the negative component of the atrial uni-
polar electrogram during PVI procedure following the contiguous
‘point-by-point” approach was demonstrated to be a marker of trans-
mural lesion creation in both animal and human studies %88
However, electrogram morphology-guided ablation has yielded variable
long-term outcomes when compared with ablation guided by contem-
porary lesion quality indicators (Section 8.1.2.2.).%%%" In a recent study
using Al and CLOSE protocol-guided PVI, change in the unipolar electro-
gram was not found to correlate with RF markers of an adequate lesion.
Changes in unipolar electrogram morphology indicative of transmurality
are completed within 5-7 s of energy application, well before completion
of Al-guided delivery of high-quality lesion.®**#¢*

Electrode impedance has long been proposed as an indicator of elec-
trode-tissue contact and lesion size.2** Insufficient impedance fall
(<10 Q) has been associated with LA to PV conduction recovery.®®®
However, the quantitative relationship between real-time contact
and impedance drop is complex and varies according to parameters in-
cluding absolute force and catheter orientation.?*#"° Local impedance
monitoring using an ablation catheter with microelectrodes incorpo-
rated into the catheter tip (IntellaNav Mifi OI™, Boston Scientific)
may improve the utility of impedance monitoring for lesion predic-
tion.2”""873 Further work is needed to refine the precise roles of cath-
eter and generator-derived biophysical parameters to reliably predict
lesion formation and the impact on clinical outcome.

8.1.2.2. Lesion quality indicators
The advent of irrigated RF catheters with incorporated CF-sensing me-
chanisms has seen the parallel development of real-time lesion predic-
tion algorithms integrating biophysical data (power, temperature,
duration of RF delivery, and CF) to provide an estimate of critical lesion
characteristics including area, depth, and continuity.®”* Early experience
of CF and its impact on electrical reconnection after PVI was reported
in multiple prospective studies including TOCCATA, EFFICAS |, and
EFFICAS I, revealing a higher likelihood for reconnection with lower
CF and FTI values achieved.®>778 |n the EFFICAS Il study, lesion con-
tiguity was associated with more durable PV1.8”® Although important
first steps, these FTl-based studies did not incorporate RF power or re-
gional variation in LA wall thickness. In addition to these parameters,
catheter stability, contact angle, and respiration are important determi-
nants of RF lesion formation.8”>879-882

The Al is a marker of lesion quality that incorporates CF, time, and
power in a weighted formula. It has provided accurate estimation of le-
sion depth in animal studies®®* and a strong correlation with impedance
drop during LA ablation.®* Although attractive to standardize work-
flow, none of the available lesion prediction tools has yet incorporated
real-time measurement of atrial wall thickness to guide RF delivery and
provide relatively crude estimates of transmurality.”>*88>

The CLOSE protocol refers to PV encirclement using CF-sensing
catheter targeting an interlesion distance <6 mm and Al >400 at
posterior/inferior walls and >550 at roof/anterior wall.>*® The
proof-of-concept Al targets have been associated with high first-pass

isolation rates and both low rates of acute PV reconnection and atrial
tachyarrhthmia recurrence in prospective studies. In a pilot study, the
incidences of first-pass and adenosine-proof isolation were both 98%,
and single-procedure success was 91.3% at 1 year.>*® Strict application
of criteria for contiguity and Al in CLOSE-guided PVI was shown to im-
prove procedural and 1-year outcome over conventional CF-guided
PVI.>5?886887 | the CLOSE to CURE study, PVI using the CLOSE
protocol resulted in significant reduction in the atrial tachyarrhthmia
burden (documented by implanted cardiac monitor), which was main-
tained during longer follow-up.>>

A recent randomized study indicated that the optimal interlesion dis-
tance in Al-guided ablation may be less than the 5-6 mm incorporated
in the CLOSE protocol with an interlesion distance of 3—4 mm provid-
ing higher first-pass isolation with lower Al targets and shorter proced-
ure duration.®® Optimal interlesion distance may also vary according
to the anatomic region being ablated.®® High-power short-duration
circumferential PVI (50 W at all sites) using a standard CLOSE protocol
approach has been shown to reduce both total procedural duration
and RF time, without increasing the complication rate compared with
lower power settings.595'5%'694’890_892

The LSI is another proprietary multi-parametric index incorporating
time, power, CF, and impedance during ablation, which also predicts the
extent of myocardial tissue lesions. Further studies on the value of quality
lesion indications for PVI and ablation beyond the PVs are warranted.

A survey of the writing group showed that 82% of the members rou-
tinely use lesion quality indicators to guide energy delivery during PVI
with RF ablation.

8.1.2.3. Waiting phase
In the non—CF-monitoring ablation era, early detection (within 30—60 min
with or without adenosine challenge) of PV reconnection and adjuvant ab-
lation of PV reconnection sites was reported to reduce AF recurrence
rate after PVI./738918938% Others demonstrated that immediate abla-
tion of early detected reconnection may not improve the long-term out-
comes despite the association of acute PV reconnection with late AF
recurrence.””” More recently, the use of the aforementioned lesion qual-
ity prediction tools has called into question the necessity of a waiting
phase after initial PVI. It is now known that suboptimal tissue—catheter
CF during RF delivery can be associated with spontaneous early reconnec-
tion or dormant conduction after PVI.®%7 In the CIRCA-DOSE study,
using contemporary AF ablation technologies, spontaneous reconnection
was elicited in 5.4% of PVs in 16.0% of patients and was significantly more
prevalent among patients treated with CF-RF ablation when compared
with cryoballoon ablation (22.3 vs. 12.8%, P = 0.03).””® While CF cathe-
ters were used in this study, Al, interlesion distance and other key
features of the CLOSE protocol were not. Interestingly, acute intraproce-
dural PV reconnection, even when eliminated by adjuvant ablation, was
associated with significantly higher arrhythmia recurrence rate only in
the cryoablation group and not in the RF group. The implications of these
differences remain uncertain, and the overall recurrence rates between
the two approaches did not differ.””®

Several studies have specifically evaluated whether the incorporation of
a waiting period in the procedural workflow improves arrhythmia out-
come among patients undergoing RF PVI using contemporary technology.
A multicenter randomized study assessing potential impact of a 30 min
waiting period and/or adenosine triphosphate (ATP) testing after PVI
on long-term 3 year outcome demonstrated no improvement in freedom
from AF recurrence when using any of these strategies.799 Another pro-
spective multicenter study randomized consecutive paroxysmal AF pa-
tients to Al-guided PVI with vs. without a 20-min waiting period and
also found similar rates of arrhythmia recurrence at 1-year follow-up.5%

In the context of these data and taking into consideration that a wait-
ing period considerably prolongs procedure duration without docu-
mented improvement in arrhythmia-free outcomes, its incorporation
in contemporary procedural workflows is no longer considered
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necessary. However, the value of a waiting phase after PVI with newly
introduced ablation protocols or energy sources, including PFA, merits
further assessment.

A survey of the writing group showed that 57% of the members em-
ploy a waiting period of at least 20 min following initial PVl when per-
forming RF ablation with CF-sensing catheters.

8.1.2.4. Adenosine testing

Intravenous adenosine (or ATP) can be used to unmask dormant con-
duction across circumferential PV ablation lines.”*#8°28%88%% Adenosine
dose and the time elapsed since initial PVl are determinants of
adenosine-induced PV reconnection.”*?® Adenosine is given as a rapid
bolus followed by saline bolus at a dose required to achieve at least one
blocked P-wave or a sinus pause >3 s”78893%9 with 12-18 mg of adeno-
sine being sufficient to achieve AV block in most patients.®*

Although some data suggest that use of adenosine to identify
dormant conduction and guide further ablation may improve out-
comes,® contradictory results have also been reported.2°#% The rou-
tine use of adenosine has not been consistently associated with improved
outcomes when compared with a no-adenosine strategy.2®> A recent
study indicated that patients without spontaneous or adenosine-provoked
PV reconnection had better outcomes than those with acute reconnec-
tion despite undergoing further ablation. Although the authors suggested
that efforts should be directed towards ensuring an ideal ablation lesion at
the first attempt to achieve durable PV, this finding may also point to ana-
tomic variations that render durable isolation more difficult to achieve.””®

In the CIRCA-DOSE study using CF catheters and FTI but not Al or
the CLOSE protocol, adenosine-mediated reconnection was observed
in 5.7% of PVsin 17.2% of patients and was significantly more common
after CF-RF ablation when compared with cryoballoon ablation (31.3
vs. 10.2%, P < 0.001).”°® Adenosine-mediated reconnection was asso-
ciated with higher AF recurrence rates in the cryoballoon-treated pa-
tients but not with use of RF when additional ablation was
performed to achieve PVI. Studies using the CLOSE protocol have in-
dicated significantly higher rates of adenosine-proof isolation compared
with a standard approach to PVI (97 vs. 82%), and this translated into
improved outcomes.>® Furthermore, a multicenter randomized study
evaluating potential benefit derived from employment of ATP testing
and/or prolonged waiting periods after PVI reported no significant dif-
ferences in freedom from AF recurrence over standard care.”””

Taking into consideration (i) the high rate of adenosine-proof PVI with
contemporary RF ablation technology including the CLOSE protocol,
(ii) the lack of documented benefit on long-term outcomes derived
from adenosine testing post-PVI when contemporary RF technology
is used, (iii) the questionable value of adjunctive ablation at adenosine-
unmasked reconnection sites for long-term outcomes, and (iv) the incre-
ment in procedural time and cost when employing adenosine testing, the
routine use of adenosine testing post-PVI is not a requirement.

A survey of the writing group showed that 21.6% of the members
routinely employ adenosine testing after initial PVl when performing
RF ablation with CF-sensing catheters.

8.1.2.5. First-pass isolation

First-pass isolation is defined as achievement of PVI upon completion of
the encirclement of ipsilateral PVs. First-pass isolation is an indicator of
high-quality lesion set with favourable impact on procedural outcome.
In a real-world setting, first-pass isolation is highly predictive of 12-month
clinical success after CF-guided ablation in paroxysmal AF pa‘cients,902
while the absence of first-pass isolation is associated with inferior PVI
durability and AF ablation outcomes.”®® CLOSE protocol-guided PVI is
associated with higher incidence of first-pass isolation of the PVs and
higher single-procedure arrhythmia-free survival at 1 year when com-
pared with conventional CF-guided Py 358559887 First-pass isolation is
associated with reduced likelihood of acute PV reconnection, and there-
fore whenever achieved, the waiting phase post-PVI may be obviated.

8.1.2.6. Loss of pace capture along pulmonary vein isolation line
The pace capture approach is an adjunctive technique to evaluate the
integrity of a circumferential ablation lesion set, 8077809904906 11y thjg
method, bipolar pacing at a high output (10 mA, 2 ms pulse width) is
attempted along the ablation line.2%%8°%%9% The sites of local LA capture
during SR are identified and ablated further until local capture is lost.
The pertinent procedural endpoint is PVI with absence of pace capture
along the entire circumferential PVI line.5%%%¢

An RCT including paroxysmal AF patients revealed that the rate of
freedom from AF was higher with a pace-guided approach than the
conventional method at 12 months as well as after a 5-year follow-
up.8%® However, other studies have not reproduced these findings.%%’

A survey of the writing group showed that 31.6% of the members
routinely perform pace capture testing along the ablation line after ini-
tial PVI when performing RF ablation.

8.1.2.7. Inducibility of atrial fibrillation after pulmonary vein isolation

Electrophysiological and pharmacological stimulation approaches are
sometimes performed to test for inducibility of AF following PVI.
Generally, stimulation protocols consist of rapid atrial pacing and/or high-
dose isoproterenol infusion, which can vary widely between centers.
Inducible AF has been defined as anything from 30 s to 10 min of AF
with no clear consensus on this. In the event of inducible AF, several stud-
ies have tested the value of additional ablation targeting atrial tissue dis-
playing CFAE and low-voltage areas.””® However, AF meeting the above
definitions can be induced in up to 49.5% of patients with no history of
clinical AF.”®” Inducibility is dependent on the induction protocol, the
number of induction attempts, and the definition of inducibility.
Contradictory results have been reported regarding the prognostic value
of non-inducibility or change in inducibility status after AF catheter abla-
tion on long-term freedom from recurrent arrhythmias.”*®*""

A survey of the writing group showed that 15.8% of the members
routinely employ AF inducibility after initial PVl when performing RF
ablation.

8.1.3. Pulmonary vein isolation with cryoballoon ablation
The cryoballoon is a double layer balloon that is introduced into the LA via
a steerable sheath (Section 6.2.2.1.). Navigation to the individual PV is
achieved by a circular mapping catheter advanced through the central cath-
eter lumen and can be used to map PV potentials and thereby document
PVI. Exceptionally, a stiff guidewire may be used if balloon positioning is
difficult. To completely occlude the PV, the balloon is positioned in align-
ment with the PV axis, and specific maneuvers with the steerable sheath
are performed (hockey stick, pull down). The degree of occlusion may
be verified by injection of contrast agent through the central lumen.
Commonly, a four-step grading score is used to describe the degree of oc-
clusion”? although other imaging modalities such as TEE or ICE may be
used to reduce fluoroscopy exposure to near zero (Section 7.6.).°"3
Invasive pressure monitoring through the central lumen has been de-
scribed as a reliable tool to assess PV occlusion.”* Very recently, wide
band dielectricimaging, a non-fluoroscopic imaging modality, was reported
to accurately assess PV occlusion and guide cryoballoon-based PVI.”'?

Various dosing strategies have been proposed. In animal experi-
ments, single applications with 120, 180, and 240 s freezing times led
to transmural lesions and a high rate of durable PV1.7'**7 |n the rando-
mized FIRE and ICE trials, a bonus application was added to the 240 s
index application.?”* In a more recent randomized study, no differences
in PVI durability nor in clinical outcome were observed after 2 x 120 vs.
2 % 240 s cryolesions per PV.27318 Other studies showed that an em-
piric bonus application does not improve outcome, if PVI occurs within
75 s after starting the cryoapplication (time to isoIa1tion—TT|).919'920
Findings from a metaanalysis endorse the use of a single freeze applica-
tion approach, the latter resulting in shorter procedure times and a
lower adverse event rate without compromising efficacy.””’
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The optimal freeze duration is subject to controversy. Since side ef-
fects at adjacent structures, such as the PN and the esophagus, usually
occur beyond 180 s, shorter application times may be desirable to
maximize safety.””> However, data from remapping studies indicate a
higher rate of durable PVI after single 240 s freeze applications com-
pared with 180 s without associated increase in complication rates.”**
Alternatively, individualized dosing strategies are used, where the
cryoapplication duration consists of the TTI plus a fixed time interval.
In two randomized comparisons of a single 180 s fixed cryoapplication
protocol compared with a TTI plus 60-90 s-guided approach, no differ-
ences in freedom from atrial tachyarrhythmias were seen,”**"?>

Most commonly, the TTl is used as a marker of adequate lesion for-
mation. In addition, the slope of the temperature curve, the minimal
temperature, and the thaw time have been reported to be associated
with durable PVI.72¢"7?¢ On the other hand, achievement of balloon
temperatures <—60°C (using the Artic Front device) may prompt ter-
mination of energy delivery to avoid collateral damage. In clinical prac-
tice, the procedure is usually concluded after the last energy application
and documentation of PVI. However, a waiting time of 20 min or
provocation maneuvers such as adenosine testing to assess LA to PV
reconduction has been evaluated (Sections 8.1.2.3. and 8.1.2.4.).

In patients with variant PV anatomy, e.g. common trunks, PVI using
the 28 mm cryoballoon may be more challenging. In patients with short
common trunks, sequential treatment of the individual branches is usu-
ally performed. In patients with long common trunks, a segmental ap-
proach with different balloon orientations (superior, inferior) may be
applied. In various studies, a similar clinical outcome was reported fol-
lowing cryoballoon ablation in patients with standard PV anatomy when
compared with those with common PV ostium.”?*~**' However,
contradictory results have also been reported.”*

A survey of the writing group showed that 55% of the writing group
members employ cryoablation dosing algorithms to modify cryolesion
duration based on real-time monitoring of elimination of PV potentials
and 55% stop prematurely the deployment of cryolesion after the first
60 s if elimination of PV potentials has not been achieved. In the absence
of real-time recording of PV potentials during cryoballoon ablation,
43.8% of the writing group members deliver a cryolesion of 180,
9.4% of 210 's, and 47% of 240 s duration.

8.2. Adjunctive ablation targets beyond

pulmonary vein isolation
8.2.1. Cavotricuspid isthmus

Catheter ablation is the recommended treatment for the management
of patients with CTI-dependent AFI due to the high success rates asso-
ciated with low risk of procedural complications.”®” In the CF catheter
ablation era, lesion quality indices can be employed to standardize le-
sion deployment and procedural workflow during CTl ablation.”**=%3*

A survey of the writing group shows that 92.1% of the writing group
members perform CTI ablation in patients with prior history or
intraprocedural induction of CTl-dependent AFl during AF catheter abla-
tion. A suggested approach regarding CTl ablation in patients under-
going AF ablation and pertinent supporting evidence are presented
in Section 4.4.3.

8.2.2. Linear lesions

The origins of linear ablation for AF lie in the Cox maze procedure and
its subsequent iterations (Section 12). The most common sites for linear
ablation are the LA roof joining the superior aspects of the PV encircling
lesion sets, the region of tissue between the anteroinferior aspect of the
left PV encirclement and the lateral mitral annulus (the ‘mitral isthmus’),
and an anterior line between the anterior mitral valve annulus and ei-
ther the right PV encirclement (most common) or to the roof line or
to the left PV encirclement.

The incremental benefit of linear ablation beyond PVI to prevent AF
recurrence has not been demonstrated in prospective RCTs, although
it is indicated for the interventional management of macroreentrant
AT, which may be encountered either during an AF catheter ablation
procedure or during foIIow—up.sw81 2 Incomplete linear ablation, i.e. de-
livering lesions in a linear pattern without achieving block, has the po-
tential to be proarrhythmic and create the substrate for left ATs and
therefore should be avoided.8'>8'8

The STAR-AF Il study reported no improvement in ablation efficacy
with linear ablation (lateral mitral line and roof line) in addition to PVI
over PVl alone in patients with persistent AF.>% It should be noted that
in the subgroup of patients allocated to the PVI plus lines group, bidirec-
tional block across both roof and mitral lines was achieved in 74% of pa-
tients. In a STAR-AF |l subanalysis, freedom from arrhythmia recurrence
was similar among patients with as compared to those without complete
linear block.2'* These data indicate that empirical linear ablation does not
confer incremental benefit over PVI alone among persistent AF patients,
irrespective of the quality of the deployed linear lesion and the achieve-
ment of bidirectional block.8'* Evidence from metaanalyses also support
this conclusion.”®*?3 Further prospective, multicenter studies of linear
ablation with durable bidirectional conduction block may be warranted
to establish its role in selected patients with AF.”*®

A survey of the writing group showed that 0% of the members rou-
tinely performs empiric linear ablation (other than to isolate the poster-
jor wall) during ablation of paroxysmal AF and 13.2% of the members
when performing ablation of persistent AF.

8.2.3. Complex fractionated atrial electrogram ablation
Complex fractionated atrial electrogram represent low-voltage (0.06—
0.25 mV peak-to-peak bipolar amplitude), fractionated, high-frequency
electrograms recorded during AF and were proposed to represent
sites of potential drivers for AF thus serving as a potential target for
catheter ablation. This approach was widely adopted for both paroxys-
mal and persistent AF.7* However, the pathophysiologic mechanisms
underpinning the creation and stability of CFAE and their contribution
to AF maintenance were never clarified.”° Furthermore, there was no
universally accepted definition allowing for standardization.

The multicenter prospective STAR-AF Il study randomized 589 pa-
tients with persistent AF to PVI plus linear ablation (259 patients), PVI
plus ablation of CFAE (identified by automated software in the mapping
system, 263 patients), or PVI alone (67 patients) and demonstrated no
benefit of either of these approaches over PVI alone.>®® The CHASE
AF study randomized 205 patients to PVI alone or PVI plus CFAE
ablation. The latter group also underwent linear ablation if atrial
macroreentry occurred. There was no significant improvement in
arrhythmia-free survival with addition of CFAE ablation.”" A meta-
analysis comprising 1415 patients from 13 studies concluded that despite
acceptable procedural safety, CFAE ablation did not improve arrhythmia-
free survival in paroxysmal, persistent, or long-lasting persistent AF.”*>
In a recent, large meta-regression and trial sequential analysis, CFAE ab-
lation was shown to be ineffective as an adjunctive strategy in persistent
AF ablation, and further study of this ablation approach was considered
futile.”®® The enthusiasm for CFAE ablation to treat AF has therefore
waned and should be avoided in most cases to avoid proarrhythmic
lesions.

8.2.4. Stepwise approach to atrial fibrillation ablation

The stepwise approach, which incorporated both linear ablation and
defragmentation to target termination of persistent AF either directly
or via intermediate AT, has gradually fallen out of favour. The proced-
ure demonstrated early promise in patients with persistent and long-
standing persistent AF particularly when achievement of SR was used
as an endpoint.MZ’943 However, subsequent studies have not repro-
duced these initial results reporting poor 5-year clinical outcomes
(20.1% single procedure and 55.9% multiple procedure arrhythmia-free
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survival at 5 years).”** Recurrence rates of atrial tachyarrhythmias are
high, reflecting the proarrhythmic effect of either incomplete linear ab-
lation and/or iatrogenic islands of atrial scar caused by CFAE ablation,
which may serve as anchors or isthmus borders for macroreentry
and localized reentry.”** In a recent metaanalysis, a stepwise strategy
for persistent AF ablation had no significant impact on freedom from
atrial arrhythmia recurrences.”®

8.2.5. Left atrial posterior wall isolation

The LAPW shares a common embryological origin with the PVs and
shares some of the PV arrhythmogenic properties.”*>** Extensive
parasympathetic neural plexi located at the LAPW and extending to
the PV antrum may also contribute to the initiation and maintenance
of AF.207208947 Therefore, electrical isolation of the LAPW as an ad-
junct to PVl seems to be a reasonable approach to increase the success
rate of catheter ablation in AF patients.

Several catheter ablation techniques have been proposed for
achievement of PWI including: (i) posterior wall box isolation (circum-
ferential PVI with deployment of roof and inferior lines connecting the
superior and inferior margins of PV rings, respectively), (i) single ring
isolation (en-bloc encirclement of PVs and posterior wall),”*®%*’ and
(iii) posterior wall debulking (extensive focal ablation of the posterior
wall without linear lesion deployment).%3¢ Cryoballoon ablation has
also been used for PWI, although adjuvant RF ablation may be needed
in up to 45.5% of patients.”%">3 Posterior wall ablation is also feasible
with a pentaspline PFA catheter.®>”7>*7>° |n the PersAFOne study, PFA
ablation under ICE guidance resulted in low-voltage posterior wall
homogeneity with first pass in all 24 patients without primary safety
events. Interestingly, invasive remapping 2—3 months postablation de-
monstrated no evidence of conduction through the posterior wall in
100% of patients and partial voltage recovery of the PVW-ablated area
in 3 of 21 patients.®>”

Prior trials investigating PWI plus PVI in comparison with PVl alone in
patients with AF have yielded conflicting results (Table 8). Although smal-
ler non-randomized, retrospective trials showed promising results, more
recent large prospective RCTs have demonstrated negative results. Yu
et al.”® randomized 113 patients to PVl alone or PVI plus posterior LA
isolation and an anterior line and demonstrated no improvement in out-
come. The POBI-AF trial randomized 217 patients with persistent AF to
PVI alone or PVI plus posterior wall box isolation, the latter defined as
voltage abatement <0.1 mV, bidirectional block of the roof line, and docu-
mentation of both entrance and exit block. Sixty-nine percent of the pos-
terior LA isolation group also underwent an anterior line. Using
intermittent Holter monitoring, the reported freedom from any docu-
mented AF without AADs was similar in the PVI alone and the PVI plus
PWI groups.®*’ In the recent CAPLA study, 338 patients with symptom-
atic persistent AF undergoing first-time RF ablation were randomized to
either PVI (wide antral circumferential) plus PWI (roof and floor line de-
ployment plus ablation of earliest electrograms within the box if needed)
or PVl alone. Contact force—sensing catheters were used with specific le-
sion quality targets, and the follow-up monitoring was intense (twice daily
ECG transmissions). There was no difference in the primary study end-
point with 53.3% freedom from AF at 12 months in the PVI group as com-
pared to 54.1% in the PVI + PWI group.®*®

One explanation for the lack of incremental benefit from catheter
ablation of the LAPWV could be the inability to achieve durable electrical
isolation. Pertinent challenges stem from (i) the significant variation in
thickness of the septopulmonary bundle that is the dominant structure
in the LAPWV, (ii) difficulties in achieving transmural lesion at the LAPW
roof due to insulation of the epicardial muscular bundle by fat inter-
position,'”? and (iii) a tendency to lower the power and duration of en-
ergy delivery during LAPW ablation to prevent thermal injury to the
neighbouring esophagus.”*”*° In fact, LAPW reconnection rates
have been reported to be as high as 40—100%, with predominantly pos-
terior location, while an association has been shown between LAPW

reconnection and elevated esophageal temperature during the index
procedure.%(p%’2 Alternate explanations for lack of demonstrated
benefit from PWI include the following: (i) PVl alone using a wide antral
isolation strategy already encompasses much of the LAPVV, potentially
leaving little additional benefit from roof and inferior lines; (ii) the con-
tribution of the posterior LA to persistent AF mechanism is not univer-
sal, and a ‘one size fits all’ approach may be ineffective; or (iii) survival of
epicardial LAPWV tissue. This allows the possibility that posterior LA
isolation may have a role in a specific group of persistent AF patients.
In a recent subgroup analysis of the CAPLA study, it was found that pa-
tients with short cycle length posterior LA activity did derive a benefit
from PWI, indicating that this may be a determinant of which patients
will have improved outcomes with this additional step.”®?

Hybrid ablation has also been used to target LAPW as part of an ab-
lation strategy in patients with persistent and long-standing persistent
AF (Section 12.3.3.2.).

A survey of the writing group showed that 15.8% of the members
perform PWI during first-time and 26.3% when performing redo
ablation of paroxysmal AF. Furthermore, 31.6% of the writing group
members perform PWI during first-time and 65.8% when performing
redo ablation of persistent AF.

8.2.6. Substrate ablation

A range of conditions has been demonstrated to promote the develop-
ment of abnormal atrial substrate.”®* These include classically recog-
nized factors associated with AF such as hypertension, HF*®
diabetes, and advanced age.%6 Recently, other conditions have been
shown to drive atrial substrate development such as obesity,'**%¢’
sleep disordered breathing,®** excess alcohol intake,****® and pro-
longed high-intensity training in certain athletic sports.”®’ The patho-
physiologic mechanisms underlying areas of abnormal electrical
substrate include regional fibrosis, loss of cellular coupling due to loss
of connexin, inflammation, and adipocyte infiltration into tissues.'%>'®
These changes promote AF initiation and maintenance (Section 2.4.—
Figure 1).

Electroanatomical mapping and cardiac MRI have both been utilized to
define the atrial substrate, albeit using quite different surrogates of atrial
fibrosis—bipolar voltage and late gadolinium signal intensity, respectively.
Ablation guided by electroanatomical voltage mapping is a patient-tailored
approach targeting low-voltage areas, either by encirclement leading to
isolation or direct ablation of the entire low-voltage area®*°7°
Endpoints of this approach include local voltage reduction, elimination
of fractionated electrograms, and regional isolation. Preliminary observa-
tional studies suggested the potential for favourable outcome®¢%71=%73
Several randomized trials have evaluated whether adjuvant ablation of
low-voltage areas may provide incremental benefit on rhythm outcome
among paroxysmal or persistent AF patients. In the VOLCANO trial in-
cluding 398 patients with paroxysmal AF and the STABLER-SR Il trial in-
cluding 300 patients with persistent AF, low-voltage area ablation in
addition to PVI did not improve arrhythmia-free survival®2”?”*
However, the recent STABLE-SR-IIl trial randomized 438 older patients
with paroxysmal AF to PVI plus low-voltage area ablation or PVI alone
and showed a significant incremental benefit derived by low-voltage
area ablation in this patient population.”” In all trials, LA voltage mapping
was performed during SR with a low-voltage cutoff <0.5 mV.

A recent prospective RCT presented evidence supporting the con-
cept of substrate ablation in persistent AF patients.®?® The ERASE AF
study enrolled 324 patients who were randomized to PVl only (163 pa-
tients) or PVI plus substrate modification (161 patients). Substrate
modification was only performed in the subset of patients (34%) found
to have low-voltage regions (voltage threshold 0.5 mV) during SR map-
ping. The primary study endpoint (first recurrence of an atrial arrhyth-
mia >30 s after a single procedure) was reached in 50% of PVI only
patients and 35% of PVI plus substrate modification group at 12 months
(HR =0.62, 95% Cl = 0.43-0.88, P = 0.006).8%®

$20Z 1snBny 6| uo 1sanb Aq 8Z¥6£9/ /S 08eNS//9Z/8101e/e0ed0inNa /w02 dno dIwapese//:sdiy Wol) PapEojuMO(]



S. Tzeis et al.

46

Downloaded from https://academic.oup.com/europace/article/26/4/euae043/7639428 by guest on 19 August 2024

panuiuoy)

(S0=4d) %L €H TIAd F IMd "SA %669 TIAd
JeaA || 3B SQYV HO SEIWYIAY.LIE [BlIE WO WOPa3.4
(2000 =d) %9'S IMd + IAd
%6'0C “Aluo |Ad
:DOU3UINI3J {Y JUSISISU9d
(SE0=d) %L'LE IMd +IAd
%E L “AUo |Ad
:@dUaJddndad 4y
syjuow g, Jo dn-mojjo uelpaw & 3y
SJBRA 7 J9AO (%GS) S| mo| AuaA unuodau
‘uone|qeaud yum pasedwod 0 Uey3 aiow Aq usp.nq
IWYIAYJIE [BIIJE UBSW Y3 9ONPaJ 0} 3|qe SEM |Ad + [AAd
SE0'0=d ‘%¥T IMd +IAd
%9% AU |Ad
'sAep §'19 F 6'/G¥ 40 dn-mojjoy
uesaW B SULINP 92U3.INJ3J BILYIAYJIAYD.Y [BLIDY

(96'0=d) %S :dnoud |AA + IAd "SA %b L :dnoud |Ad
434 | I8 95UD4INJDY
(lo-tzo
1D %56 ‘0£°0 MO) 4V 40 dd2uaaundaU ss3| Apuediudis
UM PIBIDOSSE SEM UOIS3| XOG-UoU € 8Uish |AA] + |Ad
POUILEXD 9JOM BIBP PIZILOPUE. AJUO UBYM AlIejndued
(L0'0=d ‘L6'0-05°0 1D %56 ‘£9°0 ‘Oe. i)
4V PUe (L00'0 > d ‘06'0-T9'0 “I1D %56 /0 :0Ne dsL)
SEIWYIAYIE [BIIJE |[B JO DDUIINDDI JOMO] A|[eueisgns
YHM P3IBIDOSSE SEM |AA] DAIRUN[PE ‘Jy/ Juddsisaad u)
(86'0 =d) dno.3
IAd 2Y3 Ul %9°€G 03 paJedwod se dnoud |AAd + IAd
3yl Ul SQVYV INoyum aunpadoud uone|qe 9j3uls & Jo)ye
BIWYIAYJIE [BIUFE JUDIINDDI WO} WOPIJ) %' TS YHM
‘syzuow 7|, 3e ulodpus Apnis Adewlud aY3 Ul 92UDI34Ip ON|
(6£0=d
'%9'8T 'SA 9°'GT) SYIUOW ('€ F 7|, Jo dn-moj|o} Ueipaw
& 38 sdnoug AJuo |Ad PUB |AAD + IAd DY} Udomiaq
9Jed 2UDIINDAU BILUIYIAYIIE [BlUIE Ul DUSIDHIP ON

papaau
J1 X0Q, dY3 UIYNM UO[IBAIIOE 1S3I|JES JO SIS JB SUOISI|
[eUOIIPPE UM ‘|Ad 1YSIJ PUE 33| 4O PASN 2.49Mm Jey)
$39S UOIS3| [BIUIDJWLINDID SholAd.d a3 Surdauuod J0oj}
PUE JOOJ /7 Y3 SSOIDE SUOISI| JBaUl| JO PRISISUOD [AA]

[YAd F IMd 'SA [dAd

V1 Jorzisod ayy wouy
INdino YW G YHMm JU93ayed Aeseiusd ayi yum Supded
3ulnp |jem Joeysod ay3 opisino aJnjded o3 Ayjigeul pue
AJIAIOE [BD13D9]9 JO 9OUISQE U3 SB paulep sem juiodpul
sjenpuajod [edl3dsd
pJ0odaJ O} |[em Jolia3sod sy 3e pade|d sem Aedejusd :AAd

SAd -OLIRJuI T dy3 Bupjul|
aul| JolIdjul pue SAJ Joliadns 7 ay3 Suiuiof aul| Jood (AN

‘MdV1 341 UO SUOeIO| JUaa4Ip
€1—6 1B SUOIS3| UOIE|GE UOO|[EGOAID [BUOIIPPE AN
SAd JoLjul
ay3 3undauUod aul| Jolsod Mo| B Yim Suofe AdSY
pUe AdST @43 SUl3daUUOD BUl| JOOU B JO PIISISUOD |AAd
IMd +1Ad "SA IAd

SUOIS3| UOIIB|GE XOQ-UOU PUB XOq Y30q :|AAd

BUOJE |Ad -0 (Papadu Ji XOq dY3 UlyIM
swea30.3099 3s9]|4ea Jo uone|ge snjd JuswAoldap saul|
J00J} PuE Joou) |AAd SN|d ([errusiajwinoad [eJjue apIm) [Ad

papaau se
X0 33 UIYHIM SUOISS| UOIFE|GE [BUOIIPPE Y3M XOF :|AAd
IAA +IAd "SA IAd

(€01 ‘YA F IMd ‘€6 1YAd) Uoneqe
jeadau Suioguspun sjusied 4y (%6¢€)

juasissad pue (%19) [ewsAxoued 94| S1USS DAIINDISUOD)

(06 IMd +IAd
'SA 6 AUO |Ad) SIusned Jy Jusisisuad |8 S1US DAIINDISUOT)
IAd + IAMd 8uiaiedau syuaned Jy
Jua3sissad Buipueys-3uo) pue Juasisiad €/ SIU3S DAIINDISUOD)
UOO|[eqOAID YHM

(05 “IMd + IAd 'SA 0§ :A|UO |Ad) uone|qe
3541y Bulodaapun sjusiyed 4y Juassisiad 00| 104

(201 IMd +

IAd P LT :IAd) Stusned 4y [ewsAxoued | 7€ S91IDS DAIINIISUOD)

(s1DY 6) selpnis
97 JO siIsA[eue pajood

IMd + IAd 8uiaiedau syuaned
4V ua3sisuad pue [ewsAxoued /87€

(891 IAd ‘0LL IMd + IAd) (uone|qe 3say)

syuanred 4y Juaisisuad oiewoldwAs gee 10Y
(82 INd
‘6€ 1M + IAd) suened 4y Jusssisied /9 10Y

Nvmw.sb »
usuIy3od

_‘vw.\U °
®jopo ]

gID 3
oIS

o

Ip 19
uyy

€56

gse I° 12
uos|asjue(

JRE]

6€8 Suef

wmw.\U »
REON

D 33

156 Suom

2wod3InQ

A39a3e43s uone|qy

sjuaned jo JoaquinN udisap Apmig

Apms

uore|qe Ja3ay3ed Suioduspun suailed vy Ul SUOE |Ad 'SA |[Ad Shid uone|os! |lem Joliaisod [erine o) Sulredwod sjel3 [ediulD) g alqe.L



47

Catheter and surgical ablation of atrial fibrillation

Downloaded from https://academic.oup.com/europace/article/26/4/euae043/7639428 by guest on 19 August 2024

‘Md PUB SAd SY3 Ul UOIINPUOD JUBLLIOP $S3SSE 0] 93US|[BYD SUISOUSPY/,
‘UOIJB|OS| BABD BUDA JOLI_ANS |DAS

‘uRA Areuownd uoriadns 3Y3ii ‘AJSY ‘S[el} P3]|0.3UOD PIZILOPUE. ‘S | DY UOIIR|OS! |[eM J0119150d ‘| AAd ‘UONR|OoSIaU UdA Ateuownd ‘YA ‘Uoie|os! A Adeuow|nd ‘| Ad ‘utaA Areuow|nd ‘Ad ‘013e. SPPO ‘YO {UIPA
Aseuownd Jowadns 1a| ‘AdST ‘[[em JoLiRisod [elile Yo ‘AAJY T ‘WNLIFE P3| ‘v ‘UoIIe|qe SNWYS! PIdSNDIIOARD ‘| | D ‘SNUIS AJBUOIOD ‘S0 {[BAISIUI 9DUSPIUOD ‘|D) {UONE||LIqY [BlUIR ‘4 BNJp dIWYIAYLIBRUR ‘QVYY

T00=d ‘%L9L ‘INMd +SPUl| +|Ad "SA %£'9€ 'S3Ull + |Ad
eI | B 95URLINJDY

L00'0 > d ‘AloA1ddsau ‘%04 PUE ‘0 ‘S9 :IMd + IAd
AjpAdadsad ‘%0L PUe ‘L ‘0T HIAd
:sdn-moj|o} Jeak ¢
pUE ‘7 ‘|, 38 SOV INOYHM BILUYIAYJIE [B1UTE WOL) WOPSI
(1L0°0 > d) %0t :23u3|iey>
SUISOUSPE-OU "SA %G9 :23UD|[BYd SUISOUIPE SYIUOW
8 F 6] 8 BILYIAYJJ. [BlUFE JUSIINDSI WO} WOPI3.4
9%/ Ul payesisuowap
SEM AAd Y3 JO UOIID3UUODISI PIdNPUI-DUISOUDPY

(TTS0=d) %6'SS IMd +IAd SA %505 JIAd
ek | 18 QY'Y INOYUM BILYIAYLIE [BLIJE WO WOPd.4

(LLEO =d) %SL IMd— SA %ST IMd+
SY99M /°79 UBIPSW 18 92UaJINdaJ | \/4Y

%L LS IMd +IAd "SA %TTL SN+ INd "SA %6°EL [IND
'SYIUOW 9 3B WYIAYJ snuig

100
> d 'b6:0-09°0 1D %56 ‘SL°0 ‘ORI ISH ‘%8 OE [IMd + INd
%L Ly AUo |Ad
193U 9OUSLINDAU BIWYIAYIIE [BLIDY

¥00
>d'L60-TH 0 1D %56 $9°0 0 ISH ‘%861 [IMd + INd
%1°6C “AlUO |Ad
:9JeJ 2duaJdndad u_<
syuow €1 F 91T W

SAd

Jolia4ul UidAUUOD BUl| JOLIRUI J01ID3sOd [BUOIHPPE :AAd
syuaiyed | ul pawJopad auem »do|q

UOIIDNPUOD YHM SaUl| [ 1D PUE [edHwiIad JoLIIuE o0y
IAd PU® |AAd @Y3 JO AN|IqeJnp wljuod 03 suaijed

[[e ut pawliojaad sem Apnis A3ojoisAydouidas ‘syuow € 1y
MdV1
9U3 UO SUONE|GE SAISUSIXS Yim Buoje ‘wnydas [elyelaiul

3U3 JO DPIS Y3| 2Y3 O3 PUE §7) BY1 O3 PIPUSIXD SEM |Ad ‘A

320|q [euofd3.Iplq
40 Julodpud BY3} YIM SBUI| [[BM JOLIDJUI PUB JOOU (AN
(uonaudsip s,uepisAyd sy 3e suj| Jolia1uE [BUOHIPPE)
320|q 31X SASIYDE 03 PIPI3U JI AAd Y3 J& UOIjE|ge
dn-yonol YyuM SAJ JoLIjul Om] Y3 SuI3DBUUOD dul|
Joluajul pue spd Joluadns omy ay3 Suluiof aul| Joou (AN
IMd +IAd SA IAd
SAd -JOLIBjul OM] DY} SurdBUUOD Bul|
Joluajul pue spd Joluadns omy sy Suluiof aul| Joou (AN
VILD +I1DAS + IAd [IMd—
VILD + IDAS + IMd + IAd [IMd+
aul| snwy3st pidsndLI30ARD U0 ‘oo
V1 ‘SNWY3S! [eaw :SUIMO||O4 Y3 JO JOW JO dUO :S3Ul
SAd JolIdjul 399Uu0d
03 J00J} /7 9Y3 SUOje UOIFR|GE JBSUI| PUB AJSY PUE
AdST 33UU0d 0} Jood /T dY3 Suoje uolIe|qe Jeaul| (AN
SaUl| + |Ad SA IMd + IAd "SA I

IMd +1Ad "SA IAd

(09 :IAAd +S3UI| + |Ad "SA 1glP P
09 s3Ul| + |Ad) suened 4y usssisiad o | 1DY wiyy
aunpado.d 3s.1) 343 JoYE SyIUOW ¢
24npa20.d puodas & JuamJapun syuaned ||y [eri
(T8 IMd + pazIWOopUe.-Uou
IAd ‘0T A0 |Ad) s1usired 4y Jusssisaad 7§ ampadsold 4 1D 19 g
(¥ 98useyd
aulsouape ‘7| :@8u3|[ey> sulsouspe-ou)
IAd Aq PaMmO||0} |Ad [BIFUSIRJWNDUID opg 1P 32
Suio8uspun syusied 4y Juasisiad |9, S3LIDS DAIINDIISUOYD) VEIEREN]

(z0L IMd
+IAd 'S01 IAd) stuened 4y wueasissad /07 1oy
(€€ IMd— FT IMd+)
/S :dnoudqns 3sa3 [edi18ojoisAydouyda|g

651019997

2wod3nQ

A393e43s uone|qy

BaJe 938)|0A-MO| g0 P

V1 Inoyum suaied 4y Judlsisiag 104 ifewre g
(STT sdUI| +|Ad ‘8L M +

IAd ‘SST :IAd) uone|qe 1eadau pue [eniul pig P 1
3uloduapun syuaned Jy juaisistad ggg  Apnis aAidadsouley Jonng

(L£9 IMd + salpnis epglP 10
IAd €99 IAd) stuaned 4y Juaisisiad peg| 9 JO sisAjeueed)y Ylles
sjuanyed jo JoquinN udisop Apm3s Apmas

panunuoy g ajqelL



48

S. Tzeis et al.

Despite recent encouraging results, methodologic challenges inher-
ent to the strategy of low voltage—guided substrate modification re-
main. Voltage measurements are not only dependent on rhythm
status (AF vs. SR), size, and configuration of the recording electrodes
and catheter—tissue contact but can also vary up to three-fold according
to atrial rate and wavefront directionality.976 Furthermore, voltage
parameters indicative of abnormal substrate lack objective definition
and low-voltage cutoffs vary considerably among different investigators.
A one size fits all voltage cutoff does not consider regional variations in
atrial wall thickness, nor again the nature of the recording electrodes.
Ultimately, identification of substrate may require a more sophisticated
analysis incorporating not only voltage but also electrogram morph-
ology and possibly measures of regional atrial conduction.

Cardiac MRI-LGE has been used to identify and localize cardiac fi-
brotic areas in a variety of cardiac diseases, including AF72105512
Attempts to ‘calibrate’ electroanatomic voltage mapping using
MRI-LGE have reported LA voltages between 0.2 and 0.45 mV as de-
marcating LA scar.”’” Correlations of variable strength between LA
voltage mapping and atrial histology have been reported.'9>*178
The DECAAF study reported that the severity of MRI-defined atrial fi-
brosis was a predictor of AF recurrence following AF catheter ablation,
thereby supporting a role for MRI-LGE in the preprocedural evaluation
of atrial substrate (Section 5.2.1.4.). This requires considerable experi-
ence of atrial LGE imaging, specific imaging sequences, and access to
a reproducible image processing workflow, which to date has limited
the widespread uptake of this technique.

In the ALICIA trial, 155 symptomatic, drug-refractory AF patients
(54% paroxysmal AF) undergoing first or repeat ablation were rando-
mized to either PVI or PVI plus MRI-guided ablation of fibrotic areas
by either homogenization or isolation.**® Fibrotic areas outside the PV
antra were identified in only half of the patients, and their ablation did
not reduce arrhythmia recurrence rate at 1 year of follow-up.2* In
the recent much larger DECAAF-II trial, 843 persistent AF patients
were randomized to either MRI-guided fibrosis ablation plus PVI or
PVl alone. The primary composite of atrial arrhythmia recurrence or re-
peat ablation did not differ between the two groups after a median
follow-up period of 273 days (43.0 vs. 46.1%; P =0.63). Furthermore,
there was a significantly higher occurrence of the primary safety compos-
ite outcome in the fibrosis-guided ablation plus PVI group (2.2 vs. 0%, P =
0.001), largely driven by higher ischemic stroke events.2** Therefore, one
should avoid additional ablation based on MRI-detected fibrosis pending
development of better MRI resolution and future studies.

A survey of the writing group showed that 0% of the members per-
form ablation of MRI-detected or voltage mapping-detected abnormal
atrial myocardial areas during first-time and 18.4% during redo ablation
of paroxysmal AF. Furthermore, 13.2% of the writing group members
perform ablation of MRI- or voltage mapping-detected abnormal atrial
myocardial areas during first-time and 31.6% during redo ablation of
persistent AF.

8.2.7. Vein of Marshall ablation

The VoM is an embryological remnant of the left upper caval system that
possesses arrhythmogenic potential and has been proposed as a target
during AF catheter ablation®”® (Section 3.5.). Ethanol infusion into the
VoM has been proposed as an adjunctive ablation strategy in persistent
AF, acting not only by eliminating this arrhythmogenic structure but
also providing collateral benefits including autonomic modulation and par-
tial ablation of LA areas that are routinely targeted during circumferential
isolation of left PVs and lateral mitral isthmus line deployment.825 Inalarge
cohort of consecutive patients treated with ethanol infusion in the VoM,
the reported feasibility was almost 90% during the first attempt, with pre-
vious CS ablation reported as the only predictor of failure, while the re-
ported complication rate was 2.0%.7%°

The VENUS trial was a prospective RCT that evaluated potential incre-
mental benefit derived by VoM ethanol infusion in addition to an extensive

ablation procedure containing many components of the stepwise ap-
proach. In this study, the majority of patients received mitral isthmus abla-
tion, LAPW isolation, and CFAE ablation. The study demonstrated that
adjunctive VoM ethanol infusion significantly improved the off-AAD
arrhythmia-free survival (49.2 vs. 38%, P = 0.04).8° Although these data
are encouraging, the standard ablation procedure in this study was exten-
sive, non-standardized, with significant differences between the compared
groups and included, at the operator’s discretion, empiric linear ablation,
CFAE ablation, and LAPW isolation most frequently in combination. In a
VENUS substudy, the favourable impact of VoM ethanol infusion was po-
tentiated when performed in high-volume centers and when perimitral
block was achieved.®** The benefit of VoM ethanol infusion when added
to PVI has yet to be shown to improve outcomes over PVl alone.

In a recently published randomized trial, VoM ethanol infusion as the
first step in mitral isthmus linear ablation was shown to significantly reduce
the number of RF applications needed to achieve mitral isthmus block 2%
Pambrun et al.'> recently reported results of the ‘Marshall-PLAN’ pro-
cedure for persistent AF. This procedure adds VoM ethanol infusion to
a lesion set including PVI, linear lesions (posterior mitral line, roof line,
and CTl line), LA ridge, ‘saddle’ (between the LSPV and the LAA), and ex-
tensive CS ablation. Implementation of this ablation strategy in an obser-
vational cohort of 75 consecutive patients with persistent AF (duration
9 + 11 months) resulted in a 72% freedom from arrhythmia recurrence
at 12 months off-AAD after a single procedure.®** A randomized trial
comparing the Marshall-PLAN ablation approach with PVl only in persist-
ent AF patients is ongoing (NCT 04681872).

A survey of the writing group shows that 5.3% of the members em-
ploy VoM ethanol infusion when performing first-time persistent AF
ablation and 26.3% during redo ablation of persistent AF.

8.2.8. Ablation of non-pulmonary vein triggers
Pulmonary vein isolation is a highly effective procedure in patients with
paroxysmal AF, in whom spontaneous PV firing is frequently the only
trigger for AF paroxysms.”®' However, recurrence of arrhythmia has
been reported in up to 20% of paroxysmal AF patients in the presence
of isolated PVs.”®2783 These observations have driven approaches to-
wards identification and targeting of non-PV triggers. Non-PV triggers
have been described originating from specific anatomic regions includ-
ing the LAPW, SVC, CS, VoM, crista terminalis, interatrial septum, and
LAA ”®* In addition, persistent left SVC has also been reported as a site
of AF triggers.”®®

Electrical LAA isolation has been proposed as a strategy to eliminate
potential LAA triggers with varying reported success. In the prospective,
randomized BELIEF trial, 173 patients with long-standing persistent AF
were randomized to either empirical endocardial LAA electrical isolation
plus extensive ablation (PVI plus ablation of PW, part of the LA septum,
non-PV triggers, and SVC) vs. extensive ablation alone at the index pro-
cedure. At 12-month follow-up, patients with LAA isolation had a higher
freedom from atrial arrhythmias.”®® A large propensity score—matched
study and a metaanalysis of nine studies in non-paroxysmal AF patients
undergoing catheter ablation concluded that LAA isolation significantly in-
creased freedom from all atrial arrhythmia recurrence without increased
risk of acute procedural complications.”®”?®8 In a metaanalysis of seven
studies assessing impact of LAA isolation on AF recurrence utilizing vari-
ous approaches, including ablation, surgery, and ligation by Lariat, LAA iso-
lation was shown to be associated with a significantly lower rate of AF/AT
recurrence.”® The authors concluded that further randomized studies
were nevertheless required to confirm safety and efficacy of this ap-
proach. However, the multicenter prospective randomized aMAZE trial
in 610 patients with symptomatic persistent and long-standing persistent
AF did not show a benefit in arrhythmia-free survival with addition of LAA
ligation with the Lariat epicardial suture device on top of PVI (404 pa-
tients) vs. PVl alone (206 patients).””®

Several studies have reported a high incidence of LAA thrombus for-
mation and increased risk of thromboembolism after endocardial LAA
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isolation using RF energy despite adequate OAC therapy.””'~""3

Intracardiac thrombus formation is identified in one-fifth of patients
undergoing wide area LAA isolation and the respective rate of
stroke/TIA is 6-9.8%.°7"7%? Interventional LAA occlusion may be
protective against thromboembolism in this clinical setting.”®" In a non-
randomized study of 166 patients with durable LAA isolation, interven-
tional LAA occlusion was associated with significant reduction in
thromboembolic complications when compared with OAC therapy.”™*
Randomized trials are needed to document the efficacy of this prevent-
ive approach. Considering the modest evidence supporting the value of
LAA isolation as a stand-alone adjunct to PVI in persistent AF patients
and the associated increased risk of thrombus formation and thrombo-
embolism, this ablation strategy may be only justified during redo abla-
tion procedures in persistent AF patients and after informing the
patient for the need of permanent thromboprophylaxis or mechanical
closure of the LAA.

Routine identification and ablation of non-PV triggers is limited by
the absence of standardized induction protocols, differences in trigger
definition, and paucity of prospective randomized studies indicating a
benefit of this approach either in denovo or repeat procedures.
Induction protocols have used varying amounts of isoprenaline up to
20 pg/min or higher and burst pacing to induce AF followed by cardio-
version to initiate trigger activity. Variable trigger definitions have been
proposed, including triggers resulting in AF paroxysms or repetitive
focal activity even isolated atrial ectopics. In a randomized study of per-
sistent AF patients, empiric ablation of common non-PV trigger sites in
addition to PVI did not improve outcome compared with PVl combined
with ablation of only documented non-PV triggers.®>> Prevalence of
triggered ectopics has varied widely according to population and tech-
nique used.””>””” More data are needed to establish a consensus on
the characterization and ablation of non-PV triggers.

9. Postprocedural management

A survey of the writing group showed that 31.6% of the writing
group members employ mapping and ablation of non-PV triggers during
first-time and 68.4% during redo ablation of paroxysmal AF, while
34.2% during initial ablation of persistent AF and 73% during redo ab-
lation of persistent AF. Furthermore, 83.8% of writing group members
employ mapping and ablation of non-PV triggers in redo AF ablation
procedures when all PVs remain isolated. In addition, 0% of the writing
group members perform LAA isolation during first-time persistent AF
ablation and 5.3% when performing redo persistent AF ablation.

8.2.9. Ganglionated plexi ablation
The cardiac ANS plays an important role in the initiation and mainten-
ance of AF.123126:208.210211.998-1005 The GP, containing the cardiac
parasympathetic and sympathetic ganglia, are located on the epicardial
aspect of the PV antra and are frequently ablated during PVI (Section
3.7.). Their functional localization is possible with high-frequency stimu-
lation (cycle length 50 ms, 12—15 V, 10 ms pulse width), manifesting as
sinus bradycardia or AV nodal conduction delay or block. 77?1005
However, the sensitivity of endocardial high-frequency stimulation to
identify GP sites is not optimal.'®

Ganglionated plexi ablation plus PVI has been variably reported to
improve the outcome following AF ablation in some RCTs. 0061007
However, in the prospective randomized AFACT study, adjunctive epi-
cardial GP ablation during thoracoscopic AF surgery did not improve
freedom from AF recurrence but was associated with an increased
risk of major complications.'°”® Due to the inconsistent RCT outcomes
and the technical challenges associated with high-frequency stimulation,
the evidence in support of this approach is modest.

A survey of the writing group showed that 2.7% of the members per-
form GP ablation during first-time ablation of paroxysmal or persistent
AF ablation and 0% during redo ablation of paroxysmal or persistent AF.

Postprocedural management

Systemic anticoagulation is beneficial for at least 2 months following catheter ablation of AF

Postprocedural initiation of DOACs rather than VKAs is beneficial in patients not previously on anticoagulation

undergoing AF ablation

Adherence to AF anticoagulation guidelines is beneficial for patients who have undergone an AF ablation
procedure, regardless of the apparent success or failure of the procedure

Administration of antiarrhythmic drugs following AF catheter ablation is reasonable in selected patients to prevent

early postablation AF recurrence.

In patients who have not been anticoagulated prior to AF catheter ablation or with interrupted anticoagulation
prior to ablation, administration of a DOAC 3-5 h after achievement of hemostasis is reasonable

A same-day discharge protocol is reasonable in selected patients undergoing AF ablation

Administration of proton pump inhibitors for 2—4 weeks following catheter ablation may be reasonable to reduce

the risk of esophageal lesions

Category of advice Type of
evidence
Advice TO DO OPN
Advice TO DO META1009-1013
Advice TO DO OPN
May be appropriate 014101
T0 DO META
May be appropriate
TO DO OPN
May be appropriate 10991030
TO DO OBS

Area of uncertainty ORg1031-1033

Discontinuation of anticoagulation may be reasonable 12 months following catheter ablation after shared

decision-making in patients with CHA,;DS,-VASc score 1 in males and 2 in females in the absence of clinical

Area of uncertainty OPN

symptoms or documented AF recurrence when patients and their physician are committed to long-term

rhythm monitoring®

Patients in whom discontinuation of anticoagulation is being considered based on patient values and preferences

Area of uncertainty OPN

should undergo continuous or frequent ECG monitoring to screen for AF recurrence

?Daily pulse or ECG monitoring, ECG-based wearables, or invasive rhythm monitoring.
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9.1. Sheath removal—hemostasis

achievement

After completion of the ablation procedure, ensuring adequate hemo-
stasis is of primary importance to reduce the risk of vascular complica-
tions. Sheaths can be removed after waning of heparin’s anticoagulant
effect or while the patient is on full anticoagulation. In the former
case, sheaths should be removed when the ACT is <200-250 s or after
reversal of heparin effect with protamine infusion. Two RCTs and a re-
cent metaanalysis of five studies have consistently shown that the use of
protamine after catheter ablation significantly expedites vascular hemo-
stasis and patient ambulation by about 3 h without associated increase
in vascular or thromboembolic complications.”**93*193> This favour-
able effect should be weighed against a 1.2% risk of adverse reaction
to protamine often presented with profound hypotension.'®® A sur-
vey of the writing group showed that 57.9% of the members routinely
use protamine to reverse heparin anticoagulation effect after comple-
tion of AF ablation.

A figure-of-eight suture technique (with the use of either a knot or a
three-way stopcock to secure suture in place) has been proposed for
achieving hemostasis after catheter ablation obviating the need for man-
ual compression of the puncture site.'®*” ™% This technique significantly
reduces the time required for hemostasis and patient’s post-procedure
time in the electrophysiological lab, without associated increase in bleed-
ing complications when compared with manual compression.?28193
Closure of venous access sites with specialized devices also shortens
time to postablation hemostasis and patient ambulation and reduces
the need for pain medications, without significant difference in the inci-
dence of minor or major access site complications.'®*

9.2. Duration of
hospitalization—same-day discharge
Catheter ablation for AF has typically been performed as an in-patient
procedure with at least one overnight stay. Given the increasing de-
mand for AF ablation, same-day discharge protocols have increasingly
been adopted to minimize health care resource utilization,'022719%4
Avoiding overnight hospital stay increases patient satisfaction and
may also have benefits for the patients such as reduced risk of infection.
Metaanalyses of observational studies have shown that same-day dis-
charge was successful in >80% of the planned cases, and the reported
safety outcomes were favourable. No differences in 30-day complica-
tions or 30-day readmissions were identified between the patients
with same-day discharge compared with those with overnight hospital
sta)/.mzs‘m%'1029 Moderate quality evidence from a recent randomized
trial supports the safety of same-day discharge after cryoballoon AF ab-
lation."®?’ Feasibility and safety of same-day discharge has been re-
ported even when implemented as default management strategy in
consecutive patient cohorts.'®® Overall, same-day discharge after AF
ablation appears to be a safe strategy in selected patients provided
that appropriate institutional protocols and patient pathways are estab-
lished to identify suitable patients and ensure adequate follow-up.'**°
Eligibility criteria for same-day discharge include, but are not limited
to, uncomplicated catheter ablation, at least 3—6 h of postprocedural
monitoring, achievement of complete hemostasis, well-tolerated am-
bulation, normal vitals signs at discharge, and absence of symptoms
or concerning comorbidities.'?? A standardized same-day discharge
protocol based on specific eligibility criteria has been described, and
its safety has been validated in a large multicenter prospective
registry.1029

A survey of the writing group showed that 23.7% of the members
implement a default strategy of same-day discharge, while 57.9% em-
ploy a same-day discharge management protocol in selected patients
following AF catheter ablation.

9.3. Postprocedural pharmacological

management
9.3.1. Anticoagulants
9.3.1.1. Early postprocedural (the first 2 months)

Anticoagulation is recommended for at least 2 months following cath-
eter ablation for all patients regardless of CHA;DS,-VASc score in
prior guidelines and consensus documents.>'%*" This is due to endothe-
lial damage, an inflammatory state, and potential stunning of atrial myo-
cardium following ablation and/or cardioversion. In patients not
previously on anticoagulation, initiation of DOACs rather than VKA
is preferred postablation because of the immediate effect that does
not require bridging with UFH or LMWH.'®°79"3 |n patients who
had not been anticoagulated or who did not take their last DOAC
dose prior to the procedure, administration of the DOAC 3-5 h after
sheath removal is advisable, provided there is no evidence of mechanical
complications. In patients who require lifelong anticoagulation with
VKA (e.g. mechanical heart valve or rheumatic heart disease), it is re-
commended that ablation be performed on uninterrupted VKA 2%

9.3.1.2. Late postprocedural (more than 2 months)

The management of anticoagulation beyond the early postprocedural
period after AF ablation remains controversial. Prior guidelines have re-
commended continuing anticoagulation based on the patient’s stroke
risk profile rather than the presumed success or failure of the
ablation.>'0"

In the absence of high-quality evidence, long-term anticoagulation
after AF ablation in patients with CHA;DS,-VASc score >2 for men
or >3 for women is considered beneficial for a number of reasons:
(i) recurrences of AF are common both early and late following AF ab-
lation; (i) asymptomatic AF is common and is even more common fol-
lowing than prior to AF ablation'®*?; (iii) there have been no large,
randomized prospective trials that have assessed the safety of discon-
tinuing anticoagulation in this patient population; (iv) while registry
data suggested a lower risk for stroke in patients undergoing AF abla-
tion compared with matched AF controls,'®*%* the largest prospect-
ive randomized trial on AF ablation, the landmark CABANA trial, failed
to show a reduction in the risk of subsequent stroke in patients under-
going ablation.'®* This is in line with a metaanalysis of randomized con-
trolled trials of AF ablation vs. AAD treatment, which also did not find a
significant benefit of ablation over AAD treatment with regard to the
subsequent risk of stroke?®; (v) several studies have shown a temporal
dissociation between ischemic stroke and episodes of AF,m%_1048
which suggests that AF might be a marker of increased thrombo
embolic risk rather than a causal factor; and (vi) stroke risk is a lifelong
consideration and increases with age such that patients many years
from an apparently successful ablation will be at higher risk than
when the decision to stop anticoagulation was made.

Arguments against the long-term management of postablation antic-
oagulation based solely on stroke risk score include the following: (i) pa-
tients in SR without evidence of AF have generally no indication for
anticoagulation and (ii) long-term and possibly lifelong continuation of
anticoagulation has a small, yet significantly increased risk of severe
bleeding complications, which in some patients may outweigh the po-
tential benefits on stroke prevention.

In the absence of RCTs comparing cessation vs. continuation of an-
ticoagulation after AF ablation, several metaanalysis have summarized
available data from non-randomized studies.'***~1%>" |n summary, a de-
creased thromboembolic risk and a favourable net clinical benefit from
continued anticoagulation were generally seen in patients with
CHA,DS,-VASc >2, while no significant benefit was found from con-
tinued anticoagulation in patients with a CHA,DS,-VASc <1. This is im-
portant when interpreting individual studies that did not show an
increased stroke risk with discontinuation of anticoagulation after AF
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ablation. Many AF ablation cohorts are skewed towards enrolment of
low-risk patients with CHA,;DS,-VASc <1. Accordingly, the overall
background stroke risk in those cohorts is low, and the number of po-
tential high-risk patients with CHA,;DS,-VASc >2 is often too small to
show a disadvantage of discontinuation of anticoagulation.

The ongoing OCEAN trial (Optimal Anti-Coagulation for
Enhanced-Risk Patients Post—Catheter Ablation for Atrial Fibrillation,
NCT02168829) is enrolling subjects at risk for stroke as indicated by
a CHA,DS,-VASc >1 and who have not had clinically apparent atrial
arrhythmias for at least 12 months after their most recent AF abla-
tion.'%*? Eligible patients are randomized to anticoagulation with rivar-
oxaban 15 mg daily vs. aspirin 75-160 mg daily and followed for the
primary composite endpoint of clinically overt stroke, systemic embol-
ism, and covert stroke based on brain MRI during 3 years of follow-up.
The results of OCEAN will provide important data to inform
future management of anticoagulation after successful AF ablation.
Additional clinical trials however will be needed to define the long-term
stroke risk and the need for continued anticoagulation after AF ablation
overall as well as for selected patient subgroups, especially in those with
presumptive successful AF elimination after ablation.

9.3.1.3. Candidates to discontinue anticoagulation

Discontinuation of anticoagulation may be considered in several patient
categories following AF catheter ablation.

Low-risk patients (CHA;DS,-VASc 0 in men and 1 in females). In low-risk
patients, anticoagulation should be discontinued 2 months after abla-
tion regardless of the ablation outcome. Based on current guidelines,
risk-benefit assessment does not justify antithrombotic protection in
these patients, irrespective of their rhythm status.>*>

Intermediate-risk patients (CHA,DS,-VASc 1 in men and 2 in females). In
this patient category, discontinuation of anticoagulation may be consid-
ered 12 months following catheter ablation in the absence of clinical
symptoms or electrocardiographically documented AF recurrence.
The writing group suggests deferral of OAC discontinuation until the
completion of 12 months following catheter ablation in this patient cat-
egory, to increase the likelihood of selecting patients with truly success-
ful AF elimination. A proposed prerequisite to maximize safety after
discontinuation of anticoagulation is that both patients and their physi-
cians are committed to long-term rhythm monitoring (daily pulse or
ECG monitoring, digital heart rhythm devices, or invasive monitoring)
to screen for AF recurrence and guide accordingly the reinitiation of
anticoagulant treatment.

Higher risk patients (CHA,DS,-VASc >2 in men and >3 in women). In
higher risk patients, anticoagulation should not be discontinued for sev-
eral reasons mentioned above. However, if discontinuation of anticoa-
gulation is being considered based on strong patient values and
preferences and despite prior clarification of pertinent exposure to in-
creased thromboembolic risk, patients should be placed under regular
rhythm monitoring to screen for AF recurrence. As stated above, this
may include daily pulse or ECG monitoring, digital wearable heart
rhythm devices, or invasive monitoring, and selection of monitoring op-
tion should be individualized after detailed discussion with the patient.
In case of documented AF recurrence, therapeutic anticoagulation
should be reinitiated. In addition, LAA occlusion may be discussed as
an alternative approach. The ongoing OPTION trial (NCT03795298)
is a prospective, randomized study to determine if LAA closure is a rea-
sonable alternative to OAC in patients after AF ablation.

9.3.1.4. Targeted anticoagulation (on demand) postablation

When assessing the need for continued anticoagulation after AF abla-
tion beyond the blanking period, the key question is whether the abla-
tion was successful in eliminating AF. Unfortunately, the answer to this
question is difficult to ascertain in most patients. The exception is pa-
tients with implantable cardiac devices including pacemakers, ICDs,

and ICM. In addition to the binary detection of episodes of AF recur-
rence, implantable devices can also quantify the burden and duration
of AF episodes, both of which correlate with stroke risk, 10231054
Most of the implantable cardiac devices have remote monitoring cap-
abilities and could potentially be used to guide intermittent ‘on demand’
anticoagulation during periods of AF. This strategy could be attractive in
patients with paroxysmal AF, especially in younger, active ones who
may have a risk for bleeding complications related to everyday activities.

The first large, randomized trial, IMPACT, showed no benefit of such
an intermittent on demand anticoagulation strategy over standard con-
tinued anticoagulation in 2718 ICD-patients with regard to thrombo-
embolism and bleeding.'®> Among other factors, the use of VKA in
the majority of patients, rather than DOACs, might have negatively af-
fected the results of this study given the delay in achieving therapeutic
anticoagulation. More recently, two small pilot studies have tested the
strategy of an intermittent on demand anticoagulation with DOAC:s in
device recipients. Using single-arm designs in 48 patients and 59 pa-
tients, such an approach was feasible and decreased anticoagulation
utilization by 75 and 94%, respectively.'%¢'%” The studies were not
designed to assess the clinical outcomes of stroke or bleeding.

The concept of using continuous ECG monitoring by means of ICM
or intensified non-invasive ECG monitoring using wearable devices is of
potential interest as an adjunctive tool to guide anticoagulation after AF
ablation. This strategy needs to be tested in prospective studies using
appropriate cutoffs for AF burden and AF duration before it could
be recommended for routine clinical practice. Furthermore, the strat-
egy of ‘on demand’ anticoagulation is limited by the reported temporal
dissociation between AF and stroke, which casts doubt on the value of
guiding initiation and discontinuation of anticoagulation based on
rhythm criteria, ' 1947 A prospective randomized study testing the
strategy of intermittent vs. continuous DOAC administration based
on symptoms and smartwatch-detected AF is currently underway
(REACT-AF).

9.3.2. Antiarrhythmic drug treatment
Several prospective RCTs assessed the value of routine AAD adminis-
tration in the immediate postablation period.’®™*'9" EAST-AF was
the largest study and randomized 2038 AF patients (68% paroxysmal)
to 3 months of AAD treatment postablation or standard medical ther-
apy without AAD. While more patients remained free from atrial ar-
rhythmias during the 3-month blanking period in the AAD group
(59.0 vs. 52.1%, P=0.01), no difference was observed 1 year after ab-
lation (69.5 vs. 67.8%, P=0.38)."""" Aggregation of all studies in
metaanalyses confirmed the effectiveness of short-term AAD therapy
in preventing early but not late relapses after discontinuation,'®**%%'
Given the psychological and financial burden of arrhythmia-related hos-
pitalizations and cardioversions during the blanking period, short-term
continuation of AAD for several months after the ablation should be
considered in selected patients to prevent early AF recurrence, particu-
larly those with persistent AF prior to ablation or who have tolerated
antiarrhythmic medications prior to ablation. In others who experience
AAD-related side effects, discontinuation after ablation is reasonable.
A survey of the writing group showed that 57.8% of the writing
group members administer AADs during the blanking period as a strat-
egy to prevent early AF recurrences after paroxysmal AF ablation and
86.8% after persistent AF ablation.

9.3.3. Proton pump inhibitors

Damage of the esophagus is one of the most feared complications of AF
ablation. Esophageal lesions on routine endoscopy were found in 10—
15% and ulcerations in about 5% of patients after AF ablation.®”?
Atrioesophageal fistulae occur in 0.016-0.1% of AF ablation proce-
dures.'%87197 |t i hypothesized that AEF results from a double hit in-
jury starting with a transmural ablation lesion extending through the
atrial wall to the esophagus followed by subsequent ulcer erosion
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from gastroesophageal reflux (Section 11.3.1.)."%® Based on this pre-
sumed mechanism, administration of proton pump inhibitors (PPls)
to prevent ulceration has been widely adopted after LA ablation proce-
dures.'®" Evidence to support or disprove this practice is limited.
A preclinical study found that progression of esophageal ulcer and
development of AEF after ablation were associated with reflux
esophagitis.'%? A substudy of the MADE-PVI trial suggested a reduc-
tion in esophageal lesions as assessed by endoscopy in patients with
preprocedural use of PPI.'%33 However, in a large-scale, retrospective,
propensity score-matched analysis, the use of PPI before or on the day
of ablation was not associated with reduced mortality or severe
esophageal injury within 30 days postablation.'®” Adequately powered
clinical trials to establish the efficacy of pharmacological prophylaxis to
reduce AEF are lacking and unlikely to be feasible given the low inci-
dence of AEF.

Preclinical experience suggests a very low risk (if any) for esophageal
injury®*’ with PFA, and no AEF has been reported with early clinical use
so far 543644 Accordingly, the value of PPl postablation treatment in
PFA cases is less compelling.

A survey of the writing group showed that 79% of the members em-
ploy short-term administration of PPl as a strategy to prevent esopha-
geal lesions following catheter ablation when using non-PFA energy
sources, while 54% when using PFA.

9.3.4. Anti-inflammatory agents

Early AF recurrence in the first few weeks following AF ablation has
been linked to inflammation induced by the ablation procedure.
Routine anti-inflammatory treatment may reduce the incidence of early
relapses of AF after ablation and potentially also long-term recurrence.

Colchicine has been studied for this purpose in two prospective ran-
domized trials. A 3-month course of treatment with colchicine 0.5 mg
twice daily compared with placebo resulted in a reduction of AF recur-
rences up to 90 days (16 vs. 34%, P=0.01)."C Interestingly, the
3-month treatment with colchicine also improved long-term outcomes
with reduced recurrence rates at 1 year (31 vs. 50%, P = 0.01)."%”" The
benefit in terms of AF recurrence also translated into benefits in QoL
and psychological score. However, these data have not been repro-
duced and are limited by small sample size.

Corticosteroids have also been used as a short-term treatment after
AF ablation to reduce recurrences.'”?7'97¢ Study designs were incon-
sistent with regard to the duration of steroid treatments (single dose vs.
several days). Most of the studies showed a decrease in early recur-
rence rates until 3 months, but no difference with regard to late recur-
rence. It is also possible that steroids may limit ablative lesion healing. In
view of the potential side effects of steroids, when applied over weeks
or even months, as well as the limited and inconclusive data available,
steroids after ablation should only be used cautiously and for short
durations.

9.4. Rhythm monitoring following catheter

ablation

Arrhythmia monitoring postablation is useful to detect asymptomatic
postprocedural arrhythmia recurrences and determine the etiology
of symptomatic palpitations. Palpitations may result from recurrent
AF or other atrial tachyarrhythmia but may also result from atrial or
ventricular premature beats and therefore are not an accurate predict-
or of AF recurrence.'®”” In the CIRCA-DOSE trial, only 45% of the
symptom-triggered activations were adjudicated as AFl or AF during
the postablation continuous monitoring of paroxysmal AF patients
using an ICM.”

Multiple studies have demonstrated that asymptomatic AF common-
ly occurs in patients following catheter ablation. Two studies reported
that the proportion of asymptomatic AF events was 11-35% prior to
and 53-65% after ablation.'”®"%”% In another study assessing the

correlation between symptoms and underlying rhythm following AF
catheter ablation, 53.8% of recorded AF episodes were asymptomatic,
with an increase in asymptomatic episodes from the acute to the chron-
ic period after ablation.'° In the DISCERN-AF study, continuous
monitoring of symptomatic AF patients before and after catheter abla-
tion with an ICM demonstrated that the ratio of asymptomatic to
symptomatic AF episodes significantly increased from 1.1 before to
3.7 after ablation with 12% of patients having asymptomatic recur-
rences only.'%*? In the CIRCA-DOSE study, the 1-year arrhythmia-free
survival based on the presence of documented recurrence of either
symptomatic or asymptomatic atrial tachyarrhythmia lasting >30 s on
continuous cardiac monitoring was 52.6%, while the respective survival
free from symptomatic only arrhythmia recurrences was 85.3%.
Consequently, symptoms are not well correlated with postablation
AF burden, stressing the need for postprocedural follow-up strategies
consisting of continuous or intermittent ambulatory rhythm monitor-
ing in addition to symptom-driven rhythm assessments.

9.4.1. Continuous postablation rhythm monitoring

Continuous rhythm monitoring includes ICM, pacemakers, or ICDs and
allows for continuous, remote, long-term monitoring in asymptomatic
and symptomatic individuals. Pacemakers and ICDs with an atrial lead
may record intracardiac atrial electrograms and detect atrial high-rate
episodes as an indicator of AF occurrence. The positive predictive value
of recorded atrial high-rate episodes varies upon the programmed rate
and duration thresholds, with false-positive rates of 17.3% for episodes
lasting >6 min and 3.3% with threshold duration >6 h."®" Long-term
subcutaneous ICM can facilitate continuous AF monitoring based on
R-R interval analysis over a time period of up to 4.5 years, 821083
These continuous ECG monitoring devices have been used in several
studies to evaluate the results of catheter or surgical AF abla-
tion.” 24410841085 Although ICM hold promise for the determination
of AF burden in the long term, AF detection algorithms are primarily
based on R—R interval regularity, and pertinent limitations include re-
duced specificity due to undersensing of beats, oversensing of myopo-
tentials, and irregular atrial and ventricular premature beats, as well as
limited memory resulting in electrograms not being retrievable to verify
the correct rhythm diagnosis.mgf"1087 Continuous rhythm monitoring
devices are more expensive, require implantation, and may not be avail-
able in all healthcare settings. A continuous rhythm monitoring strategy,
although invasive, overcomes many of the limitations of intermittent
monitoring in assessing arrhythmia recurrence and offers the oppor-
tunity to determine the most accurate estimate of AF ablation out-
comes.'%8¢ 1988 | those patients in whom the decision is made to
continue long-term anticoagulation regardless of ablation outcome,
the cost and effort of continuous rhythm monitoring is likely not
warranted.

9.4.2. Intermittent postablation rhythm monitoring

Intermittent rhythm monitoring includes standard 12-lead ECGs, am-
bulatory patch or electrode ECG monitors, transtelephonic monitoring
systems, and patient and automatically activated external recor-
ders.'%8%19%0 The wide availability of direct-to-consumer mobile health
devices for heart rate and rhythm assessment equipped with either
ECG-based or photoplythesmography-based technology has increased
the availability of rhythm monitoring options in the postablation set-
ting."%""%°2 |n a study conducted after AF ablation, a smartphone-
based single-lead system was compared with transtelephonic monitor
ECGs with 100% sensitivity and 97% specificity in detecting AF or
AFL'9%% A pilot randomized study demonstrated that the use of a self-
monitoring strategy with an ECG-based hand-held device for rhythm
assessment in patients after AF ablation resulted in a similar rate of
AF detection and less requirement for additional ECG monitoring
when compared with the standard-of-care follow-up practice.'®”®
Furthermore, long-term intermittent monitoring with an ECG-based
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hand-held device was shown to be significantly more effective in detect-
ing AF recurrences after AF ablation when compared with short,
continuous (Holter) heart rhythm monitoring.'°”* The potential of in-
tegrating similar monitoring paradigms in the postablation care of AF
patients is being evaluated in a multicenter international project.'®”
Intermittent monitoring is limited by reduced sensitivity in detecting
sporadic arrhythmias, resulting in underdetection of recurrences, which
inflates estimates of arrhythmia-free survival. Such misclassification er-
rors likely affect the accuracy and precision of comparative risk esti-
mates. In a secondary analysis of the CIRCA-DOSE trial enrolling
paroxysmal AF patients undergoing catheter ablation, the sensitivity
for detecting postablation arrhythmia recurrences was shown to in-
crease with the intensity of intermittent rhythm monitoring.”
Commonly employed intermittent monitoring protocols (three short-
duration 24 and 48 h ambulatory Holter ECG monitors) failed to de-
tect a considerable proportion of recurrences (sensitivity 15.8 and
24.5%, respectively) and demonstrated poor agreement with the true
AF burden.” Based on computational simulation, an intermittent post-
ablation monitoring with a minimum cumulative duration of 28 days on
an annual basis, using serial longer term (7-day and 14-day) ambulatory
ECG devices, provides a reasonable arrhythmia detection (sensitivity
nearly 60%) and quantification of AF burden (nearly 80% agreement)
when compared with the gold standard of continuous monitoring
with ICM.” In a recent systematic review, intermittent monitoring
was associated with detection of significantly less atrial arrhythmia re-
currences than continuous monitoring in paroxysmal AF, but not in
persistent AF or paroxysmal-persistent combined arms.'%%

9.4.3. Practical considerations on postablation rhythm
monitoring

The suggested pattern and intensity of postablation rhythm monitoring
should be tailored based on whether patient management is part of rou-
tine clinical care or part of a clinical research trial. Monitoring strategies
implemented during routine clinical care may be less strict and standar-
dized than in clinical trials, since documentation of asymptomatic arrhyth-
mia recurrences in everyday practice does not affect decision-making in
postablation management except in patients where discontinuation of
anticoagulation is considered or in the presence of impaired ventricular
function (Section 9.3.1.3.). In this context, as part of routine clinical
care, rhythm status should be assessed during regular follow-up within
2-3 months after ablation with a minimum standard of a 12-lead ECG.
In the absence of symptoms, all patients should be evaluated on an annual
basis thereafter with a 12-lead ECG in every follow-up visit (Section 9.6.).
In case of arrhythmia symptoms, some type of intermittent rhythm mon-
itoring is suggested. Intensity and type of monitoring should be individua-
lized based on symptom severity, frequency, availability of monitoring
tools, associated cost, and patient preferences.

In the clinical trial setting, it is evident that continuous invasive mon-
itoring represents the gold standard of postablation monitoring and
intermittent monitoring of prolonged duration with longer term ambu-
latory ECG devices stands as best alternative.” However, their standar-
dized employment in clinical trials would increase substantially the cost
of trial conduction and would prevent consistency in trial reporting and
comparisons with historical controls. In addition, the availability of long-
er term ambulatory ECG devices is limited in several practices thus im-
pairing widespread implementation of prolonged duration monitoring
regimens. Furthermore, prolonged duration intermittent rhythm mon-
itoring can be burdensome for patients and may result in reduced
compliance.

Based on the above considerations, the writing group suggests that,
in the clinical trial setting and in the absence of invasive monitoring,
a minimum of 24-hour continuous Holter type monitor should be con-
sidered every 3 months for the first year following catheter ablation,
preferably in combination with symptom-based monitoring. Where

available, longer duration recordings with 7-day or 14-day continuous
monitoring are preferable.

9.5. Early recurrences after

ablation—postablation blanking period
9.5.1. Incidence and pathophysiology of early recurrence
after atrial fibrillation ablation

Recurrences of atrial tachyarrhythmia (AF or AFl or AT) may occur in the
initial weeks to months after catheter ablation, leading to unplanned hos-
pitalizations or emergency department visits."%”” Some of these early re-
currences may resolve with time. Therefore, employment of an initial
blanking or blinding period is recommended when reporting efficacy out-
comes.'%%® Recurrence of any type of atrial tachyarrhythmia during that
period is not counted as treatment failure, and invasive treatment like re-
peat ablation is usually not considered. However, the underlying patho-
physiological mechanisms responsible for early re-currence of AF,
without late AF occurrence, are not well understood.'®””

Short-term processes lasting hours to days and long-term processes
lasting weeks to months may be operative during the initial period after
AF ablation. These processes may be proarrhythmic or antiarrhythmic.
Short-term processes include ischemia, myocardial necrosis, oxidative
stress, and myocardial edema, 1001102 Long-term processes include lo-
cal and systemic inflammation,’’®""""% nerve sprouting after neural
damage,"'% proliferative tissue repair, and scar maturation.''%*"17-
1109 Better understanding of the underlying mechanisms for early recur-
rence and delayed response to ablation will potentially lead to identifi-
cation of therapeutic targets for AF ablation. Furthermore, the duration
of blanking period can also be better defined.

The incidence of early recurrences after AF ablation is highly depend-
ent on the type and intensity of implemented monitoring protocol
(Section 9.4.). As a result, there is remarkable variability in the reported
incidence of early recurrences after AF ablation, which ranges from 16
to 67%.""%"112 | 3 prespecified analysis of the CIRCA-DOSE study,
the rate of early postablation recurrences documented by continuous
rhythm monitoring was 61%, with a median interval of 12 days between
the index ablation procedure and the first early recurrence.’''° Several
studies have shown similar incidence of early recurrences between RF
and cryoballoon ablation,!"101113

Multiple predictors for early recurrences after AF ablation have been
identified, and many are also predictive of late recurrences and long-term
treatment failure.”"*""?® Baseline characteristics predictive of early re-
currences after AF ablation include older age, female gender, presence of
structural heart disease, longer AF duration prior to ablation, non-
paroxysmal AF, higher CHA,DS,-VASc scores, larger LA size, impaired
renal function, HF, and presence of LA epicardial adipose tis-

ue 18BN Acyte procedural predictors for early recurrences after
AF ablation include incomplete PVI and multiple AF foci.''**~""*’ Other
predictors include markers of inflammation and increased levels of
C-reactive protein and homocystein."'2811%?

9.5.2. Duration of blanking period

The blanking period following catheter ablation has been introduced to
blind monitoring and efficacy assessment during the initial postablation
phase during which detected recurrences do not necessarily indicate
treatment failure. It should be noted that the absence of early recur-
rences during the blanking period is strongly predictive of freedom
from late recurrence. Calkins et al.'""’ reported that patients free
from AF recurrence during the 3-month blanking period have 90% like-
lihood of remaining free from AF recurrence at a 12-month follow-up
or longer (89% negative predictive value for paroxysmal and 91% for
persistent AF). On the other hand, the predictive value of an early re-
currence for a late recurrence is highly variable. Special characteristics
of early recurrences after AF ablation have been identified to be more
predictive of later recurrence and bear important implications for the
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optimal blanking period. Increasing number of early recurrences within
the blanking period is predictive of late recurrence. In a study involving
300 patients undergoing AF ablation with PVl and elimination of non-PV
triggers, patients experiencing multiple early recurrences spanning the
initial 6 week postablation period had lower long-term ablation success
compared with those with isolated or no early recurrences.' ' A
single-center study of 196 consecutive patients undergoing AF ablation
using continuous monitoring during follow-up demonstrated that the
higher the burden of AF recurrences during the blanking period, the
higher the likelihood of long-term AF recurrence."’

Multiple studies have shown that the timing of early recurrences
within the blanking period is crucial in the prediction of long-term ab-
lation failure. In a study involving 331 patients undergoing cryoballoon
ablation for AF, all patients who experienced early recurrence in the se-
cond half of the 3-month blinding period developed late recurrence of
AF afterwards.'"*? In a retrospective analysis of 3681 AF patients trea-
ted with cryoballoon ablation, early recurrence within 1 month after
ablation was shown to significantly predict the occurrence of long-term
arrhythmia recurrences.' '*? In the ADVICE trial, 401 patients with par-
oxysmal AF undergoing PVI were followed for 12 months with transte-
lephonic monitoring.""** Early recurrence of atrial tachyarrhythmia
occurred in 44.6% of patients, and the risk of late recurrence varied sig-
nificantly according to the timing of the early recurrence. One year
freedom from AF recurrence was 77.2% in patients without early re-
currence compared with 62.6, 36.4 and 7.8% in patients with early re-
currence in the first, second, and third month after ablation,
respectively."** In a prespecified substudy of the CIRCA-DOSE trial,
occurrences of early recurrence in the first, second, and third month
of blanking period were associated with 4.9, 26.8, and 63.4 times higher
likelihood of late recurrence of atrial 1:achya1rrhythmia.1110 Early recur-
rences occurring later than 52 days following catheter ablation had a
95% specificity for predicting late recurrence.’''® Several studies have
also shown that the risk of late recurrence is inversely related to the
timing of early recurrence within the blanking period.”35*1137

With the current evidence, a consensus among the members of this
writing group has been reached to recommend an 8-week blanking period
after AF ablation. This cutoff was agreed while placing emphasis to minim-
ize misclassification of patients with early recurrences that are not indica-
tive of treatment failure and their pertinent exposure to an unnecessary
need for redo ablation procedure. The writing group supports the use of
the revised 8-week blanking period in future clinical trial design.

9.5.3. Management of early recurrences after catheter
ablation

Pharmacological management has been shown to prevent early ar-
rhythmia recurrences following catheter ablation (Section 9.3.2.).
Early postablation recurrences may be a transient finding in some pa-
tients. Therefore, aggressive management may be unnecessary due to
increased likelihood of spontaneous remission. However, a watchful
waiting approach with rate control medication allows persistence of
AF facilitating the atrial remodelling process. Delayed implementation
of rhythm control interventions contributes to long-term failure of
SR maintenance.''*® Based on this concept, prompt management of
early recurrences is favoured to pursue SR maintenance.

9.5.3.1. Electrical cardioversion
Several studies have evaluated the impact of electrical cardioversion of
early recurrences after AF ablation on long-term arrhythmia-free sur-
vival, providing conflicting results. Reported inconsistency may be due
to variance in AF type, timing of cardioversion in relation to recurrence
onset, intensity of rhythm monitoring during follow-up, and definition
of AF recurrence.

In a study of 55 patients who underwent AF catheter ablation and re-
quired electrical cardioversion for persistent AF or AFI, 84% of patients

experienced recurrence during a mean follow-up of 15 months.""** No
difference in outcome was observed for early (within 90 days of ablation
procedure) or late (90—180 days following ablation procedure) cardiover-
sion. In a retrospective study of 180 patients (60% persistent AF) who
underwent electrical cardioversion due to early AF recurrence (within
7 days) following RF AF ablation, successful electrical cardioversion
occurred in two-thirds of patients but had no impact on long-term
rhythm outcome compared with unsuccessful cardioversion."*

In contrast, other studies reported beneficial effect of timely electric-
al cardioversion of early recurrence after AF ablation. In a large propen-
sity score—matched cohort of patients with early recurrence following
catheter ablation, successful electrical cardioversion was associated
with significant reduction in the 1-year AF recurrence rate."*' In a pro-
spective cohort, early cardioversion of postablation recurrences was
associated with a favourable long-term rhythm outcome.”*? In a study
of patients undergoing surgical AF ablation, postoperative implementa-
tion of an intensive rhythm control strategy, including systematic use of
cardioversion, led to a significantly higher proportion of patients main-
tained in SR during follow-up."" Timely cardioversion of early
recurrences after catheter ablation also impacts long-term rhythm out-
come. In a retrospective analysis of 384 consecutive patients with per-
sistent arrhythmia following catheter ablation, early cardioversion
within 30 days of arrhythmia recurrence was an independent predictor
of SR maintenance.”"**

With the current evidence, it is reasonable to consider cardioversion
in patients with early recurrence after catheter ablation, especially with-
in 30 days of arrhythmia onset. If early AF recurs after cardioversion,
pharmacological pretreatment and waiting several weeks for inflamma-
tion to subside before repeat cardioversion are reasonable.

9.5.3.2. Early reablation

Early reablation is another possible treatment option for early recur-
rences after catheter ablation. Few studies have evaluated the impact
of early reablation on long-term rhythm outcome. In a retrospective
study of 302 consecutive AF patients, early reablation within the first
month after the index procedure was shown to significantly reduce
the incidence of further recurrences with an associated increase in
the total number of procedures over the entire follow-up.”"* In the
STOP-AF trial, 245 patients with paroxysmal AF were randomized to
either medical therapy or cryoballoon ablation. Early AF recurrence
within the first 3 months after ablation occurred in 51.5% of patients
and was significantly associated with late recurrence. Early reablation
was independently associated with lower risk of late recurrence.
However, patient allocation to reablation was non-randomized, and
nearly half of patients with early recurrence not receiving early re
ablation did not develop late recurrence.'¢

Despite the efficacy of early reablation in reducing the incidence of
late recurrences, the rationale of implementing an invasive procedure
with inherent risks and associated costs to treat a potentially transient
arrhythmia is debated. Therefore, the writing group suggests that
reablation of atrial tachyarrhythmia recurrences within the blanking
period is not recommended unless they are recurrent, highly symptom-
atic, and resistant to AADs and cardioversion.

9.6. Patient follow-up following catheter
ablation

After undergoing AF ablation, all patients should be seen in follow-up
within 2—-3 months. Thereafter, all patients should be assessed on an an-
nual basis by physicians (family physicians, internists, cardiologists, or
cardiac electrophysiologists) with a minimum standard of a 12-lead
ECG in the absence of symptoms. Patients experiencing arrhythmia-
related symptoms should undergo additional intermittent rhythm mon-
itoring (Section 9.4.3.). Comprehensive management of AF patients
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based on the ‘Atrial Fibrillation Better Care’ (ABC) pathway is recom-
mended.® ‘A’ stands for Anticoagulation/Avoid stroke, ‘B’ stands for
Better symptom management, and ‘C’ stands for Cardiovascular and
Comorbidity optimization. The implementation of ABC pathway has
been shown to reduce health-related costs, improve cardiovascular
outcome, and reduce cardiovascular and all-cause mortality when com-
pared with usual care."™"~"1>2 A similar integrated management of pa-
tients following catheter ablation is suggested.

9.7. Atrial tachycardia following atrial

fibrillation ablation

9.7.1. Incidence—underlying mechanisms

The incidence of AT following AF ablation varies from less than 5
to 40% and is associated with the strategy and extent of prior abla-
tion, 3438181331161 Atrial tachycardias after AF ablation can be
due to a focal (automatic or triggered activity) or reentrant mechanism
(macroreentrant or microreentrant). They are frequently associated
with reconnection of previously isolated PVs'">*"1¢2 and may be focal,
from the PV itself, or due to reentry between multiple sites of recon-
nection. In a recent multicenter study using high-resolution mapping,
7% of AT after AF ablation were PV-gap reentrant ATs with distinct cir-
cuits and two critical isthmuses at the entrance and exit gaps of previ-
ous PVl lines.'"®?

Macroreentrant AT is the most common form and is seen with high-
er incidence after extensive LA ablation.®""""¢*"1¢* |inear ablation
combined with PVI may result in reentrant AT because of conduction
gaps and non-transmural ablation lesions.'”*”* Complex fractionated
atrial electrogram—based ablation is also associated with high AT
incidence.”*11%¢

The incidence of AT after cryoballoon ablation is 3—11%, and more
than half of these ATs are macroreentrant.""®”~""2 Cryoballoon abla-
tion may result in more antral and generous posterior LA debulking
during PVI compared with RF,"'73""7* narrowing the posterior wall
isthmus regions and potentially likelihood  of
macroreentrant tachycardias.

Many patients present with recurrent AT after prior surgical abla-
tion, with macroreentry responsible for the majority of AT mechan-
isms; CTI flutter represents 24-32%, mitral flutter 18-32%, and
roof-dependent flutter 12-16% of AT during follow-up catheter abla-
tion procedures.'”>1176

increasing the

9.7.2. Management

Management of AT post-AF ablation depends on the pattern and timing
of occurrence, type of prior ablation, and intensity of symptoms. Atrial
tachycardias often occur during the blanking period after ablation with-
out necessarily predicting procedural failure.>*® Atrioventricular nodal
agents should be maximized to achieve ventricular rate control. In
the case of severe symptoms, earlier intervention may be required.
Class Ill AADs may be preferred if pharmacologic treatment of posta-
blation AT is needed. Electrical cardioversion is generally the first step
for symptomatic persistent AT occurring early after AF ablation. If AT
recurs soon after an early cardioversion, it may be worth waiting at least
2 weeks for ablation-related inflammation to subside before perform-
ing a repeat cardioversion. Up to a third of ATs have been reported to
resolve in the first 3 months after AF ablation.>+3116* However, after
this time frame, it is reasonable to pursue an ablation strategy if pharma-
cological control is ineffective or not desired.

It is beyond the scope of this document to provide insights into inva-
sive management of AT following AF catheter ablation. In general, a
multi-level strategy with assessment of tachycardia ECG characteristics,
CS, and biatrial activation pattern using multipolar diagnostic catheters
and ultra-high-density atrial mapping complemented by entrainment
maneuvers is suggested to unravel underlying AT mechanism, which
is the key to ablation success.""””~""8 Despite pertinent challenges in

ablation of AT after AF ablation (difficulty in achieving transmurality,
epicardial-dependent tachycardias, and safety concerns in specific
areas), recent studies have shown very promising results in acute AT
termination and long-term SR maintenance." 818

10. Ablation outcome and efficacy

10.1. Acute procedural success

Pulmonary vein isolation is the cornerstone of AF ablation. Electrical
isolation of the PVs is recommended during all AF ablation procedures,
and isolation should be minimally confirmed by assessment of entry
block within the PVs (Section 8.1.1.).

Due to the high recurrence rate observed in patients with persistent
and long-standing persistent AF with PVI alone, efforts were made to
identify additive strategies to improve the outcomes of AF ablation.
These strategies have included linear RF lesions in the LA and RA,
CFAE ablation, GP ablation, ablation of non-PV triggers, isolation of
the LAA, ablation of fibrotic areas identified by voltage mapping
or MRI, PWI, ablation of rotational activity, and VoM alcohol
ablation 566/830.838.843.848.849.986.988,1183-1185 |t now none of these
strategies have been broadly adopted. Therefore, in persistent AF, ab-
lation beyond PVl is of unclear benefit. However, if linear ablation le-
sions are deployed during AF ablation procedures, then confirmation
of bidirectional block with mapping and pacing maneuvers is a required
procedural endpoint (Section 8).

10.2. Atrial fibrillation recurrence

endpoints

Since the first AF ablation consensus statement published in 2007, AF
ablation success has been defined in a dichotomous manner by the ab-
sence of any atrial arrhythmia lasting >30 s off AADs. Overwhelming
evidence indicates that this 30 s cutoff does not correlate with symp-
tom severity, is not associated with cardiovascular outcomes, and re-
sults in marked underestimation of treatment efficacy.'” There is still
uncertainty around the duration of AF leading to an increased risk of
stroke.'?1953118 A recent secondary analysis of the CIRCA-DOSE trial
reported that a 1 h duration threshold of postablation AF recurrence is
associated with subsequent patient clinical outcome, since longer AF
recurrences resulted in significantly increased healthcare utilization
and impaired disease-specific QoL.""®

Until we have more data on duration thresholds of AF recurrence
associated with patient clinical outcome, we continue to recommend
reporting the 30 s threshold data to allow comparison with earlier lit-
erature. Furthermore, it seems rational to move towards reporting AF
burden to define ablation outcomes in a more granular fashion rather
than necessarily considering a procedure as successful or unsuccessful
based on any single cutoff value (Section 10.3.). It also remains important
to report all categories of recurrence transparently, such as freedom
from symptomatic atrial arrhythmias, AF recurrence separately from
other atrial arrhythmias, single and multiple procedure success rates,
and success on and off antiarrhythmic therapy. Success rate should
be reported at 1 year and after single and multiple procedures.

10.3. Atrial fibrillation burden endpoints

Given the challenges of achieving 100% AF freedom, AF burden has
emerged as an important endpoint of AF ablation. Although it is best
measured with continuous monitoring (via ICM, pacemakers, or
ICDs), it can also be assessed with intermittent external monitoring.
However, commonly employed short-duration (24 and 48 h) ambula-
tory monitors may overestimate the true AF burden. Computational
simulation of different monitoring strategies demonstrated that inter-
mittent monitoring duration is inversely related to observed AF burden.
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A reasonable assessment of true AF burden is achieved by at least 28
days of annual cumulative intermittent non-invasive monitoring using
serial longer term (7-day and 14-day) ambulatory ECG devices.”

Recent data have indicated the clinical relevance of reporting AF bur-
den as a procedural endpoint of catheter ablation. By studying AF bur-
den, a striking AF reduction is often observed following ablation despite
AF recurrences being recorded.®”? Reduced AF burden following AF
ablation is also associated with improvement in QoL.'"®® In
CASTLE-AF, a trial of patients with AF and HFrEF randomized to cath-
eter ablation or drug therapy, a 50% lower AF burden at 6 months
was associated with a decrease in the primary endpoint of all-cause mor-
tality and HF hospitalization and a reduction in all-cause mortality.
However, AF recurrence as a dichotomous variable (defined as a 30 s
or more AF recording) was not predictive of the primary composite out-
come or mortality.""®” In a recent subanalysis of the CIRCA-DOSE study,
postablation burden >0.1% was associated with significantly increased
risk of healthcare utilization (emergency room visit, all-cause hospitaliza-
tion, cardioversion, and repeat ablation).1187 It seems unlikely however
that a single AF burden cutoff point accurately reflects each of the end-
points of symptom severity, health care utilization, and cardiovascular
outcomes. It is probable that the relationship between AF burden and
these endpoints will vary between patients dependent on other factors
(e.g. CHAD,S,-VASc score for thromboembolic risk).

Based on the above considerations, reporting AF burden as the out-
come of AF ablation trials is strongly advised especially in trials with pro-
longed cumulative intermittent or continuous postablation rhythm
monitoring.

10.4. Atrial fibrillation progression

endpoints

Progression from paroxysmal to persistent and permanent AF occurs
in some patients, and achievement of rhythm control gets more difficult
as AF progresses to the persistent stage and beyond (Section 2.3.). In the
ATTEST study, AF ablation was superior to AADs in delaying progres-
sion from paroxysmal to persistent AF."'%° In the CABANA trial, cath-
eter ablation was shown to have a significant impact on the natural
history of AF and protect against AF progression to persistent and long-
standing persistent types.1191 More recently, the EARLY-AF trial
provided longer term follow-up in 303 patients with paroxysmal AF
randomized to first-line rhythm control therapy with either cryobal-
loon ablation or antiarrhythmic medications.”” After 3 years, patients
in the cryoablation group were less likely to progress to persistent
AF compared with patients treated with AADs (1.9 vs. 7.4%; HR
0.25, 95% Cl, 0.09-0.70)*7 (Section 4.1.). Although not widely reported
in clinical trials, the reduction in AF progression with ablation is an im-
portant metric.

10.5. Atrial fibrillation-related symptoms

Although reported in trials, the endpoint of AF-related symptoms is dif-
ficult to clearly assess. Even in patients with highly symptomatic AF, as
many as half of all episodes may occur without associated symptoms.
The ratio of asymptomatic to symptomatic episodes increases up to
four-fold postablation, perhaps due to shorter AF durations, slower
ventricular rate, or autonomic modulation after the procedure1042
(Section 9.4.). Double-blind treatment allocation is not easily feasible
in trials evaluating the effect of AF ablation, and therefore, improve-
ment in symptoms can also partially be related to a placebo effect.
Moreover, symptomatic and asymptomatic episodes often coexist in
the same patient. Nevertheless, since AF ablation partly serves as a
treatment primarily for symptom amelioration, it is relevant to report
AF-related symptoms, keeping in perspective that symptoms should
not serve as a surrogate to assess AF burden nor other clinical end-
points such as stroke, hospitalization, and mortality.

10.6. Quality of life assessment

Quality of life should remain an important endpoint for AF ablation
studies, but not necessarily the primary endpoint. Quality of life is lim-
ited by treatment expectancy bias. Quality of life can be measured both
using well-established scales like the SF-36 and EQ5D, but also using
more specific scales such as the AFEQT, MAFSI, AFSS, or Symptom
Severity Score.'®" Atrial fibrillation—specific scales are associated
with increased sensitivity and are more effective in discriminating be-
tween patients with successful and failed ablation.'®*" Studies using
both general and specific scales showed improvement in QoL with
catheter ablation over AAD.""%""%> The CAPTAF trial, using QoL
as primary endpoint, concluded that QoL improvement was greater
with ablation compared with AAD, despite the fact that freedom
from AF and number of cardioversions were similar in both groups;
however, AF burden was reduced to a greater extent in the ablation
group compared with the AAD group.1188 In a CIRCA-DOSE subana-
lysis, significant impairment in AF-specific QoL following catheter abla-
tion was demonstrated only in patients with postablation AF episode
durations >24 h or AF burdens >0.1% when compared with patients

without AF recurrence.!'®”

11. Complications

11.1. General considerations

Catheter ablation for AF is a complex electrophysiology procedure.
Due to its invasive nature requiring vascular access, catheter manipula-
tion, and energy delivery in the LA, which is thin-walled and neighbours
organs potentially susceptible to thermal damage, AF ablation has a
relevant complication rate. This is particularly important because in
most cases, the aim of the procedure is mainly symptomatic
improvement.

Major complications are usually defined as complications that result
in permanent injury or death, require intervention for treatment,
and prolong or require hospitalization. The rate of complications
after AF ablation lies, as consistently reported by administrative
databases, large registries and randomized trials, in the range of 2.5—
89.2781045,10651066 11961199 |y hospital  deaths are very rare.
Contemporary in-hospital death rates (in experienced units) are usually
in the range of 0.05-0.1%.'%¢%1196=1200 Although cumulative experience
and technical advances would be expected to lead to a significant de-
crease in the procedural complication rate, reports of time trends of
the complication rates provide conflicting results,'%#>106611961197.1199
A recent pooled analysis of adjudicated safety outcomes exclusively
from RCTs demonstrated a significant decrease in the overall rate of
complications related to AF catheter ablation in the more recent period
(2018-2022) when compared with the preceding 5-year period (3.8 vs.
5.3%, respectively)."”® Importantly, some complications such as pericar-
dial tamponade, stroke, or esophageal perforation may be severe or im-
mediately life-threatening and require urgent or emergent management.
For this reason, awareness of the different complications and knowledge
of their presentation pattern and management are mandatory.

Several studies have assessed sex-based differences in AF ablation ad-
verse events. In an observational cohort study of 58 960 patients under-
going AF ablation from 2016 to 2020, female gender was independently
associated with a higher risk of hospitalization >1 day and major and
any adverse events.'*%" This gender disparity in AF complication rates
has been shown to persist over time and may be attributed to higher
burden of associated comorbidities, delayed referral for catheter abla-
tion, higher rate of non-paroxysmal AF type among females as well as
anatomical differences between genders.nozno3

The main complications of catheter ablation for AF are listed in
Table 9. In this section, the presentation, investigation, treatment as
well as methods to prevent these complications will be discussed.
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Table 9 Main complications of catheter ablation of atrial
fibrillation

Complication type Complication rate, %

Periprocedural death 0.05-0.1
Atrioesophageal fistula 0.02-0.1
Periprocedural thromboembolic event 0.15-0.5
Cardiac tamponade 04-13
Severe pulmonary vein stenosis 0-0.5
Permanent phrenic nerve palsy 0.08-0.1
Vascular complications 1-42
Asymptomatic acute cerebral lesions 5-30

*Without ultrasound-guided vascular puncture.

11.2. Factors associated with procedural

complication rate
11.2.1. Procedural volume

Reports consistently demonstrate a correlation between procedural
volume and safety outcomes in catheter ablation of AF. Overall compli-
cation rates’ '?¢"2%41205 3nd early mortality'2%% 12 after catheter abla-
tion of AF are higher in low-volume than in high-volume centers.
Although the annual center caseload cutoff for the definition of low-
volume and high-volume centers may vary between studies, the effect
remains consistent. The magnitude of this effect is substantial.
Particularly for early mortality, high-volume centers are reported to
have rates as low as one-third of those reported by low-volume
centers.'?612001204 Thys  operator experience appears to be the
most critical factor to decrease complications. Indeed, no other
technological or procedural aspect has been reported to be associated
with such a decisive reduction of complications. These data strongly
emphasize the need for structured education and training in the field
of AF ablation (see Section 13).

11.2.2. Type of energy source

Radiofrequency and cryoenergy have been used in the last two decades
in the majority of AF ablations. Apart from these, PFA is a novel emer-
ging and promising energy source that is expected to gain a significant
role in the coming years. Other sources have been applied during the
last two decades for AF ablation but have not found a way into broad
clinical application.

Despite obvious differences between the main energy sources, the
complication rates between RF and cryoablation do not seem to differ
significantly, although the type of complications differ,2%2941206:1207
Persistent PN palsy following PVl is observed almost exclusively after
cryoablation, whereas esophageal perforation is, in the vast majority,
a consequence of RF ablation.'®¢° The respective data for PFA are still
limited, but the existing evidence indicates an overall complication rate
that is similar to the other two energy sources.®**¢%631652 Dye to the
specific effect of electroporation on cardiomyocytes, adverse extra
cardiac effects such as esophageal damage are expected to be signifi-
cantly limited, if not absent, after PFA (Section 11.3.1.).

11.2.3. Role of ablation protocols

Radiofrequency ablation had been initially performed with power
settings of 30—35 W at the anterior LA wall and reduced power of
20-25 W at the posterior wall to reduce complications such as cardiac
perforation and damage to the esophagus. In recent years, ablation pro-
tocols with increased power have been introduced. These are based on

power settings of 50 W up to 90 W with respective limitation of the
maximal duration of energy application at each ablation site. Initial con-
cerns of a potentially increased complication rate due to the higher en-
ergy power were not confirmed. Indeed, existing data confirm the
safety of this approach, albeit without indication of any considerable re-
duction in complication rates.®°""2%®~121% |n particular, there is no indi-
cation for an increased rate of esophageal damage, although related
impact, either positive or negative, would be difficult to detect given
the rarity of this complication.®®” A recent RCT comparing higher
power (40 W) short-duration vs. lower power (25 W) longer duration
ablation on posterior wall with specific Al targets demonstrated an
equivalent risk of esophageal thermal injury (4.5%) as documented by
postablation endoscopy.’*"’

Recent trials suggest that the type of implemented RF ablation proto-
col may have an impact on the rate of postablation asymptomatic cere-
bral emboli. In a prospective randomized trial, HPSD (70 W for 9-10 s)
RF ablation for PVI was associated with significantly higher rate of
MRI-detected subclinical strokes when compared with conventional
Al-guided (25-40 W) ablation.°®> Another smaller RCT comparing
high vs. standard power RF ablation for PVI also demonstrated a trend
towards more asymptomatic cerebral emboli with HPSD ablation."">

11.2.4. Time course of complications and implications for
discharge practice

With increasing experience and optimization of workflows, same-day
discharge of patients has been implemented for many different
interventional cardiac procedures. Although traditionally patients
stayed in the hospital for at least one night after AF catheter ablation,
several centers moved to same-day discharge, since the majority of
relevant complications occurs in the first few hours after the proced-
ure."?"® Indeed, several reports from different hospital settings demon-
strate the safety of same-day discharge.'%2*192¢1214 |nterestingly, these
reports pertain to both cryoablation and RF ablation.'?¢ Thus, with re-
spect to complications, same-day discharge after an uneventful AF ab-
lation appears safe provided that specific criteria are met (Section 9.2.).

11.3. Presentation, treatment, and

prevention of specific complications
11.3.1. Esophageal perforation
Esophageal injury is a rare but lethal complication of AF catheter
ablation.'®? It occurs with a time delay after the procedure with a re-
ported incidence, which varies from 0.016 to 0.1%.1060-1067 The re.
spective incidence in large surveys enrolling more than 100 000 AF
ablations ranges from 0.016 to 0.026%.'%°'%2 |n the largest, multi
national POTTER-AF registry enrolling a total of 553 729 catheter ab-
lation procedures in 214 centers, the incidence of AEF was 0.025%.
Also noteworthy is that the incidence of AEF varied markedly between
centers (maximum of 0.4%, minimum 0.0066%; P < 0.01), implicating
some aspect of modifiable ablation technique in the occurrence. The
median time from catheter ablation to symptom onset and to AEF diag-
nosis was 18 (range: 0-60) and 21 (range: 2-63) days, respectively.'%°
Three main types of esophageal injury are observed: AEF, atrial-
pericardial fistula, and esophageal hematoma. These types of complica-
tions are caused by thermal damage to the esophagus that is in close
vicinity to the posterior LA wall."*"® It is observed almost exclusively
after RF ablation, but rare cases of esophageal perforation after cryoa-
blation have been described.'*? In the POTTER-AF registry, the inci-
dence of AEF was significantly higher in RF as compared to
cryoballoon ablation (0.038 vs. 0.0015%, P < 0.0001). Pulsed field abla-
tion is described to have a specific effect on cardiac myocytes and is ex-
pected to be associated with a substantially lower risk of esophageal
injury. Initial clinical data with MRI imaging seem to corroborate this as-
sumption,'?'® but definite conclusions cannot be drawn yet due to the
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Atrioesophageal fistula
Definition: Connection between the atrium and the lumen of the esophagus Incidence: 0.02-0.1%
How to prevent Clinical presentation
Avoid consecutive RF lesions at Eever
posterior wall sites adjacent to the
esophagus Chest pain, odynophagia J
Choice of energy source Neurological events (stroke/TIA)
Esophageal cooling Esophageal bleeding,
Esophageal deviation feliaiemess
Esophageal temperature monitoring Septic shock
ICE-guided ablation Systemic emboli
PPI following ablation
Reduce CF on posterior wall
Investigations Management
Chest CT scan Early recognition of related
symptoms (patient awareness) J
Chest x-ray
Urgent surgical repair (preferred) )
LGE-MRI

Avoid endoscopy with air insufflation

Endoscopic treatment (selected
cases)

Figure 10 Prevention, clinical presentation investigation, and management of atrio-oesophageal fistula. CF, contact force; CT, computed tomog-
raphy; ICE, intracardiac echocardiography; LGE, late gadoliniun enhancement; MRI, magnetic resonance imaging; PPI, proton pump inhibitor; RF, radio-

frequency; TIA, transient ischemic attack.

very low incidence of this complication and the limited number of pro-
cedures performed so far with PFA.

Notably, esophageal lesions detected during routine endoscopy as
potential precursors of perforation are common after ablation and lie
in the 10% range,*®® but only a small minority will advance to esopha-
geal perforation. The most common symptoms of esophageal perfor-
ation are fever, chest pain or odynophagia, and neurological events
(septic emboli), but patients can present with esophageal bleeding,
hematemesis, systemic emboli, septic shock, or death'®®® (Figure 10).

Chest CT with intravenous contrast is the preferred modality to
document the diagnosis of AEF.'%° Typical findings include air in the
mediastinum or contrast extravasation to the pericardium, mediasti-
num, or esophagus. However, a normal chest CT scan does not rule
out the presence of an AEF, and therefore in case of high clinical suspi-
cion, ongoing vigilance and repeat imaging are recommended to ensure
prompt diagnosis and timely intervention. An LGE-MRI is also useful for
documentation of AEF diagnosis.""” If AEF is suspected, a barium swal-
low is contraindicated as entry of barium into the circulation could be

fatal. Furthermore, endoscopy with air insufflation should be avoided in
patients with symptoms suggestive of AEF, due to the risk of massive,
life-threatening air embolism. This is particularly important in a patient
with acute gastrointestinal bleeding during the postablation period,
when endoscopy is often the first diagnostic test performed on an
emergency basis. However, esophageal endoscopy with CO, insuffla-
tion may be performed with relative safety, usually in patients with
high-risk features but negative initial chest CT scan, since CO;, is rap-
idly absorbed into the blood with minimal risk of gaseous embolism.
Early recognition of an AEF is critical, and thus, it is important to in-
form patients of warning related symptoms and to advise them to
contact their AF ablation center directly in case of occurrence
(Figure 10).

Several approaches have been proposed for reducing the risk of this
complication, including visualization of the course of the esophagus
by integration of the CCT or CMR images in the 3D mapping
systems or by ICE, avoiding ablation or reducing CF and ablation power
in the vicinity of the esophagus or at the LAPW or by employing
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esophageal temperature monitoring, esophageal cooling, or devi-
ation."?1>12181219 However, the impact of these preventive measures
has not been clearly documented (Section 7.8.).67%78785 A widely
used strategy is the routine use of PPIs for a limited period following
the procedure. Nevertheless, there is no substantial evidence for the
benefit of this practice (Section 9.3.3.). Given the rarity of the complica-
tion, conclusive evidence will be difficult to obtain.

Treatment of an AEF is a medical emergency that requires urgent
surgical repair.'%%12201221 Case series have reported an 83-100%
mortality without surgical repair compared with a 34% mortality with
surgical repair.'??%'??" Several case reports have been published de-
scribing favourable outcomes with esophageal stent placement for
treatment of an esophageal perforation or an esophageal pericardial fis-
tula."?2""22* |n the POTTER-AF registry, overall mortality in patients
with AEF was 65.8% and was significantly lower following surgical
(51.9%) or endoscopic treatment (56.5%) compared with conservative
management (89.5%).'%¢°

In summary, esophageal perforation is a rare but unpredictable and
immediately life-threatening complication. Prompt diagnosis and surgi-
cal treatment are typically needed. Awareness of patients and physi-
cians is of paramount importance.

11.3.2. Periprocedural thromboembolic events
Thromboembolic events are one of the most significant complications
of AF ablation (Figure 11). These manifest in almost all cases as strokes
or TIA. In contemporary large series, the incidence of stroke or TIA
after catheter ablation lies in the range of 0.15-0.5%,'0¢¢11961198.1199
Thromboembolic events typically occur within 24 h of the ablation
procedure, with the high-risk period extending for the first 2 weeks fol-
lowing ablation.'?*>12% Potential reasons of thromboembolic compli-
cations include the development of thrombi on or within sheaths and
ablation catheters introduced into the LA, char formation at the tip
of the ablation catheter, mobilization of a preexisting LA thrombus,
and electrical cardioversion during the procedure. Therefore, a strict
anticoagulation protocol during the procedure with heparin adminis-
tration (even before transseptal puncture), regular ACT measure-
ments, and maintenance of an ACT of at least 300s, as well as
meticulous attention to sheath management are recommended
(Section 7.4.). Routine imaging screening for the presence of atrial
thrombus reduces the rate of thromboembolic complications
(Section 5.2.3.).

Diagnosis of thromboembolic events is usually straightforward. The
manifestations depend on the location of the occlusion within the

Transient ischemic attack and stroke

Definition: New focal or global neurological deficit preferably with positive neuroimaging
study with (TIA) or without rapid (< 24 h) symptom resolution (stroke)

How to prevent
ACT > 300 s during ablation

Avoid preablation OAC interruption
Heparin bolus before TSP

ICE monitoring for thrombus

Preprocedural thrombus exclusion

Sheath and catheter management

Investigations
Brain CT

Brain MRI

Incidence: 0.15-0.5%

Clinical presentation

Neurologic signs/symptoms

Management
Thrombectomy

Thrombolytic therapy

Figure 11 Prevention, clinical presentation, investigation, and management of transient ischemic attack/stroke in the postablation setting. ACT, ac-
tivated clotting time; CT, computed tomography; ICE, intracardiac echocardiography; MRI, magnetic resonance imaging; OAC, oral anticoagulant; TIA,

transient ischemic attack; TSP, transseptal puncture.
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arterial tree. Treatment also varies according to the location of the em-
bolus and, importantly for cerebral embolic events, the time interval be-
tween symptom onset and diagnosis. Peripheral arterial embolization
might be amenable to surgical thrombectomy, whereas cerebral embol-
ization has traditionally been managed conservatively. There is however
growing interest in aggressive early management of such events, using
either thrombolytic drugs or percutaneous interventional techniques.
The involvement of neurologists and interventional radiologists with
experience in the interventional treatment of the cerebral arterial
tree is of major importance.

11.3.3. Asymptomatic cerebral lesions

As recognized in recent years, catheter ablation for AF results in asymp-
tomatic acute cerebral lesions that can be detected by high-resolution
diffusion-weighted brain MRI. Hyperintensity in T2-weighted fluid atte-
nuated inverse recovery sequence (FLAIR positivity) is useful in differ-
entiating acute from chronic cerebral ischemic lesions.'”” The
prevalence can be as high as 30% without difference between patients
on VKA and patients on DOACs.>®7388.1228 Thege lesions are consid-
ered silent ischemic cerebral lesions since no grossly detectable symp-
toms are present. Recent data support that HPSD ablation protocols
may increase the risk of asymptomatic cerebral emboli (Section
11.2.3).1212

Subtle cognitive dysfunction has been reported early (3 months)
after AF ablation when compared with patients undergoing SVT abla-
tion or patients being treated medically."**® In another study with long-
er follow-up, early postablation cognitive dysfunction was transient
with complete recovery at 12 months of follow-up. Indeed, a higher
percentage of ablation treated patients demonstrated cognitive im-
provement at 12 months compared with medically treated patients.'**°
There are multiple potential mechanisms by which early post AF abla-
tion cognitive dysfunction may occur, but several studies have found no
relationship between asymptomatic cerebral lesions on MRI and cogni-
tive decline.'?3%-"232

11.3.4. Cardiac tamponade

Cardiac tamponade remains the most frequent, potentially life-
threatening complication of AF catheter ablation. In recent large sur-
veys, the reported incidence varies from 0.4 to 1.3%.10661196-1199
Women seem to have a higher risk for tamponade than men,'?931233
The substantially higher incidence of cardiac tamponade during AF ab-
lation compared with other cardiac electrophysiology procedures can
be attributed to a number of procedural differences, including the
need for transseptal puncture, extensive intracardiac catheter manipu-
lation and ablation, and the need for systemic anticoagulation during the
procedure. The most common causes of cardiac perforation leading to
cardiac tamponade during AF ablation are (i) misdirected transseptal
puncture with the puncture performed too posteriorly exiting the
RA into the pericardium before entering the LA or with the puncture
advanced too much and exiting the LA via the roof, LAA, or the lateral
LA wall (Section 3.3.); (ii) direct LA mechanical trauma during catheter
manipulation and ablation; and (iii) overheating during RF energy deliv-
ery, with or without the development of a steam pop. Excessive power,
temperature, and force applied at the tip of the catheter might also
contribute.

The need for periprocedural and intraprocedural anticoagulation
with heparin infusion to achieve an ACT >300 s may increase the
volume of bleeding if perforation occurs. Concerns of increased bleed-
ing risk related to uninterrupted anticoagulation have not been
confirmed. Previous studies showed that uninterrupted VKA anticoa-
gulation did not result in higher incidence of tamponade compared
with interrupted VKA anticoagulation therapy with bridging hep-
arin381,38281999712341235  Gavarg| RCTs comparing uninterrupted

DOAC therapy with uninterrupted VKA anticoagulation demonstrated
the safety of a periprocedural regimen with uninterrupted
DOACs#388.1236. this anticoagulation regimen has become current
standard in most high-volume centers (Section 5.2.).

The impact of technical aspects of the ablation procedure to the risk
of tamponade is not clear. A randomized study reported substantially
lower tamponade rates in procedures performed with cryoballoon ab-
lation compared with RF energy,?”* but observational data do not con-
firm this finding.">°® Although it was anticipated that the introduction of
CF-sensing catheters would reduce the rate of tamponade, this was not
confirmed in clinical trials.'**” The use of ICE is important for early diag-
nosis but also prevention of cardiac tamponade. In a large nationwide
cohort study including more than 100 000 patients who underwent
AF ablation, the absence of intraprocedural ICE use was associated
with 4.85-fold increased risk for cardiac perforation'**® (Section 7.6.).

Cardiac tamponade presents either as an abrupt or as a gradual BP
decrease (Figure 12). In the latter case, administration of fluid might re-
turn BP to normal before further subsequent decline. It is vital that op-
erators and staff be vigilant to the development of cardiac tamponade,
as a delay in diagnosis can be fatal. Due to the immediately life-
threatening character of this complication, if not managed appropriate-
ly, the development of hypotension during an AF ablation procedure
should be assumed to indicate tamponade until proven otherwise.
An early sign of cardiac tamponade is a reduced or absent excursion
of the cardiac silhouette on fluoroscopy with a simultaneous BP
fall. The diagnosis is confirmed by immediate echocardiography.
Importantly, the presentation of cardiac tamponade might be delayed
and can occur any time from an hour after the procedure to weeks la-
ter." The incidence of delayed tamponade was 0.2% in a worldwide
survey repor‘t.1239 Most, but not all, patients presented with warning
symptoms, and some presented with hypotension and shock.

Early recognition and rapid appropriate treatment of cardiac tam-
ponade is mandatory to prevent irreversible deterioration in perfusion
of the brain and other organs. In a dedicated worldwide survey, cardiac
tamponade was reported to be the most frequent cause of peri
procedural death, with 25% of all fatalities occurring in association
with this complication."**® Most cardiac tamponades can be managed
successfully by immediate percutaneous drainage. Percutaneous drain-
age is best achieved by subxiphoid Seldinger puncture of the pericardial
sac and placement of an intra-pericardial catheter, such as a pigtail cath-
eter. The puncture can be performed either with fluoroscopic guidance
based on anatomic landmarks or with echocardiographic guidance.'**’
Usually, BP promptly increases after initial aspiration. Once the pericar-
dial space has been drained, the patient needs to be monitored for on-
going bleeding with the drainage catheter left in place. Continuation of
bleeding after aspiration of a substantial amount of blood indicates an
extensive perforation that may need surgical repair. Although these
are the minority of cases,'?*>"%*3 it is for this reason that AF ablation
procedures should only be performed in hospitals equipped or pre-
pared to manage these types of emergencies with access to emergency
surgical support. Several case series have reported the feasibility and
safety of immediate direct autotransfusion of the blood aspirated
from the pericardial space through a femoral vein, without the use of
a cell saver system, to reduce the need for allotransfusion following
emergency pericardiocentesis in patients undergoing cardiac electro-
physiology procedures.’**'2*> Reversal of anticoagulation with pro-
tamine may be helpful to stop bleeding, but it may also lead to
thrombus formation in the pigtail catheter if bleeding has not stopped.
Therefore, protamine should be administered once the rate of aspir-
ation decreases significantly. The drainage catheter is usually left in place
for at least 12 h following placement. However, observational studies
have shown that early removal of the pericardial drain within the elec-
trophysiology laboratory, after exclusion of blood reaccumulation, is
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Cardiac tam ponade

Definit ion: Significant pericardial effusion (resulting in hemodynamic compromise or
requiring pericardiocentesis or >1 cm in echo)

How to prevent

ICE monitoring/transseptal guidance
Monitor contact force
Monitor ablation lesion indices

Transseptal RF needle/wire

Investigations

Echocardiography
(TTE or ICE or TEE)

Fluoroscopy (reduced excursion
of the cardiac silhouette)

Incidence: 0.4-1.3%

Clinical presentation

Hypotension

Pulsus alternans

Management
Anticoagulant reversal
Pericardiocentesis

Surgical repair

Figure 12 Prevention, clinical presentation, investigation, and management of periprocedural cardiac tamponade. ICE, intracardiac echocardiog-
raphy; RF, radiofrequency; TEE, transesophageal echocardiography; TTE, transthoracic echocardiography.

safe and effective in reducing in-hospital stay and the need for analgesia
when compared with delayed drain removal."**12* |n patients antic-
oagulated with warfarin, fresh frozen plasma may be administered.
Specific reversal agents for DOACs are available and provide the op-
portunity to immediately reverse the anticoagulant effect but do not
seem to play any substantial role in clinical practice (Section 7.4.).

11.3.5. Pulmonary vein stenosis

Pulmonary vein stenosis is a well-recognized complication of AF abla-
tion that results from thermal injury to the PVs. With the transition
from ostial to antral ablation and the increased awareness that energy
delivery within the PVs should be avoided, the rate of this complication
has reduced significantly so that it is currently exceedingly rare. In large
contemporary series of AF ablations, the reported incidence of severe
PV stenosis is 0-0.5%.'9¢¢ 11981247 Nievertheless, cases of asymptomat-
ic PV stenosis or moderate PV narrowing may not be taken into ac-
count. Pulmonary vein stenosis has been described for both
point-by-point RF ablation as well as cryoballoon ablation.”%1248-1231
There are limited data regarding the impact of RF power on the rate
of PV stenosis.>”"¢1%1252 The highest risk for PV stenosis is associated

with RF ablation close to the PV orifices and/or within the PVs, with sig-
nificantly higher incidence compared with antral ablation.”®” Ablation
within the PVs should be avoided but can occur due to shifts in the
3D electroanatomic map, respiratory motion, poor catheter stability,
and/or operator inexperience.

Symptoms usually occur weeks to months after the ablation proced-
ure and include dyspnea, hemoptysis, cough, (recurrent) pulmonary in-
fections or pneumonia, and chest pain.'>*%'2>3-12%> These may lead to
misdiagnoses such as pneumonia, pulmonary embolism, or even lung
cancer; therefore, patients should be informed about the importance
of returning to the ablation center if such signs or symptoms develop.
According to the percentage reduction of the luminal diameter, the se-
verity of PV stenosis is generally defined as mild (<50%), moderate (50—
70%), or severe (>70%). Notably, patients with severe stenosis of a sin-
gle PV may remain asymptoma‘cic.1255

Diagnosis is made by CT angiographic imaging, MR, perfusion scans,
TEE, or invasive PV angiography. The preferred imaging modality is MRI
or CT angiography because they allow precise visualization of the loca-
tion and severity of PV narrowing. Additional advantage of MRl is the
option of simultaneous assessment of pulmonary perfusion data.
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Treatment of PV stenosis is difficult. Interventional treatment is indi-
cated in the presence of symptoms. Asymptomatic or mildly symptom-
atic PV stenoses should be managed conservatively with watchful
waiting, given that symptomatic amelioration has been observed after
PV stenosis or occlusion without treatment due to the formation of
collateral vessels.'**® For symptomatic patients, PV angioplasty should
be considered. The dilation procedure is often complex, especially if the
target PV is completely occluded as evidenced by lack of visualization
using either direct angiography via the LA or anterogradely via pulmon-
ary artery angiography. Electroanatomic 3D mapping with registration
of the anatomy of the LA and the PVs, as well as fusion with the recon-
structed LA from the imaging scan before the index procedure, enables
a precise localization of the occluded PV.">7 Baseline CT angiography
or MRl is more helpful in defining the PV anatomy.

Many PV stenoses are rigid and difficult to dilate. Even after acutely
successful angioplasty, PV restenosis occurs in up to 50% of
cases,' 2201 2541255:1258 porcytaneous treatment of PV stenosis with
stenting is associated with reduced risk of restenosis when compared
with balloon angioplasty, particularly with the use of larger diameter
and drug-eluting stents. 2212541255125 Navertheless, even after stent-
ing, restenosis rates are high.'>>*'2>>2%? There are only limited data on
the role of surgical treatment of PV stenosis. Connecting the patch to
the proximal end of the stenosis is challenging because this end is buried
in the lung parenchyma. Given this difficulty and the excessive risk, there
is no evidence for recommending surgical treatment in patients with re-
current PV stenosis after AF ablation. Even for patients with recurrent
severe and persistent problems due to restenosis despite interventional
treatment, recurrent infection and hemoptysis are uncommon and
manageable, and the need for lobectomy or pneumonectomy is very
rare.'*>* Therefore, repeat percutaneous intervention is the treatment
of choice for cases of PV restenosis after angioplasty.

11.3.6. Phrenic nerve palsy

Phrenic nerve palsy is a significant complication of AF ablation and re-
sults from direct PN injury. The right PN is most commonly affected
because it descends in close proximity to sites of ablation in the SVC
and both right-sided PVs. It courses slightly further from the right infer-
ior PV, so that injury during treatment of this vein is less common than
that occurring with RSPV ablation. Injury of the left PN may also occur
during ablation of the LAA due to its course anterior to the base of the
LAA (Section 3.9.).

Phrenic nerve palsy is observed with all technologies of thermal AF
ablation, but the vast majority of cases occurs after cryoabla-
tion, 2#42941206.1260 \\ith cryoballoon ablation, most PN injuries are
transient and resolve before the end of the procedure.’*®" Based on re-
cent PFA registries, the occurrence of PN palsy following ablation with
the pentaspline, multielectrode PFA catheter is exceedingly rare 64364

In patients with persistent PN palsy, recovery of nerve function
may occur within weeks and in the vast majority by 12 months, al-
though 18-24 months might be required in some pa‘cien‘cs.1248‘1262 In
a large multinational registry enrolling 17 356 patients undergoing
cryoballoon-based PVI, PN injury recovered in 97.0% of patients at
12 months, with only 0.1% of the overall population showing perman-
ent PNIL"?®" In recent large surveys, the reported incidence of perman-
ent PN palsy ranges from 0.08 to 0.1%,'0°¢1198.1261

Several mechanisms have been proposed to explain the increased in-
cidence of PN injury after balloon-based AF ablation. First, wedging or
exerting force to direct the balloon into the RSPV for complete PV oc-
clusion can distort the anatomy and decrease the distance between the
RSPV endocardium and the right PN.2%¥’ Second, a small balloon size
relative to PV diameter can increase the likelihood of distal ablation
in the vein. Studies have shown a higher risk of PN injury associated
with the smaller 23 mm balloon compared with the larger 28 mm

balloon, the latter resulting in more proximal energy application.”>*%4®

The smaller balloon is potentially advanced further within the PV, caus-
ing distortion of the anatomy, creating a higher susceptibility to PN
thermal injury. Third, the use of additional freeze cycles can increase
the risk of dose-dependent nerve palsy.""®® Phrenic nerve palsy can
also occur during antral ablation using RF energy. This likely results
from thermal injury to the PN as it courses anterior to the right PVs.
Another common scenario of PN palsy is during electrical isolation of
the SVC using point-by-point RF ablation (Section 3.9.).

Phrenic nerve palsy can be asymptomatic but typically causes dys-
pnea, tachypnea, cough, hiccups, and thoracic pain (Figure 13). The diag-
nosis is suggested when newly elevated hemidiaphragm with or without
atelectasis of the ipsilateral lung base is observed on postprocedural
chest x-ray. When suspected, diaphragm excursion should be evaluated
using fluoroscopy (sniff test) or ultrasound to confirm the diagnosis.

A number of strategies have been employed to prevent PN palsy.
These include limiting ablation to antral regions with various balloon
maneuvers; preablation high-output pacing to establish whether the
PN can be captured from the proposed ablation site before energy de-
livery; PN mapping with anatomic tagging of its course using an EAM
system to guide safe deployment of ablation lesions; and monitoring
of diaphragmatic excursion with abdominal palpation, fluoroscopy, or
intracardiac ultrasound while pacing the PN from the SVC or subclavian
vein during ablation."*> Monitoring the effects of right PN pacing is
now considered a standard part of cryoballoon ablation and should
also be considered during RF energy delivery at the anterior part of
the rights PVs and during SVC isolation (Figure 6). Finally, diaphragmatic
electromyography for direct monitoring of diaphragmatic compound
motor action potentials during ablation is a technique for early detec-
tion of PN palsy that has been reported to reduce incidence of
palsy.'?¢*126> Compound motor action potentials are recorded using
body surface electrodes, esophageal electrodes, or a diagnostic cath-
eter positioned in the hepatic vein. A decrease in the amplitude of
the myopotential by 30% is more sensitive than abdominal palpation
for predicting the subsequent reduction in diaphragmatic excursion
and PN palsy.'® Energy delivery should be interrupted immediately
at the first sign of PN injury.

There is no active treatment known to facilitate PN healing. In highly
symptomatic patients, physical therapy of intercostal muscles and sca-
lenes can improve breathing. In patients with permanent nerve palsy,
surgical treatment with diaphragmatic plication can improve dyspnea
and functional status.

11.3.7. Vascular complications

Vascular complications are the most common major complications of
catheter ablation for AF and include groin hematoma, pseudoaneurysm
of the femoral artery, arteriovenous fistula, and retroperitoneal bleed-
ing. Current estimates of incidence range from 1 to 4%,'9661196-1198
The incidence of vascular complications that result from AF ablation
is lower than those reported for ventricular tachycardia (VT) ablation,
in which femoral arterial access is used in many cases, 2671268

Most groin hematomas can be managed conservatively or with
ultrasound-guided compression. However, complications such as fem-
oral pseudoaneurysm, arteriovenous fistula, and retroperitoneal bleed-
ing might require blood transfusion and/or surgical or percutaneous
repair, which leads to increased morbidity and prolonged hospital
stay.'?®? Rarely, a large dense hematoma can lead to neurological
sequelae.

The incidence of these complications may be related to the number
and size of the venous sheaths used, insertion of an arterial pressure
line, and perhaps to the intensity of anticoagulation management be-
fore, during, and after the procedure. Recent randomized studies did
not provide any indication for increased risk of vascular complications
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Phrenic nerve palsy

Definition: Absent phrenic nerve function as assessed by a sniff test

How to prevent
Avoid ablation distally within right PVs

CMAP monitoring '

Monitor diaphragmatic movement
during phrenic nerve pacing

Phrenic nerve mapping with
high-output pacing

Investigations

Chest X-ray (newly elevated
hemidiaphragm w/wo atelectasis
of the ipsilateral lung base)

Fluoroscopy

Ultrasound

Q.

Incid ence: ~ 0.1% (permanent)

Clinical presentation

; Dyspnea
N
W Tachypnea )
[§
Cough
Hiccups

Thoracic pain

Management
Supportive care y
~ Physical therapy )

. Diaphragmatic plication }
\%9

Figure 13 Prevention, clinical presentation, investigation, and management of phrenic nerve palsy. CMAP, compound motor action potential; PV,

pulmonary vein; w/wo, with or without.

under uninterrupted DOAC compared with uninterrupted VKA
anticoagulation. >’

The approach used for femoral venous access may affect the risk of
vascular complications. When an inferior approach to femoral vein ac-
cess is used, small medial branches of the femoral artery, which can run
across and superficial to the femoral vein, might be penetrated before
entry to the femoral vein, possibly leading to a femoral pseudoaneur-
ysm and arteriovenous fistula. When a superior approach is used, there
is an increased risk of retroperitoneal bleeding.

Several studies have consistently demonstrated the safety and the
beneficial effect of ultrasound-guided puncture for vascular access.
This is an easy-to-learn technique that requires standard equipment
and significantly reduces vascular complications in electrophysiology
procedures.‘(’m’677 For this reason, ultrasound guidance is recom-
mended for vascular access during AF catheter ablation to reduce the
risk of vascular complications (Section 7.2.).

11.3.8. Other complications of AF ablation

Apart from the aforementioned serious complications, catheter abla-
tion for AF may lead to several other complications, some of which
may be significant.

11.3.8.1. Air embolism

Air embolism may occur acutely during an AF ablation procedure. The
most common cause is introduction of air via the transseptal sheath, ei-
ther through the infusion line or due to suction when catheters are re-
moved. Immediate diagnosis and treatment are based on clinical
suspicion and depend on the site of embolization within the vascular
tree. A common presentation of air embolism during AF ablation is
acute inferior ischemia and/or complete AV block as a result of the
preferential downstream migration of air emboli into the right coronary
artery. Supportive care usually results in complete resolution of symp-
toms and signs within minutes. However, pacing and cardiopulmonary
resuscitation might be needed if the hypotension and AV block persist,
but almost always patients recover completely.’*”® Air embolism to the
cerebral vasculature can be associated with altered mental status, seiz-
ure, and focal neurological signs. Treatment should be initiated imme-
diately if cerebral air embolism is suspected. The most important
initial step is to maximize cerebral perfusion by the administration of
fluids and supplemental oxygen, which increases the rate of nitrogen
absorption from air bubbles. For large air emboli, it might be beneficial
to briefly suspend the patient in a head-down position.'*”!

To prevent air embolism, it is imperative that all infusion lines are
monitored closely for bubbles. When catheters are removed, they
should be withdrawn slowly to minimize suction effects, and the fluid
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column within the sheath should be aspirated simultaneously. Particular
care is advised when inserting and removing balloon catheters through
large sheaths.'*2

11.3.8.2. Acute coronary artery stenosis and occlusion

Injury to the coronary arteries during AF ablation is rare. The circum-
flex artery is in close proximity to the lateral LA and can potentially be
injured during ablation at sites adjacent to its course within the CS, the
lateral mitral isthmus, or the base of the LAA. Coronary artery injury
can manifest as ventricular fibrillation or with features of acute myocar-
dial infarction with ST segment changes occurring during abla-
tion."?”*>'’* |mmediate coronary angiography reveals the occlusion
site and facilitates revascularization (Section 11.2.2.).

The sinus node artery originates from the proximal circumflex artery
in one-third of cases and then courses along the anterior LA and then
the septal SVC and could therefore be susceptible to injury during ab-
lation. Ablation at the anterior LA and septal RA has been reported to
result in injury of the sinus node artery presenting with sinus arrest dur-
ing or within 1 h of ablation without evidence of other ECG changes
associated with coronary occlusion.'*>"?”> Permanent pacemaker in-
sertion may be required to treat this complication.

Emphasis should be placed on recent reports of severe coronary
spasm during catheter ablation with the pentaspline PFA cath-
eter.***%%€ This adverse event mostly occurs during PFA application ad-
jacent to a coronary artery (proximity-related). More rarely, a
generalized coronary spasm has been described even when ablating re-
motely to a coronary artery. This adverse event can be mitigated by
nitroglycerin administration before PFA applications at high-risk areas.
However, it remains unclear whether nitroglycerine pretreatment will
eliminate any direct coronary artery injury from PFA.'%¢ In general,
these findings raise caution on the use of the pentaspline catheter for
PFA delivery in proximity to a coronary artery, as during CT| or mitral
isthmus ablation,®®>¢%¢

11.3.8.3. Mitral valve trauma and curvilinear catheter entrapment

Entrapment of a circular multielectrode mapping catheter by the mitral
valve apparatus is an uncommon but established complication of AF ab-
lation."?””"1?8 It results from inadvertent positioning of a multi
electrode catheter close to the mitral valve or into the left ventricle, of-
ten during attempts to position the catheter into the LIPV or when
using such catheters to create electroanatomic maps of the LA. This
complication should be suspected when attempts to reposition the
catheter into another PV are met with resistance. VWhen suspected,
it is important to confirm the diagnosis with echocardiography. One
option is to administer high-dose adenosine to cause AV block, thereby
relieving tension in the mitral apparatus and freeing up the catheter
tip.'?8? Although successful freeing of the catheter has also been re-
ported with gentle clockwise catheter manipulation and advancing
the sheath into the ventricle, there have also been a number of cases
reported in which the mitral valve apparatus and/or papillary muscles
are torn during attempts to free the catheter,12781281:1283.1284 Tpq g
have also been several cases reported in which the distal tip of the cir-
cular catheter broke off during attempts at catheter removal and had to
be subsequently removed either with a snare or with an open surgical
procedure.'?7?12801283 |y these cases, if gentle attempts to free the
catheter fail, elective surgical removal of the catheter should be per-
formed. To prevent this complication, circular and multispline catheters
should be manipulated with extreme caution near the mitral valve.

Furthermore, extreme vigilance is warranted during catheter manipula-
tion at the vicinity of mechanical mitral valves due to increased risk of
entrapment. In case of entrapment of a multispline catheter in a mech-
anical mitral valve, extensive traction increases the risk of mechanical
valve damage or shearing of catheter splines. Different techniques to re-
lease entrapped multipolar catheters using the ablation catheter have
been proposed.'?8>"1287

11.3.8.4. Stiff left atrial syndrome

First described after mitral valve surgery, stiff LA syndrome was later
recognized as a rare complication of LA catheter ablation, typically after
multiple ablations.’*®"2°" Extensive LA ablation has been associated
with worsening of echocardiographicaly measured LA stiffness.'>*>
Symptoms include unexplained dyspnea and signs of right HF.
Diagnostic findings include new or worsening pulmonary hypertension,
LA diastolic abnormalities, LA hypertension, and large V waves on LA
pressure or pulmonary capillary wedge pressure tracings.'*”" The com-
plication appears to be associated with extensive LA ablation particular-
ly in patients with small LA size, high LA pressures, preexisting severe
LA scarring, and comorbidities such as diabetes and OSA.128?

Most patients show symptomatic improvement after diuretic ther-
apy, which appears to be more effective for this syndrome than for
other forms of pulmonary hypertension.'* In contrast, another study
reported a case of stiff LA syndrome after AF catheter ablation that
failed with furosemide and spironolactone, but which responded to
sildenafil. 2?4

11.3.8.5. Gastric hypomotility

Gastric hypomotility may occur in the setting of AF ablation due to in-
advertent injury of the anterior vagal esophageal plexus usually when RF
energy is applied to the LAPW.2>712%7 Endoscopically detected gastric
hypomoitility has also been reported in 10—18% of patients undergoing
cryoballoon AF ablation."?®3% Common symptoms include nausea,
vomiting, bloating, and abdominal pain developing within a few hours to
a few weeks after the ablation procedure.’'~"3%% Symptomatic but
also asymptomatic gastric problems may be frequent after abla-
tion."3%213% The time to recovery is variable, with some patients reco-
vering within 2 weeks, but others requiring a much more protracted
time to recovery, occasionally >3 months. 2%

Diagnostic evaluation can include endoscopy or a barium swallow to
look for residual food after an overnight fast, abdominal CT scan that
shows marked gastric dilation, or real-time MRI to assess gastric motil-
ity and pyloric spasm."3%*

Management of this complication depends on the severity of symp-
toms and whether gastric hypomotility or pylorospasm predomi-
nates. Dietary modification with small, low-fat, and low-fiber meals
may be adequate to alleviate symptoms. Pharmacological treatment
can be used to relieve symptoms (antiemetics) and to promote gastric
contractility. In the latter category, several agents have been proposed
including erythromycin, domperidone, and metoclopramide.1305‘1306
Metoclopramide treatment should not extend beyond 12 weeks
due to associated risk of movement disorders. Domperidone has a
substantially lower risk of central nervous system side effects, but it
has been associated with QT prolongation.'*% In patients with pre-
dominant pylorospasm, intrapyloric injection of botulinum toxin or
different types of surgical pyloric interventions have been proposed
as treatment options.1307
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12. Surgical and hybrid atrial fibrillation ablation

Surgical and hybrid AF ablation

Category of Type of evidence

Concomitant surgical AF ablation is beneficial in patients with paroxysmal or persistent AF

undergoing left atrial open cardiac surgery regardless of prior antiarrhythmic drug failure or

intolerance

Concomitant surgical AF ablation is beneficial in patients with paroxysmal or persistent AF

intolerant or refractory to previous antiarrhythmic drug therapy, undergoing closed (non-left

atrial open) cardiac surgery

Biatrial Cox maze procedure or a minimum of PVI plus left atrial posterior wall isolation is beneficial

in patients undergoing surgical AF ablation concomitant to left atrial open cardiac surgery

Documentation of exit and/or entrance block across pulmonary veins and completeness of

deployed lines is beneficial during surgical AF ablation

Exclusion of the left atrial appendage is beneficial as a part of surgical AF ablation procedures

(stand-alone or concomitant)

Concomitant surgical AF ablation is reasonable in patients with paroxysmal or persistent AF prior
to initiation of Class | or IIl antiarrhythmic therapy, undergoing closed (non-left atrial open)

cardiac surgery

.......................... A e,
Advice TO DO META'308-1319
Advice TO DO META1 308-1311,1313-1317,1320-1322
Advice TO DO RAND13O9,1311,1312,1320,1323—1328
Advice TO DO OPN
Advice TO DO RAND'329-1335

META1 308-1318,1320—

1322,1328,1336-1338

May be appropriate
TO DO

Stand-alone surgical or hybrid ablation is reasonable in symptomatic patients with persistent AF

with prior unsuccessful catheter ablation and also in those who are intolerant or refractory to

antiarrhythmic drug therapy and prefer a surgical/hybrid approach, after careful consideration of

relative safety and efficacy of treatment options

May be appropriate

1308-1318
TO DO META

Stand-alone surgical or hybrid ablation may be reasonable in symptomatic patients with paroxysmal

AF with prior unsuccessful catheter ablations who prefer a surgical/hybrid approach, after careful

consideration of relative safety and efficacy of treatment options

Area of uncertainty RAND'339-1342

12.1. Technology and techniques

Radiofrequency ablation and cryoablation are the two dominant tech-
nologies used today due to their safety and efficacy profiles and will be
the only ones discussed in this section. While there have not been any
RCTs to compare the efficacy of one ablation technology with another,
these technologies have had proven clinical efficiency over the last two
decades.

To date, a prospective, multicenter, non-RCT, AtriCure Bipolar
Radiofrequency Ablation of Permanent Atrial Fibrillation, has resulted
in specific FDA approval for surgical treatment of AF."** This device
was used on patients with non-paroxysmal AF undergoing concomitant
coronary artery bypass graft (CABG) and/or valve procedures and Cox
maze |V ablation and resulted in a 76% freedom from AF recurrence
off AADs at 6 months with a major peri-operative adverse event rate
of 9%.

Surgical ablation procedures for AF can be grouped into three dif-
ferent groups: (i) a full, biatrial Cox maze procedure; (ii) PVI or pos-
terior LA isolation alone, or (iii) PVl combined with an extended LA
lesion set. All surgical AF ablation approaches are combined with
LAA exclusion. At present, it is recommended that the term ‘Cox
maze procedure’ is appropriately used only to refer to a biatrial lesion
set including specific transmural lesions that extend between non-
conductive tissues (valve annulus or vena cava or another lesion;
Figure 14).1344 The best late rhythm outcomes have been shown
with the full biatrial Cox maze procedure, while a certain subgroup
of patients, such as those with paroxysmal AF, have reasonable results
with more limited lesion sets.'**

12.1.1. Energy sources

12.1.1.1. Radiofrequency energy

Radiofrequency energy can be delivered by either unipolar or bipolar
electrodes, which can be either dry or irrigated. Irrigation helps to de-
liver RF energy uniformly and to prevent char formation by keeping
temperatures cooler at the tissue interface.'>*¢ Unipolar RF ablation
works by delivering RF energy from the probe directly to the tissue.
The unipolar devices do not provide surgeons with transmurality indi-
cators. In contrast, bipolar RF can be either directional or constrained,
and transmurality can be implied by the manufacturer’s dose—response
algorithms. The directional bipolar devices have two side-by-side elec-
trodes that are applied to the tissue surface, with the energy passing
through the tissue between them. The constrained bipolar devices con-
sist of a clamp with two jaws, which are applied on opposite sides of
atrial tissue. The energy passes through the tissue between the two
jaws. When the conductance falls to a stable minimum, transmurality
is inferred.

Unlike bipolar RF devices, unipolar ones have failed to consistently
create transmural lesions and have a risk of forming endocardial char
or thrombus."**~13%° Both unipolar and directional bipolar RF energy
sources have had difficulty creating transmural lesions when used from
the epicardial surface on the beating heart.'**! This difficulty is due to
the circulating intracavitary blood flow, which produces convective
cooling. To overcome this problem, devices have employed suction
to pull the atrial tissue into apposition, thus partially ameliorating the
circulating heat sink. Radiofrequency ablation with constrained bipolar
devices has allowed for faster and more efficient ablation due to direct
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contact with the tissue. Since the tissue is ablated between the jaws of a
clamp, the energy delivery is focused and isolated from the surrounding
circulating intracavitary blood reservoir, allowing for more effective
creation of lesions on both the beating and arrested heart.

Factors that affect lesion size and depth are power, impedance, ab-
lation duration, temperature, and CF.1321355 The generators of the ir-
rigated and non-irrigated bipolar RF clamps produce power
transmitted to the electrodes, and these data are used to predict the
transmurality of the lesion. The generators of irrigated clamps do this
by measuring the impedance between electrodes, varying the power
according to the impedance, and terminating power delivery once
the feedback programme detects a steady state plateau.”**¢ On the
other hand, the generators of non-irrigated clamps measure conduct-
ance and continue ablation until a stable low conductance is reached.
Voltage is varied according to the conductance, resulting in a safe deliv-
ery of energy to the tissue.'*>? Care should be taken to clean the elec-
trodes after every two to three ablations with the non-irrigated clamps
because char decreases conductance, which can result in non-
transmural lesions. Importantly, in a human heart ex-vivo model, a dou-
ble ablation without unclamping improved lesion transmurality.
Epicardial fat and muscle thickness can also decrease conductance
and limit ablation depth.'**? The ablation duration affects the tissue
temperature profile. Cardiac muscle exposed to temperature of
55°C or higher for more than a few seconds will show irreversible co-
agulation necrosis."**® Lastly, adequate but not excessive CF is needed
to achieve a reliable transmural lesion.”®8"3>

12.1.1.2. Cryoenergy

Cryoablation has been used since the 1960s to ablate cardiac tissue. It is
the second most common ablation technology used for surgical abla-
tion. In contrast to RF energy, cryothermy creates homogenous scars
in a non-directional pattern. Cryoablation is safe because cold tem-
peratures do not denature proteins and thus preserves fibrous tissue
and the extracellular matrix, which makes it an ideal technology for
ablation around valvular tissue.'**®"3%% Temperature, probe size, fre-
quency, duration of ablation, and the cryogen cooling agent are all fac-
tors that determine the lesion’s volume and depth.'**® The
cryoablation probes deliver very low temperatures to cause irrevers-
ible cell death and actively measure the probe-tissue interface tem-
perature through a thermocouple. The potential disadvantages are
the relatively longer time to create a lesion (2—-3 min) and the difficulty
creating a lesion on the beating heart due to the heat sink effect cre-
ated from circulating intracavitary blood."*¢"13¢2 Dye to this, cryoa-
blation should not be used to create epicardial lesions off
cardiopulmonary bypass. To create a reliable uniform and continuous
cryolesion, a critical lethal temperature of <—30°C must be reached
during ablation."*¢°

12.1.2. Specific ablation tools
12.1.2.1. Radiofrequency ablation tools

Unipolar devices. Unipolar RF devices come in varying lengths and can
measure the electrode interface temperature with or without a suction
stabilization device to enhance tissue contact. They can either be irri-
gated or non-irrigated. Despite the variety of unipolar devices, as men-
tioned above, they have had limited success in creating transmural
lesions consistently.'>*813491363 None have been FDA-approved for
surgical treatment of AF. The only FDA-approved unipolar device is
for hybrid therapy of persistent and long-standing persistent AF
(EPi-Sense Guided Coagulation System with Visitrax, AtriCure, Inc.)
and is described below (Section 12.3.2.2.).

Bipolar clamp devices. The only ablation device with FDA approval for
the treatment of AF during concomitant cardiac procedures is the bi-
polar, non-irrigated RF clamp (Isolator Synergy clamp, AtriCure Inc,
Mason, OH, USA). In a chronic animal study using this device with a

single application, all lesions produced were transmural.'***
However, in clinical experience, multiple applications are needed to
achieve exit block. In a recent human ex-vivo heart explant model, a sin-
gle application resulted in only 65% of lesions being transmural through-
out their entire length. Inability to achieve transmurality was related to
the increased thickness of atrial tissue and the presence of epicardial fat.
Application of two successive ablations without unclamping resulted in
100% lesion transmurality.”>*? In comparison, irrigated bipolar RF
clamps, Cardioblate BP2 and LP (Medtronic Inc., Minneapolis, MN,
USA), use a similar algorithm to provide real-time measurements of le-
sion transmurality based on impedance. This device has also been stud-
ied in porcine models and showed a high rate of lesion transmurality.
Using the same ex-vivo human heart model, it has also been shown
that a double application without unclamping results in significantly in-
creased rate of lesion transmurality compared with single application
(92 vs. 74%)."3%> Most recently, another bipolar RF ablation device
(Isolator Synergy EnCompass Clamp, AtriCure Inc, Mason, OH,
USA) has been tested experimentally and has been shown to produce
reliable transmurality and isolation of the entire posterior LA wall and
all four PVs with a single application in an in-vivo beating heart mod-
el Further clinical trials will be needed to test its clinical
performance.

Directional (non-clamp) devices. There are several directional unipolar
and bipolar RF devices, with or without suction assistance, that can be
applied either on the epicardium or endocardium. The ablation times
range from 10 to 40 s per the manufacturer’s instructions with the
highest risk of ablation gaps at the end of the devices; thus, continuous
lesions should be overlapped to increase transmurality. The two non—
suction-assisted bipolar RF devices are the Isolator pen (AtriCure, Inc.)
and Coolrail device (AtriCure, Inc.). In both acute and chronic animal
models, the creation of transmural lesions has been inferior to bipolar
RF c|amps.1363’1367'1368 Furthermore, the Coolrail device should be
used with caution as it has been associated with a few case reports
of AEFs following AF ablation.'**? Rinsing the pericardium with saline
may be used to prevent AEF during ablation with the Coolrail device.

The two suction-assisted RF devices on the market are the Cobra
Fusion 150 (AtriCure, Inc.) and EPi-Sense Coagulation System with
VisiTrax (AtriCure, Inc.). The Cobra Fusion device has both unipolar
and bipolar RF energy delivery capabilities. During ablation delivery, suc-
tion should be maintained at —500 mmHg for 1-2 min depending on
the tissue thickness and desired temperature setting per the manufac-
turer’s instructions. In an acute porcine beating heart model, delivery of
two separate applications (initial bipolar followed by unipolar energy
without disrupting the suction) from an epicardial approach resulted
in 68% rate of lesion transmurality.”>*® The EPi-Sense device is a
3 cm long, suction-assisted, irrigated unipolar RF device. The lesion
transmurality of this device has been variable in multiple animal studies
from 15 to 100%."2¢*"37° However, its clinical performance has been
validated in the treatment of patients with persistent and long-standing
persistent AF in the setting of a minimally invasive hybrid approach
(Section 12.3.3.2).2"°

12.1.2.2. Cryoablation tools

There are two available cryogen sources on the market, nitrous oxide
and argon, which have been tested and shown to be efficacious in ani-
mal and donor human transplant heart models."**®37"372 Nitrous
oxide has a higher heat absorption than argon. The argon device
(Cardioblate CryoFlex, Medtronic Inc.) reaches a minimum tempera-
ture of —160°C. The two nitrous oxide devices (cryoFORM and
cryolCE, AtriCure, Inc.) reach minimal probe temperatures of —50
to —70°C. Both companies have designed long malleable disposable
probes to adjust to the complex atrial anatomy. In a chronic ovine mod-
el using the cryolCE (AtriCure, Inc.) device, transmurality was achieved
in almost all atrial lesions (98%) performed endocardially."*”® Similarly,
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in a chronic canine model, use of the CryoFlex clamp and probe
(Medtronic Inc.) resulted in 93% tissue section transmurality of all
LAA and PV lesions and 84% tissue section transmurality in all Cox
maze linear lesions.”>”* There have been no surgical cryoablation de-
vices that have yet received an FDA indication for the treatment of
AF, but there are ongoing clinical trials with both the nitrous oxide
and argon devices.

12.1.3. Procedural targets and lesion sets

There are insufficient high-quality data on what should be the most im-
portant targets during surgical ablation. This section will review what is
known from retrospective case series and the few randomized trials
that have been performed.

12.1.3.1. Pulmonary vein isolation

As with catheter ablation, PVl is a foundational part of all surgical AF
ablation procedures. Although documentation of exit and/or entrance
block across PVs is preferred, it is infrequently performed.
Intraoperative mapping has documented complex activation patterns
both in the LA and RA in patients with long-standing persistent AF
undergoing surgery for AF and mitral valve disease, indicating that a sim-
plified approach with PVI alone may not be adequate during concomi-
tant surgical ablation."*”® Similar to catheter ablation of persistent AF,
surgical PVI alone has had disappointing late results. In a single-center
cohort of consecutive patients with medically refractory symptomatic
AF, a minimally invasive surgical approach employing PVI combined
only with ablation of autonomic ganglionated plexi and ligament of
Marshall resulted in a single-procedural success rate of 37.8% after a
5-year follow-up using ECG and transtelephonic monitoring.'>”®
Retrospective observational data suggest that surgical ablation with
PVl alone is inferior to the biatrial maze procedure in patients with per-
sistent or long-standing persistent AF."¥7 One randomized trial on
non-paroxysmal AF patients undergoing mitral valve surgery reported
similar rate of freedom from AF with PVI as compared to the biatrial
maze procedure.1345 However, the study was underpowered to ad-
equately answer the question of which lesion set was more efficacious.

12.1.3.2. Isolation of the left atrial posterior wall

Isolation of the entire LAPWV and all four PVs is the most important part
of surgical ablation procedures. In a large retrospective study of patients
undergoing the Cox maze IV procedure, failure to isolate the entire
posterior LA resulted in only 33% freedom from AF off AADs at
5 years compared with a 66% freedom in patients who underwent pos-
terior LA isolation (P=0.O17).1326 An incomplete lesion set is even
more impactful in patients undergoing mitral valve surgery. In such pa-
tients, the failure to isolate the entire posterior LA during a Cox maze
procedure was the only independent predictor of procedural failure
and resulted in 6.7-fold increased risk of AF recurrence.'®’® Due to an-
ticipated improvement in rhythm outcome with LA PWI, a minimum of
PVI plus LA PWI should be performed in patients undergoing surgical
AF ablation.

12.1.3.3. Right and left atrial linear lesions

Linear lesions interrupting the CTl in the RA and the mitral isthmus in
the LA aim to prevent macroreentrant tachycardias. Catheter ablation
data suggest that macroreentry is the predominant mechanism of ATs
in patients with prior history of mitral valve surgery. In many cases
macroreentrant circuits are located in the RA, but left-sided circuits
may also occur particularly if a concomitant Maze procedure was per-
formed.”*? Ina single-center analysis of consecutive persistent AF pa-
tients undergoing thoracoscopic ablation, adjunctive CTI ablation
significantly increased freedom from atrial tachyarrhythmia recur-
rence." The superior-inferior vena cava ablation line anchors the

RA isthmus line and thus serves an important role in preventing late
RA flutter. Documentation of completeness is beneficial in all deployed
linear lesions during surgical AF ablation.

12.1.3.4. Ganglionated plexi ablation

There has been interest in GP ablation in stand-alone surgical AF abla-
tion procedures. An epicardial antral PVI and posterior box lesion in-
cluding the ligament of Marshall results in collateral ablation of most
atrial GP. Therefore, it is difficult to evaluate the additional role of
GP ablation on top of epicardial PVI plus PWI using bipolar clamps.
The only randomized study examining the efficacy and safety of add-
itional GP ablation in patients undergoing thoracoscopic surgery
showed no incremental benefit in AF recurrence rate and a significantly
higher rate of major procedural complications in patients randomized
to GP ablation.'®® Therefore, with the exception of a clinical trial set-
ting, GP ablation should not be performed during surgical AF ablation.

12.1.3.5. Ligament of Marshall

There are no data from the surgical literature to support the ligament
of Marshall as a target for ablation. However, this structure is usually
divided while isolating the left PVs during surgical ablation procedures.

12.1.3.6. Left atrial appendage exclusion

Exclusion of the LAA is a standard part of all surgical AF ablation pro-
cedures and is discussed in detail in Section 12.4.

12.2. Concomitant surgical ablation of

atrial fibrillation

Patients undergoing cardiac surgery frequently have concomitant AF
which if untreated has been shown to increase the risk of postoperative
ischemic stroke and to negatively impact long-term sur-
vival,'327:13361381 gypoica| ablation of AF combined with LAA exclusion
or excision restores SR and atrial contraction and reduces the risk of
thromboembolism. In this section, the efficacy, safety, and optimal le-
sion set of concomitant AF ablation during cardiac surgical procedures
are discussed. It is noteworthy that in patients eligible for cardiac sur-
gery and concomitant AF ablation, it is often challenging to differentiate
whether patient reported symptoms are related to underlying cardiac
disease or coexistent AF.

12.2.1. Efficacy of concomitant atrial fibrillation surgery
Concomitant AF surgery has been shown to increase SR maintenance
rate in multiple randomized and non-randomized trials. 308~
13101328.1336 A metaanalysis of 23 RCTs demonstrated that AF ablation
concomitant to cardiac surgery results in increased freedom from AF at
12 months."*®2 Several trials have demonstrated a reduced incidence of
stroke at 5 years |Dostoperati\/ely.1311'1312‘1320'1337'1338 Improvement of
long-term survival after concomitant surgical AF ablation has not been
proved by an RCT. However, an analysis of the US Society of Thoracic
Surgeons AF database with propensity matching showed that concomi-
tant surgical AF ablation was associated with a reduction in 30-day mor-
tality."3% In addition, several retrospective and propensity-matched
studies as well as large national registries have demonstrated that the
performance of surgical AF ablation concomitant with other cardiac
procedures (particularly mitral valve surgery and CABG) was asso-
ciated with improved long-term survival.'2">-13181321.1322 |y 3 retro-
spective propensity score—matched analysis of a nationwide registry,
concomitant surgical ablation for AF in patients undergoing isolated
CABG was shown to significantly improve long-term survival rates.'32?
Improved QoL at a long-term postoperative follow-up period has also
been demonstrated in patients who underwent AF surgery with SR
restoration,'383.1384
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12.2.2. Safety of concomitant atrial fibrillation surgery

Several studies, including RCTs, have demonstrated that concomitant
AF surgery is safe and does not increase operative mortal-
ity,13131314.1327.1337.1385 Although a propensity score—matching study
showed an increased incidence of acute kidney injury after AF surgery,
the associated long-term risks were offset by the significant survival
benefit derived from the concomitant Cox maze procedure.’%

Postoperative atrial tachyarrhythmias and new permanent pace-
maker implantation are the typical complications potentially related
to AF surgery. Incomplete linear lesions with residual conduction and
inappropriate surgical techniques are mainly responsible for post
operative occurrence of predominantly macroreentrant ATs.'*®”
Intraoperative verification of conduction block, particularly to ensure
PVI, may reduce the incidence of AT due to incomplete ablation. "

Increased incidence of new permanent pacemaker implantation after
the Cox maze procedure has been demonstrated in many stud-
ies,1308.13821389.1390 || vever, in a recent large European registry of pa-
tients undergoing valve surgery, surgical AF ablation was not associated
with increased need for permanent pacemaker implantaltion.1391 Sinus
node dysfunction requiring permanent pacemaker implantation can oc-
cur in up to 10% of patients after the Cox maze procedure for non-
paroxysmal AF and may be a result of unmasking preexisting sick sinus
syndrome.1392 In addition, mechanical or thermal injury to the sinus or
AV node and interruption of the conduction system arterial supply are
the main intraoperative reasons for postoperative bradycardia and
in-hospital permanent pacemaker implantation.’*”* Multidisciplinary
collaboration between cardiothoracic surgeons and electrophysiolo-
gists, proper training on ablation techniques, and deployment of com-
plete linear lesions may reduce the incidence of postoperative atrial
tachyarrhythmias and permanent pacemaker implantation and enhance
patient outcomes, 13371393

12.2.3. Optimal lesion set in patients undergoing left atrial
open procedures

The biatrial Cox maze procedure is the preferred procedure for surgi-
cal AF ablation during open LA procedures and achieves high rates of

AF conversion to SR and freedom from AF recurrence.'327:13851394

However, recognizing that surgical training and experience may vary
across centers, the writing group suggests that biatrial Cox maze
procedure or a minimum of PVI plus LA PWI is required in patients
undergoing surgical ablation concomitant to LA open cardiac surgery.
The lesion set of the Cox maze IV procedure is shown in Figure 14.

12.2.4. Optimal lesion set in patients undergoing non-left
atrial open procedures
Fewer patients undergoing non-LA open procedures, such as aortic valve
replacement or CABG, have undergone concomitant AF ablation com-
pared with those with LA open procedures, because of the necessity of
adding an LA incision to perform ablation in the LA. Epicardial PVI alone
has been performed more often than a biatrial maze procedure in AF pa-
tients undergoing non-LA open procedures, and this might have led to
biased analyses of the data.’**® A dilated LA has been shown to be asso-
ciated with worse AF-free and event-free survivals after PVI for patients
with paroxysmal AF undergoing non-LA open cardiac surgery.13%
Several studies have shown that biatrial maze procedure is associated
with superior rhythm outcome and a lower risk of adverse events and
long-term overall mortality compared with LA lesion sets following surgi-
cal AF ablation concomitant to non-mitral valve surgery.'3?013%7-13%
However, many surgeons are reluctant to increase procedural com-
plexity and risks by performing AF ablation through an atriotomy."**°
Therefore, selection of PVI combined with PWI or other modified pro-
cedure should be individualized in patients undergoing surgical ablation
concomitant to closed (non-LA open) cardiac surgery. Further clinical
studies are needed to clarify the optimal lesion set in these patients
and to further elucidate associated risks and benefits.

12.3. Stand-alone surgical ablation of atrial
fibrillation
12.3.1. Stand-alone Cox maze procedure

The largest series of stand-alone Cox maze IV procedures (236 con-
secutive patients, 59% prior failed catheter ablation, median duration

Figure 14 Lesion sets of the Cox maze IV procedure. (A) Left atrial lesion set including: (i) left atriotomy, (ii) ablation around the left-sided PVs, (iii)
ablation around the right-sided PVs, (iv) posterior wall box lesion, (v) line connecting left PV lesion to excluded LAA, (vi) line connecting box lesion to
mitral annulus, (vii) cryoablation to the epicardial ostial region of the coronary sinus (not shown). (B) Right atrial lesion set including: (i) right atriotomy
extending over crista terminalis, (ii) line from the atriotomy to the superior and inferior vena cava posterior to the crista terminalis (to avoid injury to the
sinoatrial node), (iii) line connecting the atriotomy to the tricuspid annulus (2 o’ clock relative to the valve), and (iv) line connecting the right atriotomy to

the right atrial appendage. LAA, left atrial appendage; PV, pulmonary vein.
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of preoperative AF 6.2 years) demonstrated very high late efficacy in SR
maintenance (89 and 77% freedom from recurrent atrial tachyarrhyth-
mias at 5 and 10 years, respectively), irrespective of AF type or surgical
approach (median sternotomy vs. minimally invasive approach), with-
out 30-day mortality."*** Lapenna et al."*** reported on 59 patients
undergoing stand-alone Cox maze procedure with similar excellent
early and late outcomes with 84% of patients remaining in SR at 7 years,
without 30-day mortality or late strokes. In 133 patients undergoing
minimally invasive, stand-alone Cox maze procedure (78% long-
standing persistent AF), Ad et al 3% reported a 73% freedom from
atrial tachyarrhythmias off AADs at 5 years with only one late stroke
and no associated mortality. These case series demonstrate the low
mortality and excellent late outcomes achieved by Cox maze proced-
ure as stand-alone treatment in a challenging group of patients with the
majority having long-standing persistent AF of long duration. It is im-
portant to point out that these procedures were done with cardiopul-
monary bypass, which may explain the safety of this procedure.
Unfortunately, there have been no prospective multicenter trials of
the stand-alone treatment of AF with the Cox maze procedure.

12.3.2. Minimally invasive surgical—hybrid atrial fibrillation
ablation

Minimally invasive techniques have been introduced in AF surgery aim-
ing to reduce surgical invasiveness while maintaining efficacy in rhythm
outcome. These approaches combine sternotomy-sparing minimal sur-
gical incisions with different access sites, endoscopic visualization, with
or without catheter ablation at the same or at a different stage (hybrid
ablation). The reduced invasiveness of these techniques compared with
the surgical Cox maze procedure has rendered these approaches more
attractive to patients and surgeons. Evidence in different AF patient cat-
egories is accumulating to establish efficacy and safety. However, com-
parison of different study results is limited by non-uniformity in patient
populations and lack of standardized surgical technique, ablation tech-
nology and deployed lesion sets.

During the last decade, the ‘hybrid’ approach, consisting of a com-
bined surgical-percutaneous catheter ablation strategy, has garnered in-
creasing acceptance in clinical practice, with promising rhythm
outcomes 22114011408 A key aspect of this treatment strategy is that
it harmonizes epicardial and endocardial ablation components to effect-
ively target key drivers of AF, including the PVs and the LAPW. There
are different surgical modalities to achieve the target of PVI and LA
PWI. In this section, we discuss the two main techniques currently em-
ployed in clinical practice.

Hybrid ablation combines expertise from the surgical and electro-
physiology teams to achieve an optimal result. Coordination and collab-
oration among the multidisciplinary team members are paramount to a
successful programme. The timing of the epicardial and endocardial stage
of the hybrid ablation procedure varies based on institutional practice. In
the single-stage model, epicardial and endocardial procedures can occur
back-to-back in the same suite or separate suites or over sequential days.
Completion of both phases in the same session prolongs procedural
time, which may add additional risk in patients with comorbidities. For
dual-staged programs, the epicardial component typically occurs in the
cardiac operating room, and the endocardial component is scheduled
~2—4 montbhs later in the electrophysiology laboratory, aiming to com-
plement the epicardial component with touch-up lesions, ensuring isola-
tion of PVs, LAPW, and completeness of epicardially deployed linear
lesions. The impact of different procedural timing on patient outcomes
is unknown. The minimally invasive surgical part of the hybrid procedure
is most frequently performed using a video-assisted thoracoscopic surgi-
cal approach or with the ‘convergent’ approach.

12.3.2.1. Thoracoscopic surgical approach

The thoracoscopic approach is performed under general anesthesia
with double-lumen endotracheal tube placement for selective lung

ventilation. On the right side, a camera port is placed in the fifth inter
costal space midaxillary line, a 5 or 10 mm working port in the sixth
or seventh intercostal space anterior axillary line, and a 5 mm working
portin the third intercostal space anterior axillary line. The pericardium
is opened anterior to the PN. Blunt dissection is used to open the trans-
verse and oblique sinuses. Antral isolation of the right PVs as a pair is
performed with repetitive applications using a bipolar RF clamp
(Section 12.1.2)). The same port incisions are made on the left side
but placed more posteriorly. The pericardium is opened posterior to
the PN. In patients with severe chronic obstructive pulmonary disease,
thoracoscopic epicardial isolation of the PVs can be performed only on
the left, and the right PVs subsequently isolated from the endocardium
to avoid bilateral sequential lung deflation. An alternative would also be
a convergent procedure using subxiphoid access along with Lariat clos-
ure of the LAA. After PVl documentation, a roof line (connecting both
superior PVs) and an inferior line (connecting both inferior PVs) are
made epicardially using directional ablation devices (Section 12.1.2.) to
create box isolation of the LAPW (Figure 15). As an alternative, one epi-
cardial box lesion including the posterior LA wall and the PVs can be
created using only the irrigated bipolar biparietal Cardioblate
Gemini-S (Medtronic Inc.) RF ablation system by performing two clamp
lesions from the right and left sides that overlap in the middle of the
posterior wall (Figure 15).

Additional ablation lesions may be deployed, such as circular lesion of
the SVC, linear lesion connecting both caval veins and mitral isthmus
line. Endocardial touch-up ablation to achieve bidirectional block can
be delivered in the same or subsequent stage with catheter ablation.
Furthermore, in patients with prior history or intraprocedural induc-
tion of CTl-dependent flutter, the CTl is ablated endocardially.

Left atrial appendage exclusion should also be performed in all patients
during minimally invasive surgical AF ablation to reduce thromboembolic
risk (Section 12.4.). Through an incision at the third to fourth intercostal
space or via a completely thoracoscopic approach, the surgeon can easily
reach the LAA and exclude it. Left atrial appendage exclusion must be
performed at the very base of the structure, as to avoid leaving behind
residual stump. Incomplete removal of the LAA is associated with in-
creased risk of local thrombus formation and embolization.

Since the thoracoscopic surgical AF ablation lesions are exclusively
epicardial, one can perform the procedure without the need for antic-
oagulation during and after the procedure. Therefore, stand-alone
thoracoscopic surgical AF ablation is the best option for patients
who have bleeding diathesis (particularly central nervous system
bleeds) precluding the anticoagulation needed during and after endo-
cardial catheter ablation. Additional suitable patient subsets include
those without the ability to achieve LA access endocardially (large atrial
septal occlusion device, interrupted inferior vena cava) or those with
LAA thrombus.

12.3.2.2. Hybrid convergent procedure

The hybrid convergent procedure was first described in 2009, and clin-
ical outcomes were published in 2010 by Kiser et al."**? Since then, the
employment of this technique has been reported in numerous studies,
and subsequent modifications have been developed to maximize safety
and improve clinical outcomes,?2"1401-14081410141% T s 3 minimally
invasive, closed-chest procedure performed on the beating heart that
combines epicardial RF ablation focused on the LAPW followed by
complementary endocardial catheter ablation. Epicardial ablation is
performed under endoscopic visualization using a closed-irrigation, uni-
polar RF catheter device (EPi-Sense Guided Coagulation System with
Visitrax, AtriCure, Inc.). The device is inserted via a small subxiphoid in-
cision using a pericardioscopic cannula (Subtle, AtriCure, Inc.) to reach
the LAPW and is manoeuvred in the pericardial space using the cannula
and endoscope. During ablation, epicardial tissue is suctioned by vac-
uum onto the RF coil on one side of the device such that RF energy
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Figure 15 Posterior view of the left atrium showing epicardial lesion sets during thoracoscopic surgical AF ablation: pulmonary vein isolation with
connecting roof and inferior lines (A), en-bloc pulmonary vein and posterior wall isolation using the Cardioblate Gemini-S (Medtronic Inc.) RF ablation
system (B), and posterior wall ablation using the convergent approach (C). AF, atrial fibrillation; RF, radiofrequency.

is only applied towards the heart and thus stabilizes the device on the
atrium and optimizes energy delivery. Each lesion is created by a 90 s
application of alternating current via an impedance-based power con-
trol algorithm with a maximum output of 30 W. Lesions are overlapped
across the entire LAPW to promote contiguity and thus minimize gaps.
The epicardial stage aims to debulk as much of the LAPW as can be ac-
cessed and is limited at the superior margin of the lesion set by the ob-
lique sinus (Section 3.8.). Posterior segments of the PV ostia/antra may
also be reached and ablated in most cases (Figure 15). The endocardial
component supplements the epicardial lesions around the pericardial
reflections and any incompletely ablated posterior wall areas and ad-
dresses any remaining gaps between the PV and the posterior wall le-
sion set ensuring electrical isolation of the PVs. The endocardial
component can also include a CTl line and additional substrate modifi-
cation. A key difference between thoracoscopic ablation and the hybrid
convergent procedure is that PVl is performed epicardially using bipolar
RF clamps in the former, while in the latter, it is achieved endocardially
with catheter ablation.

Single-center and multicenter studies have reported 66-95% free-
dom from atrial tachyarrhythmias at 1 year following the hybrid conver-
gent procedure,?211401-1904.1406.14081415 ity 57_81% arrhythmia-free
survival without the use of AADs,'#0T1403-14051415 Randomized
controlled trial data are reported in detail in Section 12.3.3. Gained ex-
perience with hybrid convergent ablation has identified potential ad-
verse events that can be mitigated. Thermal injury to the esophagus
can be avoided by careful device orientation, esophageal temperature
monitoring, and prophylactic irrigation of the pericardial space. Late
pericardial effusion due to Dressler’s syndrome and cardiac tamponade
can be prevented by pericardial drains'®*'*? and prophylactic
medications (colchicine, steroids, and/or nonsteroidal anti-inflammatory

drugs)."*"*""7 Timely diagnosis of pericardial effusion is facilitated by
patient education on symptoms and transthoracic echo surveillance
at ~2—4 weeks.""® Complications can arise from both epicardial and
endocardial procedures, but greater experience has been associated
with reduced procedural complications.*'*

Several energy sources and variant lesion sets (apart from PVI and
LAPWV ablation) have been incorporated in convergent endocardial ab-
lation workflows. One large study reported the use of endocardial
cryoballoon in hybrid convergent procedures with favourable safety
and efficacy."*'® The availability of PFA can improve safety and durabil-
ity of endocardial lesions delivered at the posterior wall and thus poten-
tially increase success rates. Given the likely role of LAA in persistent AF
pathophysiology,2"® limited studies have also combined the hybrid
convergent approach with epicardial placement of a clip or stapled ex-
cision of the LAA reporting favourable initial results,'#061419-1421

12.3.3. Clinical evidence—comparison of catheter and
surgical ablation

Several RCTs have compared efficacy and safety of surgical ablation
(minimally invasive or hybrid) with catheter ablation in mostly persist-
ent and long-standing persistent AF patients. Existing data and pertinent
advice are reported below.

12.3.3.1. Paroxysmal atrial fibrillation

Randomized controlled clinical trial data evaluating the efficacy of any
type of stand-alone surgical AF ablation in paroxysmal AF patients
are limited. The FAST trial was a head-to-head randomized comparison
of catheter ablation vs. epicardial thoracoscopic surgery (bipolar RF ab-
lation without standardized procedural workflow) in a total of 124
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patients who had drug-refractory, symptomatic AF (66% paroxysmal
AF) with prior failed catheter ablation or at high risk for failure (dilated
LA)."33? The primary efficacy study endpoint (freedom from atrial ta-
chyarrhythmias >30 s off AADs at 12 month follow-up) was significant-
ly higher in the surgical as compared to the catheter ablation group
(66 vs. 37%, P=0.002). In the subgroup analysis, surgical ablation
showed superior efficacy in the paroxysmal but not in the persistent
AF patient subgroup. The adverse event rate at 12 months was signifi-
cantly higher in the surgical ablation group mainly due to increased pro-
cedural complications. After a mean follow-up period of 7.0 years from
randomization, atrial tachyarrhythmia recurrence was still significantly
lower with surgical ablation (56%) compared with catheter ablation
(87%), without any difference in the primary clinical composite end-
point (death, myocardial infarction, or cerebrovascular event)."**® In
a smaller RCT of 64 patients with previous failed catheter ablation
(59% paroxysmal AF), minimally invasive surgical ablation (thoraco-
scopic approach using bipolar RF clamp and targeting PVI, posterior
box isolation, and GP ablation) resulted in a significantly lower atrial ta-
chyarrhythmia recurrence rate at 12-months of follow-up as documen-
ted by ICM, with an associated significant increase in serious adverse
events when compared with catheter ablation.”**'

Only one RCT has compared minimally invasive surgical ablation
(thoracoscopic approach using irrigated bipolar RF clamp and targeting
PVI only with adjunctive LAA ligation) with catheter ablation as primary
invasive AF treatment. The study included 52 patients with drug-
refractory paroxysmal or early persistent (<3 months duration) AF
with ICM for rhythm assessment during follow-up. Single-procedure
arrhythmia-free survival off AADs after 2 years was similar in the cath-
eter ablation when compared with the surgical ablation group (56 vs.
29%, respectively, P =0.059), while a greater proportion of patients
in the catheter ablation group had a low AF burden (<0.5%) at 2 years.
Procedure-related major complications occurred more often with the
surgical than with the catheter ablation approach (20.8 vs. 0%, P =
0.029).**

In paroxysmal AF patients, the primary therapeutic target for any
type of ablation strategy remains PVI. The following factors have
been taken into account when determining the role of stand-alone sur-
gical or hybrid ablation in symptomatic paroxysmal AF patients: (i) pau-
city of RCT data in paroxysmal AF patients, (ii) discrepancy in reported
rhythm outcome benefit when compared with catheter ablation, (iii)
consistent reporting of higher complication rate with surgical ablation
compared with catheter ablation, (iv) lack of pathophysiological evi-
dence to support ablation targets beyond PVI in paroxysmal AF pa-
tients that may be achieved more efficiently with surgical approaches,
and (v) efficiency of catheter ablation in achieving durable PVI while en-
suring reduced hospital stay and more rapid patient recovery.

12.3.3.2. Persistent and long-standing persistent atrial fibrillation

Several RCTs have evaluated the role of minimally invasive surgical or
hybrid ablation in comparison with catheter ablation in symptomatic
patients with persistent or long-standing persistent AF as primary abla-
tive therapy.

In the CASA-AF trial, 120 patients with symptomatic long-standing
persistent AF without prior ablation were randomized to surgical abla-
tion (thoracoscopic approach using bipolar RF clamp and targeting PVI,
posterior box isolation, and GP ablation) or catheter ablation (PVI, pos-
terior box isolation, CTIl, and mitral isthmus Iine).1422 At 12 months,
26% of patients in the surgical ablation arm and 28% of patients in
the catheter ablation arm were free from atrial tachyarrhythmias, off
AADs, after a single procedure as documented by invasive cardiac
rhythm monitoring (P = 0.84). A similar percentage of patients experi-
enced an arrhythmia burden reduction of >75% as well as
procedure-related serious complications within 30 days of the inter-
vention in both compared arms. Surgical ablation was associated with

significantly higher costs and fewer quality-adjusted life-years than cath-
eter ablation. Based on the study findings, the authors concluded that
they found no evidence to suggest stand-alone thoracoscopic surgical
ablation as first-line invasive therapy in patients with symptomatic long-
standing persistent AF refractory to AADs.

In the CONVERGE trial, 153 patients with symptomatic persistent
or long-lasting persistent AF (mean duration 4.4 + 4.7 years) were ran-
domized 2:1 to undergo PVI plus PWI with a hybrid thoracoscopic/
endocardial approach (99 patients) or PVI plus roof line (no PWI)
plus CTI line using a percutaneous, fully endocardial approach
(50 patients). There was a significantly higher 12-month freedom
from AF in the absence of new or increased dosage of previously failed
or intolerant AADs (primary endpoint) in the hybrid arm compared
with the endocardial arm (68 vs. 50%; P=0.036).2"" However,
there was a higher major adverse event rate of 7.8% in the hybrid
group compared with a 0% incidence in the endocardial group. The re-
ported efficacy superiority of the hybrid as compared to the catheter
ablation approach should be acknowledged in the context of relevant
limitations such as the non-uniform ablation targets in compared
groups (no empirical PWI in the catheter ablation group) and compari-
son of a hybrid (epicardial/endocardial) double approach vs. a single
catheter ablation.

Recently, the HARTCAP-AF trial randomized 41 symptomatic,
ablation-naive patients with persistent or long-standing persistent AF
to an epicardial surgical ablation performed thoracoscopically (bipolar
RF ablation) with occlusion/removal of the LAA combined with percu-
taneous endocardial ablation (one stage) vs. percutaneous endocardial
catheter ablation, with optional repeated catheter ablation(s)."**
Hybrid ablation resulted in significantly more patients in SR off AADs
at 12 months of follow-up compared with catheter ablation (89 vs.
41%, P=0.002), without increasing the number of serious adverse
events (21 vs. 14%, P =0.685).

The recent, multicenter CEASE-AF trial randomized a total of 154
patients with drug-refractory, symptomatic persistent, or long-standing
persistent AF ina 2:1 ratio to either a staged hybrid ablation or catheter
ablation with potential repeat ablation, which was not considered a pri-
mary effectiveness failure. The hybrid ablation procedure included
thoracoscopic RF ablation (PVI, PWI) and LAA exclusion with second-
stage endocardial catheter ablation performed 3—6 months later. In the
catheter ablation arm, PVl was mandatory while additional ablation was
left to physician’s discretion (only 40.2% received posterior wall abla-
tion). Only 11.5% of patients in the endocardial ablation arm under-
went a second catheter ablation procedure. The primary efficacy
endpoint (freedom from AF/AFL/AT >30 s off all Class I/lll AADs ex-
cept those at doses previously failed) was significantly higher in the hy-
brid group as compared to the catheter ablation group (71.6 vs. 39.2%,
P < 0.001) with similar major complication rates.***

There is no RCT directly comparing minimally invasive epicardial sur-
gical ablation alone vs. hybrid ablation. A systematic metaanalysis of 41
studies (published until November 2016) reporting outcomes of these
two types of ablation strategies in a total of 2737 patients concluded
that single-procedure survival free from atrial tachyarrhythmias with-
out AADs was similar between epicardial-alone and hybrid approaches
both at 12 months (epicardial alone 72 vs. hybrid 63%) and at 24
months (69 and 57%, respectively). Interestingly, hybrid ablation was as-
sociated with higher rate of major complications, while transdiaphrag-
matic access and use of unipolar RF were associated with lower success
rates when compared with thoracoscopic access and bipolar RF,
respectively.'*?

A limitation of hybrid AF ablation that restrains its wider applicability
is the higher rate of complications compared with percutaneous cath-
eter ablation. This is not surprising given the added complexity and dur-
ation of combining surgical and catheter-based procedures, particularly
when done at the same session. The reported rate of procedural-
related serious adverse events in the abovementioned RCTs as well
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as in observational studies is usually in the range of 8-
2091472 142314261427 Thege findings emphasize the importance of
assembling an experienced multidisciplinary hybrid team consisting of
a cardiologist, electrophysiologist, and surgeon as discussed above.
Patients should be informed of the risks and benefits of a hybrid vs. a
percutaneous ablation approach prior to undergoing an AF ablation
procedure. Continued advances in ablation technologies and surgical
and catheter-based approaches are anticipated to further improve pa-
tient outcome and reduce complications from hybrid ablation
procedures.

12.4. Left atrial appendage exclusion

The LAA is the site of thrombus location in 90% of non-rheumatic AF
patients with stroke and is a well-documented target for stroke reduc-
tion in patients with AF."*2® Multiple percutaneous and surgical techni-
ques have been proposed for LAA elimination. Recent evidence
supports the value of percutaneous LAA occlusion devices as an alter-
native to anticoagulants in AF patients.'*2**3° Surgical management of
the LAA has an established role for stroke risk reduction in AF patients
as a part of surgical/hybrid AF ablation, as an adjunct to concomitant
cardiac surgery and, more rarely, as a stand-alone treatment. Early
evaluation of the Cox maze Ill procedure suggested a reduction in
late stroke after surgery.'**"'*32 Other retrospective series subse-
quently suggested a lower-than-expected incidence of late neurologic
events after a Cox maze procedure, independent of the preoperative
CHA,DS,-VASc score or long-term warfarin use."?31%3* The reduc-
tion in stroke has been attributed to both SR restoration and LAA
elimination.

Historically, the most common techniques for exclusion of the LAA
have been internal ligation, excision, or stapling at the base,'*3*~143®
Unfortunately, the efficacy of internal ligation and stapled excision or
exclusion have been poor in late follow-up."**~"**! While surgical ex-
cision has been shown to be effective, there has been concern for
bleeding complications, especially in elderly patients with friable tissue.
A more recent technique has been the use of external clips placed ei-
ther under direct visualization or thoracoscopically at the base of the
appendage (AtriClip, AtriCure, Inc.)."***"**¢ The first AtriClip exclu-
sion device was FDA approved in 2009 for the occlusion of the LAA
in patients undergoing other open cardiac surgical procedures. In a large
prospective non-randomized trial, the EXCLUDE trial, 60 of 61 pa-
tients had a successful LAA exclusion at the 3-month follow-up with
a first-generation AtriClip device."*"” Subsequently, the long-term re-
sults from a prospective device trial reported that all 36 patients
were without stroke, and there was 100% LAA occlusion confirmed
by imaging at 3 years without thrombi, reperfusion, or residual neck
stump of >1 cm.'**8 In a recent larger series of 291 patients undergoing
epicardial deployment of AtriClip device during open-heart surgery, the
LAA was successfully excluded at 3 years in all patients.'**
Furthermore, the subgroup of patients with LAA occlusion who dis-
continued OAC during follow-up had a 87.5% relative risk reduction
in ischemic stroke when compared with the expected rate in patients
with similar CHA,DS,-VASc score.'**

Since then, several iterations have been made with the most recent
devices, Pro-V and FLEX-V AtriClip (AtriCure, Inc.), receiving FDA ap-
proval in 2016 and 2018, respectively. Several studies have established
the safety and long-term efficacy of stand-alone minimally invasive or
thoracoscopic LAA occlusion with the AtriClip (AtriCure, Inc.) device
in patients who either cannot be anticoagulated or who are not candi-
dates for a transcatheter approach,'32?713341450.1431 The role of con-
comitant surgical LAA occlusion, in addition to OAC use, is best
supported by a large RCT on LAA occlusion (LAAOS II1)."*** Over
4800 patients with AF undergoing cardiac surgery were randomized
to LAA occlusion (amputation, stapling, or suturing) or no treatment
and were followed for a mean period of 3.8 years, with 76.8% of the

participants continuing their OAC treatment. At 3 years, there were
significantly fewer strokes and systemic emboli in the occluded as com-
pared to the non-occluded cohort (4.8 vs. 7%, P =0.001).

13. Training and institutional
requirements for atrial fibrillation
ablation

For patients to have safe and effective AF ablation treatment, clinicians
need to be adequately trained and work in an institution with appropri-
ate facilities and support. Before performing AF ablation, clinicians and
institutions need to have formally assessed and recorded that they have
the training, standard operating procedures, and facilities to:

select appropriate patients for treatment,

deliver the treatment in a safe and cost-effective way,

manage common complications (e.g. postprocedural pain, hematoma),
manage or have arrangements to manage rare complications (e.g. car-
diac perforation and tamponade, AEF, stroke),

ensure adequate patient follow-up,

record and audit their results and outcomes, and

® respond to incidents, errors, and complications and modify their prac-
tice to reduce the probability of recurrence.

The cost, efficiency, and access to catheter ablation are important con-
siderations. It is therefore unrealistic to expect every clinician and insti-
tution to provide the same level of facility and care. More complex
cases with higher risk should be treated by clinicians with a greater level
of experience and training, in institutions with greater support.
Conversely, many lower risk patients undergoing simple PVI will not re-
quire the same level of support. As long as centers and clinicians can
demonstrate that they are able to deliver all of these fundamental qual-
ity metrics outlined above, then it is reasonable for them to perform
catheter ablation of AF.

13.1. Training requirements

Atrial fibrillation ablation is not performed by a doctor or surgeon
alone; it is a procedure involving a multidisciplinary team. Patients
may interact with and depend on many of the clinicians in this team,
and therefore, training, competence, and access to facilities for all of
these team members need to be considered.

13.1.1. Appropriate selection of patients

Patients who are suitable for AF ablation are likely to be identified by
clinicians who do not perform AF ablation, including specialist nurses.
However, before being scheduled for a procedure, patients should
have had the opportunity to meet a doctor who is competent to per-
form the procedure, with knowledge of the outcomes and other treat-
ment options in order to allow the patient to make an informed
decision. Patients should also understand any limitations of the facilities
available to them, and physicians should be able to advise patients when
a more complex level of care is needed. The treatment options for AF,
AF ablation, and factors that influence outcomes are discussed in detail
in previous sections. Trainees should have demonstrated similar knowl-
edge and quality of consent as their supervisors before selecting and
consenting patients independently. Clinical staff involved in preparing
patients for their procedure should also be aware of clinical features
that may give them an increased risk or poorer outcome from an abla-
tion, and members of the team like specialist nurses performing pre-
admission assessment should be competent to identify such risk factors
and alert the rest of the team.
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13.1.2. Technical knowledge required

The doctor performing the procedure should have a thorough under-
standing and appropriate training (with formal documentation of this if
appropriate) of:

® current indications for AF ablation (Section 4),

® relevant anatomy (Section 3),

® advantages and disadvantages of different technologies and techniques
for AF ablation (Sections 6 and 8),

® success rates for ablation in different patient groups (Sections 8 and 10),

® appropriate postoperative management and follow-up of patients
(Section 9), and

® prevention, clinical presentation, and management of procedural com-
plications (Section 11).

Physicians should also have been through a formal and documented
training programme with their progress logged and signed off by an ap-
propriate supervisor. They should have demonstrated a knowledge of
the areas required and competence to perform independently:

® achieve venous access (including use of vascular ultrasound)

® perform transseptal puncture

® identify and isolate the PVs (including validating PVI on electrophysio-
logical tracings and performing differential pacing maneuvers)

® be competent in using and interpreting 3D mapping systems

® understand biophysics of RF, cryothermy and other energy sources, en-
ergy selection, and application

® achieve hemostasis post-procedure; this may include use of
figure-of-eight sutures and/or vascular closure devices

® identify and drain a pericardial effusion

Atrial fibrillation ablation now comes in several forms, which range
from PVI to complex AT ablation. It is recognized that some clinicians
may work in a service that just performs PVI with single-shot technolo-
gies and refers patients with rhythms other than AF to other electro-
physiologists. The writing group suggests that all physicians involved
in AF ablation, even when focusing on single-shot PVI, should also
have attained basic competence in mapping and ablation procedures
that are required for treatment of coexistent arrhythmias, e.g. typical
AFI, atypical AFI, or SVT. In case of non-availability of 3D mapping sys-
tems, patients with AT post-AF ablation should be referred to appro-
priately equipped institutions.

13.1.3. Training of non-medical team members

The other members of the team performing ablation should have train-
ing appropriate to their roles. These roles may be varied but whatever
their role, their training and competence should be recorded and as-
sessed. Important roles fulfilled by non-medical members of the team
may include the following:

® selecting patients—understanding indications and characteristics ad-
versely affecting outcomes of AF ablation

® managing electrophysiology equipment

managing analgesia/sedation—appropriate and safe sedation training

® assisting in management of life-threatening complications (e.g. tampon-
ade)—training and rehearsal of procedures and use of equipment

® performing patient follow-up

® identification of complications or postablation arrhythmia recurrence

13.1.4. Completion of training

Numbers of procedures required to achieve competence are very dif-
ficult to define because different clinicians will progress at different
rates. It is recommended that trainees should have completed a training
programme, and their supervisor/trainer should be able to take respon-
sibility for a trainee and confirm that the trainee is competent to per-
form the procedures they intend to undertake as an independent
practitioner.

The writing group suggests that the minimum required practical ex-
perience with active participation includes:

® 50 AF ablation procedures,
o 20 CTI flutters, and
® 10 non—CTl-dependent focal or reentrant tachycardias.

These numbers are consistent with the 2015 ACC/AHA/HRS
Advanced Training Statement on Clinical Cardiac Electrophysiology
and the Level 2 EHRA Certified Electrophysiology Specialist require-
ments."**? Further skills and knowledge may be required depending
on the practice of the trainee/physician.

13.1.5. Maintaining competence

It is well recognized that both physician and institutional procedure vo-
lumes are associated with improved patient outcomes. Even if physi-
cians have received training for catheter ablation, it is important that
they are performing these procedures regularly and continue a pro-
gramme of self-education to ensure that they are aware of the most
current evidence and thinking on AF and its management.

Actual procedure numbers continue to be difficult to define because
some clinicians will require longer training and more procedures to
maintain their performance than others. Analysis of early practice sug-
gested that individual and institutional volumes of <25 and <50 AF ab-
lations per year, respectively, were associated with worse outcomes.*®
More recent evidence suggests that procedure numbers are less im-
portant for institutions using cryoballoon ablation, with studies failing
to show a significant difference between high-volume and low-volume
centers. 2?13 The reality is probably more nuanced than simply a dis-
tinction between high-volume and low-volume centers because, al-
though outcomes may not be statistically different, high-volume
centers will manage more complex, high-risk cases.'** Therefore,
we would recommend that rather than using procedure numbers as
a crude assessment of competence, all centers performing AF ablation
should be able to demonstrate their procedure outcomes and compli-
ance with the recommendations in this consensus document.

There is evidence of improved performance with team-based simu-
lations and loss of performance when this is discontinued."*> "¢ It is
therefore strongly suggested that all members of the ablation team take
part in regular rehearsals or simulations to practice management of
emergencies and rarely seen complications like pericardial effusion.
This ensures that not only all team members are aware of the plan
and their role in it, but also that the necessary equipment is available.

13.2. Institutional requirements

13.2.1. Staff

Institutions should have sufficient trained staff to provide pre-admission
counselling, AF ablation, and postoperative support and follow-up.
These roles should ideally not all be carried out by the physician per-
forming the procedure, to ensure that other members of the team
are appropriately trained to support patients in the absence of that
physician. If an institution is not able to offer 24/7 care to patients, pa-
tients should be able to access care in the event of an emergency (even
if it involves attending an emergency room) and know what those ar-
rangements are. Staff should be aware of common complications after
AF ablation and to triage them appropriately.

13.2.2. Equipments and facilities

Atrial fibrillation ablation in selected patients can be performed safely in
institutions without cardiothoracic surgical services.''*'**? |n a retro-
spective, non-randomized, propensity-matched analysis of Medicare
beneficiaries aged 65 years and older, the presence or absence of on-
site cardiothoracic surgery was not associated with 30-day rate of
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cardiac perforation, cardiothoracic surgery, rehospitalization, and death
after AF ablation."*” However, in this study, hospitals without cardio-
thoracic surgery accounted for just 2% of total ablations indicating that
in the USA, this remains uncommon. When AF ablation is performed in
centers without cardiothoracic surgery services, it is recommended
that transfer arrangements and checklists should be in place, and pa-
tients should be aware of the potential need to be transferred to a car-
diothoracic center in case of emergency.

All institutions should have the following minimum equipment list to
perform AF ablation:

® ultrasound for vascular access,

® echocardiography, including TEE,

® fluoroscopic X-ray imaging,

® 3D mapping or a single-shot PV ablation technology, and
® pericardial drainage equipment and anticoagulant reversal.

Institutions performing AT ablation should have access to a 3D map-
ping technology.

13.2.3. Follow-up and other requirements

Institutions should have arrangements for patient follow-up. Follow-up
intervals and duration are discussed in Section 9. Follow-up does not al-
ways need to take place face-to-face. Digital ECG recording systems
can facilitate remote phone or video consultation follow-up when
the patient and the physician both feel this is appropriate. It is important
that this follow-up system should be used to record AF ablation out-
comes. These results should be audited, and the institution has formal
arrangements for identifying and responding to serious complications.

Table 10 Unanswered questions in AF ablation

The outcomes of physicians and their teams should be regularly re-
viewed and arrangements in place to identify and manage poor per-
formance. Institutions should have a culture and system in place that
encourages reporting of poor outcomes and responding to this by
avoiding individual blame, rather aiming to understand and correct
the system failures that have led to poor performance and confirm
that appropriate changes have resulted in improved outcomes.

If there is a regional or national audit database, centers should submit
their data to those, including their complication rates.

14. Areas for future research

There has been significant progress in the safety and efficacy of AF ab-
lation as well as significant advances in the technologies used to perform
ablation. However, many critical questions remain unanswered, espe-
cially as we enter a new era in energy delivery with the advent of
PFA (Table 10).

14.1. Basic translational science

The importance of basic and translational research to better under-
stand the mechanisms of AF should not be underestimated. It should
be recognized that even after a century of research, the mechanisms
of AF have not been fully elucidated, hampering our ability to develop
better clinical tools for treating AF. The debate continues over the pri-
macy of the multiple wavelet hypothesis vs. focal sources of AF.'*®
While prior attempts to map with phase-mapping and other technolo-
gies have not resulted in meaningful improvements in AF ablation,

Basic/translational science ® What are the mechanisms of AF?

Questions

® What are the best preclinical models of AF for understanding human disease?

Risk factor modification ® Treatment of which risk factors (i.e. OSA, obesity, hypertension, physical inactivity) improve outcome after AF

ablation?

® Does maintenance of risk factor modification reduce late AF recurrences?

® Can pharmacologic prevention of remodelling/fibrosis improve long-term freedom from AF after ablation?

Patient selection—personalized ® Can machine learning and artificial intelligence improve patient selection and downstream clinical outcomes?

management e Can we develop a personalized approach to AF ablation based on risk factors, AF duration, and atrial substrate?

® Do asymptomatic individuals benefit from catheter ablation, including reductions in cardiovascular adverse events?

Energy sources—ablation tools ® What are the optimal settings for cryothermy and radiofrequency ablation in different LA regions?

® What are the optimal PFA settings for AF ablation (delivery design, dose)?

e Does PFA improve long-term outcomes when compared with radiofrequency or cryoballoon ablation?

® Does PFA improve the safety and efficacy of additional substrate modification?

® Are there unrecognized safety concerns if more extensive PFA leads to greater proportions of atrial myocardium

being ablated?

e Can combined pulsed field and thermal ablation modalities improve AF ablation efficacy and safety?

Ablation strategies e Can we prevent PV reconnection after PVI?

® What is the optimal ablation approach of persistent AF?

e Can ablation based upon computer simulations of the interactions between substrate and arrhythmia provide

Endpoints and outcomes after

ablation

personalized ablation strategies and lesion sets that result in safer, more effective, and more efficient procedures?
Can we reproducibly map focal AF drivers and does ablation of these focal sources lead to improved outcomes?
Which patients benefit from hybrid ablation? Are outcomes and safety improved compared with catheter ablation?
Can wearable technologies offer reliable monitoring of AF burden after AF ablation?

What is the optimal and most pragmatic efficacy endpoint for arrhythmia suppression after AF ablation?

AF, atrial fibrillation; LA, left atrial; OSA, obstructive sleep apnoea; PFA, pulsed field ablation; PV, pulmonary vein; PVI, PV isolation.
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emerging technologies continue to offer promise. It is also possible that
persistent AF has multiple mechanisms, which may vary in different
patients and substrates. Investigation into more personalized AF treat-
ment strategies, based on clinical and electrophysiologic measurements,
that minimize tissue destruction should be encouraged. Whether we
can map AF in a way that leads to changes in ablation strategies with
an impact on short-term and long-term outcomes perhaps remains
one of the largest unanswered questions in AF ablation.

14.2. Risk factor modification

Recent evidence has highlighted the importance of risk factor modifica-
tion for improving the outcome after AF ablation and preventing long-
term AF recurrences (Section 5.1.). Optimal strategies for maintaining
weight loss and risk factor modification long term and its effect on
late AF recurrence should be investigated. Longer term (>10 year) out-
come after ablation of AF should also be investigated to determine
which patients benefit most from early intervention. It has also become
apparent that an underlying fibrotic atrial myopathy underlies AF pro-
gression in many patients. Pharmacologic approaches to minimize the
progression of atrial remodelling and fibrosis may be important for im-
proving long-term freedom from AF after ablation.

14.3. Patient selection—personalized

management

A key step in AF ablation is optimization of patient selection. Several
variables are predictive of ablation outcome (Section 5.2.1.). There
have been significant advances in our understanding of LA substrate
and its relation to ablation outcomes. The DECAAF study highlighted
the value of MRI-detected fibrosis for predicting outcomes after abla-
tion."®® However, these findings have not been widely reproduced or
employed. More recent studies have highlighted the promise of ma-
chine learning to predict outcomes following ablation,'***14¢0
Development of a personalized approach to identify optimal AF abla-
tion candidates and predict procedural outcome is necessary to ad-
vance precision medicine approach in the care of AF patients.

To date, patient selection and indications for ablation of AF have fo-
cused on those with symptoms and left ventricular systolic dysfunction.
However, recent data supporting improved outcomes with early
rhythm control in asymptomatic persons raise the question as to
whether ablation may improve long-term outcomes in those without
symptoms.**? Determining whether ablation can improve outcomes
in persons with asymptomatic AF will require relatively large RCTs.

14.4. Energy sources—ablation tools

In clinical practice across the world, cryothermy and RF remain the pre-
dominant modes of energy delivery for AF ablation. As both of these
technologies develop, the best approach to lesion delivery still remains
unclear. Pulsed field ablation has the potential to change that by providing
safer and more efficient lesion delivery. Utilization of PFA is rapidly grow-
ing, and larger multicenter experiences are reassuring.e‘w'644 Additional
investigation will be required to determine whether PFA results in similar
or better long-term outcomes compared with cryoballoon and RF abla-
tion.®*> While PFA may reduce the risk of significant PN palsy, esophageal
injury, and PV stenosis, does it permanently impair GP? If not, what are
the implications for longer term efficacy?**" Does PFA perform as well
on non-PV targets with similar safety or are there additional safety con-
cerns as has been recently highlighted with coronary vasospasm?®®®
Finally, if PFA does provide more reliable and facile ablation, will easier
ablation result in more atrial myocardium being ablated and thus in-
creased risk for low-compliance complications of AF ablation such as stiff
LA syndrome? Early data suggest that PFA does not engender changes

that favour restrictive physiology,' " but more data are needed, particu-
larly in patients undergoing extensive substrate modification.

14.5. Ablation strategies

While PVI remains the gold standard for the treatment of paroxysmal
AF, PV reconnection after ablation remains a common problem and the
major reason for recurrence after ablation. Novel energy sources and
approaches to minimize PV reconnection after ablation will be essential
for determining the true effectiveness for durable PVI on freedom from
AF. This is critical before other adjunctive strategies can be investigated.

Outcomes following ablation of persistent AF are suboptimal.
Despite many clinical trials, no adjunctive ablation strategy has been
shown to be consistently superior to PVl alone. Delineation of optimal
method(s) for ablation of persistent AF beyond PVI remains a priority in
future research in AF ablation. Advances in computational power and
machine learning may also allow better characterization of the AF sub-
strate and appropriate targets beyond PVI. Personalized computational
modelling has been evaluated to help ‘personalize’ ablation and pre-
determine ablation targets."**? Future studies will need to prospective-
ly evaluate both clinical and machine learning risk stratification schemes,
and randomized studies will be needed to test personalized approaches
to AF ablation. As with any new technology, reproducibility across
centers will be essential.

The combined approach of hybrid ablation has shown some value for
improved outcomes in patients with persistent AF and more advanced
atrial substrates (Section 12). However, the morbidity of such proce-
dures is generally higher than catheter ablation, and outcomes depend
on surgical tools and experience. Studies to identify the best candidates,
tools, and approach to hybrid ablation are needed. Future studies
should also compare catheter ablation with hybrid approaches, ideally
involving similar lesion sets and follow-up. Hybrid approaches that in-
volve two procedures (surgical ablation followed by catheter ablation)
should ideally be compared with two catheter ablations. Furthermore,
the optimal timing between different stages of the hybrid procedure
should be investigated.

While interventional catheter-based approaches to treat AF domin-
ate our current approach, non-invasive methods for treating AF will un-
doubtedly be developed in the future. Stereotactic body radiotherapy
has been demonstrated to be effective for refractory VT and is growing
in use."*®3 Stereotactic body radiotherapy has also been used in a pilot
study to treat AF in humans,"*** and such techniques will only improve
with safer targeting and radiation technology. Carbon and proton beam
ablation may allow more accurate targeting and lower radiation dose to
surrounding tissues.'*¢> Further research into non-invasive ablation of
AF should be encouraged.

14.6. Endpoints and outcomes after

ablation

Testing different ablation strategies, evaluating the impact of new tech-
nologies, and accurately understanding the impact of ablation require
reporting and evaluation of standard, pragmatic, and meaningful mea-
sures of arrhythmia suppression. While it is generally agreed that
30 s of sustained atrial arrhythmia has limited value from a disease bur-
den and patient perspective, there still is no consensus on what the op-
timal efficacy endpoint should be for AF ablation (Section 10.2.). While
AF burden may be an ideal measure,” at present, it requires either ex-
tended monitoring to provide periodic samples of AF burden or an im-
planted device to measure truly continuous AF burden (Section 10.3.).
However, this status quo may change as wearable technologies evolve
(Section 9.4.).7#¢¢4¢7 A key goal for the field should be the identification
of a universal, pragmatic, and meaningful efficacy endpoint for AF abla-
tion that impacts outcome.
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Measuring outcomes is also challenging in asymptomatic patients;
while hard outcomes such as mortality and stroke would provide the
strongest support for ablation in asymptomatic patients, other out-
comes such as exercise tolerance and QoL improvements would be im-
portant to ascertain.
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