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Abstract

Pulmonary vein isolation is an well-established treatment strategy for atrial fibrillation (AF), and it is especially effective
for patients with paroxysmal AF. However, the success rate is limited for patients with persistent AF, because non-pul-
monary vein triggers which increase AF recurrence are frequently found in these patients. The major non-pulmonary
vein triggers are from the left atrial posterior wall, left atrial appendage, ligament of Marshall, coronary sinus, superior
vena cava, and crista terminalis, but other atrial sites can also generate AF triggers. All these sites have been known to
contain atrial myocytes with potential arrhythmogenic electrical activity. The prevalence and clinical characteristics of
these non-pulmonary vein triggers are well studied; however, the clinical outcome of catheter ablation for persistent

major non-pulmonary vein triggers.

AF is still unclear. Here, we reviewed the current ablation strategies for persistent AF and the clinical implications of
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Current ablation strategies for persistent atrial
fibrillation
Catheter ablation is an effective treatment for atrial fibril-
lation (AF) because it prolongs the maintenance of sinus
rhythm or reduces the number of acute episodes, thereby
improving the quality of life [1]. In addition, it is well
known that catheter ablation lowers the risk of mortality,
stroke, and heart failure hospitalization [2—4]. The main
goal of the ablation procedure is to remove all possible
AF triggers with a minimum ablation amount [5].
Circumferential pulmonary vein isolation (PVI) is the
most important technique of catheter ablation for AF [6].
Most triggers of paroxysmal AF arise from the pulmonary
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veins; thus, the procedure involves creating circumferen-
tial ablation lesions around the PVs to electrically isolate
them from the left atrial body. According to the previ-
ous study by Ouyang et al. [7], the recurrence rate after
the first ablation procedure for paroxysmal AF is 46.6%,
and the AF-free survival was increased up to 79.5% with
repeated procedures.

Catheter ablation for persistent AF (PeAF) is more
challenging than paroxysmal AF treatment, and clinical
outcomes are not favorable despite technical advance-
ment in catheter ablation [8-10]. After multiple pro-
cedures, 45% of long-standing persistent AF (PeAF)
patients were in sinus rhythm during follow-up [9]. In
PeAF, circumferential PVI alone does not ensure favora-
ble clinical outcome; therefore, non-PV triggers have
important roles in the disease initiation and progression
[11]. To improve outcomes, atrial substrate modification
is often performed with PVI. However, the STAR AF II
randomized controlled trial revealed that empirical com-
plex fractionated atrial electrogram ablation or linear
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ablation in addition to PVI did not reduce the AF recur-
rence rate in PeAF patients [10].

Nevertheless, the identification and ablation of non-PV
triggers are of paramount importance in preventing AF
recurrence and improving long-term clinical outcomes in
PeAF. Several groups have reported the distribution and
clinical characteristics of non-PV triggers, as well as the
improved clinical outcome after complete elimination
in PeAF [12, 13]. Recent findings demonstrated that AF
recurrence decreased with empirical ablation of non-PV
sites even in long-standing PeAF population [12, 14].

According to the 2020 ESC guidelines, more extensive
ablation has been advocated particularly for PeAF and
long-standing PeAF. This may include the linear ablation
in the left atria, the left atrial appendage (LAA) isolation,
superior vena cava (SVC) isolation, targeted ablation of
potentially arrhythmogenic atrial sites [15, 16]. However,
the benefit of additional ablation lesions beyond PVI is
not well established.

Here, we review the characteristics of non-PV triggers
and their clinical implications.

Definition/prevalence/distribution of non-PV
triggers

Increasing evidence has shown that sites outside the PVs
may harbor arrhythmogenic triggers, which are respon-
sible for the atrial tachyarrhythmia initiation, thus pre-
disposing to arrhythmia recurrence [17]. The prevalence
of non-PV triggers reported to be higher in patients with
Persistent than paroxysmal form of AF, and the patients
who have specific risk factors such as old age, female sex,
sleep apnea, obesity, atrial structural remodeling, pres-
ence of heart failure, other cardiomyopathy, or valvular
heart disease [17, 18]. Non-PV triggers are ectopic beats
initiating sustained/non-sustained of atrial tachyarrhyth-
mias, which are harbored in various anatomical regions
in atria. Especially, some atrial structures are well-known
sources of non-PV triggers contributing to atrial tachyar-
rhythmia, including the left atrial posterior wall (LAPW),
interatrial septum, crista terminalis, LAA, and vessels
connecting to atriums. The left SVC or its fetal remnant,
the ligament of Marshall are also common extra-PV
sites. Recently, uncommon atrial tachycardia from the
non-coronary cusp has been reported as an uncommon
non-PV trigger in AF patients with an overall prevalence
of 0.08% in AF ablation cases [19]. In addition, atrioven-
tricular nodal reentrant tachycardia or atrioventricular
reentrant tachycardia may play a role as a non-PV trigger
in 2% of PeAF patients [16, 20].

As there are no standard induction protocol and no
standard definition of clinically significant non-PV trig-
gers, the prevalence is variable across studies. In previous
studies, the reported prevalence of non-PV triggers varies
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from 3 to 47% [13, 21-28]. From the study by Santangeli
et al. [16] in 2016, non-PV triggers were found in 11% of
PeAF patients in their large prospective study. The overall
prevalence was similar to that observed among patients
with paroxysmal AF or long-standing PeAF [16]. How-
ever, in another study, the prevalence was higher in PeAF
than in paroxysmal AF [24]. In a large multicenter cohort
study of de novo catheter ablation in PeAF, clinically sig-
nificant non-PV triggers initiating AF were reported in
more than 10%, and non-PV triggers were found in more
than 75% of all PeAF patient cases [18].

The LA walls are made up of thin muscular layers which
extend up to 20 mm inside the PVs [29]. At the connec-
tion level between atrium and venous structure, some
muscular sleeves are known to constitute an arrhythmo-
genic substrate. Except for PV, there is controversy over
where is the most common site of non-PV triggers in
PeAF. Santangeli and the colleagues reported the most
common site was reported to be the crista terminalis/
Eustachian ridge region [16]. Others reported that extra-
PV triggered activity was found most commonly at the
CS and LAA [18]. Tohhoku et al. [30] showed that the
SVC and LAPW were the two most popular sites.

Several techniques have been proposed to provoke and
localize the non-PV triggers foci. Santangeli et al. [5] pro-
posed the following provocation protocol: isoproterenol
infusion and cardioversion of AF induced by atrial pac-
ing with or without isoproterenol infusion at 3-6 mg/
min. During the trigger protocol, several groups sug-
gested that catheters were positioned following setup for
detection of triggers [5, 17, 18]: (1) mapping catheters
for simultaneously recording electrical activity from the
left superior PV, recording the far-field potential of left
atrial appendage; (2) positioning ablation catheter inside
the right superior PV to record the far-field potential of
a interatrial septum; (3) positioning multipolar catheters
for right atrial side and CS signals. Figure 1 shows an
example of catheter setup during provocation test and
examples of activation pattern of PACs [17].

Major non-PV trigger sites and their role in PeAF
Posterior wall (PW)

The LAPW is well known to be a common non-PV trigger
site, and the additional benefit of PW isolation beyond
PVI in PeAF patients has been frequently reported in
previous studies. From an embryological and anatomical
view, the LAPW should be considered as an extension of
the PVs. As the LA wall develops and expands, the PVs
with multiple bifurcations are progressively incorporated
into the LA wall. At this point, four separate openings are
present at the posterior part of LA; this area includes the
LAPW and the four PVs. The LAPW harbors myocytes
and has distinct electrophysiological characteristics.
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Fig. 1 Example of the catheter setup during isoproterenol provocation test and examples of activation pattern of PACs. A Duodecapolar catheter
with electrodes spanning from the SVC, right atrium/CT [blue] to the CS [green], ablation catheter in the right superior PV recording the far-field
IAS [violet], 10-pole circular mapping catheter in the left superior PV recording the far-field LAA activity [red]. B Activation pattern during sinus
rhythm. C Example of activation pattern PACs from the CS. The earliest activation (red star) is recorded in the dipole CS 7-8 of the distal segment of
the duodecapolar catheter (inside the CS). D Example of activation pattern of PACs from the LAA. The earliest activation (red star) is recorded by the
circular mapping catheter inside the left superior PV recording the far-field from the LAA. (Della Rocca, Di Biase et al. 2021)
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Studies using in vitro and in vivo models showed that
cardiomyocytes in the LAPW have a shorter action
potential duration and a shorter refractory period. Also,
the degree of fibrous fatty infiltration is higher in the PW
than in other structures, which is associated with non-PV
triggers and unidirectional anatomical block. Therefore,
the LAPW can be regarded as a perpetuator for AF as
well as a source of triggers, suggesting that its isolation
may be a potentially useful approach for rhythm con-
trol in all types of AF. Electrical isolation of the LAPW
has been reported to be beneficial [31, 32]. However, a
recent randomized study investigating the effect of addi-
tional LAPW isolation for PeAF patients showed no
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improvement in rhythm outcomes [33]. Discrepancy of
results of clinical trials can be explained by the extent of
antral versus wide antral pulmonary vein isolation, verifi-
cation of electrical isolation of the posterior wall. One of
the main limitations of clinical trials that evaluate addi-
tional treatment beyond pulmonary vein isolation is that
pulmonary vein reconnection is not rare in the current
state-of-the-art PVI and common in patients without AF
recurrence.

For electrical isolation of the LAPW, several strate-
gies are suggested [34, 35]. A schematic illustration of
PW isolation strategies and example of LAPW trigger is
shown in Fig. 2. This approach includes wide PV antral

P12

P34

P

P78

P 91¢

P12

P 1314
P 156

P78

P 1020

HRA 910
HRA78
HRA 56

HRA 34
HRAJ

csa10
cs78
CcsS 56
Cs 34
Cs12

! 1 1 \ I VR L 1

L 1 L 1

LR i62RN L L 1

Fig. 2 A Aschematic illustration of PW isolation strategies. B Example of an atrial fibrillation trigger from the PW recorded but the pentaray catheter.
ABL ablation, CS coronary sinus, d distal, HRA high right atrium, P pentaray, p proximal
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isolation followed by inferior and roof linear ablation to
achieve complete posterior wall isolation. In the single
ring approach, a large circumferential ablation lesion
encloses the four pulmonary veins and posterior wall.
The potential esophageal injury risk may be reduced
with the single ring approach. However, it may lead to
reconnection in both set of PVs and PW.

LA appendage (LAA)

Embryologically, the LA appendage (LAA) is a rem-
nant of the primordial left atrial tissue. Considering
its complex morphology, several studies have inves-
tigated its role in AF initiation and maintenance. In
2005, Takahashi et al. [36] reported that multiple foci
were found inside the LAA after PVI in a paroxysmal
AF ablation case. Natele et al. [37] reported in 2010 that
the LAA was responsible for triggering atrial tachyar-
rhythmias in 27% of patients with redo AF procedures.
The BELIEF randomized controlled trial compared
the standard ablation strategy (PVI with extra abla-
tion as needed) with standard ablation plus empiri-
cal LAA electrical isolation [38] and reported that at
the 12-month follow-up, about half (56%) of patients
with empirical LAA isolation and 28% of patients with
standard ablation alone were free of AF recurrence. A
previous observational study reported 73% of patients
had durable isolation of LAA verified in a subsequent
procedure [39]. However, some studies reported com-
plications after empirical LAA isolation, such as LAA
thrombus, stroke, or LAA dysfunction [40]. In a pro-
pensity score-matched analysis conducted by Romero
et al. [41], empirical LAA isolation showed significantly
lower AF recurrence in both PeAF and long-standing
PeAF patients without increasing the acute proce-
dural complication rate; however, there appears to
be a higher stroke in the LAA isolation group among
patients who discontinue oral anticoagulation. There-
fore, a stroke prevention strategy after LAA isolation,
such as life-long un-interrupted oral anticoagulation or
LAA occlusion, is mandatory to guarantee the benefits
of LAA isolation.

Since LAA has a thin wall and is easily perforated,
it is critical to perform LAA isolation by transferring
high-frequency energy at the level of LAA ostium,
which has a relatively thick wall. High-output pacing
(20 mA/) at the LAA posterior side before ablation
may be helpful to avoid left phrenic nerve injury [41].
Radiofrequency settings typically include power from
40 to 45 W while maintaining a temperature of 42 °C
for a maximum of 30 s per each ablation site [42]. For
the thicker part of LAA (anterior and superior edge),
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longer ablation duration (more than 30 s, up to 60 secs)
might be required [41].

Superior vena cava (SVQC)

The SVC, which arises between the right atrium and the
sinus venosus, is one of the important non-PV foci of
AF [43]. SVC contains atrial myocytes with automaticity
[44]. The myocardial sleeves over the SVC share certain
electrical properties with the sinoatrial node including a
stronger propensity for automaticity in addition to trig-
gered activity. The SVC musculature is involved in the
sustaining of AF as well [43]. In most AF ablation cases,
SVC triggers are usually identified following adenosine
injection, continuous isoproterenol infusion, or cardio-
version [13, 43]. The role of the SVC in PeAF is less well
studied. Two meta-analyses of SVC isolation showed
conflicting results. Li et al. compared “empirical” (all
patients underwent SVC isolation) versus “conventional”
(only those with SVC triggers underwent SVC isolation).
This meta-analysis found a significant improvement in
the 12-month outcome in the empirical SVC isolation
group (16% vs. 29%) [45]. Conversely, Sharma et al. [46]
found no benefit to SVC isolation plus PVI over PVI
alone. Nevertheless, SVC isolation might have therapeu-
tic potential, especially for those with SVC triggers.

A useful strategy for the isolation of SVC is the seg-
mental approach, in which the area adjacent to the
arrhythmogenic focus is targeted. During SVC isolation,
increases in the sinus node automaticity can be consid-
ered to indicate the risk of sinus node damage. During
isoproterenol infusion, ablation should not be performed
in order to monitor sinus node dysfunction. Prior to radi-
ofrequency delivery at the posterolateral segment of the
SVC High output pacing (>20 mA) should be done to
avoid collateral injury of the phrenic nerve [5].

Coronary sinus (CS)

Non-PV triggers from the CS are common, especially in
patients with PeAF [12]. It is known that the muscle layer
surrounding the CS can generate rapid electrical activ-
ity. The muscular bundles enveloping the CS run with
different orientations, connecting to both atria. While
those muscular bundles usually end where the great car-
diac vein begins, they sometimes extend over the vein
by>10 mm. Several studies reported that the CS plays a
key role in the electrical connection of both atria [47, 48].
Therefore, CS isolation may contribute to the AF abla-
tion success in two different ways. First, the abolition of
all electrical potentials inside CS means the elimination
of an important source of abnormal electrical activity,
which is likely associated with the initiation of AF [49].
Second, CS isolation can interfere with the electrical
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connection between the two atria, thereby preventing AF
perpetuation [50].

To isolate the CS completely, both the endocardial and
the epicardial sides of the vessel should be targeted, to
eliminate whole CS potentials (Fig. 3A). It is important
to maintain the ablation catheter tip direction facing
the atrial aspect of the CS. It is not necessary to perform
ablation at the ventricular aspect of the CS to avoid the
risk of coronary arterial injury [5].

Ligament or vein of Marshall (LOM or VOM)

The vein of Marshall (VOM) is located in the LA ridge
and the posterior mitral isthmus [51]. The VOM can
be retrogradely cannulated from CS at the level of the
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valve of Vieussens. The ligament of Marshall (LOM)
is the vestigial fold containing the remnant of the left
SVC, i.e., the VOM, and plays an important role in
atrial arrhythmogenesis [52]. As it is insulated by fat
tissue, perfect ablation of the VOM by radiofrequency
catheter ablation (Fig. 3B) is highly challenging [53].
Intravascular ethanol injections combined with radiof-
requency ablation synergistically improve the possibil-
ity of left PV isolation and elimination of the occasional
direct LOM-PV connections [54]. Liu et al. [55]
reported that VOM ethanol injection was a useful strat-
egy for maintaining AF free period during follow-up.
Valderrdbano et al. [56] recently published the results
of the VENUS trial, which showed that VOM ethanol

Fig. 3. 3D electro-anatomical map showing the ablation inside of the coronary sinus. A Epicardial ablation inside the CS was performed for CS
isolation. B Atrial tachycardia originated from vein of Marshall was induced during rapid atrial pacing. Epicardial ablation inside of the coronary sinus
was performed
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infusion decreased atrial tachyarrhythmias recurrence
in PeAF ablation.

Crista terminalis (CT)

The CT is an elongated muscular prominence between
the SVC and IVC in the posterolateral part of the right
atrium. The arrhythmogenicity of CT may be associated
with the vicinity with the Bachmann’s bundle, propensity
to fibrosis, and peculiar muscular anisotropic conduction
[57-59]. Several studies demonstrated the role of CT in
the development and maintenance of AF [60-62].

Persistent left superior vena cava (PLSVC)

The PLSVC, which results from the persistent patency of
the left cardinal vein, is an uncommon, but most com-
mon congenital anomaly of thoracic venous system,
which arise from the junction of the left subclavian and
internal jugular veins, passes along the left side of the
mediastinum [63], and drains into coronary sinus which
is usually dilated [27]. Like other thoracic veins, a PLSVC
also present arrhythmogenic activity initiating AF [64,
65], and its isolation is important to reduce the AF recur-
rence [27, 66, 67]. Because complete isolation of PLSVC
may be difficult to achieve in some cases due to proximity
to the left phrenic nerve or the risk of esophageal injury,
segmental isolation may be sufficient for reducing AF
recurrence [5, 66].

Future perspectives and conclusion

There are some possible explanations for the low success
rate of various ablation strategies for treating PeAF. First,
appropriate targets for ablation outside of the PVs have
not been identified. Second, RF lesions may not be dura-
ble enough to ensure long-term outcomes [67, 68]. Third,
targeting only the left atrium is not sufficient to treat
PeAF. Furthermore, the accurate mapping of non-PV
triggers is sometimes difficult. The electrograms obtained
by the reference catheters are often insufficient to local-
ize the focus.

Considering that identifying and successfully ablating
extra-PV triggers in each patient with optimal lesion for-
mation are still challenging, many researchers continue
to conduct studies on PeAF. However, it is still controver-
sial whether the elimination of inducible repetitive PACs
improves AF success rate. In the review by Natale et al.
[17], they suggest that empirical ablation of critical areas
should be performed. However, no randomized clinical
trial has demonstrated the benefit of additional ablation.

In conclusion, compared with paroxysmal AF, PeAF is
still more challenging to treat with less efficacy. Adjunc-
tive ablation strategies targeting extra-PV sites can be
performed for patients with PeAF; however, the best
approach and additional benefit still remain unclear.
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Many substrate modification techniques have been devel-
oped to obtain better clinical outcomes (e.g., LAA isola-
tion, ablation of abnormal atrial signals, creating linear
lesions); however, these strategies are controversial and
not uniformly performed [69]. In the near future, consid-
erable progress in PeAF treatment can be expected with
a better understanding of the disease and the continuous
development of ablation technology.

Abbreviations

AF Atrial fibrillation

(&) Coronary sinus

(@) Crista terminalis

LAA Left atrial appendage
LAPW Left atrial posterior wall
LOM Ligament of Marshall
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PV Pulmonary vein

PVI Pulmonary vein isolation
PW Posterior wall

RA Right atrium

SvVC Superior vena cava

VOM Vein of Marshall
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