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Abstract
Purpose of Review The purpose of this review is to determine
the role of pulmonary vein (PV) triggers in different types of
atrial fibrillation (AF) as well as to determine based on prospec-
tive randomized data which other approaches may increase the
success rate of radiofrequency ablation of persistent AF.
Recent Findings Special attention must be paid to detect, diag-
nose, and optimize management of reversible or treatable
causes of persistent AF such as obesity, obstructive sleep apnea,
hypertension, hypo- or hyperthyroidism, inflammatory and in-
fectious diseases, and stress. Though the role of PVs is more
pronounced in paroxysmal AF than in persistent AF,
performing an adequate PVisolation is still a key part in treating
persistent AF. There are now numerous techniques to obtain
long-lasting pulmonary vein isolation and avoid esophageal
damage. Patients with persistent AF will frequently require a
more aggressive mapping and ablative approach. Ablation of
sites associatedwith non-PV triggers such as the entire posterior
wall, the roof, the anterior part of the left atrial (LA) septum, the
left atrial appendage (LAA), the coronary sinus, and the

superior vena cava has been shown to improve the freedom
from AF at follow-up when combined with PV isolation. We
do not encourage the use of empiric lines or complex fraction-
ated atrial electrograms. Several studies have shown the role of
empirical LAA electrical isolation in persistent AF.
Summary When focal ectopic atrial activity is observed after
PV isolation, its activation sequence is compared to that of
sinus rhythm, allowing quick identification of its origin. For
significant non-PV triggers (repetitive isolated beats, focal
atrial tachycardias or beats triggering AF/atrial flutter), a more
detailed activation mapping is performed in the area of origin.
They are subsequently targeted with focal ablation, except for
triggers originating from the superior vena cava (SVC), LAA,
or coronary sinus, for which complete isolation of these struc-
tures is the ablation strategy of choice. We truly believe the
LAA and the posterior LAwall deserve special consideration
when managing patients with persistent AF.

Keywords Pulmonary veins (PV) . Atrial fibrillation (AF) .

Left atrial appendage (LAA)s . Complex fractionated atrial
electrograms (CFAEs)

Introduction

In 2010, the prevalence of atrial fibrillation (AF) in the
USA ranged from 2.7 millions to 6.1 millions, with evi-
dence suggesting an increasing incidence and prevalence
worldwide, making AF the most common arrhythmia in
the elderly population (more than 65 years) [1, 2]. Several
arrythmogenic mechanisms have been postulated; hence,
countless treatment strategies have been proposed that in-
clude antiarrythmic medications, numerous ablation strat-
egies, and surgical procedures. In this review, we will
discuss available literature describing different approaches
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to treat persistent AF with catheter ablation (CA), ranging
from techniques to achieve long-lasting pulmonary vein
isolation (PVI), complex fractionated atrial electrograms
(CFAEs), focal impulses and rotor modulation (FIRM),
posterior wall isolation, left atrial appendage (LAA) iso-
lation, ablation of non-pulmonary vein (PV) triggers, and
the role of autonomic modulation.

AF Pathogenesis

It was thought initially that AF was due to a simple
disorganized activation focused within the atrium; con-
tinued studies have led to two primary theories regard-
ing the mechanisms of AF. The multiple-wavelet hy-
pothesis, described by Moe et al. [3], suggests that AF
is due to constant formation of new wavelets occurring
through the process of wave splitting, resulting in
multiple-wavelet fibrillation. The mother rotor hypothe-
sis, advanced by Jalife et al., suggests that AF is main-
tained by a single stable rapid reentrant circuit of exci-
tation that is unable to maintain 1:1 conduction through-
out the myocardium. These mechanisms appear not to
be mutually exclusive in the human heart [3, 4]. Of
note, Allessie and de Groot [6] demonstrated with the
first quantitative analysis of intra-atrial conduction dis-
turbances during AF that the main feature of the long-
standing AF substrate was a significant increase in lon-
gitudinal dissociation consisting of lines of block run-
ning parallel to the atrium rather than a rotor or foci
conduction disturbance itself. De Groot subsequently
with the use of high-resolution intraoperative mapping
introduced the “double-layer” hypothesis, a direct proof
of endo-epicardial asynchrony of the atrium wall during
AF in humans [5]. This asynchronous dual layer pro-
motes multiple fibrillation waves that stabilize the fibril-
lation process through a constant feeding of focal-
breakthrough waves [6, 5]. Electromechanical remodel-
ing serves as a critical component in the progression
and worsening of AF over time. Multiple mechanisms
have been shown to contribute to the latter process,
from shortening of atrial refractoriness (electrical remod-
eling) to chronic atrial stretch that induces histologic
changes leading to tissue fibrosis, resulting in the pecu-
liar non-uniform anisotropy and local conduction hetero-
geneities that facilitate reentry of breakthrough waves in
the dilated LA.

Other Triggers of AF

Special attention must be paid to detect, diagnose, and opti-
mize management of treatable or reversible causes of AF that

include lifestyle habits (e.g., alcohol abuse, caffeine intake,
energy drinks), obesity, obstructive sleep apnea (OSA), hyper-
tension, hypo- or hyperthyroidism, stress, and inflammatory
and infectious diseases that may trigger or maintain this ar-
rhythmia. It has been demonstrated that risk factors such as
OSA and metabolic syndrome have a cumulative effect in
initiation and recurrence of AF after ablation [7].

PVI

Haïssaguerre and colleagues demonstrated that the PVs play a
crucial role in the initiation of AF, and special attention should
be paid to obtain long-lasting entrance-and-exit block to
completely isolate these structures from the LA [8]. Results
from a recently published study by Santangeli et al. suggest
that the PVs are the main AF trigger sites in patients with
persistent and long-standing persistent AF (LSPAF) [9],
supporting the key role of an adequate PVI in persistent AF.
Prevention of any tachyarrhythmia after PVI is of great con-
cern for electrophysiologists. Ouyang et al. showed that ap-
proximately 80% of recurrent atrial tachycardias had PV re-
connection after the procedure [10]. It has been established by
several studies that wide antral PVI is more efficacious than
ostial PVI in achieving freedom from any atrial tachyarrhyth-
mia recurrence at long-term follow-up (Fig. 1) [11]. In addi-
tion, antral PVI is associated with minimal risk of PV stenosis
and lower risk of phrenic nerve damage.

Adequate catheter-tissue contact force (CF) is critical to
deliver transmural lesions and to prevent conduction recovery.
Several indirect parameters have been used as surrogates: tac-
tile feedback, local electrogram amplitude and morphology
changes, imaging of the catheter tip stability with fluoroscopy
or intracardiac echocardiography, and catheter tip impedance
monitoring. Presently, with CF-sensing catheters, the quality
of ablation lesions has dramatically improved. The prospec-
tive multicenter SMART-AF trial, which evaluated the safety
and effectiveness of an irrigated CF-sensing catheter in pa-
tients with paroxysmal AF, revealed in multivariate analyses
that when the CF employedwas between investigator-selected
working ranges more than 80% of the time during CA, out-
comes were 4.25 times more likely to be successful
(p = 0.0054) [12]. The contribution of real-time CF sensing
to the CA outcomes was demonstrated by a significantly
higher success rate (81 vs. 66%) in patients where the inves-
tigators stayed within the selected CF range, suggesting that
consistent and stable catheter-tissue contact is necessary for
effective transmural lesions [12]. This study used the
Thermocool SmartTouch® catheter with an average contact
force per procedure of 18 ± 9 g [13, 14]. Similar results were
obtained using the TactiCath CF ablation catheter in the mul-
ticenter randomized trial for AF (TOCCASTAR) [15].
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Assessing Effectiveness: Unexcitability, VoltageMap,
and Impedance Drop

Evidence supports that PVI is one of the standard treatments
for paroxysmal AF. Nevertheless, arrhythmia recurrence is
high when conduction gaps are present. Recently, acute end-
points in addition to bidirectional block on each PV have been
proposed. A prospective two-center randomized trial showed
that bipolar pacing (10 mA and 2 ms) to ensure unexcitability
along the PVI line improved long-term single-procedure suc-
cess when compared with demonstration of bidirectional
block alone (82.7 vs. 52%, p = 0.001). Moreover, the use of
bipolar voltage mapping at the edge of the acute or chronic
PVI ablation site can identify an atrial unexcitable dense scar,
whichmight be a rigorous tool for validating PVI (Fig. 2) [16].
Cutoff values to detect the scar in the acute setting are
0.45 mV for the LAA/left PV ridge and 0.2 mV for other
locations around the PVs, whereas for redo procedures, chron-
ic scar cutoff values are 0.2 mV for the LAA/left PV ridge and
0.15 mV for other locations [17]. It is well established that
tissue heating during CA application results in an impedance
decline at the catheter tip. As reported by Reichlin et al. in
which a greater CF was associated with an initial impedance
drop, monitoring of the latter is an indicator of catheter contact
and may help to improve formation of durable ablation lesions

[18]. Subsequently, the same group demonstrated that PVI
guided by an initial impedance decrease was achievable and
resulted in PVI concurrent with or before completion of the
ablation ring in 94% of patients. Single procedure efficacy
after 1 year of follow-up was 84% [19].

Unmasking Dormant Conduction: Adenosine
Administration

The phenomenon associated with the use of adenosine for
unmasking dormant conduction is believed to be mediated
by mechanisms such as shortening of the action potential,
changes in refractoriness, and hyperpolarization of dormant
PV myocytes. Cellularly, these effects are caused by activa-
tion of the inward rectifying K+ current [20], as well as trigger
PV ectopy [21]. Identification and targeting of dormant PV
conduction is a safe and highly controversial strategy since
opposite results with regard to long-term outcomes have been
reported in literature. In the international multicenter, random-
ized ADVICE trial, which tested adenosine-guided PVI for
the treatment of paroxysmal AF, adenosine administration
unmasked dormant PV conduction in 53% of patients.
Sixty-nine percent of patients with additional adenosine-
guided ablation were free from symptomatic atrial

Fig. 1 Electroanatomic mapping of the left atrium (right lateral view)
showing wide antral circumferential ablation to try to isolate the right
pulmonary veins (red and blue dots). Using this type of approach, there

is a lower risk of damaging the right phrenic nerves (yellow dots), which
might run more anteriorly in some patients. Likewise, using this
approach, the risk of pulmonary vein stenosis is almost negligible
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tachyarrhythmia compared with 42% of patients with no fur-
ther ablation, corresponding to an absolute risk reduction of
27% (p < 0·0001) and a relative risk reduction of 56% (p < 0·
0001) [22]. However, a second randomized controlled trial,
the UNDER-ATP, found no significant reduction in the 1-year
incidence of recurrent atrial tachyarrhythmias by adenosine-
guided PVI compared with conventional PVI [23].

Limiting Factors for Ablation

It is important to recognize the proximity of the LA to the
esophagus and to understand the significance of the large con-
tact area between these two structures, which always presents
a challenge for the electrophysiologist. Potential complica-
tions such as atrial-esophageal esophageal fistulas are a con-
cern and sometimes a limiting factor when attempting PVI
[24–26]. The mean vertical contact length is on average
4.4 cm, and the mean distance between the anterior wall of
the esophagus and the endocardium is only approximately
2.6 mm. Morphological changes of the periesophageal con-
nective tissue and the posterior wall of the LA are diagnosed
in almost one third of patients by endosonography [27].
Hence, a reduction in maximum CA power and duration on
the entire posterior LA has been pursued in an attempt to avoid
these complications [28]. Buch et al. were pioneers in
protecting the esophagus by inflating a balloon catheter (18-
mm by 4-cm balloon dilation catheter, Meditech, Boston

Scientific) in the pericardial space. This technique was initial-
ly described as epicardial ablation of ventricular tachycardia
[29]. More recently, the same technique has been applied to
protect the esophagus and right phrenic nerve during AF ab-
lation in a porcine model and in humans [30, 31]. The distance
between the esophagus and posterior LA after balloon infla-
tion increased by 12.3 ± 4.0 mm, considerably attenuating the
luminal esophageal temperature increase during endocardial
radiofrequency ablation (RFA) (6.1 vs. 1.2 °C; p < 0001) [30].
Similarly, after displacement of the right phrenic nerve with
the intrapericardial balloon, nerve capture was abolished in
91% of sites previously stimulated by pacing [30].

PVand Its Role in Persistent AF

Despite the data supporting the well-established role of PVI in
patients with persistent AF, single-procedure success rate re-
mains low at 1 year in this patient population and even lower
in those with long-standing persistent AF (LSPAF more than
1 year), 39 and 20%, respectively [32]. This success rate has
not been shown to improve over time, according to a study
performed by Tilz et al., which discussed the 5-year outcomes
of a sequential ablation strategy in patients with LSPAF.
Single and multiple ablation procedure successes were 20%
and 45%, respectively. Interestingly, 50% of the patients re-
ceived PVI alone [33, 34]. The role of PV in persistent AF
appears to be passive, since either they have been found to be

Fig. 2 Posterior view of the left atrium comparing voltage maps pre- (left panel) and post- (right panel) PVI. Notice that the post-ablation voltage map
revealed complete isolation of the pulmonary veins by demonstrating a dense unexcitable scar (i.e., voltage <0.05 V)
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silent or their cycle length (CL) has been greater than the LAA
CL. Some investigators have shown good AF success rates
just by performing substrate ablation without touching these
veins [35]. Haïssaguerre et al. recently evaluated the CL gra-
dient between PVs and the LA in an attempt to identify the
subset of patients where PVs still play an important role in
maintenance and perpetuation of this arrhythmia. The PV-to-
LA CL gradient was quantified by the ratio of fastest PV to
LAA AF CL over 1 min. Patients with persistent AF in whom
a gradient of PV to LA less than 69% was found, were more
prone to terminate after PVI or limited substrate ablation.
After a follow-up of 29 months, freedom from any arrhythmia
recurrence was achieved in most patients with the fastest PV/
LAA ratio less than 69% as opposed to the remaining popu-
lation (80 vs. 43%; P < 0.001) [36]. There is frequently a trend
to ablate until AF termination is achieved at the expense of
facing a higher risk of complications. Albeit Haïssaguerre
et al. showed that AF termination during the procedure is a
strong predictor of long-term success and there was no differ-
ence between groups in terms of arrhythmia recurrence prob-
ably because patients in whom AF was terminated acutely
required more extensive ablation and had a higher incidence
of atrial tachycardia at follow-up [37]. Seeking AF termina-
tion might indeed increase procedural and fluoroscopy time as
well as complications. These findings were corroborated by
two studies a year later [37, 38].

Several studies reporting results on CA of persistent AF
have been published to date. Most of these studies are obser-
vational with heterogeneous variables, methodologies, and
end points. As a consequence, the optimal ablation approach
for persistent AF is still to be determined [39].

Subtypes of Linear Ablation

The prevention of macro-reentrant circuit formation has long
been performed in persistent AF; compartmentalizing the atria
through ablation lines was not long ago a strategy to create
electrical block. These lines included roof line, mitral isthmus,
and anterior line. Ameta-analysis comparing themain six case
series using PVantral isolation in conjunction with linear sub-
strate modification reported a wide range of success from 11
to 74% [39]. The highly variable results might reflect the
significant difference in methodology and endpoints of each
study as well as operator experience and the fashion with
which these lines are actually performed.Whether defragmen-
tation of these additional targets after PVI with linear lesions is
superior to the actual ablation of non-PV triggers is also open
for debate. Some studies have demonstrated that substrate
modification with purely anatomical lesions without any spe-
cific attempt to ablate trigger sites of AF has been associated
with a higher recurrence rate [40, 41].

CFAEs

It has been proven that AF is a reflection of various specific
patterns of conduction. In the 1990s, the CFAE concept
emerged, suggesting that reentry sites of electrical waves help
perpetuate this arrhythmia. Typically, they arise from the sites
of electromechanical boundaries with low conduction, and
have distinctive properties including a CL length less than
120 ms, low voltage, and heterogeneous distribution [42,
43]. Subsequently, Nademanee et al. in 2004 defined CFAEs
as fractionated electrograms composed of two or more deflec-
tions, and/or perturbation of the baseline with continuous de-
flection of a prolonged activation complex over a 10-s record-
ing period, with a CL (less than 120 ms) over a 10-s recording
period. Therefore, some investigators suggested an incremen-
tal benefit to target CFAEs when added to PVI alone [44].

Due to several studies on CFAEs reporting contradic-
tory results, a meta-analysis conformed of eight con-
trolled studies compared the effect of CFAEs ablation
with PVI vs. PVI alone in patients with paroxysmal
and non-paroxysmal AF. This study found slight benefit
with the addition on CFAEs ablation to PVI with a
relative risk (RR) of 1.15 (CI 1.2–1.31, p = 0.03) [45].

Although the STAR AF trial was the first randomized con-
trol study showing that CFAEs ablation guided by automated
mapping software could have an additive benefit over PVI
alone, but does not suffice as an ablation strategy itself
[46•], more recently, the results from the STAR AF II trial
have been published [47]. In this large multicenter random-
ized trial, participants with persistent AF received PVI vs. PVI
plus CFAEs ablation vs. PVI plus empiric linear ablation. PVI
was performed by PVantral isolation, while PVI plus CFAEs
was performed by PVI followed by mapping and ablation of
CFAEs during AF, identified by 3D mapping software, and
PVI plus lines were performed by PVI followed by a LA roof
line and a line along the mitral valve isthmus. Surprisingly,
after following these patients for 18months, freedom fromAF
occurred in 59% of the PVI group, 48% of the PVI plus
CFAEs group, and 44% of the PVI plus lines group with no
statistical difference among groups (p = 0.15). Freedom from
atrial fibrillation after two procedures occurred in 72% of the
PVI group, 60% of the PVI plus CFAEs group, and 58% of the
PVI plus lines group (p = 0.18 among groups) [47].

Non-pulmonary Triggers for AF

Enough evidence to support the key role of PV as trig-
gers of paroxysmal AF has been published, but this is
not the case for persistent AF or LSPAF, where other
foci have been described. We recently published data
from the AATAC multicenter randomized trial, in which
patients with persistent AF and left ventricular ejection
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fraction less than 40% were randomly assigned to un-
dergo CA for AF or receive amiodarone [48••]. After a
24-month follow-up, 70% of patients in the RFA group
were recurrence free after an average of 1.4 procedures, in
comparison with 34% in the amiodarone group
(p < 0.001). More importantly, higher success was report-
ed in patients undergoing PVI and posterior wall isolation
in comparison with PVI alone (79 and 36%, respectively,
p < 0.001) (Fig. 3). There was no significant difference
between PVI alone and amiodarone [48••]. In general,
ablation of AF triggers appears to be associated with a
higher success rate [49]. PV trigger-directed ablation
should be preferred to a blind substrate modification
based on several studies [50–52]. Ablation of non-PV
triggers has been shown to improve the freedom from
AF when combined with PVIs [53–58]. The most com-
monly foci are mapped to the CS (73.8%), interatrial sep-
tum (IAS) (50.0%), LAA (38.1%), (SVC) (28.6%), and
mitral valve annulus (4.8%) [9]. With a specific catheter
setup, when a single ectopic beat is observed, its activa-
tion sequence is compared to that of the sinus rhythm,
allowing to quickly identify its area of origin: (a) right
atrium (RA), (b) IAS area, (c) CS, and (d) LAA. For
significant non-PV triggers (repetitive isolated beats, focal
atrial tachycardia, or beats triggering AF/atrial flutter), a
more detailed activation mapping is performed. They are
subsequently targeted with focal ablation, except for trig-
gers originating from the SVC, LAA, or CS, for which

complete isolation of these structures is the ablation strat-
egy of choice (Fig. 3).

Left Atrial Appendage Isolation

Anatomically, the LAA has a trabecular tubular shape with
variable morphologies and derives from the embryonic left
atrium as an outgrowth of the PVs [59]. Special consideration
needs to be addressed to this structure, particularly in manag-
ing persistent AF and LSPAF [60]. At least 30% of patients
with persistent AF have triggers in this area. Our group dem-
onstrated that if complete isolation of the LAA is achieved,
only 15% of patients will have recurrences compared to 74%
without ablation [61]. Lakkireddy et al. prospectively studied
40 patients who underwent AF ablation with LARIAT vs. AF
ablation alone; results after 1-year follow-up were promising,
given that less recurrence was observed in the LARIAT group
vs. the control (34 vs. 55%, p = 0.025). Similarly, repeated
ablation was seen in fewer patients of the LARIAT group (15
vs. 35%, p = 0.04) [62]. Evidence that supports the incremen-
tal benefit of the LARIAT procedure as an adjunctive therapy
is currently under investigation in the aMAZE trial (LAA
Ligation Adjunctive to PVI for Persistent or LSPAF
NCT02513797). LAA electric isolation is reported to improve
persistent AF according to an investigation by Panikker et al.
They concluded that AF ablation, mechanical occlusion, and
LAA electric isolation can be performed simultaneously with

Fig. 3 Posteroanterior view of a three-dimensional electroanatomic map of the left atrium. The patient, who had persistent atrial fibrillation, underwent
extensive ablation with pulmonary vein (PV) antrum and posterior wall isolation

19 Page 6 of 13 Curr Cardiovasc Risk Rep (2017) 11: 19



freedom fromAF higher in the intervention group vs. ablation
alone (95 vs. 63%, p = 0.036) [63]. We sought to assess the
effectiveness of empirical use of LAA electrical isolation in
LSPAF patients in the BELIEF study (NCT01362738).
Patients were randomly assigned to receive LAA isolation
plus ablation vs. the standard approach. At the 12-month fol-
low-up, 25 (28%) in the control group and 48 (56%) in the
group where LAA was isolated were recurrence free after a
single procedure (p = 0.001). During repeat procedures, em-
pirical electrical LAA isolation was performed in all patients.
After an average of 1.3 procedures, cumulative success at the
24-month follow-up was reported in 49 (56%) in the control
group and in 65 (76%) in the LAA isolation group (p = 0.003).
In conclusion, after single and redo procedures, empirical
electrical isolation of the LAA improved long-term freedom
from atrial arrhythmias without increasing complications
(Fig. 4) [64••].

FIRM

The role of cardiac electric rotors as the main drivers in AF
shows conflicting evidence in animal and human models.

The CONFIRM trial by Narayan et al. was the first to
hypothesize that AF is regulated by electrical rotor and focal
impulses. FIRM were detected in 97% of a 107 cohort of
patients, who underwent ablation. AF termination was
achieved in 86% of FIRM-guided cases vs. 20% of conven-
tional ablation (p < 0.001). During a median follow-up of
273 days after a single procedure, FIRM-guided cases had

higher freedom from AF (82.4 vs. 44.9%, p < 0.001) [65,
66]. An extended analysis of the same group reported an
80.3% AF freedom if those sources were ablated, compared
with 18.2% if sources were missed (p < 0.001) [67]. This
benefit persisted over time, as reported by an extended analy-
sis of the same cohort of patients. Those receiving rotor mod-
ulation maintained higher freedom from AF than those in the
conventional group (77.8 vs. 38.5%, p = 0.001) [68].

Similar results were reproduced among 78 patients in a
multicenter study in 2014. The elimination of patient-
specific AF rotors was associated with an increased freedom
from AF at approximately 1-year follow-up [69].
Nevertheless, results published by Buch et al. differed from
prior studies, in which FIRM-identified rotor sites did not
exhibit specific atrial characteristics and RFA at these sites,
in conjunction with PVI, resulted in AF termination in only
17% of the patients [70, 71].

Autonomic Modulation

The LA ganglionated plexus (GP) has been implicated in the
pathogenesis of AF. However, ablation of this anatomic struc-
ture has provided mixed results. In patients in sinus rhythm,
synchronized high-frequency stimulation can be used to iden-
tify GP sites producing PV ectopy. Ablation at these sites
abolishes the PV ectopic response to stimulation [72].
Katritsis et al. conducted a randomized clinical trial evaluating
autonomic denervation added to PVI in patients with parox-
ysmal AF. The investigators demonstrated the addition of

Fig. 4 Left lateral (left panel) and anterior (right panel) views of a three-
dimensional electroanatomic map of the left atrium. The patient, who has
long-standing persistent atrial fibrillation, underwent extensive ablation
with pulmonary vein (PV) antrum and posterior wall isolation in a prior
procedure. He had recurrences, and non-PV triggers were found in the CS

and LAA. Lasso and ablation catheter in the LAA. Intracardiac
electrograms depicting significant atrial activation delay into the LAA.
The first beat shows the near and far fields. The second beat illustrates the
moment when the LAA is isolated (loss of near-field electrogram)
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ablation on the main GP to PVI confers a significantly higher
success rate compared with either PVI or GP alone at 2-year
follow-up using implantable loop recorders [73].
Nevertheless, this approach has not been widely implemented
clinically as a result of studies revealing ablation of these GP
might have paradoxical pro-arrhythmic effects increasing the
AF burden and AF inducibility [74, 75].

Epicardial CA for Persistent AF

It has been proposed that electrical dissociation between the
epicardium and endocardium can produce electrical wave
points affecting the atrium. Recent mapping studies in patients
with persistent AF are consistent with this finding. The pres-
ence of endomysial fibrosis within the epicardial layer (result
of AF itself) can disrupt electrical connections between mus-
cle bundles increasing this dissociation even more [76]. The
atrial epicardium has unique characteristics, a shorter refrac-
tory period, and more frequent and repetitive response induc-
tion by programmed stimulation [77]. High-density epicardial
mapping of the posterior LA wall (PLAW), LAA, and right
superior PV-LA junction in 18 patients with persistent AF
undergoing open-heart surgery showed this arrhythmia had
heterogeneous patterns of atrial activation involving primarily
multiple, unstable, and disorganized activity [78]. Parallel, an
approach that combined surgical epicardial/endocardial abla-
tion, is associated with an increased complication rate and has
a lack of outcome improvement when compared to extensive
endocardial ablation only in patients with LSPAF [79]. More
data are still needed in this field given the controversy of
available literature.

Systematic Approach for Substrate Ablation

High success rates in LSPAF ablation require a meticulous
PVI, with particular attention to LA triggers (e.g., CS and
LAA) and discretionary right atrial ablation for right atrial
triggers (e.g., SVC). With this approach, a single procedure
success rate has been achieved, ranging from 38 to 62% at the
18-months follow-up. Added benefit is achieved when repeat
procedures are performed (70 to 88%) [37, 80–83]. Empirical
isolation of the posterior LA wall between the right and left
PVs is performed in all patients undergoing ablation for per-
sistent or LSPAF (Fig. 3). From an embryologic, anatomic,
and electrophysiological standpoint, it should be considered
an extension of the PVs and its isolation has been proven to
improve outcomes in paroxysmal and non-paroxysmal AF
patients [84]. After completing PVI, LA posterior wall isola-
tion can be achieved either by linear ablation (box lesion) or
electrogram-based ablation (Fig. 3). With linear ablation, a
roof and floor line are created to connect the superior and

inferior PVs, respectively. It is not easy to create a single
continuous transmural lesion, and even a single gap in the
ablation line results in reconnection of the whole posterior
wall. To minimize this, it is important to create multiple lines,
with lesions overlapping each other, especially in thicker areas
where RF can be safely applied. In electrogram-based abla-
tion, all potentials identified moving the multielectrode cath-
eter along the posterior wall are sequentially targeted.
Reconnection of the whole posterior wall is unlikely and is
usually limited to areas close to the esophagus, where RF
energy delivery is limited. The endpoint is to achieve electrical
isolation, as documented by the absence of any electrical ac-
tivity in the posterior wall and unexcitability with high output
pacing. Following PVI and posterior wall isolation, entrance
and exit blocks are verified in all four PVs as well as the
posterior wall, with isoproterenol (pure β-agonist, with ino-
tropic, dromotropic, and chronotropic effects (β1) as well as
peripheral vasodilatory effects (β2) at 20–30 μg/min for 10–
15min to reveal reconnection of the PVand,most importantly,
induce latent non-PV triggers. Therefore, given its pharmaco-
dynamics, a drop in blood pressure is anticipated and a vaso-
pressor, such as phenylephrine (pure α1), is given and titrated
to maintain the systolic blood pressure at ~120 mmHg.
Finally, mapping non-PV triggers is guided by multiple cath-
eters positioned along both the right and left atria: a multielec-
trode mapping catheter in the left superior PV recording the
far-field LAA activity, an ablation catheter in the right superior
PV that records the far-field intra-atrial septum, and a 20-pole
catheter with electrodes spanning from the SVC to the CS.
With this catheter setup, the activation sequence of even a
single ectopic beat is compared to that of the sinus rhythm,
allowing their identification to their area of origin [85].

Conclusion: Future Perspectives

The results from the EMBRACE and CRYSTAL AF investi-
gation have recently been an eye opener for the medical com-
munity since they clearly proved that AF is a much bigger
problem than we already thought [86, 87]. Greater efforts
are to be made in order to better understand the mechanism
causing AF and to potentially have a much more potent and
curative armamentarium for these patients. Pre-procedural
cardiac MRI (CMRI) might be helpful in evaluating the de-
gree of atrial scar tissues given the fact that it has shown to
have strong prognostic implications in terms of the AF success
rate. Results from the elegantly conducted DECAAF study
suggest that patients with more than 30% of atrial tissue fibro-
sis detected by delayed enhancement CMRI in the LA will
have approximately 70% AF recurrences by 16 months after
ablation [88]. Although it has been shown that CA in persis-
tent AF achieves significantly greater freedom from recurrent
AF thanmedical therapy in several studies as demonstrated by
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a recent meta-analysis, we frequently encounter these patients
only years after they have developed the arrhythmia when
there are fewer chances of obtaining a satisfactory result due
in part to advance electrical and mechanical remodeling. [89].
At this moment in time, there are data supporting posterior
wall isolation plus non-PV trigger CA in addition to PVI could
increase the success rate in patients with persistent and
LSPAF.

AF, atrial fibrillation; CA, catheter ablation; CFAEs, com-
plex fractionated atrial electrograms; CF, contact force; CL,
cycle length; CS, coronary sinus; FIRM, focal impulse rotor
modulation; LA, left atrium; LAA, left atrial appendage;
OSA, obstructive sleep apnea; PVI, pulmonary vein isolation;
PV, pulmonary veins; RA, right atrium; SVC, superior vena
cava.
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