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Introduction
Catheter ablation for persistent and long-standing persistent atrial 

fibrillation (LSPAF) is often considered as a low yield endeavor. 
This is a consequence to generally worse ablation outcome and 
concerns about detrimental effects of extensive left atrial (LA) or 
bi-atrial ablation on top of advanced atrial structural remodeling.1-3 
Serious symptoms including dyspnea, fatigue, and incapacity may be 
misinterpreted or attributed to aging or other conditions, in particular 
in the face of preserved left ventricular (LV) systolic function. Quality 
of life (QoL) associated with persistent AF/LSPAF was previously 
shown to be poorer than that in paroxysmal AF4 or in other 
cardiovascular populations, including those with significant coronary 
artery disease who are older, have worse LV function, and require 
major intervention.5 Growing evidence of significant improvement 
in LV ejection fraction (LVEF), maximum oxygen consumption at 
exercise testing (VO2 max), and brain natriuretic peptide (BNP) after 
successful ablation for all persistent AF types6-9 has been sinking in 
only slowly, although these indices also represent major predictors of 
cardiovascular mortality. Their amelioration suggests that the ablation 
impact on survival may be more profound and sooner detectable in 
high-mortality LSPAF population than in low-mortality patients 

with paroxysmal AF.10

This review focuses on efficient abolition of persistent AF substrate 
and sources and hemodynamic and functional benefit from restored 
sinus rhythm (SR).

Substrate and Sources of Persistent AF
The substrate of persistent AF/LSPAF is complex due to advanced 

atrial dilation and remodeling in terms of scar or amyloid deposits.2,11,12 
Natural three-dimensional atrial myocardial architecture13 modified 
by structural changes, and modulated by cardiac autonomic nervous 
system14 give rise to heterogeneous AF mechanisms and sources. 
Localized sources within the antra of pulmonary veins (PV sources) 
have been widely acknowledged. Localized sources (distinct areas of 
localized reentry or ectopic foci) outside the PVs remain a matter 
of dispute.15 Participation of macro-reentry circuits (i.e. peri-mitral, 
roof-dependent, peri-tricuspid) in the background is clear in many 
AF instances. Heterogeneous, unstable, and entirely random patterns 
of activation16,17 may also base the AF mechanism, particularly in 
LSPAF continuous for years.

PV sources and macro-reentry circuits can be effectively abolished 
by circumferential or linear ablation validated with clear lesion-
specific endpoints. In persistent AF; however, such “schematic” 
ablation was of little efficacy in restoring SR and more extensive 
lesions were required to achieve this endpoint.18-20 Specifically in 
LSPAF, the immediate impact of PV isolation on AF termination 
was rather low.21,22 In our experience with the last 101 patients ablated 
for LSPAF, in whom 77% rate of AF termination and 69% rate of 
SR restoration was attained (Figure 1), left PV isolation terminated 
AF directly into SR in only 3 patients, and left and right PV isolation 
converted AF into intermediate atrial tachycardia (AT) in additional 
4 and 5 patients, respectively (unpublished data).
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Gradual AF organization and conversion into one or more types 
of intermediate AT during systematic stepwise ablation pursuing 
SR restoration as procedural endpoint support the existence of 
non-PV localized sources perpetuating persistent AF. In addition, 
more than half of the intermediate or recurrent ATs arise from 
localized sources.3,15,18-21,23 The non-PV sources may be also present 
in paroxysmal AF, however, their prevalence is higher in persistent 
AF/LSPAF, and their number individually increases with the 
duration of continuous AF to up to the median of 7 in LSPAF.3,24,25 
Correspondingly, the efficacy in persistent AF termination by 
selective ablation of the localized sources identified by body-surface 
panoramic mapping or by possible additional lesions gradually 
declined with a dramatic shift to worse results in LSPAF.3 The 
location of non-PV sources may depend e.g. on individual structural 
changes, yet a majority of them cluster at several LA, coronary sinus 
(CS), and right atrial (RA) regions,3,15,18-21,23 which partly overlap the 
areas with rich autonomic innervation.

In our 101 last patients ablated for LSPAF (see above), the 
dominant regions of AF conversion into AT/SR or subsequent AT 
conversion into SR included low posterior LA wall, CS with ligament 
of Marshall, ridge between left PVs and LA appendage, appendage 
itself, confluence of left upper PV antrum - LA roof - LA appendage, 
and inter-atrial septum (Figure 1). Intermediate macro-reentry ATs 
preceded restoration of SR in 30% of initial procedures. At first repeat 
procedure (n=37), AT represented 84% of the recurrent arrhythmias, 
and the majority of localized AT sources (either primary recurrent 
or converted from recurrent AF by ablation) were found to originate 
from similar regions along CS/LOM, ridge, appendage and septum.

Ablation Strategies and Endpoints
Results of different ablation strategies employed in persistent AF/

LSPAF are difficult to compare, and even similar lesion design may 

be of limited value if immediate ablation impact on the arrhythmia 
mechanism/sources was diverse. On the contrary, achievement of 
hard procedural endpoint such as SR restoration or even subsequent 
noninducibility of any AF/AT may serve as a more appropriate 
measure of immediate ablation efficacy independent of specific lesion 
design or sequence. Strategy consisting of PV isolation followed by 
direct current cardioversion and subsequent completing of LA roof 
a mitral isthmus conduction block may miss the non-PV localized 
sources, and relying on reverse remodeling and dying out of unaffected 
sources of AF may be conceptually misleading.

The concept of tailored stepwise ablation (Figure 2) was recently 
doubted by the results of STAR-AF II study,26 which was; however, 
limited by the study protocol not allowing combination of ablation 
strategies necessary to eliminate all potential AF/AT sources. 
Correspondingly, the reported efficacy in AF termination (8%, 22%, 
and 45% for PV isolation, PV isolation + linear ablation, and PV 
isolation + complex fractionated electrogram ablation) was low with 
presumably significantly lower rates of SR restoration (data was not 
published). The study confirmed only moderate efficacy of PV isolation 
alone in cure of patients with persistent AF (of whom 21% were in 
SR prior to index ablation), and the fact that extensive ablation failing 
to achieve harder procedural endpoint may be rather proarrhythmic 
and counterproductive when compared with PV isolation alone. In 
this respect, some data suggest that the risk of arrhythmia recurrence 
may be higher in case of extensive stepwise ablation finished with 
cardioversion from converted AT as compared to extensive ablation 
finished with cardioversion from AF significantly organized but not 
converted into AT.27

The role of mandatory LA roof and mitral isthmus lines at the index 
procedure for persistent AF is not clear. Avoiding linear ablation 
because of concerns about proarrhythmic effect of incomplete lesion 
may be double-edged. The propensity of remodeled LA for the 
development or peri-mitral or roof-dependent reentry AT after the 
index procedure that avoided any linear ablation may not significantly 
differ from the risk of incomplete or recovered linear lesions. Some 
data suggested sooner or later need for linear ablation in nearly 90% 
of patients to achieve long-term freedom from recurrent AT.28

Growing body of evidence favors restoration of SR by the index 
ablation as an independent predictor of improved long-term rhythm 
control. The predictors of AF termination included the following 
variables: shorter duration of continuous AF,29 smaller LA size,30 
shorter long-axis LA diameter,21 better LA appendage mechanical 
function,31,32 preserved LVEF,33 longer AF cycle length,21,29,30,33,34 or 
lower proportion of high voltage LA sites.21

Overall, restoration of SR at the index ablation for persistent 
AF/LSPAF - disregard of the sequence of ablation steps - can be 
interpreted as permanent or temporary suppression of all active AF/
AT sources, and should be pursued as a fundamental procedural 
endpoint on the way to long-term SR maintenance. Patient-specific 
ablation with minimum unnecessary damage to the atrial tissue is 
desired, and may be facilitated by novel body-surface or basket-
catheter-based panoramic AF mapping systems.

Long-Term Maintenance of Sinus Rhythm
Even in case of standardized ablation approach with similar 

immediate efficacy, outcomes may be difficult to compare between 
persistent AF populations disparate in terms of underlying atrial 
structural remodeling2,35 or clinical characteristics such as duration of 

Figure 1:
Sites of termination of atrial fibrillation and restoration of sinus 
rhythm by ablation at the index procedure for long-standing 
persistent atrial fibrillation

Left-to-right panels show posterior, left lateral, and left anterior oblique views of both atria. Count 
of events in a specific region is schematically depicted as a number in pink translucent area. 
Atrial fibrillation was terminated (Panel A) in 78/101 patients: into intermediate atrial tachycardia 
(n=68), or directly into sinus rhythm (n=10). Direct conversion of atrial fibrillation into sinus rhythm 
occurred during left pulmonary vein encircling (n=2), at low posterior LA wall along the course 
of coronary sinus (n=2), during ablation within proximal coronary sinus (n=2), at low left atrial 
ridge (n=1), left atrial roof (n=1), left-side of limbus of oval fossa (n=1), and right side of limbus 
of oval fossa (n=1). Sinus rhythm was restored (Panel B) in 70/101 patients, directly from atrial 
fibrillation in 10 patients (see above) and from intermediate atrial tachycardia in 60 patients. The 
dominant regions of conversion of atrial fibrillation into sinus rhythm or atrial tachycardia, and 
of conversion of intermediate atrial tachycardia into sinus rhythm included the low posterior left 
atrial wall (endocardial aspect of coronary sinus), coronary sinus with ligament/vein of Marshall, 
left atrial ridge, base of appendage, and interatrial septum. Red lines with counts show instances 
of sinus rhythm restoration from intermediate peri-mitral (mitral isthmus), roof-dependent (roof or 
posterior wall), or peri-tricuspid (cavo-tricuspid isthmus) macro-reentry tachycardia/flutter
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continuous AF or resistance to antiarrhythmic drugs before ablation.
Freedom from AF/AT after single ablation as the hardest outcome 

measure is commonly low, but can be markedly improved by repeat 
ablation.21,36-38 PV isolation alone was associated with only moderate 
AF/AT-free outcome in patients with persistent AF26 or LSPAF.39 
“Good arrhythmia control” as a more clinically relevant outcome 
measure is usually favorable and can reach acceptable ~90% after 
stepwise/repeat ablation.21,36,37 Most of repeat procedures are usually 
performed within the first two years, although late AT recurrences 
due to evolving substrate may gradually reduce the long-term 
outcome and require delayed repeat ablation.37,38 Of our last 101 
patients with LSPAF and 69% SR restoration rate at the index 
procedure (see above), 92% patients remain in stable SR at the end of 
49±23 month follow-up and after 1.4 procedures/patient (84% were 
off class I/III AADs; 81% were free from any AF/AT recurrence 
after the last ablation).

Pre-procedural factors of better AF/AT-free survival after single 
or repeat ablation for persistent AF/LSPAF included smaller LA 
size,36,40 shorter continuous AF duration,21,29,36,39-41 younger age,30,42 
male gender,40 absence of congestive heart failure,40 absence of 
hypertension,30 higher LA appendage outflow velocity,21,32 LA 
systolic strain and LAA wall velocity44 or AF cycle length.21,29,30,45 
Restoration of SR at the index ablation appeared as a powerful 
predictor of outcome in multiple studies.21,27,30,32,33,36-38,40,41,44 The 
predictive value of restored SR at the initial ablation was shown to 
extend beyond repeat procedures.21,30,40,44

Noninducibility of AF/AT, suggesting non-transient effect on 
distinct AF/AT source(s), is intuitively superior to simple restoration 

of SR. Although unrealistic in many initial procedures, noninducibility 
is feasible in a majority of re-do cases. We have recently demonstrated 
the predictive value of AF/AT noninducibility at repeat ablation for 
long-term arrhythmia-free outcome in patients with LSPAF; when 
it was not attained despite termination of recurrent AF/AT, the 
outcome was significantly worse.21

Overall, achievement of SR restoration by ablation and subsequent 
arrhythmia noninducibility serve as more reliable procedural 
endpoints; however, do not guarantee 100% arrhythmia-free 
outcome, because no current tool can discern between the desired 
ablation -induced tissue necrosis (future scar) and injured but 
surviving myocardium that may recover to resumption of existing 
AF/AT source(s) or proarrhythmic effect, in addition to the natural 
disease progression and evolution of new AF/AT sources.

Hemodynamic and Functional Benefits from Successful 
Ablation

Improvement in QoL has been emphasized as the major incentive 
for catheter ablation of paroxysmal AF. Insidiously progressive 
symptoms of LSPAF have been recently shown to impair baseline 
QoL even more than episodic palpitations related to paroxysmal 
AF.4 Consequently, the magnitude of improvement 3 years after the 
index ablation was greater in patients with LSPAF, which resulted in 
comparable absolute post-ablation QoL levels in both paroxysmal AF 
and LSPAF populations.4 In addition to QoL improvement, several 
recent studied assessed the hemodynamic and functional effects of 
catheter ablation for persistent AF and LSPAF in greater detail. Two 
randomized studies demonstrated superiority of catheter ablation 
over medical rate control in the subjects with persistent AF and LV 
systolic dysfunction.6,7 These studies reported consistent post-ablation 
VO2 max improvement contrasting with further deterioration on rate 
control therapy. Post-ablation LVEF significantly improved in both 
studies, compared with borderline increase or further significant 
decrease in the rate control arms.6,7 The magnitude of improvement in 
BNP and Minnesota Living with Heart Failure Questionnaire Score 
was significant in ablated patients, but less prominent or insignificant 
in patients with rate control.6,7

The benefits in heart failure patients are not surprising given 
the LV systolic function is frequently derpessed by the arrhythmia 
itself. There is a paucity of data on functional benefit in non-heart 

Figure 2: Example of stepwise ablation with mandatory pulmonary vein 
isolation as the first step

Posterior (panels A,D) and anterior (panel E) view of electroanatomic (left) and computed 
tomography (right) left atrial maps. Following pulmonary vein isolation, atrial fibrillation was 
converted into transient atrial tachycardia (Panels A,B) and subsequently into sinus rhythm 
(Panels A,C) (yellow and orange dots) by electrogram-guided ablation targeting the low posterior 
left atrial wall (endocardial aspect of coronary sinus). Mitral isthmus, left atrial roof, and cavo-
tricuspid isthmus conduction blocks with coronary sinus isolation (green dots) were completed 
after restoration of sinus rhythm (Panel D,E). Noninducibility of any atrial tachyarrhythmia was 
eventually confirmed by atrial pacing up to 300 bpm, isoproterenol, and adenosine. No septal, 
left atrial anterior wall or appendage ablation was required in this case (see anterior view of 
the left atrium in Panel E), and timely left atrial appendage activation was preserved along with 
restoration of the appendage outflow velocity from peak 0.42 m/s during atrial fibrillation to 0.66 
m/s during sinus rhythm. Patient’s / procedure characteristics: male, age 60 years, 108 kg, 196 
cm, continuous atrial fibrillation for 24 months, history of temporary hypothyroidism induced by 
amiodarone, prior failure to convert atrial fibrillation by direct current cardioversion, left atrial 
volume by the CARTO system 170 ml, procedure, fluoroscopy, and radiofrequency energy delivery 
times 270, 11, and 120 minutes respectively

Figure 3: Characteristic pre-ablation voltage pattern in long-standing 
persistent atrial fibrillation

Prior to any ablation, the electroanatomic left atrial mapping (A = posterior view, B = anterior 
view) reveals low voltage (≤0.2 mV coded in red color) across the whole posterior wall, while 
favorable voltage (≥1 mV coded in purple color) is present in the appendage (maximum voltage 
6.82 mV). Black line circumscribes the amount of surviving atrial myocardium that would be lost 
as a result of indiscriminate appendage isolation and complete anterior linear lesion with possible 
consequences for global left atrial transport function
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line supplementing complete left PV isolation and mitral isthmus 
and LA roof lines47 without doubt improves ablation efficacy; 
however, possible adverse effects of these seductive steps have yet 
to be understood. Increased thromboembolic risk of electrically 
isolated non-contracting LA appendage has been already shown.47 
Appendage occlusion/exclusion may rectify this adverse effect, but 
does not solve possible hemodynamic consequences. It is known that 
the contribution of active LA transport to the LV filling increases 
with exertion to up to 40%. It is also obvious that severe structural 
remodeling in patients with persistent AF/LSPAF typically involves 
the main LA body and specifically the posterior wall, while the 
appendage as the only trabecular LA structure seems to be better 
protected against major myocyte changes and interstitial fibrosis48 
(Figure 3). Consequently, LA appendage mechanical depression 
due to AF can reverse upon restoration of SR,8,49,50 and its relative 
contribution to the active LA transport and LV filling may be greater 
as compared to subjects with healthy LA.51 Therefore, restored LAA 
emptying and resulting favorable post-ablation active trans-mitral 
flow may be of particular importance for global hemodynamic 
and functional status particularly in active subjects without major 
comorbidities. Some surgical studies suggested adverse effects of the 
LA appendage exclusion on the LA transport function.52,53

In addition to complete LA appendage isolation, the consequences 
of LA appendage activation/outflow delay (i.e. partial or complete 
appendage emptying against closed mitral valve) are even less well 
understood. Detrimental effects of the LA anterior line on the 
LA transport function have been recently challenged; however, the 
study did not address the issue adequately by failing to document 
the appendage outflow delay in a majority of patients at follow-up.54 
We have recently found association between delayed LA appendage 
outflow (interval between the onset of LA appendage outflow and 
the onset of QRS complex <50 ms on 12 month post-ablation 
transesophageal echocardiography) and lesser increase in the LA 
appendage outflow velocity (7±25 vs. 20±18 cm/s; P <0.00008) or 
lower peak A wave velocity of trans-mitral flow (35±11 vs. 39±12 
cm/s; P =0.04) as compared to patients with early appendage outflow 
(interval between the onset of LA appendage outflow and QRS 
complex ≥50 ms). Moreover, when relative improvements in VO2 max, 
LVEF, NT-proBNP, and EQ-5D were summed into a composite 
score reflecting change in global hemodynamic and functional status, 

failure patients. We have recently found a significant post-ablation 
improvement in VO2 max, LVEF, NT-proBNP, and QoL in 160 
patients (including ~20% with baseline LVEF ≤40%) undergoing 
catheter ablation for LSPAF resistant to amiodarone therapy and 
cardioversion.8 In another study, patients with LSPAF designated as 
asymptomatic experienced a significant post-ablation improvement 
in VO2 max (+3.7±10 mL/kg/min) and in physical component 
score, which was not present in patients with failed procedures.9 
The study included ~13% patients with the diagnosis of congestive 
heart failure, which implied that the selection of patients based on 
symptoms may not exclude subjects who got used to live with AF.9 
To address a more homogenous LSPAF population with preserved 
LV systolic function, we have compared functional benefits in 155 
LSPAF patients with no prior history of LV systolic dysfunction 
(i.e. LVEF consistently ≥50%) vs. 41 LSPAF patients with LVEF 
consistently ≤40% for 23±20 pre-ablation months (unpublished 
data). In the latter group,LVEF increased 12 months after index 
ablation by 22±8% and 85 % of these patients experienced LVEF 
normalization to ≥50%. The magnitude of VO2 max improvement 
was 3.0±4.4 in patients with LVEF ≥50% vs. 3.9±5.1 mL/kg/min 
in patients with LVEF ≤40%. Of note, near two-fold elevation of 
NT-proBNP over the pathological cut-off value (942±625 pg/mL) 
and its subsequent 12-month post-ablation decrease by 711±562 pg/
mL in patients with normal baseline LV function corroborated severe 
adverse hemodynamic effects of LSPAF also in this population.

In summary, recent data show a significant hemodynamic and 
functional benefit from SR restored by successful catheter ablation 
of persistent AF/LSPAF. Limited data suggests that the LSPAF-
related loss of exercise capacity (VO2 max) corresponds to at least 
3 mL/kg/min even in asymptomatic and/or non-heart failure 
patients. Elevated (NT-pro)BNP might help the clinicians to 
attribute insidiously progressive dyspnea, fatigue, and incapacity to 
the arrhythmia itself and advice the patients about catheter ablation.

Left Atrial Appendage – Sacrifice or Protect?
A significant proportion of non-PV sources maintaining 

persistent AF/LSPAF are located within the LA appendage and 
abutting ridge and ligament of Marshall. Selective ablation of these 
sources is laborious and has to be often repeated. Isolation of these 
sources by peri-ostial LA appendage ablation,46 or by LA anterior 

Figure 4: Schematic depiction of common lesions / appendage exclusion during thoracoscopic epicardial ablation

In relation to the prevalent sites of atrial fibrillation termination and sinus rhythm restoration during catheter ablation shown in Figure 1, the effect of epicardial box lesion on perpetuators of long-
standing persistent atrial fibrillation may be limited. Appendage exclusion and anterior linear lesion eliminating multiple non-PV sources and both macro-reentry circuit may significantly contribute to 
the ablation efficacy; however, this “added value” may be negated by complete loss of the only remaining functional left atrial myocardium (see Figure 3) and its contribution to the left atrial transport 
function. Non-pulmonary vein sources located within the coronary sinus and inter-atrial septum are not suitable or accessible to the epicardial radiofrequency ablation
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our understanding of the arrhythmia mechanisms and sources, their 
evolution in timeline and detection by mapping, and fine balance 
between ablation safety and efficacy. Significant hemodynamic and 
functional effects of successful catheter ablation may reflect the 
magnitude of reversible hemodynamic and functional impairment 
related to the arrhythmia itself. This functional deterioration, which is 
often underrated by the clinical judgement, may insidiously progress 
into heart failure and increased mortality that has not improved over 
the last 20 years despite nearly optimal anticoagulation. Therefore, 
functional and potential mortality benefits may encourage catheter 
ablation of persistent AF/LSPAF in high proportion of patients up 
to now destined to lifelong rate control and oral anticoagulation. An 
increasing body of evidence indicates that favorable outcome requires 
elimination of all arrhythmic sources including the sources of 
intermediate AT; however, such procedures are laborious and lengthy 
with current mapping and ablation tools. Therefore, novel mapping 
and ablation technologies along with further insight into the AF 
pathophysiology are desired to facilitate faster selective abolition of 
non-PV sources, and by minimizing unnecessary atrial myocardial 
damage allow maximum individual functional benefit from restored 
SR.
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Overall, restoration of AF-related LA appendage mechanical 
dysfunction in patients with persistent AF/LSPAF may have 
undervalued salutary effects on global LA transport of blood and 
global functional status, and may warrant a more selective approach 
to the AF/AT sources originating within the LA appendage. More 
studies are needed to assess the hemodynamic role of the LA 
appendage specifically in severely structurally remodelled LA.

Surgical (Hybrid) vs. Catheter Ablation
Efforts and expertise unavoidable for successful systematic 

catheter ablation in patients with persistent AF/LSPAF spurred on 
proliferation of “hybrid” thoracoscopic epicardial and endocardial 
catheter ablation performed either simultaneously or in sequence. In 
the face of increased risks of serious complications, true advantages 
of thoracoscopic epicardial ablation should be confronted with true 
reasons or sources that underlie the efficacy of hybrid approach. In 
the context with distribution of sites where LSPAF and subsequent 
intermediate ATs were terminated by catheter ablation (shown in 
Figure 1), mere epicardial radiofrequency box lesion seems to be of 
limited “added value”, because it misses a majority of non-PV sources 
(Figure 4). True advantages of epicardial ablation may include direct 
destruction of ligament of Marshall and epicardial approach to thick 
myocardial structures (e.g. LA roof ) or ganglionic plexi (although 
recent AFACT trial presented at Cardiostim/Nice 2016 showed no 
further improvement in outcome after extra ganglionic plexi ablation 
at the expense of increased rate of complications). The efficacy 
of “hybrid” approach most likely consists in the LA appendage 
exclusion and ablation of LA anterior wall; (non)inclusion of these 
steps appeared to be responsible for diverse outcomes in multiple 
studies.56,57 These steps can eliminate frequent localized sources and 
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Figures 3,4).

Most importantly, thoracoscopic approach has been associated 
with high prevalence of serious complications including early post-
procedural death.58,59 Simultaneous surgical and catheter ablation 
will always struggle with peri-procedural anticoagulation and 
balance between the risk of thromboembolism and bleeding. Finally, 
sequential hybrid ablation automatically means two procedures per 
patient, with possible further repeat procedures in long-term follow-
up.

Overall, the major principal limitations of thoracoscopic epicardial 
ablation include inaccessibility to many non-PV sources within the 
septum or inability to safely apply radiofrequency energy to the 
CS sources, and hence failure to cure a high proportion of LSPAF 
patients with a single procedure. In addition, “schematic” surgical 
ablation unable to individualize patient-specific lesions may result in 
unnecessary destruction of atrial tissue responsible for hemodynamic 
and functional benefit from restored SR. Such a concept may relieve 
the electrophysiologists of tedious systematic search for AF sources, 
but goes against the quest for more selective ablation and maximized 
functional improvement. 

Conclusions
Ablation for persistent AF and LSPAF evolves amid the gaps in 
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