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Abstract Electrical conduction through cardiac muscle fibres separated from the main myocardial wall by layers of interposed adipose 
tissue are notoriously difficult to target by endocardial ablation alone. They are a recognised important cause for procedural 
failure due to the difficulties of delivering sufficient energy via the endocardial radiofrequency catheter to reach the outer 
epicardial layer without risking adverse events of the otherwise thin walled atria. Left atrial ablations for atrial fibrillation (AF) 
and tachycardia are commonly affected by the presence of several epicardial structures, with the septo-pulmonary bundle 
(SPB), Bachmann’s bundle, and the ligament of Marshall all posing substantial challenges for endocardial procedures. Delivery 
of a transmural lesion set is essential for sustained pulmonary vein isolation and for conduction block across linear atrial lines 
which in turn has been described to translate into a reduced AF/atrial tachycardia recurrence rate. To overcome the limita-
tions of endocardial-only approaches, surgical ablation techniques for epicardial or combined hybrid endo-epicardial abla-
tions have been described to successfully target these connections. Yet, these techniques confer an increase in procedure 
complexity, duration, cost, and morbidity. Alternatively, coronary venous system ethanol ablation has been successfully em-
ployed by sub-selecting the vein of Marshall to facilitate mitral isthmus line block, although this approach is naturally limited 
to this area by the coronary venous anatomy. Increased awareness of the pathophysiological relevance of these epicardial 
structures and their intracardiac conduction patterns in the era of high-resolution 3D electro-anatomical mapping technol-
ogy has allowed greater understanding of their contribution to the persistence of AF as well as failure to achieve transmural 
block by traditional ablation approaches. This might translate into novel catheter ablation strategies with procedural success 
rates comparable to surgical ‘cut-and-sew’ techniques. This review aims to give an overview of percutaneous catheter ab-
lation strategies to target the SPB, an important cause of failed block across the roof line and isolation of the left atrial pos-
terior wall and/or the pulmonary veins. Existing and investigational technologies will be discussed and an outlook of future 
approaches provided.
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How to ablate the septo-pulmonary bundle? Examples of electroanatomical activation maps and left atrial CT model with epicardial connections 
(Septopulmonary Bundle in orange, Bachmann’s Bundle in red, Ligament of Marshall in green).
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What’s new?

• Increased awareness of the pathophysiological and procedural rele-
vance of epicardial connections in the atria and high-density mapping 
of their intracardiac conduction pattern allow to design novel cath-
eter ablation strategies to improve procedural success for complex 
atrial arrhythmias.

• Endocardial mapping strategies for challenging roof line ablations 
combine differential pacing manoeuvres with rapid high-density 
mapping to allow identification of additional targets beyond the trad-
itional linear lesion set. They can be categorised as ‘anterior–poster-
ior’, ‘outside-in’, and ‘inside-out’ approaches.

• Percutaneous endo-epicardial ablation is a recognised second line 
strategy to target persistent epicardial connections following ex-
hausted endocardial options to achieve transmural bidirectional 
block across linear lesion sets.

• Investigational strategies to achieve transmural lesion set include im-
pedance modulation, bipolar radiofrequency ablation, and pulsed 
field ablation.

Introduction
In recent years, the argument for (early) rhythm control in atrial fibrillation 
(AF) has been strengthened with accumulating evidence demonstrating an 

improvement in prognosis if successful rhythm control can be achieved.1

Catheter ablation has been shown to be superior to antiarrhythmic drugs 
to maintain sinus rhythm.2,3 In persistent AF, delivery of additional linear 
lesions to achieve a posterior wall isolation is a commonly employed ad-
junctive approach to pulmonary vein isolation (PVI) to compartmentalise 
the atria, reduce critical myocardial mass to sustain AF,4 and exclude 
sources of focal drivers. This is supported by systematic reviews and 
meta-analysis suggesting significantly lower recurrence rates with deploy-
ment of linear lesion sets.5 In contrast, results from randomised studies6–9

have repeatedly failed to unequivocally demonstrate improved outcome 
with this strategy. The inability to create transmural lesions has been dis-
cussed as an important contributor for these disappointing results. Up to 
38% of endocardial-only ablations fail to block left atrial linear lines, with 
the mitral lines followed by the roof line being the most challenging.10 In 
addition, failure to achieve block raises the concern of iatrogenic arrhyth-
mogenic substrate pre-disposing to macro-re-entrant atrial tachycardias 
(ATs).11 In fact, linear lesion success relates to two functions, contiguity 
and transmurality. Durability relies on the permanence of these two.

Lesion contiguity: a problem 
solved?
Real-time visualisation of point-by-point lesions and their spatial relation-
ship and proximity to each other has been facilitated by the high spatial 
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accuracy of localisation and motion-tracking of sensor-enabled ablation 
catheters throughout the cardiac- and respiratory-cycle by 3D electro- 
anatomical mapping systems (EAMS). Computer tomography (CT)- 
phantom studies of spatial and point localisation accuracy for 
commercially available magnetic-based EAMS demonstrated a registra-
tion offset between virtual visualisation and reality of 1.62 ± 0.77 mm.12

In clinical studies, it has been found that recurrent electrical connec-
tions are, among other factors, more common at sites of high inter- 
lesion distance (>6 mm) implying discontinuity of the lesions set and 
pursuit of continuity may result in improved outcomes.13 Yet, lesion 
continuity is also dependent on the tissue depth it is assessed and 
true contiguity requires uninterrupted scar formation and electrical 
block from endo- to epicardium.14

Lesions transmurality: a surrogate 
for procedural success?
Achieving transmural block has been an important rationale behind offer-
ing combined endo-epicardial ablation procedures by means of 
stand-alone or hybrid surgical techniques.15,16 This approach is sup-
ported by evidence showing that this translates into improved AF out-
come with a meta-analysis for hybrid AF procedures, reporting 
maintenance of sinus rhythm in 79% over 19 ± 25 months follow up 
for persistent and longstanding persistent AF.17 Yet, surgical or hybrid ab-
lation are associated with higher periprocedural morbidity and infrastruc-
ture requirements, increased length of hospital stay, and—in the case of 
staged approaches—multiple procedures for the patient. Percutaneous 
endo-epicardial catheter ablation has been attempted18–20 to combat 
these short-falls, with encouraging results when applied in larger cohort 
studies.10,21,22 The only randomised trial for endo-epicardial vs. endocar-
dial ablation targeted PVI and complex fractionated atrial electrogram 
(EGM) and failed to demonstrate an additive benefit of epicardial abla-
tion; however, no linear ablation lesions were deployed.23

Experience of endo-epicardial techniques remains limited to very 
few tertiary arrhythmia centres, with a tendency towards long proced-
ural durations with large cases series reporting an average of around 
6 h.24 The exact role of these approaches still needs to be defined, as 
does the patient population in whom such procedures should be con-
sidered. Pending further research supporting a more aggressive 
endo-epicardial approach, improving techniques for endocardial-only 
strategies to achieve transmural block is just as crucial to minimise com-
plexity, duration, and procedural cost.

Anatomy of the septo-pulmonary 
bundle as relevant for ablation 
strategies
Histological preparations25 and in vivo diffusion tensor imaging26 have 
alluded to the complex fibre architecture of the atria. This might assist 
in the development of mapping and ablation strategies to overcome the 
challenge of epicardial connections.

The anatomy and course of the septo-pulmonary bundle (SPB) is a 
particularly common cause of failure to block roof lines, and is there-
fore of great relevance to the interventional electrophysiologist. The 
SPB is composed of subepicardial fibres arising from the interatrial 
groove beneath the Bachmann’s bundle (BB), crossing anterior to the 
right superior pulmonary vein (RSPV) and fanning out over the dome 
of the left atrium (LA) before descending throughout the posterior 
wall. From the posterior wall, branches encircle the right and left pul-
monary veins.27 This fan-like structure with multiple fibres explains 
the pathophysiological role which results in the inability to block 
some roof lines, and in some instances to achieve pulmonary vein 

(PV) isolation (see schematic representation in Figure 1). Histological 
preparations have described thicker, often bi-layered myocardium at 
the dome of the LA where the SPB overlays the septo-atrial bundle. 
Importantly, a recent study also highlighted the prevalent separation 
of these two layers by interposed adipose tissue, which may ‘protect’ 
the SPB from the thermal ablation energy (see Figure 2).28 Combined 
endo-epicardial AF mapping studies showed persistent conduction on 
the roof through epicardial layers even after extensive endocardial ab-
lation,10 as well as following dedicated ablation protocols to assure ap-
propriate energy delivery.29 In large case series, it was demonstrated 
that based on high-density mapping and EGM analysis, epicardial con-
nections are the cause for failure to block the roof line in all cases 
and suggested that a floor line may be an effective alternative strategy 
to circumvent the problem.28 Although this strategy may overcome the 
challenge of creating a linear lesion set at the roof, it will not result in 
successful isolation of the posterior wall.

Epicardial connections have also been highlighted to play an important 
role in bi-ATs and may pose particular challenges as direct targeting of 
these interatrial connections has been associated with impaired atrial 
physiology following ablation.30 Equally, pervious surgical ablation or sur-
gical atrial incisions can be associated with epicardial connections in near-
ly a third of the cases which may contribute to recurrent ATs and need to 
be taken into consideration when defining ablation strategies.31

Strategies to target the SPB by 
percutaneous radiofrequency 
ablation
There are three commonly employed linear lesion sets in the LA—floor 
line (joining the lower border of the inferior PVs), roof line (connecting 
the superior PVs, commonly at the most superior position of the LA, 
termed the ‘dome’), and mitral line (joining either the left superior or 
inferior PV or RSPV/roof line to the mitral annulus). For both roof 
and mitral lines, achieving durable block by endocardial ablation alone 
can be notoriously difficult. Various approaches have been described 
for performing mitral line ablations on the left lateral wall including 
combined endo-epicardial ablation with the latter being delivered 
over the distal part of the coronary sinus (CS). A growing body of evi-
dence also supports adjunctive ethanol ablation over the vein of 
Marshall to improve acute, but importantly also long-term durability 
of mitral isthmus (MI) block.32,33

Options for roof line ablations are more limited with a lack of 
sufficiently large venous branches for accommodating an ablation cath-
eter or let alone an anatomically consistent enough and accessible ven-
ous circulation for considering ethanol ablation. Even with ablation 
lesion sets of contiguous and optimised radiofrequency (RF) lesions 
with good stability and contact force, achieving high rates of acute 
block, recurrence rates of up to one-third are described.29

By means of high-density mapping as well as judicial use of differential 
pacing manoeuvrers, successful targets for roof line ablation can be 
identified. Alternatively, combined endo-epicardial approaches may re-
present a second strategy, if the former approaches fail.

Strategy 1: endocardial anterior–posterior 
approach with RA pacing
Setup: Triple femoral venous access should be acquired for insertion of a 
CS catheter, a multipolar mapping catheter, and the ablation catheter. An 
epicardial connection over the SPB can be suspected as cause of a failed 
roof line ablation based on typical activation patterns on posterior wall 
and EGM morphologies along the endocardial line with split potentials 
with far field (epicardial) and near field (endocardial) components. The 
CS catheter may then be repositioned within the right atrial appendage 
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(RAA) and a remap of the LA with the multipolar catheter is acquired. 
During RAA pacing, the earliest activation on the anterior–superior sur-
face of the left atrial map will indicate the insertion site of the SPB where-
as the earliest activation towards the left superior pulmonary vein (LSPV) 
and left atrial appendage (LAA) mark the insertion site of the BB (see 

Figure 3). Ablation is then targeted to the earliest site of the SPB insertion 
anterior to the RSPV after excluding phrenic nerve capture via high 
output pacing at the target site. Sites of phrenic nerve capture should 
be manually tagged and avoided during subsequent ablation. Further-
more, prior to starting ablation, it is advisable to position the multipolar 

Figure 1 CT wall thickness model of the LA with cropped pulmonary veins and LAA: orange arrows indicating course of the SPB originating in the 
interatrial groove, crossing over the dome and spreading out on the posterior wall. Red arrows indicating the Bachmann’s bundle as interatrial con-
nection between the RA and LA inserting anterior to the LSPV. Green lines indicating course of vein of Marshall from the ridge between LAA/ 
LSPV downward and inserting into the CS musculature and at times posterior wall. The septo-atrial bundle is formed by fibres running sub-endocardially 
from the interatrial raphe over the anterior wall to the lateral and superior (dome) parts of the LA and into the posterior wall (not shown here). CS, 
coronary sinus; CT, computer tomography; LA, left atrium; LAA, left atrial appendage; SPB, septo-pulmonary bundle.

Figure 2 Left: microtomography slices sagittal view of LA of two explanted hearts: yellow dotted line marking interposed atrial fat at LA dome with 
substantial interindividual variability. Right: histological analysis: sample of the floor line region (top) shows only minimal fat tissue. Sample of the dome 
region with significant interposed fat separating the SAB from the SPB thought to be an important contributor to failed roof line ablations (adapted and 
reprinted from Pambrun et al.28 with permission of the author). LA, left atrium; SAB, septo-atrial bundle; SPB, septo-pulmonary bundle.
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mapping catheter onto the posterior wall and ablate during ongoing RAA 
pacing to monitor for delay and isolation to gauge ablation success as 
shown in Figure 4. Little clinical evidence is available to formally guide 
power and duration ablation settings. Biophysical considerations of 
achieving deep lesions by longer duration with stable catheter and con-
tact force >10 g seems reasonable to maximise the chance of transmural 
block, while closely and continuously monitoring for impedance changes. 
Following ablation, confirmation of intact interatrial conduction over the 
BB by a strategic remap is advisable to exclude adverse effects on atrial 
mechanics, or in rare cases inadvertent LAA isolation which has been as-
sociated with an increase in stroke risk.34

Strategy 2: endocardial outside-in and 
inside-out approach
Setup: A similar baseline setup to the anterior–posterior approach in-
volving triple femoral venous access for a CS catheter, a multipolar 
mapping catheter, and the ablation catheter as well as dual left atrial ac-
cess is advisable. If the posterior box fails to isolate during the subse-
quent left atrial procedure with suspected breakthrough epicardially 
over the SPB based on EGM analysis and local activation timing along 

the floor and roof line, a high-density map of the posterior wall within 
the previously delivered linear lesions during CS or RAA pacing should 
be acquired. The earliest activation within the box will be marked and 
targeted. Due to concerns of ablating on the thin posterior wall, high 
power short duration settings to cause shallow lesions may be prefer-
rable to standard ablation settings. If feasible the mapping catheter 
should be positioned in the box to record local EGMs and monitor 
for ablation effect.

If no isolation can be achieved with ablation at the earliest area of a 
carefully acquired high-density map, remapping to confirm appropriate 
target zone and/or assess for shift is recommended. Due to the often 
multiple widely spread and branched insertion sites of the SPB on the 
backwall, this is of relevant concern and multiple remaps (and further 
ablation) are not uncommon (see Figure 5). In challenging cases, an em-
piric horizontal line connecting the right and left posterior carina may at 
times be a pragmatic approach to achieve partial isolation. Yet, uncrit-
ical and excessive ablation lesions on the back wall should be avoided at 
all cost and carry substantial risk of thermal oesophageal injury. 
Oesophageal cooling has been suggested to mitigate this risk. 
Different methods have been proposed for this purpose which broadly 
may be considered ‘reactive’ (apply in response to an elevated 

Figure 3 Case vignette anterior–posterior approach with RAA pacing: 80-year-old patient attending for redo persistent AF ablation after preceding 
PVI two years earlier. Mapping with an Advisor™ HD Grid (Abbott Medical) and ablation with TactiFlex™ SE. Ablation of a continuous lesion set along 
the roof line with 50 W delayed conduction but failed to achieve block. Split double potentials on the endocardial roof line with earlier far field (epi-
cardial) component followed by sharp local EGM (endocardial) and earliest activation in the middle of the box suggested an epicardial connection. 
Remap during RAA pacing: (A) anterior LA map during RAA pacing pre-ablation: white star indicates earliest activation anterior to the RSPV consistent 
with the SPB. (B) Catheter setup during the anterior posterior approach: decapolar catheter in the RAA on the right, HD grid on the left atrial posterior 
wall to monitor for block during ablation, and ablation catheter on the anterior wall at the earliest activation site as identified during RAA pacing to 
target the SPB. (C ) Remapping of the left atrium during RAA pacing after ablation of the SPB insertion site shows a shift of the earliest activation (white 
star) towards the LSPV and LAA demonstrating now dominant conduction over the Bachmann’s bundle and no relevant interatrial delay (white = early, 
LAT colour scale on left of image). (D) Successful isolation of the left atrial posterior wall by ablation on the anterior wall (see Figure 4 for EGM traces 
during ablation). AF, atrial fibrillation; EGM, electrogram; LA, left atrium; LAA, left atrial appendage; LAT, local activation time; PVI, pulmonary vein iso-
lation; SPB, septo-pulmonary bundle.
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oesophageal temperature) or ‘proactive’ cooling (pre-emptively cool 
prior to any risk of thermal injury).35 Reduced procedure time,36 fluor-
oscopy,37 and overall cost38 and no reduction in ablation efficacy, effi-
ciency, and safety39 were some of the benefits highlighted for dedicated 
active cooling devices. In turn, a recent systematic review and 
meta-analysis found that oesophageal cooling did not reduce the overall 
risk of any oesophageal injury compared to control. Yet, it did suggest 
that it may shift the severity of oesophageal injuries to less severe injur-
ies.40 As such, oesophageal cooling should be considered in patients 
under-going AF ablation particularly with expected ablation at the left 
atrial posterior wall.

Acknowledging this important limitation of the outside-in strategy, 
an inverse inside-out strategy may be considered. The latter involves pa-
cing from a catheter positioned on the posterior wall and mapping out-
side of the box to identify the earliest activation anterior to the roof 
line. This has been successfully reported.41 In practice, however, this 
is often challenging due to interaction of the roving catheter with the 
catheter positioned on the backwall resulting in displacement, loss of 
capture, and/or change in pace location of the latter rendering the 
map less reliable.

Strategy 3: sequential unipolar 
endo-epicardial approach
Setup: Combined endo-epicardial AF ablation procedures should pref-
erentially be undertaken with general anaesthesia and under transoeso-
phageal echocardiography monitoring. Antibiotic prophylaxis should be 
considered as per institutional practice as with any percutaneous epi-
cardial intervention. Epicardial access should precede the left atrial 

accessin order to delay full heparinisation and minimise access related 
bleeding risk. A posterior steerable sheath position is required for cath-
eter manipulation within the oblique and transverse pericardial sinuses. 
If no evidence of bleeding is present following successful epicardial 
puncture, the usual dual transseptal access to the LA can be acquired 
and therapeutic activated clotting time levels targeted. To facilitate in-
terpretation of the combined maps, it is useful to acquire both endo- 
and epicardial maps during identical pacing site and rate. Substrate 
map acquisition during CS pacing is the first line approach in many cen-
tres, yet RAA pacing may facilitate identification of critical sites to target 
for ablation for epicardial connections. Given the interindividual vari-
ability in pericardial anatomy, careful exploration and assessment of 
the individual patients’ pericardial folds and course of the transverse 
and oblique sinus in regards to accessibility and overlap of endocardial 
segments is important. This subsequently guides the placement of abla-
tion lesions endocardially to match the course of the accessible sinuses 
epicardially (see Figure 6 for exemplary endo- and epicardial electro- 
anatomical activation map).

The initial linear roof line ablation lesion set should be placed endo-
cardially on the dome between the two superior pulmonary veins. 
Subsequent remapping of the epicardial surface can identify remaining 
connections manifesting as prolonged EGMs spanning the gap between 
the endocardial double potentials. Targeting these connections from 
epicardially should be attempted with the endocardial mapping cath-
eter simultaneously placed on the posterior wall to monitor for abla-
tion effect. Ablation catheters with force vectors are preferred to 
confirm direction of ablation energy towards the endocardium. 45W 
irrigated ablation appears safe with continuous impedance monitoring. 
A negative pressure drain should be attached to the epicardial sheath to 

Figure 4 Intracardiac EGM during anterior–posterior approach: HD grid on posterior wall, CS catheter pacing from RAA, and ablation catheter 
anterior to RSPV as indicated in Figure 3. Top (1) Ablation energy delivery at 12.18 p.m. causing 2:1 block (green arrows = conduction, white X = block) 
into the box as recorded by the HD grid. Middle (2) with continuation of energy delivery after eight beats of 2:1 conduction successful isolation of the 
posterior wall was achieved. Bottom (3) at 12:35 p.m., 17 min after isolation, ongoing independent activity within the box as recorded by the HD grid 
(yellow arrows). CS, coronary sinus; EGM, electrogram.
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remove irrigation fluid to prevent an iatrogenic tamponade, and to 
closely monitor for bleeding during ablation.

Endo-epicardial AF/AT ablation is a recognised second line strategy 
to target persistent epicardial connections. Procedure duration and 
complexity increase compared to endocardial ablations. Operator skills 
for epicardial access and solid knowledge of pericardial anatomy and ad-
jacent structures for safe catheter manipulation and energy delivery are 
required. If ablation lesions are delivered in the oblique sinus or within a 
posteriorly reaching fold of the transverse sinus, particular care needs 
to be given to direct RF energy delivery towards the endocardium 
away from the oesophagus. Oesophageal cooling methods as discussed 
above may mitigate the risk of thermal injury further. Even with experi-
enced operators, epicardial procedures should be preferentially 

performed at centres with on-site cardiothoracic surgical cover in 
the event of acute complications requiring immediate intervention.

Investigational strategies to target 
the SPB
Investigational strategy 1: impedance 
modulation
The energy delivered to the tissue by a RF application defines the extent 
of tissues heating and necrosis (and therefore scar formation), which is 
substantially affected by the baseline impedance. Higher baseline 

Figure 5 Case vignette with outside-in approach: 68-year-old patient with redo persistent AF ablation following previous cryo PVI ablation. Mapping 
with Pentaray NAV™ eco catheter confirmed isolated PV. Posterior box lesion set with the QDOT Micro™ ablation catheter using high power short 
duration settings in Q-mode + (90W, 4 s) for the floor line and Q-mode (45 W, target ablation index 500) for the roof line achieved first pass block on 
the floor line but only delay across roof line. Posterior wall LAT maps: (A) left atrial LAT map at outset during CS pacing with low to high activation. (B) 
Following posterior box lesion set with roof and floor line breakthrough left corner on roof line (white bold arrows). (C ) Following consolidation lesions 
to the left corner earliest activation shifted more towards the middle of posterior wall (white bold arrows) suggestive of epicardial connection: blue 
EGM showing distinct far field (=epicardial) followed by sharp near field (=local endocardial) signal. Of note, the WOI was inappropriately short to 
account for the longer delay into the posterior wall and required adjusting. (D) Following ablation at posterior wall targeting earliest activation, a remap 
confirmed shift in earliest activation to a slightly higher leftward location (white bold arrow) highlighting the importance of remapping to prevent un-
necessary long RF time on the posterior wall with the risk of increased complications; green EGM indicating typical EGM morphology with far field 
followed by near field component (note: colour scales adjusted in each map to highlight earliest area). AF, atrial fibrillation; CS, coronary sinus; 
EGM, electrogram; LAT, local activation time; PV, pulmonary vein; PVI, pulmonary vein isolation; RF, radiofrequency; WOI, window of interest.
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impedances have been associated with less effective lesions in 
ablation-index guided PVI ablations.43 This is the biophysical basis which 
informed impedance modulation strategies to increase lesion dimen-
sions and durability.44,45

A simple technique for impedance modulation is switching the trad-
itional 0.9% to hypotonic 0.45% (half normal) saline (HNS) with a rela-
tively higher impedance as the irrigant for open irrigated ablation 
catheters to enhance RF current delivery into the myocardium. This 
has been reported to result in deeper ablation lesion dimensions ex 
vivo and in vivo,46 but also associated with an increased risk of steam 
pops.47 For the mostly thin walled atria, only with the recognition of epi-
cardial connections further research has been directed towards HNS in 
the atria. A randomised trial investigating its use in cavotricuspid isthmus 
(CTI) ablation for typical atrial flutter demonstrated a shorter time to 
achieving bidirectional block with no increase in complications.48 A 
double-blinded randomised clinical trial for first-time AF ablation showed 
that HNS was associated with shorter RF times with comparable proced-
ure times, complication rates, and similar acute pulmonary vein recon-
nection.49 Beneficial effects on left atrial linear lesion durability are yet 
to be investigated.

Alternatively, modifying the location of the dispersive patch has been 
suggested, yet the latter did not show any meaningful effect on poster-
ior left atrial ablation.50 Addition of a second dispersive patch to reduce 

baseline impedance has been proposed for ventricular ablation,51 but 
not investigated for atrial ablations.

Overall, despite a convincing biophysical-based rational and some 
supporting clinical evidence for the therapeutic value and safety of im-
pedance modulation in interventional electrophysiology, controversies 
persist. Limitations in using baseline impedance and current for lesion 
quality have been referenced.52

Investigational strategy 2: bipolar RF 
ablation
For percutaneous RF bipolar ablation, one ablation catheter is con-
nected as usual to the RF generator and the second ablation catheter 
to the indifferent electrode connection using a custom cable in that 
the distal pole of the second catheter acts as the indifferent electrode 
for the RF current. Based on the cable used, this might also allow EGM 
recording or catheter positioning within the mapping system.53 For 
atrial arrhythmias, application of bipolar ablation has been reported 
for MI related arrhythmias in case reports,54 septal related atrial flut-
ters53 as well as for accessory pathways.55 Yet, to date there is no 
published clinical data for its use on the left atrial roof even though 
theoretically feasible in the context of a combined endo-epicardial 
ablation.

Figure 6 Case vignette endo-epicardial AF ablation: 43-year-old patient with symptomatic persistent atrial fibrillation (AF) with severely impaired left 
ventricular function secondary to uncontrolled rate and previous PVI and posterior box isolation. Mapping with an Advisor™ HD grid during CS pacing 
confirmed blocked floor but connected roof line. View on left atrial roof. Top and left: endocardial map with evidence of widely split double potentials 
(∼100 ms) on HD grid splines positioned along roof line. Note, earliest activation of posterior wall occurs at right superior corner at site of insertion of 
septo-pulmonary bundle (highlighted by "sparkles", green bright dots). Bottom and right: Epicardial map (full colour) superimposed on endocardial map 
(black mesh) with evidence of long fractionated signals on opposing site to the earliest endocardial activation of the posterior box (adapted from Tonko 
et al.42). Ablation at the corresponding endo- and epicardial sites of suspected connection over the roof successfully isolated the posterior wall with no 
reconnection after a waiting time of 30 min. AF, atrial fibrillation; CS, coronary sinus; PVI, pulmonary vein isolation.
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Investigational strategy 3: pulsed field 
ablation
Pulsed field ablation has increasingly gained popularity for PVI. It is pre-
sumed to provide a superior safety profile with less risk of collateral 
damage while maintaining efficiency and durability of the ablation.56,57

Its use for lesion sets beyond PVI to treat persistent AF and/or atrial 
re-entry tachycardias is less well investigated. Case series have demon-
strated the feasibility of using a multi-spline PFA catheter to achieve 
posterior wall isolation and bidirectional block across linear lines.58,59

Case numbers remain low and difficulties with the mitral isthmus and 
the anterior lines have been highlighted.60 Available data do not 
yet allow to judge its final role and benefit for these types of lesion 
sets in general and the roof line in particular. Pre-clinical studies have 
demonstrated the feasibility and acceptable safety and durability for lin-
ear atrial lesions with focal pulsed field ablation catheters,61 which in hu-
mans so far has only been successfully employed on the CTI. An 
attempt to use the focal catheter on the roof and mitral line was found 
to be challenging.59

In summary, optimal PFA waveforms and dosing protocols are still 
under evaluation. For delivery of linear ablation lesion sets, multiple 
open questions remain, including in regard to lesion efficacy, durability, 
and safety. Also catheter design and integration in 3D mapping systems 
require further optimisation.

Outlook: imaging guided RF energy 
titration
Progress in cardiac imaging technology has opened up new opportun-
ities to visualise the arrhythmogenic substrate. Left atrial wall thickness, 
fat distribution and interposition, as well as intraprocedural real-time 
lesion formation visualisation are all promising techniques which may 
allow for individualised ablation energy titration in the future. The spa-
tial resolution of contrast enhanced cardiac CT allows to generate 
three-dimensional wall thickness models which can be co-registered 
with EAMS.62 Also CT-based quantification of peri-atrial or intramural 
fat has practical significance as it is a crucial factor in preventing ablation 
energy transmission through the wall to reach the opposing conducting 
layer.63

Real-time cardiac magnetic resonance (CMR) imaging guided abla-
tion has been proposed for RF64 and cryoablation,65 but CMR compat-
ible tools used during routine ablation procedures are rare and 
substantial logistical issues remain a major limitation of this approach. 
Intracardiac echocardiography is a more easily accessible modality 
which allows assessment of catheter location in relation to the myocar-
dial wall. Echogenicity of the substrate may provide a rough estimate of 
tissues characteristics and thickness and strain-based imaging techni-
ques have shown promising results for real-time ablation lesion 
visualisation.66

Conclusion
While the debate about the best ablation strategy and absolute impact 
on patient outcome and benefit may still be ongoing, gauging the effect 
of AF/flutter ablations is intrinsically linked to the technical and practical 
aspects of achieving lesion contiguity and transmurality to prevent con-
founding outcomes by (re)connections. While extensive left atrial abla-
tion has traditionally raised concerns for increased adverse events 
(arrhythmogenic substrate creation, interatrial block, atrial electro-
mechanical dysfunction, periprocedural complications), durable block 
of linear lesion sets, even if empiric, appear to have a beneficial effect 
in persistent and long-term persistent AF. Every reasonable effort to 
block these lines should therefore be undertaken.

Contemporary technology using high-density mapping and differen-
tial pacing as well as location-specific ablation energy settings can 
improve success rates of endocardial-only ablation of persistent epicar-
dial connections. Impedance modulation may emerge as an important 
adjunctive tool, yet evidence to define its exact beneficial effect on le-
sion transmurality in the atria while not negatively affecting the proced-
ural safety is still under investigations.

Endo-epicardial AF ablation has rightfully gained substantial momen-
tum in recent years, yet important questions about the absolute benefit 
on hard cardiovascular outcome parameters, long-term outcome, as 
well as patient selection and cost-effectiveness remain.

Aggressive pursuit of transmurality necessarily has to be weighed 
against safety concerns in an often thin walled atria. Imaging guided ab-
lation and real-time lesion formation visualisation may play a crucial role 
in the future for informed individualised ablation delivery.
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