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Abstract

Abstract Introduction: Linear ablation in addition to pulmonary vein antrum isolation (PVAI) has failed to improve the
success rate for persistent atrial fibrillation (PeAF), due to incomplete block of ablation lines, especially in the mitral isthmus
(MI). Methods and results: The study enrolled 191 patients (66 in group 1 and 125 in group 2). In group 1, EI-VOM was
firstly performed, followed by radiofrequency (RF) applications targeting bilateral PVAI and bidirectional block in the roofline,
cavotricuspid isthmus, and MI. In group 2, PVAI and the three linear ablations were completed using only RF energy. MI block
was achieved in 63(95.5%) and 101(80.8%) patients in group 1 and 2, respectively (p=0.006). Patients in group 1 had shorter
ablation time for left pulmonary vein antrum (8.15 min vs 12.59 min, p<0.001) and MI (7.0 min vs 11.8 min, p<0.001) and
required less cardioversion (50(78.5%) vs 113(90.4%), p=0.007). During the 12-month follow-up, 58 (87.9%) patients were free
from AF/AT in group 1 compared with 81 (64.8%) in group 2 (p<0.001). In multivariate cox regression, the ‘upgraded 2C3L’
procedure is associated with a lower recurrence rate (HR 0.27, 95%CI 0.12-0.59). Conclusion: Compared with the conventional
‘2C3L’ approach, the ‘upgraded 2C3L’ approach has higher effectiveness for ablation of PeAF.
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Abstract

Introduction: Linear ablation in addition to pulmonary vein antrum isolation (PVAI) has failed to improve
success rate for persistent atrial fibrillation (PeAF), due to incomplete block of ablation lines, especially in
the mitral isthmus (MI).

Methods and results: The study enrolled 191 patients (66 in group 1 and 125 in group 2). In group 1,
EI-VOM was firstly performed, followed by radiofrequency (RF) applications targeting bilateral PVAI and
bidirectional block in the roofline, cavotricuspid isthmus, and MI. In group 2, PVAI and the three linear
ablations were completed using only RF energy. MI block was achieved in 63(95.5%) and 101(80.8%) patients
in group 1 and 2, respectively (p=0.006). Patients in group 1 had shorter ablation time for left pulmonary
vein antrum (8.15 min vs 12.59 min, p<0.001) and MI (7.0 min vs 11.8 min, p<0.001) and required less
cardioversion (50(78.5%) vs 113(90.4%), p=0.007). During the 12-month follow-up, 58 (87.9%) patients were
free from AF/AT in group 1 compared with 81 (64.8%) in group 2 (p<0.001). In multivariate cox regression,
the 'upgraded 2C3L’ procedure is associated with a lower recurrence rate (HR 0.27, 95%CI 0.12-0.59).

Conclusion: Compared with the conventional ’2C3L’ approach, the "upgraded 2C3L’ approach has higher
effectiveness for ablation of PeAF.
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Introduction

Catheter ablation has now been recommended as the first-line therapy for drug-refractory symptomatic atrial
fibrillation (AF), even in persistent AF with major risk factors for recurrence[l]. The current cornerstone of
the procedure is to completely isolate pulmonary veins. However, pulmonary vein antrum isolation (PVAI)
alone is far from enough to maintain sinus rhythm in patients with persistent AF, advocating the application
of atrial substrate modification.

Left atrial (LA) linear ablation is one of the most common procedures used in addition to PVAL In our pre-
vious study, compartmentalizing the atria with the fixed ‘2C3L’ approach including bilateral PVAI and three
linear ablation lesion sets across the mitral isthmus (MI), left atrial roof, and cavotricuspid isthmus (CTI) is



comparable to stepwise ablation[2]. However, failure in MI block and high MI conduction recovery rate are
the most important limitations of this approach that attribute to the recurrence of atrial tachycardias(AT).
For the similar reason, the STAR AF II trial failed to prove the added value of linear ablation[3].

Ethanol infusion into the vein of Marshall (EI-VOM) has been found effective to achieve MI bidirectional
block and facilitate the ablation of PMAT[4]. More recently, the VENUS trial has reported the benefit of
EI-VOM in the treatment of persistent AF in addition to radiofrequency (RF) ablation[5]. However, in its
post-hoc analysis, this benefit seems to be restricted to those with MI block[6]. In the present prospective
study, we evaluated the effectiveness of an ‘upgraded 2C3L’ approach aiming to achieve a higher MI block
rate, more thorough atrial compartmentation, and less AF/AT recurrence.

Method
Population and study design

The present study is approved by the ethics committee of Beijing Anzhen Hospital, and all patients provided
written informed consent before the procedure. From July 2018 to Jan 2020, 191 consecutive patients with
PeAF undergoing de novo ablation were enrolled. The inclusion criteria were: 1) Age over 18 years; 2) AF
persisting over 3 months and less than 3 years; 3) Refractory to at least one class I or III antiarrhythmic
drug; 4) No previous history of ablation for AF. Patients enrolled during Jul 2019 and Jan 2020 underwent
EI-VOM combined with RF ablation using the *2C3L’ approach (group 1), while 125 patients enrolled during
July 2018 and June 2019 underwent only RF ablation using the '2C3L’ approach (group 2). The flowchart
of the study is shown in Figure 1.

Intra-procedural setting

Electrophysiological study and ablation procedure was performed under conscious sedation with fentanyl
and midazolam. A deflectable decapolar catheter was positioned in the coronary sinus (CS). An 8.5-French-
long sheath (SL1; St. Jude Medical, Minnetonka, USA) was introduced into the LA using a modified
Brockenbrough technique. To prevent thrombus formation, the transseptal sheath was continuously flushed
with heparinized saline (20 mL/h) and i.v. heparin was administered to maintain an activated clotting time
of 300-350 seconds. The LA was reconstructed under the guidance of a three-dimensional electroanatomic
mapping system (CARTO, Biosense-Webster, Inc.) using a high-density mapping catheter (PENTARAY®)
Catheter Biosense-Webster Inc.). The catheter ablation was performed with a 3.5-mm cool saline-irrigated
ablation catheter (Thermo-Cool SMARTTOUCH SF®) Catheter. Biosense-Webster Inc, Diamond Bar, CA,
USA). Point-by-point application was performed using power-control mode, with a temperature limited
under 43°C and a saline irrigation rate of 8-30 mL/min. RF energy was delivered with a power output of 25
W in the CS and 35-50 W elsewhere. Radiofrequency applications were depicted using automated tagging
technology (Carto VisiTagTM, Biosense Webster Inc.), with a filter threshold of catheter motion <2.5 mm
within 4 seconds and contact force [?]8g for 70% of the time. Targets for ablation index (AI) were: (1)
500-550 for anterior wall; (2) 350-400 for posterior wall; (3) 450-500 for the LA roof and CTI; (4) 550-600
for MI.

Study procedure

Details of the procedure in each group are shown in Figure 2 and 3 . EI-VOM was taken as the first step of
the “upgraded 2C3L” approach in group 1. An 8.5-French-long sheath (SL1; St.Jude Medical, Minnetonka,
MN, USA) is inserted into the right atrium just below the CS ostium, and a steerable long sheath (Agilis
NxT; Abbott) is used if necessary. Under the right anterior oblique view, a 6F guiding catheter (Judkins
R4.0, Medtronic, MN) is inserted into the CS pointing posteriorly and superiorly near the Vieussens Valve in
search of the VOM ostium, and then a selective VOM venogram was acquired. A BMW guiding wire (0.014
inch x 190 cm; Abbott, MN) supported by an over-the-wire balloon (1.5-2.5 mm diameter and 8-12 mm
length, Boston Scientific) catheter is advanced into the VOM. An appropriately sized balloon was gradually
inflated at a maximum of 6 to 8 atm in the VOM. A selective venogram of the VOM is obtained by injecting
1 mL of contrast medium to confirm complete balloon occlusion and VOM distribution. 2-4 mL of ethanol



(95% ethanol) is slowly injected into the distal of VOM and selective venography of the VOM is repeated.
After 5 minutes, in the same way, another injection is performed for the proximal and/or middle part of the
VOM. The maximum ethanol volume allowed was 12 ml. The endpoint of EI-VOM is the contrast media
staining colocalizing the course of VOM.

RF ablation using the ‘2C3L’ approach is performed in both group 1 and group 2, the details of which have
been described previously [2]. In brief, single-catheter technique was adopted for the ablation procedure
in LA. Bilateral circumferential pulmonary vein antrum (PVA) ablation was firstly performed, followed by
the roofline joining two circumferential lesions, and then posterior MI ablation was performed extending
from the annulus to the left inferior pulmonary vein ostium. The CS will also be ablated if necessary. CTI
ablation starts from the 6’0 clock of the tricuspid valve annulus to the inferior cava vein. If an organized AT
occurred during the procedure, mapping guided ablation will be performed. Cardioversion was performed if
AF persists. After the restoration of SR, LAA was mapped to observe whether significant LAA activation
delay was present, which was defined as the local activation of the LAA delayed beyond the onset of QRS
wave.

In both groups, the endpoint of the procedure is complete PVAI and bidirectional block along all ablation
lines, which was confirmed under sinus rhythm|7, 8].

Follow up

All patients were discharged with an antiarrhythmic medication and an oral anticoagulant (OAC). Antiar-
rhythmic drugs were stopped 3 months after ablation if the patient had no recurrence of atrial tachyarrhyth-
mia, while OAC is prescribed according to the patient’s thromboembolic risk.

Follow-up was conducted at 3, 6, and 12 months after the procedure through telephone or in the out-
patient clinic. A 24-hour Holter recording was performed at 1, 2, 3, 6, 12 months. Symptom triggered or
opportunistic ECGs were also documented. Recurrence was defined by an episode of atrial tachyarrhythmia
lasting more than 30 seconds after a 3-month blanking period. The primary outcome of the observation is
freedom from AF /AT recurrence with or without anti-arrhythmic drugs (AAD) after the 3-month blanking
period during the 12-month follow-up after single ablation.

Statistical analysis

All continuous variables are presented as mean +- SD or median (range) if not normally distributed. Con-
tinuous data were compared using Student’s t-test or Mann-Whitney U-test. Categorical variables were
compared by Chi-square or Fisher’s exact test as appropriate. Additional Cox regression was also conducted
to assess the freedom from AF/AT during follow-up. Variables of clinical importance or those with a sig-
nificant intergroup difference at baseline will be included in the regression model. A P-value of 0.05 was
considered statistically significant. Statistical analyses were performed using R 4.0.2.

Results
Baseline characteristics

The final population comprised of 191 patients with a mean age of 61.04-10.5 years, 131(68.6) of them were
male. Patients undergoing ‘upgraded 2C3L’ procedure had a higher prevalence of hypertension(48.5% vs
22.4%, p<0.001). The intergroup difference was not statistically significant in terms of age, sex, type of AF,
ultrasound features, and other comorbidities. (Table 1)

Procedural information

Procedural findings are shown in Table 2 . Successful EI-VOM was performed in 53(80.3) patients in group
1, with an average ethanol use of 6.94-1.9 ml. Twelve patients cannot find the VOM and one had VOM
dissection during selective venography that precluded ethanol infusion. The total procedure time was similar
between group 1 and group 2(162.4+-39.7 vs 171.54-44.8, p=0.170). Although fluoroscopy time was longer
in groupl (11.82+-8.3 vs 4.3+-3.7, p<0.001), ablation time was shorter in both MI(7.0+-3.5 vs 11.8+-3.5,



p=0.029) and left PVA (8.24-4.00 vs 12.6+-2.87, p<0.001) was much shorter in group 1. PVAI, complete
roofline block, and CTI block could be achieved in all patients, except one in group 2 failed to achieve CTI
block. MI bidirectional block rate was significantly higher in group 1(95.5% vs 80.8%, p=0.006). Moreover,
less electric cardioversion was required to restore sinus rhythm in patients undergoing EI-VOM (78.5% vs
90.4%, p=0.007). LAA conduction delay was not observed in both groups during the procedure.

In group 1, 2(3.0%) patients had mild-to-moderate complications, including one mild pericardial effusion with
self-relief and one fluid overload during the procedure. Eight complications occurred in 7(5.6%) patients in
group 2, including four fluid overload, one mild pericardial effusion with self-relief, two arteria-venous fistula,
and one pleural effusion. No severe complications like death, stroke, or atrial-esophagus fistula was observed
in the study population.

Follow up

At the 12-month follow-up, fifty-eight (87.9%) patients were free from AF/AT in group 1 compared with 81
(64.8%) in group 2 (p<0.001), among them 2 in group 1 and 3 in group 2 were on AAD during the 12-month
follow-up. And for 53 patients with successful EI-VOM, freedom from AF/AT recurrence was achieved in
47 (88.7%). In cox regression, patients in group 1 had higher survival freedom from AT recurrence after
adjusted for age, LA diameter, LSPAF, hypertension, and heart failure (HR 0.27 95%CI 0.12-0.59) (Figure
4).

Four of 8 patients with recurrent AF/AT in group 1 underwent a redo procedure. One of them had recurrent
AF, two were proved to be perimitral AFL eliminated by RF applications at the annulus side of MI and
another one had a conduction gap at the RPV. In group 2, 12 of 44 patients with recurrent AF/AT underwent
a redo procedure, including 4 AF, 3 perimitral AFL, 2 roofline-related flutter, 2 flutters related to RSPV
conduction recovery, one scar-related reentry.

Discussion

The present study evaluated the effectiveness of a fixed, reproducible ‘upgraded 2C3L’ ablation strategy
that combines the EI-VOM and RF ablation targeting bilateral PVAI and bidirectional linear block of MI,
CTI, and LA roofline. This strategy is associated with higher sinus rhythm maintenance compared with the
conventional ’2C3L’ approach during the 12-month follow-up.

Current guidelines have indicated that PVI alone is insufficient for maintaining sinus rhythm in patients with
PeAF([1], and varieties of substrate modification strategies, including anatomical ablation (linear ablation)
and electrogram guided ablation(ablation of rotors, fractionated electrograms, et al), have been widely
adopted by electrophysiologists in recent decades. In surgical ablation, linear lesions have been proven to
be effective in rhythm control[9]. Theoretically, linear ablation helps to achieve LA compartmentation, stop
the rotors roaming around the left atrium, and therefore preventing the maintenance of AF[10]. But the
conclusion is quite different for catheter ablation. The main reason for this inconsistency lies in the fact
that transmural lesions cannot always be achieved by radiofrequency catheter ablation. As is reported in
the STAR AF II trial[3], where LA linear ablation involving the roofline and mitral isthmus failed to bring
about higher SR maintenance compared with PVT alone, the overall linear block rate was only 74%.

With the advancement of ablation technology, complete block of the roofline and CTI can now be achieved
in most cases. But the ablation of the MI line remains challenging. In the ALINE study, even by using
an Al-guided, point-by-point optimized RF ablation, MI bidirectional block can only be achieved in 80%
of patients, while in most cases roofline can be easily blocked.[11] Meanwhile, conduction recovery across
the MI line can occur in 38 of 52 patients with recurrent AF/AT[12]. Besides the atrial wall thickness and
heat-sinking effect of epicardial vessels, one important cause is epicardial conduction through the ligament
of Marshall[13]. In our previous study of the '2C3L’ approach, perimitral atrial flutter accounts for 10 of
24 recurrent AF/ATs after ablation for PeAF [2]. Moreover, it is reported that the Marshall bundle (MB)
participates in 30.2% of reentrant ATs after AF ablation. Only 81.6% of these MB-related ATs could be
terminated using RF ablation, and the recurrence rate was as high as 41.3% during 18-months follow up[14].



EI-VOM may provide a solution to achieve MI bidirectional block. Through the VOM and its collateral
flow, the ethanol can infiltrate into the atrial myocardium and rapidly cause transmural lesions that mainly
involve the posterolateral LA free wall and anterior part of the left pulmonary antrum[15]. More importantly,
lesions resulting from ethanol infusion has been proved to have higher durability, which prevents future
reconnection across the blocked MI line[16]. For persistent atrial fibrillation, data revealing the value of
EI-VOM on substrate modification is still limited. In the recently published VENUS trial, EI-VOM before
RF ablation significantly improved long-term AF free survival and reduced AF burden compared with RF
ablation alone[5]. However, as is reported in its post-hoc analysis, patients could benefit from EI-VOM
only if MI was blocked[6]. Meanwhile, a prospective, single-arm study has demonstrated that EI-VOM in
conjunction with a fixed strategy of LA linear ablation has ideal short- and long-term effectiveness [17]. In
view of current studies, an anatomical ablation strategy targeting atrial compartmentation seems to better
take advantage of EI-VOM, compared with empirical substrate modification.

Herein, we conducted a comparative study to further elucidate the value of a fixed ablation strategy that
combines EI-VOM and the well-established ‘2C3L’ approach. At the very beginning of the procedure, both
the proximal and distal parts of the VOM were ablated with ethanol infusion. With EI-VOM, anatomical
structures refractory to RF energy, like the Marshall bundle, left lateral ridge, and LA myocardium near
epicardial vessels can be easily injured transmurally. Theoretically, it is promising in reducing the recurrence
of perimitral ATs. Meanwhile, facilitated LPV antrum ablation and better atrial compartmentation by linear
lesions further prevent the recurrence of atrial fibrillation. Patients with AF triggers originating from the
LOM can also benefit from EI-VOM][18]. Moreover, as is observed in the present study, in this fixed, less
progressive "'upgraded 2C3L’ approach, ablation is mostly performed at sites with the latest atrial activation
and is less likely to result in left atrial appendage conduction delay, preventing the physiology of atria. As
for safety concerns, the incidence of the adverse event during EI-VOM is reasonably low in the present study,
as is also reported previously[19].

It is also important to realize the limitation of EI-VOM itself. The VOM is not always accessible, and the
accessible rate varies from 71.4%-96[5, 16, 17, 20]. The difference in techniques, limited sample size of the
reports could be the potential explanations that require further research. Of special note, the annulus side
of MI is not covered by the EI-VOM lesion. In the present study, ablation in the coronary sinus is equally
required in both groups, and MI conduction gap near the annular side is the cause of recurrent perimitral
flutters in group 1.

Limitations

Despite the encouraging result in the present study, it is limited by its non-randomized design and small
sample size. And AF burden is not analyzed. We will continue to look for clinical evidence of higher quality in
our ongoing randomized trial, the PROMPT-AF trial, which directly compares the efficacy of the ‘upgraded
2C3L procedure with PVI (NCT04497376). Meanwhile, atrial physiology was only assessed by activation
pattern after ablation while pre- and post-procedural ultrasound cardiography was not routinely performed.
Moreover, only 4 patients in the present study underwent a redo procedure after EI-VOM, the features of
recurrent tachycardias after EI-VOM remain to be further investigated
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Figure legends
Figure 1. Flow diagram of patients enrollment and procedure.

Figure 2. Procedure details of ‘upgraded 2C3L’ approach. A. LA voltage mapping before EI-VOM during
AF; B. The upper panel shows the course of VOM (white arrow), and the lower panel shows contrast staining
after ethanol infusion (surrounded by white dashed line); C. LA voltage mapping shows the low-voltage area
in the anterior and inferior left PVA and in the upper MI; D. Shows the RF lesion sets. RF application
is not performed in the anterior and inferior left PVA and in the upper MI (white dashed line). E. LA
voltage after the completion of both EI-VOM and RF ablation under sinus rhythm. LL: left lateral view;
PA: posterior-anterior view; RAQO: right anterior oblique view; LA: left atrium; EI-VOM: ethanol infusion
into the vein of Marshall; AF: atrial fibrillation; RF: radiofrequency; SR: sinus rhythm; PVA: pulmonary
vein antrum; MI: mitral isthmus.

Figure 3. Procedure details of ‘2C3L’ approach using RF energy alone. A. LA voltage mapping before
ablation during AF; B. Lesion sets of initial ablation; C. LA voltage after initial ‘2C3L’ ablation during
AF, MI block was not achieved after cardioversion; D. Additional ablation was further performed in the MI,
left lateral ridge and CS to achieve MI bidirectional block. E. LA voltage under sinus rhythm after PVAI



and bidirectional block across three ablation lines. LL: left lateral view; PA: posterior-anterior view; LA:
left atrium; AF: atrial fibrillation; RF: radiofrequency; SR: sinus rhythm; CS: coronary sinus; MI: mitral
isthmus.

Figure 4. K-M curve showing survival free from AF/AT recurrence with or without AAD in both groups

Table 1. Baseline characteristics of the study population.

Group 1 (n=66) Group 2 (n=125) P value

Age 61.0+10.9 61.1+10.3 0.954
Male gender 47 (71.2%) 84 (67.2%) 0.570
LSPAF 32 (48.5%) 46 (36.8%) 0.118
LA (mm) 43.645.5 42.744.7 0.226
LV (mm) 50.2+6.41 49.1+£5.02 0.208
EF 58.7+8.7 59.1+7.7 0.730
Hypertension 32 (48.5%) 28 (22.4%) <0.001
CAD 12 (18.2%) 20 (16.0%) 0.701
Heart failure 19 (29.2%) 28 (22.4%) 0.301
Diabetes 11 (16.7%) 28 (22.4%) 0.350
History of stroke 6 (9.1%) 17 (13.6%) 0.363

Table 2. Procedural data and electrophysiological findings

Group 1(n=66) Group 2(n=125) P value

Total procedure time (min) 162.4+39.7 171.5+44.8 0.170
Radiofrequency time (min) 11.848.3 4.343.7 <0.001
LPV ablation time (min) 8.2+4.0 12.6£2.9 <0.001
RPV ablation time (min) 11.7+4.4 12.8+3.4 0.224
MALI ablation time (min) 7.0£3.5 11.8+3.5 <0.001
CS ablation time (min) 1.7£14 1.7£14 0.987
Roofline ablation time (min) 3.7+1.4 3.6£1.1 0.610
CTTI ablation time (min) 5.1+2.1 5.4+2.3 0.523
Success EI-VOM 53 (80.3%) - -
Ethanol consumption 6.9+1.9 - -
PVAI 66 (100%) 125 (100%) 1.000
Linear block

MAT 63 (95.5%) 101 (80.8%) 0.006
CTI 66 (100%) 124 (99.2%) 1.000
Roofline 66 (100%) 125 (100%) 1.000
Ablation in the CS 49 (74.2%) 95 (76.0%) 0.835
SVC isolation 3 (4.5%) 8 (6.4%) 0.601
Cardioversion 50 (78.5%) 113 (90.4%) 0.007
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