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Abstract

Background

The therapeutic effect of low-voltage area (LVA)-guided left atrial (LA) linear ablation for

non-paroxysmal atrial fibrillation (non-PAF) is uncertain. We aimed to investigate the effi-

cacy of LA linear ablation based on the preexisting LVA and its effects on LA reverse remod-

eling in non-PAF patients.

Methods

We retrospectively evaluated 145 consecutive patients who underwent radiofrequency cath-

eter ablation for drug-refractory non-PAF. CARTO-guided bipolar voltage mapping was per-

formed in atrial fibrillation (AF). LVA was defined as sites with voltage� 0.5 mV. If

circumferential pulmonary vein isolation couldn’t convert AF into sinus rhythm, additional LA

linear ablation was performed preferentially at sites within LVA.

Results

After a mean follow-up duration of 48 ± 33 months, 29 of 145 patients had drugs-refractory

AF/LA tachycardia recurrence. Low LA emptying fraction, large LA size and high extent of

LVA were associated with AF recurrence. There were 136 patients undergoing LA linear

ablation. The rate of linear block at the mitral isthmus was significantly higher via LVA-

guided than non-LVA-guided linear ablation. Patients undergoing LVA-guided linear ablation

had larger LA size and higher extent of LVA, but the long-term AF/LA tachycardia-free sur-

vival rate was higher than the non-LVA-guided group. The LA reverse remodeling effects by

resuming sinus rhythm were noted even in patients with a diseased left atrium undergoing

extensive LA linear ablation.
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Conclusions

LVA-guided linear ablation through targeting the arrhythmogenic LVA and reducing LA

mass provides a better clinical outcome than non-LVA guided linear ablation, and outweighs

the harmful effects of iatrogenic scaring in non-PAF patients.

Introduction

Because circumferential pulmonary vein isolation (CPVI) alone for non-paroxysmal atrial

fibrillation (non-PAF) is associated with a low successful rate, substrate modification has been

incorporated into radiofrequency catheter ablation (RFCA) treatment to improve clinical out-

comes [1, 2]. Linear ablation with partially compartmentalization of the atria may prevent for-

mation of macroreentrant circuits and thus recurrence of atrial fibrillation (AF). However, the

outcomes of additional linear ablation varies in the hands of different operators [3]. Meantime,

incomplete linear ablation lesions without bidirectional block and localized scar-related reen-

trant left atrial tachycardia (LAT) from previous ablation or structural heart disease were the

main causes of suboptimal outcomes in the STAR-AF II trial [4]. It implies that achieving lin-

ear lesion contiguity via transvenous RFCA remains challenging technically. Low-voltage area

(LVA) reflects endocardial scar and atrial tissue with different degree of structural defect and

remodeling. LVA can perpetuate AF by either facilitating reentry or acting as a boundary cru-

cial for rotors anchoring, and the presence of LVA is an independent predictor of ablation fail-

ure for non-PAF [5] and PAF [6, 7]. For PAF patients, a recent published VOLCANO trial

revealed that LVA presence strongly predicted AF recurrence, but LVA ablation had no bene-

ficial impact on 1-year rhythm outcomes [8]. In contrast, for non-PAF ablation, substrate

modification by targeting LVA has been proposed as an effective ablation approach, including

patient-tailored [9], box-isolated [10], and homogenized [11] strategies. Efremidis et al.

reported that targeted ablation of complex-fractionated electrograms within LVA after CPVI

had a late AF recurrence rate of 28.6% [12]. Whether non-PAF patients benefit from additional

LVA-guided linear ablation has not been reported yet. Eliminating AF induces left atrial (LA)

reverse remodeling [13]. However, in patients with long-standing AF and a severely diseased

left atrium, RFCA-induced injury could have deleterious effects on LA structure and function

[14]. Whether an extensive linear ablation strategy applied to a diseased left atrium induces

reverse remodeling or further deteriorates LA function in non-PAF patients remains unclear.

In this study, we aimed to investigate the clinical outcomes of additional LVA-guided linear

ablation in non-PAF patients and to analyze LA reverse remodeling after this procedure.

Materials and methods

Study population

We retrospectively evaluated 145 consecutive patients who underwent RFCA for drug-refrac-

tory non-PAF between July 2011 and July 2019 at our institution. In accordance with the HRS/

EHRA/ECAS expert consensus statement, non-PAF was defined as continuous AF sustained

for more than 7 days [15]. For all patients, detailed medical histories regarding AF and related

cardiovascular and systemic conditions were obtained. On the basis of RFCA outcome, we

divided patients into three groups: Group 1, no AF recurrence; Group 2, recurrence of AF/

LAT responsive to antiarrhythmic drugs (AADs); and Group 3, recurrence of AF/LAT refrac-

tory to AADs [16]. Patients were excluded if they had severe valvular disease requiring surgery,
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had received previous RFCA or prior surgical Cox maze procedure, or had LA appendage

thrombosis. Transesophageal echocardiography and cardiac CT were performed in all patients

before ablation to exclude the possibility of thrombi. All AADs were discontinued at least five

half-lives before the study, with the exception of amiodarone, which was discontinued at least

3 months before the ablation procedure. The Institution Review Board of Chang Gung Memo-

rial Hospital approved the study protocol (IRB No. 202001057B0), and written informed con-

sent was obtained from all patients.

Electrophysiological study and RFCA

All patients underwent RFCA under endotracheal intubation and general anesthesia. Heparin

was administered to keep the activated clotting time > 300 s. RFCA was performed using a 3D

electroanatomical mapping system (Carto 3, Biosense Webster, Diamond Bar, CA, USA) to

support the creation and validation of ablation lesions. A 3.5-mm open-tip irrigated catheter

(NaviStar Thermo-Cool, Biosense Webster) was percutaneously introduced through the right

femoral vein for mapping and ablation. All electroanatomical mapping was performed in AF

rhythm, and > 350 points were requested in each patient (mean 452 ± 220 points). We defined

the area with a bipolar peak-to-peak voltage of< 0.5 mV as LVA [5]. LVA size was manually

measured on each voltage map.

CPVI with confirmation of entrance block was verified in all patients. The ablation catheter

was moved point by point in a dragging fashion to create successive lesions. If AF persisted or

LAT occurred after CPVI, additional LA linear ablation was performed at the operator’s dis-

cretion. The roof, posterior mitral, anterior mitral, posterior (for box isolation), and anterosep-

tal lines were potential targets. We preferred performing linear ablation within LVA, especially

at sites with complex-fractionated and/or high-frequency electrograms (the LVA-guided abla-

tion group); whereas patients underwent at least one linear ablation not within the LVA were

classified as the non-LVA guided ablation group. In the LVA-guided ablation group, the abla-

tion lines were attempted to connect the CPVI lesions and/or the mitral annulus within the

LVA at a distance as short as possible. Therefore, these linear ablation lesions could be within

or at the border of LVA, depending on the distribution of LVA. External cardioversion was

performed to restore sinus rhythm if RFCA failed to convert AF. The attempted endpoint of

linear ablation was conduction block, validated by differential pacing with bidirectional rever-

sal of the peri-mitral activation sequence and/or the recording of local separated double poten-

tials at the entire ablation line [1, 17]. Non-pulmonary vein triggers that reinitiated AF were

ablated as deemed necessary.

Echocardiography

2D echocardiographic examinations were performed on the next day after RFCA, and serial

echocardiographic examinations were performed at 1, 3, 6, and12 months and then every 6

months after RFCA. These examinations were performed using a commercially available ultra-

sound scanner (Vivid 9, General Electric Medical Health, Waukesha, WI, USA) with a

2.5-MHz phased-array transducer. The LA volume was measured using an apical 4-chamber

view. The maximal LA volume (LAVmax) was defined as the volume just before the mitral

valve opening, and the minimal LA volume (LAVmin) was defined as the smallest volume dur-

ing ventricle diastole. The LA emptying fraction (LAEF) was calculated as (LAVmax−LAVmin)/

LAVmax × 100% [18]. To evaluate the effects of AF ablation on LA structure and function, the

differences of LA dimension (LAD), LAVmax, LAVmin, and LAEF between 1 day and 3 months

after RFCA were calculated.

PLOS ONE LVA-guided linear ablation for non-PAF

PLOS ONE | https://doi.org/10.1371/journal.pone.0260834 December 2, 2021 3 / 14

https://doi.org/10.1371/journal.pone.0260834


Follow-up and definition of recurrence

Patients were followed up at 1 week, 1 month, 3 months, 6 months and every 3–6 months after

RFCA and whenever required due to AF symptoms. Twelve-lead electrocardiograms and 24-h

Holter ambulatory electrocardiograms were recorded after RFCA and when the patient experi-

enced palpitation symptoms. Recurrence was defined as typical palpitation episodes for>30

seconds or atrial tachyarrhythmia on a 12-lead electrocardiogram, Holter monitoring, or pace-

maker/implantable cardioverter-defibrillator interrogation records. Repeat RFCA was sug-

gested to patients with AF/LAT recurrence after the 3-month blanking period.

Statistical analysis

Continuous variables were summarized as mean ± standard deviation and categorical variables

were represented using numbers and percentages. To analyze the effects of RFCA on echocar-

diographic measurements, we performed independent sample t test or analysis of variance

procedures for continuous variables and the chi-square test or Fisher’s exact test for categorical

variables. Survival curves of the freedom from AF/LAT recurrence were plotted via the

Kaplan–Meier method, with the statistical significance between curves determined using the

log-rank test. The two-tailed P value <0.05 was considered statistically significant.

Results

Patient characteristics and predictors of RFCA outcomes

Baseline clinical characteristics of the included patients are summarized in Table 1. The study

population comprised 145 non-PAF patients (mean age 58 ± 13 years; mean duration of AF

Table 1. Baseline characteristics, clinical data, and ablation results of the study groups.

All patients Group 1 Group 2 Group 3 p value

Patient number 145 63 (43.4%) 53 (36.6%) 29 (20.0%) .688

Follow/up (month) 48±33 48±34 50±34 44±29

Age (years) 58±13 56±12 60±14 58±12 .278

Gender (male, %) 105 (72%) 49 (78%) 36 (68%) 20 (69%) .446

BMI (kg/m2) 26.3±3.6 26.0±3.6 27.0±3.3 26.1±4.1 .290

AFD (years) 3.85±3.53 3.26±2.97 3.64±3.16 5.52±4.78 .014

CHA2DS2-VASc 1.73±1.42 1.42±1.39 2.00±1.34 1.87±1.52 .074

Hypertension (%) 79 (55%) 33 (52%) 34 (64%) 12 (41%) .128

Diabetes mellitus (%) 27 (19%) 13 (21%) 12 (23%) 2 (7%) .186

Dyslipidemia (%) 58 (40%) 22 (36%) 25 (48%) 11 (36%) .332

CAD (%) 5 (3%) 0 (0%) 4 (8%) 1 (3%) .067

Stroke (%) 19 (13%) 7 (11%) 6 (11%) 6 (21%) .400

ESRD (%) 3 (2%) 1 (2%) 0 (0%) 2 (7%) .149

RHD (%) 7 (5%) 0 (0%) 4 (8%) 3 (10%) .019

SSS (%) 24 (17%) 7 (11%) 12 (23%) 5 (17%) .249

COPD (%) 4 (3%) 1 (2%) 2 (4%) 1 (3%) .534

Smoking (%) 12 (8%) 4 (6%) 4 (8%) 4 (14%) .267

RFCA times 1.49±0.79 1.43±0.86 1.53±0.67 1.55±0.87 .715

AF conversion 65 (45%) 35 (56%) 27 (51%) 3 (10%) < .001

AFD: atrial fibrillation duration; BMI: body-mass index; CAD: coronary artery disease; COPD: chronic obstructive pulmonary disease; ESRD: end-stage renal disease;

RFCA: radiofrequency catheter ablation RHD: rheumatic heart disease; SSS: sick sinus syndrome.

https://doi.org/10.1371/journal.pone.0260834.t001
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before RFCA 3.85 ± 3.53 years; and 72% male). The mean follow-up duration was 48 ± 33

months (median: 34 months). There were 63 (43.4%), 53 (36.6%) and 29 patients (20.0%) in

Groups 1, 2, and 3, respectively. No significant difference was noted in age, gender, ablation

times, and underlying medical diseases among groups except rheumatic heart disease. Group 3

had the longest AF duration (P = 0.014). AF conversion with RFCA procedures strongly pre-

dicted long-term AF-free outcome: In 65 (44.8%) patients with AF conversion by RFCA, only

3 (4.6%) patients were in Group 3; whereas in patients without AF conversion by RFCA, 28 of

80 (37.5%) patients were in Group 3 (P< 0.001).

The extent of LVA was variable between patients ranging from 0.6% to 96.6% (mean 29.1%;

median 21.8%) of the total LA surface area, and a high extent of LVA was associated with a

poor prognosis. As shown in Fig 1A, the extent of LVA was lowest in Group 1 and highest in

Group 3. The mean LVA was 34 ± 39, 60 ± 42, and 89 ± 70 mm2, and the mean ratio of LVA/

LA total area was 19.4 ± 21.6, 31.9 ± 21.8, and 43.6 ± 30.7% in Groups 1, 2, and 3, respectively

(P< 0.001 for both comparisons, Fig 1B).

Most patients underwent 2D echocardiographic examinations during sinus rhythm except

in 4 patients with early recurrence of persistent AF on day 1 post ablation. In addition, the

other 2 patients underwent 2D echocardiographic examinations during LAT at 3 months post

ablation. Therefore, there were 141 of 145 (97.2%) and 139 of 145 (95.9%) patients undergoing

echocardiography during sinus rhythm at day 1 and at 3 months post RFCA, respectively. The

echocardiographic data are summarized in Table 2. Group 1 had the smallest LAD, LAVmax,

LAVmin, and highest LAEF at day 1 post ablation. After 3 months, the differences became

more significant among three groups. Unlike in Groups 1 and 2, LAEF in Group 3 did not

improve 3 months after RFCA. Comparing the 1-day and 3-month post-RFCA data, the

degree of reduction of LAD and LAVmin, and the degree of increase in LAEF were significantly

different among the three groups. This implies that LA reverse remodeling was related to the

outcome status after AF ablation.

Fig 1. Examples of voltage maps and low-voltage area (LVA)-guided linear ablation in the three groups. A: Left

subpanels show the distribution of LVA and right subpanels show linear ablation locations (red dots). As shown in

right subpanels, the ablation lines were Compared with patients in Groups 2 and 3, patient in Group 1 showed a less

extent of LVA and linear ablation was not performed at the mitral isthmus under LVA guidance. B: Summarized

results of LVA (left), total left atrial area (right, subpanel a), and percentage of LVA relative to total left atrial area

(subpanel b) in the three groups. AP, antero-posterior; PA: posteroanterior.

https://doi.org/10.1371/journal.pone.0260834.g001
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Procedures of LA linear ablation

Tables 3 and 4 summarizes the number of patients undergoing LA linear ablation for various

extents and locations. The mean number of ablation lines was highest in Group 3 (2.59 ± 1.53,

3.08 ± 1.31, and 3.31 ± 1.39 in Groups 1, 2, and 3, respectively, P = 0.048), and the ratio of

patients undergoing different number of ablation lines were also significantly different among

the three groups (Table 3, P = 0.038). That is, patients with a poorer ablation outcome under-

went more lines of ablation. In 9 patients without undergoing LA linear ablation, 7 patients

Table 2. Echocardiographic data of the study groups.

1 day after ablation
Echocardiographic data All patients (n = 145) Group 1 (n = 63) Group 2 (n = 53) Group 3 (n = 29) p value

LAD (mm) 46.7±6.1 44.9±5.2 47.7±6.2 48.9±6.6 .003

LAVmax (ml) 86.1±34.2 78.4±25.0 93.0±42.8 91.1±31.0 .048

LAVmin (ml) 54.7±30.0 44.9±20.2 60.6±36.9 65.2±27.8 .002

LAEF (%) 38.9±11.6 44.4±10.7 37.4±10.6 29.9±8.3 < .001

IVS (mm) 12.2±2.1 12.2±2.1 12.4±2.4 12.1±1.9 .814

LVEF (%) 63.1±9.4 64.6±5.7 61.1±12.3 63.6±9.4 .127

Peak A (cm/s) 42.2±22.2 40.4±16.1 44.5±20.0 42.1±36.1 .626

MR .154

No or trivial 12 (8.3%) 8 (12.7%) 2 (3.8%) 2 (6.9%)

Mild 82 (56.6%) 39 (61.9%) 29 (54.7%) 14 (48.3%)

Mild to moderate 49 (33.8%) 16 (25.4%) 20 (37.7%) 13 (44.8%)

�Moderate 2 (1.4%) 0 (0%) 2 (3.8%) 0 (0%)

3 months after ablation
Echocardiographic data All patients Group 1 Group 2 Group 3 p value

LAD (mm) 43.6±6.4 41.0±5.0 45.2±6.1 46.9±7.5 < .001

LAVmax (ml) 73.5±31.6 61.9±20.9 80.1±35.1 86.3±37.0 < .001

LAVmin (ml) 42.8±28.4 30.7±14.9 47.6±30.6 61.9±35.4 < .001

LAEF (%) 45.3±13.3 52.2±9.0 43.9±12.0 31.5±13.2 < .001

Differences between post-ablation 1 day and 3 months
Echocardiographic data All patients Group 1 Group 2 Group 3 p value

ΔLAD (mm) -3.1±3.4 -3.9±3.3 -2.7±3.6 -2.0±2.9 .030

ΔLAVmax (ml) -13.0±19.9 -16.4±19.4 -12.9±20.1 -5.7±18.4 .057

ΔLAVmin (ml) -12.1±15.6 -14.3±13.6 -13.6±16.7 -3.9±15.9 .011

ΔLAEF (%) 6.0±9.8 7.8±7.9 6.3±10.7 .83±10.9 .008

LAD: left atrial diameter; LAVmax: maximal left atrial volume; LAVmin: minimal left atrial volume; LAEF: left atrial emptying fraction; IVS: intraventricular septum;

LVEF: left ventricular ejection fraction; MR: mitral regurgitation; ΔLAD, ΔLAVmax, ΔLAVmin, and ΔLAEF: differences of LAD, LAVmax, LAVmin, and LAEF between

post-ablation 1 day and 3 months, respectively.

https://doi.org/10.1371/journal.pone.0260834.t002

Table 3. Distribution of the percentage of patients undergoing different numbers of left atrial linear ablation among three groups.

No. of left atrial ablation line Total (n = 145) Group 1 (n = 63) Group 2 (n = 53) Group 3 (n = 29)

0 9 (6.2%) 7 (11.1%) 0 (0%) 2 (6.9%)

1 20 (13.8%) 7 (11.1%) 9 (17.0%) 4 (13.8%)

2 24 (16.6%) 14 (22.2%) 9 (17.0%) 1 (3.4%)

3 34 (23.4%) 16 (25.4%) 11 (20.8%) 7 (24.1%)

4 38 (26.2%) 11 (17.5%) 17 (32.1%) 10 (34.5%)

5 20 (13.8%) 8 (12.7%) 7 (13.2%) 5 (17.2%)

https://doi.org/10.1371/journal.pone.0260834.t003
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remained in sinus rhythm without AADs and 2 patients did not want to undergo repeat RFCA

for AADs-refractory AF. In the remaining 136 patients who underwent LA linear ablation, the

most common location was the roof, followed by anterior mitral isthmus, posterior mitral isth-

mus, posterior wall, and anteroseptum (Table 4). There were 125 patients underwent mitral

isthmus ablation, including 69 (39%) patients undergoing both anterior and posterior

approaches. Peri-mitral bidirectional block was achieved in 106 of 125 patients (85%), includ-

ing 47 of 50 (94%) patients in Group 1, 45 of 48 (94%) patients in Group 2, and 14 of 27 (52%)

patients in Group 3 (P< 0.001). It implies that peri-mitral bidirectional block remains an

issue and should be accomplished for a better outcome of non-PAF ablation.

LVA-guided LA linear ablation rescues poor outcomes of RFCA in diseased

left atria

In 136 patients undergoing LA linear ablation, LVA-guided linear ablation was performed in

97 (71%) patients; and the remaining patients included 16, 13, 6, and 4 patients undergoing 1,

2, 3, and 4 non-LVA-guided linear ablations, respectively. Baseline clinical characteristics of

the two groups are summarized in Table 5. The LVA-guided ablation group patients were

older, more female, and had smaller body-mass index than those in the non-LVA-guided abla-

tion group. The non-LVA-guided linear ablation lesions were located at anterior mitral isth-

mus (n = 27, 27%), posterior mitral isthmus (n = 30, 32%), roof (n = 6, 5%), posterior wall

(n = 3, 4%), and anteroseptum (n = 10, 20%). Acute success in creating linear block at the roof

and posterior wall could be achieved by LVA- or non-LVA-guided ablation in all patients. But

the main challenge was to create linear block at the mitral isthmus. For posterior mitral isth-

mus, LVA- and non-LVA-guided ablation created linear block in 41 of 64 (64%) and 8 of 30

(27%) patients, respectively (P< 0.001); for anterior mitral isthmus, LVA- and non-LVA-

guided ablation created linear block in 63 of 73 (86%) and 17 of 27 (63%) patients, respectively

(P = 0.01). Table 6 summarizes the characteristics of the left atrium in patients undergoing

LVA- and non-LVA-guided linear ablation. The LVA-guided group had a significantly higher

extent of LVA (P< 0.001), and larger LAD (P< 0.001), LAVmax (P = 0.009), and LAVmin

(P = 0.007) than the non-LVA-guided group. However, the long-term AF/LAT-free survival

rates on or off AADs were 83% vs. 62% for LVA- and non-LVA-guided groups, respectively

(P = 0.043, Fig 2). It implies that LVA-guided LA linear ablation rescued a poor outcome of

RFCA in non-PAF patients with a diseased left atrium.

Effects of the extent of linear ablation on LA reverse remodeling

As shown in Table 7, patients with a larger LAVmax (P = 0.012), LAVmin (P = 0.003), and a

lower LAEF (P< 0.001) at 1 day post ablation underwent more LA linear ablations. We fur-

ther examined the impacts of the extent of linear ablation on LA reverse remodeling. LAD,

Table 4. Summary of patient numbers at different locations of left atrial linear ablation among three groups.

Total (n = 145) Group 1 (n = 63) Group 2 (n = 53) Group 3 (n = 29) P value

Posterior MI 94 (64.8%) 40 (63.5%) 33 (62.3%) 21 (72.4%) .627

Anterior MI 100 (69.0%) 35 (55.6%) 42 (79.2%) 23 (79.3%) .009

Roof 114 (77.9%) 48 (76.2%) 44 (83.0%) 22 (75.9%) .618

Posterior 67 (46.2%) 29 (46.0%) 24 (45.3%) 14 (48.3%) .966

Anteroseptum 49 (33.8%) 16 (25.4%) 20 (37.7%) 13 (44.8%) .140

MI, mitral isthmus.

https://doi.org/10.1371/journal.pone.0260834.t004
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LAVmax, and LAVmin were reduced and LAEF was improved 3 months after AF ablation in all

subgroups, and the differences in LAD (P = 0.780), LAVmax (P = 0.064), LAVmin (P = 0.081),

and LAEF (P = 0.742) between the post-ablation 1 day and 3 months were all insignificant

among the subgroups undergoing various extents of linear ablation. That is, the adverse effects

of extensive linear ablation were outweighed by LA reverse remodeling even if multiple linear

ablations were performed in more diseased left atria.

Discussion

In this study, additional LA linear ablation for non-PAF was associated with a AADs-refractory

AF/LAT recurrence rate of 20% after a mean follow-up duration of 48 ± 33 months. Low LA emp-

tying fraction, large LA size and high extent of LVA were associated with AF recurrence. LVA-

guided linear ablation was performed in 71% patients who had a higher extent of LVA and more

dilated left atrium than patients undergoing non-LVA-guided linear ablation, but the long-term

AF/LAT-free survival rate was higher in the LVA-guided group. The rate of acute success in creat-

ing linear block at the mitral isthmus was significantly higher via LVA-guided than non-LVA-

guided linear ablation. LA reverse remodeling after resuming sinus rhythm was noted even in

patients with a diseased left atrium undergoing extensive LA linear ablation. This strategy has the

advantages of avoiding ablation on healthy atrial tissues and targeting the diseased arrhythmogenic

atrial tissues to rescue a poor RFCA outcome in non-PAF patients with a diseased left atrium.

LVA-guided LA linear ablation for non-PAF

CPVI is effective for AF suppression if the focal mechanism with fibrillatory conduction is the

predominant mechanism for AF maintenance [19]. Because persistence of AF results in

Table 5. Baseline characteristics, clinical data, and ablation results of the LVA-and non-LVA guided linear abla-

tion groups.

LVA Non-LVA p value

Patient number 97 (71%) 39 (29%)

Age (years) 60±13 53±11 .006

Gender (male, %) 62 (64%) 35 (90%) .003

BMI (kg/m2) 26.0±3.3 27.7±4.1 .015

AFD (years) 3.85±4.46 4.51±3.82 .325

CHA2DS2-VASc 1.86±1.42 1.38±1.29 .075

Hypertension (%) 52 (54%) 20 (51%) .851

Diabetes mellitus (%) 16 (17%) 9 (23%) .463

Dyslipidemia (%) 40 (41%) 14 (36%) .699

CAD (%) 4 (4%) 0 (0%) .578

Stroke (%) 11 (11%) 6 (15%) .570

ESRD (%) 2 (2%) 0 (0%) 1.000

RHD (%) 6 (0%) 1 (3%) .673

SSS (%) 17 (18%) 6 (15%) 1.000

COPD (%) 3 (3%) 1 (3%) 1.000

Smoking (%) 5 (5%) 6 (15%) .077

RFCA times 1.42±0.75 1.62±0.71 .171

AF conversion 40 (41%) 18 (46%) .702

AFD: atrial fibrillation duration; BMI: body-mass index; CAD: coronary artery disease; COPD: chronic obstructive

pulmonary disease; ESRD: end-stage renal disease; LVA: low-voltage area; RFCA: radiofrequency catheter ablation

RHD: rheumatic heart disease; SSS: sick sinus syndrome.

https://doi.org/10.1371/journal.pone.0260834.t005
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progressive LA dilatation, fibrosis and self-perpetuation of AF [20, 21], additional linear abla-

tion for LA mass reduction has been considered to prevent AF/LAT recurrence in non-PAF

[22]. In a prospective randomized study conducted by Willems and colleagues, 69% of patients

Table 6. Summarized results of left atrial characteristics in patients undergoing LVA- and non-LVA-guided left atrial linear ablation.

Total patients LVA-guided non-LVA-guided P values

Patient number 136 97 (71%) 39 (29%)

LVA (cm2) 57.5±55.3 71.6±57.7 22.5±26.1 < .001

LAA (cm2) 185.0±35.9 188.7±38.2 175.9±28.1 0.060

LVA% 29.1±24.7 35.5±24.6 13.6±16.8 < .001

LAD (mm) 47.0±5.9 47.7±6.2 45.3±4.9 0.035

LAVmax (ml) 87.1±34.3 91.9±36.7 75.1±24.0 0.009

LAVmin (ml) 55.3±29.9 59.7±32.5 44.5±18.6 0.007

LAEF (%) 38.6±11.4 37.6±11.2 41.3±11.5 0.082

LAD_3m (mm) 43.8±6.2 44.3±6.3 42.7±6.0 0.176

LAVmax_3m (ml) 74.4±31.1 78.6±33.3 64.0±21.8 0.012

LAVmin_3m (ml) 43.2±27.8 46.6±29.6 34.6±19.8 0.022

LAEF_3m (%) 44.9±13.0 43.7±13.1 47.9±12.4 0.083

ΔLAD (mm) -3.2±3.4 -3.4±3.7 -2.6±2.5 0.246

ΔLAVmax (ml) -12.6±19.6 -13.3±19.3 -11.1±20.7 0.562

ΔLAVmin (ml) -12.1±15.8 -13.1±16.5 -9.6±13.7 0.249

ΔLAEF (%) 6.3±10.0 6.1±10.1 6.6±9.8 0.789

LA, left atrium; LAA, LA total area; LVA, low-voltage area; LVA% = percentage of LVA relative to LAA; LAD: left atrial diameter; LAVmax: maximal left atrial volume;

LAVmin: minimal left atrial volume; LAEF: left atrial emptying fraction; LAD_3m, LAVmax_3m, LAVmin_3m, LAEF_3m: data at 3 months after ablation; ΔLAD,

ΔLAVmax, ΔLAVmin, and ΔLAEF: differences of LAD, LAVmax, LAVmin, and LAEF between post-ablation 1 day and 3 months, respectively.

https://doi.org/10.1371/journal.pone.0260834.t006

Fig 2. The Kaplan-Meier estimates of freedom from atrial fibrillation (AF)/left atrial tachycardia (LAT) in the

low-voltage area (LVA)-guided (dashed line) and non-LVA-guided (solid-line) linear ablation groups.

https://doi.org/10.1371/journal.pone.0260834.g002
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with non-PAF undergoing additional linear ablations at LA roof and posterior mitral isthmus

remained in sinus rhythm, compared with only 20% of patients receiving PV isolation only

[1]. In that study, the posterior mitral line was attempted to connect both posterior mitral

annulus and left inferior pulmonary vein using the shortest distance. Because of the thickness

of atrial myocardium (up to 8 mm) [23], the high amount of radiofrequency applications and

difficulty in achieving durable complete conduction block across the posterior mitral isthmus

remained issues. Pak et al. reported that the presence of LVA on the anterior wall resulted in a

better clinical outcome for peri-mitral bidirectional block via LA anterior wall approach than

ablation on the thick lateral ridge [24]. Consistently, our data showed that LVA- and non-

LVA-guided ablation created linear block at the posterior mitral isthmus in 41 of 64 (64%) and

8 of 30 (27%) patients, respectively; and at the anterior mitral isthmus in 63 of 73 (86%) and 17

of 27 (63%) patients, respectively. LVA-guided approach did help achieving a significantly

higher rate of acute success in creating linear block at the mitral isthmus than non-LVA-

guided approach. A recent meta-analysis by Blandino et al. showed that LVA-guided ablation

was more effective than CPVI to prevent AF/LAT recurrence in the treatment of non-PAF

patients with diseased atrial tissues [25]. Our data showed that LVA-guided linear ablation was

performed in more diseased left atria but with a higher long-term AF/LAT-free survival rate

than non-LVA-guided linear ablation. It implies that linear lesions created with consideration

of the underlying atrial substrate would be superior to empirically defined linear ablation for

LA mass reduction in non-PAF patients.

Strategies of LVA-targeted ablation for non-PAF patients

There have been studies evaluating LVA ablation or creating different types of anatomic lines

to isolate LVA [5, 10–12, 26, 27], but consensus has not been reached on the optimal LVA-tar-

geted strategy to treat non-PAF yet. Jadidi et al. reported that ablation at LVA< 0.5 mV in AF

Table 7. Echocardiographic data in patients underwent different number of left atrial linear ablation lines.

No. of linear ablation line 0 1 2 3 4 5 p value

(n = 9) (n = 20) (n = 24) (n = 34) (n = 38) (n = 20)

1 day after ablation
LAD (mm) 42.8±7.2 46.4±6.7 45.1±5.0 47.0±6.2 47.7±6.2 48.5±5.1 .138

LAVmax (ml) 74.2±31.2 69.5±20.4 78.7±23.3 85.1±29.8 95.3±39.3 102.4±43.8 .012

LAVmin (ml) 45.0±29.7 39.5±17.0 43.5±19.1 55.6±24.2 64.4±35.4 67.9±37.4 .003

LAEF (%) 43.4±14.5 44.9±11.1 46.0±11.5 36.5±9.7 34.4±9.4 35.2±11.7 <0.001

3 months after ablation
LAD (mm) 40.8±7.5 42.4±6.2 42.3±5.2 43.6±5.8 44.8±7.1 45.6±6.4 .282

LAVmax (ml) 60.7±27.4 67.0±21.9 65.2±20.8 68.9±20.2 84.3±40.5 83.7±38.0 .038

LAVmin (ml) 33.9±30.4 35.2±18.2 32.8±15.9 39.3±17.0 52.3±35.0 52.9±37.3 .013

LAEF (%) 50.1±16.1 49.8±13.5 50.5±10.7 44.3±12.5 41.1±12.4 41.6±14.3 .016

Differences between post-ablation 1 day and 3 months
ΔLAD (mm) -2.0±3.0 -4.0±4.5 -2.8±3.3 -3.4±3.2 -2.9±2.9 -2.9±3.7 .780

ΔLAVmax (ml) -13.4±24.0 -2.5±14.2 -13.5±14.1 -16.3±22.3 -11.0±18.8 -18.7±23.7 .064

ΔLAVmin (ml) -11.1±13.6 -4.3±10.7 -10.7±11.9 -16.3±17.3 -11.9±16.8 -15.0±17.5 .081

ΔLAEF (%) 6.7±9.0 4.9±11.1 4.5±7.8 7.8±9.0 6.6±11.9 6.4±9.1 .742

LAD: left atrial diameter; LAVmax: maximal left atrial volume; LAVmin: minimal left atrial volume; LAEF: left atrial emptying fraction; IVS: intraventricular septum;

LVEF: left ventricular ejection fraction; MR: mitral regurgitation. ΔLAD, ΔLAVmax, ΔLAVmin, and ΔLAEF: differences of LAD, LAVmax, LAVmin, and LAEF between

post-ablation 1 day and 3 months, respectively.

https://doi.org/10.1371/journal.pone.0260834.t007
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with fractionated activity or discrete rapid local activity is more effective with reduced

radiofrequency delivery than conventional CPVI [5]. Efremidis et al. reported that ablat-

ing LVA < 0.5 mV in AF with specific electrogram characteristics showing rotational

activity or activation gradient covering greater than 70% of AF cycle length after CPVI is

associated with good outcomes, particularly when AF termination is achieved [12].

Regional LVA ablation and homogenization has been reported to improve the long-term

success rate in non-PAF patients [11], but strategic linear ablation is frequently needed to

connect the ablated LVA to anatomical obstacles because LVA homogenization alone can-

not prevent rotor anchoring [27]. Alternatively, our study focused on linear ablation

across LVA to eliminate arrhythmogenic atrial tissues as well as to create lines of block to

prevent reentry formation. We did not intend to create an ablation line to divide the low

potential region because the ablation lines could be across or at the border of LVA. Our

data showed that LVA-guided linear ablation had a better long-term AF/LAT-free survival

rate than non-LVA-guided linear ablation even if the LVA-guided group had higher

extent LVA and more diseased left atria. The combination of targeting the arrhythmo-

genic LVA and LA mass reduction would be an alternative individually tailored approach

for non-PAF ablation.

We have used voltage mapping during ongoing AF [5]. It had the advantage that the spatial

distribution of mean voltage during AF better correlates with delay enhancement magnetic

resonance imaging-detected atrial fibrosis than with sinus rhythm, and arrhythmogenic vul-

nerabilities associated with fibrosis that are dormant during sinus rhythm may become mani-

fest during the functional circumstances encompassing AF [28]. However, this cutoff value of

0.5 mV for defining LVA during AF corresponds to LVA < 1.0 mV when mapping is per-

formed during sinus rhythm. That is, LVA defined during AF is larger than that defined dur-

ing sinus rhythm with a same cutoff value. Rodrı́guez-Mañero et al. reported that a cutoff of

0.31 mV for AF predicts a sinus voltage of 0.5 mV [29]. It is still unknown the exact voltage

threshold to be considered pathological in AF or sinus rhythm. To preserve LA tissue from

ablation, bipolar voltage cutoffs should be adjusted depending on the rhythm, especially when

regional LVA ablation and homogenization is the strategy for LA substrate modification.

Recent findings by Jadidi et al. indicate that prolonged delayed potentials in sinus rhythm cor-

respond to continuous, rapid activities in AF that display low voltages [30]. A sinus rhythm-

based mapping approach for identification of low-voltage and slow conduction substrate

might be an alternative approach that allows to preserve more LA tissue than mapping and

ablation during AF.

LA reverse remodeling with LVA-guided linear ablation

In this study, significant LA reverse remodeling was evidenced by improved LAEF and

reduced LA size in 3-month follow-up cardiac echo in patients with no recurrence of AF/LAT

even if extensive linear ablation was performed in diseased left atria. This result is in line with

previous reports that sinus rhythm maintenance brings histological reverse remodeling and

functional LA recovery that overwhelm the harmful effects of iatrogenic scaring by extensive

linear ablation.[31, 32] Theoretically targeting LVA can avoid injury to other healthy atrial

myocardium and preserve LA function and thus is supported to induce a greater degree of LA

reverse remodeling. However, our data did not show significant differences in the reduction of

LA size or the increase of LAEF between the LVA-guided and non-LVA-guided groups. A pos-

sible explanation is that preexisting advanced LA myopathy revealed by a higher extent of

LVA and more dilated left atrium in the LVA-guided group interfered with LA reverse remod-

eling in this study population.

PLOS ONE LVA-guided linear ablation for non-PAF

PLOS ONE | https://doi.org/10.1371/journal.pone.0260834 December 2, 2021 11 / 14

https://doi.org/10.1371/journal.pone.0260834


Limitations

This was a retrospective study with small size that could bias patient characteristics and limit

the statistical accuracy of our results. Multicenter randomized controlled trials in sufficient

numbers of patients are needed to clarify the role of LVA-guided linear ablation in non-PAF

patients. To confirm the sites as non-pulmonary vein triggers of AF, it is necessary to docu-

ment that AF is triggered by these foci and ablation on these foci results in AF termination.

However, we did not cardiovert AF into sinus rhythm to find the triggers before ablation, and

linear ablation rather than single point ablation was performed in this study. Therefore, we did

not exactly know how many non-pulmonary vein triggers were ablated. We routinely per-

formed cardiac CT but not delayed enhancement cardiac magnetic resonance imaging in all

patients before ablation. Therefore, we cannot comment for sure that the low-potential region

includes scar sites in this study. Our study identified LVA in AF rather than in sinus rhythm.

The presented data should be interpreted with caution when LVA is identified in sinus

rhythm. AF recurrence was quantified on the basis of patient symptoms, therefore, freedom

from AF and LAT is likely overestimated as systematic extended monitoring was not per-

formed in all patients to reveal asymptotic paroxysmal tachycardias.

Conclusion

Additional LVA-guided linear ablation through targeting the arrhythmogenic LVA and reduc-

ing LA mass is better than non-LVA guided linear ablation to prevent AF recurrence in non-

PAF patients. LA reverse remodeling occurred in patients with sinus rhythm maintenance

after RFCA regardless of the extent of linear ablation.
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