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Abstract
We evaluated the effects of adjunctive left anterior line (LAL) ablation on LA dyssynchrony and function using real-time 
three-dimensional echocardiography (3DE) in connection with thromboembolic complications and tachyarrhythmia recur-
rence in patients with persistent atrial fibrillation (AF). We randomly and prospectively assigned consecutive persistent AF 
patients to the LAL (n = 52, 65 ± 7 years) and control groups (n = 50, 64 ± 10 years). In the LAL group, extensive encircling 
pulmonary vein isolation (EEPVI), roof line ablation, and LAL ablation regardless of the extent of the low-voltage area 
(LVA) were performed. The control group underwent EEPVI and roof line ablation. After ablation, 3DE demonstrated LA 
dyssynchrony in 23 (46%) and 4 patients (8%, P < 0.001) of the LAL and control groups, respectively. Baseline LA LVAs 
were relatively small in most patients and there were no significant differences in extent of LVA between control and LAL 
groups or between patients with and without dyssynchrony. During the follow-up periods (771 ± 121 days), patients with LA 
dyssynchrony in the LAL group did not show significant differences in symptomatic thromboembolic events (0%) and atrial 
tachyarrhythmia recurrence (39%) from patients without LA dyssynchrony in the LAL (0% and 30%) and control groups 
(0% and 32%, respectively). LA ejection fraction and active emptying fraction were lower by 9% on average in the LAL 
group than in the control group (P < 0.0001). Similarly, in the LAL group, LA ejection fraction, active emptying fraction, 
and expansion index were significantly lower by approximately 7%, 8%, and 15%, respectively, in LA with dyssynchrony 
than those in LA without dyssynchrony. In conclusion, LA dyssynchrony and LA hypofunction were induced by LAL abla-
tion in patients with persistent AF and relatively mild LVA. LAL ablation with or without LA dyssynchrony is thought not 
to affect thromboembolic complications or atrial tachyarrhythmia recurrence.

Keywords  Tachyarrhythmia · Catheter ablation · Left atrium · Real-time three-dimensional echocardiography · 
Complications

Introduction

For treatment of persistent atrial fibrillation (AF), adjunc-
tive substrate modification strategies have been proposed 
experimentally and introduced clinically [1, 2]. One of the 
adjunctive substrate modification strategies is the creation of 
a block line between the anterior/anterolateral mitral annulus 
and the right superior pulmonary vein, termed the left ante-
rior line (LAL) [3]. The effectiveness of LAL ablation for 
treatment of persistent AF has been reported [4].

LAL ablation is hypothesized to cause left anterolateral 
conduction delay and affect LA wall motion. Further, LA 
dyssynchrony is assumed to associate with thromboem-
bolic complications and atrial tachyarrhythmia recurrence. 
However, no reports have examined LA functional changes 
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following LAL ablation. Accordingly, we determined LA 
dyssynchrony and functions using real-time three-dimen-
sional echocardiography (RT3DE) and investigated the 
association between LA dyssynchrony after LAL ablation 
and atrial tachyarrhythmia recurrence and thromboembolic 
complication.

Patients and methods

Study design and patients

Examination and analysis procedures complied with the 
guidelines established by the Declaration of Helsinki [5]. 
The study was approved by the Institutional Ethics Com-
mittee for Human Research of Okayama Heart Clinic. 
Written informed consent for the use of data without 
personally identifiable information was obtained from all 
participants. We prospectively and randomly assigned 121 
consecutive patients (68 ± 10 years; 79 male) with persis-
tent and long-standing persistent AF who underwent their 
first ablation therapy at Okayama Heart Clinic to LAL and 
control groups. In the LAL group (n = 52), EEPVI, roof 
line ablation, and LAL ablation were carried out. The con-
trol group (n = 50) underwent EEPVI and roof line abla-
tion. Patient flow diagram with exclusion of patients is 
shown in Fig. 1. Clinical characteristics of these patients 
are shown in Table 1. Primary endpoints were LA dyssyn-
chrony and function at 1 month after the ablation. Second-
ary endpoints included atrial tachyarrhythmia recurrence 
and thromboembolic and bleeding complications.

Anticoagulation

Anticoagulant therapy was performed using non-vitamin K 
antagonist oral anticoagulants (NOACs) [6]. NOACs were 
administered at least 3 weeks before and at least 90 days 
after ablation. NOACs were withheld on the day of AF abla-
tion and were resumed 3 h after the procedure.

Ablation

Activated clotting time (ACT) was maintained within 
300–350 s using heparin during the procedure [6]. EEPVI 
with the double Lasso technique was performed. Methods 
were described elsewhere in detail [7]. Briefly, ablation was 
carried out using an open-irrigated ablation catheter (Cool-
Flex™; St. Jude Medical, Inc., St. Paul, MN, USA) with 
an electroanatomical integration mapping system (Ensite-
NavX System; St. Jude Medical Inc.). Irrigated RF energy 
was delivered with a target temperature of 42 °C, a maximal 
power limit of 35 W (20–30 W for posterior wall ablation 
and 30–35 W for anterior wall ablation) and an infusion 
rate of 13 mL/min via the irrigated ablation catheter. RF 
energy was applied point-by-point for 20 s until the maxi-
mal local electrogram amplitude decreased by 70%. After 
EEPVI, the reconnections (dormant conduction) of PVs 
were continuously checked using adenosine triphosphate, 
and reconnection gaps were ablated. Complete EEPVI was 
performed. Subsequently, LA roof line ablation (between 
the left superior PV and right superior PV) was carried out 
point-by-point with RF energy at 30 W for 20 s for controls. 
LAL ablation with 30–35 W for 20 s was performed point-
by-point in the LAL group. The steerable sheath (Agilis™; 
St. Jude Medical, Inc., St. Paul, MN, USA) was used to 

Fig. 1   Patient flow diagram. AL 
anterior line, EEPVI extensive 
encircling pulmonary vein 
isolation, AF atrial fibrillation, 
RT3DE real-time three-dimen-
sional echocardiography
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achieve sufficient and stable catheter contact force during 
LA ablation in all patients. [8].

For LAL ablation, RF energy delivery was initiated at 
the anterior part of the mitral annulus (Fig. 2, upper panel). 
Linear ablation was continued to the anterior segment of 
the LA appendage and reached the right superior PV. When 
LAL block was not confirmed in this line ablation, ablation 
between mitral valve annulus and roof line was additionally 
performed.

Voltage mapping

In patients with AF after completion of EEPVI, sinus 
rhythm was restored using direct-current cardioversion. 
Voltage map was then created under the sinus rhythm. 
With reference to precise 3D geometry of the LA and PVs, 
LA voltage map was initially constructed using contact 
bipolar electrocardiograms obtained from a 20-pole cir-
cular mapping catheter (Reflexion HD™, St. Jude Medi-
cal). Furthermore, open-irrigation catheter as noted above 
(CoolFlex™; St. Jude Medical) was used in additional sites 
where the circular mapping catheter failed to reach appro-
priately. Low-voltage area (LVA) was defined as an area 
with bipolar peak-to-peak voltage amplitudes < 0.5 mV 

and covering > 5% of the LA body surface area. The PV 
antrum regions were excluded from the LVA. The LA sur-
face area was defined as the LA body area without the PV 
antrum regions, LAA orifice, and mitral valve.

Confirmation of LAL block

Bidirectional differential pacing was conducted to confirm 
complete conduction block across the LAL (Fig. 2, lower 
panel). The circular mapping catheter was placed in the 
left atrial appendage (LAA) that is positioned lateral to 
the line, and the ablation catheter was placed septal to 
the line. LAA pacing was performed, and the activation 
sequence on the anterior and septal LA wall was recorded. 
Activation potential was detected from septal to lateral 
LA in case of successful block. Activation of LAA and 
distal CS potentials were recorded during pacing directly 
septal to the line created by the ablation catheter. When 
LAA activation was longer than the distal CS activation 
and the interval to LAA activation was longer, a block was 
assumed to be established. Widely spaced double poten-
tials along the LAL during pacing from the LAA are fur-
ther evidence of LAL block.

Table 1   Baseline clinical characteristics and AF status

Values are presented as mean ± SD
AF atrial fibrillation, LAL left anterior line, dyssyn dyssynchrony, BW body weight, BMI body mass index, Cr creatinine, CCr creatinine clear-
ance, AT atrial tachycardia, TIA transient ischemic attack

Control (n = 50) LAL group (n = 52) P value LAL group P value P value (3 groups)

Control vs. LAL dyssyn (−)
(n = 28)

dyssyn (+)
(n = 24)

dyssyn (+) 
vs dyssyn 
(−)

Control vs. dyssyn 
(+) vs. dyssyn (−)

Age (yrs) 66 ± 10 70 ± 8 0.175 68 ± 7 71 ± 8 0.104 0.126
Gender (female) 17 (34%) 17 (33%) 0.889 8 (29%) 9 (38%) 0.494 0.784
BW (kg) 67.2 ± 15.6 63.1 ± 10.5 0.274 65.2 ± 10.6 60.6 ± 10.1 0.147 0.191
BMI 24.0 ± 3.5 23.3 ± 3.2 0.264 23.6 ± 3.3 23.0 ± 3.1 0.563 0.443
Cr (mg/dL) 0.82 ± 0.24 0.87 ± 0.21 0.240 0.87 ± 0.23 0.87 ± 0.20 0.797 0.481
CCr (mL/min) 80.9 ± 24.5 72.0 ± 23.6 0.051 75.6 ± 21.9 67.8 ± 25.2 0.155 0.060
CHADS2 score 0.9 ± 0.9 1.1 ± 0.9 0.241 0.9 ± 0.7 1.3 ± 1.0 0.106 0.147
 Hypertension 20 (40%) 30 (58%) 0.073 16 (57%) 14 (58%) 0.931 0.200
 Diabetes 8 (8%) 9 (9%) 0.859 3 (11%) 6 (25%) 0.175 0.389
 TIA 2 (2%) 2 (2%) 0.968 1 (4%) 1 (4%) 0.911 0.993

CHA2DS2-VASc score 1.8 ± 1.1 2.0 ± 1.2 0.434 1.7 ± 1.0 2.3 ± 1.4 0.072 0.168
Type of AF
 Persistent 31 (62%) 26 (50%) 0.462 14 (50%) 12 (50%) 0.640 0.589
 Long-standing per-

sistent
18 (36%) 25 (48%) 13 (46%) 12 (50%)

 AT 1 (2%) 1 (2%) 1 (4%) 0 (0%)
AF duration (yrs) 3.6 ± 1.9 4.2 ± 1.9 0.107 4.1 ± 1.9 4.4 ± 1.9 0.731 0.249
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Echocardiography

Standard 2DE was performed 24–48 h before and 1 month 
after AF ablation during AF and sinus rhythm, respectively, 

using EPIQ 7 ultrasound system (Philips Medical Systems, 
Andover, MA, USA). Measurements were performed in 
accordance with the American Society of Echocardiogra-
phy guidelines [9].

Fig. 2   Upper panel: representative examples of left anterior line abla-
tion and control (no left anterior line ablation). Lower panel: confir-
mation of bidirectional block of left anterior line ablation by differen-
tial pacing from the left atrial appendage (LAA) and right atrial (RA) 

septum. RSPV right superior pulmonary vein, LSPV left superior pul-
monary vein, LAA left atrial appendage, MVA mitral valve annulus, 
ABL ablation catheter, CS coronary sinus, RA right atrium, RV right 
ventricle, AP antero-posterior
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Three-dimensional echocardiography was performed 
1 month after ablation to determine LA volume indices using 
the same equipment noted above [10–12]. RT3DE images 
were acquired using a commercial scanner equipped with a 
fully sampled matrix array transducer (x5-1; Philips Medi-
cal Systems) in the harmonic mode. The RT3DE datasets 
were transferred to a Q-Lab system™ (version 10.5; Philips 
Medical Systems) for off-line analysis, and RT3DE images 
were analyzed automatically. The following indexes were 
measured to assess booster pump function: LA ejection frac-
tion, active and passive emptying fraction, and LA expan-
sion index.

LA segmental volume changes determined using RT3DE

We applied RT3DE systems with software to reconstruct 
3D LA image and to determine sequential LA segmental 
volume changes (Advanced Cardiac 3D quantification™; 
Philips Medical Systems) [13]. LA cast was automatically 

divided into the standard 17 segments using the software 
(Fig. 3). The center of gravity of each cast can also be calcu-
lated, and the volume of each segment relative to the center 
of gravity was measured. Each of these segmental volumes 
had a pyramidal shape. The volume of each pyramid was 
calculated and plotted for each cast/dataset throughout the 
cardiac cycle. Validity of these analyses has been demon-
strated [12, 14].

Definition of LA dyssynchrony

LA dyssynchrony was determined using the following analy-
ses via RT3DE: 1, 3D LA motion image video (Supplemen-
tal File 1); 2, reconstructed LA 3D images for maximum 
and minimum volumes; 3, bull’s eye representing time from 
maximum to minimum volume and 4, phasic LA segmental 
volume lines (Fig. 3). When dyssynchrony was observed 
on video, non-uniform contraction was demonstrated by 
minimum and maximum volumes in LA 3D reconstructed 

Fig. 3   a Non-dyssynchrony. b Dyssynchrony. Left upper diagram in 
each panel shows 3D image of the left atrium. Grids indicated maxi-
mum LA volume. Colored image showed minimum LA volume. Uni-
form contraction of LA was observed in dyssynchrony (−) but not 
in dyssynchrony (+). Right upper diagram in each panel represents 
colored bull’s eye that directed time from maximum to minimum vol-

ume. Green indicated short time. Bull’s eye demonstrated delayed and 
non-homogeneous LA volume change in LA dyssynchrony. Lower 
graph in each panel denotes 17 segment LA phasic volume curve 
line. Synchronized phasic curve line movements were seen in dyssyn-
chrony (−). In contrast, opposite phasic line movement can be seen in 
dyssynchrony (+). MVA mitral valve annulus
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images, delayed and inhomogeneous phasic volume change 
was determined by bull’s eye analysis, and opposite move-
ment of segmental volume lines was observed, dyssynchrony 
was defined as present.

Reproducibility of measurements using RT3DE

LA dyssynchrony was determined by a cardiologist and a 
medical technologist who were unaware of any clinical data. 
Intra- and inter-observer variability in the measurements of 
LA volume and function in RT3DE were checked using a 
randomly selected subgroup of patients (n = 30) determined 
by Bland–Altman analysis.

Complications

Symptomatic cerebrovascular embolism, transient ischemic 
attacks, pulmonary embolism, and deep venous embolism 
were defined as thromboembolic complications. Cardiac 
tamponade, pericardial effusion, and bleeding events were 
considered bleeding complications. Major bleeding was 
defined as bleeding requiring blood transfusion, hemato-
mas requiring surgical intervention, and cardiac tamponade 
requiring drainage. Minor bleeding complications included 
small hematomas and pericardial effusions not requiring 
drainage (non-tamponade). The primary safety outcome 
measured was a composite of bleeding and thromboembolic 
complications.

Statistical analysis

The t test and Chi-square test were used to compare data 
between the 2 groups for continuous and categorical vari-
ables, respectively. We employed one-way analysis of vari-
ance or Kruskal–Wallis test with Bonferroni’s post hoc t 
test for comparison of data from 3 groups when applica-
ble. The sample size of the present study had 80% power at 
P = 0.05 to detect 15% reduction in the AF recurrence rate by 
LAL ablation from 35%, which was estimated for the control 
group. Data are expressed as mean ± standard deviation. Dif-
ferences at P < 0.05 were considered significant.

Results

Reproducibility of RT3D echocardiographic 
measurements

In the assessment of LA dyssynchrony, no disagreement was 
observed between the cardiologists and medical technolo-
gists. The results of inter- and intra-observer differences in 
echocardiographic measurements of LA end-diastolic vol-
ume measured using RT3DE are shown in upper and lower 

panels in Fig. 4. In Bland–Altman plot distribution, differ-
ences in two measurements were located between limits 
of agreement line, confirming acceptable intra- and inter-
observer reproducibility. Similar acceptable intra- and inter-
observer reproducibility was obtained for LA end-systolic 
volume, stroke volume, and ejection fraction.

Incidence of LA dyssynchrony, baseline clinical 
and conventional echocardiographic characteristics

Three-dimensional echocardiography was examined during 
sinus rhythm after ablation. It could not be examined dur-
ing AF rhythm before ablation because measurements with 

Fig. 4   Intra-observer (upper panel) and inter-observer (lower panel) 
reproducibility of left atrial end-diastolic volume (LAEDV) measure-
ments using real-time three-dimensional echocardiography. Bland–
Altman plots show good intra- and inter-observer reproducibility of 
LAEDV measurements using real-time three-dimensional echocardi-
ography
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p-wave trigger were impossible to perform. RT3DE demon-
strated LA dyssynchrony in 23 patients (46%) of the LAL 
group and in 4 patients of the control group (8%, P < 0.001). 
In contrast, significant differences in conventional echocardi-
ographic measurements including LA indices after ablation 
were not observed between the control and LAL groups or 
between LAL group patients with and those without dys-
synchrony (Table 2).

No significant differences were found in clinical charac-
teristics, risk of thromboembolism, and AF status between 
the control and LAL groups or between LAL group patients 
with and without dyssynchrony (Table 1). Similarly, con-
ventional echocardiographic parameters of left ventricles 
and atrium were not different between the control and LAL 
groups or between LAL group patients with and without 
dyssynchrony recorded during AF before ablation (Table 2).

Table 2   Echocardiographical parameters and voltage mapping results and among control patients and patients with and without dyssynchrony

Values are presented as mean ± SD
LAL left anterior line, dyssyn dyssynchrony, LVEF left ventricular ejection fraction, LVEDV left ventricular end-diastolic volume, LVESV left 
ventricular end-systolic volume, SV stroke volume, LAD left atrial dimension, LAV left atrial volume, LAVI left atrial volume index, DCT decel-
eration time

Control (n = 50) LAL group 
(n = 52)

P value LAL group P value P value

Control vs. LAL dyssyn (−)
(n = 28)

dyssyn (+)
(n = 24)

dyssyn (+) 
vs. dyssyn 
(−)

Control vs. dyssyn 
(+) vs. dyssyn (−)

Pre-ablation
 Echocardiography
  Rhythm (AF) 50 (100%) 52 (100%) 1.000 28 (100%) 24 (100%) 1.000 1.000
  Left ventriculum
   LVEF (%) 65 ± 7 64 ± 10 0.908 65 ± 8 62 ± 12 0.368 0.637
   LVEDV (mL) 107 ± 26 109 ± 29 0.997 112 ± 30 104 ± 27 0.263 0.525
   LVESV (mL) 38 ± 14 40 ± 23 0.925 40 ± 22 41 ± 26 0.701 0.939
   SV (mL) 69 ± 16 67 ± 17 0.703 72 ± 16 63 ± 17 0.061 0.163
  Left atrium
   LAD (mm) 41 ± 7 44 ± 6 0.103 43 ± 6 44 ± 7 0.811 0.259
   LAV (mL) 60 ± 21 67 ± 26 0.244 69 ± 28 67 ± 24 0.902 0.507
   LAVI (mL/m2) 35 ± 12 40 ± 14 0.215 40 ± 15 40 ± 14 0.880 0.452

 LA voltage mapping
  Low-voltage 

area 
(< 0.5 mV); 
n (%)

22 (44%) 27 (52%) 0.436 17 (61%) 10 (42%) 0.171 0.284

 % Low-voltage 
area (range)

7 ± 11 (5–51) 11 ± 16 (5–55) 0.934 12 ± 15 (5–55) 5 ± 19 (5–78) 0.235 0.218

 % Low-voltage 
area > 30%; n 
(%)

3 (6%) 5 (10%) 0.756 3 (11%) 2 (8%) 0.866 0.914

Post-ablation
 Echocardiography
  Rhythm (SR) 50 (100%) 52 (100%) 1.000 28 (100%) 24 (100%) 1.000 1.000
  Left ventriculum
   LVEF (%) 68 ± 5 67 ± 7 0.965 67 ± 8 67 ± 6 0.167 0.376
   LVEDV (mL) 112 ± 17 117 ± 34 0.687 115 ± 38 105 ± 24 0.723 0.867
   LVESV (mL) 35 ± 7 38 ± 24 0.644 40 ± 28 34 ± 11 0.812 0.879
   SV (mL) 76 ± 15 74 ± 16 0.741 76 ± 16 70 ± 17 0.223 0.460
  Left atrium
   LAD (mm) 43.1 ± 6.4 43.1 ± 5.7 0.860 42.4 ± 6.0 44.5 ± 4.8 0.096 0.251
   LAV (mL) 61.3 ± 20.0 62.7 ± 20.6 0.930 61.9 ± 22.5 64.1 ± 16.8 0.452 0.749
   LAVI (mL/m2) 36.3 ± 11.8 37.3 ± 11.8 0.775 36.3 ± 12.3 39.3 ± 10.7 0.231 0.483
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LA echocardiographic indices using RT3DE 
after ablation

LA ejection fraction and active emptying fraction were 
significantly lower in patients who received LAL (32 ± 9% 
and 21 ± 8%, respectively) than those in control patients 
(41 ± 10% and 31 ± 9%) (Fig.  5). In the LAL group, 
patients with dyssynchrony showed lower LA ejection 
fraction (28 ± 10%) than those without dyssynchrony 
(35 ± 7%). Furthermore, LA active emptying fraction and 
LA expansion index were lower in patients with dyssyn-
chrony (17 ± 7% and 41 ± 21%, respectively) than those in 
patients without dyssynchrony (25 ± 7% and 56 ± 17%). 
LA dyssynchrony was found in only 4 (8%) patients, which 
was quite a small number; thus, statistical analysis of the 
data from these patients could not be performed. LA ejec-
tion fraction in 4 patients was 29 ± 6%. LA active and pas-
sive emptying fractions were 19 ± 3% and 12 ± 6%, respec-
tively. LA expansion index in 4 patients was 29 ± 6%. 
These values were comparable with those in patients with 
dyssynchrony in the LAL group.

LA voltage mapping and procedural parameters 
and initial ablation success

There were no significant differences in percentage of 
patients with LVA (+) and (−) between control and LAL 
groups and between patients with and without dyssynchrony 
(Table 2). Similarly, there were no significant differences 
in percentage of patients with large LVA between control 
and LAL groups and between patient with and without 
dyssynchrony. No significant differences were observed in 
procedural parameters, fluoroscopy, and RF energy sup-
ply times between patients with and without LA dyssyn-
chrony (Table 3). The PV isolation success rate was 100% 
in patients with and without LA dyssynchrony.

Complications and atrial tachyarrhythmia 
recurrence

Neither symptomatic thromboembolic nor bleeding com-
plications occurred in LAL patients with and without LA 
dyssynchrony or in control patients (Table 4). Thus, no 
differences in safety outcome were observed between 

Fig. 5   Comparison of left atrium (LA) function indices among con-
trol, left anterior line ablation (LAL) group patients with LA dys-
synchrony, and without LA dyssynchrony measured using real-time 

three-dimensional echocardiography. dyssyn dyssynchrony, LA left 
atrium, NS not significant, P probability value
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LAL group and control group or LAL group patients with 
and without dyssynchrony.

During the follow-up period (771 ± 121  days), no 
difference was found in atrial tachyarrhythmia recur-
rence between LAL group and control group or between 
LAL group patients with or without LA dyssynchrony 
(Table 4).

Discussion

This study demonstrated for the first time that LA dys-
synchrony appeared after LAL ablation at a considerable 
rate (about 50%) as shown by RT3DE. LA dyssynchrony 
was associated with LA hypofunction. Patients with LA 

Table 3   Procedural parameters 
between patients with and those 
without LA dyssynchrony in 
LAL group

Values are presented as mean ± SD
LAL left anterior line, dyssyn dyssynchrony, AF atrial fibrillation, AT atrial tachycardia, RF radiofrequency, 
PV pulmonary vein, P probability value

dyssyn (−) (n = 28) dyssyn (+) (n = 24) P value

Procedural variables
 Presenting rhythm
  AF 96% (27/28) 100% (24/24) 0.938
  AT 4% (1/28) 0% (0/24)

 Acute success 100% (28/28) 100% (25/24) 1.000
 Procedure time (min) 98 ± 26 107 ± 27 0.191
 Fluoroscopic time (min) 24 ± 9 28 ± 7 0.043
 RF times (min) 26 ± 11 31 ± 10 0.076
 Intraprocedural cardioversion 50% (12/24) 63% (15/24) 0.383
 PV isolation success 100% (28/28) 100% (24/24) 1.000
 LAL success 100% (28/28) 100% (24/24) 1.000

Table 4   Follow-up periods, antiarrhythmic drugs, complications and atrial tachyarrhythmia recurrence

Values are presented as mean ± SD
dyssyn left atrial dyssynchrony, AF atrial fibrillation, AT atrial tachycardia, P probability value

All patients 
(n = 102)

Control (n = 50) LAL group (n = 52) P value LAL group P value

dyssyn (−) (n = 28) dyssyn (+) (n = 24)

Follow-up and antiarrhythmic drugs
 Follow-up (days) 771 ± 121 792 ± 118 751 ± 121 0.121 743 ± 127 760 ± 117 0.627
 Antiarrhythmic 

drugs
22 (22%) 8 (16%) 14 (27%) 0.231 11 (41%) 3 (13%) 0.063

Thromboembolic complications (n)
 Stroke; transient ischemic attack; deep venous thrombosis; pulmonary embolism

0 0 0 1.000 0 0 1.000
  Other throm-

boembolic 
complication

0 0 0 1.000 0 0 1.000

Bleeding complica-
tions

0 0 0 1.000 0 0 1.000

Safety outcome (the composite of thromboembolic and bleeding complications)
0 0 0 0 0 1.000

Atrial tachyarrhythmia recurrence
 All 33 (33%) 16 (32%) 17 (33%) 0.940 8 (30%) 9 (39%) 0.494
 AF recurrence 20 (20%) 13 (26%) 7 (13%) 0.111 3 (11%) 4 (17%) 0.826
 AT recurrence 13 (13%) 3 (6%) 10 (19%) 0.088 5 (18%) 5 (21%) 0.786
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dyssynchrony in the LAL group did not, however, show 
significant differences in atrial tachyarrhythmia recurrence 
or thromboembolic complications from patients without 
LA dyssynchrony in the LAL or control group.

LA dyssynchrony and function were evaluated 1 month 
after ablation. With regard to the pathological course of LA 
after ablation, several studies reported that LA pathologi-
cal changes are almost completed 4 weeks after ablation 
[15, 16]. Several studies demonstrated that LA swelling and 
edematous change develop promptly and is resolved within 
4 weeks [15, 16]. These pathophysiological courses after 
ablation correspond with the blanking time [17, 18]. Thus, 
the time of evaluation of LA function and dyssynchrony in 
the present study was appropriate. The extent of LVA may 
be associated with LA function and dyssynchrony. Most of 
the studied patients showed mild LVA and there were no 
significant differences in the extent of LVA between control 
and LAL groups or between patients with and without dys-
synchrony. Therefore, patient backgrounds with respect to 
LVA were not different among groups. These considerations 
validate comparisons among the groups and open the door 
for further discussion.

For determination of LA dyssynchrony and dysfunction, 
we employed the RT3DE system. RT3DE does not require 
assumptions about cavity shape, and the analytical sys-
tem can thus be theoretically applied to LA cavity motion 
analyses. RT3DE approaches have been reported to be char-
acterized by smaller measurement variation due to semi-
automated endocardial edge detection [19]. The wall motion 
tracking process is automated. The software analysis is sem-
iautomatic. Segmental volume sequential changes are not 
based on regions of interest; instead, RT3DE is performed 
on the complete LA myocardium using the 3D dataset. 
Numerous speckles are tracked in this volume. The results of 
the wall motion tracking are based on thousands of vectors, 
and these results are presented as averaged values for each 
segment. RT3DE can thus provide sequential 3D LA motion 
images as well as sensitive phase differences among the 17 
segments in wall motion. We determined LA dyssynchrony 
by LA 3D motion as well as LA segmental wall movement. 
Inter-observer differences were not observed in determina-
tion of LA dyssynchrony. The present methods to detect LA 
dyssynchrony as well as dysfunction were thus appropriate 
and further discussion regarding LAL ablation and LA dys-
synchrony and hypofunction can be made.

LA dyssynchrony occurred in approximately half of 
the patients who received LAL ablation, whereas dyssyn-
chrony was observed only in 4 patients (8%) in the con-
trol group. LA functions determined using RT3DE were 
lower in patients with LAL ablation than those in control 
patients. Furthermore, LA functions were lower in patients 
with dyssynchrony than those in patients without dyssyn-
chrony in the LAL group. The present study demonstrated 

that LAL ablation caused LA dysfunction and evoked LA 
dyssynchrony at a considerable rate.

LA dyssynchrony did not show higher incidence of 
symptomatic thromboembolic complications compared 
with LA synchrony in the LAL group. The effects of LA 
dyssynchrony on LA thrombus formation have not been 
reported, and the present results cannot be discussed with 
previous reports. LA appendage function and LA size 
play a key role in LA thrombus formation [20–22]. LA 
dyssynchrony and LA dysfunction are assumed to cause 
LA appendage thrombosis. In contrast to these assump-
tions, thromboembolic complication did not occur in 
patients with dyssynchrony. Pre-ablation, peri-ablation and 
post-ablation anticoagulant therapies may at least partly 
account for the non-association of LA dyssynchrony with 
thromboembolic complications.

The present results showed that patients with LA dys-
synchrony did not present lower tachyarrhythmia recurrence 
compared with patients without LA dyssynchrony or control 
patients. Furthermore, tachyarrhythmia recurrence was not 
different between the LAL and control groups. The follow-
up period of the present study was based on the findings of 
a long-term follow-up study that most AF recurrences occur 
over the first 6–12 months [23]. The durations of the follow-
up in the present study were thus satisfactorily long. It can 
be assumed that LA dyssynchrony may reflect more LA his-
tological damage and thus might result in more intensive 
electrophysiological substrate modification than LA with-
out dyssynchrony. In contrast to this assumption, tachyar-
rhythmia recurrence was not different between patients with 
LA dyssynchrony and those without LA dyssynchrony. In 
addition, atrial tachyarrhythmia recurrence was not different 
between patients with LA dyssynchrony and control group. 
Several studies reported the efficacy of adjunctive LAL crea-
tion on tachyarrhythmia recurrence, and controversial results 
have been reported [24, 25]. The present results suggest that 
LAL creation may not be an effective method to decrease 
incidence of atrial tachyarrhythmia recurrences.

Further research

Low-voltage area-based ablation is a novel method for sub-
strate modification. Several studies have suggested that LVA-
based ablation is thought to improve ablation outcomes, 
though these studies included a relatively small number 
of patients and efficacy is thus not completely established 
[26–28]. When RF energy is supplied to the low-voltage 
zone located in the anterior LA, LA dyssynchrony is hypoth-
esized to be induced, as in LAL ablation. Future research is 
warranted to further examine whether LVA ablation-induced 
dyssynchrony is functionally similar to LAL ablation-
induced dyssynchrony.
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Limitations

This study has several limitations. First, LA dyssynchrony 
was evaluated 1 month after the ablation. The time course 
of LA dyssynchrony was not examined. Second, asymp-
tomatic thromboembolic complications were not exam-
ined using magnetic resonance imaging. Third, this study 
included a small number of patients. Fourth, long-term 
follow-up of more than several years was not performed. 
Although it appears that an increase in the number of 
patients and/or expansion of follow-up period would most 
likely not produce significant changes in results, it is not 
certain; however, the present results can provide useful 
data for meta-analysis.

Conclusions

The present study demonstrated first that LA dyssynchrony 
and hypofunction were induced by LAL ablation. However, 
significant association of LA dyssynchrony with increase in 
thromboembolic complications or decrease in atrial tachyar-
rhythmia recurrence was not found. Adjunctive LAL abla-
tion is indicated not to show beneficial effects of AF ablation 
outcomes.
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