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Abstract

Background: The efficacy of ablation targeting low-voltage areas (LVAs) is controversial, although LVA presence is well known

to be associated with AF recurrence after ablation. Atrial fibrillation (AF) substrate may not localize within LVAs. Methods

and results: This observational study enrolled 405 consecutive patients who underwent an initial AF ablation procedure. The

left atrial voltage map was obtained after pulmonary vein isolation. LVAs were defined as areas with voltage < 0.5 mV. To

estimate whole atrial electrophysiological degeneration, mean regional voltage at each of 6 regions and left atrial total conduction

velocity were measured. LVAs existed in 143 of 405 (35.3%) patients. Patients with LVAs demonstrated lower mean regional

voltages throughout all 6 regions than those without LVAs (1.3 [1.8, 0.8] vs. 0.6 [1.0, 0.2] for anterior wall, p<0.001). On the

other hand, left atrial conduction velocity was lower in patients with LVAs than in those without (0.89 [1.01, 0.74] vs. 0.93

[1.03, 0.87] m/s, p<0.001). Multivariate analysis revealed that low left atrial total conduction velocity and a higher number

of regions with mean voltage reduction were independently associated with AF recurrence, although LVA presence was not.

Conclusion: Patients with localized left atrial LVAs were characterized by whole left atrial electrophysiological degeneration

as assessed by mean regional voltage and conduction velocity. In addition, whole left atrial electrophysiological degeneration

parameters were well associated with AF recurrence.

Left atrial localized low-voltage areas indicate whole left atrial electrophysiological degenera-
tion in atrial fibrillation patients.
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1. Abstract

Background: The efficacy of ablation targeting low-voltage areas (LVAs) is controversial, although LVA
presence is well known to be associated with AF recurrence after ablation. Atrial fibrillation (AF) substrate
may not localize within LVAs.

Methods and results: This observational study enrolled 405 consecutive patients who underwent an initial
AF ablation procedure. The left atrial voltage map was obtained after pulmonary vein isolation. LVAs were
defined as areas with voltage < 0.5 mV. To estimate whole atrial electrophysiological degeneration, mean
regional voltage at each of 6 regions and left atrial total conduction velocity were measured. LVAs existed
in 143 of 405 (35.3%) patients. Patients with LVAs demonstrated lower mean regional voltages throughout
all 6 regions than those without LVAs (1.3 [1.8, 0.8] vs. 0.6 [1.0, 0.2] for anterior wall, p<0.001). On the
other hand, left atrial conduction velocity was lower in patients with LVAs than in those without (0.89 [1.01,
0.74] vs. 0.93 [1.03, 0.87] m/s, p<0.001). Multivariate analysis revealed that low left atrial total conduction
velocity and a higher number of regions with mean voltage reduction were independently associated with
AF recurrence, although LVA presence was not.

Conclusion: Patients with localized left atrial LVAs were characterized by whole left atrial electrophysio-
logical degeneration as assessed by mean regional voltage and conduction velocity. In addition, whole left
atrial electrophysiological degeneration parameters were well associated with AF recurrence.

Key words: atrial fibrillation; low-voltage areas; recurrence; ablation; conduction velocity; regional voltage

Abbreviation

AF = atrial fibrillation; PVI = pulmonary vein isolation; LVA = low-voltage areas; Receiver Operating
Characteristic = ROC

2. Introduction

Catheter ablation has become a mainstream treatment option for atrial fibrillation (AF). Electrical pul-
monary vein isolation (PVI) is well established as the cornerstone of AF ablation.1,2However, frequent AF
recurrence after ablation remains an unsolved problem, with reported 1-year AF recurrence rates of 20-
50%.2-4

The presence of left atrial low-voltage areas (LVAs) has been reported to be strongly associated with AF
recurrence after ablation.5-7 Nevertheless, several randomized control trials evaluating the efficacy of LVA
ablation in addition to PVI reported controversial results8-11 which suggested that extra-pulmonary-vein AF
substrate does not always localized within LVAs.

The purpose of this study was to compare whole left atrial electrophysiological degeneration between patients
with and without localize LVAs, and to explore clinical and mapping data associated with AF recurrence
after ablation.

3. Methods

3.1 Patients
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This observational study enrolled 405 consecutive patients who underwent the initial AF ablation procedure
at Kansai Rosai Hospital between Aug 2017 to Aug 2019. Patients in whom a voltage map was not obtained
due to unstable cardiac rhythm and those whose 3D mapping was not the CARTO (CARTO®; Biosense
Webster, Diamond Bar, CA, USA) system were excluded. This study complied with the Declaration of
Helsinki. Written informed consent for the ablation and for participation in the study was obtained from all
patients, and the protocol was approved by our institutional review board.

3.2 Ablation procedure

Electrophysiological studies and catheter ablation were performed by three experienced operators (M.M,
T.K, and Y.M) with the patient under intravenous sedation with dexmedetomidine. The operator perfor-
med the mapping and ablation under guidance with an electroanatomical mapping system (CARTO 3®).
First, PVI was performed using an open-irrigated ablation catheter (Thermocool SmartTouch®, Biosense
Webster), a cryoballoon (Arctic Front Advance®, Medtronic, Minneapolis, MN, USA), or a laser balloon
(HeartLight®, CardioFocus, Marlborough, MA, USA). Radiofrequency application was set at 30 W using a
dragging technique with a maximum temperature of 42 °C and an irrigation rate of 17 ml/min. The operator
attempted to maintain an appropriate contact force between the catheter and endocardium of 5 to 20 g.
In cases using a cryoballoon, 180-sec freezing was applied. The laser balloon was inflated with the goal of
complete occlusion of the PV ostium. Laser lesions were created with a 30–50% lesion overlap. Where very
good tissue contact was obtained, maximal power (12 W for 20 seconds) was chosen. At regions with moving
blood, laser energy was applied at 7 W for 30 seconds. PV electrograms were recorded using a 20-pole circular
mapping catheter (LassoNaV®, Biosense Webstar). PVI was considered complete when both entrance and
exit blocks were created.

3.3 Left atrial voltage mapping

Following PVI, detailed voltage mapping using a 20-pole circular catheter with 1-mm electrodes (LassoNaV®,
Biosense Webstar) or a 20-pole multielectrode catheter arranged in 5 soft radiating spines (Pentaray®,
Biosense Webster) was performed during 100-beat-per-minute paced rhythm from the high right atrium.
Mapping points were automatically acquired using the CARTO confidence module with the following settings:
cycle length filtering, ±30 msec; localize activation time stability, < 3 msec; position stability, < 2 mm; and
density, < 1 mm. Left atrial geometry was created using the fast-anatomical mapping module. Mapping was
continued to fill all color gaps on the voltage map with an interpolation threshold of 17 mm for fill threshold
and 10 mm for color threshold. If poor contact between the circular mapping catheter and endocardium
surface was suspected, mapping using the ablation catheter was added with a point acquisition setting of
contact force [?] 5 g. The band pass filter was set at 30 to 500 Hz.

LVAs were defined as areas with a bipolar peak-to-peak voltage < 0.50 mV covering > 5 cm2 of left atrium.
On the voltage map, the bipolar voltage color bar was set to range from 0.10 to 0.50 mV and scar level was
set at < 0.05 mV. The left atrium was divided into six regions - septal, anterior, roof, posterior, inferior,
and lateral - as reported previously.5

After this procedure, constant burst pacing was performed for 5 s at each cycle length, starting with 300
ms and a subsequent decrement of 20 to 200 ms or the shortest cycle length that resulted in 1:1 atrial
capture. This was followed by a high-dose isoproterenol provocation test (infusion of 5, 10, and 20 μg/min
isoproterenol for 2 min each) to induce AF or atrial tachycardia. If atrial flutters or non-PV AF triggers
were observed spontaneously or induced by atrial burst stimuli or isoproterenol infusion, additional abla-
tion were performed. Ablation of induced and spontaneously developing AF-triggering ectopies and atrial
tachycardia was attempted at the earliest activation site for AF trigger or centrifugal atrial tachycardia, and
across the reentrant circuit for macro-reentrant atrial tachycardia. Ablation targeting LVAs, linear ablations
and/or ablation guided by complex fractionated electrograms were performed at the discretion of attending
operators.

3.4 Whole left atrial electrophysiological degeneration

3



P
os

te
d

on
A

u
th

or
ea

3
A

p
r

20
21

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

g
h
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
61

74
87

81
.1

01
89

50
8/

v
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Whole left atrial electrophysiological degeneration was assessed by the mean regional voltage at each region
and left atrial total conduction velocity.12

Mean regional voltage was calculated by averaging 10 points evenly selected across the region. ROC analysis
was used to estimate a best cut-off value of mean regional voltage to predict AF recurrence. The extension
of mean regional voltage reduction was assessed by the number of regions with a mean regional voltage <
the region-specific cut-off value.

Left atrial conduction velocity was calculated as left atrial anterior conduction distance divided by conduction
time between the start (septum) and end of the propagation wave front (lateral mitral annulus) in the
left atrium, as reported previously.12 Anterior conduction distance was measured manually by tracing the
pathway of the propagation wave front from the start point to the end point in the anterior left atrium.

3.5 Post-procedure follow-up

Patients were discharged two days after ablation if their clinical status was stable. Following a blanking
period of 3 months, they completed outpatient clinical visits and 12-lead ECG monitoring at 1, 3, 6 and 12
months, and 24 h-Holter ECG monitoring every 6 months. Additional Holter monitoring was performed if
arrhythmic symptoms occurred. Either of the following events following the initial 3 months after ablation
(blanking period) was considered to indicate AF recurrence: (1) atrial tachyarrhythmias recorded on routine
or symptom-triggered ECG during an outpatient visit; or (2) atrial tachyarrhythmias of at least a 30 seconds’
duration on ambulatory ECG monitoring. All antiarrhythmic drugs were discontinued 3 months after the
procedure, unless AF recurrence was diagnosed.

3.6 Statistical analysis

Categorical values are expressed as absolute values and relative frequencies. Continuous variables are ex-
pressed as mean ± SD. Tests for significance were conducted using the unpaired t-test or nonparametric test
(Mann-Whitney U-test) for continuous variables and the chi-squared test or Fisher’s exact test for categorical
variables. The cutoff value of the voltage in each region was examined using the Receiver Operating Cha-
racteristic (ROC) curve. The score below the cutoff value was set as 1 point each, and the relationship with
the recurrence of atrial fibrillation was examined by a chi-square test. Clinical factors associated with AF
recurrence were determined using univariate and multivariate Cox proportional hazard models and logistic
regression analyses. All statistical analyses were performed using commercial software (SPSS version 25 ®,
SPSS, Chicago, IL, USA), and statistical significance was defined as p <0 .05.

4. Results

4.1 Baseline and procedure characteristics

Patient characteristics are shown in Table 1. LVAs existed in 143 of 405 (35.3%) patients. Patients with LVAs
were older, more likely to be female, had a higher CHA2DS2-VASc score, and larger left atrial diameter.
Heart failure, pacemaker implantation, and non-paroxysmal AF were more common in patients with LVAs
than in those without.

Ablation lesions created during the initial ablation are shown in Table 2. PVI was completed in all patients.
There was no difference in modalities used for PVI between patients with and without LVAs (radiofrequency
catheter, 68% vs. 78%; cryoballoon catheter, 31% vs. 20%; laser balloon catheter, 1% vs. 1%; p=0.06).
No severe procedure-related complications such as cardiac tamponade, stroke, esophageal injury, or major
bleeding were observed. Patients with LVAs more frequently underwent additional ablations such as LVA
ablation and left atrial linear ablations.

4.2 LVA presence and whole left atrial electrophysiological degeneration

Total LVA size among the 143 patients with LVAs was 12.8 ± 8.6 cm2. The distribution of LVAs was the
anterior region in 75%; septal region in 69%; roof region in 41%; posterior region in 32%; bottom region in
46%, and lateral region in 7%.

4
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Whole left atrial electrophysiological degeneration was assessed by mean regional voltages and left atrial
total conduction velocity. Patients with LVAs demonstrated lower mean regional voltages throughout all 6
regions than those without LVAs (Figure 1). Example cases showing the absence or presence of LVAs (<0.5
mV) and whole left atrial voltage reduction are presented in Supplementary Figure 1. In contrast, a longer
left atrial total conduction time and lower left atrial total conduction velocity were demonstrated in patients
with LVAs than in those without (Figure 2).

4.3 AF recurrence using left atrial regional voltage value

During a mean follow-up period of 16 ± 8 months, 126 (31%) patients experienced AF recurrence. Patients
with AF recurrence had LVAs more frequently than those without (53% vs. 27%, p<0.001).

Associations between AF recurrence and mapping parameters representing whole left atrial electrophysio-
logical degeneration were explored. Mean regional voltages were significantly lower in patients with AF
recurrence than in those without in all 6 regions (Figure 3). Cut-off values of regional voltage obtained by
ROC analysis for the prediction of AF recurrence were 0.9 mV for the anterior and septal regions, 1.0 mV
for the roof region, 1.2 mV for the posterior region, 1.4 mV for the bottom region, and 1.8 mV for the
lateral region) (Supplementary Figure 2). Regions with a mean voltage < the region-specific cut-off value
were defined as a mean regional voltage reduction. AF recurrence rates stratified according to the number
of regions with mean voltage reduction are presented in Figure 4. AF recurrence rates became higher as the
number of regions with a mean voltage reduction increased. On the other hand, left atrial total conduction
velocity was significantly lower in patients with AF recurrence than in those without (0.84 ± 0.15 vs. 0.98
± 0.17 m/s, p <0.005).

Predictors of AF recurrence are presented in Table 3. On the univariate analysis, patients with AF recurrence
more frequently had non-paroxysmal AF and left atrial LVAs, and demonstrated a higher left atrial diameter,
lower left ventricular ejection fraction, lower left atrial anterior conduction velocity, and higher number
of regions with mean voltage reduction. Multivariate analysis revealed that low left ventricular ejection
fraction, low left atrial conduction velocity, and a high number of regions with mean voltage reduction were
independently associated with AF recurrence.

5. Discussion

In this observational study, we evaluated 405 patients who underwent initial AF ablation, and compared
whole left atrial electrophysiological degeneration assessed by electroanatomical mapping parameters bet-
ween patients with and without LVAs. We then explored clinical and mapping parameters predicting AF
recurrence. The main findings were (1) patients with left atrial LVAs had a lower mean regional voltage
throughout all 6 regions, and regional mean voltage reduction was more extensive than those without LVAs;
(2) left atrial total conduction velocity was lower in patients with LVAs than in those without; and (3)
mapping parameters representing whole left atrial electrophysiological degeneration such as left atrial total
conduction velocity and the extension of mean regional voltage reduction independently predicted AF re-
currence. To our knowledge, this is the first clinical study to explore the association between the presence of
localized LVAs and whole left atrial electrophysiological degeneration.

5.1 Association between localized LVA presence and whole left atrial electrophysiological degeneration.

Patients with localized LVAs demonstrated whole left atrial degeneration, represented by an extensive mean
regional voltage reduction and a low left atrial total conduction velocity. Several upstream factors causing
atrial fibrosis have been reported, including atrial stretch, aging, AF burden, hypertension, heart failure,
alcohol, obesity, and obstructive sleep apnea.13-17 These upstream factors would promote atrial fibrosis not
only at localized areas, but also across the entire atrial myocardium. Therefore, when the voltages at some
portions of the left atrium were below 0.50mV - which is a commonly used cut-off value of LVA - voltages
at other areas likely decreased in parallel, even if not below 0.50 mV.

Myocardial degeneration of the entire atrium in AF patients has also been reported. Teh et al showed that
AF patients had lower mean voltage, slower conduction, and more prevalent complex signals at a majority

5
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of left atrial regions than controls.13

5.2 AF substrate extending to the whole left atrium

In this and our previous study,12 whole left atrial electrophysiological abnormalities such as an extensive
mean regional voltage reduction and a slow left atrial total conduction velocity were shown to be reliable
predictors of AF recurrence.

In addition to the previously reported limited efficacy of LVA ablation,8,11 these results suggest the important
clinical implication that AF substrate is not always limited to LVAs. Several substrate-based ablations using
different ablation targets have been proposed. One study reported that the cut-off value of voltage for the
prediction of fibrosis differs between regions,18and others have shown that the use of different voltage criteria
improves the efficacy of LVA ablation.19,20 The efficacy of ablation targeting fractionated electrograms during
sinus rhythm using an ultra-high resolution mapping system has also been proposed.21

The management of AF based on therapies for upstream factors which promote atrial degeneration, such as
hypertension, diabetes mellitus, and heart failure, will likely benefit by considering that the AF substrate
extends across the whole atria rather than being localized to specific portions.

5.3 Clinical implications

The presence of a low-voltage area is a marker of myocardial damage, and in the left atrium where this
findings is also locally observed, electrophysiological degeneration may already be present throughout the
left atrium. Localized LVA suggests that it is a good maker of AF substrate, but may not always be an
optimal ablation target.

6. Study limitations

Several limitations of the present study warrant mention. First, data analyses were not performed at in-
dependent facilities blinded to patient characteristics, which may have resulted in bias in mapping-data
collection. In particular, mean regional voltage was obtained using arbitrarily selected mapping points wi-
thin the region, possibly resulting in biased values. Second, the study did not investigate data from repeat
procedures, and did not examine the reconnection rate of isolated pulmonary vein. Accordingly, AF recur-
rence does not necessarily mean that the patient had an extra-pulmonary-vein AF substrate. Third, ablation
strategies were at the discretion of attending physician, possibly affecting rhythm outcomes. Fourth, AF
recurrence after discharge was quantified on the basis of intermittent ECG monitoring, giving rise to the
possibility that asymptomatic episodes of AF might have been missed. Finally, the study was conducted
under a single-center, observational design. Confirmation awaits a prospective multicenter study.

7. Conclusion

Patients with localized left atrial LVAs had whole left atrial electrophysiological degeneration as assessed
by regional mean regional voltages and total left atrial conduction velocity. In addition, whole left atrial
electrophysiological degeneration parameters were well associated with AF recurrence. These findings suggest
that localized LVA is an excellent maker of AF substrate, but may not always be an optimal ablation target.
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Figure legends

Figure 1. Comparison of mean regional voltage between patients with and without low-voltage
areas

Mean regional voltages between patients with and without low-voltage areas were compared. Low-voltage
areas indicated localized areas with bipolar voltage < 0.50 mV. Mean regional voltage was calculated by
averaging evenly selected 10 points at the region. The left atrium was divided into 6 regions. Patients with
localized low-voltage areas at any portion of the left atrium had significantly lower mean regional voltage
throughout all regions than those without.

Figure 2. Comparison of left atrial whole conduction time and velocity between patients with
and without low-voltage areas

Left atrial whole conduction time and velocity between patients with and without low-voltage areas were
compared. Conduction time was defined as the time difference between the start (septum) and end of the left
atrial propagation wave front (lateral mitral annulus) during right atrial pacing or sinus rhythm. Left atrial
conduction velocity was calculated as left atrial anterior conduction distance divided by conduction time.
Anterior conduction distance was measured manually by tracing the pathway of the propagation wave front
from the start point to the end point in the anterior left atrium. Patients with localized low-voltage areas at
any portion of the left atrium demonstrated longer conduction time and a slower conduction velocity than
those without.

Figure 3. Comparison of mean regional voltage between patients with and without recurrence
of atrial fibrillation

Mean regional voltages between patients with and without recurrence of atrial fibrillation were compared.
Mean regional voltage was calculated by averaging 10 evenly selected points in the region. The left atrium
was divided into 6 regions. Patients with recurrence of atrial fibrillation demonstrated lower mean regional
voltages throughout all regions than those without.

Figure 4.Recurrence rates of atrial fibrillation stratified according to the number of regions
with mean voltage reduction

Recurrence rates of atrial fibrillation stratified according to the number of regions with mean voltage reduc-
tion were compared. A region with mean voltage reduction was defined as a region with a mean voltage <
the region-specific cut-off value obtained using receiver-operator characteristics analysis for the prediction of
atrial fibrillation recurrence (0.9 mV for anterior and septal, 1.0 mV for roof, 1.2 mV for posterior, 1.4 mV
for bottom, and 1.8 mV for lateral). Recurrence rates became higher as the number of regions with mean
voltage reduction increased.

Supplementary Figure 1. Representative cases showing the extension of voltage reduction with
and without low-voltage areas

Left atrial voltage maps using various voltage thresholds with and without localized low-voltage areas are
shown. Low-voltage areas indicated localized areas with bipolar voltage < 0.50 mV. A patient without low-
voltage areas (Upper) demonstrated no or smaller areas with reduced voltage even using a relatively high
voltage threshold (< 1.0mV, and < 1.5mV) than a patient with localized low-voltage areas (lower).

Supplementary Figure 2. Receiver-operator characteristics curves of mean regional voltages
for the prediction of recurrence of atrial fibrillation

The best cut-off value of mean regional voltage at each region for the prediction of recurrence of atrial
fibrillation was calculated using the receiver-operator characteristics curve. AUC indicates area under the
curve; CI, confidence interval.
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