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Abstract
Background: Left atrial volume index (LAVI) of >34 mL/m2 is the cutoff value for 
identifying an enlarged left atrium. The definition of left atrial (LA) reverse remod-
eling after atrial fibrillation (AF) ablation is undetermined. We hypothesized that pa-
tients with LA dilatation who achieve normal LA volume (LAVI<34 mL/m2) after AF 
ablation have better long- term outcomes than those who do not. Furthermore, we 
investigated whether patients with a normal LA volume can also achieve normal LA 
function with AF ablation.
Methods: We enrolled 140 AF patients with baseline LAVI of ≥34 mL/m2, without 
AF recurrence for 1 year after the initial AF ablation. We acquired conventional and 
speckle- tracking echocardiographic parameters within 24 hour and at 1 year after 
the procedure. To define the normal range of LA function, age-  and sex- matched 
controls without a history of AF were also enrolled.
Results: After restoration of sinus rhythm, LA structural and functional parameters 
significantly improved, and 75 patients (54%) had normal LA volume. During a me-
dian follow- up of 44 (31- 61) months, 32 patients (23%) experienced a late recurrence 
of AF (AF recurrence >1 year). Patients who achieved normal LA volume after AF 
ablation had fewer late recurrences than those who did not (P < .01). However, LA 
abnormalities, especially LA dysfunction, persisted in AF patients even when the LA 
volume was normalized compared with controls.
Conclusion: Patients who achieved normal LA volume had better long- term out-
comes of AF ablation than those who did not; however, LA abnormalities persisted 
even after successful ablation of AF.
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1  | INTRODUC TION

Atrial fibrillation (AF) is the most common arrhythmia encountered 
in clinical practice, and its prevalence is increasing due to the aging 
population.1, 2 AF initiates self- perpetuating changes in the struc-
tural, functional, and electrophysiological properties of the atrium 
and promotes atrial remodeling (AF begets AF).3

It is well known that left atrial (LA) structural remodeling is as-
sociated with cardiac morbidity and cardiovascular outcomes, in-
cluding heart failure, stroke, cardiac death, and AF development.4- 7 
Regarding parameters assessed with cardiovascular imaging tech-
niques, LA volume assessed using transthoracic echocardiography 
has been established as a robust and useful marker for LA remod-
eling since echocardiography is the most frequently used imaging 
technique in clinical practice. Recent guidelines demonstrate the 
normal ranges and severity partition cutoffs of LA volume abnor-
mality assessed by echocardiography; the upper normal limit of LA 
volume index (LAVI) of 34 mL/m2 is thought to correlate well with a 
risk- based approach for discrimination of cutoffs between a normal 
and an enlarged left atrium.8

In the past decade, catheter ablation has become an established 
non- pharmacological therapy for AF. Many studies have revealed a 
reduction in LA enlargement after restoration of sinus rhythm by 
catheter ablation (reverse remodeling).9- 20 Reverse remodeling has 
also been thought to be a useful predictor for not only acute recur-
rence (AF recurrence ≤1 year) but also late recurrence (AF recur-
rence >1 year) following procedures.12- 16 However, there is no clear 
definition of LA reverse remodeling after AF ablation because the 
degree of reverse remodeling varies among individuals and studies. 
Moreover, the association between the degree of LA reverse re-
modeling and long- term outcomes of AF ablation has not been fully 
investigated. In addition, it is unknown whether the LA function is 
reversible in parallel with LA structural remodeling.

Thus, we hypothesized that patients who achieved normal LA 
volume (LAVI <34 mL/m2) with restored sinus rhythm had better 
long- term outcomes of AF ablation than patients who still had en-
larged LA volume (LAVI ≥34 mL/m2). Furthermore, we investigated 
whether the LA function recovered to the normal range in patients 
with normal LA volume.

2  | METHODS

2.1 | Study population

Figure 1 shows the selection of patients for the present study. We 
retrospectively identified 286 consecutive patients with AF who un-
derwent initial radiofrequency catheter ablation (RFCA) and echocar-
diography within 24 hour at the Ehime University Hospital between 
November 2011 and April 2017. As nine patients were excluded be-
cause of atrial tachyarrhythmia during echocardiography (n = 3) and 
inability to perform strain analysis or acquire interpretable images 
from baseline echocardiography (n = 6), 277 patients whose baseline 

echocardiography was evaluated during sinus rhythm were selected. 
Of these 277 patients, 123 patients were excluded for the following 
reasons: no LA dilatation (LAVI <34 mL/m2) at baseline (n = 29), loss 
to follow- up (n = 5), and AF recurrence within 1 year after initial RFCA 
(acute recurrence) (n = 89) because one of the aims of this study was 
to investigate the impact of LA reverse remodeling on the long- term 
outcome of RFCA for AF. At the 1- year follow- up, 154 patients main-
tained sinus rhythm after the initial RFCA even though LA remodeling 
existed at baseline. Of these 154 patients, follow- up echocardiog-
raphy was performed for 140 patients. Thus, the final analysis was 
based on data obtained from 140 patients. Table A.1 shows compari-
son characteristics and ablation procedures between the study popu-
lation (n = 140) and patients excluded due to acute recurrence of AF 
(n = 89). Except for baseline LAVI, there were no significant differ-
ences in almost all parameters between the two groups. Patients with 
acute recurrence of AF (excluded patients) had significantly larger 
LAVI than those without acute recurrence of AF (study population).

In addition, age-  and sex- matched patients without a history of 
AF and structural heart disease were randomly selected as the con-
trol group from the echocardiographic database in our hospital. In 
the control group, the main reason for performing echocardiography 
was to screen for preoperative risks.

This study was approved by the Research Ethics Committee of 
the Ehime University Graduate School of Medicine.

2.2 | Ablation procedure

All patients underwent extensive pulmonary vein isolation (PVI) 
guided by electroanatomical mapping combined with image inte-
gration.21 Briefly, after transseptal punctures, three- dimensional 
electroanatomic maps were constructed (CARTO XP or CARTO 3; 
Biosense Webster). One or two 7- Fr decapolar circumferential cath-
eters (Lasso, Biosense Webster) were placed within the ipsilateral 
superior and inferior pulmonary veins (PVs). Circumferential ablation 
lines were created around both ipsilateral PVs using a 3.5- mm tip- 
irrigated catheter (Navistar Thermocool or Thermocool SmartTouch; 
Biosense Webster). Radiofrequency energy was delivered with a 
maximum power of 30 W for 30 seconds, and the maximum tem-
perature was limited to 41°C. The endpoint of PVI was defined as the 
establishment of a bidirectional conduction block between the LA 
and PVs. Following PVI, adenosine triphosphate was administered 
as an intravenous bolus of 20- 30 mg to evaluate dormant PV- atrial 
conduction. If dormant PV– atrial conduction occurred during adeno-
sine testing, additional ablation was performed at the reconnection 
sites. Isoproterenol was subsequently infused to induce and detect 
non- PV foci. When a non- PV focus was identified, ablation was per-
formed at the focus, except for those in the superior vena cava (SVC) 
where segmental isolation of the SVC was performed. Substrate 
modifications were not routinely performed in these patients dur-
ing the initial procedure. Cavo- tricuspid isthmus ablation was per-
formed in patients with documented and/or inducible cavo- tricuspid 
isthmus- dependent atrial flutter.
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2.3 | Conventional and speckle- tracking 
echocardiography

All echocardiographic examinations were performed by experienced 
sonographers using the Aplio i900 and Artida ultrasound system 
(Canon). Conventional echocardiographic parameters were meas-
ured according to the recommendations of the American Society of 
Echocardiography.8, 22 Early diastolic mitral annular tissue velocity 
(e′) was measured in the apical four- chamber view, with the sample 
volume positioned at both the septal and lateral mitral annuli, as the 
average of these two values. LA volume was calculated using the 

biplane method of disks (Simpson's modified rule) and indexed to 
body surface area (LAVI), and abnormal LA volume was graded ac-
cording to the guidelines.8 To evaluate the LA function, we measured 
LA reservoir and LA pump strains. LA reservoir strain corresponds 
to the reservoir function, which is modulated by the left ventricular 
systolic function, atrial size, and compliance.23 LA pump strain cor-
responds to the contractile function, which is modulated by atrial 
contractile reserve, atrial preload, and afterload.23 All LA strain pa-
rameters were assessed using speckle- tracking imaging with a two- 
dimensional wall motion tracking application (Canon). All images 
with a frame rate of >50 frames were selected for speckle tracking. 

F I G U R E  1   Selection of patients in this study. The final analysis was based on data from 140 patients who maintained sinus rhythm for 1 y 
after initial AF ablation and were evaluated by adequate echocardiography at baseline and the time of follow- up. AF, atrial fibrillation; LAVI, 
left atrial volume index; RFCA, radiofrequency catheter ablation
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After manual tracing of the LA endocardial border, the dedicated 
software automatically tracked the myocardium throughout the car-
diac cycle. The reference point for image analysis was taken at the 
onset of the QRS complex (R- R gating) (Figure A.1), and LA reservoir 
and LA pump strains were averaged from the apical four- chamber 
and two- chamber views (Figure 2).23 Since the standard values of 
LA strain have not been clearly defined in the guideline, we defined 
the standard values of LA reservoir and LA pump strains as 40% and 
17%, respectively, on the basis of recent studies.24, 25

Patients without interpretable images, such as those with incom-
plete strain measurements, were excluded from the study (Figure 1). 
In all patients, conventional and strain parameters were obtained in 
sinus rhythm, and all measurements were performed by experienced 
investigators.

2.4 | Follow- up

All patients were reviewed at 2- 4 weeks after AF ablation and 
1- 3 months thereafter at the outpatient clinic. At each hospital 
visit, patients underwent physical examination, 12- lead electrocar-
diography (ECG), and questioning regarding any arrhythmia- related 
symptoms. A 24- hour Holter ECG was performed 6 and 12 months 
after AF ablation. If patients reported palpitations, an event re-
corder (available for 14 days) and/or portable ECG monitoring were 
also performed. Any detectable atrial tachyarrhythmia lasting for 
>30 seconds beyond a 3- month blanking period after the procedure 

was considered as recurrence.26 Almost all patients discontinued 
antiarrhythmic drugs after ablation; however, patients with AF re-
currence during the blanking period were treated temporarily with 
antiarrhythmic drugs, and discontinuation was attempted again 
when the recurrent AF disappeared on treatment. If sinus rhythm 
could be maintained, these drugs were permanently discontinued. 
Late recurrence was defined as AF recurrence >1 year after RFCA.

2.5 | Statistical analysis

Continuous variables are expressed as medians (interquartile range), 
and categorical variables are shown as percentages. The significance 
of differences between the groups was assessed using an unpaired 
or paired t- test for data with normal distribution, and the Mann– 
Whitney U test was used for data that were not normally distributed. 
For categorical variables, the χ2 test or Fisher's exact test was used, 
as appropriate. Univariable and multivariable logistic regression 
analyses were used to evaluate the association between normal-
ized LAVI at the time of follow- up and other clinical and echocar-
diographic parameters. Univariable and multivariable Cox regression 
analyses were used to identify the determinant of late recurrence of 
AF following initial RFCA. The independence and robustness of LA 
volume normalization were examined using several models. Survival 
was estimated using the Kaplan- Meier method, and differences in 
survival between groups were assessed using the log- rank test and 
adjusted using the Bonferroni method.

F I G U R E  2   A representative case of LA reverse remodeling by restored sinus rhythm after initial AF ablation. LA volume was normalized 
(LAVI<34 mL/m2) and both LA pump and LA reservoir strains were improved at the time of follow- up. AF, atrial fibrillation; LA, left atrium; 
LAVI, left atrial volume index
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Reproducibility was assessed in 30 randomly selected patients. 
Interobserver and intraobserver variability were evaluated by hav-
ing the same observer, and another experienced reader repeated the 
analysis; these were reported as inter- class correlation coefficients 
(ICCs). In addition, the mean differences and limits of agreement be-
tween measurements were assessed using Bland– Altman plots.

All statistical analyses were performed using a standard statis-
tical software package (SPSS version 27, SPSS Inc), and statistical 
significance was defined as a P- value of <0.05.

3  | RESULTS

3.1 | Patient characteristics

The baseline characteristics and details of RFCA are summarized in 
Table 1. The median age was 64 (58- 71) years, and most patients 
had a low CHADS2 score (median 1 [1- 2]). Of the 140 AF patients, 
67 (48%) had non- paroxysmal AF. Although LA parameters were im-
paired, left ventricular parameters were within the normal range. PVI 
was performed in all patients, and cavo- tricuspid isthmus ablation 
and focal ablation of non- PV foci were additionally performed in 41 
(29%) and 22 (16%) patients, respectively. Substrate modification, 
including linear ablation, was performed in only three (2%) patients. 
After initial RFCA, all patients maintained sinus rhythm for 1 year.

3.2 | LA remodeling at baseline

At baseline, LA structural parameters (LA diameter and LAVI) were 
increased and LA functional parameters (LA pump and LA reservoir 
strains) were decreased (Table 1 and Figure 3). Baseline LA volume ab-
normalities are shown in Figure 4. Of 140 patients, 35 patients (25%) 
were classified as having a moderately abnormal LA volume, and 55 pa-
tients (39%) were classified as having a severely abnormal LA volume 
(Figure 4). On the other hand, baseline LA functional abnormalities are 
shown in Figure A.2. Both LA reservoir and LA pump strains in most 
patients (99% and 98%) were abnormal when using the cutoff value of 
40% for LA reservoir strain and 17% for LA pump strain (Figure A.2).

3.3 | LA reverse remodeling after RFCA

Figure 3 shows the changes in LA structural and functional param-
eters between the baseline and follow- up. After maintaining sinus 
rhythm for 1 year, all LA parameters were significantly improved 
(all P < .01). Regarding LA structural reverse remodeling, the LA di-
ameter was significantly shorter and LAVI significantly decreased 
(Figure 3). Importantly, the median LAVI improved to the normal 
range at the time of follow- up. Regarding LA functional reverse re-
modeling, both LA reservoir and LA pump strains were significantly 
improved (Figure 3). A representative case of LA structural and func-
tional reverse remodeling is shown in Figure 2.

3.4 | Changes in LA volume and functional 
abnormalities

Figure 4 shows the changes in LA volume abnormalities from base-
line to follow- up. Of 140 patients, 114 (81%) showed improvement in 
LA volume abnormalities, but 26 patients (19%) did not. Importantly, 
more than half of the patients (54%) had a normal LA volume at the 
time of follow- up. Based on the results, all patients were divided into 
three groups as follows: group 1, patients who achieved normal LA 
volume (LAVI <34 mL/m2); group 2, patients who achieved LA vol-
ume reduction but in whom LA volume abnormality persisted (LAVI 
≥34 mL/m2); and group 3, patients who did not achieve LA volume 
reduction compared with baseline. On the other hand, Figure A.2 
shows the changes in LA functional abnormalities from baseline to 
follow- up. Unlike LA volume, both LA reservoir and LA pump strains 
were still abnormal in 99% and 94% of patients, respectively, despite 
the sinus rhythm being maintained in all patients for 1 year after ini-
tial RFCA. These findings suggested that LA functional improvement 
was incomplete despite LA structural reverse remodeling.

3.5 | Association of the degree of LA reverse 
remodeling with long- term RFCA outcomes

Over a median of 44 (31- 61) months following the initial RFCA, 32 
patients (23%) experienced a late recurrence of AF. The Kaplan- 
Meier curve shows the differences in long- term recurrence- free pe-
riods after the initial RFCA in the three groups (Figure 5). Patients 
who achieved normal LA volume (group 1) had significantly better 
long- term outcomes than those in the other two groups (groups 2 
and 3) (both P < .01). However, there was no significant difference 
between groups 2 and 3, although group 2 patients achieved LA 
volume reduction (P = .25). The univariable and multivariable Cox 
regression analyses revealed that LA volume normalization was sig-
nificantly and independently associated with the long- term outcome 
of initial RFCA (Table A.2). In addition, Figure A.3 shows the dis-
tribution of patients with and without late recurrence of AF in the 
four groups classified by both LA structural and functional standard 
values at the time of follow- up. Although there were very few pa-
tients with both LA structural and functional normalization, all of 
them maintained sinus rhythm after the initial RFCA.

3.6 | Association between baseline 
characteristics and LA volume normalization 
after RFCA

The baseline characteristics and details of RFCA in patients with and 
without normalized LA volume are summarized in Table 1. At base-
line, patients who achieved normal LA volume were younger and 
had fewer comorbidities and lower CHADS2 scores than those who 
did not. Furthermore, baseline LA structural and functional remod-
eling were milder in patients who achieved normal LA volume than 
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in those who did not. In the univariable logistic regression analysis, 
LA volume normalization was associated with baseline age, CHADS2 
score, E/e’, LAVI, and LA reservoir strain (Table 2). Multivariable 

logistic regression analysis revealed that baseline LAVI was inde-
pendently associated with LA volume normalization after the initial 
RFCA (Table 2).

TA B L E  1   Baseline characteristics

All patients

Normalized LA volume at the time of follow- up

P value

YES NO

N = 140 N = 75 N = 65

Demographics

Age, years 64.0 (58.0- 71.0) 63.0 (55.0- 68.0) 68 (62- 73) <.01

Age >75 years 17 (12) 6 (8) 11 (17) .11

Male 95 (68) 55 (73) 40 (61) .14

BSA, m2 1.7 (1.6- 1.9) 1.7 (1.6- 1.9) 1.7 (1.5- 1.9) .24

BMI, kg/m2 24.9 (22.7- 27.1) 24.4 (22.7- 26.3) 25.6 (22.7- 27.8) .13

Never smoker 70 (50) 32 (43) 38 (58) .06

Non- paroxysmal AF 67 (48) 35 (47) 32 (49) .76

CHADS2 score 1.0 (1.0- 2.0) 1.0 (0.0- 2.0) 1.0 (1.0- 2.0) <.01

Comorbidities

History of heart failure 24 (17) 11 (15) 13 (20) .40

Hypertension 82 (59) 36 (48) 46 (71) <.01

Diabetes mellitus 30 (21) 12 (16) 18 (28) .09

History of stroke/TIA 19 (14) 6 (8) 13 (20) .04

Vascular disease 14 (10) 7 (9) 7 (11) .78

Medication

ACE inhibitors or ARBs 59 (42) 23 (31) 36 (55) <.01

β- blockers 75 (54) 37 (49) 38 (58) .28

Prior class 1 or 3 AAD 103 (74) 53 (71) 50 (77) .40

Echocardiographic parameters

LVEF, % 62.6 (58.3- 67.9) 62.4 (58.0- 66.7) 62.8 (58.9- 68.1) .25

E velocity, cm/sec 78.5 (61.2- 90.8) 76.0 (61.1- 89.0) 80.0 (62.0- 92.1) .32

e′, cm/sec 7.0 (6.0- 8.3) 7.2 (6.2- 9.0) 6.8 (5.6- 8.0) .12

E/e′ 10.7 (8.7- 13.3) 10.4 (8.7- 12.1) 11.8 (8.6- 13.6) .10

LA diameter, mm 42.0 (38.0- 46.0) 40.0 (36.0- 43.0) 43.0 (40.0- 49.0) <.01

LAVI, mL/m2 43.6 (39.1- 54) 40.3 (35.6- 43.6) 52.0 (45.3- 62.6) <.01

LA pump strain, % 5.5 (3.1- 8.3) 6.0 (2.9- 8.8) 4.7 (3.2- 8.1) <.01

LA reservoir strain, % 16.5 (12.1- 21.0) 17.0 (14.0- 21.6) 15.2 (11.1- 19.5) .02

Ablation procedure

PVI 140 (100) 75 (100) 65 (100) 1.00

CTIA 41 (29) 25 (33) 16 (25) .26

Focal ablation (including SVCI) 22 (16) 12 (16) 10 (15) .92

Substrate modification 3 (2) 1 (1) 2 (3) .48

Outcome

Late recurrence of AF (>1 year after RFCA) 32 (23) 6 (8) 26 (40) <.01

Note: Data are expressed as median (interquartile range) and number (percentage).
Statistically significant values are indicated in bold.
Abbreviations: AAD, antiarrhythmic drug; ACE, angiotensin- converting enzyme; AF, atrial fibrillation; ARB, angiotensin receptor blocker; BMI, body 
mass index; BSA, body surface area; CTIA, cavo- tricuspid isthmus ablation; LA, left atrium; LAVI, left atrial volume index; LVEF, left ventricular 
ejection fraction; PVI, pulmonary vein isolation; SVCI, superior vena cava isolation; TIA, transient ischemic attack.
*P value compared with patients.
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3.7 | LA parameter comparison between controls and 
patients with AF who achieved a normal LA volume

To assess the efficacy of RFCA for AF patients who had LA re-
modeling, we compared LA parameters between AF patients who 
achieved normal LA volume (n = 75) and age-  and sex- matched 

controls without a history of AF (n = 75). The clinical character-
istics of patients with AF and control subjects are summarized in 
Table A.3. There were no significant differences in body mass index, 
CHADS2 score, and most comorbidities between the two groups. 
Echocardiographic parameters of both groups are summarized in 
Table A.4. In controls, the median LA volume was within the normal 

F I G U R E  3   LA structural (LA diameter and LAVI) and functional parameters (LA pump and LA reservoir strains) at baseline and follow- up. 
All LA parameters were significantly improved after initial AF ablation. AF, atrial fibrillation; LA, left atrium; LAVI, left atrial volume index

F I G U R E  4   Time course of LA volume 
abnormality at baseline and follow- up. 
After initial AF ablation, 114 patients 
(81%) achieved LA volume improvement, 
and 75 patients (54%) achieved normal 
LA volume at the time of follow- up. There 
were 26 patients (19%) with no change or 
deterioration of LA volume abnormality. 
AF, atrial fibrillation; LA, left atrium; LAVI, 
left atrial volume index
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range and the median values of LA reservoir and LA pump strains 
were comparable to the standard values as reported in previous 
studies.24, 25 Figure 6 shows comparisons of LA parameters, demon-
strating that there were significant differences in all LA parameters 
between control subjects and AF patients at baseline (all P < .01). 
After restoration of sinus rhythm, both LA structural and functional 
parameters were significantly improved in patients with AF (all 
P < .01). As a result, there was no significant difference in LA diam-
eter between AF patients and control subjects (P = .17), but statisti-
cal differences remained in LAVI between the two groups (P = .04). 
Furthermore, regarding the LA function, there were significant and 

large differences in LA pump and LA reservoir strains between AF 
patients and control subjects (both P < .01) (Figure 6). These results 
suggested that LA abnormalities, especially LA dysfunction, per-
sisted even if AF patients achieved a normal LA volume as a result of 
successful AF ablation.

3.8 | Reproducibility

The ICC values for intraobserver variability for LA pump strain 
and LA reservoir strain were 0.92 (95% CI 0.84- 0.96) and 0.89 

F I G U R E  5   Kaplan- Meier event- free curves in 140 patients after initial AF ablation. Patients were divided into three groups based on the 
course of LA volume abnormality after initial AF ablation shown in Figure 3. AF, atrial fibrillation; LA, left atrium

Univariable Multivariable

OR (95% CI) P value OR (95% CI) P value

Age, years 0.94 (0.90- 0.97) <.01 0.99 (0.92- 1.06) .74

Male 1.72 (0.84- 3.51) .14 0.75 (0.25- 2.29) .62

Non- paroxysmal AF 0.90 (0.46- 1.76) .76 2.50 (0.67- 9.33) .17

CHADS2 score 0.52 (0.37- 0.74) <.01 0.67 (0.43- 1.03) .07

LVEF, % 0.97 (0.93- 1.02) .25 0.94 (0.88- 1.01) .08

E/e′ 0.89 (0.80- 0.99) .03 1.03 (0.88- 1.19) .74

LAVI, mL/m2 0.85 (0.81- 0.90) <.01 0.82 (0.76- 0.89) <.01

LA pump strain, % 1.04 (0.95- 1.14) .36 0.86 (0.69- 1.07) .18

LA reservoir strain, % 1.07 (1.01- 1.13) .02 1.12 (0.99- 1.28) .08

Statistically significant values are indicated in bold.
Abbreviations: AF, atrial fibrillation; CI, confidence interval; LA, left atrium; LAVI, left atrial volume 
index; LVEF, left ventricular ejection fraction; OR, odds ratio; RFCA, radiofrequency catheter 
ablation.

TA B L E  2   Univariate and multivariate 
logistic regression analyses associations 
with LA volume normalization at the time 
of follow- up echocardiography after RFCA
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(0.78- 0.94), respectively. The ICC values for interobserver variability 
were 0.93 (95% CI 0.69- 0.97) and 0.91 (0.81- 0.95), respectively. The 
Bland– Altman plots are shown in Figure A.4.

4  | DISCUSSION

The main findings of our study are as follows: First, overall LA 
structural and functional parameters were significantly improved 
by restoring and maintaining sinus rhythm after initial RFCA for AF. 
Especially, the degree of LA reverse remodeling in structural param-
eters was larger than that in functional parameters. Second, more 
than half of the patients (54%) had a normal LA volume at the time of 
follow- up, and these patients had better long- term outcomes after 
RFCA than those without a normal LA volume. Third, mild LA en-
largement at baseline was significantly associated with LA volume 
normalization. Fourth, LA abnormalities, especially LA dysfunction, 

persisted despite LA volume normalization after RFCA compared 
with control subjects without AF.

4.1 | LA reverse remodeling after successful 
AF ablation

Since the establishment of PVI due to advances in catheter tech-
nologies and techniques, numerous studies have demonstrated LA 
reverse remodeling due to restoration and maintenance of sinus 
rhythm after PVI.9- 20, 27- 31 Regarding LA structural reverse remode-
ling, meta- analyses revealed that LA diameter and LA volume were 
significantly decreased by AF ablation.18, 19 On the other hand, 
although the LA function was also improved by successful RFCA, 
several studies have reported persistent LA functional abnormali-
ties after effective ablation.14, 20, 27, 31 Lin et al investigated LA func-
tional reverse remodeling using a speckle- tracking technique and 

F I G U R E  6   Comparison of LA structural (LA diameter and LAVI) and functional (LA pump and LA reservoir strains) parameters between 
AF patients and control subjects. AF, atrial fibrillation; LA, left atrium; LAVI, left atrial volume index



     |  1327KAWAKAMI et Al.

identified sustained LA dysfunction in patients who underwent 
AF ablation compared with control subjects without AF.31 Teh 
et al performed repetitive atrial electroanatomic mapping in pa-
tients who underwent AF ablation and revealed that electrophysi-
ologic substrate did not completely reverse even after successful 
RFCA, similar to control subjects without AF.27 The same group 
also reported that LA strain assessed by speckle- tracking echocar-
diography is a potent surrogate for sustained electrophysiologic 
abnormalities.14 In the present study, the increase in LA volume 
was improved in approximately 80% of patients, and more than half 
of the patients (54%) had normal LAVI after restoration of sinus 
rhythm for 1 year after initial RFCA. However, the LA function did 
not normalize in most patients even though all patients maintained 
sinus rhythm for 1 year after initial AF ablation. These results are 
consistent with those of previous studies, which suggested that LA 
structural remodeling can be reversible, but functional remodeling 
is irreversible.

4.2 | Clinical significance of LA 
volume normalization on long- term RFCA outcomes

Although LA reverse remodeling has been thought to be a useful 
predictor of long- term outcome of RFCA,12- 16 there is no clear defi-
nition of LA reverse remodeling and no data on the impact of LA 
reverse remodeling on long- term outcomes. In the present study, 
we investigated these unresolved clinical questions using the crite-
ria of LA enlargement according to the guidelines and showed that 
LA volume normalization at follow- up was significantly associated 
with better long- term outcomes of AF ablation. Our results sug-
gested that LAVI of 34 mL/m2 may be a clear cutoff value for de-
termining LA structural reverse remodeling in patients undergoing 
AF ablation. We also revealed that the degree of LA enlargement 
at baseline was significantly associated with LA volume normaliza-
tion after initial RFCA. Similarly, previous studies suggested that 
mild LA enlargement and dysfunction before RFCA10, 12, 13 are pre-
dictors of LA reverse remodeling after the procedure. These find-
ings could answer a clinical question regarding the optimal timing 
to consider RFCA in patients with AF and suggest that early in-
tervention provides better outcomes than late intervention in pa-
tients with AF. Indeed, the latest randomized trial demonstrated 
that early rhythm- control therapy was associated with a lower risk 
of cardiovascular outcomes than usual care among patients in the 
early phase of AF.32

4.3 | LA abnormalities persisted even after LA 
volume normalization

We showed that LA abnormalities, especially LA dysfunction, still re-
mained even when AF patients achieved a normal LA volume as a re-
sult of successful AF ablation when compared with control subjects 
without a history of AF. These findings suggested that the risk of AF 

could not be completely eliminated by RFCA. An optimal strategy for 
follow- up after AF ablation has not yet been established. Many phy-
sicians carefully monitor patients because discontinuation of antico-
agulants may increase the risk of thromboembolic events in patients 
with a high risk of recurrence. The results of our study suggested 
that late recurrence of AF is not rare and that LA abnormalities can-
not be improved even in patients who achieve a normal LA volume 
after successful ablation. Thus, physicians should carefully consider 
long- term follow- up and residual AF risks, regardless of sinus rhythm 
restoration by RFCA.

5  | LIMITATIONS

Our study had several limitations. First, this was a single- center 
retrospective study, and the study population was relatively small. 
Second, despite the use of Holter or event recorder monitoring, 
we may have underestimated the recurrence rate of AF following 
initial catheter ablation because asymptomatic cases could have 
been missed. Third, baseline echocardiographic examination was 
performed after RFCA (within 24 hour). Therefore, LA contraction 
did not recover partly due to atrial stunning, even if sinus rhythm 
was restored electrically in patients with persistent AF. In addition, 
our results may have been influenced by radiofrequency power. 
However, we did not perform LA substrate modification in most 
patients; therefore, we believe that the adverse effect of ablation 
on the LA structure and function was minimal. Fourth, although we 
selected control subjects without a history of AF, some may have 
had a short duration of asymptomatic AF because a few people had 
remodeled the left atrium in the control group. Fifth, regarding LA 
volume, we did not compare echocardiographic data with cardiac 
computed tomographic data. It is well known that LA volume meas-
ured by echocardiography tends to be underestimated.33 Finally, 
strain imaging, similar to other imaging techniques, is an operator- 
dependent method.

6  | CONCLUSIONS

Patients who achieve normal LA volume have better long- term out-
comes of AF ablation than those who do not. Although AF ablation 
promotes beneficial effects on the LA structure and function, LA 
remodeling, especially functional abnormality, cannot be normalized 
even in patients who achieve normal LA volume after successful ab-
lation. Thus, physicians should carefully consider long- term follow-
 up and residual AF risks, regardless of sinus rhythm restoration by 
RFCA.

ACKNOWLEDG MENTS
The authors gratefully acknowledge the experienced clinical engi-
neers (Ms Miwa Hashimoto, Mr Masaya Oda, and Mr Yasushi Asagi) 
for their help with the electrophysiological study and catheter 
ablation.



1328  |     KAWAKAMI et Al.

CONFLIC T OF INTERE S T
The authors have no conflicts to disclose. This research did not re-
ceive any specific grant from funding agencies in the public, com-
mercial, or not- for- profit sectors.

ORCID
Hiroshi Kawakami  https://orcid.org/0000-0001-7839-0246 

R E FE R E N C E S
 1. Lloyd- Jones DM, Wang TJ, Leip EP, Larson MG, Levy D, Vasan 

RS, et al. Lifetime risk for development of atrial fibrillation: the 
Framingham Heart Study. Circulation. 2004;110(9):1042– 6.

 2. Lip GYH, Brechin CM, Lane DA. The global burden of atrial fibrilla-
tion and stroke: a systematic review of the epidemiology of atrial 
fibrillation in regions outside North America and Europe. Chest. 
2012;142(6):1489– 98.

 3. Wijffels MC, Kirchhof CJ, Dorland R, Allessie MA. Atrial fibrillation 
begets atrial fibrillation. A study in awake chronically instrumented 
goats. Circulation. 1995;92(7):1954– 68.

 4. Benjamin EJ, D'Agostino RB, Belanger AJ, Wolf PA, Levy D. Left 
atrial size and the risk of stroke and death. The Framingham Heart 
Study. Circulation. 1995;92(4):835– 41.

 5. Abhayaratna WP, Seward JB, Appleton CP, Douglas PS, Oh JK, Tajik 
AJ, et al. Left atrial size: physiologic determinants and clinical appli-
cations. J Am Coll Cardiol. 2006;47(12):2357– 63.

 6. Di Tullio MR, Qian M, Thompson JLP, Labovitz AJ, Mann DL, Sacco 
RL, et al. Left atrial volume and cardiovascular outcomes in systolic 
heart failure: effect of antithrombotic treatment. ESC Heart Fail. 
2018;5(5):800– 8.

 7. Tsang TSM, Gersh BJ, Appleton CP, Tajik AJamil, Barnes ME, Bailey 
KR, et al. Left ventricular diastolic dysfunction as a predictor of the 
first diagnosed nonvalvular atrial fibrillation in 840 elderly men and 
women. J Am Coll Cardiol. 2002;40(9):1636– 44.

 8. Lang RM, Badano LP, Mor- Avi V, Afilalo J, Armstrong A, Ernande 
L, et al. Recommendations for cardiac chamber quantification by 
echocardiography in adults: an update from the American Society of 
Echocardiography and the European Association of Cardiovascular 
Imaging. J Am Soc Echocardiogr. 2015;28(1):1– 39.e14.

 9. Yoshida K, Tada H, Ogata K, Sekiguchi Y, Inaba T, Ito Y, 
et al. Electrogram organization predicts left atrial reverse re-
modeling after the restoration of sinus rhythm by catheter abla-
tion in patients with persistent atrial fibrillation. Heart Rhythm. 
2012;9(11):1769– 78.

 10. Tops LF, Delgado V, Bertini M, Marsan NA, Den Uijl DW, Trines SAIP, 
et al. Left atrial strain predicts reverse remodeling after catheter 
ablation for atrial fibrillation. J Am Coll Cardiol. 2011;57(3):324– 31.

 11. Pump A, Di biase L, Price J, Mohanty P, Bai R, Santangeli P, 
et al. Efficacy of catheter ablation in nonparoxysmal atrial fibril-
lation patients with severe enlarged left atrium and its impact 
on left atrial structural remodeling. J Cardiovasc Electrophysiol. 
2013;24(11):1224– 31.

 12. Kuppahally SS, Akoum N, Badger TJ, Burgon NS, Haslam T, 
Kholmovski E, et al. Echocardiographic left atrial reverse remodel-
ing after catheter ablation of atrial fibrillation is predicted by preab-
lation delayed enhancement of left atrium by magnetic resonance 
imaging. Am Heart J. 2010;160(5):877– 84.

 13. Machino- Ohtsuka T, Seo Y, Ishizu T, Yanaka S, Nakajima H, Atsumi 
A, et al. Significant improvement of left atrial and left atrial append-
age function after catheter ablation for persistent atrial fibrillation. 
Circ J. 2013;77(7):1695– 704.

 14. Walters TE, Nisbet A, Morris GM, Tan G, Mearns M, Teo E, et al. 
Progression of atrial remodeling in patients with high- burden atrial 

fibrillation: implications for early ablative intervention. Heart 
Rhythm. 2016;13(2):331– 9.

 15. Sotomi Y, Inoue K, Tanaka K, Toyoshima Y, Oka T, Tanaka N, et al. 
Persistent left atrial remodeling after catheter ablation for non- 
paroxysmal atrial fibrillation is associated with very late recurrence. 
J Cardiol. 2015;66(5):370– 6.

 16. Oka T, Inoue K, Tanaka K, Ninomiya Y, Hirao Y, Tanaka N, et al. Left 
atrial reverse remodeling after catheter ablation of nonparoxysmal 
atrial fibrillation in patients with heart failure with reduced ejection 
fraction. Am J Cardiol. 2018;122(1):89– 96.

 17. Nishino S, Watanabe N, Ashikaga K, Morihisa K, Kuriyama N, 
Asada Y, et al. Reverse remodeling of the mitral valve complex 
after radiofrequency catheter ablation for atrial fibrillation: A serial 
3- dimensional echocardiographic study. Circ Cardiovasc Imaging. 
2019;12(10):e009317.

 18. Jeevanantham V, Ntim W, Navaneethan SD, Shah S, Johnson AC, 
Hall B, et al. Meta- analysis of the effect of radiofrequency catheter 
ablation on left atrial size, volumes and function in patients with 
atrial fibrillation. Am J Cardiol. 2010;105(9):1317– 26.

 19. Xiong B, Li D, Wang J, Gyawali L, Jing J, Su L. The effect of catheter 
ablation on left atrial size and function for patients with atrial fibril-
lation: an updated meta- analysis. PLoS One. 2015;10(7):e0129274.

 20. Hanazawa K, Kaitani K, Hayama Y, Onishi N, Tamaki Y, Miyake M, 
et al. Effect of radiofrequency catheter ablation of persistent atrial 
fibrillation on the left atrial function: assessment by 320- row mul-
tislice computed tomography. Int J Cardiol. 2015;20(179):449– 54.

 21. Kawakami H, Nagai T, Fujii A, Uetani T, Nishimura K, Inoue K, 
et al. Apnea- hypopnea index as a predictor of atrial fibrillation re-
currence following initial pulmonary vein isolation: usefulness of 
type- 3 portable monitor for sleep- disordered breathing. J Interv 
Card Electrophysiol. 2016;47(2):237– 44.

 22. Nagueh SF, Appleton CP, Gillebert TC, Marino PN, Oh JK, Smiseth 
OA, et al. Recommendations for the evaluation of left ventricular 
diastolic function by echocardiography. J Am Soc Echocardiogr. 
2009;22(2):107– 33.

 23. Vieira MJ, Teixeira R, Goncalves L, Gersh BJ. Left atrial mechanics: 
echocardiographic assessment and clinical implications. J Am Soc 
Echocardiogr. 2014;27(5):463– 78.

 24. Sugimoto T, Robinet S, Dulgheru R, et al. Echocardiographic ref-
erence ranges for normal left atrial function parameters: results 
from the EACVI NORRE study. Eur Heart J Cardiovasc Imaging. 
2018;19(6):630– 8.

 25. Pathan F, D'Elia N, Nolan MT, Marwick TH, Negishi K. Normal 
ranges of left atrial strain by speckle- tracking echocardiography: 
a systematic review and meta- analysis. J Am Soc Echocardiogr. 
2017;30(1):59– 70.e8.

 26. Calkins H, Kuck KH, Cappato R, et al. 2012 HRS/EHRA/ECAS 
expert consensus statement on catheter and surgical ablation of 
atrial fibrillation: recommendations for patient selection, proce-
dural techniques, patient management and follow- up, definitions, 
endpoints, and research trial design: a report of the Heart Rhythm 
Society (HRS) Task Force on Catheter and Surgical Ablation of Atrial 
Fibrillation. Developed in partnership with the European Heart 
Rhythm Association (EHRA), a registered branch of the European 
Society of Cardiology (ESC) and the European Cardiac Arrhythmia 
Society (ECAS); and in collaboration with the American College 
of Cardiology (ACC), American Heart Association (AHA), the Asia 
Pacific Heart Rhythm Society (APHRS), and the Society of Thoracic 
Surgeons (STS). Endorsed by the governing bodies of the American 
College of Cardiology Foundation, the American Heart Association, 
the European Cardiac Arrhythmia Society, the European Heart 
Rhythm Association, the Society of Thoracic Surgeons, the Asia 
Pacific Heart Rhythm Society, and the Heart Rhythm Society. Heart 
Rhythm. 2012; 9(4): 632- 96.e21.

https://orcid.org/0000-0001-7839-0246
https://orcid.org/0000-0001-7839-0246


     |  1329KAWAKAMI et Al.

 27. Teh AW, Kistler PM, Lee G, Medi C, Heck PM, Spence SJ, et al. 
Long- term effects of catheter ablation for lone atrial fibrillation: 
progressive atrial electroanatomic substrate remodeling despite 
successful ablation. Heart Rhythm. 2012;9(4):473– 80.

 28. Nakanishi K, Fukuda S, Yamashita H, Kosaka M, Shirai N, Tanaka 
A, et al. Pre- procedural serum atrial natriuretic peptide levels pre-
dict left atrial reverse remodeling after catheter ablation in patients 
with atrial fibrillation. JACC Clin Electrophysiol. 2016;2(2):151– 8.

 29. Sugumar H, Prabhu S, Voskoboinik A, et al. Atrial remodeling fol-
lowing catheter ablation for atrial fibrillation- mediated cardiomy-
opathy: long- term follow- up of CAMERA- MRI study. JACC Clin 
Electrophysiol. 2019;5(6):681– 8.

 30. Kagawa Y, Fujii E, Fujita S, Ito M, et al. Association between left 
atrial reverse remodeling and maintenance of sinus rhythm after 
catheter ablation of persistent atrial fibrillation. Heart Vessels. 
2020;35(2):239– 45.

 31. Lin M, Hao LI, Cao Y, Zhao Y, Rong B, Han W, et al. Successful cathe-
ter ablation of atrial fibrillation improves but not reverses the abnor-
malities of left atrial mechanics and energy loss. Echocardiography. 
2019;36(4):752– 60.

 32. Kirchhof P, Camm AJ, Goette A, et al. Early rhythm- control therapy in 
patients with atrial fibrillation. N Engl J Med. 2020;1(383):1305– 16.

 33. Miyasaka Y, Tsujimoto S, Maeba H, Yuasa F, Takehana K, Dote K, 
et al. Left atrial volume by real- time three- dimensional echocardi-
ography: validation by 64- slice multidetector computed tomogra-
phy. J Am Soc Echocardiogr. 2011;24(6):680– 6.

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Kawakami H, Inoue K, Nagai T, Fujii 
A, Sasaki Y, Shikano Y, et al. Persistence of left atrial 
abnormalities despite left atrial volume normalization after 
successful ablation of atrial fibrillation. J Arrhythmia. 
2021;37:1318– 1329. https://doi.org/10.1002/joa3.12624

https://doi.org/10.1002/joa3.12624

