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BACKGROUND Emerging evidence suggests a pathophysiological link between obesity and atrial fibrillation (AF).

However, the contribution of body fat distribution to left atrial (LA) remodeling and its reversibility remain unclear in

nonobese AF patients.

OBJECTIVES The purpose of this study was to investigate the association of body fat distribution with LA size and

reverse remodeling (LARR).

METHODS In total, 116 nonobese patients with AF (88 men, age 63 � 11 years) who underwent first catheter ablation

(CA) were included. Body fat distribution was assessed with bioelectrical impedance, and body fat percentage (BF%) and

central fat percentage (CF%) were calculated. Patients were categorized by body size metrics (body mass index [BMI]

and waist-to-hip [W/H] ratio) and fat parameters (BF% and CF%). Echocardiography was performed before and 6 months

after CA. Multivariable logistic regression was used to examine the association between the 4 metrics (ie, BMI, W/H ratio,

BF%, and CF%) and a lack of LARR (<15% reduction or increase in the LA volume index).

RESULTS Body size metrics and adiposity measures were not independently associated with baseline LA size. Six

months after CA, the higher W/H ratio and CF% groups exhibited persistent LA enlargement compared to their coun-

terparts (both P < 0.01). In the multivariable analysis, W/H ratio and CF% were associated with a lack of LARR (adjusted

ORs of 3.86 and 2.81 per 0.10 and 10% increase, respectively, both P < 0.01). The combined assessment of CF% with

W/H ratio provided complementary risk stratification for persistent LA enlargement.

CONCLUSIONS Central adiposity was associated with a lack of LARR after CA, highlighting the importance of assessing

body fat distribution even in nonobese patients. (JACC Adv 2024;3:100973) © 2024 The Authors. Published by Elsevier

on behalf of the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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ABBR EV I A T I ON S

AND ACRONYMS

AF = atrial fibrillation

BF% = body fat percentage

BIA = bioelectrical impedance

analysis

BMI = body mass index

BNP = B-type natriuretic

peptide

CA = catheter ablation

CF% = central fat percentage

eGFR = estimated glomerular

filtration rate

LA = left atrium

LV = left ventricle
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A trial fibrillation (AF), the most preva-
lent sustained arrhythmia in daily
clinical practice, has doubled in inci-

dence in the past 3 decades, affecting
approximately 60 million people worldwide.1

AF promotes left atrial (LA) structural and
electrical remodeling, which in turn en-
hances the perpetuation of AF.2 Recently,
catheter ablation (CA) has been confirmed
to bring about a more favorable effect on si-
nus rhythm maintenance as well as cardio-
vascular outcomes compared with
antiarrhythmic drugs.3,4 The restoration of
sinus rhythm contributes to the amelioration
of LA structural changes, namely LA-reverse
remodeling, which is an important surrogate
marker for AF-free survival.5-8 However, LA reverse
remodeling after CA varies substantially among
individuals.6,7

Obesity is an established risk factor for AF,9,10 and
obese patients with AF exhibit more advanced LA
remodeling and are at higher risk for AF recurrence
after CA compared with nonobese patients.11,12 How-
ever, nonobese patients with AF also experience
approximately 40% of AF recurrence within 1 year
after CA, highlighting a need for an alternative to BMI
measurement to identify patients prone to AF
relapse.12,13 Recently, body fat distribution has
garnered attention as a potential pathophysiological
mechanism in nonobese patients with AF.10 Bioelec-
trical impedance analysis (BIA) has emerged as a
noninvasive method for evaluating body fat content
showing excellent correlations with conventional
measurements by dual-energy x-ray absorptiometry,
computed tomography (CT), or magnetic resonance
imaging (MRI).14-16 Nonetheless, the association of
body fat distribution with LA structural remodeling
and its reversibility after CA in nonobese patients
with AF is unknown. Elucidation of these associations
might enhance our therapeutic strategies in terms of
periprocedural management for AF ablation. There-
fore, the aim of the present study was to investigate
the impact of body size metrics and BIA-assessed fat
measures on LA remodeling before and after CA in
nonobese patients with AF.

METHODS

STUDY SAMPLE. We prospectively enrolled 116
consecutive nonobese patients with AF who under-
went their first CA from May 2020 to March 2022 at
the University of Tokyo Hospital. The exclusion
criteria were as follows: 1) congenital heart disease;
2) moderate or severe valvular disease; 3) dilated or
hypertrophic cardiomyopathy; 4) history of cardio-
thoracic surgery within 3 months; 5) history of cardiac
implantable electrical device implantation; and 6)
renal insufficiency on hemodialysis. AF was defined
as paroxysmal if it terminated spontaneously within
7 days of onset and as persistent if it continued for
more than 7 days.17 All patients provided written
informed consent. The study was conducted in
accordance with the Declaration of Helsinki, and the
institutional ethics committee of the University of
Tokyo approved the study protocol (2018120NI).

RISK FACTOR ASSESSMENT AND LABORATORY TESTING.

Hypertension was defined as systolic blood pressure
$130 mm Hg, diastolic blood pressure $80 mm Hg, or
receiving antihypertensive medications. Diabetes
mellituswas determined by fasting glucose$126mg/dl
or current use of insulin or hypoglycemic agents.
Dyslipidemia was defined as total serum cholesterol
>240 mg/dl or the use of lipid-lowering drugs. Labo-
ratory examination included fasting serum glucose,
total cholesterol, low-density lipoprotein cholesterol,
high-density lipoprotein cholesterol, C-reactive pro-
tein, and B-type natriuretic peptide (BNP). The esti-
mated glomerular filtration rate was computed using
the abbreviated Modification of Diet in Renal Disease
equation: estimated glomerular filtration rate (ml/
min/1.73 m2) ¼ 194 � (serum creatinine)�1.094 �
(age)�0.287 � (0.739 if woman). Interleukin (IL)-6 and
carboxy-terminal telopeptide of procollagen type I
(ICTP) levels in all patients were measured at a com-
mercial laboratory (IL-6, electrochemiluminescence
immunoassay; ICTP, radioimmunoassay, SRL, Inc).

BODY SIZE METRICS AND FAT DISTRIBUTION

MEASUREMENTS. Body mass index (BMI) was calcu-
lated using height and weight (kg/m2). BMI <25 kg/m2

and $25 kg/m2 were defined as normal weight and
overweight, respectively. Patients with obesity,
defined as BMI $30 kg/m2, were excluded, as
mentioned above. Waist circumference was
measured at the level of the umbilicus, and hip
circumference was measured over the widest part of
the buttocks. The waist-to-hip (W/H) ratio was then
calculated. BIA was performed to assess body fat
parameters with the Tanita Body Composition
Analyzer, TANITA MC 780 MA-N (TANITA), a well-
validated modality showing excellent correlation
with dual-energy x-ray absorptiometry, CT, or
MRI14,15 at the time of preprocedural echocardiogra-
phy 1 to 4 days before CA. Body fat percentage (BF%)
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was calculated as: fat mass (kg) � 100/body weight
(kg), and central fat percentage (CF%) was determined
as: (total fat mass [kg] � arm fat mass [kg] � leg fat
mass [kg]) � 100/total fat mass (kg).

ECHOCARDIOGRAPHIC MEASUREMENTS. Transthoracic
echocardiography was performed with a commercially
available system, EPIQ 7 (Koninklijke Philips N.V.) or
Vivid E95 (GE Vingmed Ultrasound), 1 to 4 days before
and 6 months after CA. All images were recorded by
experienced and registered cardiologists. The di-
mensions of the cardiac chamber were measured ac-
cording to the guidelines of the American Society of
Echocardiography and the European Association of
Cardiovascular Imaging.18 Left ventricular (LV) mass
was calculated as: 0.8�1.04 � [(LV end-diastolic
dimension þ posterior wall thickness þ interventric-
ular septum thickness)3-(LV end-diastolic
dimension)3]þ0.6.18 LV ejection fraction and LA vol-
ume were assessed using the biplane Simpson’s rule.18

LV mass and LA volume were indexed for body surface
area. Peak early (E) diastolic velocity was evaluated by
transmitral inflow signals. Peak early diastolic velocity
(e’) of the septal and lateralmitral annulus was derived
from tissue Doppler imaging and averaged. E/e’ ratio
was then calculated.19

CATHETER ABLATION PROCEDURES. CA was per-
formed under sedation. All patients underwent pul-
monary vein isolation with point-by-point
radiofrequency energy or the balloon technique to
restore sinus rhythm, with an endpoint of bidirec-
tional block between the LA and the inside of the
circumferential pulmonary vein isolation area. Addi-
tional procedures, including cavotricuspid isthmus
ablation, superior vena cava isolation, roof line, and
mitral isthmus line ablation, were performed at the
physician’s discretion.

FOLLOW-UP AND ASSESSMENT OF LA REVERSE

REMODELING. After the CA procedure, patients were
evaluated every 1 to 2 months at the outpatient clinic.
A 12-lead electrocardiogram was carried out at the
follow-up visit, and 24-hour Holter monitoring was
performed 3 to 6 months after the procedure. Recur-
rence of arrhythmia was defined as any episode of
atrial arrhythmia that lasted longer than 30 seconds
on a 12-lead electrocardiogram or Holter monitoring
after a 2-month blanking period from CA.7,20 LA
reverse remodeling was defined as $15% reduction in
the LA volume index at the 6-month follow-up
echocardiography after the procedure, according to
previous studies.7,21,22 An excellent correlation was
observed for the analysis of the interobserver vari-
ability of the LA volume index in 20 randomly
selected patients (r ¼ 0.96). In the Bland-Altman
analysis, agreement between the interobserver mea-
surements was �1.5 � 6.1 ml/m2 (mean � 1.96 stan-
dard deviation).

STATISTICAL ANALYSIS. Continuous variables were
expressed as mean � SD or median (IQR) and
compared with an unpaired t test or Wilcoxon rank
sum test as appropriate. Categorical variables were
described as numbers and proportions and analyzed
with the chi-square test or Fisher’s exact test. Base-
line characteristics and pre-/post-procedural echo-
cardiographic parameters were compared according
to body size metrics and fat parameters, including
BMI (normal weight vs overweight), W/H ratio, BF%,
and CF% (above vs below the sex-specific median
values, respectively). Univariable and multivariable
linear regression models were constructed to inves-
tigate the relationships between body size metrics/
adiposity measures as continuous variables and
baseline LA size. We also investigated the association
between the 4 metrics (ie, BMI, W/H ratio, BF%, and
CF%) and a lack of LA reverse remodeling (<15%
reduction or increase in the LA volume index after
CA) by univariable and multivariable logistic regres-
sion analysis. Multivariable analyses were performed
with body size metrics and fat measures tested
separately as possibly associated with baseline LA
size and lack of LA reverse remodeling, adjusting for
the effect of clinical, laboratory, and echocardio-
graphic variables identified by univariable analyses
(P < 0.10). Statistical analyses were performed with
JMP 16 software (SAS Institute).

RESULTS

BASELINE CHARACTERISTICS. Among the 116 study
participants, the mean age was 63 � 11 years, and 88
(75.9%) weremen. Themean BMIwas 24.2� 2.9 kg/m2,
and the median (25th-75th percentile) W/H ratio was
0.92 (0.89-0.97) for men and 0.86 (0.83-0.91) for
women. Baseline characteristics stratified by body
size metrics and fat parameters are summarized in
Table 1. Systolic blood pressure, diastolic blood
pressure, and heart rate were comparable among
groups. BNP levels were similar in the BMI- and W/H
ratio-categorized groups, whereas the higher BF%
($23.5% for men and $35.1% for women) and CF%
($60.5% for men and $52.3% for women) groups
exhibited an elevated BNP concentration compared
with their counterparts. Inflammatory markers, such
as C-reactive protein and IL-6 levels, were higher in
the groups with a larger W/H ratio, BF%, and CF%. In
addition, ICTP-1, which reflects collagen degradation,
was significantly elevated in the higher BF% and CF%
groups. Supplemental Figure 1 shows the relationship
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TABLE 1 Baseline Characteristics Stratified by Body Size Metrics and Adiposity Profiles

BMI W/H Ratio BF% CF%

Normal Weight
(n ¼ 68)

Overweight
(n ¼ 48)

<Median
(n ¼ 55)

$Median
(n ¼ 61)

<Median
(n ¼ 58)

$Median
(n ¼ 58)

<Median
(n ¼ 58)

$Median
(n ¼ 58)

Age, y 64 � 11 63 � 10 60 � 11 67 � 9b 61 � 11 66 � 10a 60 � 11 67 � 10b

Men 52 (76.5) 36 (75.0) 42 (76.4) 46 (75.4) 44 (75.9) 44 (75.9) 44 (75.9) 44 (75.9)

AF types

Paroxysmal 37 (54.4) 24 (50.0) 25 (45.5) 36 (59.0) 36 (62.1) 25 (43.1)a 32 (55.2) 29 (50.0)

Persistent 31 (45.6) 24 (50.0) 30 (54.5) 25 (41.0) 22 (37.9) 33 (56.9)a 26 (44.8) 29 (50.0)

BMI, kg/m2 22.5 � 2.1 26.9 � 1.4b 23.3 � 2.9 25.3 � 2.4b 22.5 � 2.4 26.2 � 1.9b 23.5 � 2.7 25.3 � 2.7b

Systolic blood pressure, mm Hg 119 � 18 122 � 14 118 � 16 122 � 16 119 � 18 121 � 15 118 � 15 122 � 17

Diastolic blood pressure, mm Hg 66 � 11 69 � 10 66 � 12 67 � 10 66 � 11 68 � 11 66 � 12 68 � 10

Heart rate, beats/min 76 � 15 77 � 13 78 � 13 75 � 15 76 � 14 77 � 14 76 � 16 76 � 12

Current smoking 4 (5.9) 6 (12.5) 3 (5.5) 7 (11.5) 3 (5.2) 7 (12.1) 2 (3.4) 8 (13.8)

Hypertension 30 (44.1) 35 (72.9)b 24 (43.6) 41 (67.2)a 25 (43.1) 40 (69.0)b 22 (37.9) 43 (74.1)b

Diabetes mellitus 16 (23.5) 14 (29.2) 12 (21.8) 18 (29.5) 11 (19.0) 19 (32.8) 8 (13.8) 22 (37.9)b

Dyslipidemia 23 (33.8) 23 (47.9) 16 (29.1) 30 (49.2)a 21 (36.2) 25 (43.1) 19 (32.8) 27 (46.6)

CHA2DS2-VASc score 2 (0-3) 2 (1-3) 1 (0-2) 2 (1-3)b 1 (0-2) 2 (1-3)b 1 (0-2) 2 (1-4)b

Medications

Beta-blocker 27 (39.7) 23 (47.9) 22 (40.0) 28 (45.9) 21 (36.2) 29 (50.0) 20 (34.5) 30 (51.7)

RAAS blockers 13 (19.1) 19 (39.6)a 13 (23.6) 19 (31.1) 7 (12.1) 25 (43.1)b 7 (12.1) 25 (43.1)b

Calcium channel blocker 17 (25.0) 23 (47.9)a 11 (20.0) 29 (47.5)b 13 (22.4) 27 (46.6)b 10 (17.2) 30 (51.7)b

Statin 14 (20.6) 15 (31.3) 10 (18.2) 19 (31.1) 10 (17.2) 19 (32.8) 10 (17.2) 19 (32.8)

Oral antidiabetic drug 11 (16.2) 10 (20.8) 10 (18.2) 11 (18.0) 7 (12.1) 14 (24.1) 6 (10.3) 15 (25.9)a

Antiarrhythmic drug 21 (30.9) 9 (18.8) 15 (27.3) 15 (24.6) 16 (27.6) 14 (24.1) 17 (29.3) 13 (22.4)

Laboratory data

Total cholesterol, mg/dl 196 � 30 191 � 40 194 � 31 194 � 37 199 � 34 189 � 34 196 � 31 193 � 38

LDL cholesterol, mg/dl 113 � 27 112 � 34 113 � 29 112 � 32 114 � 31 111 � 30 114 � 29 111 � 31

HDL cholesterol, mg/dl 64 � 16 55 � 13b 62 � 17 59 � 14 64 � 16 56 � 14b 61 � 16 60 � 15

Fasting blood glucose, mg/dl 108 � 43 106 � 29 105 � 42 109 � 33 101 � 29 113 � 44a 96 � 18 118 � 48b

HbA1c, % 6.0 � 0.7 6.0 � 0.7 5.9 � 0.7 6.1 � 0.7 5.8 � 0.6 6.1 � 0.8b 5.7 � 0.4 6.2 � 0.8b

eGFR, ml/min/1.73 m2 67 � 14 64 � 14 66 � 15 65 � 14 68 � 14 64 � 15 66 � 14 65 � 15

BNP, pg/ml 59 (24-130) 74 (21-165) 62 (24-126) 60 (24-169) 40 (22-100) 92 (29-177)a 52 (20-94) 95 (29-177)a

C-Reactive protein, mg/dl 0.05
(0.03-0.09)

0.06
(0.03-0.13)

0.03
(0.03-0.08)

0.06
(0.03-0.16)b

0.03
(0.03-0.07)

0.08
(0.04-0.17)b

0.03
(0.03-0.06)

0.08
(0.04-0.17)b

IL-6, pg/ml 1.1 (0.8-1.8) 1.3 (0.9-2.2) 1.1 (0.7-1.4) 1.3 (1.0-2.3)b 1.0 (0.7-1.3) 1.6 (1.1-2.7)b 1.0 (0.7-1.3) 1.6 (0.9-2.7)b

ICTP-1, ng/ml 3.9 (3.1-4.8) 4.3 (3.3-5.5) 3.9 (3.3-5.0) 4.1 (3.3-5.3) 3.6 (3.1-4.5) 4.4 (3.4-5.4)b 3.6 (3.1-4.5) 4.4 (3.4-5.4)a

Values are mean � SD, n (%), or median (IQR). aP < 0.05. bP < 0.01 compared with corresponding counterpart.

AF ¼ atrial fibrillation; BF% ¼ body fat percent; BMI ¼ body mass index; BNP ¼ B-type natriuretic peptide; CF% ¼ central fat percent; eGFR ¼ estimated glomerular filtration rate; HDL ¼ high-density
lipoprotein; ICTP-1 ¼ carboxy-terminal telopeptide of procollagen type I; IL ¼ interleukin; LDL ¼ low-density lipoprotein; RAAS ¼ renin-angiotensin-aldosterone system; W/H ¼ waist-to-hip.
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between body size metrics and adiposity measures.
BMI demonstrated a positive correlation with W/H
ratio (r ¼ 0.51, P < 0.001) and BF% (r ¼ 0.62,
P < 0.001), while its association was modest with CF
% (r ¼ 0.28, P ¼ 0.003). Interestingly, BF% was not
correlated with CF% (r ¼ 0.17, P ¼ 0.075).
ASSOCIATION OF BODY SIZE METRICS AND ADIPOSITY

MEASURES WITH LA SIZE. Baseline echocardiographic
parameters according to body size and fat profile are
displayed in Table 2. Although LV mass index was
greater in the overweight, larger W/H ratio, BF%, and
CF% groups, LV size and ejection fraction were
similar among the groups. Patients with higher BF%
had a significantly larger LA volume index than those
with lower BF% (40.6� 14.7ml/m2 vs 34.2� 11.7ml/m2,
P ¼ 0.017), but this was not true for the BMI, W/H
ratio, and CF% categories. Univariable linear regres-
sion analysis was constructed to evaluate the
possible association of 4 body size metrics/adiposity
measures (BMI, W/H ratio, BF%, and CF%), patient
demographics (ie, age, sex, hypertension, diabetes
mellitus, dyslipidemia, and smoking status), and AF
type with LA volume index before CA. W/H ratio
(standardized b ¼ 0.21 per 0.10 increase, P ¼ 0.027)
and BF% (standardized b ¼ 0.21 per 10% increase,
P ¼ 0.025) as well as older age (standardized b ¼ 0.27,
P ¼ 0.003), hypertension (standardized b ¼ 0.17,
P ¼ 0.065), and persistent AF (standardized b ¼ 0.51,



TABLE 2 Baseline Echocardiographic Parameters According to Each Body Size and Adiposity Measures

BMI W/H Ratio BF% CF%

Normal
Weight Overweight P Value <Median $Median P Value <Median $Median P Value <Median $Median P Value

LVEDVI, ml/m2 39.7 � 9.4 40.8 � 12.7 0.940 41.1 � 11.5 39.3 � 10.3 0.388 40.4 � 9.0 40.0 � 12.5 0.535 39.9 � 9.1 40.4 � 12.4 0.836

LVESVI, ml/m2 15.3 � 5.8 16.8 � 7.4 0.573 16.3 � 6.2 15.6 � 6.9 0.328 15.4 � 5.8 16.5 � 7.2 0.406 15.5 � 6.1 16.4 � 6.9 0.280

LVEF, % 61.5 � 9.6 59.3 � 10.1 0.164 60.1 � 10.0 61.0 � 9.7 0.514 61.8 � 9.7 59.3 � 9.8 0.105 61.3 � 10.4 59.8 � 9.2 0.116

LVMI, g/m2 81.0 � 17.6 94.2 � 24.0 0.002 79.1 � 18.4 93.1 � 22.0 <0.001 80.3 � 17.4 92.6 � 23.4 0.002 80.5 � 18.0 92.4 � 23.0 0.002

E-wave, cm/s 70.4 � 20.0 74.2 � 18.2 0.171 73.9 � 17.9 70.2 � 20.5 0.332 71.4 � 20.1 72.5 � 18.7 0.681 72.2 � 18.6 71.7 � 20.2 0.800

e’, cm/s 9.0 � 2.6 8.4 � 2.2 0.266 9.7 � 2.6 7.9 � 2.0 <0.001 9.4 � 2.6 8.1 � 2.1 0.012 9.6 � 2.5 8.0 � 2.2 <0.001

E/e’ ratio 8.2 � 2.7 9.3 � 3.0 0.035 8.0 � 2.2 9.3 � 3.2 0.059 8.0 � 2.8 9.3 � 2.8 0.003 7.9 � 2.4 9.5 � 3.1 0.002

LAVI, ml/m2 35.5 � 12.3 40.1 � 15.0 0.091 34.9 � 10.9 39.7 � 15.4 0.198 34.2 � 11.7 40.6 � 14.7 0.017 34.8 � 10.1 40.0 � 16.1 0.119

Values are mean � SD.

BF% ¼ body fat percent; BMI ¼ body mass index; CF% ¼ central fat percent; E ¼ early diastolic transmitral flow velocity; e’ ¼ early diastolic mitral annular velocity; LAVI ¼ left atrial volume index;
LVEDVI ¼ left ventricular end-diastolic volume index; LVEF ¼ left ventricular ejection fraction; LVESVI ¼ left ventricular end-systolic volume index; LVMI ¼ left ventricular mass index; W/H ¼ waist-to-hip.
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P < 0.001) were potentially associated with larger LA
size. When we adjusted for these variables in the
multivariable linear regression analysis, the associa-
tion of W/H ratio and BF% with preprocedural LA
volume index became insignificant (standardized
b ¼ 0.08 and 0.14, both P > 0.10, respectively).

ABLATION PROCEDURE. All patients underwent
pulmonary vein isolation, accounting for radio-
frequency ablation in 72 (62.1%) patients and cry-
oballoon ablation in 44 (37.9%) patients. Additional
ablation was conducted in 31 (26.7%) patients with
cavotricuspid isthmus ablation, 2 (1.7%) patients with
superior vena cava isolation, and 3 (2.6%) patients
with LA line ablation, respectively. 3D mapping was
performed using the Carto3 system (Biosense
Webster) in 85 (73.3%) patients, followed by EnSite
NavX system (Abbot, formerly St. Jude Medical) in 29
(25.0%) patients, and the Rhythmia system (Boston
Scientific) in 2 (1.7%) patients. The median (25th-75th
percentile) procedure time was 166 (145-202)
TABLE 3 Echocardiographic Parameters at Follow-Up According to E

BMI W/H

Normal
Weight Overweight P Value <Median $

LVEDVI, ml/m2 41.6 � 10.8 42.8 � 11.7 0.709 42.9 � 10.4 41.

LVESVI, ml/m2 15.4 � 5.2 16.3 � 5.6 0.414 16.2 � 5.3 15.

LVEF, % 63.2 � 6.8 61.7 � 5.9 0.156 62.3 � 6.9 62.

LVMI, g/m2 80.5 � 17.9 91.4 � 28.3 0.026 77.4 � 16.0 91.9

E-wave, cm/s 57.1 � 13.8 57.5 � 18.5 0.718 58.6 � 12.7 56.

e’, cm/s 7.7 � 2.1 6.9 � 2.1 0.041 8.3 � 2.2 6.

E/e’ ratio 7.8 � 2.3 8.6 � 2.6 0.089 7.4 � 2.0 8.8

LAVI, ml/m2 30.8 � 9.6 34.8 � 11.5 0.063 29.4 � 8.4 35.

Values are mean � SD.

BF% ¼ body fat percent; BMI ¼ body mass index; CF% ¼ central fat percent; E ¼ ea
LVEDVI ¼ left ventricular end-diastolic volume index; LVEF ¼ left ventricular ejection fra
minutes. There was no significant difference in pro-
cedural characteristics among body fat categories
except for the higher prevalence of radiofrequency
ablation in the larger BF% group
(Supplemental Table 1).

ASSOCIATION OF BODY SIZE METRICS AND ADIPOSITY

MEASURES WITH LA REVERSE REMODELING. Among
the 116 study participants, follow-up echocardiogra-
phy data at 6 months after CA were available for 108
patients. Table 3 shows the postprocedural echocar-
diographic parameters. LA volume at 6 months after
CA was significantly larger in patients with a higher
W/H ratio and CF% compared with their counterparts
(W/H ratio: 35.2 � 11.6 ml/m2 vs 29.4 � 8.4 ml/m2,
P ¼ 0.005; CF%: 35.2 � 10.6 ml/m2 vs 29.5 � 9.8 ml/m2,
P ¼ 0.003). During 6 months of follow-up, 16 (14.8%)
patients experienced recurrent AF. There was no
statistical difference in AF recurrence rate between
the groups stratified by body size metrics and fat
measures (all P > 0.10). As shown in Figure 1A, the
ach Body Size and Adiposity Measure

Ratio BF% CF%

Median P Value <Median $Median P Value <Median $Median P Value

5 � 11.8 0.268 41.5 � 10.7 42.7 � 11.6 0.924 41.6 � 10.8 42.6 � 11.5 0.895

4 � 5.5 0.319 15.5 � 5.3 16.0 � 5.4 0.665 15.8 � 5.3 15.8 � 5.4 0.929

8 � 6.0 0.844 62.9 � 6.9 62.3 � 6.0 0.527 62.0 � 6.9 63.1 � 5.9 0.523

� 26.6 <0.001 79.6 � 18.1 90.5 � 26.6 0.018 77.6 � 15.8 91.9 � 26.9 0.003

1 � 18.3 0.122 58.8 � 15.1 55.8 � 16.5 0.197 58.0 � 14.0 56.6 � 17.5 0.310

6 � 1.7 <0.001 7.9 � 2.2 6.9 � 1.9 0.009 7.7 � 2.2 7.1 � 2.0 0.121

� 2.7 0.007 7.8 � 2.4 8.5 � 2.5 0.130 7.9 � 2.0 8.4 � 2.8 0.578

2 � 11.6 0.005 30.5 � 9.6 34.4 � 11.1 0.102 29.5 � 9.8 35.2 � 10.6 0.003

rly diastolic transmitral flow velocity; e’ ¼ early diastolic mitral annular velocity; LAVI ¼ left atrial volume index;
ction; LVESVI ¼ left ventricular end-systolic volume index; LVMI ¼ left ventricular mass index; W/H ¼ waist-to-hip.

https://doi.org/10.1016/j.jacadv.2024.100973


FIGURE 1 LA Structural Change After Catheter Ablation According to Body Size Metrics and Fat Profile

(A) Change in LA volume index after catheter ablation according to body size and fat category. (B) The frequency of lack of LA reverse remodeling stratified by BMI, W/H

ratio, and adiposity profile. BF% ¼ body fat percent; CF% ¼ central fat percent; LA ¼ left atrium; BMI ¼ body mass index; W/H ¼ waist-to-hip.
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reduction in LA volume after CA was significantly
smaller in the higher W/H ratio and CF% groups,
while there were no significant differences in BMI
and BF% categorized groups. In the overall study
population, 56 (51.9%) patients experienced LA
reverse remodeling. The frequency of the lack of LA
reverse remodeling was greater in the higher W/H
ratio and CF% groups as compared with their coun-
terparts (W/H ratio: 59.7% vs 35.3%, P ¼ 0.011; CF%:
60.7% vs 34.6%, P ¼ 0.007; Figure 1B). In univariable
logistic models, a higher W/H ratio and CF% were
likely to have an association with a lack of LA reverse
remodeling (both P < 0.10) (Table 4), while BMI and
BF% were not. Multivariable analyses adjusted for
BNP, LV end-systolic volume index, LV ejection
fraction, baseline LA size, and AF type found that a
higher W/H ratio (adjusted OR: 3.86 per 0.10 increase,
95% CI 1.60 to 9.31, P ¼ 0.003) and CF% (adjusted OR:
2.81 per 10% increase, 95% CI 1.33-5.92, P ¼ 0.007)
were independently associated with unfavorable LA
reverse remodeling (also Table 4). The combined
assessment of the W/H ratio with CF% provided
better risk stratification for persistent LA enlarge-
ment, accounting for the highest prevalence in the
high W/H ratio and CF% group (67.6%), followed by
the high W/H ratio or CF% group (46.2%) and the low
W/H ratio and CF% group (28.1%, overall P ¼ 0.005)
(Central Illustration).
When we applied the different cut-off values pro-
posed by World Health Organization (ie, W/H
ratio: $0.90 in men and $0.85 in women, and BF%:
>25% in men or >35% in women), preprocedural LA
size was similar between higher and lower W/H ratio
groups (38.8 � 14.6 ml/m2 vs 34.7 � 11.3 ml/m2,
P ¼ 0.296), while patients with higher BF% tended to
have a larger LA volume index than those with lower
BF% (41.3 � 16.0 ml/m2 vs 34.8 � 11.2 ml/m2,
P ¼ 0.049). At 6 months after CA, both higher W/H
ratio and BF% groups showed relatively larger LA size
compared with their counterparts, but it did not reach
statistical significance in BF% groups (W/H ratio:
34.2 � 11.1 ml/m2 vs 29.4 � 8.7 ml/m2, P ¼ 0.018, and
BF%: 34.9 � 10.8 ml/m2 vs 30.8 � 10.2 ml/m2,
P ¼ 0.060).

DISCUSSION

The present study showed that body size metrics and
adiposity measures were not independently associ-
ated with preprocedural LA size. On the other hand, a
higher W/H ratio and CF% were related to persistent
LA enlargement at 6 months after CA, independent of
baseline LA size and AF type. Our observations sug-
gest that measurement of body fat distribution may
provide valuable information for the LA reverse
remodeling after CA in nonobese AF patients, which



TABLE 4 Univariable and Multivariable Logistic Regression Models for the Lack of LA Reverse Remodeling

Univariable Model W/H Ratio Model CF% Model

OR (95% CI) P Value OR (95% CI) P Value OR (95% CI) P Value

BMI, kg/m2 1.10 (0.96-1.25) 0.184

W/H ratio, per 0.10-increase 1.74 (0.93-3.26) 0.084 3.86 (1.60-9.31) 0.003

BF%, per 10%-increase 1.45 (0.85-2.46) 0.171

CF%, per 10%-increase 1.68 (0.95-2.94) 0.072 2.81 (1.33-5.92) 0.007

Age, y 1.03 (0.99-1.07) 0.166

Men 1.22 (0.51-2.93) 0.657

Current smoking 0.85 (0.22-3.35) 0.817

Hypertension 1.49 (0.69-3.20) 0.308

Diabetes mellitus 1.47 (0.62-3.46) 0.377

Dyslipidemia 1.32 (0.61-2.85) 0.477

Beta-blocker 1.32 (0.62-2.85) 0.471

RAAS blockers 1.33 (0.57-3.10) 0.504

Antiarrhythmic drug 0.75 (0.32-1.79) 0.516

Total cholesterol, mg/dl 1.00 (0.99-1.01) 0.879

LDL cholesterol, mg/dl 1.00 (0.99-1.02) 0.610

HDL cholesterol, mg/dl 0.99 (0.96-1.01) 0.269

Fasting blood glucose, mg/dl 1.00 (0.99-1.01) 0.555

HbA1c, % 1.00 (0.59-1.71) 1.000

eGFR, ml/min/1.73 m2 1.02 (0.99-1.05) 0.187

Log BNP, pg/mL 0.21 (0.09-0.52) <0.001 1.16 (0.30-4.58) 0.828 0.66 (0.16-2.70) 0.565

Log CRP, mg/dl 1.86 (0.82-4.24) 0.137

Log IL-6, pg/mL 2.35 (0.71-7.76) 0.161

Log ICTP-1, ng/mL 1.85 (0.13-26.65) 0.652

LVEDVI, ml/m2 1.00 (0.96-1.03) 0.870

LVESVI, ml/m2 0.93 (0.86-0.99) 0.035 1.07 (0.95-1.21) 0.254 1.07 (0.94-1.20) 0.307

LVEF, % 1.09 (1.03-1.14) 0.002 1.12 (1.03-1.22) 0.012 1.11 (1.02-1.21) 0.016

LVMI, g/m2 1.00 (0.98-1.02) 0.946

E/e’ ratio 0.92 (0.79-1.06) 0.239

LAVI, ml/m2 0.93 (0.89-0.97) <0.001 0.91 (0.85-0.97) 0.003 0.93 (0.88-0.99) 0.019

PeAF (vs PAF) 0.25 (0.11-0.55) <0.001 0.75 (0.24-2.30) 0.617 0.68 (0.22-2.10) 0.504

AF recurrence 1.98 (0.67-5.91) 0.219

Multivariable analysis to evaluate the association of body size metrics and fat measures, one at a time, with LA reverse remodeling adjusting for variables at P < 0.10 in the
univariable analysis.

AF ¼ atrial fibrillation; BF% ¼ body fat percent; BMI ¼ body mass index; BNP ¼ B-type natriuretic peptide; CF% ¼ central fat percent; CRP ¼ C-reactive protein; E ¼ early
diastolic transmitral flow velocity; e’ ¼ early diastolic mitral annular velocity; eGFR ¼ estimated glomerular filtration rate; HDL ¼ high-density lipoprotein; ICTP-1 ¼ carboxy-
terminal telopeptide of procollagen type I; IL ¼ interleukin; LA ¼ left atrium; LAVI ¼ left atrial volume index; LDL ¼ low-density lipoprotein; LVEDVI ¼ left ventricular end-
diastolic volume index; LVEF ¼ left ventricular ejection fraction; LVESVI ¼ left ventricular end-systolic volume index; LVMI ¼ left ventricular mass index; PAF ¼ paroxysmal
atrial fibrillation; PeAF ¼ persistent atrial fibrillation; RAAS ¼ renin-angiotensin-aldosterone system; W/H ¼ waist-to-hip.
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is an important surrogate marker for ablation
outcomes.

Several studies have examined the association be-
tween body fat distribution and LA remodeling in the
general population.23-25 Fox et al23 demonstrated that
CT-assessed visceral fat was correlated with LA size in
the Framingham Heart Study. Bello et al24 also
showed a positive relationship between BF% and LA
volume in the Atherosclerosis Risk in Communities
Study. However, limited data are available regarding
the association between body fat distribution and LA
remodeling in the setting of AF. The present study
showed that a high W/H ratio and BF% were associ-
ated with LA enlargement in patients with AF who
underwent CA, whereas this relationship was
attenuated after multivariable adjustment. This
might be explained in part by the fact that we
excluded patients with obesity, and other factors,
such as age and AF severity, rather than body fat, may
have a more pronounced impact on preprocedural LA
remodeling.

At 6 months after CA, the higher W/H ratio and CF
% groups displayed a significantly lower prevalence
of LA reverse remodeling, which is a crucial surrogate
marker for AF recurrence.6,7,26 Several possible
mechanisms might explain the independent associa-
tion between higher CF% and a lack of LA reverse
remodeling. One possible mechanism is a direct effect
of central body fat accumulation on LA remodeling.
As compared with peripheral fat, body trunk fat is



CENTRAL ILLUSTRATION Body Fat Distribution and Left Atrial Reverse Remodeling After Catheter Ablation for
Atrial Fibrillation

Hirose K, et al. JACC Adv. 2024;3(6):100973.

Representative images of patients with and without LA reverse remodeling (left) and the frequency of lack of LA reverse remodeling stratified by the combination of

W/H ratio and CF% (right). CF% ¼ central fat percent; LA ¼ left atrium; W/H ¼ waist-to-hip.
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more likely to secrete proinflammatory and profi-
brotic adipocytokines, which could lead to adverse LA
structural alterations.27,28 Our observation of
elevated inflammatory and fibrotic markers in pa-
tients with a higher CF% may support this hypothesis.
In contrast, peripheral fat depots (ie, leg fat) may
serve as a “metabolic sink,” storing excessive free
fatty acids and preventing ectopic fat accumulation,
and may have a less inflammatory and fibrotic effect
on the atrial myocardium than central fat depots.29

Indeed, Oliver et al25 found that visceral fat rather
than peripheral body fat was an independent deter-
minant of advanced LA remodeling over an 8-year
follow-up period in the general population. In addi-
tion, higher CF% partly reflects ectopic fat accumu-
lation, such as in the pericardium/epicardium and
liver, which also promotes unfavorable LA structural
changes.30,31 Another possible mechanism might be
an indirect effect of central adiposity as a conse-
quence of LV remodeling. Adipokines released from
visceral fat contribute to LV hypertrophy and LV
diastolic dysfunction, which in turn lead to LA
remodeling.24,32,33 In fact, Kosmala et al33 identified
more reduced LV diastolic function with advanced LA
remodeling in individuals with central adiposity free
from cardiovascular disease than those without cen-
tral adiposity. We further demonstrated that the
predictive value of unfavorable LA reverse remodel-
ing was significantly improved with the combined CF
% and W/H ratio. Our findings suggest the utility of
body fat distribution assessment beyond body an-
thropometrics alone for better risk stratification of
patients with persistent LA enlargement after CA and
also raise the hypothesis that nonobese patients with
AF with coexisting abdominal and trunk fat accu-
mulation might represent a phenotype less suscepti-
ble to LA structural reversal.

In the present study, we used sex-specific cut-off
values because there were substantial differences in
body anthropometrics and adiposity measurements



PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: In nonobese AF

patients, none of the body size metrics and adiposity measures

had an independent relationship with preprocedural LA size. On

the other hand, larger CF% and W/H ratio carried a significant

risk for lack of LA reverse remodeling, independent of baseline

LA size and AF type. The combined assessment of CF% with W/H

ratio aided in better risk stratification for persistent LA

enlargement.

TRANSLATIONAL OUTLOOK: Future studies are warranted

to investigate whether therapeutic interventions on trunk fat

accumulation may enhance LA reverse remodeling and reduce AF

recurrence in nonobese patients with AF.
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between men and women (ie, a larger W/H ratio and
CF% in men and a larger BF% in women). Further-
more, recent studies highlight the impact of epicar-
dial fat and its sex-differences on AF.34-36 Future
studies are warranted to investigate the sex-specific
differences in the association of fat distribution with
LA structural change and its reversibility in patients
with AF.

CLINICAL IMPLICATIONS. We comprehensively evalu-
ated body size metrics and fat profiles of nonobese
patients with AF using simple, noninvasive, and
cost-effective methods with BIA and revealed that a
higher W/H ratio and CF% were associated with
unfavorable LA reverse remodeling in response to
CA. Given that approximately 40% of nonobese
patients with AF experience AF recurrence within a
year after AF ablation,12 identifying patients less
susceptible to LA reverse remodeling, which is a
promising surrogate marker of AF recurrence, is of
great importance. A previous experimental study
showed that fat reduction could ameliorate atrial
fibrosis and inflammation, further lowering AF
inducibility.37 Recent clinical studies also revealed
that intensive lifestyle intervention and pharmaco-
therapy with sodium-glucose co-transporter-2 in-
hibitors had beneficial effects on visceral fat
reduction and could promote body fat redistribu-
tion.38-40 These approaches targeting body fat dis-
tribution may enhance therapeutic strategies before
and after CA in nonobese patients with AF, which
should be explored in future studies.

STUDY LIMITATIONS. Several limitations of this
study should be noted. First, although we assessed
central fat accumulation using BIA, we could not
measure individual components of adiposity,
including subcutaneous, visceral, and ectopic fat.
However, evaluation of individual adiposity pheno-
types requires imaging modalities, such as CT or MRI,
which are somewhat limited in widespread use
among all patients with AF because of their high cost,
requirement of radiation exposure, and technical is-
sues. BIA is a more cost-effective and feasible method
that has an excellent correlation with these imaging
modalities.14-16 Second, the information on pre-
procedural AF burden is not uniformly available in
the present study, which can affect LA remodeling.
Third, our 24-hour Holter monitoring method was
less able to detect recurrence of AF than other longer-
term monitoring methods (ie, 7-day ambulatory
monitoring or implantable loop recorders). Fourth,
the impact of underweight (BMI <18.5 kg/m2) on LA
remodeling and its reversibility cannot be assessed
because only 6 (5.2%) patients were classified as un-
derweight in the present study. Finally, the short-
term follow-up period limit concluding the associa-
tion of body size metrics and fat measurements with
LA reverse remodeling. Future studies with longer
follow-up are needed to confirm our observations.

CONCLUSIONS

In nonobese patients with AF, W/H ratio and BIA-
assessed central fat adiposity (CF%) were indepen-
dently associated with a lack of LA reverse remodel-
ing after CA. Future studies are required to
investigate whether therapeutic interventions for
trunk fat accumulation might improve the revers-
ibility of LA remodeling after CA and possibly reduce
the risk of AF recurrence.
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