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Association of Atrial Fibrillation Progression
With Left Atrial Functional Reserve and Its
Reversibility
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BACKGROUND: Atrial fibrillation (AF) progression is closely related to heart failure occurrence, and catheter ablation carries a
beneficial effect for heart failure prevention. Recently, particular attention has been given to left atrial (LA) function and func-
tional reserve in the pathogenesis linking AF and heart failure, although its significance and reversibility is not well studied.

METHODS AND RESULTS: We prospectively investigated 164 patients with AF with normal left ventricular systolic function and
free from heart failure who underwent first catheter ablation and pre-/postprocedural echocardiography. Conventional and
speckle-tracking echocardiography were performed at rest and during passive leg lifting to assess LA size, LA reservoir strain
(LARS), and functional reserve calculated as passive leg lifting-LARS — rest-LARS. Patients were categorized into 3 AF sub-
types: paroxysmal AF (N=95), persistent AF (PeAF; N=50), and long-standing persistent AF (LS-PeAF; N=19). The PeAF and
LS-PeAF groups had larger LA size and reduced LARS compared with the paroxysmal AF group (all P<0.05). LA functional
reserve was significantly impaired in the LS-PeAF group (P=0.003). In multivariable analysis, LS-PeAF and advanced age were
significantly associated with impaired LA functional reserve. Among 149 patients with sinus rhythm 1 to 2days after catheter
ablation, LARS was significantly improved in both PeAF and LS-PeAF groups but was still lower than that in the paroxysmal
AF group. Sinus rhythm restoration also led to amelioration of LA functional reserve in patients with LS-PeAF.

CONCLUSIONS: AF progression was related to impaired LARS and LA functional reserve, and restoration of sinus rhythm might
contribute to early LA reverse remodeling.

Key Words: atrial fibrillation m left atrial functional reserve m left atrial reservoir strain m speckle-tracking echocardiography

tained cardiac arrhythmia encountered in daily

practice, affecting a growing number of people
worldwide owing to the aging of populations." AF car-
ries significant risk for heart failure (HF), particularly HF
with preserved left ventricular ejection fraction, with a
7-fold elevated risk,? and the incidence of HF increases
with AF progression.® During the past 3 decades, cath-
eter ablation of AF has evolved from an investigational

Atrial fibrillation (AF) is the most common sus-

procedure to an established therapy for restoring sinus
rhythm,* and recent studies demonstrated its benefi-
cial effect for HF prevention.>® Left atrial (LA) functional
alteration plays a key role in the incidence and mainte-
nance of AF as well as subsequent HF occurrence.”
LA reserves blood from the pulmonary vein and mod-
ifies left ventricular (LV) filing in response to the vari-
ation of preload. Impaired LA reservoir strain (LARS)
assessed by speckle-tracking echocardiography
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CLINICAL PERSPECTIVE

What Is New?

e Patients with persistent atrial fibrillation and
those with long-standing persistent atrial fibril-
lation exhibited lower left atrial (LA) reservoir
strain compared with patients with paroxys-
mal atrial fibrillation, and LA functional reserve
corresponding to acute volume overload was
significantly impaired in the long-standing per-
sistent atrial fibrillation group.

e |ong-standing persistent atrial fibrillation and
advanced age were significantly associated
with abnormal LA functional reserve.

e Restoration of sinus rhythm resulted in early im-
provement of LA mechanics.

What Are the Clinical Implications?

e | Areservoir strain and LA functional reserve re-
flecting LA distensibility to acute volume stress
decreased with the progression of atrial fibril-
lation, which might be involved in the mecha-
nisms linking the severity of atrial fibrillation and
heart failure.

e Resumption of sinus rhythm was associated
with early improvement of LA function, which
might modify heart failure risk.

Nonstandard Abbreviations and Acronyms

LARS left atrial reservoir strain

LS-PeAF long-standing persistent atrial
fibrillation

PAF paroxysmal atrial fibrillation

PeAF persistent atrial fibrillation

PLL passive leg lifting

reflects reduced LA compliance, which precedes LA
enlargement and serves as a sensitive and reliable
marker of AF recurrence and adverse cardiovascular
events in patients with AF.'%"" More recently, particular
attention has been given to LA functional reserve that
reflects LA distensibility corresponding to increased
preload in patients with HF,'>'® and LARS response to
passive leg lifting (PLL), a simple and noninvasive ma-
neuver that rapidly increases venous return to the cen-
tral circulation, corresponds to LA functional reserve.!*
However, the relationship between progression of AF
and LA functional remodeling is not well described. In
addition, the acute effect of restoring sinus rhythm by
catheter ablation on LA mechanics is unknown. We
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therefore hypothesized that (1) LA function and func-
tional reserve might be impaired with advancing AF
stages, and (2) catheter ablation could ameliorate LA
functional impairment. Accordingly, the aims of the
present study were to evaluate the LA function/func-
tional reserve and their changes after catheter ablation
in patients with AF with normal LV systolic function and
free from HF who underwent first catheter ablation.

METHODS

The authors declare that all supporting data are avail-
able from the corresponding author upon reasonable
request.

Study Population

This prospective study included 198 consecutive pa-
tients with AF who underwent a first catheter ablation
and pre-/postprocedural echocardiographic examina-
tion (1-4 days before and 1-2 days after catheter abla-
tion) for the evaluation of LA mechanics from May 2019
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
cardiothoracic surgery within 3months, (5) history of
pacemaker implantation, and (6) renal insufficiency
on hemodialysis. Among the 198 patients, those
with a history of HF (N=11), LV ejection fraction <50%
(N=18), and inadequate image quality (N=5) were then
excluded from the analysis (Figure 1). Thus, the final
study population included 164 patients who were cat-
egorized into 3 groups according to AF severity: parox-
ysmal AF (PAF, N=95), persistent AF (PeAF, N=50), and
long-standing persistent AF (LS-PeAF, N=19). PAF was
defined as AF that terminated spontaneously within
7days of onset; PeAF as continuous AF for >7 days;
and LS-PeAF as continuous AF of >12months’ dura-
tion with AF rhythm.* All patients underwent clinical
examination and laboratory tests, including metabolic
profile, renal function, C-reactive protein level, and
B-type natriuretic peptide level before catheter abla-
tion. Written informed consent was collected from all
study participants. The study was performed accord-
ing to the principles of the Declaration of Helsinki, and
the institutional review board of the University of Tokyo
approved the study protocol (2018120Nl).

Echocardiography
Conventional Echocardiography
Transthoracic echocardiography was performed using

acommercially available system, Vivid E95 (GE Vingmed
Ultrasound, Horten, Norway) or EPIQ 7 (Koninklijke



Hirose et al

Left Atrial Functional Reserve in AF

Consecutive AF patients who underwent
TTE before and after first CA (N=198)

History of HF (N=11)

LVEF <50% (N=18)
Poor image quality (N=5)

AF patients with preserved LVEF and free
from HF (N=164)

LS-PeAF

(N=19)

| Recurrence
(N=5)

Recurrence
(N=3)

Recurrence
(IN=7)

PAF
(N=90)

LS-PeAF

(N=16)

Figure 1. Study flowchart.

AF indicates atrial fibrillation; CA, catheter ablation; HF, heart failure; LS-PeAF, long-standing
persistent atrial fibrillation; LVEF, left ventricular ejection fraction; PAF, paroxysmal atrial
fibrillation; PeAF, persistent atrial fibrillation; and TTE, transthoracic echocardiography.

Philips N.V., the Netherlands), 1 to 4days before and
1 to 2days after catheter ablation. All images were re-
corded by experienced and registered cardiologists.
Linear measurements of the cardiac chamber were
performed in the standard manner.”® LV mass was cal-
culated as follows: LV mass=0.8x1.04x[(LV end-diastolic
dimension-+posterior wall thickness-+interventricular sep-
tum thickness)® — (LV end-diastolic dimension)®+0.6."°
LV ejection fraction and LA volume were evaluated by
the biplane Simpson rule.”® LV mass and LA volume
were normalized for body surface area. Peak early
(E) diastolic velocity was measured using transmitral
inflow signals. Peak early diastolic velocity (') of the
septal and lateral mitral annulus was measured from
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tissue Doppler imaging and averaged. E/e’ was then
calculated.'

Speckle-Tracking Echocardiography

Speckle-tracking analysis was performed using vendor-
independent commercial software (2-dimensional
Cardiac Performance Analysis; Tomtec Imaging
System, Germany). The LA endocardial border was
semiautomatically traced and tracked throughout the
cardiac cycle, and was manually corrected in case of
inadequate endocardial detection. LARS was assessed
with the average of 6 peak LA segmental strains from
the apical 2- and 4- chamber images."”” LA serves as
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a reservoir that collects blood from the pulmonary vein
during LV systole and ejects the blood into LV in dias-
tole. In the reservoir phase, LA filing with longitudinal
stretching corresponds to positive LA strain curve, and
its peak before mitral valve opening is measured as
LARS (Figure 2).1-'®

Assessment of LA Functional Reserve
After baseline echocardiographic examination, echo-
cardiographic measurements were repeated during
PLL as previously described.?® Briefly, each patient’s
legs were passively elevated to a 45° angle and main-
tained in that position for 3minutes, and imaging data
were obtained during leg raises. LA functional reserve
was defined as change of LARS through PLL, calcu-
lated as PLL-LARS - rest-LARS." Impaired LA func-
tional reserve was defined as the change of LARS
through PLL <0%, indicating lack of LA distensibility in
response to increased preload (Figure 2).

Catheter Ablation Procedure

Catheter ablation was performed under sedation.
All patients underwent pulmonary vein isolation by
point-by-point radiofrequency energy or the balloon
technique to restore sinus rhythm, with an end point
of bidirectional block between the LA and the inside

Left Atrial Functional Reserve in AF

of the circumferential pulmonary vein isolation area.
Additional procedures including cavotricuspid isthmus
ablation, superior vena cava isolation, and roof line and
mitral isthmus line ablation were performed according
to the physician’s discretion.

Statistical Analysis

Continuous variables were expressed as meanz
standard deviation or median (interquartile range) and
compared using analysis of variance with Tukey-Kramer
post hoc analysis or a Kruskal-Wallis test with the
posttest Dunn correction. Categorical variables were
described as numbers and proportions, and ana-
lyzed using the x? test or Fisher exact test. Changes
of echocardiographic parameters before and after
PLL, and pre- and postprocedure were compared by
the paired t test. Univariable and multivariable logistic
regression analysis was performed to identify the vari-
ables that were statistically associated with impaired
LA functional reserve (change of LARS through PLL
<0%). Interobserver variability for LARS was assessed
using intraclass correlation coefficient in 15 randomly
selected patients by 2 independent and blinded ob-
servers. A P value of <0.05 was considered statistically
significant. All analyses were performed with JMP Pro
15 statistical software (SAS Institute, Cary, NC).

REST

LYV systole LYV diastole

LA longitudinal strain
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PLL \ /
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Figure 2. Assessment of LA reservoir strain and LA functional reserve.
LA indicates left atrial; LARS, left atrial reservoir strain; LV, left ventricular; PLL, passive leg lifting; and PV, pulmonary vein.
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RESULTS

Baseline Characteristics

Baseline characteristics are shown in Table 1. Mean
age was 64+11years and 116 (70.7%) patients were
men. Patients were categorized into 3 AF subtypes ac-
cording to the AF severity (Figure 1): PAF (N=95), PeAF
(N=50), and LS-PeAF (N=19). The LS-PeAF group
had a greater proportion of men and higher heart
rate but no significant differences in other patient de-
mographics. Laboratory tests demonstrated that the

Left Atrial Functional Reserve in AF

circulating B-type natriuretic peptide level was signifi-
cantly higher in the PeAF and LS-PeAF groups than in
the PAF group (both P<0.05).

Preprocedural Echocardiographic
Parameters at Rest and During PLL

All patients underwent echocardiographic examination
1 to 4days before catheter ablation at rest and during
PLL (Table 2). At rest, LV size, LV mass index, and E/e’
ratio were similar across the 3 AF groups. LV ejection

Table 1. Baseline Characteristics According to the Atrial Fibrillation Types

Characteristic PAF (N=95) PeAF (N=50) LS-PeAF (N=19) P value
Age, y 64+11 65+10 65+10 0.958
Men, n (%) 61 (64.2) 37 (74.0) 18 (94.7) 0.016
Body mass index, kg/m? 24.3+3.4 25.0+3.4 24.9+2.5 0.279
Systolic blood pressure, mmHg 123416 121418 115+14 0.134
Diastolic blood pressure, mmHg 68+10 70+14 65+10 0.335
Heart rate, bpm 7112 7611 84+12%t <0.001
Current smoking, n (%) 8(8.4) 4 (8.0 4(21.1) 0.217
Hypertension, n (%) 49 (51.6) 27 (54.0) 8 (42.1) 0.673
Diabetes, n (%) 16 (16.8) 15 (30.0) 4(21.1) 0.187
Dyslipidemia, n (%) 42 (44.2) 22 (44.0) 6 (31.6) 0.582
CHA,DS,-VASc score 2 (1-9) 2 (1-9) 1(0-2) 0.304
Medications
B-Blocker, n (%) 29 (30.5) 27 (54.0) 5(26.9) 0.012
RAAS blocker, n (%) 27 (28.4) 17 (34.0) 7(36.8) 0.668
Calcium channel blocker, n (%) 33 (34.7) 19 (38.0) 5 (26.3) 0.661
Statin, n (%) 28 (29.5) 15 (30.0) 4(21.1) 0.796
Oral antidiabetic drug, n (%) 13 (13.7) 13 (26.0) 2(10.5) 0.137
Antiarrhythmic drug, n (%) 22 (23.2) 19 (38.0) 9 (47.4) 0.043
Laboratory data
LDL cholesterol, mg/dL 11529 113+35 125+29 0.332
HDL cholesterol, mg/dL 61+16 58+14 61+21 0.759
Triglyceride, mg/dL 100 (66-149) 95 (69-129) 112 (72-190) 0.376
Fasting blood glucose, mg/dL 102+27 114477 106+35 0.041
eGFR, mL/min per 1.73m? 67.4+14.2 67.2+16.6 63.6+13.6 0.594
C-reactive protein, mg/dL 0.06 (0.03-0.10) 0.07 (0.03-0.20) 0.09 (0.06-0.21) 0.089
BNP, pg/mL 33 (15-58) 94 (60-177)* 95 (43-186)* <0.001
Ablation procedure characteristics
Total procedure time, min 159+40 174+42 193+51* 0.006
PVI, n (%) 95 (100.0) 50 (100.0) 19 (100.0) N/A
Radiofrequency ablation, n (%) 35 (36.8) 42 (84.0) 18 (94.7) <0.001
Cryoballoon ablation, n (%) 60 (63.2) 8 (16.0) 1(6.9) <0.001
Extensive LA ablation, n (%) 3(3.2) 0(0.0) 0(0.0) 0.691
SVC isolation, n (%) 1(1.1) 0(0.0) 1(6.9) 0.311
Cavotricuspid isthmus, n (%) 21 (22.1) 10 (20.0) 6 (31.6) 0.582

Data shown as mean+SD, n (percentage), or median (interquartile range). BNP indicates B-type natriuretic peptide; eGFR, estimated glomerular filtration
rate; HDL, high-density lipoprotein; LA, left atrial; LDL, low-density lipoprotein; LS-PeAF, long-standing persistent atrial fibrillation; N/A, not applicable; PAF,
paroxysmal atrial fibrillation; PeAF, persistent atrial fibrillation; PVI, pulmonary vein isolation; RAAS, renin-angiotensin-aldosterone system; and SVC, superior

vena cava.
*P<0.05 vs PAF group.
P<0.05 vs PeAF group.

J Am Heart Assoc. 2024;13:032215. DOI: 10.1161/JAHA.123.032215
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Table 2. Preprocedural Echocardiographic Parameters at Rest and During PLL

PAF (N=95) PeAF (N=50) LS-PeAF (N=19)
P value P value

Parameter Rest PLL Rest PLL Rest PLL (rest) (PLL)
AF rhythm, n (%) 9(9.5) . 36 (72.0) 19 (100.0) <0.001

LV end-diastolic volume index, mL/m? 41.5+11.1 43.7+10.61 39.5+10.9 41.0+11.7 37.6+12.1 39.0+12.9 0.154 0.049
LV end-systolic volume index, mL/m? 14.6+5.0 15.7+5.3" 15.0+£5.3 16.4+4.3 15.6+6.3 16.7+6.5 0.842 1.000
LV ejection fraction, % 65.0+5.9 64.5+6.2 62.3+6.2* 62.0+4.9* 59.5+6.7* 59.8+7.3* <0.001 0.002
LV mass index, g/m? 82.9+16.9 . 90.9+24.0 85.1+£19.8 0.211

E wave, cm/s 66.8+15.3 | 73.6+16.2" | 79.6+19.2* |85.8+18.4" |86.3+18.5* |93.9+16.6"" | <0.001 <0.001
e’ Wave, cm/s 8.3+2.4 9.4+2.5 8.9+2.1 9.8+2.41 10.7+2.5* 12.1£3.0M*8 | <0.001 0.001
E/e’ ratio 8.6+2.6 8.2+2.2 9.3+3.0 9.3+3.0 8.3+1.9 8.0+1.7 0.216 0.120
LA volume index, mL/m? 30.8+9.5 31.6+10.1 43.5+15.2* | 44.5+15.8* 421£11.4* 44.7£13.6M | <0.001 <0.001
LARS, % 29.1+8.8 31.1+8.5" 17.6+6.8" 19.1x7.6%* 15.9+5.2% 15.0+5.5+ <0.001 <0.001

Data shown as mean+SD or n (percentage). AF indicates atrial fibrillation; E, early diastolic transmitral flow velocity; €', early diastolic mitral annular velocity;
LA, left atrial; LARS, left atrial reservoir strain; LS-PeAF, long-standing persistent atrial fibrillation; LV, left ventricular; PAF, paroxysmal atrial fibrillation; PeAF,

persistent atrial fibrillation; and PLL, passive leg lifting.
*P<0.05 vs PAF group at rest.
P<0.05 vs parameters at rest.
+P<0.05 vs PAF group during PLL.
8P<0.05 vs PeAF group during PLL.
IP<0.05 vs PeAF group at rest.

fraction was lower in the PeAF and LS-PeAF groups
compared with the PAF group, whereas all patients
had preserved LV ejection fraction (>50%) by virtue of
the study design. As for LA parameters, patients with
PeAF and LS-PeAF had larger LA size (both P<0.05)
and reduced LARS (both P<0.05; Figure 3A).

PLL led to increased preload as reflected in LV
enlargement and accelerated mitral inflow (Table 2).
Similarly, LA volume index tended to increase with
PLL. Of note, patients with PAF and PeAF showed a
significant increase in LARS during PLL (29.1+8.8% to
31.1£8.5%, P<0.001 for PAF; 17.6+6.8% to 19.1£7.6%,
P=0.032 for PeAF; Table 2), but this was not the case
in patients with LS-PeAF. Figure 3B represents the
change of LARS after PLL in the 3 AF subgroups.
LA functional reserve was significantly impaired in
the LS-PeAF group (P=0.003; Table S1). Among the
164 patients included in the analysis, preserved LA
functional reserve (change of LARS through PLL
>0%) was observed in 104 (63.4%) patients, and the
prevalence was greatest in the PAF (69.5%) group,
followed by the PeAF (62.0%) and LS-PeAF (36.8%;
overall P=0.026) groups. Comparison of baseline
characteristics and echocardiographic parameters
stratified by the LA functional reserve are shown in
Tables S2 and S3.

Determinant of LA Functional Reserve

Univariable and multivariable logistic regression analy-
ses were conducted to investigate determinants of im-
paired LA functional reserve (change of LARS through
PLL <0%) in patients with AF who underwent their

J Am Heart Assoc. 2024;13:032215. DOI: 10.1161/JAHA.123.032215

first catheter ablation. In a multivariable model, LS-
PeAF (adjusted odds ratio [OR], 3.89; P=0.012) and
advanced age (adjusted OR, 1.04; P=0.034) were sig-
nificantly associated with increased risk of abnormal
LA functional reserve (Table 3). On the other hand,
there was no significant relationship between the
mean LA pressure, which was measured immediately
after transseptal puncture and LA functional reserve
(r=—0.05, P=0.582).

LA Functional Reserve After Catheter
Ablation

Within the total study population, 149 (90.9%) pa-
tients exhibited sinus rhythm at the postprocedural
echocardiographic examination (1-2 days after cathe-
ter ablation), comprising 90 (94.7%) patients with PAF,
43 (86.0%) with PeAF, and 16 (84.2%) with LS-PeAF
(Figure 1). LARS was significantly improved just after
catheter ablation in the PeAF (P=0.006) and LS-PeAF
groups (P=0.002) but was still lower than in the PAF
group (both P<0.05; Figure 4). Postprocedural echo-
cardiographic parameters at rest and during PLL are
shown in Table 4. Patients with PAF and PeAF showed
significant increases in LARS during PLL (29.6+7.3%—
30.5+£7.4%, P=0.028 for PAF; 19.8+6.4%-21.4+7.0%,
P=0.014 for PeAF), and those with LS-PeAF also ex-
hibited a similar tendency, although not to a level that
reached statistical significance (20.7+6.0%-21.8+5.4%,
P=0.223). Change of LARS through PLL was compara-
ble among the AF groups (P=0.618; Table S4), and the
prevalence of preserved LA functional reserve (LARS
change through PLL >0%) did not differ across the
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Figure 3. Baseline LA reservoir strain (A) and LA functional reserve (B) according to AF severity.
Data are mean and standard error. AF indicates atrial fibrillation; LA, left atrial; LS-PeAF, long-standing persistent atrial fibrillation;
PAF, paroxysmal atrial fibrillation; and PeAF, persistent atrial fibrillation.

AF severity (63.3% in the PAF, 67.4% in the PeAF, and
62.5% in the LS-PeAF groups, respectively [P=0.885]).
Figure 5 shows 3 representative cases. Before cath-
eter ablation, impaired LA functional reserve was ob-
served in a patient with LS-PeAF (8.1%—-6.8% through
PLL), whereas patients with PAF and PeAF exhibited
preserved LA functional reserve (30.9%-41.9% in PAF
and 10.0%-12.9% in PeAF through PLL). With recov-
ery to sinus rhythm after catheter ablation, a patient
with LS-PeAF experienced an amelioration of LARS at
rest and LA functional reserve (15.0%-16.6% through
PLL; Figure 5). In subgroup analysis including patients
presenting sinus rhythm at baseline echocardiogra-
phy (N=100; 86 in PAF group and 14 in PeAF group),
preprocedural echocardiography showed significantly
reduced LARS in the PeAF group, and significant in-
crease in LARS during PLL in both groups (P<0.05),
which are in line with the results derived from the en-
tire population. There were no significant changes in
LA functional measures after catheter ablation, which
may indicate that the improvement of LA mechanics in
the acute phase may be mainly attributed to the resto-
ration of sinus rhythm.

Reproducibility Analysis

An excellent correlation was observed in the analysis
of interobserver variability of LARS (intraclass correla-
tion coefficient=0.93).

DISCUSSION

The main findings of the present study were as fol-
lows: (1) Patients with PeAF and those with LS-PeAF

J Am Heart Assoc. 2024;13:032215. DOI: 10.1161/JAHA.123.032215

exhibited lower LARS compared with patients with
PAF. (2) LA functional reserve corresponding to acute
volume overload was significantly impaired in the LS-
PeAF group. (3) LS-PeAF and advanced age were
significantly associated with abnormal LA functional
reserve. (4) Restoration of sinus rhythm resulted in
early improvement of LA function at rest in patients
with PeAF and LS-PeAF, although it did not reach a
similar level in patients with PAF. (5) Successful cath-
eter ablation also tended to have a favorable effect on
LA functional reserve in the LS-PeAF group.

Association Between AF Stage and LA
Functional Remodeling

The present study showed that LARS declined with
the progression of AF from the paroxysmal to persis-
tent phase. In patients with AF, loss of atrial myocytes,
with increased collagen and extracellular matrix, and
interstitial fibrosis contribute to LA electrical, structural,
and functional remodeling, which in turn promotes per-
petuation of AF and begets more advanced atrial myo-
pathy.?":?2 The extent of LA fibrosis is enhanced with
increasing AF burden,?? and is inversely correlated with
LARS.?#?5 Recent studies have revealed LA functional
decay in PeAF relative to PAF,"® which are in line with
our results.

Interestingly, the present study found that patients
with LS-PeAF had a significantly reduced LA func-
tional reserve in response to PLL-induced acute vol-
ume stress. PLL is a simple and noninvasive method
to produce a rapid increase in preload by raising lower
extremities.?® A change of LARS through PLL re-
flects LA functional reserve, which has been shown
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Table 3. Univariable and Multivariable Analysis for the Determinant of Impaired LA Functional Reserve

Univariable model

Multivariable model

Variable OR (95% CI) P value OR (95% CI) P value
LS-PeAF (vs PAF) 3.90 (1.39-10.92) 0.010 3.89 (1.34-11.28) 0.012
PeAF (vs PAF) 1.39 (0.68-2.86) 0.364 1.34 (0.64-2.81) 0.441
Age, y 1.04 (1.01-1.07) 0.020 1.04 (1.002-1.07) 0.034
Men 1.60 (0.77-3.30) 0.206

Body mass index, kg/m? 1.00 (0.91-1.10) 0.978

Systolic blood pressure, mmHg 0.99 (0.97-1.01) 0.246

Diastolic blood pressure, 0.99 (0.96-1.02) 0.450

mmHg

Heart rate, bpm 1.02 (0.99-1.05) 0.158

Current smoking 1.04 (0.36-3.03) 0.936

Hypertension 1.27 (0.67-2.40) 0.462

Diabetes 1.40 (0.65-3.00) 0.386

Dyslipidemia 1.04 (0.55-1.98) 0.898

B-Blocker 1.08 (0.56-2.08) 0.819

RAAS blocker 214 (1.09-4.22) 0.028 1.93 (0.95-3.91) 0.068
Calcium channel blocker 1.14 (0.69-2.22) 0.696

Statin 0.98 (0.48-1.97) 0.944

Oral antidiabetic drug 1.15 (0.50-2.65) 0.745

Antiarrhythmic drug 1.09 (0.565-2.17) 0.803

eGFR, mL/min per 1.73m? 0.99 (0.96-1.01) 0197

C-reactive protein, mg/dL 1.71 (0.86-3.40) 0.128

BNP, pg/mL 1.54 (0.78-3.05) 0.214

LV end-diastolic volume index, 0.98 (0.95-1.01) 0.234

mL/m?

LV end-systolic volume index, 0.99 (0.93-1.05) 0.750

mL/m?

LV ejection fraction, % 0.98 (0.93-1.03) 0.398

LV mass index, g/m? 1.00 (0.99-1.02) 0.738

E wave, cm/s 1.00 (0.98-1.01) 0.744

e’ Wave, cm/s 1.03 (0.90-1.17) 0.683

E/e’ ratio 0.98 (0.86-1.10) 0.697

LA volume index, mL/m? 1.01 (0.98-1.03) 0.526

LA reservoir strain at rest, % 1.00 (0.97-1.03) 0.984

BNP indicates B-type natriuretic peptide; E, early diastolic transmitral flow velocity; €', early diastolic mitral annular velocity; eGFR, estimated glomerular
filtration rate; LA, left atrial; LS-PeAF, long-standing persistent atrial fibrillation; LV, left ventricular; OR, odds ratio; PAF, paroxysmal atrial fibrillation; PeAF,

persistent atrial fibrillation; and RAAS, renin-angiotensin-aldosterone system.

to deteriorate in the setting of HF. However, no study
has investigated the LA functional reserve in the setting
of AF. The present study demonstrated for the first time
that LS-PeAF was involved in greater impairment of LA
functional reserve, irrespective of resting LARS. In ad-
dition, we also identified that LS-PeAF and advanced
age were significantly related to impaired LA functional
reserve. Age-related inadequate LA distensibility to vol-
ume stress may reflect progressive LA myopathy with
advancing age and partially account for an increasing
burden of AF in the elderly.?6-?® Furthermore, an inter-
action between LS-PeAF and LA functional reserve

J Am Heart Assoc. 2024;13:032215. DOI: 10.1161/JAHA.123.032215

could partially explain the relationship between the AF
progression and HF burden.32°

Acute Effect of Sinus Recovery With
Catheter Ablation on LA Function

We showed that successful AF ablation could lead to LA
functional improvement even just after the procedure.
With advancement in techniques and technologies,
catheter ablation has been shown to be more effec-
tive than antiarrhythmic agents for maintaining sinus
rhythm,®° emerging as a first-line rhythm control therapy.*
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Figure 4. LA reservoir strain stratified by AF stages before and after CA.

Data are mean and standard error. *P<0.05 vs PAF group at pre-CA. ¥P<0.05 vs PAF group at post-CA. TP<0.05 vs
parameters at pre-CA. AF indicates atrial fibrillation; CA, catheter ablation; LA, left atrial; LS-PeAF, long-standing
persistent atrial fibrillation; PAF, paroxysmal atrial fibrillation; and PeAF, persistent atrial fibrillation.

Moreover, recent studies demonstrated its beneficial
effect for HF prevention.®® Kirchhof et al showed that
catheter ablation was associated with a lower risk of 5-
year adverse cardiovascular events including HF hospi-
talization than usual care in 2789 patients with AF.° Yang
et al also reported that ablative intervention reduced
the 4-year HF admission risk compared with medical
therapy in 200000 patients with newly diagnosed AF.8
Prior studies reported that maintenance of sinus rhythm
with catheter ablation had a favorable effect on LA func-
tion.®132 However, these studies were mainly conducted

for patients with PAF and focused on long-term LA re-
verse remodeling after catheter ablation, and limited
data were available on the efficacy of AF ablation on LA
performance in the acute phase. In the present study,
although still lower than the PAF group, LA functional re-
covery was achieved just after restoring sinus rhythm in
both the PeAF and LS-PeAF groups. Furthermore, post-
procedural LA functional reserve tended to be amelio-
rated in the patients with LS-PeAF. These findings might
in part account for the preventive effect of AF ablation on
HF occurrence.

Table 4. Echocardiographic Parameters at Rest and During PLL After Catheter Ablation in Patients Exhibiting Sinus

Rhythm
PAF (N=90) PeAF (N=43) LS-PeAF (N=16)

P value P value
Parameter Rest PLL Rest PLL Rest PLL (rest) (PLL)
LV end-diastolic volume index, mL/m? 39.7+12.2 | 41.6+11.0" | 44.0+11.3 44.9+11.9 42.3+13.6 44.9+12.6 0.122 0.204
LV end-systolic volume index, mL/m? 14.7+5.9 16.4+51 17.3+5.5" 17.5+5.4 17.1+6.8 17.9+£56.9 0.028 0.052
LV ejection fraction, % 63.7+5.9 63.4+5.5 60.8+6.3* 61.2+6.0 59.9+5.9 60.7+4.3 0.009 0.038
E wave, cm/s 73.9+17.1 79.6+16.9" | 84.0+£18.5* | 89.7+17.2%1 | 82.0+17.5 87.1+17.21 0.006 0.005
e’ Wave, cm/s 8.1+2.2 8.7+2.21 7.9+2.0 8.6+1.71 9.2+21 9.8+2.3 0.104 0179
E/e’ ratio 9.5+2.8 9.6+2.7 11.2£3.1* 10.9+2.9% 9.1+2.1 9.2+2.4 0.005 0.026
LA volume index, mL/m? 32.6+8.9 34.2+9.41 43.0£13.7* | 44.6+14.9% 46.4+14.8* | 48.8+15.2% | <0.001 <0.001
LARS, % 29.6+7.3 30.5+7.41 19.8+6.4" 21.4+7.0M4 20.7+6.0" 21.8+5.4* <0.001 <0.001

Data shown as mean+SD. E indicates early diastolic transmitral flow velocity; €', early diastolic mitral annular velocity; LA, left atrial; LARS, left atrial reservoir
strain; LS-PeAF, long-standing persistent atrial fibrillation; LV, left ventricular; PAF, paroxysmal atrial fibrillation; PeAF, persistent atrial fibrillation; and PLL,

passive leg lifting.
*P<0.05 vs PAF group at rest.
P<0.05 vs parameters at rest.
+P<0.05 vs PAF group during PLL.

J Am Heart Assoc. 2024;13:032215. DOI: 10.1161/JAHA.123.032215
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Figure 5. Representative images of LA functional reserve before and after catheter ablation in 3 AF subtypes of PAF, PeAF,
and LS-PeAF.

The white curve shows the average strain. AF indicates atrial fibrillation; LA, left atrial; LARS, left atrial reservoir strain; LS-PeAF, long-
standing persistent atrial fibrillation; PAF, paroxysmal atrial fibrillation; PeAF, persistent atrial fibrillation; and PLL, passive leg lifting.

Clinical Implications

The present study demonstrated that LARS and LA
functional reserve reflecting LA distensibility to acute
volume stress decreased with the progression of AF.
Our results suggest that long persistence of AF could
be associated with reduction in LA compliance with
steeper elevation of LA pressure corresponding to
acute increase in preload, which might play a key role
in the pathogenesis of developing HF.3® We also iden-
tified that resting echocardiographic parameters in-
cluding LARS were similar in patients with and without
abnormal LA functional reserve (Table S3). PLL ena-
bles volume challenge to be produced simply and less
invasively, which could be a promising tool to evaluate
LA diastolic extensibility to enhanced preload in pa-
tients with AF, and may help to identify patients with AF
susceptible to HF because LA functional reserve plays
a key role in the pathogenesis of HF.'*2° Furthermore,
we found that resumption of sinus rhythm was asso-
ciated with early improvement of LA function, which
might modify HF risk.3* Future studies are required to
investigate the effect of catheter ablation on long-term
LA functional restoration in patients with AF and its
benefit on subsequent HF prevention.

Limitations

Several limitations of the present study should be
noted. First, postprocedural echocardiography was
performed 1 to 2days after catheter ablation, and
therefore, we could not evaluate the long-term effect
of ablation on LA functional properties and its associa-
tion with HF occurrence. Second, some differences in
baseline characteristics among 3 AF subgroups might

J Am Heart Assoc. 2024;13:032215. DOI: 10.1161/JAHA.123.032215

be underestimated due to the relatively small number
of the study population. Third, the information of LA
bipolar voltage is not uniformly available in the present
study, although recent studies demonstrated that pa-
tients with larger low-voltage zones had reduced LA
strain.®>3® Fourth, because we included patients with
AF who underwent first catheter ablation, only 3 pa-
tients received extensive LA line ablation such as roof
line and mitral isthmus, and no patients received pos-
terior wall isolation. Therefore, we cannot evaluate the
impact of extensive ablation on LA function and func-
tional reserve. Furthermore, there might be a certain
association between number of radiofrequency (RF)
lesions or RF-on time and the change of LA function/
functional reserve, which cannot be addressed in the
present study. Finally, we do not have the data on the
impact of cardioversion on LA function and functional
reserve, which may provide valuable information to
elucidate whether restoration of sinus rhythm is suf-
ficient or whether catheter ablation provides some
other benefits to improve LA mechanics beyond re-
storing sinus rhythm.

CONCLUSIONS

The progression of AF was related to impaired LA func-
tion including LARS at rest and LA functional reserve.
Restoration of sinus rhythm could contribute to ben-
eficial LA reverse remodeling even in a long-standing
persistent phase.
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