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The effects of catheter ablation on exercise tolerance and quality of life in patients with
atrial fibrillation (AF) have been reported. We assessed cardiac function in more detail
using the leg positive pressure (LPP) technique and found that contractile reserve is par-
ticularly important in relation to exercise tolerance and prognosis. In this study, we used
the LPP technique to examine changes in contractile reserve immediately after ablation
and 6 months later. We prospectively enrolled patients who underwent catheter ablation
for AF at 2 institutes. We performed LPP stress echocardiography 2 to 3 days after (FU-1)
and 6 months after (FU-2) ablation to examine changes in cardiac function indexes. The
primary end point was improvement in contractile reserve. Ultimately, 109 patients
(mean age 67.4 § 9.6 years; 70% men) underwent 2 sessions of LPP stress echocardiogra-
phy. The median CHA2DS2-VASC score was 2 (interquartile range 13). From FU-1 to FU-
2, the change in the stroke volume index after the LPP maneuver increased in patients
with paroxysmal and persistent AF with low CHA2DS2-VASC scores (both p <0.05).
Regardless of AF subtype, contractile reserve at FU-2 improved in patients with low
CHA2DS2-VASC scores compared with that at FU-1. In contrast, patients with high
CHA2DS2-VASC scores had no change. In conclusion, patients with AF with a low
CHA2DS2-VASC score had improved contractile reserve after ablation, whereas patients
with high scores did not show any improvement. Aggressive interventions in patients with
high scores may lead to better management after catheter ablation. © 2021 Elsevier Inc.
All rights reserved. (Am J Cardiol 2021;00:1−7)
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Recent trials have shown that radiofrequency catheter
ablation (RFCA) for atrial fibrillation (AF) is superior to
antiarrhythmic drugs for decreasing recurrence, prolonging
the time in sinus rhythm, and improving patient quality of
life.1,2 However, theories regarding changes in cardiac
function after RFCA remain controversial. Recently, we
used preload stress echocardiography with leg positive
pressure (LPP) to assess echocardiographic variables during
preload augmentation for the detailed assessment of cardiac
function. In our previous studies, cardiac response (change
in stroke volume) during preload augmentation was an
important part of the phenomenon in the evaluation of prog-
nosis and exercise capacity in various cardiovascular
diseases.3,4 Thus, we hypothesized that RFCA for AF
would change the cardiac reserve assessed by preload stress
echocardiography and that changes would be linked to sub-
types of AF. The purpose of this study was to compare the
changes in cardiac reserve assessed by preload stress echo-
cardiography in patients who underwent RFCA for paroxys-
mal AF (PAF) and persistent AF (PerAF).
Methods

We designed a multicenter prospective study to assess
cardiac functional recovery in patients with AF after
RFCA. We enrolled 139 patients with PAF or PerAF who
underwent RFCA for AF from October 2018 to March
2020 at 2 different cardiovascular centers: Tokushima Uni-
versity Hospital and Kobe University Hospital. All partici-
pants underwent preload stress echocardiography. The
exclusion criteria of the study were (1) lack of baseline
data, (2) incomplete echocardiographic examination due to
pain or sickness, and (3) AF rhythm was measured at the
first LPP echocardiography because of difficulty assessing
and comparing cardiac function due to a lack of atrial con-
traction and irregular heart rhythm in patients with AF. In
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the analysis of follow-up data, we also excluded patients
who were lost to follow-up and who had an AF rhythm at
follow-up. The study was reviewed and approved by the
Institutional Review Board of all the involved institutions.

Echocardiography was performed before ablation, 2 to
3 days after RFCA (FU-1), and 6 months after RFCA (FU-
2), using commercially available ultrasound machines.
Measurements and recordings were obtained according to
the American Society of Echocardiography recommenda-
tions.5 All strains were analyzed offline using vendor-inde-
pendent speckle tracking software (EchoInsight, Epsilon
Imaging, Ann Arbor, Michigan). Global longitudinal strain
was obtained by averaging all segmental strain values from
the apical 4-chamber, 2-chamber, and long-axis views. Left
atrial (LA) pump, conduit, and reservoir strain were aver-
aged from the apical 4-chamber and 2-chamber views.6

Written informed consent was obtained from all the patients
before ablation. Preload stress echocardiography was per-
formed at FU-1 and FU-2 but not before ablation because
of the AF rhythm measured during echocardiography. To
compare stable measurements taken in sinus rhythm, FU-1
and FU-2 were compared, rather than using measurements
taken before ablation. For the preload stress test, commer-
cially available LPP equipment (Leg Compression System,
Corona Industries LTD, Tokushima, Japan) was used. The
procedure of the LPP stress maneuver was described in
detail previously.7 Briefly, it was designed to provide a con-
tinuous external pressure around both lower limbs using
dedicated airbags at 90-mm Hg pressure. This pressure was
proven to safely provide an effective increase in ventricular
preload with evidence based on the findings from an inva-
sive hemodynamic study. Echocardiographic measurements
were obtained at rest and during LPP stress. All LPP stress
echocardiographic examinations were performed 20 sec-
onds after the inflation of the airbags. The primary outcome
of our study was the change in stroke volume index (SVi)
during the LPP stress maneuver as a marker of contractile
reserve. Pulmonary vein isolation was performed mainly
139 pa�ents with AF underwent  
radiofrequency catheter abla�on (RFCA) 

from October 2018 to March 2020

133 pa�ents underwent a
first preload stress echocardiography

109 pa�ents underwent a
second preload stress echocardiography

Figure 1. Flow chart of p
for PAF. An additional nonpulmonary vein trigger ablation
was performed if AF was initiated by trigger activity from a
nonpulmonary vein focus. Additional substrate modifica-
tions were performed in patients with PAF if the operator
considered noninducibility more important than trigger
focus elimination. Pulmonary vein isolation and box isola-
tion were performed mainly for PerAF.

Comparisons between groups (before ablation, FU-1 and
FU-2) were performed with either a paired t test or repeated
measures analysis of variance. Categorical variables are
presented as numbers and percentages. Comparisons
between groups were performed with Cochran’s Q test and
the McNemar test. For the analysis of contractile reserve,
we divided the study cohort into 4 groups according to the
CHA2DS2-VASC score and type of AF. Because the
CHA2DS2-VASC score is primarily a tool for assessing the
risk of stroke in patients with AF, we used this scoring sys-
tem as a surrogate for co-morbidity burden in our analysis.
The change in cardiac contractile reserve, represented by
the change in SVi during LPP, was compared between FU-
1 and FU-2 using either the Welch t-test or Wilcoxon
signed-rank test according to the results of the F test and
Kolmogorov-Smirnov test. The inferior vena cava collaps-
ibility indexes were used to estimate RAP. Systemic vascu-
lar resistance (SVR) was calculated as SVR = (mean
arterial pressure � right atrial pressure)/cardiac output. The
statistical analyses were performed using standard statisti-
cal software packages, EZR (version 1.41, Saitama Medical
Centre, Jichi Medical University, Saitama, Japan) and Med-
Calc Software 19.0.6 (Mariakerke, Belgium). p Values
<0.05 were considered to indicate statistical significance.
Results

Figure 1 shows the patient flow diagram. A total of 133
patients with AF after RFCA who underwent first preload
stress echocardiography were included in the study
(Table 1). The median CHA₂DS₂-VASc score was 2
Excluded
Lack of baseline data (n=2)
Incomplete examina�on due to leg pain or sickness (n=3)
AF rhythm at FU-1 (n=1)

Excluded
Lost to follow-up (n=18)
AF rhythm at FU-2 (n=6)

atient recruitment.
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Table 2

Changes in echocardiographic parameters immediately after ablation and

at 6-month follow-up

Variable Pre-ablation FU-1 FU-2

Hemodynamics

Systolic blood pressure (mmHg) 128§21 127§18 122§21

Diastolic blood pressure (mmHg) 78§14 73§13* 66§17*,y

Heart rate (bpm) 73§19 70§13 66§11*,y

Stroke volume index (mL/m2) 38§15 41§11 38§9

Systemic vascular resistance (wood) 23§8 20§13 20§6

Echocardiographic indices

Left ventricular end-diastolic volume index

(mL/m2)

50§14 50§12 50§13

Left ventricular end-systolic volume index

(mL/m2)

21§9 19§7* 19§7*

Left ventricular ejection fraction (%) 59§8 62§7* 62§6*

Left atrial volume index (mL/m2) 43§16 41§14 35§11*,☨

Tricuspid regurgitation pressure gradient

(mmHg)

21§6 22§7 20§9y

Inferior vena cava max (mm) 13§4 14§4 12§4*,y

Early diastolic transmitral flow velocity (cm/s) 80§19 81§20 72§19*,y

Late diastolic transmitral flow velocity (cm/s) 67§27 52§20 59§19y

Early diastolic transmitral flow velocity / late

diastolic transmitral flow velocity ratio

1.3§0.5 1.8§0.9* 1.3§0.5y

Mean early diastolic mitral annular motion

(cm/s)

8§3 7§2* 7§2*

Early diastolic transmitral flow velocity / early

diastolic mitral annular motion ratio

12§7 12§4 11§4

Mitral valve regurgitation

None 94 (71%) 101 (76%) 90 (82%)*

Mild 38 (29%) 32 (24%) 18 (17%)*

Moderate 1 (1%) 0 1 (1%)

Severe 0 0 0

Data are presented as number of patients (percentage), mean § SD.

P <0.05.
* vs pre-ablation, P <0.05.
y vs FU-1.

Table 1

Clinical characteristics

Variable All (n=133)

Age (yr) 67§9

Men 97 (73%)

Height (cm) 164§9

Body weight (kg) 67§14

Body surface area (m2) 1.68§0.2

Body mass index (kg/m2) 25§4

Heart failure 13 (10%)

Coronary heart disease 11 (8%)

Diabetes mellitus 21 (16%)

Hypertension 77 (58%)

Stroke 16 (12%)

Current smoker 11 (8%)

Paroxysmal AF 70 (53%)

Persistent AF 63 (47%)

Rhythm at pre-ablation

Sinus rhythm 72 (54%)

AF/AFL rhythm 61 (46%)

Procedure

PVI 60 (45%)

PVI + box isolation 73 (55%)

Laboratory data

Hemoglobin (g/dL) 13§1

Estimated glomerular filtration

rate (mL/min/1.73 m2)

64§14

C-reactive protein (mg/dL) 0.14§0.50

Brain natriuretic peptide (pg/dL) 76 (29-140)

Data are presented as the number of patients (percentage), mean § SD

or median (interquartile range).
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(interquartile range [IQR] 1 to 3). To analyze the changes in
echocardiographic data, after the exclusion of illegible
patients, 109 patients underwent a second preload stress
echocardiography procedure. The basic clinical back-
grounds of these 109 patients were similar to those mea-
sured before exclusion (median CHA₂DS₂-VASc score 2;
IQR 1 to 3). The median duration of follow-up was 6.2
months (IQR 3.8 to 6.5 months). To assess acute changes
after RFCA, we compared the echocardiographic parame-
ters measured before and 2 to 3 days after RFCA (FU-1).
Before RFCA, 72 patients (54%) who underwent echocardi-
ography had sinus rhythm, whereas 61 patients (46%) had
AF rhythm. At FU-1, all patients who underwent echocardi-
ography had sinus rhythm. To assess cardiac remodeling
and functional recovery after RFCA, we compared the
echocardiographic parameters between FU-1 and FU-2
(Table 2). Regarding LV function, there were no differen-
ces in left ventricular ejection fraction (LVEF) and LV sizes
between FU-1 and FU-2. Global longitudinal strain also did
not change at FU-2 (�14.9 § 4.0 vs �15.5 § 3.1,
p = 0.17). Regarding LA function, LA volume index
(LAVI) decreased at FU-2. LA pump strain improved at
FU-2 (�5.9 § 5.0 vs �8.6 § 5.1, p <0.01). Regarding
Doppler parameters, e0 and E/e’ did not change at FU-2.
The E/A ratio was reduced because of increases in the trans-
mitral flow velocity-A wave. Thus, LA functional recovery
occurred at FU-2.

To check the hemodynamic response to preload augmen-
tation among patients by clinical characteristics, we divided
our cohort into 4 groups stratified by type of AF and
CHA2DS2-VASC score (group 1: PAF with low CHA2DS2-
VASC score [<2], group 2: PAF with high CHA2DS2VASC
score [≥2], group 3: PerAF with low CHA2DS2-VASC score
[<2], and group 4: PerAF with high CHA2DS2-VASC score
[≥2]) (Table 3). At FU-2, 5 patients had recurrent AF, but
there was no difference in recurrence among any of the
groups (group 1, n = 0, 0%; group 2, n = 2, 5%; group 3,
n = 2, 12%; group 4, n = 1, 3%). Regarding the LV data,
there was no difference in DLVEF and D E/A, D E/e0 (i.e.,
changes during the LPP procedure) between FU-1 and FU-2
in any of the groups. The group with the largest effect on
LV volumes had PAF with an elevated CHA2DS2-VASC
score. Concerning the LA data, there was also no significant
difference in DLAVI (i.e., the change in LAVI during the
LPP procedure) between FU-1 and FU-2 in any of the
groups. Regarding the RV data, there was no significant dif-
ference in D tricuspid regurgitant pressure gradient and
Dinferior vena cava max (i.e., the changes during the LPP
procedure) between FU-1 and FU-2 in all the groups. Inter-
estingly, the change in SVi during the LPP procedure (i.e.,
DSVi as a marker of LV contractile reserve) was improved
at FU-2 in patients with PAF and PerAF, especially in those
with a low CHA2DS2-VASC score (i.e., groups 1 and 3). The
changes in DSVi are shown in Figure 2. From FU-1 to FU-2,
DSVi increased in groups 1 and 3, with this increase appear-
ing to be greater in group 1 than in group 3. In contrast, there
was no change in DSVi in groups 2 and 4 who had high



Table 3

Changes in functional reserve at 6-month follow-up

Paroxysmal atrial fibrillation Persistent atrial fibrillation

CHA2DS2-VASC<2 CHA2DS2-VASC≥2 CHA2DS2-VASC<2 CHA2DS2-VASC≥2

Group 1 (n=19) Group 2 (n=40) Group 3 (n=17) Group 4 (n=33)

FU-1 FU-2 P value FU-1 FU-2 P value FU-1 FU-2 P value FU-1 FU-2 P value

DStroke volume index (mL/m2) 2§5 6§4 0.01 3§6 4§5 0.24 1§3 4§4 0.03 4§5 4§5 0.95

DLeft ventricular end-diastolic volume index (mL/m2) 4§7 7§5 0.19 3§10 8§10 0.03 6§10 10§10 0.37 6§6 6§9 0.80

DLeft ventricular end-systolic volume index (mL/m2) 0§3 2§4 0.08 0§4 2§5 0.04 1§6 4§5 0.17 1§4 1§4 0.68

DLeft ventricular ejection fraction (%) 3§6 1§5 0.27 0§11 2§5 0.18 4§7 1§5 0.20 2§6 3§4 0.58

DLeft atrial volume index (mL/m2) 6§9 5§6 0.67 3§8 3§7 0.70 1§10 3§6 0.52 3§14 2§11 0.69

DTricuspid regurgitation pressure gradient (mmHg) 1§3 3§5 0.12 3§5 2§3 0.38 0§8 4§6 0.08 2§7 2§3 0.66

DInferior vena cava max (mm) 3§3 2§2 0.42 2§3 2§2 0.79 2§3 1§3 0.85 2§3 2§2 0.21

DEarly diastolic transmitral flow velocity /

late diastolic transmitral flow velocity ratio

0.0§0.2 0.2§0.3 0.15 0.0§0.4 0.1§0.3 0.23 0.1§0.5 0.1§0.2 0.84 0.0§0.8 0.1§0.3 0.40

DEarly diastolic transmitral flow velocity /

early diastolic mitral annular motion ratio

2§6 0§3 0.37 0§2 1§2 0.27 0§2 0§3 0.83 1§4 0§3 0.22

Delta means the change during the LPP procedure.
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CHA2DS2-VASC scores. According to these results, the LV
contractile reserve was improved at FU-2, especially in
patients with a low CHA2DS2-VASC score. Figure 3 shows
representative cases of patients with AF with either a low or
Figure 2. Change in DSVi reflecting cardiac reserve. From FU-1 to FU-2, DSVi i

more than that in group 3. In contrast, there was no change in group 2 and group 4
high CHA2DS2-VASC score. In the patient with a low
CHA2DS2-VASC score, DSVi increased from FU-1 to FU-2.
Therefore, in the patient with a high CHA2DS2-VASC score,
there was no increase in DSVi. We also compared the change
ncreased in group 1 and group 3, and DSVi in group 1 appeared to increase

.
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Figure 3. Representative cases of patients with AF with either a low CHA2DS2-VASC score or high CHA2DS2-VASC score. DSVi increased between FU-1

and FU-2 in the patient with a low CHA2DS2-VASC score.
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in DSVi from FU-1 to FU-2 between the groups with either a
low or high CHA2DS2VASC score. The change in DSVi was
greater in the group with a low CHA2DS2-VASC score than
in the group with a high score (3.4 § 5.5 vs 0.8 § 7.5,
p = 0.04).

The measurements were performed in a group of 20 ran-
domly selected patients by 1 observer and then repeated on
2 separate days by 2 observers. Reproducibility of the meas-
urements was expressed as the mean percentage error
(absolute difference divided by the average of 2 observa-
tions). There was good intraobserver and interobserver vari-
ability for the SVi measurement (5.4 § 5.0% and 6.0 §
6.1%), LVEF (4.5 § 1.8% and 5.1 § 2.9%), LV end-dia-
stolic volume (6.1 § 3.1% and 7.3 § 5.1%), LAVI (6.0 §
4.2% and 6.2 § 4.5%), E wave (7.7 § 6.2% and 8.1 §
6.1%), and A wave (5.2 § 3.8% and 5.3 § 3.8%), respec-
tively.
Discussion

The objective of our study was to assess the change in
contractile reserve in patients with PAF and PerAF after
RFCA, measured by preload stress echocardiography
immediately after RFCA and 6 months later. The study pro-
vides new insights into changes in cardiac function after
RFCA: (1) LVEF improved slightly immediately after
RFCA; (2) LA functional parameters were improved 6
months after RFCA; and (3) contractile reserve improved,
especially in patients with low CHA2DS2-VASc scores.
Our data suggested that contractile reserve improved imme-
diately after RFCA and was maintained for a least 6 months
in patients with AF who had a low CHA2DS2-VASC score.

Recently, we showed that contractile reserve is a sensi-
tive marker of cardiac functional parameters in patients
with heart failure with reduced ejection fraction,8 and that
impaired contractile reserve occurs in patients with heart
failure with preserved ejection fraction.9 These studies
reported that an increase in SVi after the LPP procedure
was associated with a better prognosis. In patients with a
good prognosis, SVi increased about 5 ml/m2 after the LPP
procedure. In the present study, we defined an increase in
SVi after the LPP procedure as contractile reserve and
examined changes in this reserve after RFCA. During the
6-month follow-up, contractile reserve (DSVi) improved by
approximately 5 ml/m2 in patients with AF and a low
CHA2DS2-VASC score. Our finding of changes in SVi is
consistent with those of previous reports. To investigate the
mechanism that was potentially involved in the change in
DSVi (i.e., which preload or afterload parameter affected
this change), we assessed SVR as an index of afterload and
E/e0 as an index of preload. During the LPP procedure, E/e'
increased (11 § 3 to 12 § 5, p = 0.03), whereas SVR did
not change significantly (20 § 13 to 19 § 6, p = 0.42).
Therefore, LPP is mainly a procedure for increasing the
preload. In addition, DSVi showed an association with D E/
e0 (r = 0.25, p = 0.01) but not with DSVR (r = �0.18,
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p = 0.07). Taken together, these results indicate that the
change in SVi in our study cohort was influenced mainly by
an increase in preload.

It is well known that CHA2DS2-VASC scores are associ-
ated with poor outcomes (recurrence of AF, death, stroke,
and heart failure hospitalization) after RFCA.10,11 Because
contractile reserve is associated with exercise tolerance and
prognosis in the heart failure population, there may be a
link between impaired contractile reserve and poor progno-
sis backgrounds. There is no evidence of treatment for con-
tractile reserve in the clinical setting. Our data suggested
that RFCA can improve the contractile reserve during pre-
load stress in the PAF cohort and the PerAF cohort with a
low-risk score. This finding may be a consequence of these
patients having a lower incidence of diabetes, vascular dis-
ease, and hypertension, and less myocardial fibrosis, micro-
vascular damage, and cardiac remodeling. In contrast, it is
difficult to explain why the contractile reserve did not
improve in the cohort with high-risk scores. There are sev-
eral reports of improvement in cardiac function after abla-
tion in patients with both systolic and diastolic
dysfunction.12−14 It has been reported that patients with LV
with late gadolinium enhancement, which reflects myocar-
dial fibrosis, tend to have recurrent AF and poor improve-
ment in cardiac function.15,16 One possible explanation is
that many factors that influence cardiac function (ischemia,
metabolic syndrome, and so on) were observed in the high-
risk cohort, so improvement was poor. There is also a report
that left ventricular fibrosis is more advanced in patients
with PerAF than in those with PAF.17,18 There appears to
be a greater improvement in contractile reserve in group 1
than in group 3, and therefore, this result also supports our
previous explanations. The reason why the CHA2DS2-
VASC score has a greater impact on contractile reserve than
the type of AF is debatable. One speculation is that the
effect of AF itself remained immediately after RFCA but
had disappeared by FU-2. Patients with a high CHA2DS2-
VASC score had multiple risk factors without AF that
remained at FU-2. In other words, the CHA2DS2-VASC
score might have had a greater impact on the final out-
comes. Recently, an improvement in prognosis was
reported after ablation in patients with heart failure with
reduced ejection fraction and patients with heart failure
with preserved ejection fraction.19−21

Almost half of our cohort had PerAF, so those patients
underwent echocardiography during the AF rhythm. There-
fore, the preablation data may have been affected by irregu-
lar R-R intervals and tachycardia. Approximately half of
the patients in our cohort were expected to have PerAF, and
therefore, we designed the protocol to perform preload
stress echocardiography only after RFCA to exclude the
effect of the AF rhythm in our analyses. The lack of a pre-
load test before RFCA was a limitation in this study.
Another limitation of the study was that 20% of patients did
not receive the 6-month follow-up test, and therefore, there
was a lack of data in these patients. If patients with a
reduced LVEF had been included in the study, we might
have observed differences in ejection fraction and contrac-
tile reserve. Preload stress echocardiography lacks a widely
accepted reference range in the literature compared with
other well established echocardiographic parameters.
Further study is therefore needed to confirm the widely
acceptable reference values for this technique.

In conclusion, we showed the detailed changes in LA
and LV function after RFCA using preload stress echocar-
diography. Contractile reserve improved, especially in
patients with low CHA2DS2-VASC scores.
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