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Abstract

Aims Limited data are available on the outcomes of cryoballoon ablation (CBA)-based pulmonary vein isolation (PVI) for
atrial fibrillation (AF) in patients with heart failure (HF) with preserved ejection fraction (HFpEF) and mildly reduced ejection
fraction (HFmrEF). The present study aimed to evaluate the safety and effectiveness of CBA in such patients.
Methods and results Consecutive patients with AF referred for CBA-based PVI from two highly experienced electrophysiol-
ogy centres were included in this retrospective study. Of 651 patients undergoing CBA, 471 cases were divided into four
groups: No HF (n = 255), HFpEF (n = 101), HFmrEF (n = 78), and HF with reduced ejection fraction (n = 37). Similar early recur-
rence of atrial arrhythmia was found among groups (16.2% vs. 15.4% vs. 14.9% vs. 12.2%, P = 0.798), and no significant dif-
ference of long-term sinus rhythm (SR) maintenance was identified among the HFmrEF, HFpEF, and No HF groups (71.8%
vs. 75.2% vs. 79.6%, P = 0.334). CBA is safe for patients with HFmrEF and HFpEF with similar complications compared with
the No HF group (3.8% vs. 4.0% vs. 3.1%, P = 0.814). The reassessment of cardiac function after CBA showed that patients with
HF indicated beneficial outcomes. Left atrial diameter (LAD) and left ventricular ejection fraction were significantly improved in
the HFmrEF group. There were 41.6% of patients in the HFpEF group who were completely relieved from HF. LAD and New
York Heart Association (NYHA) were associated with recurrence in the HFpEF and HFmrEF groups, and the maintenance of
SR was an independent predictor of NYHA improvement for all HF groups.
Conclusions Patients with HFmrEF and HFpEF could benefit from CBA with high SR maintenance and significant HF
improvement.
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Introduction

According to the international guidelines, heart failure (HF) is
classified into three subtypes: HF with reduced left ventricu-
lar ejection fraction (LVEF) (HFrEF; EF < 40%), HF with pre-
served LVEF (HFpEF; EF > 50%), and HF with mildly reduced
LVEF (HFmrEF; EF 40–49%).1 Atrial fibrillation (AF) and HF
frequently coexist.2 AF is the most common arrhythmia in

patients with HF, affecting approximately 33% of patients,
and HF predisposes AF and vice versa.3–5 Hitherto, the most
effective management for patients with AF and HF is yet to
be clarified.6

Catheter ablation (CA) is a well-established option for AF,
which mainly includes radiofrequency ablation (RFA) and
second-generation cryoballoon ablation (CBA).7 Several stud-
ies have shown that RFA reduces mortality and hospitaliza-
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tion for AF patients with HFrEF.8,9 Although data are sparse,
some studies demonstrated that RFA is safe and effective
for AF patients with HFpEF.10,11 In contrast to RFA, data from
CBA for patients with HF are limited, especially for patients
with HFpEF and HFmrEF12; however, CBA has some potential
advantages for HF patients, such as no additional fluid burden
caused by irrigation catheter, shorter procedure time, and
fewer complications. Therefore, a study evaluating the CBA
procedure characteristics and outcomes in patients with
HFpEF and HFmrEF is necessary.

This multicentre retrospective study was performed to
evaluate CBA procedural characteristics and long-term out-
comes in patients with HFmrEF and HFpEF, and for the first
time, factors of HF remission and recurrence of AF in patients
with HFmrEF and HFpEF after CBA are predicted.

Methods

Data source

Data of all patients obtained from two experienced
electrophysiology (EP) centres by three operators in China
(Zhongshan Hospital Affiliated Fudan University and Hang-
zhou First People’s Hospital) from July 2018 to August 2021
were analysed retrospectively.

The inclusion criteria included (i) patients with
drug-resistant paroxysmal AF (PAF) or persistent AF (PerAF)
who underwent CBA-based pulmonary vein isolation (PVI)
for the first time; (ii) HF diagnosed by cardiologists at each
institution plus a documented history of HF. HF was defined
as having symptoms of HF [New York Heart Association
(NYHA) Class II–IV], a history of hospitalization for HF, and
elevated levels of N-terminal pro-B-type natriuretic peptide
(NT-proBNP) (>125 pg/mL). Transthoracic echocardiography
(TTE) was performed prior to the procedure and HF was strat-
ified by LVEF as HFrEF (<40%), HFmrEF (40–49%), and HFpEF
(≥50%) LVEF1; (iii) all available patients completed the follow-
up. The exclusion criteria included (i) redo ablation; (ii) addi-
tional RFA required after CBA; (iii) a lack of TTE baseline data;
and (iv) unable to complete the corresponding follow-up.

Data were abstracted by two investigators initially blinded
to the hypotheses. Random samples were cross-checked to
verify the accuracy of data abstraction. All patients provided
written informed consent. The study was approved by the
local ethics board and performed in accordance with the
ethical standards of the Declaration of Helsinki and its later
amendments.

Pre-procedural management

The pre-procedural management has been described
previously.13 Briefly, transoesophageal echocardiography

(TEE) and TTE were performed prior to the procedure to
rule out left atrial (LA) thrombus and assess LVEF and
LA diameter (LAD). Vitamin K antagonists (VKAs) were
administered uninterruptedly to a target international
normalized ratio (INR) of 2.0–2.5 at the time of the proce-
dure. In patients treated with novel oral anticoagulants
(NOACs), the drug was discontinued ≤24 h prior to the
procedure.

Cryoballoon ablation procedure

The choice of ablation technique was based on the discre-
tion of the operating electrophysiologists, and there were
no significant differences in patient characteristics for choos-
ing CBA or RFA. In this retrospective study, we only included
patients who received CBA. Similar procedure protocol and
sheaths were applied for all patients. All procedures were
performed under deep sedation using fentanyl and propofol.
A total of four sheaths were used for procedures [an 8.5 Fr
sheath was inserted from the right femoral vein for trans-
septal puncture, the long sheath was removed after trans-
septal puncture, and a 15 Fr steerable sheath (FlexCath,
Medtronic, Minneapolis, MN, USA) was inserted from the
original route; two 6 Fr short sheaths were inserted from
the left femoral vein for placement of the quadripolar cath-
eter and coronary sinus catheter]. Then, a CB-2 (Arctic Front
Advance, Medtronic) was introduced into the sheath, in-
flated, and advanced to the ostium of each pulmonary vein
(PV). The PV occlusion was assessed by venous angiography.
Optimal vessel occlusion was achieved when selective
contrast injection showed total contrast retention without
backflow to the atrium. After the occlusion was docu-
mented, ablation was performed with at least two applica-
tions per vein, each for 150–180 s. The target temperature
for cryo-applications was �45°C to �55°C, and the applica-
tion would be terminated if the temperature exceeds
�55°C. If the temperature could reach �40°C within 60 s,
the application time was 150 s; otherwise, the application
would be last for 180 s. However, in case of an inadequate
temperature drop (not reaching �36°C at 60 s), the applica-
tion was also terminated. The PV activity was recorded using
the circular Achieve catheter (Achieve, Medtronic) at a prox-
imal site in the ostium prior to ablation in each vein. During
the ablation of right PVs, a quadripolar catheter was
inserted in the superior vena cava to monitor phrenic nerve
palsy (PNP) by pacing the right phrenic nerve with a
1500 ms cycle and a 20 mA output. The freezing cycle was
terminated immediately after a loss of capture or the
strength of the right hemidiaphragmatic contractions was at-
tenuated. No additional RFAs were applied. The Achieve
catheter was reintroduced, and the bidirectional block was
checked with a waiting period of 20 min after the last
application. After isolation, if the AF did not convert to
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sinus rhythm (SR), external electrical cardioversion (ECv) was
performed. Heparin was administered after a transseptal
puncture to maintain an activated clotting time of
≥300 s.13 All sheaths were removed after procedure, and
compression haemostasis was routinely used, followed by
bandages and gauze.

Post-procedural management

Following ablation, all patients underwent TTE to rule out
pericardial effusion. Low-molecular-weight heparin was ad-
ministered to patients on VKAs and an INR < 2.0 until a ther-
apeutic INR of 2–3 was achieved. NOACs were re-initiated 6 h
after ablation. Anticoagulation was recommended for at least
3 months and thereafter according to the individual
CHA2DS2-VASc scores. Previously, anti-arrhythmic drugs were
continued for 3 months after ablation. All HF patients were
treated with optimal medical treatment according to the
latest guidelines.12

Follow-up

The patients were scheduled for follow-up visits with a
12-lead electrocardiogram (ECG) and 24 h Holter monitoring
at 1, 3, 6, and 12 months after CBA and thereafter every
6 months. The HF parameters, including TTE and NYHA, were
compared in each group at the 12 month follow-up. Experi-
enced technicians blinded to the clinical data performed
TTE and recorded the parameters, LAD and LVEF. Additional
telephonic interviews were conducted regularly. In the case
of symptoms suggesting recurrent arrhythmia, additional
visits were recommended.

Endpoints

The primary endpoint was atrial arrhythmia recurrence af-
ter CBA. The secondary endpoints were early recurrence
of atrial arrhythmia (ERAA), in-hospital adverse events,
and NYHA functional classification improvement at the
12 month follow-up. Procedural characteristics included
procedural time and fluoroscopy time. The in-hospital ad-
verse events included access site complications that in-
cluded access site bleeding, groin hematoma, groin pseudo-
aneurysm, and groin arteriovenous fistula, acute HF (AHF),
atrioesophageal fistula, PV stenosis, pericardial tamponade,
acute stroke or transient ischaemic attack (TIA), and
in-hospital death.14 ERAA in the hospital is defined as any
documented episode of AF or atrial tachycardia lasting for
>30 s after ablation during hospitalization.13 Atrial arrhyth-
mia recurrence is defined as any symptomatic or asymp-

tomatic atrial arrhythmia lasting >30 s after completion
of the blanking period (3 months) after CBA.15

Statistical analysis

Continuous data were expressed asmean ± standard deviation
(M ± SD) for normally distributed variables or as the median
(25th, 75th percentiles) for non-normally distributed variables
and compared using a Student’s t-test or Mann–Whitney U
test, respectively. Categorical variables were compared using
a χ2 test or Fisher’s exact test. The paired test was used to
compare pre-CBA and 12 month post-CBA variables (NYHA,
LVEF, and LAD) in each group. If the comparison of multiple
groups (n ≥ 3) suggested significant differences (P < 0.05),
further multiple comparisons would be performed to explore
the source of the differences. Recurrence-free survival was es-
timated using the Kaplan–Meier analysis. The differences in
recurrence-free survival were analysed using the log-rank test.
In order to identify the independent predictors of recurrence
and 1 year recovery from HF, univariate analysis was
performed first, whereas multivariate analysis was performed
with variables that were significant in the univariate analysis
(P ≤ 0.05). Because AF recurrence is caused by various factors,
multiple models were used for multivariate analysis: In Model
1, not only significant univariate variables but also other im-
portant risk factors for AF were included; in Model 2, only sig-
nificant univariate variables were included. The Cox regression
model was utilized to predict the recurrence and logistic re-
gression model to predict the 1 year recovery from HF after
CBA. A value of P< 0.05 was considered significant. Statistical
analysis was carried out using R Version 4.0.3 (www.r-project.
org) and GraphPad Prism 6 (GraphPad Software, Inc.).

Results

Patient characteristics

Data (age > 85 years, haemodialysis, severe stroke, cancer,
redo ablation, combined with RFA during the procedure,
and losing follow-up) of 180/651 patients were excluded.
Finally, 471 inpatients were subjected to chart review,
procedure notes and logs, clinic notes, and follow-up data.
The detailed process is illustrated in Figure 1. Subsequently,
37, 78, 101, and 255 patients comprised the HFrEF, HFmrEF,
HFpEF, and No HF groups, respectively. No significant
difference was detected among the groups in the baseline
characteristics. Additionally, HF groups were more likely to
have a history of diabetes, prior TIA/stroke, and chronic
kidney disease. The detailed baseline characteristics are
summarized in Table 1.
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Procedural characteristics

Ablation characteristics are summarized in Figure 2. The pro-
cedural time was longer in the HFmrEF (119 ± 13.5 min,
P < 0.001) and HFpEF (116.6 ± 15.3 min, P = 0.007) groups
relative to the No HF group (111.7 ± 14.8 min) (Figure 2A).
A prolonged fluoroscopy time was recorded in the HF groups
compared with the No HF group (16.5 ± 3.4 min) and in-
creased in the following order: No HF < HFpEF
(17.8 ± 3.7 min) < HFmrEF (18.5 ± 3.2 min) < HFrEF
(19.7 ± 4.1 min) (Figure 2B). All the groups showed a high rate
of PVI without significant difference (P = 0.503) (Figure 2C).
More times of applications per PV were identified in the
HFrEF group (2.30 ± 0.35) and no significant difference was

observed between the HFmrEF and HFpEF groups
(2.23 ± 0.29 vs. 2.19 ± 0.26, P = 0.873) (Figure 2D).

Primary and secondary endpoints

After a mean follow-up of 23.1 ± 6.5 (range: 12–39) months,
patients with HFmrEF and HFpEF presented similar recur-
rence compared with the No HF groups (28.2% vs. 23.8%
vs. 20.4%, P = 0.334) (Figure 3A); however, high recurrence
rate was detected in the HFrEF group compared with the
No HF group (35.1% vs. 20.4%, P = 0.044) (Figure 3A). The
Kaplan–Meier curve analysis revealed significant differences
among these groups (log-rank P = 0.033) (Figure 4).

Figure 1 Flow chart illustrating the study population. ECG, electrocardiogram; HF, heart failure; HFmrEF, heart failure with mildly reduced ejection
fraction; HFpEF, heart failure with preserved ejection fraction; HFrEF, heart failure with reduced ejection fraction; NYHA, New York Heart Association.
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Until discharge, a similar ERAA rate and in-hospital adverse
events were observed among the HFrEF, HFmrEF, HFpEF, and
No HF groups (16.2% vs. 15.4% vs. 14.9% vs. 12.2%, P = 0.798;
5.4% vs. 3.8% vs. 4.0% vs. 3.1%, P = 0.778) (Figure 3B,C). The
HF symptoms were significantly relieved, as shown by the
improvement in NYHA for all HF groups, and percentage of
improved patients was similar in each group (Figure 5A,B).
The LAD was significantly improved at 1 year after CBA in
the HFmrEF group, with a 66.7% of patients showing short-
ened LAD, which was significantly better than the other
groups (Figure 5C,D). CBA significantly improved LVEF in AF
patients with HFrEF and HFmrEF, especially for the HFmrEF
group; 55.1% of patients showed an improvement in the LVEF
at varying degrees (Figure 5E,F), and all of them maintained
SR at 12 month follow-up. Notably, the reassessment of dif-
ferent subtypes of HF criteria after 12 months showed an im-
provement in the HF classifications, especially for the HFpEF
group; 42 (41.6%) patients were completely relieved from
HF (P = 0.001) (Figure 3D).

Predictors of recurrence in patients with HF

To identify the independent predictors of recurrence, we per-
formed univariate and multivariate Cox regression analyses.
For the HFmrEF group, the univariate analysis identified base-
line LVEF, LAD, NYHA, NT-proBNP, ERAA, and diabetes maybe
as predictors of recurrence. And then, the multivariate analy-
sis in Model 1 showed that LAD and diabetes may be more
associated with recurrence [hazard ratio (HR): 1.25, 95% con-
fidence interval (CI): 1.04–1.52, P = 0.020, and HR: 3.88, 95%
CI: 1.12–7.32, P = 0.029, respectively; Table 2]; however, in
Model 2, only LAD remained significantly associated with re-
currence (HR: 1.26, 95% CI: 1.02–1.55, P = 0.029; Table 2). For
the HFpEF group, baseline LAD, NYHA, NT-proBNP, PerAF, AF
duration, and ERAA were identified as predictors of recur-
rence by univariate analysis, but only NYHA was found signif-
icantly associated with recurrence in both Model 1 and
Model 2 (HR: 4.97, 95% CI: 1.67–15.87, P = 0.003, and HR:
5.29, 95% CI: 1.23–22.70, P = 0.019, respectively; Table 2).

Table 1 Baseline characteristics of the study patients

Variable HFrEF HFmrEF HFpEF No HF P-value

Patients (n) 37 78 101 255
Age (years) 68 [62, 75] 69 [65, 75] 67 [55, 77] 64 [53, 76] 0.062
Male, n (%) 23 (62.2%) 48 (61.5%) 60 (59.4%) 152 (59.6%) 0.981
Persistent AF, n (%) 9 (24.3%) 17 (21.8%) 27 (26.7%) 47 (18.4%) 0.355
BMI (kg/m2) 23 [19.5, 25.5] 24.3 [19.7, 27] 23.1 [20.2, 26] 22.6 [20.1, 25.8] 0.291
Duration of AF (months) 13 [10, 17] 11 [8, 15] 11 [11, 15] 10 [8, 14] 0.092
LVEF (%) 35 [33, 37] 45 [41, 48]a 57 [53, 62]a,b 60 [58, 63]a,b,c <0.001
LAD (mm) 46.9 [43.7, 47.8] 44.5 [42, 48] 42.5 [38.7, 45.9]a 43 [39, 45.8]a,b <0.001
CHA2DS2-VASc score 3 [2, 4] 3 [2, 3] 2 [2, 3]a 2 [1, 3]a,b <0.001
HAS-BLED score 2 [1, 2] 2 [1, 2] 2 [1, 2]a 1 [1, 1]a,b <0.001
NYHA class 2.73 ± 0.73 2.50 ± 0.70 2.24 ± 0.47a 1.52 ± 0.69a,b,c <0.001
NT-proBNP (pg/mL) 2265.9 ± 1559.7* 2100 ± 1218.6* 1821 ± 970.3* 54.3 ± 22.6 <0.001
Follow-up time (months) 21.9 ± 7.3 21.8 ± 6.8 23.7 ± 7.0 23.4 ± 6.0 0.147
Medical history

CAD, n (%) 15 (40.5) 28 (35.9) 30 (29.7) 81 (31.8) 0.591
Hypertension, n (%) 24 (64.9) 46 (59) 67 (66.3) 109 (42.7)c <0.001
Diabetes, n (%) 13 (35.1) 25 (31.6) 28 (27.7) 50 (19.6) 0.037
Prior TIA/stroke, n (%) 3 (8.1) 6 (7.7) 3 (3) 1 (0.4)a,b 0.006
CKD, n (%) 11 (29.7) 18 (23.1) 18 (17.8) 19 (7.5)a,b,c <0.001

Medications before ablation
ACE-I or ARB, n (%) 26 (70.2) 48 (61.5) 55 (54.5) 84 (32.9)a,b,c <0.001
Aldosterone antagonist 5 (13.5) 9 (11.5) 11 (10.9) 12 (4.7) 0.049
Diuretics, n (%) 20 (54.1) 35 (44.9) 23 (22.8)a,b 11 (4.3)a,b,c <0.001
Nitrates, n (%) 6 (16.2) 11 (14.1) 16 (15.8) 0 0.936
Digoxin, n (%) 7 (18.9) 10 (12.8) 12 (11.9) 0 0.551
Beta-blocker, n (%) 24 (64.9) 44 (56.4) 45 (44.6) 98 (38.4)a,b 0.002
Anticoagulation, n (%) 31 (83.8) 64 (82.1) 76 (75.2) 139 (54.9)a,b,c <0.001
Amiodarone, n (%) 6 (16.2) 11 (14.1) 19 (18.8) 25 (9.8) 0.124
Propafenone, n (%) 1 (2) 2 (2.6) 3 (3) 12 (4.7) 0.752

Abbreviations: ACE-I, angiotensin-converting enzyme inhibitor; AF, atrial fibrillation; ARB, angiotensin II receptor blocker; BMI, body mass
index; CAD, coronary artery disease; CKD, chronic kidney disease; HF, heart failure; HFmrEF, heart failure with mildly reduced ejection frac-
tion; HFpEF, heart failure with preserved ejection fraction; HFrEF, heart failure with reduced ejection fraction; LAD, left atrial diameter;
LVEF, left ventricular ejection fraction; NT-proBNP, N-terminal pro-B-type natriuretic peptide; NYHA, New York Heart Association; TIA,
transient ischaemic attack.
Continuous data are summarized as n (%), mean ± standard deviation, or median [25th, 75th percentiles].
aP < 0.05 vs. HFrEF.
bP < 0.05 vs. HFmrEF.
cP < 0.05 vs. HFpEF.
*P = 0.265: HFrEF vs. HFmrEF vs. HFpEF.
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Predictors of recovery from HF

Univariate and multivariate logistic regression analyses were
performed to estimate the recovery from HF. AF freedom
within 1 year after CBA was identified as a significant
predictor of remission of all HF groups (HFmrEF: HR: 0.018,
95% CI: 0.001–0.26, P = 0.003, and HFpEF: HR: 0.22, 95% CI:
0.068–0.71, P = 0.012; Table 3).

Discussion

This study demonstrated the following key findings. First, the
CBA is safe and effective for patients with HFmrEF and HFpEF
with similar recurrence and adverse events compared with
the No HF group. Second, both objective and subjective func-
tional improvements (LVEF, LAD, NYHA, and HF subtypes re-
assessment) were confirmed at 1 year after CBA, especially
for the HFmrEF group. Finally, baseline LVEF, LAD, and NYHA

were independent predictors of recurrence for HFrEF,
HFmrEF, and HFpEF, respectively. The freedom from AF recur-
rence was an independent predictor of recovery from HF,
irrespective of the subtypes.

Previous studies have shown that RFA is effective for
patients with HFrEF or HFpEF.8,9,12,16–20 The CASTLE-AF
(Catheter Ablation vs. Standard Conventional Therapy in Pa-
tients with Left Ventricular Dysfunction and Atrial Fibrillation)
described a reduction in the composite endpoint of death
and HF hospitalizations, from 44.6% in the medical group to
28.5% in the RFA group.9 The STALL AF-HFpEF (STudy
using invAsive haemodynamic measurements foLLowing
catheter ablation for AF and early HFpEF) showed that RFA
improves haemodynamic parameters, BNP, and HF
symptoms for the patients with HFpEF.11 CBA has potential
advantages for HF patients, such as no additional fluid burden
caused by irrigation catheter, short procedure time, and
fewer complications.13 Heeger et al. included 551 patients
with HFrEF for CBA and found that CBA was effective
with significantly improved NYHA and LVEF at 12 month

Figure 2 Procedural characteristics. (A) Procedure time, (B) fluoroscopy time, (C) percentage of PVI, and (D) applications per PV. HF, heart failure;
HFmrEF, heart failure with mildly reduced ejection fraction; HFpEF, heart failure with preserved ejection fraction; HFrEF, heart failure with reduced
ejection fraction; PV, pulmonary vein; PVI, pulmonary vein isolation.
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follow-up.21 Recently, Rattka et al. identified 35 patients with
HFpEF for CBA and showed that CBA improves patients’
symptoms and decreases the number of hospitalizations.12

However, due to sample limitations, it is difficult to prove
the conclusion of this study. Therefore, there is still a lack
of long-term follow-up data of CBA in patients with HF, espe-
cially for patients with HFmrEF and HFpEF. In order to verify
the efficacy of CBA in patients with HFpEF and HFmrEF, we
enrolled a large number of patients in the study. Moreover,
to the best of our knowledge, this is the first study systemat-
ically analysing CBA in HFmrEF patients, independently.

Procedural characteristics

In the current study, longer procedure, and fluoroscopy time
and more applications per PV were found in the HFmrEF and
HFpEF groups when compared with the No HF group.
Patients with HF are always accompanied by anatomical

structure changes in LA, which might necessitate additional
applications to achieve PVI. These, in turn, may lead to
prolonged procedure and fluoroscopy time.

Sinus rhythm maintenance of cryoballoon
ablation in patients with HF with mildly reduced
and preserved ejection fraction

Previous studies have confirmed that the recurrence in pa-
tients with HFrEF is higher than that of patients without
HF.22 Moreover, compared with HFpEF, Cha et al. showed
that patients with diastolic dysfunction were more likely to
maintain SR at 1 year relative than those with systolic
dysfunction.23 Conversely, Black-Maier et al. conducted a
retrospective study of patients with HF for RFA and found
similar recurrence between HFpEF and HFrEF groups.10 A lim-
itation for this study was that patients enrolled were based
on the clinical diagnosis of HF rather than echocardiographic

Figure 3 Primary and secondary endpoints. (A) Long-term recurrence, (B) ERAA, (C) in-hospital adverse events, and (D) HF classification improvement
1 year after cryoballoon ablation. ERAA, early recurrence of atrial arrhythmia; HF, heart failure; HFmrEF, heart failure with mildly reduced ejection
fraction; HFpEF, heart failure with preserved ejection fraction; HFrEF, heart failure with reduced ejection fraction; PVs, pulmonary veins; SR, sinus
rhythm; TIA, transient ischaemic attack.
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diastolic. Another study by Yamauchi et al. also suggested
similar results with Black-Maier et al.24 However, in this
study, authors included HFmrEF and HFrEF into one group
(HFmrEF + HFrEF), and lower recurrence in patients with
HFmrEF may reduce the total recurrence of the
HFmrEF + HFrEF group.

In the current study, the ERAA was similar among different
groups and in line with previous studies.25 After a mean
follow-up of 23.1 ± 6.5 (range: 12–39) months, the long-term
recurrence of patients with HFmrEF and HFpEF was similar to
No HF patients. A significantly higher recurrence was found in
the HFrEF group (35.1%), which contributes to the statistical

Figure 4 Kaplan–Meier curves for freedom from atrial arrhythmia recurrence. AT/AF, atrial tachyarrhythmia/atrial fibrillation; HF, heart failure;
HFmrEF, heart failure with mildly reduced ejection fraction; HFpEF, heart failure with preserved ejection fraction; HFrEF, heart failure with reduced
ejection fraction. *Groups with the most significant differences.

Figure 5 Reassessment of NYHA, LAD, and LVEF 1 year after cryoballoon ablation. (A, B) NYHA, (C, D) LAD, and (E, F) LVEF. EF, ejection fraction; HF,
heart failure; HFmrEF, heart failure with mildly reduced ejection fraction; HFpEF, heart failure with preserved ejection fraction; HFrEF, heart failure
with reduced ejection fraction; LA, left atrial; LAD, left atrial diameter; LVEF, left ventricular ejection fraction; NYHA, New York Heart Association.
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difference in the Kaplan–Meier curve analysis among groups
(P = 0.033). HF results in elevated left ventricular (LV) end-di-
astolic pressure, which increases LA filling pressures. This, in
turn, increases atrial wall stress, consequently affecting the
renin-angiotensin system, calcium handling, profibrotic, and
proinflammatory pathways, all of which promote electrical
and structural remodelling.26–28 However, the unique haemo-
dynamics of each HF subtype has differing effects on LA
structure and function. The eccentric remodelling of the LA
occurs to a larger extent in HFrEF, with a greater overall in-
crease in LAD and volume. A greater pulsatility and maximal
pressure in HFpEF lead to increased LA stiffness relative to
HFrEF.29 HFmrEF is in the transitional stage of HFrEF and
HFpEF, which has diastolic dysfunction but a lesser degree
of LA stiffness than that of HFpEF and a tendency of systolic
dysfunction but less than that of HFrEF. Therefore, the under-
lying substrate driving AF could be varied in patients with dif-
ferent HF subtypes, which might lead to the difference in re-
currence after CBA. In the current study, recurrence of
HFmrEF is between HFrEF and HFpEF, and the difference is
not significant with HFpEF. Additionally, the recurrence is
closely related to the deterioration of the atrial matrix. The
high rate of SR maintenance in the HFmrEF and HFpEF groups
was similar to the No HF group, indicating that CBA may delay
the deterioration of the atrial matrix of patients with HFpEF
and HFmrEF.

Safety of cryoballoon ablation in patients with HF
with mildly reduced and preserved ejection
fraction

CA has the potential to harm subjects by procedural compli-
cations. The CABANA (Catheter Ablation vs. Antiarrhythmic
Drug Therapy for Atrial Fibrillation) trial consists of 6.6% of
patients with HF who suffered procedural adverse events.8

In the CASTLE-AF trial, there was seven (3.9%) patients who
suffered procedural adverse events compared with patients
without HF, as reported previously.9 Jayanna et al. did not
find any difference in peri-procedural complications between
HF and No HF groups.18 Moreover, Aldaas et al. found that
patients with HFrEF and HFpEF suffered similar complications
as patients without HF.19 Additionally, limited data
determined that CBA was safe for HFpEF and HFrEF with
low complication (HFrEF: 4/50, 8%, and control: 3/50, 6%;
P = 0.695).21 In the current series of patients, the rate of
complications was low, which was in line with previous
studies (2–7.5%).7,30–32 No in-hospital death occurred in all
patients. No significant differences were observed among
the groups for complications. Typically, HF would not increase
CBA procedural complications regardless of HF subtypes. Two
patients experienced AHF after CBA, although the symptoms
were relieved after drug treatment. Also, for patients with

stable HF before procedure, the procedure is a major induce-
ment of AHF, especially in patients with reduced LVEF.

All-cause death after cryoballoon ablation in
patients with HF with mildly reduced and
preserved ejection fraction

The CABANA trial showed that the RFA had a 43% relative re-
duction in all-cause mortality for patients with HF compared
with drug therapy over a median follow-up of 48.5 months.8

After a median follow-up of 37.8 months, for patients with
HFrEF, the CASTLE-AF trial showed that significantly fewer pa-
tients in the RFA group died from any cause (HR: 0.53, 95%
CI: 0.32–0.86, P = 0.01).9 Seven all-cause deaths occurred af-
ter RFA during the median follow-up of 31 months, and no
significant difference was found among HFrEF, HFmrEF, and
HFpEF groups (P = 0.15).33 The all-cause deaths were lower
in the current study after the median follow-up of
23.1 months (1.06%, 5/471, HFrEF: 3, HFmrEF: 1, No HF: 1).
In the HFrEF group, two patients died of AHF and cardiac
shock, and the other died of recurrent stroke. All three pa-
tients had AF recurrence during follow-up. The failure to
maintain SR may be one of the leading causes of death.
One patient in the HFmrEF group died of diabetes complica-
tions. This patient also experienced AF recurrence. Previous
studies demonstrated that diabetes increases AF recurrence
after CA. Hence, the treatment of comorbidities is crucial as
it directly affects the overall outcomes.

HF improvement and left atrial reversing after
cryoballoon ablation in patients with HF with
mildly reduced and preserved ejection fraction

The follow-up data of the CABANA trial showed that RFA im-
proves the quality of life (QOL) for HF patients relative to
drug therapy.8 Rattka et al. also demonstrated the improve-
ment of NYHA, LV reverse remodelling, intraventricular septal
thickness, and LV mass index (LVMI) 1 year after RFA.12 Sim-
ilar results were found in other studies.14,24,34 In another
study by Heeger et al., wherein CBA was performed for the
patients with HF, LVEF improved from a median of 37% to
55% after 12 months of follow-up (P < 0.0001).21 The SR
maintained by CBA may be a critical factor for improving
the outcomes.11,20 In the current study, NYHA was improved
significantly in the HF groups. Additionally, we found that
LVEF was significantly improved in the patients with HFmrEF
and HFrEF. In the HFmrEF group, 43 patients with improved
LVEF maintained SR at 12 month follow-up. Although the re-
currence was similar, LAD was significantly shortened in the
HFmrEF group compared with the HFpEF group. In other
words, CBA could reverse the LA remodelling of patients with
HFmrEF significantly, which could be attributed to the special
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pathophysiology of HFmrEF. The reassessment of HF sub-
types after 12 months showed that more than half of the pa-
tients in the HFpEF group recovered from HF. AF could aggra-
vate HF not only objectively but also subjectively affecting
the patient’s main complaint. Therefore, maintaining SR im-
proves the HF symptoms and affects the patient’s main com-
plaint, which is represented by improved NYHA.35 Compared
with the No HF group, HFpEF is mainly manifested by poor
NYHA. Hence, if NYHA of HFpEF is significantly improved at
the time of reassessment, it may be assessed as a recovery
of HF. For other HF subtypes, even if NYHA is significantly im-
proved, the improvement of LVEF does not meet the criteria
of another subtype and cannot be judged as the recovery of
HF subtypes. Therefore, compared with other HF subtypes,
HFpEF is likely to show recovery of HF subtypes.

Predictors of recurrence and recovery of HF

For the general population, several factors were used to pre-
dict the recurrence after CA, including AF type (paroxysmal or
persistent), AF duration, gender, and LAD. For the patients
with AF and HF, Jayanna et al. found that LA enlargement,
PerAF, and a high CHA2DS2-VASc score are independent risk
factors for recurrence.18 Yamauchi et al. found that de-
creased BNP level and freedom from recurrence were inde-
pendent predictors of HF remission.24 After multivariate re-
gression, Rattka et al. also found that the absence of atrial
tachyarrhythmia (AT) recurrence was an independent predic-
tor of recovery from HFpEF.12 Currently, there are no studies
on the predictors of AF recurrence and HF remission after
CBA in patients with HFpEF and HFmrEF. In this study, univar-
iate analysis was performed first, followed by multivariate
analysis through Model 1 and Model 2. For patients with
HFmrEF, the multivariate analysis found that LAD was signifi-
cantly associated with AF recurrence in both Model 1 and
Model 2. It was found that CBA could reverse the LA remod-
elling in our study (mainly manifested as significantly short-
ened LAD), and more than two-thirds of patients in the
HFmrEF group experienced LAD shortening after CBA, which
was superior to other variables, so for patients with HFmrEF,
LAD shortening may contribute more to maintaining SR. In
addition, the shortening of LAD in the HFmrEF group was
more significant than that in the HFpEF group, which may
be due to the relatively severe but better reversibility of LA
remodelling in the HFmrEF group compared with the HFpEF
group, and the reversibility of LA remodelling is important
for the maintenance of SR. Therefore, LAD was more impor-
tant in patients with HFmrEF compared with the HFpEF,
whereas for patients with HFpEF, who are away not accom-
panied by severe cardiac remodelling, NYHA deterioration is
an important distinction between patients with HFpEF and
those without HF. NYHA reflects the HF dynamic changes of
HFpEF and may predict the recurrence of these patients after

CBA. The multivariate analysis of patients with HFpEF showed
that NYHA was significantly associated with recurrence after
CBA in Model 1 and Model 2. In the current study, more than
half of the patients in the HFpEF group experienced signifi-
cant improvement of NYHA, and the proportion was much
higher than that in the HFmrEF group, which made NYHA
more useful in predicting the recurrence of AF in the patients
with HFpEF. Maintaining SR is a primary indicator to evaluate
the effectiveness of AF treatment. Some studies showed that
maintaining SR can alleviate the HF symptoms, improve LVEF,
and even reverse cardiac remodelling for patients with AF
and HF. In the current study, we found that regardless of
the HF subtypes, maintaining SR is a major predictor of im-
provement in the NYHA reassessment, which was consistent
with the results of previous studies.14,19,24

Therefore, the CBA procedure parameters, the follow-up
data, prognosis and predictors of cardiac function improve-
ment, and recurrence in patients with HFpEF and HFmrEF dif-
fer from those without HF or HFrEF, especially those with
HFmrEF, which has always been combined with other sub-
groups for analysis in previous studies. Thus, we suggested
that patients with HFmrEF should be studied as an indepen-
dent group in future studies.

Study limitations

Nevertheless, the present study has several limitations.
Firstly, this was a retrospective, observational study, and the
number of patients may not be sufficient to reach a definite
conclusion. Hence, randomized controlled trials (RCTs) are
warranted for verification of the reproducibility and general-
izability of the findings. Secondly, AF recurrence might be
underestimated because it was not a continuous telemetry
monitoring, except for some patients with implantable pace-
makers, implantable cardioverter defibrillator (ICD) or cardiac
resynchronization therapy with defibrillator (CRTD). Thirdly,
although the same CBA procedure protocol was applied for
all patients, the details of the procedure obtained from two
EP centres were not identical, which might affect the
outcome.

Conclusions

Patients with HFmrEF or HFpEF with AF can benefit signifi-
cantly from CBA, and its safety and effectiveness are not infe-
rior to those without HF. Successful CBA can significantly im-
prove the HF symptoms and parameters, especially for
patients with HFmrEF, which can be reversed with LA remod-
elling after CBA. LAD and NYHA are independent predictors of
the recurrence in the HFpEF and HFmrEF groups, respectively,
whereas SR maintenance is an independent predictor of
NYHA improvement irrespective of the HF subtypes.
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However, large RCTs are required to examine the long-term
outcomes of CBA in HFmrEF and HFpEF.
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