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BACKGROUND Limited data exist on reducing the atrial fibrillation (AF) burden, the regression from persistent to

paroxysmal AF, and symptom improvement after cryoablation in patients with persistent AF.

OBJECTIVES This study sought to evaluate the efficacy of cryoablation in reducing the AF burden, regression to

paroxysmal AF, and symptom improvement in patients with early persistent AF.

METHODS This investigator-initiated, multicenter, and prospective cohort study enrolled the patients with early

persistent AF (#3 years). All patients were inserted an implantable loop recorder at the time of trial entry. AF burden

(percentage of time in AF) and actual AF type were evaluated during pre-cryoablation and 12-month follow-up after

cryoablation. AF-related symptoms and quality of life were assessed.

RESULTS A total of 130 patients were enrolled (median age 61 years [Q1-Q3: 54-67 years]; median duration of

persistent AF 6 months [Q1-Q3: 4-10 months]). The mean AF burden before cryoablation was 77 � 34% (25.4% of high-

burden paroxysmal AF; 74.6% of implantable loop recorder–confirmed persistent AF), which was reduced to 9 � 21%

after 12-month follow-up (mean 68 � 37% of AF burden reduction; P < 0.001). Of the total, 38.5% had no recurrence of

AF, 43.1% had a recurrence of paroxysmal AF, and 18.5% had a recurrence of persistent AF. Among those with confirmed

persistent AF at baseline, 76% of patients showed regression to paroxysmal AF or no recurrence. After cryoablation, 77%

of patients improved AF-related symptoms and quality of life as assessed by 36-Item Short Form Survey questionnaires.

CONCLUSIONS In patients with early persistent AF, cryoablation significantly reduced AF burden and achieved

regression of AF type followed by symptom improvement. (Cryoablation for Pulmonary Vein Isolation Alone in Patients

with Early Persistent AF Assessed by Continuous Monitoring [COOL-PER]; NCT05507749).

(JACC Clin Electrophysiol. 2025;11:1234–1247) © 2025 The Authors. Published by Elsevier on behalf of the American

College of Cardiology Foundation. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).
N 2405-500X https://doi.org/10.1016/j.jacep.2025.02.006

m the aDepartment of Internal Medicine, Seoul National University Hospital, Seoul, Republic of Korea; bDepartment of Internal

dicine, Seoul National University College of Medicine, Seoul, Republic of Korea; cDepartment of Internal Medicine, Seoul

tional University Boramae Medical Center, Seoul, Republic of Korea; dCardiac Arrhythmia Center, Heart Vascular and Stroke

titute, Division of Cardiology, Department of Medicine, Samsung Medical Center, Sungkyunkwan University School of Medi-

e, Seoul, Republic of Korea; eDepartment of Internal Medicine, Seoul National University Bundang Hospital, Seongnam,

public of Korea; fDivision of Cardiology, Department of Internal Medicine, Hallym University Sacred Heart Hospital, Anyang,

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jacep.2025.02.006&domain=pdf
http://creativecommons.org/licenses/by/4.0/


J A C C : C L I N I C A L E L E C T R O P H Y S I O L O G Y V O L . 1 1 , N O . 6 , 2 0 2 5 Lee et al
J U N E 2 0 2 5 : 1 2 3 4 – 1 2 4 7 AF Burden Reduction After Cryoablation in Early Persistent AF

1235
AB BR E V I A T I O N S

AND ACRONYM S

AAD = antiarrhythmic drug

AF = atrial fibrillation

ECG = electrocardiogram

ILR = implantable loop

recorder

LA = left atrial

PVI = pulmonary vein isolation

SF-36 = 36-Item Short Form

Survey
I t is well established that pulmonary vein isola-
tion (PVI) is an effective treatment for rhythm
control of patients with atrial fibrillation (AF).1-

3 In the recent decade, efficacy and safety data of
single-shot mode PVI utilizing various energies,
including cryogenic energy, have been reported,
especially in paroxysmal AF.4,5 Of these, cryobal-
loon ablation was noninferior in efficacy compared
with radiofrequency ablation in patients with anti-
arrhythmic drug (AAD)–refractory paroxysmal AF,
with no significant difference in safety.4 Recently,
cryoablation has demonstrated superior efficacy in
preventing atrial arrhythmia recurrence as initial
therapy compared with AAD in paroxysmal AF.6,7

In addition, the EARLY-AF (Early Aggressive Inva-
sive Intervention for Atrial Fibrillation) study,
which followed atrial arrhythmia recurrence with
implantable cardiac monitoring devices in all pa-
tients, reported a reduced risk of progression to
persistent AF in patients who received cryoablation
compared with AAD therapy at 3-year of follow-
up.8

As cryoballoon ablation has become widely
applied in treating patients with AF, its efficacy and
safety in patients with persistent AF have been re-
ported.9-11 Persistent AF is more heterogeneous than
paroxysmal AF, and the treatment response after
rhythm control in patients with persistent AF is
more complex than in those with paroxysmal
AF.12,13 Although studies using continuous cardiac
rhythm monitoring tools have well-documented
effective AF burden reduction and inhibition of
progression to persistent AF after cryoablation in
patients with paroxysmal AF,8,14 there are limited
data on actual AF burden reduction or regression to
paroxysmal AF in patients with persistent AF after
PVI with cryoablation, other than mere AF recur-
rence assessed by conventional tools such as 12-lead
electrocardiogram (ECG) and 24-hour Holter
monitoring.

In this study, we aimed to evaluate the efficacy of
cryoablation in reducing AF burden and regression to
paroxysmal AF using continuous rhythm monitoring
in patients with early persistent AF.
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METHODS

STUDY DESIGN. The COOL-PER (CryOa-
blatiOn for puLmonary vein isolation alone in
patients with early PERsistent AF assessed by
continuous monitoring) trial was an
investigator-initiated, multicenter, single-
arm, prospective study. Patients with clini-
cally persistent AF #3 years from the onset
were evaluated at 5 sites across the Republic
of Korea. Before enrollment, all participants
gave informed consent. The study received

approval from the ethics and Institutional Review
Board at each participating site, adhered to the prin-
ciples outlined in the Declaration of Helsinki, and
registered on ClinicalTrials.gov (NCT05507749).

INCLUSION AND EXCLUSION CRITERIA. Patients 20
to 80 years of age with drug-refractory symptomatic
persistent AF #3 years were eligible for inclusion.
Clinical persistent AF was defined as documented AF
on 12-lead ECGs performed $7 days apart, docu-
mented 100% AF burden on 24-hour Holter moni-
toring, and requiring cardioversion for AF of $7 days
duration. Major exclusion criteria included long-
standing persistent AF, especially more than 3 years
from diagnosis as persistent AF, left atrial (LA) diam-
eter >50 mm, left ventricular ejection fraction <30%,
prior ablation or cardiac surgery for AF, a percuta-
neous coronary intervention or myocardial infarction
in the prior 3 months, or a stroke or transient ischemic
attack in the prior 6 months. Detailed exclusion
criteria are presented in Supplemental Table 1.

IMPLANTABLE LOOP RECORDER IMPLANTATION

FOR CONTINUOUS RHYTHM MONITORING. After
enrollment, all patients underwent implantable loop
recorder (ILR) implantation to enable continuous
cardiac rhythm monitoring (Reveal LINQ; Medtronic).
ILR implantation was performed at least 7 days and
up to 90 days prior to cryoablation. The monitor was
equipped with an algorithm designed to detect AF,
enabling continuous analysis of beat-to-beat vari-
ability in cardiac cycles. This functionality facilitated
the identification of arrhythmia occurrence timing
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FIGURE 1 Study Enrollment Flow

A total of 130 patients were included in the final analysis. ILR ¼ implantable loop recorder.
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and the quantification of AF burden, defined as the
percentage of time spent in AF. The monitor’s set-
tings were standardized as outlined in Supplemental
Table 2.15,16 The parameters were selected to
enhance AF detection, achieving a reported sensi-
tivity of 96.1% and a positive predictive value of
73%.15,16 In addition to automated detection by ILR-
programmed algorithms, all arrhythmia episodes
were manually adjudicated by independent, experi-
enced electrophysiologists (E.-K.C., S.-R.L., and
J.M.C.). These experts reviewed all ILR-detected
events to confirm their accuracy and eliminate false
positives (eg, noise or ectopic beats). Manual adjudi-
cation was cross-checked by the aforementioned
electrophysiologists to ensure accurate representa-
tion of AF events and AF burden, while excluding any
false positive or unconfirmed episodes.

CRYOBALLOON ABLATION PROCEDURE. The details of
the cryoballoon ablation procedure have been previ-
ously elucidated.4,10,11,14 Details are presented in the
Supplemental Methods. The recommended cry-
oapplication duration consisted of a total of 240
seconds for each pulmonary vein, employing a freeze-
thaw-freeze technique;10 nevertheless, the physician
had discretion over the quantity and duration of
cryoapplications. While discontinuing AADs after a
90-day post-ablation blanking period was recom-
mended, continuation of AADs or change the type
and dose of AADs during follow-up was permitted at
the discretion of the treating physicians.

PATIENT FOLLOW-UP. After cryoablation, patients
underwent in-office follow-up visits at intervals of 1,
3, 6, 9, and 12 months. At each visit, patients evalu-
ated their pertinent clinical background, received a
physical examination, and were assessed via a 12-lead
ECG and analysis of the ILR.
ENDPOINTS. The primary endpoint was defined as
the change in atrial arrhythmia burden (so-called AF
burden) monitored by ILR from pre-cryoablation to
post-cryoablation from day 91 (excluding a 90-day
blanking period) to 12-month follow-up. Secondary
endpoints were: 1) the recurrence of AF lasting more
than 30 seconds for the first time between day 91 and
365 after cryoablation assessed by ILR monitor; 2) the
AF recurrence pattern assessed by separating parox-
ysmal recurrence and persistent recurrence, with
persistent recurrence defined as AF lasting more than
7 days; 3) arrhythmia-related symptoms assessed by
European Heart Rhythm Association symptom
classification at pre-cryoablation and 12-month
follow-up2; and 4) quality-of-life surveys (36-Item
Short Form Survey [SF-36] questionnaires) at pre-
cryoablation and at the 12-month follow-up visit.

STATISTICAL ANALYSIS. Statistical analyses were
performed using SPSS Statistics version 25 (IBM),
Stata version 18 (StataCorp), and GraphPad Prism 9
(GraphPad Software). Continuous variables following
a normal distribution were presented as mean � SD,
while non-normally distributed variables were
expressed as median (Q1-Q3). A summary of baseline
information, pertinent medical history, and proced-
ure details was provided. Baseline characteristics
were described for the entire study population
according to baseline actual AF type. Continuous
variables with a normal distribution were compared
using the independent t test, while non-normally
distributed variables were analyzed with the Wil-
coxon rank sum test. Categorical variables were
compared between groups using the chi-square or
Fisher exact test as appropriate. The AF burden and
SF-36 scores before and after cryoballoon ablation
were presented as mean � SD, and the comparison of

https://doi.org/10.1016/j.jacep.2025.02.006
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TABLE 1 Baseline Patient Characteristics

Total
Type 1

High-Burden Paroxysmal AF
Type 2

ILR-Confirmed Persistent AF P Value

Patients 130 (100) 33 (25.4) 97 (74.6)

Age, y 61.0 (54.0-66.8) 61.0 (54.0-66.0) 61.0 (55.0-67.0) 0.502

<65 y 88 (67.7) 24 (72.7) 64 (66.0) 0.814

$65-<75 y 40 (30.8) 9 (27.3) 31 (32.0)

$75 y 2 (1.5) 0 (0) 2 (2.1)

Female 31 (23.8) 9 (27.3) 22 (22.7) 0.593

Body mass index, kg/m2 25.9 � 2.7 26.2 � 2.9 25.8 � 2.7 0.383

Persistent AF at study enrollment 130 (100) 33 (100) 97 (100) N/A

AF on $2 consecutive ECGs performed
7 or more days apart

126 (96.9) 30 (90.9) 96 (99.0) 0.050

100% AF in 24-h Holter monitoring 47 (36.2) 10 (30.3) 37 (38.1) 0.022

Cardioversion before enrollment 44 (33.8) 9 (27.3) 35 (36.1) 0.356

Failed to turn sinus rhythm after
cardioversion

6 (4.6) 72 (22.2) 4 (11.4) 0.586

Initial paroxysmal AF to persistent AF 42 (32.3) 14 (42.4) 28 (28.9) 0.150

Duration of AF, mo 9.0 (5.0-19.8) 10.0 (5.0-36.0) 9.0 (6.0-18.0) 1.000

Duration of persistent AF, mo 6.0 (4.0-10.0) 5.0 (3.0-9.0) 6.0 (5.0-12.0) 0.008

#1 y 103 (79.2) 29 (87.9) 74 (76.3) 0.156

>1 y to #3 y 27 (20.8) 4 (12.1) 23 (23.7)

History of atrial flutter 31 (23.8) 12 (36.4) 19 (19.6) 0.051

EHRA symptom classification

1 4 (3.1) 1 (3.0) 3 (3.1) 0.129

2a 58 (44.6) 17 (51.5) 41 (42.3)

2b 47 (36.2) 7 (21.2) 40 (41.2)

3 21 (16.2) 8 (24.2) 13 (13.4)

QoL assessed by SF-36 143.8 (119.2-163.4) 138.5 (110.9-157.8) 144.8 (127.5-164.4) 0.231

Comorbidities

Hypertension 72 (55.4) 14 (42.4) 58 (59.8) 0.083

Diabetes mellitus 24 (18.5) 9 (27.3) 15 (15.5) 0.131

Heart failure 21 (16.2) 6 (18.2) 15 (15.5) 0.714

Coronary artery disease 8 (6.2) 4 (12.1) 4 (4.1) 0.112

Peripheral artery disease 1 (0.8) 0 (0) 1 (1.0) 1.000

Prior myocardial infarction 2 (1.5) 2 (6.1) 0 (0) 0.063

Prior stroke or TIA 11 (8.5) 2 (6.1) 9 (9.3) 0.729

Structural heart disease 9 (6.9) 1 (3.0) 8 (8.2) 0.447

CHA2DS2-VASc score 2.0 (1.0-2.0) 2.0 (1.0-3.0) 2.0 (1.0-2.0) 0.826

0 27 (20.8) 8 (24.2) 19 (19.6) 0.842

1 30 (23.1) 7 (21.2) 23 (23.7)

$2 73 (56.2) 18 (54.5) 55 (56.7)

Serum creatinine, g/dL 1.0 (0.8-1.1) 1.0 (0.8-1.1) 1.0 (0.8-1.1) 0.894

Creatinine clearance, mL/min 78.3 � 20.3 78.9 � 23.2 78.1 � 19.3 0.528

Creatinine clearance #50 mL/min 12 (9.2) 4 (12.1) 8 (8.2) 0.507

LVEF, % 57.0 (55.0-62.0) 57.0 (55.0-61.0) 57.0 (55.2-62.0) 0.748

<50% 10 (7.7) 3 (9.1) 7 (7.2) 0.714

LA diameter, mm 44.0 (42.0-47.0) 43.0 (41.3-46.5) 44.0 (42.0-47.0) 0.575

$45 mm 59 (45.4) 12 (36.4) 47 (48.5) 0.270

LAVI, mL/m2 42.7 (35.8-52.9) 46.0 (35.3-53.1) 42.4 (36.5-52.7) 0.991

Medication

OAC, DOAC 129 (99.2) 33 (100) 96 (99.0) 1.000

OAC, warfarin 1 (0.8) 0 (0) 1 (1.0)

Class 1c AAD 59 (45.4) 10 (30.3) 48 (49.5) 0.056

Class III AAD 68 (52.3) 22 (66.7) 46 (47.4)

RAS blocker 39 (30) 8 (24.2) 31 (32.0) 0.403

Beta-blocker 58 (44.6) 15 (45.5) 43 (44.3) 0.911

Calcium-channel blocker 22 (16.9) 8 (24.2) 14 (14.4) 0.194

Values are n (%) or median (Q1-Q3).

AAD ¼ antiarrhythmic drug; AF ¼ atrial fibrillation; DOAC ¼ direct oral anticoagulant; ECG ¼ electrocardiogram; EHRA ¼ European Heart Rhythm Association; ILR ¼
implantable loop recorder; LA ¼ left atrial; LAVI¼ left atrial volume index; LVEF¼ left ventricular ejection fraction; OAC ¼ oral anticoagulant; QoL ¼ quality of life; RAS¼ renin-
angiotensin system; SF-36 ¼ 36-Item Short Form Survey; TIA ¼ transient ischemic attack.
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FIGURE 2 Actual AF Types Evaluated by ILR Monitor During the Pre-cryoablation Period

In total, 25.4% of patients were classified as having ‘high-burden paroxysmal AF (Type 1),’ while the remaining 74.6% were identified as having ‘ILR-confirmed persistent

AF (Type 2).’ AF ¼ atrial fibrillation; AT ¼ atrial tachycardia; ILR ¼ implantable loop recorder; PeAF ¼ persistent atrial fibrillation.

Lee et al J A C C : C L I N I C A L E L E C T R O P H Y S I O L O G Y V O L . 1 1 , N O . 6 , 2 0 2 5

AF Burden Reduction After Cryoablation in Early Persistent AF J U N E 2 0 2 5 : 1 2 3 4 – 1 2 4 7

1238
AF burden and SF-36 scores before and after cry-
oballoon ablation was performed using the Wilcoxon
signed rank test. The Kaplan-Meier method was
employed to estimate the freedom from AF at
12 months following a 90-day blanking period.
Changes in AF types from baseline to follow-up and
changes in AF-related symptoms assessed by Euro-
pean Heart Rhythm Association symptom classifica-
tion were described by Sankey plots.

All P values were assessed using a 2-tailed test,
with statistical significance defined as a P value
of <0.05.

DATA AVAILABILITY. All data generated or
analyzed during this study are included in this pa-
per and the Supplemental Appendix. The datasets
used and analyzed during the current study are
available from the corresponding author upon
reasonable request.

RESULTS

Between January 2021 and July 2022, a total of 150
patients were screened for study enrollment; 2 pa-
tients were excluded for not meeting inclusion/
exclusion criteria, 15 patients withdrew consent, 2
patients decided not to undergo cryoballoon ablation
for medical reasons after study explanation, 1 patient
was lost to follow-up after study explanation, and
finally 130 patients included in the study and under-
went ILR implantation before cryoballoon ablation
and subsequently underwent cryoballoon ablation
(Figure 1).

BASELINE CHARACTERISTICS. Baseline characteris-
tics of study patients are presented in Table 1. The
median age of the study patients was 61.0 years
(Q1-Q3: 54.0-66.8 years), 23.8% were female, and
the median CHA2DS2-VASc score was 2.0 (Q1-Q3:
1.0-2.0). All patients had clinically persistent AF at
study enrollment, with 67.7% of patients having
persistent AF at first diagnosis and 32.3% having
paroxysmal AF that progressed to persistent. Of the
study patients, 33.8% (n ¼ 44) had previous car-
dioversion; among these, 13.6% (n ¼ 6) failed to
return to sinus rhythm after cardioversion. The
median duration of AF was 9.0 months (Q1-Q3: 5.0-
19.8 months) and the median duration of persistent
AF was 6 months (Q1-Q3: 4.0-10.0 months); 79.2%
of patients had persistent AF for 1 year or less.
Atrial flutter was observed in 23.8% of patients. The
median left ventricular ejection fraction was 57.0%
(Q1-Q3: 55.0%-62.0%), the median LA diameter was
44.0 mm (Q1-Q3: 42.0-47.0 mm), and 45.4% of pa-
tients had an LA diameter of 45 mm or greater. All
patients received adequate anticoagulation; 45.4%
were prescribed a class Ic AAD and 52.3% were
prescribed a class III AAD.

https://doi.org/10.1016/j.jacep.2025.02.006


TABLE 2 Procedure Characteristics

Total
Type 1

High-Burden Paroxysmal AF
Type 2

ILR-Confirmed Persistent AF P Value

Patients 130 (100) 33 (25.4) 97 (74.6)

Procedure time, min 70.0 (60.0-86.5) 65.0 (60.0-80.0) 73.0 (60.0-87.0) 0.268

Fluoroscopy time, min 16.7 (12.7-24.8) 16.1 (12.9-20.1) 17.2 (12.6-25.3) 0.369

Cryoablation time, min 19.3 (16.0-24.2) 19.4 (15.9-25.3) 19.3 (16.1-24.0) 0.839

Initial sinus rhythm during cryoablation 30 (23.1) 25 (75.8) 5 (5.2) <0.001

AF but terminating during ablation 7 (5.4) 5 (15.2) 2 (2.1)

Intraprocedural direct-current cardioversion 93 (71.5) 3 (9.1) 90 (92.8)

CTI line 17 (13.1) 8 (24.2) 9 (9.3) 0.038

Known clinical atrial flutter 10 (7.7) 6 (18.2) 4 (4.1) 0.029

Induced atrial flutter 7 (5.4) 2 (6.1) 5 (5.2)

Ablation other than PV antrum and CTI 1 (0.8) 0 (0) 1 (1.0)a 1.000

All 4 PVs success rate 126 (96.9) 32 (97.0) 94 (96.9) 1.000

Left superior PV

Number of applications per vein 2.0 (1.0-2.0) 1.0 (1.0-2.0) 2.0 (1.0-2.0) 0.044

PV treated with single cryoablation application 59 (45.4) 20 (60.6) 39 (40.2) 0.042

Duration of cryoablation application, s 240.0 (180.0-345.0) 240.0 (180.0-300.0) 240.0 (180.0-346.3) 0.387

Left inferior PV

Number of applications per vein 1.0 (1.0-2.0) 1.0 (1.0-2.0) 1.0 (1.0-2.0) 0.032

PV treated with single cryoablation application 71 (54.6) 23 (69.7) 48 (49.5) 0.044

Duration of cryoablation application, s 240.0 (180.0-270.0) 240.0 (180.0-243.8) 240.0 (180.0-296.5) 0.322

Right superior PV

Number of applications per vein 1.5 (1.0-2.0) 1.0 (1.0-2.0) 2.0 (1.0-2.0) 0.002

PV treated with single cryoablation application 65 (50) 24 (72.7) 41 (42.3) 0.003

Duration of cryoablation application, s 240.0 (180.0-298.0) 240.0 (180.0-240.0) 240.0 (180.0-300.0) 0.138

Right inferior PV

Number of applications per vein 2.0 (1.0-3.0) 1.0 (1.0-2.0) 2.0 (1.0-3.0) 0.027

PV treated with single cryoablation application 54 (41.5) 20 (60.6) 34 (35.1) 0.010

Duration of cryoablation application, s 260.0 (240.0-349.5) 240.0 (200.0-347.0) 268.0 (240.0-349.0) 0.382

Values are n (%), median (Q1-Q3). aPosterior wall isolation.

AF ¼ atrial fibrillation; CTI ¼ cavotricuspid isthmus; ILR ¼ imiplantable loop recorder; PV ¼ pulmonary vein.
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PRE-CRYOABLATION AF TYPES AND BURDEN ASSESSED

BY ILR MONITOR. The median time from ILR implan-
tation to cryoballoon ablation was 45.0 days (Q1-Q3:
25.0-64.0 days). The mean AF burden before cry-
oballoon ablation was 77 � 34%. The pre-cryoablation
ILR AF burden distribution is shown in Supplemental
Figure 1; 42.3% (n ¼ 55) had an AF burden of 100%
and 22.3% (n ¼ 29) had an AF burden between 90%
and 99.9%. The remaining patients (35.4% [n ¼ 46])
had various percentages between 0% and <90%.
Although all 130 patients had persistent AF as a clin-
ical feature, the actual ILR continuous monitoring
results varied. In total, 25.4% (n ¼ 33) of patients were
classified as clinically persistent AF because they did
not have AF lasting more than 7 days on ILR moni-
toring but had a “high-burden paroxysmal AF” (type
1) (Figure 2). The remaining 74.6% (n ¼ 97) of patients
were of persistent AF type, with AF lasting more than
7 days on the ILR monitor (type 2, “ILR-confirmed
persistent AF” [hereafter “confirmed persistent
AF”]), of which those with spontaneous AF termina-
tion documented on the ILR were categorized as type
2a (9.2% [n ¼ 12]) and those without spontaneous AF
termination were classified as type 2b (65.4%
[n ¼ 85]) (Figure 2). Although there were no signifi-
cant differences in baseline characteristics based on
whether the actual ILR monitoring pattern was high-
burden paroxysmal AF (type 1) or confirmed persis-
tent AF (type 2), patients with type 2 had a longer
duration of persistent AF, a high proportion of ECGs
with 2 or more demonstrations of AF taken $7 days
apart, and a higher proportion with 100% AF
on Holter monitoring (Table 1). There was a trend
toward a higher proportion of patients with LA
diameter $45 mm in type 2, a higher proportion with
initial paroxysmal AF but progressed to persistent AF
in type 1, a higher proportion with atrial flutter in type
1, and a higher proportion with class III AADs in type
1, but these differences were not statistically signifi-
cant (Table 1). The mean pre-cryoablation ILR AF
burden for types 1 and 2 was 24.4 � 19.2% vs 95.4 �
11.9% (P < 0.001). There was no significant difference
in pre-cryoablation ILR monitor duration between the
two groups (median 40.0 days [Q1-Q3: 28.0-54.0 days]

https://doi.org/10.1016/j.jacep.2025.02.006
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FIGURE 3 AF Burden Reduction After Cryoablation

(A) Total. (B) High-burden paroxysmal AF. (C) ILR–confirmed persistent AF. Cryo ¼ cryoablation; other abbreviations as in Figure 2.
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in type 1 vsmedian 47.0 days [Q1-Q3: 24.0-70.0 days] in
type 2; P ¼ 0.288).

PROCEDURAL CHARACTERISTICS. The procedure
characteristics are shown in Table 2. The median
procedure time was 70.0 minutes (Q1-Q3: 60.0-
86.5 minutes) and the cryoablation time was 19.3 mi-
nutes (Q1-Q3: 16.0-24.2 minutes), with no significant
difference between types 1 and 2. Overall, 23.1% of
patients were in sinus rhythm during cryoablation,
5.4% were converted to sinus rhythm during ablation,
and 71.5% underwent direct current cardioversion. In
type 1, a higher proportion of patients were in sinus
rhythm at the time of the procedure, and a higher
proportion had spontaneous AF termination during
the procedure. Concomitant cavotricuspid isthmus



FIGURE 4 AF Recurrence Assessed by 12-Lead ECGs or ILR Monitor During Follow-Up

After a 90-day blanking period, 12-month AF-free survival was 79.2% by 12-lead ECGs, but only 38.5% by ILR ($30s AF event).

ECG ¼ electrocardiogram; other abbreviations as in Figure 2.
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ablation was performed in 13.1% of patients, with a
higher proportion in type 1. The acute procedure
success rate was 96.9%, with no difference between
the two groups, and a higher proportion of type 1
patients were isolated with a single cryoablation
application in all PVs.

In the aspect of procedure-related complications, 3
(2.5%) patients had transient phrenic nerve palsy
during cryoablation but recovered immediately dur-
ing the procedure, and 3 (2.5%) patients had inferior
lead ST-T segment changes during the procedure but
recovered immediately. In 1 (0.7%) patient, the duo-
decapolar catheter became entrapped in the right
atrium Chiari network and was removed by percuta-
neous procedure.

AF BURDEN CHANGES DURING FOLLOW-UP. In the
overall study cohort, compared with the pre-
cryoablation period, the AF burden reduced sub-
stantially from 77 � 34% to 9 � 21% (�68 � 37%;
P < 0.001) after a 90-day blanking period to a
12-month follow-up (Figure 3A). During the 3-month
blanking period, AF burden substantially decreased
from 77 � 34% to 20 � 31% at 1 month and 13 � 28% at
3 months (Figure 3A). After the 3-month blanking
period, AF burden substantially decreased up to
9 months, followed by a slight increase in the 9- to
12-month window compared with the 6- to 9-month
window (9 � 24% vs 13 � 29%; P ¼ 0.036).
The changes in AF burden by actual AF types (high-
burden paroxysmal AF and confirmed persistent AF)
are depicted in Figures 3B and 3C. In those with high-
burden paroxysmal AF (type 1), AF burden reduced
from 24 � 19% to 3 � 10% (�22 � 18% reduction
compared with baseline) (Figure 3B). Among those
with confirmed persistent AF (type 2), AF burden
showed a more significant reduction, from 95 � 12%
to 12 � 24% (�84 � 27% reduction compared with
baseline) (Figure 3C).

AF RECURRENCE ASSESSED BY 12-LEAD ECGs OR

ILR MONITOR DURING FOLLOW-UP. All patients
completed 12-month follow-up, and AF recurrence as
assessed by 12-lead ECGs performed during follow-up
are presented in Figure 4. After a 90-day blanking
period, 12-month AF-free survival was 79.2% assessed
by 12-lead ECGs. In contrast, 12-month AF-free sur-
vival was 38.5% when recurrence was defined as the
first detected AF event lasting 30 seconds or longer
assessed by an ILR monitor after a blanking period
(Figure 4). Supplemental Figure 2 shows the AF-free
survival during follow-up by ECGs and ILR monitor
according to AF types.

AF RECURRENCE TYPES. Of the 61.5% of patients
with AF recurrence on ILR after a blanking period,
70% had a paroxysmal type and 30% had a persistent
type (Figure 5). Type 2 persistent AF (confirmed

https://doi.org/10.1016/j.jacep.2025.02.006


FIGURE 5 AF Recurrence Types Assessed by ILR Monitor

In high-burden paroxysmal AF patients (n ¼ 33), 48.5% had no recurrence, 48.5% recurred as paroxysmal AF, and 3.0% as persistent AF. In confirmed persistent AF

patients (n ¼ 97), 35.1% had no recurrence, 41.2% regressed to paroxysmal AF, and 23.7% recurred as persistent AF. In the example ILR AF burden chart, the red arrow

and dashed line indicate the timing of cryoablation. PAF ¼ paroxysmal atrial fibrillation; other abbreviations as in Figure 2.

Lee et al J A C C : C L I N I C A L E L E C T R O P H Y S I O L O G Y V O L . 1 1 , N O . 6 , 2 0 2 5

AF Burden Reduction After Cryoablation in Early Persistent AF J U N E 2 0 2 5 : 1 2 3 4 – 1 2 4 7

1242
persistent AF) showed a numerically higher recur-
rence rate of atrial tachyarrhythmia compared with
type 1 persistent AF (high-burden paroxysmal AF)
(64.9% vs 51.5%; P < 0.171).

Among patients with initial high-burden of parox-
ysmal AF (n ¼ 33), 48.5% exhibited no recurrence of
AF, 48.5% showed a recurrence as paroxysmal AF, and
3.0% experienced a recurrence as persistent AF. For
patients initially diagnosed with confirmed persistent
AF (n ¼ 97), 35.1% demonstrated no AF recurrence,
41.2% regressed from persistent AF to paroxysmal AF,
and 23.7% experienced a recurrence as persistent AF
(Figure 5). The persistent type of recurrence was lower
in those with high-burden paroxysmal AF at baseline
than in those with confirmed persistent AF at baseline
(3.0% vs 23.7%; P ¼ 0.004).

IMPROVEMENT IN AF-RELATED SYMPTOMS AND

QUALITY OF LIFE AFTER CRYOABLATION. Compared
with the pre-cryoablation period, 77% of patients
improved AF-related symptoms (Figure 6). Improve-
ment of symptoms was observed in 84.8% of patients
in the high-burden paroxysmal AF group and 74.2%
of patients in the confirmed persistent AF group
(Supplemental Figure 3) Compared with the
pre-cryoablation period, improved quality of life
assessed by SF-36 questionnaires was observed (total:
138 � 35 to 155 � 26; P < 0.001; high-burden parox-
ysmal AF: 132 � 37 to 158 � 25; P < 0.001; confirmed
persistent AF group: 140 � 34 to 155 � 26; P < 0.001).

During follow-up, the proportion of patients
without AAD therapy increased, and 41.1% of study
patients discontinued AAD therapy at the 12-month
follow-up (Supplemental Figure 4). The proportion
of amiodarone use continuously decreased during
follow-up (Supplemental Figure 4).

DISCUSSION

This analysis evaluated the actual AF burden and
pattern with continuous ILR monitoring in early
persistent AF. We examined changes in AF burden,
pattern, symptoms, and quality of life after PVI with
cryoablation. Our principal findings in this study are
as follows (Central Illustration): 1) when patients with
persistent AF for <3 years were monitored with ILR,
25.4% were classified as high-burden paroxysmal AF
and 74.6% were classified as confirmed persistent AF;
2) compared with the preprocedure AF burden, the
mean AF burden was significantly reduced from 77%

https://doi.org/10.1016/j.jacep.2025.02.006
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FIGURE 6 Changes in EHRA Symptom Classification After Cryoablation

Compared with the pre-cryoablation period, 77% of patients reported improved AF-related symptoms. EHRA ¼ European Heart Rhythm Association.
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to 9% after cryoablation (average AF burden reduc-
tion of 68%); 3) after PVI with cryoablation in these
patients with early persistent AF, 38.5% had no
recurrence of AF, 43.1% had recurrence of paroxysmal
AF, and 18.5% had recurrence of persistent AF; 4)
among those with confirmed persistent AF, 75% of
patients showed regression to paroxysmal AF or no
recurrence, whereas 25% of patients remained in
confirmed persistent AF; and 5) after cryoablation,
most of patients experienced symptom and quality-
of-life improvement and reduction of AAD prescrip-
tion. Our study presents a novel approach: We
scrutinized the authentic AF burden and pattern
before and after cryoablation using an ILR in patients
diagnosed with clinically persistent AF. We show that
cryoablation reduced AF burden, inhibited AF recur-
rence, and regressed from persistent to low-burden
paroxysmal AF in patients with early persistent AF.

Recent clinical trials have demonstrated that early
rhythm control in patients with AF confers the
advantage of markedly reducing the risk of stroke and
cardiovascular-related mortality.17 According to the
guidelines, catheter ablation is categorized as class 1A
recommendation for enhancing symptomatic relief
through rhythm control in patients with symptomatic
AF unresponsive to AADs.1-3 Furthermore, it is a class
1A recommendation to contemplate catheter ablation
as an initial treatment option in specific patients with
symptomatic paroxysmal AF, particularly those who
are younger and have fewer comorbidities, aiming to
improve symptoms and prevent progression to
persistent AF.2 Recent data indicate that initial cry-
oablation is more effective than AADs in suppressing
AF in patients with paroxysmal AF, which supports
catheter ablation as the first-line treatment in symp-
tomatic patients with recurrent paroxysmal AF.3,6,7

AF manifests as a disease with diverse clinical
presentations, wherein certain patients are initially
diagnosed with clinically paroxysmal AF and subse-
quently progress to persistent AF. In contrast, others
exhibit persistent AF from the outset of diagnosis.18,19

Persistent forms of AF pose considerable challenges
in achieving effective rhythm control and are associ-
ated with increased susceptibility to adverse clinical
outcomes.13,20 Preferably, early identification and
intervention to impede the transition from parox-
ysmal to persistent AF are advocated. However,
comprehensive evaluation and management strate-
gies for patients already in the persistent phase
should also be addressed. Fortunately, early imple-
mentation of rhythm control has been shown to
mitigate the risk of major adverse cardiovascular
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Lee S-R, et al. JACC Clin Electrophysiol. 2025;11(6):1234–1247.

Atrial fibrillation (AF) burden reduction after cryoablation in patients with early persistent AF: the COOL-PER (CryOablatiOn for PuLmonary vein isolation alone in

patients with early PERsistent AF assessed by continuous monitoring) trial. AF burden was reduced after cryoablation (from 77 � 34% at baseline to 9 � 21% after

cryoablation, 68 � 37% of AF burden reduction; P < 0.001). Of the total, 38.5% had no recurrence of AF, 43.1% had a recurrence of paroxysmal AF, and 18.5% had a

recurrence of persistent AF. After cryoablation, 77% of patients improved AF-related symptoms and quality of life (QoL) as assessed by 36-Item Short Form Survey

(SF-36) questionnaires. EHRA ¼ European Heart Rhythm Association; PVI ¼ pulmonary vein isolation; recur ¼ recurrence.
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events, irrespective of whether patients present with
paroxysmal or persistent AF.21 In this study, we have
provided further evidence of early rhythm control
using cryoablation, which showed a substantial
reduction of AF burden, regression to paroxysmal AF,
and improved quality of life in patients with early
persistent AF.

Persistent AF is defined as continuously sustained
beyond 7 days, including episodes terminated by
cardioversion (drugs or electrical cardioversion)
after $7 days.2 However, not all patients underwent
continuous rhythm monitoring for more than 7 days
to determine if their AF was persistent. As a result,
the group of patients with persistent AF might be
diverse, and those with high-burden paroxysmal AF
could be classified as having persistent AF in real-
world clinical practice. Our study shows that a sig-
nificant number of patients (25%) were identified as
having high-burden paroxysmal AF using continuous
rhythm monitoring.
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AF characterization has evolved beyond a binary
notion of presence or absence to encompass quanti-
fiable burden.22 Precise evaluation of baseline actual
AF pattern and burden, alongside quantification of
the AF burden, is imperative for managing patients
with persistent AF, yet remains incompletely eluci-
dated. Discrepancies have been previously noted be-
tween clinically assigned AF types and those
monitored by ILR.12

Our study demonstrates that cryoablation in early
persistent AF was effective in promoting AF regres-
sion, echoing the findings of a study that reported
that cryoablation in the EARLY-AF study prevented
progression from paroxysmal AF to persistent AF
more effectively than AADs.8

Our analysis also identifies a distinction between
high-burden paroxysmal AF and confirmed persistent
AF within the clinically classified persistent AF
cohort. Patients with high-burden paroxysmal AF had
a lower baseline AF burden but demonstrated signif-
icant reductions in AF burden following cryoablation,
with half experiencing no recurrence and avoiding
progression to confirmed persistent AF. In contrast,
confirmed persistent AF patients, characterized by
nearly 100% baseline AF burden, exhibited higher
recurrence rates but still achieved significant re-
ductions in AF burden, occasional regression to
low-burden paroxysmal AF, and improvements in
symptoms and quality of life.

A recent double-blind randomized clinical trial
comparing PVI with cryoballoon ablation with a sham
procedure in symptomatic paroxysmal and persistent
AF patients has been reported.23 In this study, an ILR
was implanted at least 2 weeks prior to the procedure
in all 126 participants (median pre-ablation moni-
toring duration 28 days [Q1-Q3: 25.8-35.5 days]).
Approximately 80% of the participants had persistent
AF, with a median AF duration of 25 months in the
total study participants, which was longer than that
of our study population. Although the study’s
participant criteria and objectives differ from ours, it
found that, compared with the sham procedure group
(mean AF burden from baseline to 6 months: 97.1% to
52.3%), the cryoballoon ablation group (mean AF
burden from baseline to 6 months: 94.2% to 22.8%)
showed a significantly greater reduction in AF
burden. This study provides strong evidence that the
effects of PVI exceed the placebo effect, demon-
strating a clear reduction in AF burden. It also offers
consistent findings that somewhat mitigate the limi-
tations of our study, which lacks a comparison group.

The CIRCA-DOSE (Cryoballoon vs Contact-Force
Atrial Fibrillation Ablation) trial, comparing radio-
frequency ablation and various cryoablation dose
strata in patients with paroxysmal AF, meticulously
monitored pre- and post-ablation AF burden using
ILR.14 A subanalysis of this trial revealed that patients
with low-burden paroxysmal AF experienced a
marked improvement in quality of life after ablation,
diminished AF burden, and a noteworthy decline in
health care resource utilization in the year subse-
quent to the procedure.24,25 In a recent investigation
contrasting AF ablation with medical therapy among
patients with advanced heart failure, ablation led to a
greater substantial reduction in baseline AF burden
compared with medical therapy (50.9 � 31.2% to 19.6
� 28.0% in the ablation group vs 52.4 � 35.2% to 43.7
� 36.2% in the medical group).26 Consequently, this
reduction contributed to a 76% decrease in the risk of
the primary endpoint, which comprised death from
any cause, implantation of a left ventricular assist
device, or urgent heart transplantation.26 These two
studies present distinct clinical scenarios compared
with our investigation; however, they underscore the
correlation between AF burden and risk of clinical
endpoints, as well as AF-related symptoms and
quality of life. Our findings elucidate how reducing
AF burden and reverting AF patterns through cryoa-
blation in patients with early persistent AF led to
improved quality of life, symptoms, and the burden
of AAD usage. Despite ongoing debates regarding the
optimal ablation strategy for persistent AF patients,
our study holds significance by demonstrating the
efficacy of PVI with cryoablation, particularly in
clinically early persistent AF.

While this study focuses on cryoballoon ablation,
we acknowledge that variations in safety and efficacy
may arise depending on the energy source.27 Never-
theless, our data provide valuable evidence support-
ing the early application of PVI for rhythm control in
clinically diagnosed early persistent AF patients,
emphasizing its role in reducing AF burden and pro-
moting AF-type regression. Although multiple factors
influence treatment decisions, cryoballoon ablation—
characterized by shorter procedure times and
simplicity compared with point-by-point radio-
frequency ablation—emerges as a promising rhythm
control strategy. Additionally, emerging techniques
like pulsed field ablation further highlight the po-
tential for durable, safe PVI.5,28,29 Based on our find-
ings, early rhythm control with PVI should be
considered for early persistent AF patients, regardless
of the energy source, as long as safety and durability
are ensured. Further studies are needed to define the
optimal energy source for PVI in these patients.

STUDY LIMITATIONS. The limitations of our study
include a relatively small sample size and the single-



PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: This

study demonstrates that PVI using cryoablation is

effective in significantly reducing the AF burden in

patients with early persistent AF. It also shows that a

substantial number of patients experienced regression

from persistent to paroxysmal AF or had no recur-

rence of AF following the procedure.

COMPETENCY IN PATIENT CARE: The findings

suggest that PVI using cryoablation can improve pa-

tient outcomes by reducing AF burden, leading to a

significant improvement in AF-related symptoms and

overall quality of life for patients with early persistent

AF.
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arm cohort design, which precludes a direct evalua-
tion of whether reducing AF burden translates into
improvements in clinical outcomes. Future studies
are warranted to address these gaps by including
comparisons of different rhythm control strategies
(eg, AADs vs catheter ablation) or evaluating the
impact of different energy sources (eg, radio-
frequency ablation, cryoballoon ablation, or pulsed
field ablation) for PVI on AF burden, recurrence rates,
and recurrence patterns in patients with early
persistent AF. Second, not all patients discontinued
AADs after the blanking period, which introduces
variability in postablation management and should be
carefully considered when interpreting AF burden.
While the decision to use AADs was left to the phy-
sician’s discretion, the study protocol emphasized
avoiding the initiation of more potent drugs or dose
escalation postablation compared with the pre-
ablation status. Nonetheless, this heterogeneity may
confound the observed reduction in AF burden and
warrants further attention. Third, while our study’s
strength is its use of ILR-based continuous moni-
toring to evaluate pre- and post-ablation AF burden in
patients with early persistent AF, we acknowledge a
limitation in the monitoring duration for pre-ablation
AF burden, which was set at a minimum of 7 days and
a maximum of 90 days prior to ablation. This duration
may not have been sufficient to accurately capture
the pre-ablation AF burden and pattern in patients
with early persistent AF. This limitation should be
carefully considered when interpreting the data.
Fourth, while all patients had early persistent AF,
individualizing the LA low-voltage zone burden and
performing additional ablation according to each pa-
tient’s condition might impact recurrence. However,
our study did not address this aspect beyond PVI via
cryoablation. Fifth, this study exclusively included
Korean patients, limiting the ethnic diversity of the
cohort. Therefore, the findings should be interpreted
with caution when generalizing to populations with
different ethnic backgrounds. Last, the slight increase
in mean AF burden during the 9- to 12-month period
suggests the need for separate reporting on the long-
term effects of a single cryoablation procedure using
extended monitoring.
TRANSLATIONAL OUTLOOK: The study indicates

that PVI using cryoablation may be a valuable thera-

peutic strategy for managing early persistent AF, with

potential implications for broader clinical use in

reducing the progression of AF and improving patient

quality of life.
CONCLUSIONS

A substantial number of patients with early persistent
AF were detected as high-burden paroxysmal AF
based on the continuous cardiac rhythm monitor us-
ing an ILR. Early rhythm control using cryoablation
effectively reduced the AF burden and mostly ach-
ieved regression from persistent to paroxysmal AF
and symptom improvement.
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