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Abstract

Open irrigation ablation catheters are now the standard in radiofrequency catheter ablation
(RFCA) of atrial fibrillation (AF). Among various irrigation catheters, laser-cut slit-based irri-
gation system (Cool Flex and FlexAbility) has a unique design to cool the catheter tip more
efficiently. We aimed to assess the safety of slit-based irrigation catheters regarding preven-
tion of procedure-related ischemic complication in AF patients undergoing RFCA. The anal-
ysis was performed with Korea University Medicine Anam Hospital RFCA registry.
Procedure-related ischemic complication was defined as ischemic stroke or transient ische-
mic attack (TIA) occurring within 30 days after RFCA. Patients were divided into 3 groups:
non-irrigation, hole-based irrigation, and slit-based irrigation catheter groups. A total of
3,120 AF patients underwent first RFCA. Non-irrigation, non-slit-based irrigation, and slit-
based irrigation catheters were used in 290, 1,539, and 1,291 patients, respectively. As
compared with non-irrigation and non-slit-based irrigation catheter groups, slit-based irriga-
tion catheter group had significantly older age, higher prevalence of non-paroxysmal AF,
large left atrial size, and decreased left atrial appendage flow velocity. The CHA,DS,-VASc
score was not different among the 3 groups. Procedure-related ischemic complication
occurred in 17 patients (0.54%) with 16 ischemic strokes and 1 TIA event: 5/290 (1.72%),
11/1,539 (0.71%), and 1/1,291 (0.08%) events in non-irrigation, non-slit-based irrigation,
and slit-based irrigation catheter groups, respectively (p = 0.001). Slit-based irrigation cathe-
ter was superior in direct comparison with non-slit-based irrigation catheter (0.71% vs.
0.08%; p = 0.009). Slit-based irrigation catheters were highly effective in preventing proce-
dure-related ischemic complications.

Introduction

Radiofrequency catheter ablation (RFCA) for symptomatic atrial fibrillation (AF) is an estab-
lished treatment which is associated with significantly improved quality of life [1]. Recent clin-
ical trials also suggest that RFCA can improve not only quality of life but also hard clinical
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outcomes including all cause death in patients with both AF and heart failure [2, 3]. Claim
data based retrospective data also suggest that RFCA is associated with reduced risk of ische-
mic stroke [4, 5]. Despite various benefits of RECA in AF patients, RFCA is associated with
several catastrophic complications such as procedure-related stroke or atrio-esophageal fistula
[6,7].

Time interval between occurrence of procedure-related stroke and correct diagnosis due to
patient sedation delays appropriate therapy and significant proportion of patients with proce-
dure-related stroke have permanent neurologic consequences. Optimal treatment modalities
for procedure-related stroke are also not established since majority of these strokes are due to
char formation during radiofrequency energy delivery [8, 9]. Char formation during radiofre-
quency energy delivery is thought to be related with tissue overheating and acute cellular dam-
age [10]. Irrigation catheters were developed in order to reduce tissue overheating and char
formation [11-13]. Among irrigation catheters, open-irrigation catheters showed lower inter-
face temperature, thrombus, and steam pop compared with closed-loop irrigation catheters
indicating greater interface cooling capability [14]. Open-irrigation catheters are further classi-
fied according to their shape: 6-holes, 12-holes, 56-holes, and slit-based irrigation system. Slit-
based irrigation catheters have the largest irrigation space compared to other open-irrigation
catheters. However, whether slit-based irrigation catheters are superior to other open-irriga-
tion catheters in terms of stroke prevention remains largely unknown. We aimed to compare
the risk of procedure-related ischemic complication among non-irrigation, non-slit-based irri-
gation, and slit-based irrigation catheters.

Methods
Patients

Consecutive AF patients undergoing RFCA at Korea University Medicine Anam Hospital
between June 1998 and April 2019 were analyzed retrospectively. A total of 3,120 patients
underwent their first RECA for AF during the study period. There was no specific exclusion
criteria and all patients who underwent their first-time RFCA in our institution were included.
This study was approved by the Institutional Review Board of Korea University Medicine
Anam Hospital (approval number: 2020AN0165). Written informed consent was waived due
to the retrospective nature of the current study. The study protocol adheres to the ethical
guidelines of the 2008 Declaration of Helsinki.

Ablation procedure and anticoagulation

The precise protocol for RECA in our institution is published elsewhere [6]. Pre-procedural
anticoagulation was performed with either warfarin or non-vitamin K oral anticoagulant
(NOAC). Some patient was not prescribed with anticoagulants. However, we performed trans-
esophageal echocardiography (TEE) in 92.9% of patients to rule out any thrombus or sludge in
left atrium (LA) of left atrial appendage (LAA). Emptying, filling, and average flow velocity of
the LAA were measured during TEE evaluation. Protocols of our pre-procedural imaging eval-
uation are published elsewhere [15]. Either computed tomography (CT) or magnetic reso-
nance imaging (MRI) study was performed to assess the anatomy of the pulmonary veins and
to create a three-dimensional reconstruction map using either EnSite NavX or CARTO sys-
tems. During RFCA, intravenous heparin was administered to maintain activated coagulation
time between 300-350 seconds.

After index RFCA, anticoagulation with either warfarin or NOAC was performed for at
least two months after the procedure. After two months, anticoagulation therapy was given to
patients with CHA,DS,-VASc score > 2. Anticoagulation was discontinued, at the operator’s
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discretion, if no AF was documented on regular Holter monitoring (every 3 months for the
first year and every 6 months thereafter).

Definitions

Procedure-related ischemic complication was defined as any ischemic stroke or transient
ischemic attack (TIA) which occurred within 30 days post-RFCA. Immediate procedure-
related ischemic complication was defined as ischemic stroke or TIA within 3 days post-
RFCA.

Ischemic stroke was defined as any neurologic symptom that persisted for more than 24
hours which could not be explained by other medical conditions. Transient ischemic attack
was defined as any neurologic symptom that was not attributable to other medical cause, but
resolved completely within 24 hours. If acute infarction was observed on brain CT or MRI, the
event was classified as ischemic stroke despite complete restoration of neurologic symptoms.
Neurologists confirmed the final diagnosis of ischemic stroke and TIA. Neurologic conse-
quence of procedure-related stroke was classified into three stages: (i) None: no neurologic
symptoms; (ii) Minimal: permanent neurologic symptoms which does not limit normal daily
life; (ii) Significant: permanent neurologic symptoms which have significant limitation on nor-
mal daily life or occupation.

Irrigation system

Irrigation system of ablation catheters were classified into three groups: non-irrigation, non-
slit-based irrigation, and slit-based irrigation catheters. Non-slit-based irrigation catheters
included closed-loop irrigation catheters and hole-based open-irrigation catheters. Slit-based
irrigation catheters were consisted of Cool Flex and FlexAbility catheter (Abbott, Chicago, IL,
USA). Flow rate of the irrigation fluid was based on the manufacturer’s recommendations.

Statistical analysis

Continuous variables are expressed as mean + standard deviation. Categorical variables are
presented as percentile value. Unpaired t-test was used to compare continuous variables. Cate-
gorical variables were compared using either the chi-square test or Fisher’s exact test, as appro-
priate. Multivariate logistic regression analysis was performed to evaluate the impact of
different type of irrigation system on procedure-related ischemic complications. Covariates
were included in the multivariate model if significant difference was observed in the baseline
characteristics or were a known risk factor for ischemic stroke or TIA. Statistical significance
was based on p-value less than 0.05. SPSS version 24.0 (SPSS Inc., Armonk, NY, USA) was
used for all statistical analyses.

Results
Patients

During June 1998 to April 2019, a total of 3,120 patients underwent their first RFCA for AF
with 290 non-irrigation, 1,539 non-slit-based irrigation, and 1,291 slit-based irrigation abla-
tion catheters. Baseline characteristics of the entire cohort are summarized in Table 1. Mean
age was 55.74 + 10.96 years and 78.9% were male. Previous history of thromboembolic events
was observed in 8.4% of the patients and mean CHA,DS,-VASc score was 1.27 + 1.26.
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Table 1. Baseline characteristics of the study population.

Age (year)

LA diameter (mm)

Body mass index (kg/m>)
CHA,DS,-VASc

LV ejection fraction (%)
E/e

LAA flow velocity (cm/sec)
SEC

Non-paroxysmal AF

Male sex

Heart failure
Hypertension

Diabetes

Stroke or TIA history
Vascular disease

Substrate modification
Pre-RFCA anticoagulation
Post-RFCA anticoagulation

Total
N =3,120
55.74 £ 10.96
41.20 £ 6.04
24.98 + 3.07
1.27 £1.26
54.68 + 6.14
8.79+3.79
48.53 £21.43
19.5%
40.9%
78.9%
6.5%
38.0%
9.6%
8.4%
7.7%
45.5%
60.4%
95.0%

Procedure-related ischemic complication (-) Procedure-related ischemic complication (+) p value
n=3,103 n=17
55.72 £ 10.97 59.29 +7.94 0.180
41.18 £ 6.04 4438 +£5.44 0.035
24.98 + 3.07 24.90 +2.41 0.912
1.27 +1.27 1.35+1.12 0.790
54.68 + 6.13 53.46 + 6.84 0.425
8.78 + 3.80 10.10 £ 2.28 0.273
48.58 £21.43 38.80 +19.98 0.078
19.4% 40.0% 0.093
40.8% 64.7% 0.046
78.9% 82.4% 0.725
6.5% 5.9% > 0.999
38.1% 35.3% 0.815
9.6% 5.9% > 0.999
8.3% 17.6% 0.165
7.7% 5.9% > 0.999
45.5% 62.5% 0.172
60.3% 82.4% 0.064
95.0% 100.0% > 0.999

SEC: spontaneous echo-contrast. Other abbreviations are the same as in the text.

https://doi.org/10.1371/journal.pone.0239339.t001

Procedure-related ischemic complication

Procedure-related ischemic complication occurred in 17 patients: six patients had no perma-
nent neurologic consequences and five patients had permanent neurologic symptoms which
significantly limited their normal daily life. Mean CHA,DS,-VASc score was 1.35 + 1.12 and
14 patients were male. Eleven (64.7%) patients had non-paroxysmal AF and substrate modifi-
cation in addition to pulmonary vein isolation was performed in 64.7% of patients. Character-
istics of these 17 patients with procedure-related stroke are summarized in Table 2. Baseline
characteristics of patients with and without procedure-related stroke are compared in Table 1.
Patients with procedure-related ischemic complication had larger LA diameter (44.38 + 5.44
vs. 41.18 + 6.04 mm; p = 0.035), higher proportion of non-paroxysmal AF (64.7% vs. 40.8%;

p = 0.046).

Distribution of patients who were treated with antiplatelets, warfarin, NOAC, or no antith-
rombotic agents before and after RFCA is depicted in Fig 1A and 1B. Type of antithrombotic
medication did not affect the incidence of procedure-related ischemic complication (p = 0.261
for pre-RFCA and 0.810 for post-RFCA; Fig 2A and 2B).

Irrigation system

Baseline characteristics of patients who were ablated with slit-based irrigation (n = 1,291) vs.
other catheters (n = 1,829) are summarized in Table 3. Those who were ablated with slit-based
irrigation catheter were older (56.65 + 10.62 vs. 55.10 + 11.15 years; p < 0.001); had larger LA
(41.63 £ 6.18 vs. 40.89 + 5.93 mm; p = 0.001); lower LAA flow velocity (46.59 + 21.63 vs.

50.08 + 21.15 cm/sec; p < 0.001); and lower prevalence of spontaneous echo-contrast (17.0%
vs. 21.5%; p = 0.002) and vascular disease (5.0% vs. 9.6%; p < 0.001); and higher prevalence of
non-paroxysmal AF (45.5% vs. 37.7%; p < 0.001).
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Table 2. Patients who experienced peri-procedural ischemic complication.

RFCA Stroke / Time to stroke or TIA Neurologic Age Sex Non- CHA,DS,- Substrate Ablation
Date TIA (days from RFCA) sequela Paroxysmal VASc modification Catheter
1 | 2000-04- | Stroke 26 Minimal 61 M 0 0 0 Non-irrigation
17
2 | 2003-03- | Stroke 28 Significant 53 F 0 2 0 Non-irrigation
14
3 | 2005-11- | Stroke 3 Minimal 42 M 1 0 1 Non-irrigation
14
4 | 2005-12- | Stroke 1 Minimal 66 M 1 2 1 Non-irrigation
08
5 | 2006-02- | Stroke 4 None 52 M 1 3 1 Non-irrigation
20
6 | 2006-03- | Stroke 1 Minimal 70 M 0 2 0 Chilli
15
7 | 2006-05- | Stroke 1 Significant 60 M 1 0 1 Chilli
29
8 | 2008-12- | Stroke 9 None 72 F 0 2 0 Celsius
10
9 | 2011-02- | Stroke 0 Significant 67 M 0 1 0 Navistar
21
10 | 2012-06- | Stroke 3 None 50 M 1 2 1 Celsius
07
11| 2013-05- | Stroke 0 Significant 55 M 1 0 1 Thermocool
28
12 | 2013-06- | Stroke 0 Minimal 57 M 1 0 1 Thermocool
18
13 | 2017-04- | Stroke 0 Minimal 57 M 1 1 1 SmartTouch
06
14 | 2017-04- | Stroke 1 None 60 M 1 1 1 SmartTouch
13
15| 2017-10- TIA 0 None 70 F 0 3 0 TactiCath
18
16 | 2018-08- | Stroke 1 None 58 M 1 3 1 Cool Flex
16
17 | 2019-02- |  Stroke 0 Significant 58 M 1 1 1 TactiCath
14
59.29 +7.94 | 82.4% 64.7% 1.35+1.12 64.7%

Abbreviations are the same as in the text.

https://doi.org/10.1371/journal.pone.0239339.t002

One procedure-related ischemic complication occurred in patients who were ablated with
slit-based irrigation (0.08%) whereas 16 events occurred in patients ablated with other catheters
(0.87%; p = 0.003; Fig 3A). When classified into three groups, non-irrigation catheters had high-
est incidence of procedure-related ischemic complication (1.72%) followed by non-slit-based
irrigation catheters (0.71%) and slit-based irrigation catheters (0.08%) (p = 0.001; Fig 3B). Slit-
based irrigation catheter was also superior in direct comparison with non-slit-based irrigation
catheter (0.71% vs. 0.08%; p = 0.009). Incidence of immediate procedure-related ischemic com-
plication (occurring within 3 days of post-RFCA) also differed significantly according to cathe-
ter type (Fig 3C and 3D). The results were identical when closed-loop irrigation catheters were
classified as non-irrigation catheters (S1 Fig). Multivariate model revealed that use of slit-based
irrigation catheter was the only significant predictor of procedure-related ischemic complica-
tion (Table 4). The influence of chronological variations in the use of different type of ablation
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A Pre-RFCA anticoagulation

B Post-RFCA anticoagulation
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Fig 1. Pre- and post-RFCA antithrombotic therapy. (A) Type of antithrombotic therapy received before RECA. (B) Type of antithrombotic therapy received after

RFCA. Abbreviations are the same as in the text.

https://doi.org/10.1371/journal.pone.0239339.9001

catheters were also adjusted and type of ablation catheter remained the only independent vari-
able for procedure-related ischemic complication (S1 and S2 Tables).

Discussion

This study revealed that slit-based irrigation catheters can be effective in preventing proce-
dure-related ischemic complication. Non-irrigation catheters showed highest risk for proce-
dure-related ischemic complication and peri-procedural anticoagulation did not influence the
risk for procedure-related ischemic complication. This data is the largest study to date analyz-
ing safety issue of different irrigation systems and the first report demonstrating that irrigation
systems can affect actual clinical stroke and TIA.

Ischemic complication during RFCA

Together with atrio-esophageal fistula, peri-procedural ischemic complication is most dreaded
complication in AF patients undergoing RFCA [16, 17]. Since patients are in deep sedation or

A Pre-RFCA anticoagulation B Post-RFCA anticoagulation
Peri-procedural 1.0, Peri-procedural  1.04 p=0.810
ischemic p =0.261 ischemic
complication 0.8- complication 0.8
incidence (%) incidence (%)
0.6 0.6
0.4 0.4
0.2 0.24
0.0 T T 0.0 v T
o & & o o & & ¥
4"‘&\ \’5@\ & ® 40&\ \'5@\ & €
& K W & o N
< S < S
® v ® v

Fig 2. Incidence of peri-procedural ischemic complication according to antithrombotic therapy. (A) Incidence of peri-procedural ischemic complication according
to type of antithrombotic therapy received before RECA. (B) Incidence of peri-procedural ischemic complication according to type of antithrombotic therapy received
before RECA. Abbreviations are the same as in the text.

https://doi.org/10.1371/journal.pone.0239339.g002
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Table 3. Baseline characteristics of the study population according to ablation catheter used.

Age (years)

LA diameter (mm)

Body mass index (kg/m>)
CHA,DS,-VASc

LV ejection fraction (%)
E/e’

LAA flow velocity (cm/sec)
SEC

Non-paroxysmal AF

Male sex

Heart failure
Hypertension

Diabetes

Stroke or TIA history
Vascular disease

Substrate modification
Pre-RFCA anticoagulation
Post-RFCA anticoagulation

Slit-based Irrigation Other catheters p value
n = 1,291 n=1,829
56.65 + 10.62 55.10 £ 11.15 < 0.001
41.63 +6.18 40.89 + 5.93 0.001
25.01 +3.10 24.96 +3.05 0.608
1.25+1.22 1.29 £ 1.29 0.425
54.52 +£5.93 54.80 + 6.28 0.213
8.78 £3.27 8.79+4.18 0.931
46.59 + 21.63 50.08 +21.15 < 0.001
17.0% 21.5% 0.002
45.5% 37.7% < 0.001
78.9% 78.9% > 0.999
5.9% 7.0% 0.216
36.9% 38.8% 0.289
9.0% 10.1% 0.316
8.7% 8.1% 0.599
5.0% 9.6% < 0.001
44.9% 46.0% 0.562
67.3% 55.6% < 0.001
97.2% 93.5% < 0.001

SEC: spontaneous echo-contrast. Other abbreviations are the same as in the text.

https://doi.org/10.1371/journal.pone.0239339.t003

under general anesthesia, they cannot complain any neurologic symptoms when their cerebral
arteries are occluded by thrombus or char. It takes several hours to complete the procedure
and to recover from sedation or general anesthesia. Therefore, immediate revascularization
was often not feasible. Furthermore, char formation during radiofrequency energy delivery
makes harder thrombus material which makes revascularization therapy even more difficult.
Although massive thrombus and char embolization during RFCA is a rare event, it is usually
unrecoverable once occurred.

In our registry, five patient had significant neurologic sequelae defined as permanent neu-
rologic symptoms limiting their normal daily life or occupation. Making ischemic stroke dur-
ing treatment process of AF is an irony and 0.16% (5 among 3,120 patients) risk of having
significant neurologic sequelae cannot be ignored.

Irrigation system

Local temperature elevation at the distal tip of ablation catheter during RFCA can result in
temperature-dependent coagulum and char formation [10]. Histological review of these
deposits revealed that it was consisted of denaturized and aggregated proteins rather than clas-
sical thrombus [10]. Therefore, reducing the temperature of distal electrode tip can potentially
reduce char and thrombus formation.

In our registry, patients who were ablated with non-irrigation catheters showed highest risk
of having procedure-related ischemic complication (1.72%) followed by non-slit-based irriga-
tion (0.71%) and slit-based irrigation catheters (0.08%). Irrigation catheters were developed
for two major reasons: formation of deeper lesions and reduction of ischemic complications
[11]. Previous studies demonstrated that irrigation catheters were capable of making deeper
lesions as compared with non-irrigation catheters [18, 19]. Although irrigation catheters have
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Fig 3. Incidence of peri-procedural ischemic complication according to catheter type. (A, B) Incidence of peri-procedural ischemic complication according to
catheter type. (C, D) Incidence of immediate peri-procedural ischemic complication according to catheter type.

https://doi.org/10.1371/journal.pone.0239339.g003

shown that coagulum formation can be reduced as compared to non-irrigation catheters,
whether irrigation catheters can reduce clinical ischemic complications remains largely
unknown [11].

Previous study reported that irrigated tip catheter did not reduce the incidence of symp-
tomatic peri-procedural ischemic stroke [20]. However, the study enrolled patients from Feb-
ruary 2001 to January 2008 where no slit-based irrigation catheters were available and our
study demonstrated a lower incidence of procedure-related ischemic complication in slit-
based irrigation catheters. Our study also showed lower incidence of procedure-related ische-
mic complication in non-slit-based irrigation catheters compared non-irrigation catheters
(0.71% vs. 1.72%). The discrepancy between the two studies can be due to small sample size or
different type of non-irrigation catheter (predominantly 8mm tip in the study by Scherr et al.
and 4mm tip in ours).

PLOS ONE | https://doi.org/10.1371/journal.pone.0239339  October 1, 2020 8/12


https://doi.org/10.1371/journal.pone.0239339.g003
https://doi.org/10.1371/journal.pone.0239339

PLOS ONE

Importance of the cooling system

Table 4. Multivariate model for procedure-related ischemic complication.

Slit-based irrigation catheter
Age (year)

Sex

Heart failure

Hypertension

Diabetes mellitus

Previous ischemic stroke/TTIA
Vascular disease
Non-paroxysmal AF
Substrate modification

Left atrial diameter (mm)
Flow velocity of Left atrial appendage (cm/sec)
SEC

Pre-RFCA anticoagulation

Model 1 (event n = 15) Model 2 (event n = 17)

OR (95% CI) p value OR (95% CI) p value
0.073 (0.009-0.562) 0.012 0.070 (0.009-0.536) 0.010
1.019 (0.962-1.079) 0.525 1.041 (0.989-1.097) 0.123
1.158 (0.306-4.380) 0.829 1.398 (0.389-5.032) 0.608
0.535 (0.064-4.482) 0.564 0.642 (0.083-4.977) 0.672
0.653 (0.208-2.056) 0.467 0.737 (0.258-2.108) 0.570
0.634 (0.081-4.980) 0.665 0.532 (0.069-4.109) 0.545
1.732 (0.467-6.418) 0.411 1.504 (0.412-5.484) 0.536
0.562 (0.071-4.466) 0.586 0.472 (0.060-3.685) 0.474
2.011 (0.462-8.747) 0.352 2.388 (0.678-8.409) 0.175
0.732 (0.190-2.829) 0.651 0.796 (0.245-2.587) 0.704
1.042 (0.945-1.149) 0.410 Not included Not included
0.992 (0.960-1.025) 0.624 Not included Not included
1.385 (0.425-4.514) 0.589 Not included Not included
5.151 (0.623-42.606) 0.128 2.375 (0.612-9.213) 0.211

OR: odds ratio. Other abbreviations are the same as in the text.

https://doi.org/10.1371/journal.pone.0239339.t004

Anticoagulation

Previous studies reported that continuation of anticoagulation in peri-operative period can
reduce ischemic complication after RECA [21, 22]. However, pre- or post-RFCA anticoagula-
tion did not affect the incidence of peri-procedural ischemic complication in our study. Since
embolic material formed by catheter ablation is mainly consisted of denaturized and aggre-
gated proteins rather than classical thrombus, peri-procedural ischemic complication can still
occur despite optimal anticoagulation therapy [10]. Indeed, heat induced protein denaturation
and aggregation occurred independently from heparin concentration [10]. Nevertheless, opti-
mal anticoagulation therapy should be done in peri-procedural period since denaturized mate-
rial formed by radiofrequency energy can activate coagulation cascade. Both irrigation and
anticoagulation are essential.

Limitations

Our results are based on retrospective analysis and therefore, are not free from intrinsic lim-
itation of such analysis. Differences in baseline characteristics such as prevalence of vascular
disease, AF type, LA diameter, and LAA flow velocity were observed between slit-based vs.
non-slit based catheter groups although it was adjusted in the multivariate model. Unmea-
sured confounders might exist in our cohort. Systematic variations in the ascertainment of
stroke or TIA over time might exist since our cohort extends more than 20 years. However,
all stroke or TIA events were diagnosed by neurologists and this was centrally reviewed dur-
ing data collection process. Although total patient number was large, the number of peri-
procedural ischemic complication was small limiting statistical power. Slit-based irrigation
catheters do not have contact-force sensing capability. Therefore, ablation parameters such
as ablation index or lesion size index which has shown to improve ablation outcome cannot
be utilized when using slit-based irrigation catheters [23, 24]. This can be a critical limita-
tion of slit-based irrigation catheters and contact-force sensing ability should be added in
the near future.
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Conclusion

Slit-based irrigation catheters may reduce the risk of peri-procedural ischemic complication
compared with non-irrigation or non-slit-based irrigation catheters. Our results should be
tested in future clinical trials.

Supporting information

S1 Fig. Incidence of peri-procedural ischemic complication according to catheter type.
(PDF)

S1 Table. Chronological difference among use of different catheter types.
(PDF)

$2 Table. Multivariate model for procedure-related ischemic complication.
(PDF)

Author Contributions

Conceptualization: Yun Gi Kim, Jaemin Shim, Young-Hoon Kim.

Data curation: Yun Gi Kim, Do Young Kim, Kwang-No Lee.

Formal analysis: Yun Gi Kim, Jaemin Shim, Ki Yung Boo, Do Young Kim, Kwang-No Lee.
Funding acquisition: Yun Gi Kim.

Investigation: Yun Gi Kim, Jaemin Shim.

Methodology: Yun Gi Kim, Jaemin Shim, Ki Yung Boo, Do Young Kim, Kwang-No Lee.
Project administration: Yun Gi Kim, Kwang-No Lee.

Resources: Yun Gi Kim.

Software: Yun Gi Kim.

Supervision: Jaemin Shim, Jong-I1 Choi, Young-Hoon Kim.

Validation: Yun Gi Kim, Jaemin Shim, Ki Yung Boo, Jong-I1 Choi, Young-Hoon Kim.
Visualization: Yun Gi Kim.

Writing - original draft: Yun Gi Kim, Jaemin Shim, Young-Hoon Kim.

Writing - review & editing: Yun Gi Kim, Jaemin Shim, Jong-II Choi, Young-Hoon Kim.

References

1. Mark DB, Anstrom KJ, Sheng S, Piccini JP, Baloch KN, Monahan KH, et al. Effect of Catheter Ablation
vs Medical Therapy on Quality of Life Among Patients With Atrial Fibrillation: The CABANA Random-
ized Clinical Trial. JAMA 2019; 321:1275-85. https://doi.org/10.1001/jama.2019.0692 PMID: 30874716

2. Marrouche NF, Brachmann J, Andresen D, Siebels J, Boersma L, Jordaens L, et al. Catheter Ablation
for Atrial Fibrillation with Heart Failure. N Engl J Med 2018; 378:417-27. https://doi.org/10.1056/
NEJMoa1707855 PMID: 29385358

3. DiBiase L, Mohanty P, Mohanty S, Santangeli P, Trivedi C, Lakkireddy D, et al. Ablation Versus Amio-
darone for Treatment of Persistent Atrial Fibrillation in Patients With Congestive Heart Failure and an
Implanted Device: Results From the AATAC Multicenter Randomized Trial. Circulation 2016;
133:1637—44. https://doi.org/10.1161/CIRCULATIONAHA.115.019406 PMID: 27029350

4. FriberglL, Tabrizi F, Englund A. Catheter ablation for atrial fibrillation is associated with lower incidence
of stroke and death: data from Swedish health registries. Eur Heart J 2016; 37:2478-87. https://doi.org/
10.1093/eurheartj/ehw087 PMID: 26984861

PLOS ONE | https://doi.org/10.1371/journal.pone.0239339  October 1, 2020 10/12


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0239339.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0239339.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0239339.s003
https://doi.org/10.1001/jama.2019.0692
http://www.ncbi.nlm.nih.gov/pubmed/30874716
https://doi.org/10.1056/NEJMoa1707855
https://doi.org/10.1056/NEJMoa1707855
http://www.ncbi.nlm.nih.gov/pubmed/29385358
https://doi.org/10.1161/CIRCULATIONAHA.115.019406
http://www.ncbi.nlm.nih.gov/pubmed/27029350
https://doi.org/10.1093/eurheartj/ehw087
https://doi.org/10.1093/eurheartj/ehw087
http://www.ncbi.nlm.nih.gov/pubmed/26984861
https://doi.org/10.1371/journal.pone.0239339

PLOS ONE

Importance of the cooling system

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

Karasoy D, Gislason GH, Hansen J, Johannessen A, Kober L, Hvidtfeldt M, et al. Oral anticoagulation
therapy after radiofrequency ablation of atrial fibrillation and the risk of thromboembolism and serious
bleeding: long-term follow-up in nationwide cohort of Denmark. Eur Heart J 2015; 36:307—14a. https://
doi.org/10.1093/eurheartj/ehu421 PMID: 25368205

Kim YG, Shim J, Kim DH, Choi JI, Park SW, Pak HN, et al. Characteristics of atrial fibrillation patients
suffering atrioesophageal fistula after radiofrequency catheter ablation. J Cardiovasc Electrophysiol
2018; 29:1343-51. https://doi.org/10.1111/jce.13671 PMID: 29927012

Kim YG, Shim J, Lee KN, Lim JY, Chung JH, Jung JS, et al. Management of Atrio-esophageal Fistula
Induced by Radiofrequency Catheter Ablation in Atrial Fibrillation Patients: a Case Series. Sci Rep
2020; 10:8202. https://doi.org/10.1038/s41598-020-65185-9 PMID: 32424298

Wazni OM, Rossillo A, Marrouche NF, Saad EB, Martin DO, Bhargava M, et al. Embolic events and
char formation during pulmonary vein isolation in patients with atrial fibrillation: impact of different antic-
oagulation regimens and importance of intracardiac echo imaging. J Cardiovasc Electrophysiol 2005;
16:576-81. https://doi.org/10.1111/j.1540-8167.2005.40480.x PMID: 15946352

Zhou L, Keane D, Reed G, Ruskin J. Thromboembolic complications of cardiac radiofrequency catheter
ablation: a review of the reported incidence, pathogenesis and current research directions. J Cardiovasc
Electrophysiol 1999; 10:611-20. https://doi.org/10.1111/j.1540-8167.1999.tb00719.x PMID: 10355704

Demolin JM, Eick OJ, Munch K, Koullick E, Nakagawa H, Wittkampf FH. Soft thrombus formation in
radiofrequency catheter ablation. Pacing Clin Electrophysiol 2002; 25:1219-22. https://doi.org/10.1046/
j.1460-9592.2002.01219.x PMID: 12358173

Waldo AL, Wilber DJ, Marchlinski FE, Stevenson WG, Aker B, Boo LM, et al. Safety of the open-irri-
gated ablation catheter for radiofrequency ablation: safety analysis from six clinical studies. Pacing Clin
Electrophysiol 2012; 35:1081-9. https://doi.org/10.1111/j.1540-8159.2012.03480.x PMID: 22817524

Kanj MH, Wazni O, Fahmy T, Thal S, Patel D, Elayi C, et al. Pulmonary vein antral isolation using an
open irrigation ablation catheter for the treatment of atrial fibrillation: a randomized pilot study. J Am Coll
Cardiol 2007; 49:1634—41. https://doi.org/10.1016/j.jacc.2006.12.041 PMID: 17433955

Thomas SP, Aggarwal G, Boyd AC, Jin Y, Ross DL. A comparison of open irrigated and non-irrigated
tip catheter ablation for pulmonary vein isolation. Europace 2004; 6:330-5. https://doi.org/10.1016/j.
eupc.2004.03.001 PMID: 15172657

Yokoyama K, Nakagawa H, Wittkampf FH, Pitha JV, Lazzara R, Jackman WM. Comparison of elec-
trode cooling between internal and open irrigation in radiofrequency ablation lesion depth and incidence
of thrombus and steam pop. Circulation 2006; 113:11-9. https://doi.org/10.1161/CIRCULATIONAHA.
105.540062 PMID: 16380552

Kim YG, Choi JI, Kim MN, Cho DH, Oh SK, Kook H, et al. Non-vitamin K antagonist oral anticoagulants
versus warfarin for the prevention of spontaneous echo-contrast and thrombus in patients with atrial
fibrillation or flutter undergoing cardioversion: A trans-esophageal echocardiography study. PLoS One
2018; 13:e0191648. https://doi.org/10.1371/journal.pone.0191648 PMID: 29360845

Gaita F, Caponi D, Pianelli M, Scaglione M, Toso E, Cesarani F, et al. Radiofrequency catheter ablation
of atrial fibrillation: a cause of silent thromboembolism? Magnetic resonance imaging assessment of
cerebral thromboembolism in patients undergoing ablation of atrial fibrillation. Circulation 2010;
122:1667-73.10.1161/CIRCULATIONAHA.110.937953 https://doi.org/10.1161/CIRCULATIONAHA.
110.937953 PMID: 20937975

Kim YG, Shim J, Oh SK, Lee KN, Choi JI, Kim YH. Risk Factors for Ischemic Stroke in Atrial Fibrillation
Patients Undergoing Radiofrequency Catheter Ablation. Sci Rep 2019; 9:7051. https://doi.org/10.1038/
$41598-019-43566-z PMID: 31065030

Guerra JM, Jorge E, Raga S, Galvez-Monton C, Alonso-Martin C, Rodriguez-Font E, et al. Effects of
open-irrigated radiofrequency ablation catheter design on lesion formation and complications: in vitro
comparison of 6 different devices. J Cardiovasc Electrophysiol 2013; 24:1157-62. https://doi.org/10.
1111/jce.12175 PMID: 23718822

Weiss C, Antz M, Thuneke F, Meinertz T, Kuck KH, Willems S. Radiofrequency catheter ablation using
long coiled electrodes: impact of irrigation on lesion dimensions and incidence of coagulum formation.
Pacing Clin Electrophysiol 2001; 24:933-8. https://doi.org/10.1046/j.1460-9592.2001.00933.x PMID:
11449588

Scherr D, Sharma K, Dalal D, Spragg D, Chilukuri K, Cheng A, et al. Incidence and predictors of peripro-
cedural cerebrovascular accident in patients undergoing catheter ablation of atrial fibrillation. J Cardio-
vasc Electrophysiol 2009; 20:1357-63. https://doi.org/10.1111/j.1540-8167.2009.01540.x PMID:
19572951

Kuwahara T, Takahashi A, Takahashi Y, Kobori A, Miyazaki S, Takei A, et al. Prevention of periproce-
dural ischemic stroke and management of hemorrhagic complications in atrial fibrillation ablation under

PLOS ONE | https://doi.org/10.1371/journal.pone.0239339  October 1, 2020 11/12


https://doi.org/10.1093/eurheartj/ehu421
https://doi.org/10.1093/eurheartj/ehu421
http://www.ncbi.nlm.nih.gov/pubmed/25368205
https://doi.org/10.1111/jce.13671
http://www.ncbi.nlm.nih.gov/pubmed/29927012
https://doi.org/10.1038/s41598-020-65185-9
http://www.ncbi.nlm.nih.gov/pubmed/32424298
https://doi.org/10.1111/j.1540-8167.2005.40480.x
http://www.ncbi.nlm.nih.gov/pubmed/15946352
https://doi.org/10.1111/j.1540-8167.1999.tb00719.x
http://www.ncbi.nlm.nih.gov/pubmed/10355704
https://doi.org/10.1046/j.1460-9592.2002.01219.x
https://doi.org/10.1046/j.1460-9592.2002.01219.x
http://www.ncbi.nlm.nih.gov/pubmed/12358173
https://doi.org/10.1111/j.1540-8159.2012.03480.x
http://www.ncbi.nlm.nih.gov/pubmed/22817524
https://doi.org/10.1016/j.jacc.2006.12.041
http://www.ncbi.nlm.nih.gov/pubmed/17433955
https://doi.org/10.1016/j.eupc.2004.03.001
https://doi.org/10.1016/j.eupc.2004.03.001
http://www.ncbi.nlm.nih.gov/pubmed/15172657
https://doi.org/10.1161/CIRCULATIONAHA.105.540062
https://doi.org/10.1161/CIRCULATIONAHA.105.540062
http://www.ncbi.nlm.nih.gov/pubmed/16380552
https://doi.org/10.1371/journal.pone.0191648
http://www.ncbi.nlm.nih.gov/pubmed/29360845
https://doi.org/10.1161/CIRCULATIONAHA.110.937953
https://doi.org/10.1161/CIRCULATIONAHA.110.937953
http://www.ncbi.nlm.nih.gov/pubmed/20937975
https://doi.org/10.1038/s41598-019-43566-z
https://doi.org/10.1038/s41598-019-43566-z
http://www.ncbi.nlm.nih.gov/pubmed/31065030
https://doi.org/10.1111/jce.12175
https://doi.org/10.1111/jce.12175
http://www.ncbi.nlm.nih.gov/pubmed/23718822
https://doi.org/10.1046/j.1460-9592.2001.00933.x
http://www.ncbi.nlm.nih.gov/pubmed/11449588
https://doi.org/10.1111/j.1540-8167.2009.01540.x
http://www.ncbi.nlm.nih.gov/pubmed/19572951
https://doi.org/10.1371/journal.pone.0239339

PLOS ONE

Importance of the cooling system

22,

23.

24,

continuous warfarin administration. J Cardiovasc Electrophysiol 2013; 24:510-5. https://doi.org/10.
1111/jce.12069 PMID: 23350877

Di Biase L, Burkhardt JD, Mohanty P, Sanchez J, Horton R, Gallinghouse GJ, et al. Periprocedural
stroke and management of major bleeding complications in patients undergoing catheter ablation of
atrial fibrillation: the impact of periprocedural therapeutic international normalized ratio. Circulation
2010; 121:2550-6. https://doi.org/10.1161/CIRCULATIONAHA.109.921320 PMID: 20516376

Das M, Loveday JJ, Wynn GJ, Gomes S, Saeed Y, Bonnett LJ, et al. Ablation index, a novel marker of
ablation lesion quality: prediction of pulmonary vein reconnection at repeat electrophysiology study and
regional differences in target values. Europace 2017; 19:775-83. https://doi.org/10.1093/europace/
euw105 PMID: 27247002

Zucchelli G, Sirico G, Rebellato L, Marini M, Stabile G, Del Greco M, et al. Contiguity Between Ablation
Lesions and Strict Catheter Stability Settings Assessed by VISITAG(TM) Module Improve Clinical Out-
comes of Paroxysmal Atrial Fibrillation Ablation- Results From the VISITALY Study. Circ J 2018;
82:974-82. hitps://doi.org/10.1253/circj.CJ-17-0421 PMID: 29415917

PLOS ONE | https://doi.org/10.1371/journal.pone.0239339  October 1, 2020 12/12


https://doi.org/10.1111/jce.12069
https://doi.org/10.1111/jce.12069
http://www.ncbi.nlm.nih.gov/pubmed/23350877
https://doi.org/10.1161/CIRCULATIONAHA.109.921320
http://www.ncbi.nlm.nih.gov/pubmed/20516376
https://doi.org/10.1093/europace/euw105
https://doi.org/10.1093/europace/euw105
http://www.ncbi.nlm.nih.gov/pubmed/27247002
https://doi.org/10.1253/circj.CJ-17-0421
http://www.ncbi.nlm.nih.gov/pubmed/29415917
https://doi.org/10.1371/journal.pone.0239339

