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Abstract

Experimental data suggest that cryoenergy is associated with less endothelial damage and thrombus formation than radi-
ofrequency energy. This study aimed to compare the impact of pulmonary vein isolation (PVI) on the endothelial damage,
myocardial damage, inflammatory response, and prothrombotic state between the two latest technologies, second-generation
cryoballoon (CB2) and contact force-sensing radiofrequency catheter (CFRF) ablation. Eighty-six paroxysmal atrial fibril-
lation (AF) patients (55 men; 65 + 12 years) underwent PVI with either the CB2 (n=64) or CFRF (n=22). Markers of the
endothelial damage (L-arginine/asymmetric dimethylarginine [ADMA]), myocardial injury (creatine kinase-MB [CK-MB],
troponin-T, and troponin-I), inflammatory response (high-sensitive C-reactive protein), and prothrombotic state (D-dimer,
soluble fibrin monomer complex, and thrombin—antithrombin complex) were determined before and up to 24-h post-pro-
cedure. The total application time was shorter (1,460 4287 vs. 2,395 +571 [sec], p <0.01) and total procedure time tended
to be shorter (199 +37 vs. 218 +38 [min], p =0.06) with CB2 than CFRF ablation. The amount of myocardial injury was
greater (CK-MB: 45+ 17 vs. 1143 [TU/1], p<0.01) with CB2 than CFRF ablation. The L-arginine/ADMA ratio was lower
(160+51 vs. 194 +38, p=0.028) after CB2 than CFRF ablation. Inflammatory and all prothrombotic markers were sig-
nificantly elevated post-ablation; however, the magnitude was similar between the two groups. During a mean follow-up of
20+ 6 months, the single-procedure AF freedom was similar between the CB2 and CFRF groups (60/64 vs. 20/22, p=0.82).
CB2-PVI produces significantly lesser endothelial damage with greater myocardial injury than CFRF-PVI; however, similar
anticoagulant regimens are required during the peri-procedural periods in both technologies.
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Introduction

Pulmonary vein isolation (PVI) has become the cornerstone
of atrial fibrillation (AF) ablation therapy in paroxysmal AF
[1, 2]. The cryoballoon (CB) is a recently introduced tech-
nology for PVI [3], and a prospective randomized study [4]
clarified that radiofrequency (RF) ablation and CB ablation
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were comparable with respect to the efficacy and safety of
catheter ablation of paroxysmal AF. Both technologies have
currently benefited from significant material improvements
with the advent of the second-generation CB [5] and contact
force (CF)-sensing RF catheters [6], both showing improved
outcomes compared with the older models. The selection of
the energy for achieving PVI in paroxysmal AF still remains
at the discretion of the operator, whereas the spectrum and
relevance of complications significantly differ between the
two technologies [7].

RF ablation creates endothelial damage, which leads to
platelet adhesion, activation, aggregation, and fibrin genera-
tion, and, thus, to thrombus formation at the site of injury
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[8]. A histological observation clarified that cryoablation
results in well-delineated, discrete lesions with preserva-
tion of the tissue ultrastructure, including the endothelial
cell layer, while RF lesions have serrated edges with more
extensive endothelial cell destruction [9]. However, no
studies have examined the impact of the PVI on endothelial
dysfunction or compared the magnitude of the endothelial
dysfunction following ablation between CB and CF-guided
RF ablation. Furthermore, the comparisons of the myocar-
dial damage, inflammatory reactions, or thrombogenic state
during the peri-procedural period between these two latest
different technologies have also not been sufficiently clari-
fied. Accordingly, the purpose of this study was to clarify
these points.

Methods
Study population

This retrospective observational study consisted of 86
patients with drug-refractory paroxysmal AF in whom the
biomarkers were evaluated during the peri-procedural period
of the PVI using either the second-generation CBs (n=64)
(Arctic Front Advance, Medtronic, Minneapolis, MN, USA)
or CF-sensing irrigated-tip RF catheters (n=22) (Smart-
Touch or SmartTouch Surround Flow, Biosense Webster,
Diamond Bar, CA, USA) between May 2015 and March
2017. The ablation device was selected according to the
operators’ preference. Patients with persistent AF, addi-
tional LA substrate modification, and hemodialysis were
excluded from the study. AF was classified according to the
latest guidelines [2]. All patients gave their written informed
consent. The study protocol was approved by the hospital’s
institutional review board. The study complied with the Dec-
laration of Helsinki.

Procedural protocol

All antiarrhythmic drugs except for amiodarone were dis-
continued for at least five half-lives prior to the procedure.
Cardiac enhanced computed tomography and transesopha-
geal echocardiography were performed pre-procedurally to
evaluate the PV anatomy and to exclude any left atrial (LA)
thrombi. The surface electrocardiogram and bipolar intracar-
diac electrograms were continuously monitored and stored
on a computer-based digital recording system (EP-Work-
Mate, St. Jude Medical, Minneapolis, MN, USA). Direct
oral anti-coagulants (DOACs) were interrupted on the pro-
cedural day, but warfarin was uninterrupted throughout the
peri-procedural period. The procedure was performed under
moderate sedation obtained with dexmedetomidine and thi-
opental. A bolus of 5000 U of heparin was administered
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immediately following the venous access, and heparinized
saline was additionally infused to maintain the activated
clotting times at 300-350 s. A 5-Fr 10-pole bipolar cath-
eter (Inquiry, St. Jude Medical) was placed in the coronary
sinus via the femoral vein. A single transseptal puncture was
performed using an RF needle (Baylis Medical., Montreal,
QC, Canada) guided by intracardiac echography (SoundStar,
Biosense Webster).

In the CB group, a 15-Fr steerable sheath (Flexcath
Advance, Medtronic) was inserted into the LA. A spiral
mapping catheter (achieve, medtronic) was used for map-
ping the PV potentials. Complete occlusion with a 28-mm
second-generation CB was confirmed by injecting contrast
medium and pressure monitoring. This was followed by
double 3-min freezes. To avoid any phrenic nerve injury,
CB applications were applied while monitoring the right
diaphragmatic electromyography during phrenic nerve pac-
ing. When the balloon nadir temperatures exceeded — 60 °C
or the luminal esophageal temperature on the esophageal
probe (SensiTherm, St. Jude Medical, or Esophastar, Japan
Life Line, Tokyo, Japan) reached 25 °C, the cryoapplica-
tions were discontinued. Touch-up ablation was performed
with an 8-mm tip cryocatheter (Freezor MAX, Medtronic) or
8-mm tip RF catheter (Ablaze, Japan Life Line) if necessary.

In the RF group, three long sheaths (SLO, St. Jude Medi-
cal) were introduced into the LA. Ipsilateral PVs were
circumferentially ablated with a double-Lasso technique
(Lasso, Biosense Webster, or Libero, Japan Life Line)
guided by a 3-D mapping system (CARTO3, Biosense Web-
ster) (Fig. 1). RF current was delivered point-by-point with
a CF-sensing irrigated-tip RF catheter with a power of up to
35 W and CF> 10 g. The power was limited to 25 W on the
posterior wall close to the esophagus.

In both groups, the procedural endpoint was bidirectional
conduction block between the PVs and LA verified by the
circular mapping catheter, including a 30-min waiting time
from the last application. Any adenosine triphosphate-pro-
voked dormant PV conduction was eliminated by additional
applications.

Post-ablation management and follow-up

After the procedure, intravenous heparin was administered
for 24 h, and in-hospital ECG monitoring was continued for
3-5 days. All patients were prescribed proton-pump inhibi-
tors for 1 month after the procedure. No antiarrhythmic drugs
were prescribed after the procedure except for patients with a
highly symptomatic early recurrence of AF. Regular follow-
up consisted of outpatient clinic visits at 1, 2, and 3 months
after the procedure. Subsequent follow-up visits consisted of
a clinical interview, 12-lead ECG, and/or 24-h Holter ECG
recordings every 3 months. Anticoagulation was continued
for at least 3 months. Recurrence was defined if an atrial
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Fig. 1 Representative encir-
cling-PV isolation lines on a
3-dimensional mapping system
in a patient undergoing radiof-
requency catheter ablation. The
red tags indicate the ablation
sites. LA left atrium, LAA LA
appendage, LI(S)PV left inferior
(superior) pulmonary vein,
RI(S)PV right inferior (superior)
pulmonary vein

Antero-posteior view

LSPV

arrhythmia lasting longer than 30 s was documented after a
3-month blanking period following the latest guidelines.

Blood sampling and biomarkers

Blood samples were taken for analysis of the creatine kinase-
myoglobin binding (CK-MB), high-sensitive C-reactive pro-
tein (hs-CRP), brain natriuretic peptide (BNP), troponin-T, tro-
ponin-I, D-dimer, soluble fibrin monomer complex (SFMC),
and thrombin—antithrombin complex (TAT) levels 1 day before
and 1 day after the procedure. To evaluate the endothelial dam-
age, blood samples were taken from the LA before and imme-
diately after the PVI during the procedure, and the asymmetric
dimethylarginine (ADMA) level was also measured.

Statistical analysis

Continuous data are expressed as the mean + standard devia-
tion for normally distributed variables or as the median (25th
and 75th percentiles) for non-normally distributed variables.
The continuous and categorical variables were compared with
the Student’s ¢ test and Chi-square test, respectively. The time-
course patterns of each parameter were compared with a two-
way layout ANOVA between the CB group and RF group.
Sequential data measurements in each group were analyzed
with Bonferroni’s multiple comparison. A Kaplan—Meier
analysis was used to determine the percentage of patients free
from recurrence. The difference in the arrhythmia-free survival
was evaluated using the log-rank test.

Results

Patient characteristics and procedural results

Among the total 86 patients (55 men, 65+ 12 years), 64
(74%) underwent cryoballoon ablation (CB group), and

Postero-anterior view

the other 22 (26%) RF ablation (RF group). The baseline
clinical, echocardiographic, and laboratory data did not sig-
nificantly differ between the two groups (Table 1). In the
CB group, 30 (47%) patients required touch-up ablation to
complete the PVI either with a cryocatheter (n=2) or RF
catheter (n=28). The total application time of the touch-up
ablation was 239 +0 and 167 +73 s for the cryocatheter and
RF catheter, respectively. Finally, an electrical PVI was suc-
cessfully achieved in all 86 patients.

The total application time was significantly shorter and
total procedure time tended to be shorter in the CB group
than RF group (Table 2). The number of patients who expe-
rienced an electric cardioversion during the procedure was
comparable between the two groups. Transient right phrenic
nerve injury and gastric hypomotility were observed in two

Table 1 Patient characteristics of the total study population

CB group RF group p value

Number of patients, n 64 22

Age, (years) 64+12 67+12 0.41
Male gender, n (%) 40 (63) 15 (68) 0.80
BMI, (kg/m?) 23+3 24+4 0.83
Hypertension, n (%) 32 (50) 10 (45) 0.81
History of AF, (month) 40+45 28 +30 0.24
CHADS2 09=+1.1 13+1.2 0.17
CHA2DS2-VASc 19+1.5 22+1.6 0.41
LVEF, (%) 68 +8 67+8 0.73
Left atrial diameter, (mm) 35+5 36+5 0.45
LAA flow velocity, (cm/s) 62+24 65+23 0.52
BNP level, (pg/ml) 43 +47 73+116 0.09
Creatinine, (mg/dl) 0.9+0.2 09+0.2 0.71

The values are the meanz+standard deviation or number (%) of
patients

BMI body mass index, BNP brain natriuretic peptide, CB cryoballoon
ablation, LAA left arterial appendage, LVEF left-ventricular ejection
fraction, PAF paroxysmal atrial fibrillation, RF radiofrequency
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patients each in the CB group. No other complications were
observed.

Myocardial damage and inflammatory response

The CK-MB was evaluated in 84 patients and hs-CRP in
all 86 patients, and the troponin-T and troponin-I levels
were measured in 27 (20 in the CB group and 7 in the RF
group) patients. The CK-MB levels significantly increased
after the procedure in both groups, and the time-course pat-
tern significantly differed between the CB and RF groups
(p<0.01) (Fig. 2a). Both troponin-T and troponin-I levels

Table 2 Procedural data in the two groups

CB group RF group p value
n=64 n=22
Total ablation time (sec) 1,460+287 2,396+571 <0.001
Total fluoroscopy time (min) 19+8 23+13 0.09
Total procedure time (min) 199+37 218+38 0.06
Number of patients who 17 (27) 4(13) 0.57

experienced cardioversion,

n (%)

The values are the meanz+standard deviation or number (%) of
patients

CB cryoballoon ablation, RF radiofrequency
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Fig. 2 Transition of the myocardial injury markers (a CK-MB, b tro-
ponin-T, and ¢ troponin-I) before and 1 day after the procedure. The p
values indicate the comparison between the CB and RF groups. There
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also significantly increased after the procedure in both
groups, and the time-course pattern significantly differed
between the CB and RF groups (p=0.03 and p <0.01)
(Fig. 2b, c). The hs-CRP level became significantly elevated
from 0.18 +0.52 to 1.25 +0.89 mg/dl after the procedure in
a total of 86 patients (p <0.01), and the time-course pattern
was similar between the two groups (p=0.53). In 69 patients
(54 in the CB group and 15 in the RF group) in whom the
BNP level was assessed, the value was similar before and
after the procedure (48 +76 vs. 50+ 43 pg/ml, p=0.73), and
the time-course pattern was similar between the two groups
(p=0.47).

Endothelial damage

In 38 patients (26 in the CB group and 12 in the RF group),
the L-arginine and ADMA levels were evaluated, and the
baseline patient characteristics were similar between the two
groups (Table 3). The baseline L-arginine/ ADMA ratio was
comparable between the two groups (178 £36 vs. 177 £43;
p=0.93). The time-course pattern of L-arginine/ADMA
ratio significantly differed between the two groups (p =0.02)
(Fig. 3). The ratio after the PVI significantly increased in
the CB group (p=0.04), but was similar in the RF group
(p=0.16) as compared to that before the PVI. After exclud-
ing 12 patients who required touch-up ablation with an RF

(pg/ml)
20000
p<0.01
16000

%
12000

Troponin-I|

8000

4000

*
0

Before ablation 1 day
after ablation

CB-group

RF-group

were significant differences between the two groups. *p <0.05 (com-
pared with the baseline), **p <0.01 (compared with the baseline)
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catheter in the CB group, the study results remained the
same.

Prothrombotic markers

During the peri-procedural period, DOACs were used in all
patients except for 2 (2%) patients with warfarin therapy
in the CB group. The D-dimer level was evaluated in 80
(62 in the CB group and 18 in the RF group) patients, and

Table 3 Patient characteristics of the patients in whom L-arginine/
ADMA was evaluated

CB group RF group p value

Number of patients, n 26 12

Age, (years) 62+11 66+ 14 0.39
Male gender, n (%) 15 (58) 8 (67) 0.60
BMI, (kg/m?) 2443 2443 0.84
Hypertension, n (%) 11 (42) 4 (33) 0.60
History of AF, (month) 48+58 27+31 0.25
CHADS2 08+1.2 14+1.6 0.19
CHA2DS2-VASc 1.7+1.6 23+19 0.31
LVEEF, (%) 68 +7 67+9 0.61
Left atrial diameter, (mm) 36+5 37+6 0.49
LAA flow velocity, (cm/s) 60+20 64 +25 0.59
BNP level, (pg/ml) 39+32 43+39 0.73
Creatinine, (mg/dl) 0.8+0.1 0.9+0.2 0.19

The values are the mean=+standard deviation or number (%) of
patients

ADMA asymmetric dimethylarginine, BMI body mass index, BNP
brain natriuretic peptide, CB cryoballoon ablation, LAA left arterial
appendage, LVEF left-ventricular ejection fraction, PAF paroxysmal
atrial fibrillation, RF radiofrequency

Fig.3 Transition of the ADMA, A
L-arginine, and L-arginine/ (nmol/ml)
ADMA ratio before and 0.5
after the procedure. The p
values indicate the compari-
son between the CB and RF
groups. The time course of the
L-arginine/ADMA ratio was 04 -
significant different between

the two groups. *p <0.05

(compared with the baseline),

**p <0.01 (compared with the B
baseline)

p=0.07

ADMA

(43

Before ablation
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95 p<0.01
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L-arginine

Just after ablation

SFMC and TAT levels in 72 (56 in the CB group and 16 in
the RF group) patients. The D-dimer values became signifi-
cantly elevated after the procedure in the total population
(p=0.047), and the time-course pattern was similar between
the 2 groups (p=0.85) (Fig. 4a). The SFMC and TAT levels
significantly increased after the procedure in the CB group
(»p=0.01 and p<0.01) and RF group (p <0.01 and p <0.01),
and the time-course pattern was similar between the two
groups (p=0.60 and p=0.92) (Fig. 4b, c).

Follow-up data

After a 3-month blanking period, 60 patients (94%) in
the CB group and 20 (91%) in the RF group were free
from any recurrent arrhythmias during a mean follow-
up period of 20 + 6 months (range 8-30 months), and the
single-procedure AF freedom was similar between the two
groups (p =0.82) (Fig. 5). No thromboembolic events were
observed during the peri-procedural period in both groups.
The LA diameter became significantly decreased 1 month
after the procedure as compared to baseline (from 35.2+5.0
to 34.0+4.0 mm, p <0.01).

Discussion

The results of this study demonstrated the following find-
ings: (1) CB ablation was associated with less endothelial
damage than RF ablation; (2) the amount of the myocardial
injury was significantly greater after CB than RF ablation;
(3) the inflammatory response and coagulate sate were com-
parable between the two groups during the peri-procedural

240
p=0.02
220 *
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¥k
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Fig.4 Transition of the prothrombotic markers (a D-dimer, b SFMC,
and ¢ TAT) before and 1 day after the procedure. The p values indi-
cate the comparison between the CB and RF groups. There were
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Fig.5 Kaplan—Meier curves showing the freedom from AF recur-
rence after the cryoballoon ablation (CB group) or the radiofre-
quency ablation (RF group). The single-procedure AF freedom at
20 + 6 months of follow-up was similar between the two groups
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no differences in the prothrombotic markers between two groups.
*p<0.05 (compared with the baseline), **p <0.01 (compared with
the baseline)

period; (4) the single-procedure AF freedom was equivalent
between the two groups.

Cryoablation and RF ablation

The mechanisms of tissue injury in cryoablation and RF
ablation considerably differ. Tissue heating with RF energy
is a result of resistive heating at the interface between the
catheter and tissue, and hyperthermia-induced tissue necro-
sis and coagulation. This can cause activation of the cas-
cade of thrombin generation and platelet activation. The
mechanisms of thrombogenesis during RF ablation include
endothelial disruption, coagulation necrosis, electroporation
injury, mechanical damage of the vessel wall, and heating of
the circulating blood elements [10]. In contrast, the mecha-
nism of hypothermic tissue injury is highly complex [11].
Cryoablation has been shown to result in lesions character-
ized by dense homogeneous fibrosis with well-delineated
border zones and preservation of the tissue ultrastructure,
including the endothelial cells [9]. A positive correlation
was found between the amount of the RF injury and throm-
bus volume, whereas no such correlation existed for the
lesions produced by cryoenergy [9]. In an in vitro blood cir-
culation model, the RF procedure induced significantly more
blood cell damage, platelet activation, and clotting, which
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may determine the endothelial activation and oxidative stress
induction, than did the cryoapplication procedure [12].

Myocardial injury and inflammation

The cardiac enzyme, CK-MB, and myofibrillar proteins,
troponin-T and troponin-I, are sensitive and specific mark-
ers of myocyte damage, and an elevated level reflects the
amount of myocardial injury. The second-generation CB
provides more effective cooling than the first-generation bal-
loon [5], and CF-sensing RF catheters create more effective
lesions than the conventional RF catheters [6]. The present
study initially compared the amount of the myocardial injury
between the two latest technologies, and clarified that more
extensive lesions were created by the second-generation CB
as compared to the CF-sensing RF catheter. This might be
explained by the different lesion configurations between bal-
loon ablation and point-by-point linear lesions. Given these
results, a subsequent higher inflammatory response and pro-
thrombotic state might be expected after CB ablation.
Inflammation is being increasingly recognized to play a
significant role in the genesis and perpetuation of AF [13].
RF ablation triggers an inflammatory response, and histo-
pathologic studies have established that RF ablation induces
necrosis followed by inflammatory infiltrates leading to a
fibrotic scar. In the present study, the magnitude of the hs-
CRP value elevation was comparable before and 1 day after
the procedure in the two groups despite a different amount
of myocardial injury. These results suggest that cryoablation
provokes a relatively lesser inflammatory response than RF
ablation per the same amount of myocardial injury.

Endothelial damage

ADMA is an endogenous inhibitor of eNOS and is known
to result in endothelial dysfunction in experimental human
studies [14]. Nitric oxide has potent antithrombotic prop-
erties on the endothelium and inhibits platelet and mono-
cyte adhesion [15]. Several studies support the view that
the ratio between L-arginine and ADMA is important for
the regulation of eNOS activity [16]. Clinically, increased
levels of ADMA or an impaired ratio of L-arginine/ ADMA
have been reported in different disease states with a high risk
for numerous cardiovascular diseases [17]. The relationship
between AF and ADMA, or the rhythm control outcome
after electrical cardioversion and L-arginine/ADMA ratio
have been reported in the previous studies [18, 19]. How-
ever, to the best of our knowledge, this is the first study to
compare the impact of the PVI on the L-arginine/ADMA
ratio between the different energy sources. Our study found
that CB ablation was associated with less endothelial dam-
age than RF ablation, suggesting different thromboem-
bolic risks after PVI. This observation is consistent with

the histological findings that the endothelial structure was
preserved after cryoablation as compared to RF ablation in
canine hearts [9].

Prothrombotic markers

TAT, SFMC, and D-dimer generally indicate thrombogen-
esis, coagulability, and fibrinolysis. TAT is formed by an
irreversible interaction of antithrombin III and thrombin,
after thrombin is cleaved from prothrombin. The formation
of D-dimer follows chronologically after thrombin is gener-
ated and reflects lysis of fibrin. The activation of blood clot-
ting may be attributable to several factors, such as catheter
manipulation, myocardial injury caused by ablation, and the
anticoagulant regimen [20]. In the present study, the level
of the prothrombotic markers was comparable between the
CB group and RF group at baseline. After the ablation pro-
cedures, we noticed a significant rise in the blood-clotting
activation with respect to the baseline values, but there were
no differences in the magnitude of the elevation between the
groups. Although it seems plausible that cryoablation pro-
vokes a lesser prothrombotic state, considering the greater
amount of myocardial injury, our study results suggested
that a similar anticoagulation regime was required during the
peri-procedural period of the PVI for the second-generation
CB as well as RF ablation.

Study limitations

First, this was a retrospective observational study, and the
study population, especially in the RF group, was rela-
tively small. Second, each biomarker was evaluated during
the peri-procedural period, but the data during the chronic
phase were lacking. A further study is necessary to eluci-
date whether or not the acute damage from the CB abla-
tion or CF-guided RF ablation might have an impact on the
endothelial dysfunction during the chronic phase or have the
potential to cause cardiovascular events. Third, the ablation
device was selected according to the operators’ preference
and was not randomized.

Conclusions

The L-arginine/ADMA ratio after the PVI was significantly
lower for the second-generation CB than CF-sensing RF
ablation despite a significantly greater amount of myocardial
injury post-CB ablation. On the contrary, both technologies
induced a similar inflammatory response and blood-clotting
activation. Our study results suggested that cryoablation pro-
duces significantly lesser endothelial damage than RF abla-
tion; however, a similar anticoagulant regimen is required
during the peri-procedural period of both technologies.

@ Springer



516

Heart and Vessels (2019) 34:509-516

Acknowledgements We thank Mr. John Martin for his help in the prep-
aration of the manuscript. This work was supported by a grant from
intramural research funds (25-4-7) for cardiovascular disease from the
National Cerebral and Cardiovascular Center, Osaka, Japan (to H. T.).

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

References

1. Haissaguerre M, Jais P, Shah DC, Garrigue S, Takahashi A,
Lavergne T, Hocini M, Peng JT, Roudaut R, Clémenty J (2000)
Electrophysiological end point for catheter ablation of atrial fibril-
lation initiated from multiple pulmonary venous foci. Circulation
101:1409-1417

2. Calkins H, Hindricks G, Cappato R, Kim YH, Saad EB, Aguinaga
L, Akar JG, Badhwar V, Brugada J, Camm J, Chen PS, Chen SA,
Chung MK, Nielsen JC, Curtis AB, Davies DW, Day JD, d’Avila
A, de Groot NMSN, Di Biase L, Duytschaever M, Edgerton JR,
Ellenbogen KA, Ellinor PT, Ernst S, Fenelon G, Gerstenfeld EP,
Haines DE, Haissaguerre M, Helm RH, Hylek E, Jackman WM,
Jalife J, Kalman JM, Kautzner J, Kottkamp H, Kuck KH, Kuma-
gai K, Lee R, Lewalter T, Lindsay BD, Macle L, Mansour M,
Marchlinski FE, Michaud GF, Nakagawa H, Natale A, Nattel S,
Okumura K, Packer D, Pokushalov E, Reynolds MR, Sanders
P, Scanavacca M, Schilling R, Tondo C, Tsao HM, Verma A,
Wilber DJ, Yamane T (2017) 2017 HRS/EHRA/ECAS/APHRS/
SOLAECE expert consensus statement on catheter and surgical
ablation of atrial fibrillation. J Arrhythm 33:369-409

3. Kojodjojo P, O’Neill MD, Lim PB, Malcolm-Lawes L, Whinnett
Z1, Salukhe TV, Linton NW, Lefroy D, Mason A, Wright I, Peters
NS, Kanagaratnam P, Davies DW (2010) Pulmonary venous isola-
tion by antral ablation with a large cryoballoon for treatment of
paroxysmal and persistent atrial fibrillation: medium-term out-
comes and non-randomised comparison with pulmonary venous
isolation by radiofrequency ablation. Heart 96:1379-1384

4. Kuck KH, Brugada J, Fiirnkranz A, Metzner A, Ouyang F, Chun
KR, Elvan A, Arentz T, Bestehorn K, Pocock SJ, Albenque JP,
Tondo C (2016) Fire and ice investigators. Cryoballoon or radi-
ofrequency ablation for paroxysmal atrial fibrillation. N Engl J
Med 374:2235-2245

5. Coulombe N, Paulin J, Su W (2013) Improved in vivo perfor-
mance of second-generation cryoballoon for pulmonary vein iso-
lation. J Cardiovasc Electrophysiol 24:919-925

6. Reddy VY, Shah D, Kautzner J, Schmidt B, Saoudi N, Herrera
C, Jais P, Hindricks G, Peichl P, Yulzari A, Lambert H, Neuzil
P, Natale A, Kuck KH (2012) The relationship between contact
force and clinical outcome during radiofrequency catheter abla-
tion of atrial fibrillation in the TOCCATA study. Heart Rhythm
9:1789-1795

7. Schmidt M, Dorwarth U, Andresen D, Brachmann J, Kuck KH,
Kuniss M, Lewalter T, Spitzer S, Willems S, Senges J, Jiinger C,

@ Springer

10.

11.

12.

13.

14.

15.

16.

17.

18.

20.

Hoffmann E (2014) Cryoballoon versus RF ablation in paroxys-
mal atrial fibrillation: results from the German Ablation Registry.
J Cardiovasc Electrophysiol 25:1-7

Ma J, Cheng G, Xu G, Lu X (2006) Effect of radiofrequency
catheter ablation on endothelial function and oxidative stress. Acta
Cardiol 61:339-342

Khairy P, Chauvet P, Lehmann J, Lambert J, Macle L, Tanguay
JF, Sirois MG, Santoianni D, Dubuc M (2003) Lower incidence
of thrombus formation with cryoenergy versus radiofrequency
catheter ablation. Circulation 107:2045-2050

Parizek P, Haman L, Pleskot M, Pecka M, Bukac J, Stransky P,
Maly J (2011) Hemostatic changes before and during electrophysi-
ologic study and radiofrequency catheter ablation. Int J Hematol
93:452-457

Avitall B, Kalinski A (2015) Cryotherapy of cardiac arrhythmia:
from basic science to the bedside. Heart Rhythm 12:2195-2203
van Oeveren W, Crijns HJ, Korteling BJ, Wegereef EW, Haan J,
Tigchelaar I, Hoekstra A (1999) Blood damage, platelet and clot-
ting activation during application of radiofrequency or cryoabla-
tion catheters: a comparative in vitro study. J Med Eng Technol
23:20-25

Issac TT, Dokainish H, Lakkis NM (2007) Role of inflammation
in initiation and perpetuation of atrial fibrillation: a systematic
review of the published data. J Am Coll Cardiol 50:2021-2028
Stuhlinger MC, Oka RK, Graf EE, Schmoélzer I, Upson BM,
Kapoor O, Szuba A, Malinow MR, Wascher TC, Pachinger
O, Cooke JP (2003) Endothelial dysfunction induced by
hyperhomocyst(e)inemia: role of asymmetric dimethylarginine.
Circulation 108:933-938

Stamler J, Mendelsohn ME, Amarante P, Smick D, Andon N,
Davies PF, Cooke JP, Loscalzo J (1989) N-acetylcysteine poten-
tiates platelet inhibition by endothelium-derived relaxing factor.
Circ Res 65:789-795

Eid HM, Eritsland J, Larsen J, Arnesen H, Seljeflot I (2003)
Increased levels of asymmetric dimethylarginine in populations
at risk for atherosclerotic disease. Effects of pravastatin. Athero-
sclerosis 166:279-284

Eid HM, Arnesen H, Hjerkinn EM, Lyberg T, Seljeflot I (2004)
Relationship between obesity, smoking, and the endogenous nitric
oxide synthase inhibitor, asymmetric dimethylarginine. Metabo-
lism 53:1574-1579

Cai H, Li Z, Goette A, Mera F, Honeycutt C, Feterik K, Wilcox
JN, Dudley SC Jr, Harrison DG, Langberg JJ (2002) Downregu-
lation of endocardial nitric oxide synthase expression and nitric
oxide production in atrial fibrillation: potential mechanisms for
atrial thrombosis and stroke. Circulation 106:2854-2858

. Yang L, Xiufen Q, Shuqin S, Yang Y, Ying S, Yanwei Y, Wei

F, Dechun Y (2011) Asymmetric dimethylarginine concentration
and recurrence of atrial tachyarrythmias after catheter ablation in
patients with persistent atrial fibrillation. J Interv Card Electro-
physiol 32:147-154

Lim HS, Willoughby SR, Schultz C, Gan C, Alasady M, Lau
DH, Leong DP, Brooks AG, Young GD, Kistler PM, Kalman JM,
Worthley MI, Sanders P (2013) Effect of atrial fibrillation on atrial
thrombogenesis in humans: impact of rate and rhythm. J Am Coll
Cardiol 61:852-860



	Endothelial damage and thromboembolic risk after pulmonary vein isolation using the latest ablation technologies: a comparison of the second-generation cryoballoon vs. contact force-sensing radiofrequency ablation
	Abstract
	Introduction
	Methods
	Study population
	Procedural protocol
	Post-ablation management and follow-up
	Blood sampling and biomarkers
	Statistical analysis

	Results
	Patient characteristics and procedural results
	Myocardial damage and inflammatory response
	Endothelial damage
	Prothrombotic markers
	Follow-up data

	Discussion
	Cryoablation and RF ablation
	Myocardial injury and inflammation
	Endothelial damage
	Prothrombotic markers
	Study limitations

	Conclusions
	Acknowledgements 
	References




