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Abstract
Background Cryoballoon (CB)-guided pulmonary vein isolation (PVI) is an established treatment for atrial fibrillation (AF). 
This study aimed to evaluate ablation efficacy and freedom from arrhythmia recurrence using the novel POLARx compared 
to the Arctic Front Advance Pro (AFA) CB system including the analysis of individual PV characteristics.
Methods A total of 687 patients underwent CB-guided ablation for AF. Arrhythmia recurrence was defined as an ECG 
documented episode of any AF/atrial tachycardia (AT) > 30 s. Anatomical characteristics were assessed using magnetic 
resonance imaging (MRI). For each PV, the cross-sectional orifice area (CSOA) was determined. Follow-up examinations 
were scheduled after 3, 6, and 12 months.
Results Acute PVI was achieved in all patients. Twelve-month AF-free survival was similar between the groups (POLARx 
43/86 (50%) vs. AFA 318/601 (53%), Log-rank (LR) p = 0.346). MRI found a comparable percentage of patients with normal 
PV anatomy (POLARx 71/86 (83%) vs. AFA 530/601 (85%), p = 0.162). Patients with variant PV characteristics presented 
with a significantly impaired 12-month AF-free survival (normal PVs 326/585 (56%) vs. variant PVs 27/102 (27%), LR 
p < 0.001) independent of the applied CB ablation system. PAF patients with AF recurrence presented with significantly 
larger CSOA of the left-sided PVs and the right superior PVs (LSPV: p < 0.001; LIPV: p < 0.001; RSPV: p < 0.001). In PERS 
AF, no association between CSOA and ablation outcome was observed. Multivariate analyses identified PERS AF (hazard 
ratio (HR) 2.504, confidence interval (CI), 1.900–3.299, p < 0.001) and variant PV anatomy (HR 2.124, CI 1.608–2.805, 
p < 0.001) as independent predictors for AF recurrence.
Conclusions Both CB ablation systems are associated with comparable 12-month AF-free survival rates. Variant PV anatomy 
seems to be predictive for AF recurrence. An association between CSOA and the outcome after CB-guided PVI was dem-
onstrated for PAF.

Keywords Atrial fibrillation · Catheter ablation · Cryoballoon · Single-shot ablation devices · Magnetic resonance 
imaging · AF recurrence

1 Introduction

Cryoballoon (CB)-guided pulmonary vein isolation (PVI) 
is an effective treatment for atrial fibrillation (AF) [1–5]. In 
addition, it is an alternative to radiofrequency (RF)-guided 
catheter ablation, due to shorter procedure times, a steep 
learning curve, and a high degree of lesion reproducibil-
ity [1, 6–8]. Despite advances in catheter-based technology 
and operator experience, PV reconnection still remains an 
issue [9]. Variant PV anatomy has been discussed as a poten-
tial limitation of single-shot device-guided PVI [10, 11], 
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but data on its impact on AF recurrence is scarce [12–17]. 
Recently, a second CB system (POLARx, Boston Scientific) 
became available. First clinical experiences with this novel 
system reported comparable efficacy and safety, but differ-
ences in terms of biophysiological parameters to the estab-
lished system (Arctic Front Advance Pro, AFA, Medtronic) 
[18–21]. Data on patient outcome and the impact of indi-
vidual PV characteristics on AF recurrence is lacking.

This study aimed to evaluate ablation efficacy and out-
come using the novel POLARx CB compared to the estab-
lished AFA system in consideration of individual anatomical 
characteristics and the underlying AF pattern.

2  Methods

This observational study included 687 consecutive patients 
undergoing index CB-guided PVI for symptomatic and drug 
refractory paroxysmal (PAF) and persistent AF (PERS AF) 
between January 2013 and August 2021. No additional 
radiofrequency energy was applied. Data were analyzed 
retrospectively. Institutional standards as well as operator 
experience were comparable. We compared clinical char-
acteristics and procedural outcomes of 86 patients under-
going single-shot device-guided PVI utilizing the 28-mm 
POLARx versus another cohort of 601 patients treated with 
the second-generation 28-mm AFA catheter (POLARx vs. 
AFA). Beyond that, we analyzed patients with a normal PV 
anatomy (two left- and two right-sided PVs) to patients with 
a variant PV anatomy (normal vs. variant PV anatomy). The 
diagnosis of PAF vs. PERS AF was made according to cur-
rent guidelines [1]. Arrhythmia recurrence was defined as 
an ECG documented episode of any AF/atrial tachycardia 
(AT) > 30 s.

2.1  Procedural management

Left atrium (LA)/left atrial appendage (LAA) thrombus for-
mation was ruled out in all patients prior to ablation. Cardiac 
magnetic resonance imaging (MRI) was performed in all 
patients for procedural planning and to evaluate the indi-
vidual anatomy of the LA and PVs. For each PV, the cross-
sectional orifice area (CSOA) was calculated from the trans-
versal (D1) and coronal (D2) diameters of the PVs using 
the equation π × (1/2 × D1 × D2) allowing for an approximate 
determination of the PV ostium dimension. PV angiography 
was used to check for complete occlusion of the PVs before 
freezing.

Antiarrhythmic drugs (AADs) except for amiodarone 
were discontinued at least three half-lives before ablation. 
Anticoagulation with phenprocoumon was continued aiming 
for an international normalized ratio (INR) between 2.0 and 
3.0. Direct oral anticoagulants (DOAC) were stopped one 

half-life before ablation. Pericardial effusion (PE) was ruled 
out immediately after ablation and the next day. Anticoagu-
lation was continued within 4 h after the procedure with 
phenprocoumon or DOAC when there was no evidence for 
PE. AADs were prescribed at the operators’ discretion for a 
period of 3 months following ablation.

2.2  Ablation procedure

All procedures were performed under conscious sedation 
using propofol and analgesia with fentanyl as required. Intra-
venous heparin was administered to maintain an activated 
clotting time (ACT) of 300 s throughout the procedure.

The 28-mm AFA cryoballoon (Arctic Front Advance Pro, 
8 mm tip, Medtronic) and the POLARx catheter (POLARx 
5 mm or 12 mm tip, Boston Scientific) were applied. Follow-
ing transseptal puncture, the balloon device was advanced 
into the LA via a steerable sheath (15-F FlexCath advance 
Medtronic or 15.9-F POLARSTEATH, Boston Scientific). 
A multipolar mapping catheter (Achieve Advance Mapping 
Catheter, Medtronic, or POLARMAP, Boston Scientific) 
was used for PV mapping.

Diaphragmatic excursion during ablation of the right-
sided veins was confirmed via continuous stimulation of 
the phrenic nerve and compound motor action potential 
(CMAP) visualization in patients with AFA or by applying 
the novel diaphragm movement sensor (DMS) in patients 
receiving CB-guided PVI with the POALRx-system. The 
DMS is based on an accelerometer technology and placed on 
an electrode below the right-sided costal cartilage. Complete 
PV occlusion prior to each freezing cycle was confirmed by 
PV angiography with the balloon inflated and placed in the 
PV ostia. In all patients, ablation was performed adherent to 
a 2*180 s freeze per vein protocol. Persistent PVI (entrance 
and exit block) was confirmed after a waiting period of 
20 min.

2.3  Follow‑up

After discharge, follow-up visits were scheduled 3, 6, and 
12 months after the index procedure including routine 7-day 
Holter ECGs and interviews. Unscheduled visits were con-
ducted if required.

2.4  Endpoint

We aimed to evaluate ablation efficacy and outcome using 
the novel POLARx CB system compared to the established 
AFA system, to assess the impact of individual PV anatomy 
on freedom from arrhythmia recurrence in PAF compared to 
PERS AF and to compare the two ablation systems concern-
ing individual anatomical considerations. Furthermore, we 
intended to ascertain independent predictors (IPs) for AF/
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AT recurrence in this patient cohort allowing for conclusions 
in terms of personalized paths in AF management. AF/AT 
recurrence was judged on ECG documentation and symp-
toms suggestive of arrhythmia recurrence.

2.5  Data collection

Data on patients’ characteristics, medication, symptoms, and 
complications were compiled from patients’ records and dis-
charge letters. Procedural parameters and clinical aspects 
concerning CB ablation were taken from ablation protocols 
and procedure-related documents.

2.6  Statistical analysis

All statistical analyses were performed with SPSS, version 
24 (SPSS, Inc., Chicago, IL, USA). All variables were tested 
for normal distribution. Continuous variables between the 
groups were compared by employing an unpaired two-sided 
Student’s t-test or Mann–Whitney test. Differences in con-
tinuous parameters between baseline and follow-up were 
analyzed by paired Student’s t-test or Wilcoxon signed-rank 
test. Categorical and ordinal data were examined by chi-
square, Mann–Whitney tests, or Fisher’s exact tests, respec-
tively. Event-free survival was calculated by Kaplan–Meier 
analysis as time from initial PVI to first documented AF 
episode > 30 s at the 3- and 6-month follow-ups. The log-
rank test was used to assess differences in event-free survival 
time between groups. A Cox proportional hazard regression 
model was applied to identify IPs of arrhythmia recurrence. 
Demographic and clinical data from baseline analyses were 
included in univariate Cox proportional hazard regression 
models for the primary endpoint. Variables with an unad-
justed association with AF recurrence (p < 0.1) were ana-
lyzed by multivariate Cox regression analysis. Data are 
presented as mean ± SD or percentage value unless stated 
otherwise. A p-value ≤ 0.05 was considered statistically 
significant.

3  Results

3.1  Patients’ characteristics

The study population consisted of 687 consecutive patients 
(59.5 ± 14.9 years old, 30% female) undergoing CB-guided 
PVI for AF. A total of 401 patients (58%) suffered from 
PAF (54.3 ± 15.7 years old, 29% female) and 286 patients 
(42%) from PERS AF (66.7 ± 10.1 years old, 30% female). 
Eighty-six patients (10%) were treated with the POLARx 
system (61.3 ± 11.1 years old, 31% female). A total of 601 
patients underwent CB-guided PVI with the AFA system 
(59.2 ± 20.8 years old, 28% female). Depending on the 

applied single-shot ablation device, patients were further 
divided into POLARx patients with PAF (50 patients, 58%) 
and PERS AF (36 patients, 42%) and AFA patients with 
PAF (351 patients, 58%) and PERS AF (250 patients, 42%).

3.2  Baseline characteristics (PAF versus PERS AF)

Patients with PERS AF were significantly older and more 
likely to have diabetes, hypertension, structural cardiomyo-
pathy, and enlarged left atrial volume indices (LAVI) (Sup-
plementary Table 1).

3.3  Baseline characteristics (POLARx versus AFA)

Baseline variables were similar between the groups. Char-
acteristics are summarized in Table 1.

3.4  Characteristics (normal versus variant PV 
anatomy)

Preprocedural MRI found normal LA and PV anatomy (2 
left- and two right-sided PVs) in the majority of patients 
(n = 585, 85%). Variant PV anatomy was identified in 86 
patients treated with AFA (14%) and in 16 patients (19%) 
from the POLARx cohort (left common ostium: POLARx, 
n = 8, 9%; AFA, n = 62, 10%; right-sided accessory vein: 
POLARx, n = 8, 9%; AFA, n = 14, 2%; right common 
ostium: AFA, n = 13, 2%). Between POLARx and AFA, no 
group-specific differences were observed (p = 0.162). Vari-
ant PV anatomy was equally distributed among PERS AF 
(n = 40, 16%) and PAF (n = 62, 15%) (p = 0.912).

Table 1  Baseline characteristics (POLARx versus AFA)

Continuous variables are shown as the mean ± SD and categorical 
variables as the number (%). A p-value ≤ 0.05 indicates statistical sig-
nificance. BMI, body mass index; LVEF; left ventricular ejection frac-
tion; LA, left atrium; AADs, antiarrhythmic agents; PAF, paroxysmal 
arterial fibrillation; LAVI, left atrial volume index

Characteristics POLARx (n = 86) AFA (n = 601) p-value

Age (years) 61.3 ± 11.1 59.2 ± 20.8 0.138
Gender, female 27 (31%) 171 (28%) 0.611
BMI (kg/m2) 29.6 ± 8.0 27.9 ± 4.6 0.075
LVEF (%) 52.9 ± 3.7 53.5 ± 4.8 0.116
Cardiomyopathy 11 (13%) 70 (12%) 0.722
Hypertension 49 (57%) 332 (55%) 0.817
Diabetes mellitus I/II 9 (11%) 83 (14%) 0.499
Beta blocker 71 (83%) 480 (80%) 0.665
AADs 7 (8%) 76 (13%) 0.289
PAF 50 (58%) 351 (58%) 0.575
LAVI (ml/m2) 39.1 ± 6.7 39.2 ± 7.3 0.882

253Journal of Interventional Cardiac Electrophysiology (2022) 65:251–260



1 3

3.5  Procedural data (POLARx versus AFA)

POLARx group patients presented with a significantly 
longer procedure duration (POLARx: 113.9 ± 23.4 min 
vs. AFA: 100.7 ± 32.5 min, p < 0.001) and fluoroscopy 
time (POLARx: 10.9 ± 7.1 min vs. AFA: 8.4 ± 7.5 min, 
p = 0.010). The POLARx balloon achieved significantly 
lower nadir temperatures during the freeze application in 
all PVs. Details are summarized in Table 2 and Supplemen-
tary Table 2.

3.6  Clinical outcome

Acute PVI was achieved in all patients (n = 687, 100%). AF 
recurrence was detected in 326 patients (47%) within the fol-
low-up period. A total of 7% (n = 48) was lost to follow-up. 
Baseline and procedural data of those patients with partially 
lacking data were compared to those with complete data sets 
and no significant differences were found.

3.6.1  POLARx versus AFA

The estimated 12-month AF-free survival was comparable 
between both groups (POLARx: n = 43, 50%; AFA: n = 318, 
53%; Log-rank p = 0.346; Fig. 1.

3.6.2  PAF versus PERS AF

Patients with PERS AF presented with significantly 
higher recurrence rates compared to patients diagnosed 
with PAF (PERS AF: n = 204, 71% vs. PAF: n = 122, 30%, 
p < 0.001). Kaplan–Meier analyses revealed a comparable 
estimated AF-free survival between POLARx- and AFA-
treated patients including PAF and PERS AF. Details are 
presented in Supplementary Fig. 1.

3.7  Clinical outcome depending on PV anatomy

Patients with normal PV anatomy presented with signifi-
cantly lower AF recurrence rates compared to patients with 
variant PV characteristics (normal PV: n = 256, 44% vs. vari-
ant PV: n = 70, 69%, p < 0.001); Fig. 2. The AF recurrence 
rate in patients with a left common pulmonary vein (LCV) 
amounted to 36% (n = 25).

3.7.1  POLARx versus AFA

In both groups, MRI revealed a comparable percentage of 
patients with normal PV anatomy (POLARx: n = 70, 81% 
vs. AFA, n = 515, 86%, p = 0.329). Focusing on AF-free sur-
vival, patients with normal PV characteristics presented with 
a significantly improved outcome in the POLARx as well as 
in the AFA cohort.

Table 2  Procedural data

Continuous variables are shown as the mean ± SD and as median  [25th and 75.th percentiles]. A 
p-value ≤ 0.05 indicates statistical significance. LSPV, left superior pulmonary vein; LIPV, left inferior pul-
monary vein; LCV, left common pulmonary vein; RIPV, right inferior pulmonary vein; RSPV, right supe-
rior pulmonary vein

Characteristics POLARx (n = 86) AFA (n = 601) p-value

Total procedure time (min) 113.9 ± 23.4
[95.0, 130.0]

100.7 ± 32.5
[85.0, 113.5]

 < 0.001

Total fluoroscopy time (min) 10.9 ± 7.1
[3.4, 12.5]

8.4 ± 7.5
[2.5, 13.0]

0.010

Contrast agent (ml) 39.4 ± 12.4
[30.0, 46.5]

40.5 ± 17.1
[20.0, 55.0]

0.410

Cumulative radiation dose  (cGycm2) 426.5 ± 630.2
[117.0, 442.7]

543.2 ± 372.7
[241.0, 703.0]

0.316

LSPV
Nadir temperature (°C)

 − 58.1 ± 5.2
[− 61.0, − 55.0]

 − 45.9 ± 5.8
[− 49.0, − 43.0]

 < 0.001

LIPV
Nadir temperature (°C)

 − 57.0 ± 5.4
[− 60.0, − 53.0]

 − 42.1 ± 4.3
[− 44.8, − 39.0]

 < 0.001

LCV
Nadir temperature (°C)

N/A  − 41.0 ± 9.6
[− 39.5, − 45.8]

RSPV
Nadir temperature (°C)

 − 58.4 ± 6.4
[− 62.0, − 53.0]

 − 47.4 ± 6.7
[− 44.07, − 42.3]

 < 0.001

RIPV
Nadir temperature (°C)

 − 55.3 ± 7.8
[− 63.0, − 54.8]

 − 45.8 ± 7.2
[− 51.0, − 41.0]

 < 0.001
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Fig. 1  Kaplan–Meier analysis 
of freedom from AF recur-
rence in patients undergoing 
CB-guided PVI (POLARx 
vs. AFA). A p-value ≤ 0.05 
indicates statistical significance. 
AF, atrial fibrillation; CB, cry-
oballoon; PVI, pulmonary vein 
isolation; PV, pulmonary vein; 
FU, follow-up

Fig. 2  Kaplan–Meier analysis 
of freedom from AF recur-
rence in patients undergoing 
CB-guided PVI (normal PV vs. 
variant PV). A p-value ≤ 0.05 
indicates statistical significance. 
AF, atrial fibrillation; CB, cry-
oballoon; PVI, pulmonary vein 
isolation; PV, pulmonary vein; 
FU, follow-up
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3.7.2  PAF versus PERS AF

Focusing on AF-free survival, significant differences were 
observed in PAF patients depending on individual PV char-
acteristics (normal PV: 245, 82% vs. variant PV: 17, 33%, 
log-rank p < 0.001), whereas no significant differences were 
observed in PERS AF (normal PV: 93, 43% vs. variant PV: 
6, 18%, Log-rank p = 0.134).

3.8  Impact of cross‑sectional orifice area (CSOA) 
on AF recurrence

3.8.1  POLARx versus AFA

In terms of PV occlusion, no significant CSOA-related dif-
ferences were observed in patients with AF recurrence and 
those without. Detailed information is shown in Table 3.

3.8.2  PAF versus PERS AF

No differences in terms of PV CSOA were revealed between 
patients with PERS AF and PAF, but CSOA was a predictor 
for AF recurrence in patients with PAF. Patients with PAF 
and AF recurrence have had significantly larger CSOA of the 
left-sided and the right superior PVs compared to patients 
without arrhythmia recurrence. In PERS AF, no relation-
ship between CSOA and freedom from AF recurrence was 
observed. Details are summarized in Table 4.

From left atrial volume index (LAVI), no relevant dif-
ferences were found between patients with normal PV 
dimensions and those with enlarged CSOAs (normal 
PV dimensions 38.076 ± 6.136 versus enlarged CSOAs 
38.555 ± 7.420 ml/m2, p = 0.360).

3.9  Predictors for AF recurrence

Multivariate Cox regression analysis identified variant 
PV anatomy (hazard ratio (HR) 2.124, confidence interval 
(CI) 1.608–2.805, p < 0.001) and PERS AF (HR 2.504, CI 
1.900–3.299, p < 0.001) as IP for AF recurrence. Details 
are presented in Supplementary Table 3.

3.10  Complications

In the AFA group, a periprocedural thromboembolic event 
was observed in one patient (< 1%), and two patients suf-
fered from PE requiring pericardiocentesis (< 1%), persis-
tent phrenic nerve palsy (< 1%), and vascular groin com-
plications (< 1%). In the POLARx group, PE requiring 
treatment occurred in one patient (2%). In both groups, no 
esophageal perforation/fistula or death occurred.

Table 3  Impact of CSOA on 
AF recurrence (POLARx versus 
AFA)

Continuous variables are shown as the mean ± SD and as median  [25th and 75.th percentiles]. A 
p-value ≤ 0.05 indicates statistical significance. CSOA, cross-sectional orifice area; AF, atrial fibrillation; 
LSPV, left superior pulmonary vein; LIPV, left inferior pulmonary vein; RIPV, right inferior pulmonary 
vein; RSPV, right superior pulmonary vein

POLARx (n = 86) AF recurrence (n = 43) No AF recurrence (n = 43) p-value
LSPV 190.4 ± 45.1

[153.2, 228.7]
189.0 ± 66.9
[137.2, 224.9]

0.929

LIPV 181.9 ± 50.6
[141.5, 225.2]

165.2 ± 43.4
[131.9, 202.1]

0.163

RSPV 235.0 ± 78.5
[174.6, 285.5]

237.4 ± 90.0
[163.8, 276.4]

0.908

RIPV 257.1 ± 132.9
[178.2, 294.5]

230.5 ± 106.8
[158.7, 292.6]

0.355

AFA (n = 601) AF recurrence (n = 283) No AF recurrence (n = 318) p-value
LSPV 225.4 ± 74.56

[175.9, 268.6]
222.8 ± 61.2
[176.7, 254.5]

0.739

LIPV 152.4 ± 68.7
[109.9, 188.5]

146.5 ± 57.7
[110.0, 176.7]

0.401

RSPV 262.9 ± 80.9
[208.9, 313.4]

268.5 ± 77.1
[213.2, 325.5]

0.499

RIPV 239.7 ± 86.6
[183.8, 282.7]

239.4 ± 68.9
[197.9, 268.6]

0.966
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4  Discussion

4.1  Main findings

This study has three major findings: First, the POLARx and 
the AFA systems are associated with comparable 12-month 
AF-free survival rates. Second, variant PV anatomy seems to 
be predictive for AF recurrence. Third, in PAF, a correlation 
between AF recurrence and an enlarged CSOA was observed 
for the left-sided and the right superior PV.

4.2  Impact of the applied ablation system 
on AF‑free survival

In contrast to the AFA system, the POLARx offers a stable size 
and equal balloon pressure during the inflation and ablation 
period. This might help to prevent slight shifts of the balloon 
during the freezing cycle to achieve an adequate balloon-to-
tissue contact [19]. Irrespective of these technical innovations, 
PV occlusion seems to be comparably effective for both sys-
tems resulting in almost equal AF-free survival rates (Fig. 1).

4.3  Impact of PV characteristics on freedom 
from AF recurrence

4.3.1  CSOA

Two smaller studies reported that there might be a rele-
vant impact of the CSOA on freedom from AF recurrence 

following ablation [10, 13]. This acts in concert with our 
observation that patients with PAF and an enlarged CSOA 
of the left-sided and/or right superior PV have had a higher 
rate of AF recurrence (Table 4). Enlarged PVs and the related 
CSOA might impede complete electrical isolation of the PVs 
and inadequate isolation or lesion formation increases the 
risk for PV reconnection. In a prior study, we documented 
that the presence of an enlarged PV (LCV) is associated with 
more freeze cycles for complete PVI [22]. Larger PVs seem 
to require more freeze applications for complete PVI. Beyond 
that, enlarged PVs may contribute to an individual arrhythmia 
substrate that promotes AF recurrence [8, 13]. Apart from 
enlarged PV dimensions, some studies identified the supe-
rior PVs as the most common site of origin for ectopic beats 
potentially initiating AF [14]. In PERS AF, PV characteristics 
seem to play a minor role most likely due to advanced stages 
of atrial fibrosis and scar formation (Table 4).

A prior study suggested a critical relationship between 
structural alterations of LA tissue and AF initiation 
addressing that PV dimensions seem to have a greater 
impact on AF recurrence than the pure size of the LA 
[23] and these findings are in line with our observations. 
Thus, preprocedural imaging and the estimation of the 
CSOA may help to identify patients who benefit most from 
single-shot device-guided PVI.

4.3.2  Variant PV anatomy

Variant PV anatomy has been reported to influence AF 
recurrence after RF-guided PVI [16]. This observation 

Table 4  Impact of CSOA on AF 
recurrence (PAF versus PERS 
AF)

Continuous variables are shown as the mean ± SD and as median  [25th and 75.th percentiles]. A 
p-value ≤ 0.05 indicates statistical significance. PAF, paroxysmal atrial fibrillation; PERS AF, persistent 
atrial fibrillation; LSPV, left superior pulmonary vein; LIPV, left inferior pulmonary vein; RIPV, right infe-
rior pulmonary vein; RSPV, right superior pulmonary vein

PAF (n = 401) AF recurrence (n = 126) No AF recurrence (n = 275) p-value
LSPV 242.8 ± 88.1

[162.0, 273.1]
221.5 ± 63.5
[176.4, 254.3]

 < 0.001

LIPV 154.7 ± 61.2
[91.7, 184.3]

141.2 ± 53.9
[107.2, 170.3]

 < 0.001

RSPV 269.2 ± 79.3
[222.4, 302.4]

258.2 ± 73.4
[202.5, 302.7]

 < 0.001

RIPV 253.7 ± 103.5
[192.3, 267.1]

232.1 ± 70.2
[187.2, 283.4]

0.220

PERS AF (n = 286) AF recurrence (n = 208) No AF recurrence (n = 78) p-value
LSPV 231.2 ± 65.2

[187.4, 263.2]
226.7 ± 59.1
[174.5, 267.5]

0.218

LIPV 155.9 ± 69.1
[116.7, 196.7]

156.2 ± 65.1
[116.7, 199.3]

0.587

RSPV 262.3 ± 86.2
[209.7, 313.3]

277.2 ± 74.2
[217.9, 330.2]

0.523

RIPV 233.6 ± 81.5
[182.7, 267.2]

251.2 ± 76.2
[202.3, 284.2]

0.544
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might be explained due to limited catheter-to-tissue con-
tact force and difficulties in obtaining durable transmural 
lesions [16]. Kubala et al. reported on 118 patients sched-
uled for CB-guided PVI where normal PV anatomy was 
associated with an improved outcome, particularly in PAF 
[8]. In our cohort, variant PV anatomy was present in 15% 
of patients and thus comparable to previous studies [12]. 
In addition, variant PV anatomy seemed to be predictive 
for AF recurrence independent of the applied ablation 
system with more pronounced effects in PAF. In contrast, 
the recent STOP-AF trial (n = 163 patients) [17] and Wei 
et al. (n = 424 patients) [12] identified variant PV anatomy 
as irrelevant for freedom from AF recurrence following 
CB-guided PVI and Bose et al. as well as Heeger et al. 
reported that a LCV was not predictive for AF recurrence, 
too [24, 25].

4.4  Procedural data

We suppose a learning curve effect as a reason for longer 
procedure and fluoroscopy times (Table 2 and Supple-
mentary Table 2) which has also been reported and dis-
cussed previously [20]. In addition, our data is in line with 
previous reports indicating that PVI using the POLARx 
catheter achieves significantly lower nadir temperatures 
[18–20]. The optimal minimum temperature for the 
POLARx system seems to be about − 5 to − 10 °C lower 
compared to the established system [18–20]. This could be 
explained by differences in material properties, expansion 
pressure, or a slightly different position of the temperature 
probe within the novel POLARx system. As the POLARx 
catheter offers a stable size and equal balloon pressure 
during the inflation and ablation period, it might help to 
prevent from any kind of pop-out phenomenon as well 
as slight shifts of the balloon during the freezing cycle. 
Thus, an exact coaxial alignment and only minimal push 
are required to achieve an adequate balloon-to-tissue con-
tact. Beyond that, the handling of the POLARx system is 
comparably smart and straightforward due to improved 
material properties. The POLARSTEATH appears to be 
softer and more flexible [22].

Irrespective of these differences in nadir temperature, 
quality of PV occlusion and procedural success were com-
parable between the two ablation devices. At the same time, 
complication rates were comparably low, which is in line 
with previous data [18–20].

The YETI registry found an incidence of 4.2% for 
phrenic nerve injury [26]. In our study, phrenic nerve injury 
was very rare (< 1%), and consequently, no specificities in 
terms of variable PV anatomy could be identified.

4.5  Limitations

The present study is of observational design and there-
fore has certain limitations. The POLARx cohort is rela-
tively small. Nevertheless, our POLARx group is one of 
the largest cohorts of patients who underwent PVI utiliz-
ing the novel cryothermal balloon device so far. A potential 
but improbable bias by missing follow-up data in the AFA 
cohort of patients (7%, n = 48) cannot be excluded. For each 
PV, the CSOA of the PVs was calculated using the equa-
tion π × (1/2 × D1 × D2) allowing for an approximate, not 
an exact, determination of the PV ostium dimension. The 
lack of the exact PV area as an indicator to differentiate the 
CBs may be relevant, and perhaps, it is not the PV area that 
characterizes differences between the CBs. Therefore, and 
as both CBs are able to compensate to a certain degree for 
individual anatomical deviations, the approximate determi-
nation of the PV ostium dimensions appears to be adequate 
and sufficient to address the objectives of this manuscript.

5  Conclusion

CB-guided ablation with both single-shot systems is asso-
ciated with comparable 12-month AF-free survival rates. 
Variant PV anatomy seems to be relevant for AF recurrence. 
An association between CSOA and the outcome after CB-
guided PVI is documented for PAF.
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