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Abstract

Introduction Atrial fibrillation often necessitates
catheter ablation when antiarrhythmic drug therapy
fails. Single-shot technologies using thermal energy,
such as cryoballoon ablation, are commonly used,
but pulsed field ablation (PFA), an innovative non-
thermal ablation technique, is a potential alternative.
This retrospective observational study aimed to com-
pare the safety and efficacy of cryoballoon ablation
and PFA in patients undergoing their first pulmonary
vein isolation (PVI) procedure for atrial fibrillation
treatment.

Methods We utilised real-world data from patients
who underwent PVI using cryoballoon ablation or
PFA. The primary outcome encompassed procedural
complications, including phrenic nerve palsy, cardiac
tamponade, thromboembolic complications, bleed-
ing complications and mortality. Secondary outcomes
were procedural characteristics including procedure
duration, length of hospital admission, and re-do
ablation rates within 6 months.

Results A total of 1714 procedures were analysed: 1241
in the cryoballoon group and 473 in the PFA group.
Gender distribution (p=0.03) and estimated glomeru-
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lar filtration rate (p=0.01) differed significantly. With
regard to the primary outcome, the cryoballoon group
demonstrated a higher incidence of phrenic nerve
palsy compared with the PFA group (15 vs 0; p=0.02).
The procedure duration was shorter in the PFA group,
even after adjusting for baseline characteristics (95.0
vs 74.0min; p<0.001). After adjustment for baseline
characteristics, admission duration differed between
the groups as well (p=0.04).
Conclusion The study results supported the safety and
efficacy of PFA over cryoballoon ablation for PVI, high-
lighting advantages such as shorter procedure dura-
tion and absence of phrenic nerve palsy.

Keywords Atrial fibrillation - Pulsed-field ablation -
Cryoballoon ablation - Real-world data

What’s new?

e This retrospective cohort study conducted at
a Dutch, high-volume centre compared cryobal-
loon ablation and pulsed field ablation (PFA)
techniques for pulmonary vein isolation (PVI) in
patients with atrial fibrillation (AF) using real-
world data.

e PFA was associated with a lower incidence of
phrenic nerve palsies compared with cryobal-
loon ablation, indicating its feasibility and po-
tential as a viable alternative technique for PVI
in AF patients.

e PFA offered a time-saving advantage over cry-
oballoon ablation, with a shorter procedure du-
ration, which could improve the procedural ef-
ficiency and resource utilisation in clinical prac-
tice.
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Introduction

Atrial fibrillation is associated with substantial mor-
bidity and mortality, causing a significant burden to
patients, societal health and health economy [1, 2].
AF can be effectively treated with catheter ablation by
pulmonary vein isolation (PVI) which has shown to be
more effective than medical therapy in reducing hos-
pitalisations and improving quality of life in patients
with symptomatic paroxysmal or persistent AF [3-5].

Over the years, 2 dominant ablation techniques us-
ing thermal energy have been employed to produce
durable lesions at the PV antra: point-by-point (PBP)
ablation and single-shot ablation. PBP ablation invol-
ves the application of single ablation lesions using
a single-tip electrode catheter to produce a contiguous
line of transmural scar tissue around the PVs, whereas
single-shot ablation employs a multipolar radiofre-
quency catheter or freezing balloon (cryoballoon),
which is placed in the antrum of each individual PV [6].
These advancements have resulted in greater efficacy
and efficiency of PVI procedures, especially in the case
of cryoballoon ablation [1, 7, 8]. However, both techni-
ques can be challenging, which sometimes leads to in-
complete PVI or excessive ablation with thermal dam-
age to surrounding structures and subsequently PV
stenosis, phrenic nerve palsy or oesophageal fistula [9].

For the treatment of patients with symptomatic
paroxysmal or persistent AE a novel ablation tech-
nology called pulsed field ablation (PFA) has been
introduced. The PFA systems FARAPULSE™ and
CENTAURI™ utilise both multi-electrode and single-
tip catheters, thereby offering a nonthermal ablative
technology [3, 10]. As PFA has higher specificity for
myocardial cells and the ability to create transmural
adjacent lesions through irreversible electroporation,
it could provide safety and efficacy advantages over
thermal energy ablation [11, 12]. The myocardial
specificity potentially limits collateral damage of non-
target tissue such as neighbouring nervous or arterial
structures or the oesophagus [3, 14-16].

Earlier studies that compared PFA with previous ab-
lation techniques were mostly feasibility trials and ob-
servational studies, while randomised controlled tri-
als are limited [11-14]. To ensure the safety of this
high-volume PFA technology and optimise catheteri-
sation laboratory planning predictability, it is essen-
tial to compare the various techniques. We exam-
ined real-world procedural data and short-term clini-
cal outcomes of cryoballoon ablation and multi-elec-
trode PFA performed in a single high-volume centre
in the Netherlands.

Methods
Study design and population

This retrospective observational study was conducted
at the Catharina Hospital Heart Centre in Eindhoven,

the Netherlands and ran from 1 January 2019 through
31 December 2022. Cryoballoon ablation was the
primary treatment for paroxysmal and persistent
AF until January 2022, at which point PFA became
the preferred therapy for all AF patients. Conse-
quently, patients were categorised into cryoballoon
and PFA groups. Eligible participants were adults aged
=18 years who had undergone either cryoballoon or
PFA ablation as their initial AF treatment. Only the
first PVI performed during the specified study period
was included in the analysis.

Primary pulmonary vein ablation technique

During the time cryoballoon ablation was used at our
hospital, groin puncture was performed blindly or un-
der ultrasound guidance, whereas ultrasound-guided
puncture became the standard approach with the im-
plementation of PFA. Cryoballoon ablation utilised 12-
French transseptal sheaths, while PFA employed 13-
French sheaths. Both procedures involved inserting
a second 6-French sheath for a non-steerable diagnos-
tic catheter, without performing arterial punctures.
For cryoballoon ablation, the 27-mm Arctic Front™
catheter (Medtronic, Fridley, MN, USA) was used, and
for PFA, the FARAPULSE™ catheter with a size of 31 or
35mm (Boston Scientific, Marlborough, MA, USA) was
employed at the physician’s discretion.

During cryoballoon ablation, one application was
administered per PV, each lasting 240s, unless early
termination was deemed necessary due to phrenic
capture loss. The application was halted if a temper-
ature of —40°C was not reached within 60s, and the
balloon position was adjusted accordingly. PV isola-
tion was assessed by placing the diagnostic catheter
behind the balloon and evaluating PV signals. The
right PVs were ablated with concurrent right phrenic
nerve stimulations via subclavian vein and manual di-
aphragm excursion assessments.

For PV isolation in PFA, a standard of 8 applica-
tions was used per PV: 4 in the basket position and
4 in the flower position. Variation in the number of
applications was permitted at the physician’s discre-
tion. Verification of PV isolation involved PV stimula-
tion to confirm the absence of PV potentials and the
presence of exit block.

Pre-procedural computed tomography scans were
not conducted to assess PV anatomy in either group.
PV anatomy assessment relied on visual inspection
and contrast injection during cryoballoon ablation,
with segmented ablation for suspected common os-
tium cases to prevent excessive depth or ostial lesions.
In PFA, circumferential ablation was attempted in sus-
pected cases.

Heparin was administered to maintain an activated
clotting time >300s, followed by protamine adminis-
tration, removal of venous sheaths and achievement
of haemostasis with manual pressure and a pressure
bandage. Patients had a 6-hour bed rest period and
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were allowed to mobilise for an additional hour be-
fore potential same-day discharge if stable and if the
procedure finished before 15:00 h.

The follow-up protocol was similar for both ab-
lation techniques. Amiodarone was discontinued
immediately after the procedure, while other antiar-
rhythmic drugs were typically stopped after 3 months
of follow-up, unless clinical indications required their
continuation.

Baseline patient and procedural characteristics

Relevant data were extracted from electronic medical
records. Based on the impact of outcomes after PVI
according to a literature study [17-19], the following
baseline characteristics were included: age, gender,
body mass index, renal function based on the esti-
mated glomerular filtration rate (eGFR), left ventric-
ular ejection fraction, left atrial volume index (LAVI)
and AF type (paroxysmal or persistent).

Procedural measures include energy source/PVI
method (cryoballoon or PFA), procedure duration (in-
dicating time between arrival at and departure from
procedure room) and admission duration. Baseline
and procedural characteristics were defined using the
definitions of the Netherlands Heart Registry [20],
which align with the European Society of Cardiology
and the American College of Cardiology/American
Heart Association guidelines [1, 21].

Primary and secondary outcomes

The primary outcome encompassed procedural com-
plications, specifically phrenic nerve palsy during ad-
mission, cardiac tamponade <30 days, thromboem-
bolic complications <72h, bleeding complications
during admission and 30-day mortality. Phrenic nerve
palsy was defined as persistent phrenic nerve failure
(lasting =24h) following intervention during admis-
sion. Phrenic nerve function was monitored by man-

ualassessment of diaphragm excursions during proce-
dures. Cardiac tamponade <30 days was characterised
by the presence of pericardial fluid volume >5mm,
with or without clinical or echocardiographic signs ne-
cessitating intervention. Thromboembolic complica-
tions encompassed thromboembolic events includ-
ing ischaemic cerebrovascular accident, peripheral
emboli and pulmonary emboli occurring <72h post-
intervention. Bleeding complications comprised groin
bleeding requiring surgical intervention or transfusion
during admission for the current procedure.

Secondary outcomes involved comparing the over-
all procedural characteristics of the PFA and cry-
oballoon ablation techniques, including procedure
duration, admission duration, and re-do ablation
rates within 6 months. Re-dos included procedures
performed and scheduled within 6 months. In both
ablation groups, the decision to conduct re-do proce-
dures was primarily symptom-driven.

Statistical analysis

We assessed the dataset structure and distribution us-
ing descriptive statistics, Kolmogorov-Smirnov tests
and Q-Q plots. Continuous variables are presented as
mean with standard deviation (SD) for normally dis-
tributed variables and as median with interquartile
range (IQR) for non-normally distributed variables.
Categorical variables are expressed as absolute fre-
quencies (n) and relative frequencies. The Mann-
Whitney U test, Student’s f-test and chi-square test
were employed to identify significant differences be-
tween the treatment groups, as appropriate.

Multiple logistic regression analyses, adjusted for
baseline characteristics, were used to examine the as-
sociations between short-term clinical outcomes and
the PVI method used (cryoballoon or PFA). Multiple lin-
ear regression analyses, also adjusted for baseline char-
acteristics, were utilised to investigate the associations
between procedure and admission durations and the

Table 1 Baseline patient and procedural characteristics

Characteristic Total cohort (N=1714) Cryoballoon (n=1241) PFA (n=473) P-value
Age, years 64 (57-70) 64 (57-70) 65 (58-71) 0.59
Male 1161 (67.7) 859 (69.2) 301 (63.6) 0.04
BMI, kg/m? 26.8 (24.6-29.6) 26.8 (24.6-29.7) 26.8 (24.4-29.5) 0.40
eGFR, ml/min 73.0 (63.0-84.0) 74.0 (64.0-84.0) 71.0 (61.0-83.0) 0.01
DM 134 (7.8) 90 (7.3) 44 (9.3 0.16
LVEF, % 55.0 (55.0-55.0) 55.0 (55.0-55.0) 55.0 (55.0-55.0) 0.59
LAVI, ml/m?* 35.5(28.8-43.0) 36.0 (29.0-44.0) 35.0 (28.0-42.0) 0.04
AF type 0.07
— Paroxysmal 1107 (64.6) 818 (65.9) 289 (61.1)

— Persistent 604 (35.3) 422 (34.0) 182 (38.5)

— Unknown 3(0.2) 1(0.1) 2(0.4)

Data are median (interquartile range) or n (%)

BMIbody mass index, eGFR estimated glomerular filtration rate, DM diabetes mellitus, LVEF left ventricular ejection fraction, LAV/ left atrial volume index,

AF atrial fibrillation

*Total cohort: n=1042; cryoballoon group: n=691; pulsed field ablation (PFA): n= 351
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PVImethods. Baseline characteristics were included
in regression models if the percentage of missing val-
ues was < 10%. Statistical significance was set at a two-
tailed p-value (a< 0.05). SPSS version 29 (IBM, Chicago,
IL, USA) was used to perform all data analyses.

Results

A total of 1714 procedures were included: 1241 in the
cryoballoon group and 473 in the PFA group. Among
the patients treated with cryoballoon ablation, 859
were males (69.2%), whereas the PFA group com-
prised 301 men (63.6%; p=0.04) (Tab. 1). The median
eGFR was 73.0ml/min (IQR: 63.0-84.0) in the total
study population, but there was a significant differ-
ence between the cryoballoon group (74.0ml/min;
IQR: 64.0-84.0) and the PFA group (71.0ml/min;
IQR: 61.0-83.0; p=0.01). The median LAVI of the
entire study cohort (n=1042) was 35.5ml/m? (IQR:
28.8-43.0), with the cryoballoon ablation (n=691)
and PFA groups (n=351) showing a significant differ-
ence (36.0ml/m? IQR: 29.0-44.0 vs 35.0ml/m? IQR:
28.0-42.0; p=0.04). Other baseline variables did not
statistically differ (Tab. 1).

Phrenic nerve palsy occurred in 15 cases of the total
cohort (0.9%) (Tab. 2). Of these cases, 9 were tempo-
rary, with a mean recovery time of 90.7 days (SD: 24.6).
Phrenic nerve palsy was only seen in patients receiv-
ing cryoballoon ablation and not in the PFA group (p=
0.02). Cardiac tamponade was observed in 7 cases,
for which a pericardial drain was placed for 24h. In
3 cases, an antidote to reverse anticoagulation was
administered. Cardiac tamponade occurrences were
attributed to left atrial perforation during transseptal
passage and repositioning manoeuvres of the wire and
ablation catheter. No significant differences in other
outcomes were observed.

The median procedure duration of the total co-
hort was 91.0min (IQR: 78.8-105.0) (Tab. 2). The me-
dian duration was longer in the cryoballoon group
(95.0min; IQR: 85.0-108.0) and shorter in the PFA
group (74.0min; IQR: 65.0-87.5; p<0.001). Re-do rates

Table 2 Univariate analyses of procedural outcomes
Outcome
Primary outcomes

— Bleeding complication during admission 16 (0.9)
— Phrenic nerve palsy during admission 15(0.9)
— Thromboembolic complication <72h 4(0.2)
— Cardiac tamponade < 30 days 7(0.4)
— Mortality <30 days 1(0.1)

Secondary outcomes

— Procedure duration, min

— Admission duration, days
— Re-do ablation <6 months

Data are n (%) or median (interquartile range)
PFA pulsed field ablation

91.0 (78.8-105.0)
0(0-1)
159/1638 (9.7)

Total cohort (N=1714)

within 6 months were similar in both groups (9.8% for
cryoballoon ablation vs 9.6% for PFA).

After adjustment for baseline characteristics, the
PVI techniques showed significant differences in pro-
cedure duration (p<0.001) and admission duration
(p=0.04) (Tab. 3, see also Tables S1 and S2 in Elec-
tronic Supplementary Material). Due to the absence
of phrenic nerve palsies and mortality cases in the
PFA group, logistic regression analysis could not be
performed for these outcomes.

Discussion

In this retrospective study, we compared the proce-
dural and short-term clinical outcomes of single-shot
cryoballoon ablation and PFA as initial AF ablation
techniques at a Dutch, high-volume centre in the
Netherlands. Several key findings emerged. First, PFA
was associated with a lower occurrence of phrenic
nerve palsy than cryoballoon ablation. No significant
differences were observed between the 2 techniques
in raw and adjusted outcomes, including mortal-
ity, vascular complications, thromboembolic events,
cardiac tamponade and re-do rates. Additionally,
PFA had a shorter duration than cryoballoon abla-
tion, even after accounting for patient characteristics.
These findings underscore the potential advantages of
PFA, such as reduced phrenic nerve palsy risk, shorter
procedure time, possible cost savings and improved
patient satisfaction. Notably, these results are con-
sistent with those from a recent study by Urbanek
et al. [22], further supporting PFA's favourable profile
compared with cryoballoon ablation.

The higher number of phrenic nerve palsies in the
cryoballoon group compared with the PFA group can
be attributed to the distinct characteristics of the tech-
niques. Cryoballoon ablation utilises extreme cold
temperatures and carries a greater risk of unintended
phrenic nerve involvement [8, 9, 23]. In contrast, PFA,
which uses non-thermal energy pulses, selectively tar-
gets myocardial cells and minimises the risk of dam-
aging nearby structures such as nerves [14-16, 24].
Consequently, the absence of phrenic nerve palsies in

Cryoballoon (n=1241) PFA (n=473) P-value
15(1.2) 1(0.2) 0.09
15(1.2) 0 0.02

3(0.2) 1(0.2) 1.00
4(0.3) 3(0.6) 0.40
1(0.1) 0 0.53
95.0 (85.0-108.0) 74.0 (65.0-87.5) <0.001
0(0-1) 0(0-1) 0.12
121 (9.8) 38/397 (9.6) 0.92
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the PFA group supports the notion that this technique
carries a lower risk of nerve-related complications. In
our study cohort, 9 out of 15 phrenic nerve palsies
were temporary, a rate that is consistent with that
described in the existing literature [25]. These find-
ings highlight the importance of considering poten-
tial complications associated with different ablation
methods and reinforce the favourable safety profile of
PFA in minimising nerve-related adverse events dur-
ing AF treatment.

While AF recurrence and the need for repeat pro-
cedures are well-documented outcomes with cryobal-
loon ablation, limited data exist on AF recurrence be-
yond 6 months with PFA. We assessed 6-month AF re-
do rates and found similar results in the cryoballoon
(9.8%) and PFA (9.6%) groups, without statistically sig-
nificant differences. A previous study reported a 1-
year freedom rate from atrial arrhythmias after PFA
of ~80% [13]. PFAs potential for more precise lesion
creation compared with cryoballoon ablation is sup-
ported by the literature [26, 27]. Accurate lesion for-
mation is essential for effective treatment and reduc-
tion of recurrent arrhythmias [28].

The literature also highlights lower complication
rates of PFA compared with cryoballoon ablation [29].
Although we did not observe a reduction in the num-
ber of complications with PFA compared with cryobal-
loon ablation, except for phrenic nerve palsy, these
findings hold promise. The PFA group demonstrated
a notably shorter average procedure time of ~20 min,
which has the potential for cost reductions. Further
studies are needed to investigate the costs or cost-
effectiveness of PFA.

Strengths, limitations and recommendations

This study leveraged real-world observational data to
provide insights into the effectiveness and safety of
cryoballoon ablation and PFA for AF across diverse pa-

Table 3 Multivariate logistic and linear regression analy-
ses of correlation between PVI technique and outcomes

Outcome OR/beta  95% Cl P-value

Primary outcomes

— Bleeding complication during 0.16 0.02-1.25 0.08
admission

— Phrenic nerve palsy during 0 0 NA
admission

— Thromboembolic complication 0.83 0.08-8.08 0.87
<72h

— Cardiac tamponade < 30 days 2.07 0.45-9.68 0.36

— Mortality < 30 days 0 0 NA

Secondary outcomes

— Procedure duration —17.552 -20.05t0-15.03 <0.001

— Admission duration -0.082 -0.16 to —0.004 0.04
— Re-do ablation <6 months 1.00 0.68-1.47 0.99
PVI pulmonary vein isolation, OR odds ratio, C/ confidence interval, NA not
applicable

2Beta

tient populations and real-world settings. As of 2022,
all patients who have undergone cryoballoon ablation
in the past will now receive PFA treatment at our cen-
tre, ensuring that there is no selection bias and that sig-
nificant changes in patient characteristics or referral
patterns have not occurred. Therefore, we consider the
2 patient populations as comparable, despite the limi-
tation stemming from the larger patient population in
the cryoballoon group, which could impact results by
increasing the likelihood of detecting statistically sig-
nificant differences between groups. While there was
a statistically significant difference in LAVI, its clinical
relevance may be limited, with suspected non-random
missing data warranting cautious interpretation.

It is essential to acknowledge the limitation of as-
sessing AF re-do rates within 6 months as an indica-
tor of AF recurrence, and this should be considered
when interpreting our findings. Data on long-term
outcomes, such as mortality, complications beyond
1 year and quality of life, were unavailable due to the
study’s retrospective nature. Additionally, the retro-
spective design introduced potential biases, which we
addressed by performing multivariate analyses. Still,
it cannot be completely ruled out that residual con-
founding by variables such as mitral valve regurgita-
tion may still be present. The transition to PFA at our
hospital also introduced a potential confounding risk
by the incorporation of echo-guided groin puncture.
Nevertheless, the difference in vascular event rates did
not reach statistical significance in this study:.

Without pre-procedural imaging, the precise di-
mensions and morphology of the PVs during the PFA
procedure remained uncertain due to the absence of
contrast administration. The literature suggests that
routine pre-procedural anatomical assessment does
not improve clinical outcomes [30]. As a result, this
is no longer included in our protocol, aligning with
the approach employed in the ADVENT trial (Clin-
cialTrials.gov number: NCT04612244), wherein only
left atrial imaging is performed—through transoe-
sophageal or intracardiac echocardiography—to rule
out the presence of a left atrial thrombus.

Long-term follow-up and cost-effectiveness assess-
ments are recommended for future research to eval-
uate the durability, overall impact and cost-effective-
ness of PFA. Further studies, such as the ADVENT trial,
are needed to confirm these findings and assess the
long-term outcomes of PFA in AF treatment.

Conclusion

This retrospective observational analysis provides ev-
idence that multi-electrode PFA is a safe and effective
alternative to cryoballoon ablation for the treatment
of AE with re-do rates assessed within 6 months. PFA
offers advantages over cryoballoon ablation in terms
of a shorter procedure time and absence of phrenic
nerve palsy. These characteristics make PFA a com-
pelling technique for further exploration and develop-
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ment in the field of cardiac ablation, potentially offer-
ing improved outcomes for patients with arrhythmias.
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