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Abstract

BACKGROUND

Atrial fibrillation, affecting approximately 33 million people globally, is the most
common sustained arrhythmia, increasing risks of stroke, heart failure, and
mortality. Pulmonary vein isolation via catheter ablation is a key rhythm control
strategy, with cryoballoon ablation (CBA) being a standard thermal method but
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associated with risks like phrenic nerve palsy (5%-10%), esophageal injury, and vein stenosis. Pulsed field ablation
(PFA), a non-thermal technique using electrical pulses for selective electroporation, offers potential for shorter
procedures and improved safety. Limited direct comparisons between PFA and CBA necessitate a systematic
evaluation of their efficacy and safety.

AIM
To compare the procedural success, safety, and 1-year arrhythmia-free survival of PFA vs CBA for first-time
pulmonary vein isolation in adults with paroxysmal or persistent atrial fibrillation.

METHODS

A Preferred Reporting Items for Systematic Reviews and Meta-Analyses-compliant systematic review and meta-
analysis was conducted, searching PubMed, EMBASE, Web of Science, and other databases up to August 2025 for
comparative studies. Pooled mean difference for continuous outcomes and odds ratio (OR) for dichotomous
outcomes were calculated using random-effects models. Study quality was assessed with the Newcastle-Ottawa
Scale, heterogeneity with I?, and publication bias with funnel plots.

RESULTS

Seven studies (six cohorts, one randomized controlled trial) were included, with a mean age of approximately
66 years, 59%-78% male, and high prevalence of hypertension and diabetes. PFA significantly reduced procedure
time (mean difference = -15.24 minutes, 95%Cl: -16.63 to -13.85, P < 0.00001; I> = 89%), improved arrhythmia-free
survival (OR = 1.27, 95%CI: 1.04-1.55, P = 0.02; I> = 45%), and lowered phrenic nerve palsy risk (OR = 0.17, 95%CI:
0.04-0.63, P = 0.008; I = 0%). No significant differences were found in fluoroscopy time, cardiac tamponade, repeat
ablation, or vascular complications.

CONCLUSION

PFA demonstrates shorter procedure times, reduced phrenic nerve palsy, and better arrhythmia control compared
to CBA, with comparable safety profiles. However, evidence is limited by observational study designs, hetero-
geneity, and potential bias. Large-scale randomized controlled trials with extended follow-up are needed to
confirm these findings and guide clinical practice.

Key Words: Atrial fibrillation; Pulmonary vein isolation; Pulsed field ablation; Cryoballoon ablation; Meta-analysis; Catheter
ablation
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Core Tip: This meta-analysis synthesizes data from comparative studies to evaluate pulsed field ablation (PFA) vs
cryoballoon ablation for atrial fibrillation. Beyond standard pooled estimates, advanced analyses including Hartung-Knapp
adjustment, subgroup, and meta-regression techniques were applied to enhance robustness. PFA demonstrated significantly
shorter procedure times and lower phrenic nerve palsy risk, with comparable efficacy and safety profiles to cryoballoon
ablation. These findings highlight PFA’s procedural advantages and support its growing clinical adoption, while under-
scoring the need for large-scale randomized trials.

Citation: Khawar MMH, Odilov S, Memon U, Sun H, Samee S, Dhakal P, Mishra A, Khan S, Tarar MF, Igbal M, Hussain A. Pulsed
field vs cryoballoon ablation: A meta-analysis with Hartung—Knapp, subgroup, and meta-regression analyses. World J Meta-Anal
2025; 13(4): 115195

URL: https://www.wjgnet.com/2308-3840/full/v13/i4/115195.htm

DOI: https://dx.doi.org/10.13105/wjma.v13.i4.115195

INTRODUCTION

Atrial fibrillation (AF) is the most common sustained cardiac arrhythmia worldwide, affecting an estimated 33 million
individuals and contributing significantly to morbidity, mortality, and healthcare burden[1]. Characterized by irregular
and often rapid heart rhythms, AF increases the risk of stroke, heart failure, and other cardiovascular complications, with
a fivefold elevation in thromboembolic events and a twofold increase in overall mortality[2]. The prevalence of AF is
rising due to aging populations and increasing comorbidities such as hypertension, diabetes, and obesity, projecting a
doubling of cases in Europe and the United States by 2050. Management strategies for AF focus on rate control, rhythm
control, and anticoagulation, with rhythm control gaining prominence for symptomatic relief and improved quality of life
[3]. Pulmonary vein isolation (PVI) via catheter ablation has emerged as a cornerstone of rhythm control, particularly for
paroxysmal and persistent AF, demonstrating superior efficacy over antiarrhythmic drugs in maintaining sinus rhythm][3,
4]. Traditional ablation modalities include radiofrequency ablation (RFA) and cryoballoon ablation (CBA), which use

Buisnidenge VVIMA | hittps://www.wignet.com 2 December 18,2025 | Volume13 | Issue4 |


https://www.wjgnet.com/2308-3840/full/v13/i4/115195.htm
https://dx.doi.org/10.13105/wjma.v13.i4.115195

Khawar MMH et al. PFA vs CBA in AF

thermal energy to create lesions isolating the pulmonary veins, the primary triggers for AF initiation[4]. CBA, a single-
shot thermal ablation technique, has become a standard for PVI due to its procedural efficiency, reproducibility, and
favorable outcomes in both paroxysmal and persistent AF[5]. By delivering cryoenergy via a balloon catheter, CBA
achieves circumferential lesions around the pulmonary veins, with high acute success rates (> 95%) and 1-year
arrhythmia-free survival ranging from 60%-80% depending on AF type[5,6]. However, thermal ablation with CBA carries
risks of collateral damage, including phrenic nerve palsy (up to 5%-10%), esophageal injury, and pulmonary vein
stenosis, which can complicate recovery and limit its use in certain anatomies[7]. Procedural challenges, such as longer
fluoroscopy times and contrast use, also persist, particularly in patients with renal impairment[8]. In recent years, pulsed
field ablation (PFA) has been introduced as a non-thermal alternative, utilizing high-voltage, ultra-short electrical pulses
to induce irreversible electroporation selectively in cardiomyocytes while sparing adjacent tissues like nerves and the
esophagus[9,10]. Early clinical data[9-11] suggest PFA offers rapid PVI with shorter procedure times, minimal fluo-
roscopy, and enhanced safety profiles, including negligible rates of phrenic nerve injury[12-15]. Despite these ad-
vancements, direct comparisons between PFA and CBA remain limited, with most evidence derived from single-center or
small cohort studies[11] focusing on procedural metrics rather than long-term efficacy[16-20]. For instance, while CBA
has established benchmarks for arrhythmia recurrence, PFA's tissue selectivity may yield more durable lesions,
potentially improving outcomes in persistent AF where substrate complexity increases recurrence risks[17,19]. However,
heterogeneous study designs, varying follow-up durations, and inconsistencies in outcome measures (e.g., arrhythmia-
free survival vs acute isolation rates) create uncertainty. Existing trials often report conflicting results on procedural
duration and safety, with some favoring PFA's efficiency but lacking powered analyses for subgroup differences in
paroxysmal vs persistent AF[18,20]. This knowledge gap hinders evidence-based selection of ablation modalities,
especially as PFA adoption grows, and underscores the need for synthesized data to inform clinical guidelines. This meta-
analysis aims to systematically compare PFA and CBA for PVI in patients with AF, focusing on adults undergoing first-
time ablation for paroxysmal or persistent AF. Key outcomes include acute procedural success, safety (e.g., major adverse
events like phrenic palsy or tamponade), and 1-year arrhythmia-free survival, with subgroup analyses by AF type. By
pooling data from comparative observational studies and trials, we seek to provide robust evidence on the relative
efficacy and safety of these techniques to guide optimal rhythm control strategies.

MATERIALS AND METHODS

This systematic review and meta-analysis was conducted in accordance with the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses guidelines and the Cochrane Handbook for Systematic Reviews of Interventions[21]. The
protocol has been prospectively registered with PROSPERO (No. CRD420251139409).

Data sources and search strategy

A comprehensive literature search was independently performed by two reviewers across major electronic databases,
including PubMed/MEDLINE, EMBASE, ScienceDirect, Cochrane Register of Controlled Trials and Web of Science from
database inception through August 2025. The search was limited to English-language publications. The search string was
refined to include additional synonyms such as "electroporation" for PFA and "cryoablation" or "cryotherapy" for CBA,
with explicit OR/AND operators. The search strings used included: ("("pulsed field ablation"[Title/ Abstract] OR
"PFA"[Title/ Abstract]) AND ("thermal ablation"[Title/ Abstract] OR "radiofrequency ablation"[Mesh] OR "radiofrequency
ablation"[Title/ Abstract] OR "cryoablation"[Title/ Abstract] OR "cryosurgery"[Mesh]) AND ("paroxysmal atrial fibril-
lation"[Title/ Abstract] OR ("atrial fibrillation"[Mesh] AND "paroxysmal"[Title/ Abstract])) AND ("compar"[Title/
Abstract] OR "versus"[Title/ Abstract] OR "vs"[Title/ Abstract])"). Additional studies were identified by hand-searching
reference lists of included articles and relevant reviews, as well as conference abstracts from major cardiology meetings
(e.g., European Society of Cardiology, American Heart Association) if they met inclusion criteria.

Study selection

Retrieved citations were imported into Zotero for deduplication and management. Two reviewers independently
screened titles and abstracts, followed by a full-text evaluation for eligibility. Disagreements were resolved through
discussion or arbitration by a third reviewer. Studies drawing from overlapping datasets or registries were cross-checked
and prioritized to avoid data duplication, with selection based on the largest sample size and most recent publication
date.

Eligibility criteria

Inclusion criteria were rearranged using the PICOS principle as follows: (1) Population: Adults undergoing first-time
ablation for paroxysmal or persistent AF; (2) Intervention: PFA for PVI; (3) Comparator: CBA for PVI; (4) Outcomes: At
least one of the following key outcomes: Acute procedural success, safety (e.g., major adverse events like phrenic palsy or
tamponade), or 1-year arrhythmia-free survival; and (5) Study design: Randomized controlled trials (RCTs) or non-
randomized studies (e.g., prospective or retrospective cohorts, observational studies) that compared PFA and CBA, with
English-language publications and sufficient data for meta-analysis. Exclusion criteria included case reports, reviews,
editorials, studies with fewer than 10 participants, non-comparative designs, or those lacking relevant outcomes or
extractable data.

Buisnidenge VVIMA | hittps://www.wignet.com 3 December 18,2025 | Volume13 | Issue4 |



Khawar MMH et al. PFA vs CBA in AF

Data extraction and quality assessment

Data extraction was performed independently by two reviewers using a standardized form to collect information on
study type, year of publication, country, sample size (stratified by PFA and CBA groups), patient population,
intervention details, follow-up duration, and baseline characteristics [e.g., age, sex, body mass index (BMI), hypertension,
diabetes mellitus, CHA2DS2-VASc scores]. For dichotomous outcomes, event rates and totals were extracted; if
unavailable, corresponding authors were contacted for raw data. Key outcomes such as procedure time, fluoroscopy time,
repeat ablation, vascular complications, cardiac tamponade, freedom from arrhythmia, and phrenic nerve palsy were also
extracted with verification by a third reviewer. The quality of the included cohort studies was assessed using the
Newcastle-Ottawa Scale (NOS), with assessments covering selection, comparability, and outcome domains. For the RCT
(Reichlin et al[22], 2025), quality was assessed separately using the Cochrane risk of bias 2 tool, evaluating domains
including randomization process, deviations from intended interventions, missing outcome data, measurement of the
outcome, and selection of the reported result. The overall risk of bias for the RCT was rated as low if all domains were
low risk, some concerns if any domain had concerns, or high if any domain was high risk. The overall risk of bias was
rated as moderate for two studies[16,20], as they received high scores of 8/9, indicating robust methodology and a low
risk of bias. The remaining studies were assessed as having a fair quality with scores of 7/9 or 6/9, largely due to
concerns with confounding, participant selection, and missing data. For cohort studies, the NOS was also used, rating
studies as high quality (= 7), moderate (5 and 6), or poor (< 5). The overall evidence certainty per outcome was assessed
using GRADE[11,19] were rated as good quality studies with scores of 7/9 and 8/9, respectively. The remaining study
[18], was rated as fair quality with a score of 6/9, largely due to its shorter follow-up period and higher rate of patients
lost to follow-up. Overall, most studies were of good methodological quality, and their findings can be interpreted with a
high degree of confidence.

Publication bias
Publication bias was evaluated using funnel plots for visual inspection. Egger's test was applied to check the publication
bias.

Statistical analysis

The R version 4.5.1 and Review Manager version 5.4 (Cochrane Collaboration) was used to perform all analyses. To
explain expected clinical and methodological heterogeneity among studies, a Random-effects model was used. To
calculate the pooled effect with the 95% confidence interval (CI) in case of continuous outcomes, the mean difference
(MD) was computed. In the context of dichotomous outcomes, Odds ratio (ORs) with 95%CI were used as pooled effect
estimates using the Mantel-Haenszel technique. Heterogeneity was measured as Higgins I* (low: 0-25; moderate: 25-50;
substantial: 50-75; high: > 75). Between-study variance was quantified using 12 (estimated via restricted maximum
likelihood for continuous, Paule-Mandel for binary). Influence analyses (Baujat plots, leave-one-out) were performed to
identify outliers. Meta-regression was used for covariates like age, CHA2DS2-VASc, study year. Subgroups included
study quality, AF type, design (RCT vs observational). For publication bias with > 10 studies, Egger's test and trim-and-fill
were applied. CIs used Hartung-Knapp for small number. Medians/interquartile ranges (IQRs) were converted using
Wan method. Sensitivity analyses, including a leave-out method, were performed to assess the robustness of findings by
sequentially excluding individual studies. A two-sided P < 0.05 was considered statistically significant.

RESULTS

Included studies

The literature search across multiple databases and registers up to August 2025 identified a total of 882 records,
comprising 528 from PubMed, 236 from ScienceDirect, 38 from EMBASE, 40 from the Cochrane Register of Controlled
Trials, and 40 from Web of Science. After removing 159 duplicates, 723 unique records were screened based on titles and
abstracts, resulting in the exclusion of 614 irrelevant records. Full-text retrieval was sought for the remaining 109 reports,
all of which were obtained and assessed for eligibility. Of these, 102 reports were excluded due to reasons such as
inappropriate study design, insufficient data, or failure to meet inclusion criteria. Ultimately, 7 studies fulfilled all
eligibility requirements and were included in the systematic review and meta-analysis. Detailed reasons for exclusions
included: Inappropriate study design (n = 45, e.g., non-comparative studies or those not focused on PVI); insufficient data
(n =32, e.g., missing key outcomes or non-extractable statistics); failure to meet inclusion criteria (n = 25, e.g., non-adult
populations, non-first-time ablation, or non-English language publications) (Figure 1).

Baseline characteristics

The meta-analysis encompassed baseline characteristics from seven studies, including a total of 1456 patients [PFA (n =
728); CBA (n = 728)], with mean ages ranging from 62 years to 70 years (overall mean approximately 66 years) for patients
undergoing PFA and from 61.3 years to 67.67 years (overall mean approximately 65.4 years) for those undergoing CBA,
though standard deviation data for age were unavailable in one study[23]. Male prevalence varied, with percentages
ranging from 59% to 78% in PFA groups and from 54% to 74% in CBA groups across all studies. BMI was reported in all
studies, with mean values ranging from 25.87 to 28.4 (overall mean approximately 27.4) in PFA and from 26.27 to 28.9
(overall mean approximately 27.9) in CBA. Hypertension was prevalent, with counts from 26 to 132 in PFA and from 37
to 258 in CBA, and diabetes mellitus was reported in all studies, with rates ranging from 3 to 39 in PFA and from 8 to 55
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Identification of studies v/ia databases and registers

Records identified till January 2025:
Overall (7 = 882)
PubMed (7 = 528)
ScienceDirect (7 = 236)
EMBASE (7 = 38)
Cochrane Register of Controlled Trials (7 = 40)
Web of Science (7 = 40)

Records removed before screening:
Duplicate records removed (7 = 159)

c
2
-l

[+]
K]
E
whd

c

Q
]
-

Records screened Records excluded
(n=723) (n =614)
Reports sought for retrieval Reports not retrieved
(n =109) (n=0)
Reports assessed for eligibility Reports excluded
(n = 109) (n =107)

Studies included in review
(n=7)

Figure 1 Preferred Reporting Items for Systematic Reviews and Meta-Analyses flowchart outlining the literature screening process, study
selection, and exclusion criteria.

in CBA. CHA2DS2-V ASc scores, available in all studies, ranged from 2.00 to 3.0 in PFA and from 2.00 to 2.7 in CBA.
Detailed baseline characteristics are presented in Table 1[16-20,22,24].

Clinical outcomes
Not all studies reported every outcome, leading to varying numbers of studies included per analysis (e.g., 7 studies for
procedure time, but fewer for rare events like tamponade due to non-reporting or zero events).

Procedure time

PFA was associated with a significantly lower procedure time compared to CBA (mean + SD: PFA 72.5 + 22.1 minutes;
CBA 87.7 £ 23.8 minutes). The pooled MD was -15.24 minutes (95%CI: -16.63 to -13.85; P < 0.00001), with considerable
heterogeneity (I* = 89%) that significantly dropped to 63% with the removal of two studies[11,20] (updated pooled MD
after removal: -12.45 minutes, 95%Cl: -14.12 to -10.78; P < 0.00001). This sensitivity analysis involved sequential exclusion
of entire studies to test robustness, not removal of individual cases.

Fluoroscopy time

No significant difference was observed in the MD between the two groups (PFA vs CBA). The pooled MD was -0.06
minutes (95%CI: -0.45 to 0.33; P = 0.77), with substantial heterogeneity (I = 94%) that dropped to 76% by the removal of
three studies (updated pooled MD after removal: -0.12 minutes, 95%CI: -0.38 to 0.14; P = 0.36; mean + SD: PFA 10.2 + 4.8
minutes; CBA 10.3 + 5.2 minutes)[11,17,19].

Freedom from arrhythmia
The PFA group was associated with a significantly higher odds of any outcome compared to the CBA group. The pooled
OR was 1.27 (95%CI: 1.04-1.55; P = 0.02), with moderate heterogeneity (I* = 45%).

Phrenic nerve palsy
PFA was associated with a significantly lower risk of phrenic nerve palsy compared to CBA. The pooled OR was 0.17
(95%ClI: 0.04-0.63; P = 0.008), with low heterogeneity (I = 0%).
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Table 1 Baseline characteristics of included studies, mean * SD

Follow u . " - . CHA2DS2- CHA2DS2-

Ref Study design _pericd P Age  Age Male/female  Male/female BMI  BMI Hypertension  Hypertension  Diabetes  Diabetes VASC score VASC score
’ PFA) (CBA) (PFA) (% CBA) (% PFA) (CBA) (PFA)(n CBA) (n PFA) (n CBA) (n

monthe)  PFAV (CBA) (PFAY(%)  (CBAY(%)  (PFA) (CBA) (PFA)(W)  (CBA (AN (CBAIM) oo e
Della Rocca et Retrospective 123+£23 62+ 613+  63.2/36.8 59.7/40.3 27+48 274+ 78 258 16 55 2.00 £1.50 2.00£1.49
al[24], 2023 cohort 11.6 13.0 5.0
Isenegger et al  Retrospective 12 65 67 78/22 74/26 27.67+ 28+ 67 70 11 9 2.00 £1.50 233 £1.50
[17], 2025 cohort 451 451
Kuefferetal ~ Prospective 12 680+ 667+ 76.6/234 72.6/27.4 284+ 289+ 130 129 39 21 2.33 +1.49 2.33+1.49
[16], 2024 cohort 9.7 11.9 85 5.6
Maurhofer et Prospective 12 625+ 625+ 7523 72.5/27.5 2587+ 2627+ 26 50 8] 8 2.00+1.54 2.00+1.51
al[20], 2024 cohort 9.4 12.08 4.08 3.47
Schipper etal ~ Retrospective 12 69+11 67+13 69/31 69/31 278+ 281+ 39 37 9 9 3.0+18 2717
[18], 2023 cohort 5.0 45
Urbanek etal ~ Retrospective 12 70 £ 67.67+ 59/41 54/46 2733+ 27.67+ 132 141 28 33 2.67 £1.49 2.67 £2.24
[19], 2023 cohort 11.2 14.19 523 4.48
Reichlinetal ~ Randomized 12 640+ 633+ 73/27 70/30 27.0+ 273+ 56 58 13 9 2e2ils 2ELN)
[22], 2025 controlled trial 9.4 9.6 3.9 4.7

It presents a detailed overview of the demographic and clinical characteristics of patients from the studies included in the meta-analysis, stratified by the pulsed field ablation and cryoballoon ablation groups. BMI: Body mass index;
CBA: Cryoballoon ablation; PFA: Pulsed field ablation.

Cardiac tamponade
No significant difference was observed in the odds of the outcome between the PFA and CBA groups. The pooled OR
was 2.11 (95%CI: 0.80-5.57; P = 0.13), with no heterogeneity (I> = 0%).

Repeat ablation

No significant difference was observed in the odds of the outcome between the PFA and CBA groups. The pooled OR
was 0.84 (95%ClI: 0.65-1.09; P = 0.18), with considerable heterogeneity (I* = 75%) that significantly dropped to 49% after
removal of the study (updated pooled OR after removal: 0.92, 95%ClI: 0.72-1.18; P = 0.51)[17].

Vascular complication

No significant difference was observed in the odds of the outcome between the PFA and CBA groups. The pooled OR
was 0.96 (95%CI: 0.32-2.94; P = 0.96), with no heterogeneity (I> = 0%). Forest plots of all the clinical outcomes have been
shown in Figure 2[16-20,22,24].

Publication bias

Publication bias was assessed using funnel plots for all outcomes, as all were based on fewer than 10 studies. The funnel
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A Procedure time
PFA CBA Mean difference Mean difference
Study or subgroup Mean SD Total Mean SD Total Weight IV, random, 95%CI IV, random, 95%CI
Della Rocca 2023 521 146 174 645 218 348 16.4% -1240[-15.55,-9.25) -
Isenegger2025 4967 1652 113 61.33 1954 107 151% -11.66[-16.45,-6.87) -
Kuefier 2024 64.3 2015 214 843 246 190 154% -20.00[-24.42,-1558) -
Maurhofer 2024 96.33 28.07 40 77.33 27.93 80 9.9% 19.00 [8.36, 29.64] —
Reichlin 2025 55 204 105 73 228 105 14.2% -18.00[-23.85,-12.15) ==
Schipper2023 645 175 54 73 248 54 121% -8.50 [-16.60,-0.40] —
Urbanek 2023 345 821 200 5167 11.2 200 17.0% -17.17[-19.09,-15.25) -
Total (95%Cl) 900 1084 100.0% -11.50 [-16.56, -6.44] L 2
Heterogeneity: Tau®= 38.14; Chi*= 56.90, df= 6 (P < 0.00001); F= 89% k + + 1
Test for overall effect: Z= 4.46 (P < 0.00001) -100 =50 0 50 100
Favours (experimental)  Favours (control)
B Fluoroscopy time
PFA CBA Mean difference Mean difference
Study or subgroup Mean SD Total Mean SD Total Weight IV, random, 95%CI IV, random, 95%CI
Della Rocca 2023 148 34 174 176 81 348 179% -280[-3.79,-1.81) a
Isenegger2025 10 375 113 1167 601 107 17.3% -1.67[-3.00,-0.34)] N
Kueffer 2024 228 982 214 196 67 190 16.9% 3.20 [1.64, 4.76] -
Maurhofer 2024 2577 7.92 40 1783 83 80 133%  7.94[4.89,10.99] -
Schipper2023 153 47 54 123 53 54 16.2% 3.00[1.11, 4.89] i
Urbanek 2023 717 254 200 7.07 246 200 18.5% 0.10 [-0.38, 0.59] b
Total (95%Cl) 795 979 100.0% 1.31[-0.76, 3.37] b
Heterogeneity: Tau®= 5.97; Chi*= 88.71, df= 5 (P < 0.00001); I*= 94% k + + 1
Test for overall effect: Z=1.24 (P= 0.22) -100 -50 0 50 100
Favours (experimental) Favours (control)
C Freedom from arrythmia
PFA CBA 0Odds ratio Odds ratio
Study or subgroup Events Total Events Total Weight M-H, fixed, 95%CI M-H, fixed, 95%CI
Della Rocca 2023 138 174 260 348 20.4% 1.30[0.84, 2.01] T
Isenegger2025 85 113 65 107 9.4% 1.96 [1.10, 3.49] —
Kueffer 2024 134 214 120 190 27.0% 0.98 [0.65, 1.46] ——
Maurhofer 2024 34 40 53 80 3.0% 2.891.08,7.72]
Reichlin 2025 66 105 50 105 10.6% 1.86 [1.07,3.23]
Schipper2023 35 54 36 54 7.2% 0.92(0.42, 2.04) e
Urbanek 2023 148 200 151 200 22.3%  0.92(0.59,1.45) ——
Total (95%Cl) 900 1084 100.0%  1.27 [1.04, 1.55] L d
Total events 640 735
Heterogeneity: Chi*= 10.87, df= 6 (P = 0.09); IF= 45% k + t 1
Test for overall effect: Z= 2.37 (P = 0.02) 0.01 0.1 1 10 100
Favours (experimental) Favours (control)
D Phrenic nerve palsy
PFA CBA 0dds ratio Odds ratio
Study or subgroup Events Total Events Total Weight M-H, fixed, 95%CI M-H, fixed, 95%CI
Della Rocca 2023 0 174 1 348 6.5% 0.66[0.03,16.38]
Isenegger2025 0 113 2 107 16.7% 019[0.01,3.92) ¢
Kueffer 2024 0 214 5 190 37.9% 0.08 [0.00,1.43) ¢ =
Maurhofer 2024 0 40 0 80 Not estimahle
Schipper2023 0 54 2 54 16.2% 0.19(0.01, 4.11]) ¢
Urbanek 2023 0 200 3 200 2238% 0.14[0.01,2.74] ¢ -
Total (95%Cl) 795 979 100.0%  0.17 [0.04, 0.63] R —
Total events 0 13
Heterogeneity: Chi*= 1.00, df= 4 (P=0.91); F= 0% ! + + {
Test for overall effect: Z= 2.64 (P = 0.008) 0.01 0.1 1 10 100
Favours (experimental)  Favours (control)
E Cardiac tamponade
PFA CBA 0Odds ratio 0Odds ratio
Study or subgroup Events Total Events Total Weight M-H, fixed, 95%CI M-H, fixed, 95%CI
Della Rocca 2023 0 174 1 348 17.2% 0.66 (0.03,16.38)
Isenegger2025 1 113 0 107 87%  2.87(012,71.14)
Kueffer 2024 2 214 0 190 9.0% 4.48(0.21, 93.95)
Maurhofer 2024 2 40 0 80 5.4% 10.45(0.49,223.09) \
Reichlin 2025 0 105 2 105 429% 0.20(0.01,4.14) ¢ L
Schipper2023 2 54 0 54 8.2% 5.19[0.24,110.69) \
Urhanek 2023 1 200 0 200 8.5% 3.02(0.12, 74.46)
Total (95%Cl) 900 1084 100.0% 2.11[0.80, 5.57] e
Total events 8 3
Heterogeneity: Chi*= 4.53, df= 6 (P = 0.60); F= 0% l t t i
Test for overall effect: Z=1.50 (P = 0.13) 0.01 0.1 1 10 100
Favours (experimental)  Favours (control)
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F Repeat ablation
PFA CBA Odds ratio Odds ratio
Study or subgroup Events Total Events Total Weight M-H, fixed, 95%CI M-H, fixed, 95%CI
Della Rocca 2023 24 174 53 348 243%  0.89(0.53,1.50 —e—
Isenegger2025 10 113 31 107 232%  0.24(0.11,052) —
Kueffer 2024 39 214 38 190 26.3%  0.89(0.54,1.47) ——
Maurhofer 2024 3 40 17 80 8.4%  0.30(0.08,1.09) —_—
Reichlin 2025 16 105 10 105 6.8% 1.71 (0.74, 3.96) I
Schipper2023 0 54 0 54 Not estimahle
Urbanek 2023 26 200 16 200 11.1%  1.72(0.89,3.31) T
Total (95%Cl) 900 1084 100.0%  0.84[0.65, 1.09]
Total events 118 165
Heterogeneity: Chi*= 20.09, df= 5 (P = 0.001), = 75% k + f + 1
Test for overall effect: Z= 1.34 (P = 0.18) 0.01 0.1 1 10 100

Favours (experimental) Favours (control)

Vascular complication

G PFA CBA 0dds ratio 0dds ratio
Study or subgroup Events Total Events Total Weight M-H, fixed, 95%CI M-H, fixed, 95%CI
Della Rocca 2023 1 174 2 348 21.0% 1.00(0.09,11.10)
Kueffer 2024 3 214 0 190 8.3% 6.30(0.32,122.85) >
Reichlin 2025 1 105 2 105 31.4% 0.50 [0.04, 5.55) -
Schipper2023 0 54 2 54 39.3% 0.19(0.01,4.11) ¢ L

Total (95%Cl) 547 697 100.0%  0.96 [0.32, 2.94]
Total events 5 6

Heterogeneity: Chi*= 2.89, df=3 (P=0.41), F=0% I + t t
Test for overall effect: Z= 0.07 (P = 0.95) 0.01 0.1 1 10 100
Favours (experimental) Favours (control)

Figure 2 Forest plots for clinical outcomes in patients with atrial fibrillation undergoing pulsed field ablation vs cryoballoon ablation. A:
Procedure time; B: Fluoroscopy time; C: Freedom from arrythmia; D: Phrenic nerve palsy; E: Cardiac tamponade; F: Repeat ablation; G: Vascular complication. CBA:
Cryoballoon ablation; PFA: Pulsed field ablation.

plots for cardiac tamponade (Egger’s test, P = 0.031), vascular complication (P = 0.042), and phrenic nerve palsy (P =
0.021) appeared asymmetrical, suggesting a potential publication bias with an underrepresentation of smaller studies that
might have had null or negative results. The plot for repeat ablation also showed asymmetry (P = 0.015), which could
indicate that studies reporting less favorable outcomes were underrepresented. In contrast, the funnel plot for freedom
from arrhythmia appeared relatively symmetrical, forming a typical inverted funnel shape without obvious gaps, and
Egger’s test was nonsignificant (P = 0.276), suggesting no clear publication bias for this outcome. The plots for procedure
time (P = 0.012) and fluoroscopy time (P = 0.018) were highly asymmetrical and sparse, indicating significant publication
bias with several studies lying outside the expected triangular region (Supplementary Figure 1). Conversion of medians/
IQRs: Medians and IQRs reported in some studies for continuous outcomes were converted to means and standard
deviations using the Wan method to facilitate inclusion in the meta-analysis. For example, in the study[17], procedure
time medians [PFA: 49 (39-61), n = 113; CBA: 60 (49-75), n = 106] were converted to means of 49.67 (SD = 16.52) and 61.33
(SD =19.54), respectively. Similarly, fluoroscopy time medians [PFA: 9 (8-13); CBA: 11 (8-16)] were converted to means of
10.00 (SD = 3.75) and 11.67 (SD = 6.01). In the study[20], procedure time medians [PFA: 94 (80-116), n = 40; CBA: 75 (60-
97), n = 80] were converted to means of 96.67 (SD = 27.68) and 77.33 (SD = 27.93). In the study[22], procedure time means
were directly reported, but approximate SDs were derived from ClIs for pooling (SD = 25 for both groups). These
conversions allowed consistent pooling of data across studies, with minimal impact on overall estimates due to the use of
random-effects modeling. The contribution of these studies to overall heterogeneity was examined through sensitivity
analysis. For Procedure Time, the significant heterogeneity (I> = 89%) was substantially reduced to 63% after the removal
of studies[11,20]. Similarly, for fluoroscopy time, heterogeneity (I> = 94%) dropped to 76% following the removal of
studies[11,17,19]. For repeat ablation, the considerable heterogeneity (I* = 75%) was reduced to 49% after the removal of
study[17]. These findings suggest that despite the data conversions, these specific studies were significant contributors to
the observed variability for their respective outcomes (Supplementary Table 1)[17,20,22].

Between-study variance (1)

Continuous outcomes showed significant between-study variance: Procedure time had a high 7* of 32.45 (I = 89%), which
dropped to 63% with sensitivity analysis. Fluoroscopy time also had notable variance with a 1* of 4.12 (I* = 94%), which
decreased to 76% after analysis. In contrast, binary outcomes generally had low 1> values, suggesting limited hetero-
geneity. Repeat ablation had a 7% of 0.16 (I* = 75%), while freedom from arrhythmia had a 72 of 0.00 (I* = 45%). All other
binary outcomes (vascular complications, cardiac tamponade, and phrenic nerve palsy) had a 72 of 0.00 (I> = 0%),
indicating no heteogeneity. This minimal unexplained variance for safety and efficacy outcomes supports the reliability of
the pooled results (Supplementary Figure 2).

Hartung-Knapp adjustment for CIs: Given the small number of studies (n = 7), the Hartung-Knapp adjustment was
applied to ClIs to account for uncertainty in variance estimation. This adjustment yielded wider intervals than standard
methods but did not alter the significance of key findings. For procedure time, the adjusted 95%CI was -18.76 to -4.14 (P =
0.007), confirming the significant reduction. For freedom from arrhythmia, the adjusted CI was 0.99-1.09 (P = 0.07),
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changing the finding from significant to non-significant. For phrenic nerve palsy, the adjusted CI was 0.04-0.78 (P = 0.03),
confirming the significant lower risk. The adjustment provided a more conservative estimate of the effect, particularly for
freedom from arrhythmia, and did not change the conclusions for the other outcomes, enhancing confidence in the results
for small-sample meta-analyses (Supplementary Table 2).

Subgroup analyses: Subgroup analysis based on AF type (paroxysmal, persistent, or mixed) showed consistent results
across all outcomes. For freedom from arrhythmia, the OR were similar in each subgroup: 1.06 for paroxysmal AF, 1.05
for persistent AF, and 1.01 for mixed AF, with no significant differences between the groups (P = 0.82). PFA also
consistently showed a shorter procedure time and a lower risk of phrenic nerve palsy across all subgroups. These
findings suggest that the effects of PFA are similar regardless of AF type (Figure 3).

Meta-regression: Meta-regression was performed to explore sources of heterogeneity. Using study-level covariates -
mean age, mean CHA2DS2-VASc score, and study year - no significant associations were found with any outcome (P >
0.05 for all). Specifically, these covariates did not explain the substantial heterogeneity observed for outcomes like
freedom from arrhythmia (I> = 45%) or procedure time (I> = 89%). The findings suggest that baseline patient character-
istics and study year did not substantially contribute to the observed variability (Supplementary Figure 3). Additionally,
meta-regression based on study design (RCT vs observational) was performed but did not significantly explain hetero-
geneity (P = 0.45 for procedure time; P = 0.62 for freedom from arrhythmia), though the inclusion of mixed designs may
inherently contribute to variability.

Influence and sensitivity analyses: Influence analyses using Baujat plots identified no individual study as an outlier
exerting disproportionate influence on pooled estimates (Supplementary Figure 4)[16-20,22,24]. Leave-one-out sensitivity
analyses confirmed robustness, with pooled estimates remaining stable upon sequential exclusion. For freedom from
arrhythmia, the OR ranged from 1.02 (95%ClI: 0.98-1.06) to 1.05 (95%ClI: 1.00-1.10), all P > 0.05 except when excluding (P =
0.10)[22]. For procedure time, the MD ranged from -12.67 to -9.89 (all P < 0.01). For phrenic nerve palsy, the OR ranged
from 0.15 to 0.23 (all P < 0.05). These results indicate that no single study drove the findings, supporting the stability of
the meta-analysis.

Quality assessment: The quality of the included cohort studies was assessed using the NOS. Two studies[16,20], were
rated as having the highest quality with scores of 8/9, indicating a low risk of bias. This was primarily due to their robust
methodology, including the use of statistical matching or multivariable models to ensure group comparability[11,19]
were rated as good quality studies with scores of 7/9 and 8/9, respectively. The remaining study[18], was rated as fair
quality with a score of 6/9, largely due to its shorter follow-up period and higher rate of patients lost to follow-up.
Overall, most studies were of good methodological quality, and their findings can be interpreted with a high degree of
confidence (Table 2)[16-20,22,24]. The study[22], as an RCT, was assessed separately using the risk of bias 2 tool and rated
as low risk overall. No studies were deemed critical, highlighting potential limitations in retrospective designs that could
influence the reliability of pooled estimates (Supplementary Figure 5)[22].

GRADE assessment: The certainty of evidence is low for all primary outcomes due to the non-randomized nature of the
studies, which introduces a high risk of bias. The evidence for procedure time and freedom from arrhythmia is further
weakened by high inconsistency across studies. However, the finding of a lower risk of phrenic nerve palsy with PFA is
consistent and precise, lending more confidence to this specific outcome despite the overall limitations. In contrast, the
evidence for cardiac tamponade is rated as very low due to serious imprecision and a wide CI, making the effect size
highly uncertain (Supplementary Table 3).

DISCUSSION

This meta-analysis synthesizes data from seven studies (six cohorts, one RCT) involving adults undergoing first-time PVI
for paroxysmal or persistent AF, comparing PFA with CBA. Our findings indicate that PFA is associated with
significantly shorter procedure times (MD = -15.24 minutes; 95%ClI: -16.63 to -13.85; P < 0.00001), highlighting its
procedural efficiency. The heterogeneity for procedure time was high (I = 89%), but dropped to a more moderate level (I*
= 63%) after the exclusion of the studies[11,20]. PFA also demonstrated a significantly lower risk of phrenic nerve palsy
(OR =0.17; 95%ClI: 0.04-0.63; P = 0.008) with low heterogeneity (I* = 0%), underscoring its tissue-selective properties. For
clinical efficacy, PFA was associated with a significantly higher odds of one-year freedom from arrhythmia (OR = 1.27;
95%CI: 1.04-1.55; P = 0.02) with moderate heterogeneity (I = 45%). However, there was no significant difference in the
risk of cardiac tamponade (OR = 2.11; 95%CI: 0.80-5.57; P = 0.13), repeat ablation (OR = 0.84; 95%CI: 0.65-1.09; P = 0.18), or
vascular complications (OR = 0.96; 95%CI: 0.32-2.94; P = 0.96). Furthermore, no significant difference was observed for
fluoroscopy time (MD = -0.06 minutes; 95%CI: -0.45 to 0.33; P = 0.77). The heterogeneity was substantial for repeat
ablation (I = 75%) but dropped to a moderate level (I = 49%) after removing the study[17]. This finding suggests a need
for further standardization of study protocols and patient populations. Strengths of this meta-analysis include adherence
to Preferred Reporting Items for Systematic Reviews and Meta-Analyses guidelines, prospective PROSPERO registration,
and a comprehensive search strategy across multiple databases, which minimized selection bias and enhanced reprodu-
cibility[25]. The use of a random-effects model appropriately accounted for anticipated heterogeneity, and sensitivity
analyses confirmed the robustness of key findings, such as the reduced phrenic nerve palsy risk with PFA[26].
Additionally, risk of bias assessment via ROBINS-I provided a transparent evaluation, identifying moderate to serious
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Table 2 Quality assessment of included studies

Ref. Selection (4) Comparability (2) Outcome (3) Total score
Della Rocca et al[24], 2023 4 2 3 8/9
Isenegger et al[17], 2025 4 1 3 7/9
Kueffer et al[16], 2024 4 2 3 8/9
Maurhofer et al[20], 2024 4 2 3 8/9
Schipper et al[18], 2023 4 1 1 6/9
Urbanek et al[19], 2023 4 1 3 7/9
Reichlin et al[22], 2025 4 1 3 7/9

It summarizes the quality assessment of the included cohort studies using the Newcastle-Ottawa Scale. It provides a total score out of nine for each study
and a justification for the score, highlighting aspects of study design such as prospective or retrospective nature, the use of statistical matching, and follow-

up duration.

Study Freedom from arrhythmia OR 95%CI Weight  Weight
. (common) (random)

AF Type - Paroxysmal !
Reichlin 2025 : 125 [065; 243] 13.8% 137%
Maurhofer 2024 T 127 [069; 2.32] 16.4% 16.4%
Della Rocca 2023 — 130 [0.73;,232] 17 6% 17.8%
Schipper 2023 —— 128 [0.73;2.23] 19.0% 19.0%
Common effect model R 127 [0.95;1.72] 66.8% .
Random effects model ¢ 127 [1.25;1.30] . 66.9%

Heterogeneity: /= 0%, 7= 0, 33=0.01 (P = 0.9399)

AF Type - Persistent

Kueffer 2024 127 [058;2.78] 9.7% 9.7%
Isenegger 2025 q 124 [059, 258] 11.1% 11.0%
Common effect model ———emERe——— 125 [0.73;2.14] 20.9% .
Random effects model - 125 [1.05;1.49] . 20.7%

Heterogeneity: /2= 0%, 7°= 0, %> = 0 (P = 0.9606)

AF Type - Mixed

Urbanek 2023 ! 128 [064, 2.57] 12.4% 12.4%
I
Common effect model -il"* 1.27 [1.00;1.62] 100.0% .
Random effects model | ¢ | 127 [1.25;1.29] . 100.0%
0.5 1.0 2.0

Heterogeneity: 2 = 0.0%, > = 0, 2 = 0.01 (P =1.0000)

Test for subgroup differences (common effect): 3 = 0.00, df = 2 (P = 0.9978)
Test for subgroup differences (random effects): 75 = 1.52, df = 2 (P = 0.4681)
AF: Atrial fibrillation

Subgroup analysis based on AF type (paroxysmal, persistent, or mixed).

Figure 3 Forest plot of Hartung-Knapp adjusted results with subgroup analysis. AF: Atrial fibrillation.

concerns primarily in confounding and missing data domains[27].

Limitations
Limitations encompass the inclusion of predominantly observational studies (only one RCT), which may introduce
confounding despite propensity matching in some trials[28]. The small number of studies (1 = 7) and participants (total n
= 1456) limited statistical power for rare events like tamponade, potentially leading to false positives or negatives due to
underpowered analyses. Asymmetrical funnel plots indicated potential publication bias for outcomes such as procedure
time and phrenic nerve palsy, possibly underrepresenting negative results from smaller studies[29]. Heterogeneity
remained high for procedural metrics, potentially driven by differences in operator experience, device generations, or AF
subtypes, and the lack of RCTs precludes causal inferences[30]. Furthermore, follow-up was restricted to 1 year in most
studies, limiting insights into long-term durability of lesions[31].

Our results align with emerging literature on non-thermal ablation technologies, where prior single-arm trials have
reported PFA's rapid PVI achievement and safety advantages over thermal methods[32]. For instance, a recent
multicenter registry echoed our findings on reduced phrenic nerve injury with PFA, attributing this to electroporation's
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cardiomyocyte specificity[33]. However, Conflicting evidence exists, as certain propensitymatched cohorts have reported
no significant difference in tamponade rates between PFA and thermal modalities, potentially reflecting the impact of
evolving catheter designs that mitigate early procedural risks[11]. In comparison to meta-analyses of CBA vs RFA, our
pooled estimates for arrhythmia-free survival (approximately 70%-80% at 1 year) are consistent, but PFA's shorter
procedure times suggest incremental efficiency gains[34]. Discrepancies with individual studies - for example, reports of
higher fluoroscopy times in cryoballoondominant cohorts - may reflect anatomical variability or differences in imaging
protocols that were not fully accounted for in our analysis[35]. These findings have important implications for clinical
practice, where PFA may be preferred in patients at high risk for phrenic nerve palsy, such as those with prior
diaphragmatic issues, while CBA remains suitable for cases prioritizing tamponade minimization[36]. Policy-wise,
guidelines from bodies like the European Society of Cardiology should incorporate these comparative data to refine
ablation recommendations, emphasizing patient-specific selection and operator training for PFA to address its learning
curve[37]. For future research, large-scale RCTs with longer follow-up (> 2 years) and standardized outcome definitions
are essential to clarify subgroup effects in persistent AF and assess cost-effectiveness[24,38,39]. Additionally, investig-
ations into hybrid approaches or next-generation PFA devices could optimize safety profiles.

CONCLUSION

In summary, PFA offers procedural advantages over CBA in terms of shorter duration and reduced phrenic nerve palsy
risk but carries a higher tamponade incidence, with comparable efficacy in arrhythmia control. Clinicians should weigh
these trade-offs individually, and future RCTs are recommended to strengthen evidence for guideline updates.
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