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Pulsed field ablation for atrial
fibrillation: clinical applications
and research advances
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Rui Wang®
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Atrial fibrillation (AF) is the most common sustained cardiac arrhythmia, associated
with increased risks of stroke, heart failure, and mortality. With the advancement of
catheter ablation technology, pulsed field ablation (PFA), a novel nonthermal
ablation modality, has garnered growing attention due to its myocardial
selectivity and favorable safety profile. This review systematically summarizes the
biophysical principles, clinical advantages, catheter systems, special population
applications, limitations, and future directions of PFA based on the latest evidence.

KEYWORDS

atrial fibrillation, pulsed field ablation, irreversible electroporation, pulmonary vein
isolation, myocardial selectivity, safety, emerging technologies

1 Introduction

Atrial fibrillation (AF) is the most prevalent sustained arrhythmia worldwide, with an
estimated global burden exceeding 100 million by 2050 (1). Catheter ablation has become
a cornerstone of rhythm control, with pulmonary vein isolation (PVI) as its fundamental
strategy (2). While traditional thermal techniques such as radiofrequency ablation
(RFA) and cryoablation are effective, their limitations are associated with heat-related
complications (3). PFA, with its nonthermal mechanism, myocardial specificity, and
procedural efficiency, is emerging as a new standard in AF ablation (4). As AF
continues to increase in both incidence and complexity, there is a growing need for
safer and more effective ablation technologies (5).

2 Biophysical mechanism

PFA is based on the principle of irreversible electroporation (IRE), delivering high-
voltage, short-duration electrical pulses (us to ms scale) to create permanent nanoscale
pores in the cell membrane, leading to apoptotic rather than necrotic cell death (6, 7).
This form of programmed cell death minimizes inflammatory response and scar
formation. Due to cell-specific electroporation thresholds, cardiomyocytes are
particularly susceptible to this energy, enabling myocardial selectivity while sparing
adjacent structures such as nerves and vasculature. Recent animal and ex vivo studies
have shown that electroporation causes predictable lesion geometry, with sharp borders
and minimal collateral thermal spread (8, 9). In contrast to thermal injury, which often
leads to heterogeneous tissue damage, PFA lesions exhibit low levels of fibrotic
remodeling and preserve surrounding extracellular matrix integrity (10). In porcine and
canine models, histological evaluation at 30-90 days post-PFA demonstrated preserved
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TABLE 1 Provides a direct comparison between PFA and conventional
thermal ablation techniques, summarizing differences in mechanisms,

safety, and procedural characteristics.

Parameter

Ablation mechanism
(15, 40)

Thermal ablation

(RF/Cryo)

Heat/Cold-induced
necrosis

Pulsed field
ablation (PFA)
Nonthermal
electroporation

Tissue specificity
(15, 40)

Low (non-selective to
myocardium)

High (myocardial-
selective)

Collateral damage risk
(15, 40)

Higher

Lower (tissue selective)

Procedure time (25)

Longer (120-180 min

Shorter (60-90 min

(7, 41)

typical) typical)
Fluoroscopy Moderate Lower (towards zero-
requirement (25) fluoroscopy)
Esophageal injury (7, 41) | Common concern Rare
Phrenic Nerve palsy Possible Very Rare
(7, 41)
Pulmonary vein stenosis | Reported Rare

Pain level (15, 41)

Moderate-High

Minimal (biphasic)

Lesion predictability
(25)

Variable

High (sharp margins,
uniform)

esophageal architecture and coronary artery integrity (11).
Furthermore, biphasic waveform pulses have been shown to
reduce muscle contraction during energy delivery, thereby
improving catheter stability (12). Computational modeling of
electric field distributions has demonstrated that tissue thickness,
orientation of fibers, and electrode design strongly influence
ablation efficacy. Emerging designs such as adjustable lasso- or
flower-petal-shaped arrays are intended to optimize lesion
uniformity across varying pulmonary vein anatomies (13).

Compared to traditional thermal methods, these characteristics
position PFA as and more
ablation modality.

A comparative summary is shown in Table 1.

a potentially safer targeted

3 Clinical advantages

PFA has shown several advantages over thermal ablation:

(1) Safety: The MANIFEST-17 K registry involving over 17,000
patients reported a major complication rate <1%, with rare
esophageal injury, pulmonary vein stenosis, or phrenic
nerve palsy (14).

10.3389/fcvm.2025.1679578

(2) Procedural Efficiency: Multi-electrode pentaspline or balloon-
in-basket catheters enable single-shot PVI, significantly
reducing ablation time. In real-world settings, median
procedure durations have been reduced to under 90 min (15).
Different PFA catheter systems have been developed to meet
procedural demands.

A comparison of Representative PFA Catheter Systems in Table 2.

(3) Myocardial Selectivity: PFA spares surrounding vascular,
neural, and esophageal tissues and does not induce chronic
fibrosis, offering potential for better long-term outcomes (10).
Comparative analysis with thermal methods suggests that
PFA nearly eliminates the risk of atrio-esophageal fistula—
a catastrophic complication associated with RF (15).
Additionally, the risk of thrombus formation appears lower
due to the nonthermal mechanism, reducing anticoagulation-
related concerns (16). The capacity to achieve wide-area
circumferential ablation without the need for lesion dragging
is particularly advantageous in reproducibility and safety.

Notably, the admIRE pivotal trial, a large-scale multicenter
of the
VARIPULSE™ system in treating paroxysmal atrial fibrillation,

study, demonstrated the safety and effectiveness
reporting a 75% overall primary effectiveness rate and a low
2.9% major complication rate, with no device- or procedure-
related deaths or atrioesophageal fistulas. Acute procedural
success was achieved in all patients, with 98% first-pass isolation

per vein, and 43% of patients discharged on the same day (17).

4 Pulmonary vein isolation outcomes

The pivotal ADVENT trial demonstrated that PFA achieved
noninferior 12-month freedom from atrial arrhythmia (70.9%)
compared to RFA or cryoablation, with fewer complications (5).
Additional trials such as PULSE-EU (16) and IMPULSE/PEFCAT
(15) confirmed high acute PVI success and lesion durability. The
PFA approach also exhibited reduced fluoroscopy times and
minimal edema formation on cardiac MRI post-ablation (14). In
many studies, remapping after 3 months revealed over 90%
durable PVI in initial sites, which compares favorably with rates
observed after conventional thermal ablation (15, 17).

Studies such as ADVENT and PULSE-EU have reported
approximately 70%-88% freedom from AF at 12 months.
In addition, the admIRE pivotal trial offers further insight

TABLE 2 Summarizes the key features, advantages, and limitations of representative systems.

Catheter Representative Key features

type system

Pentaspline (5, 15) | Farawave (Boston Five-spline flexible lattice; Single-shot
Scientific) PVI

Advantages Limitation

Rapid deployment, reproducible lesion | Wide-field delivery may trigger
set coronary vasospasm

Balloon-in-basket | Affera Sphere-9

Spherical mapping-ablation integration;

combined mapping & ablation; good | Anatomical adaptability limited,

(Novel) (43) systems) vein wall contact

(42) (Medtronic) adjustable energy levels catheter stability especially in variant PVs

Spiral (36) VARIPULSE (Biosense Helical electrode array; segmental Navigable in complex anatomy; Requires high operator experience;
Webster) control for selective targeting precision segmental lesions longer procedure time

Hexaspline HexaPulse (Emerging Six-leaf flower configuration; enhanced | Uniform energy distribution; Limited clinical data; not widely

adaptable to PV anatomy avilable
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TABLE 3 Summary of major PFA trials.

Population

(n)

Enrollment @ Follow-up PVI

10.3389/fcvm.2025.1679578

Freedom from
Success AF (%)

Major
Complication
Rate (%)

(months)

Rate (%)

ADVENT (5) Paroxysmal AF RCT, Prospective, 607 12 100 73.3 2.1
Randomized, single-
blind, multicenter
noninferiority trial
PULSE-EU (16) | Paroxysmal & First-in-human, 48 12 100 84.2(P), 80(Per) 2.1
Persistent AF Prospective, Multi-
center, single-arm trial
IMPULSE (15) | Paroxysmal AF Prospective, multicenter, 121 12 100 78.5/84.5 (optimized 2.5
non-randomized, first- group)
in-human feasibility
studies
ADVANTAGE | Persistent AF Prospective,multicenter, 255 12 100 78.1 1.3
AF (18) single-arm study
MANIFEST-PF | Paroxysmal & Prospective,multicenter, 1,568 12 99.2 78.1 1.9
(37) Persistent AF real-world registry
PLEASE-AF (22) | Paroxysmal AF Prospective,multicenter, 143 12 100 86.7 0.7
single-arm study
AdmIRE (17) Paroxysmal AF Pivotal, multicenter, 277 12 100 754 29
prospective trial
inspIRE (38) Paroxysmal AF Prospective, multicenter, 186 12 97.1 75.6(PEE), 81.7 0 (Wave 11 )
single-arm study (symptomatic), 85.8
(real-world estimate)
EU-PORIA (39) | Paroxysmal & Prospective, multicenter 1,233 12 99-100 74 1.7
Persistent AF registry, real-world

AF, atrial fibrillatioN; PVI, pulmonary vein isolation; RCT, randomized controlled trial; P, paroxysmal; Pers, persistent.

into acute success and short-term lesion durability. The study
demonstrated 85% peak primary effectiveness in patients
receiving 73-96 applications, reinforcing the procedural
consistency and predictable lesion formation of PFA (17).

Notably, lesion contiguity and transmurality are enhanced due
to the uniformity of electric field application, even in regions with
complex geometry.

To facilitate cross-study comparison, we summarize procedural
success rates, complication incidences, and arrhythmia-free
survival from major PFA clinical trials in Table 3. Despite inherent
differences in study design, follow-up duration, and patient
populations,  this
perspective on the overall performance of PFA.

compilation offers a quasi-quantitative
A summary of key clinical trial outcomes is provided in

Table 3 for comparative reference.

5 Beyond PVI applications

Beyond pulmonary vein isolation (PVI), PFA has been
increasingly utilized in adjunctive ablation strategies such as
posterior wall isolation (PWI), left atrial appendage isolation
(LAAI), and hybrid surgical ablation. In the ADVANTAGE AF
trial, the addition of PWI using PFA in patients with persistent
in a 78.1%
arrhythmia at 12 months, with a low major complication rate

atrial fibrillation resulted freedom from atrial
of 1.3% (N=160) (18). Early clinical experience also supports
the feasibility of intracardiac echocardiography (ICE)-guided
superior vena cava (SVC) isolation using PFA, offering precise
lesion delivery while minimizing collateral damage. The tissue
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selectivity and safety profile of PFA further make it an attractive
candidate for hybrid ablation approaches, particularly in patients
with complex substrates or anatomical variations (19).

6 Persistent AF and special
populations

In patients with persistent AF (PerAF), the ADVANTAGE AF
study reported promising outcomes using PFA with additional
posterior wall ablation (PVI + PWA), showing reduced atrial injury
and potential preservation of atrial contractility (18). Posterior wall
substrate modification has been increasingly recognized for its role
in PerAF maintenance. The nonthermal nature of PFA allows for
linear ablation along the posterior wall without thermal stacking or
excessive collateral injury. Moreover, PFA holds specific value in
populations with limited procedural reserve:

- For elderly patients (>75 years), safety and efficacy were
comparable to younger cohorts. This is significant given the
increasing frailty and polypharmacy in aging populations (20).

- In heart failure (HF) patients, the MANIFEST-PF registry
showed improved LVEF and sinus rhythm maintenance
post-PFA. Nonthermal ablation may reduce myocardial
edema and inflammation, benefiting those with impaired
diastolic function (21).

- The PLEASE-AF study confirmed comparable efficacy and safety
in Asian populations, highlighting the global applicability of this
technique (22).

frontiersin.org
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- In patients undergoing repeat ablation, the safety and feasibility of
PFA were supported by the multicenter MANIFEST-REDO
study, which included 427 redo procedures for AF or atrial
tachycardia recurrences (23). Importantly, in a propensity-
matched analysis, FARAPULSE™ demonstrated a significantly
lower pulmonary vein reconnection rate (19.1%) compared with
cryoballoon (27.5%) or radiofrequency ablation (34.8%),
suggesting enhanced lesion durability in redo settings (24).

- Beyond prospective multicenter trials, large-scale real-world
data from the MANIFEST-17 K registry—which encompassed
17,642 patients across 106 centers—further substantiated

the favorable safety profile of PFA. The study reported a

major complication rate of 0.98%, with no procedure-related

deaths or atrioesophageal fistula. Notably, sub-analyses of
patients undergoing repeat ablation confirmed the safety and
feasibility of PFA in both index and redo procedures,

emphasizing its versatility in clinical practice (14).

7 Lesion durability and long-term
outcomes

In addressing persistent AF, the ADVANTAGE AF Phase 2 trial
pioneered the use of continuous implantable cardiac monitoring in
evaluating PFA efficacy. Among 255 cohort patients undergoing
PVI plus posterior wall ablation (with 55.3% also receiving CTI
ablation), freedom from atrial arrhythmias at 12 months was
73.4%, with a low major adverse event rate of 2.4%. Detailed
monitoring revealed that 52% of patients had no arrhythmic
recurrence, and 94% had no episode lasting more than 24 h.
Under stringent AA burden thresholds (<0.1%) and episode
duration (<1h), 12-month procedural effectiveness rates were
71.6% and 70.0%, respectively. These findings support PFA’s safety
and efficacy in treating persistent AF with superior arrhythmia
suppression and healthcare utility outcomes (18).

While most current studies focus on acute efficacy and short-
term follow-up, long-term safety and effectiveness data are
emerging. In the pivotal admIRE US IDE trial, the VARIPULSE™
system demonstrated a primary effectiveness of 74.6% at 12
months, with a major adverse event rate of 2.9%.These findings
highlight the durable lesion formation and favorable safety profile
of PFA in a multicenter, prospective setting (17).

Long-term follow-up from early feasibility trials provides
encouraging durability data. In fact, 116 patients (95.9% retention)
from the IMPULSE/PEFCAT series demonstrated a sustained
arrhythmia-free survival of 73.3% at a median 49-month follow-up (25).

8 Limitations and challenges

Despite the promising advantages, PFA adoption faces

several limitations:

(1) Lack of full integration with advanced electroanatomic
mapping systems restricts its utility in complex arrhythmias
such as atrial tachycardias or atypical flutters (17).
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(2) Coronary vasospasm has been reported, especially with

wide-field pentaspline catheters, requiring nitroglycerin
pretreatment. Procedural workflows may require adaptation
in patients with known coronary artery disease (26).

(3) PFA’s minimal autonomic denervation may limit its
adjunctive effects in modulating AF substrate in certain
patient groups (27). Further studies are needed to quantify
neural impacts. In addition, the cost of PFA equipment and
disposables remains high, which may limit adoption in
resource-limited settings until local manufacturing or
reimbursement pathways are established.

(4) PFA has shown not only clinical efficacy but also procedural and
economic advantages. In the admIRE trial, the VARIPULSE™
system demonstrated high procedural efficiency, with a median
procedure time of 81 min and fluoroscopy time of just 7 min.
Notably, 25%

fluoroscopy due to CARTO™ 3 system integration, and 43%

of procedures were completed without

of patients were discharged on the same day (28). These
operational metrics suggest improved workflow and potential
cost savings. Complementing these observations, recent
economic modeling indicates that while the initial cost of PFA
systems is higher than that of RFA or cryoballoon, per-patient
savings may range from €511 to €1,497 when accounting for
reduced resource utilization and procedure times (29).

While early evidence suggests that PFA may reduce procedural
time and hospital resource use, comprehensive health economics
studies—including cost-effectiveness modeling and long-term
outcome analyses from ongoing trials such as ADVENT extension
and ADMIRE—are needed to validate these advantages.

9 Evidence appraisal and limitations

While growing clinical evidence continues to support the safety
and efficacy of PFA, the interpretation of these findings must be
approached with caution. Notably, considerable heterogeneity exists
across studies in terms of design (e.g., observational vs. prospective
trials), patient selection criteria, and procedural protocols (22). For
instance, the ADVENT trial focused solely on paroxysmal AF
patients, whereas studies like ADVANTAGE-AF and MANIFEST-
PF included cohorts with persistent AF (18, 20). Differences in
procedural techniques, operator experience, and outcome definitions
further complicate direct comparisons across trials (18, 22).
Additionally, the involvement of device manufacturers in several
major studies may introduce bias in trial design and reporting (20,
22). These factors may limit the external validity of current findings
and underscore the need for independent, multicenter investigations
with standardized protocols and long-term follow-up to verify the
durability and reproducibility of PFA outcomes (20, 22).

10 Future perspectives

Future directions for PFA include:

- Development of nanosecond PFA (nsPFA) for enhanced
precision and reduced energy exposure (30);
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- Integration of contact force sensing, real-time lesion assessment,
and 3D mapping for individualized lesion delivery (31);

- Expansion into other arrhythmias: Early animal data suggest
feasibility of PFA in ventricular tachycardia and cavotricuspid
isthmus ablation (32);

- Potential application in left atrial appendage isolation, posterior
wall homogenization, and hybrid surgical approaches (33, 34);

- Use in patients with heart failure with preserved ejection
fraction (HFpEF), who may benefit from reduced ablation-
induced scarring (21);

- Continued development of zero-fluoroscopy workflows to
reduce radiation exposure (29);

- Domestic device development and healthcare policy support for
cost control and broader access (28, 35).

In January 2024, Biosense Webster announced the regulatory
approval of the VARIPULSE™ pulsed field ablation (PFA) system
in Japan, marking the first CARTO-integrated PFA system to
receive such authorization in the country. This milestone reflects
growing global momentum toward adopting catheter platforms
with full electroanatomical mapping compatibility for enhanced
procedural safety and efficiency (36).

In the latest registry evaluation of the VARIPULSE™ PFA
platform, an overall 75% primary effectiveness rate was reported,
with peak efficacy reaching 85% among patients receiving
73-96 applications. The system demonstrated a favorable safety
profile, with a low adverse event rate (2.9%) and no device- or
Notably,
acute success was achieved in all patients, and 98% first-pass

procedure-related deaths or major complications.
isolation was recorded per vein. The median procedure time was
81 min for PVI-only cases, with a fluoroscopy time of 7 min.
Impressively, 43% of patients were discharged the same day,
and 25% of procedures were performed fluoroless without
compromising outcomes, enabled by full integration with the

CARTO™ 3 mapping system (17).

10.1 Future directions and optimization
strategies

Pulsed-field ablation (PFA) near coronary arteries—especially
using wide-field pentaspline catheters—has been shown to
provoke coronary vasospasm in a significant proportion of
cases, raising safety concerns. However, recent evidence supports
the use of high-dose parenteral nitroglycerin pre-treatment as
an effective prophylactic measure, significantly reducing the
incidence of severe vasospasm during PFA delivery (26).

In parallel, broader clinical adoption of PFA depends not only
on its safety and efficacy but also on practical implementation
factors. Prioritizing the development of domestically produced
PFA systems and improving integration with widely used
electroanatomic mapping platforms (e.g., CARTO, EnSite) may
reduce dependency on expensive imported devices and
streamline procedural workflows.

Although economic evaluations of PFA remain limited, such

technical and infrastructural advancements are expected to
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enhance cost-effectiveness and accessibility, particularly in low-
and middle-income healthcare settings, thus supporting the
global scalability of PFA technology (17, 28, 35).

11 Conclusion

PFA represents a paradigm shift in AF catheter ablation,

combining myocardial selectivity, procedural efficiency, and
improved safety. Current data support its noninferiority in
paroxysmal AF and its applicability in persistent AF and high-risk
populations. As technology matures and long-term evidence
accumulates, PFA is poised to become a frontline ablation modality,
enabling more patients to benefit from this safe and effective
treatment. Continued innovation in device design and procedural

integration will determine the pace of its global adoption.
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