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Abstract

Atrial fibrillation (AF) is the most common sustained arrhythmia worldwide and is associated with substantial morbidity, increased stroke
risk, and a significant healthcare burden. While antiarrhythmic medications and catheter ablation remain central to rhythm control strate-
gies, the efficacy of these therapies declines in persistent and long-standing persistent AF. Surgical ablation has consistently demonstrated
superior long-term rhythm control, but this approach remains underutilized due to the associated perceived invasiveness and procedu-
ral complexity. Meanwhile, advances in energy sources have transformed the field, with bipolar radiofrequency (RF) and cryoablation
established as the gold standard for lesion creation, supported by decades of durable outcomes. Nonetheless, both modalities possess
limitations related to thermal injury and technical demands. Pulsed-field ablation (PFA), a non-thermal modality that induces irreversible
electroporation (IRE), represents a promising new direction. Indeed, PFA preferentially ablates cardiomyocytes while sparing adjacent
structures, enabling rapid, reproducible lesion formation with an improved safety profile. Preclinical studies have demonstrated the abil-
ity of this technology to create transmural lesions. Meanwhile, catheter-based studies have shown the associated efficacy and safety with
this technology, and early feasibility trials suggest that surgical PFA clamps can replicate most of the Cox-Maze lesion set. Current sur-
gical ablation lesion sets rely primarily on RF or cryoablation. However, emerging modalities such as PFA are poised to enable effective
epicardial ablation on the beating heart, a challenge for thermal-based ablation technologies. With the advent of hybrid strategies that
combine epicardial surgical ablation with catheter-based endocardial ablation, PFA may broaden the role of surgical ablation in advanced
AF.
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1. Introduction
Atrial fibrillation (AF) is the most common sustained

cardiac arrhythmia. Its estimated global prevalence was
50 million in 2020, with projections suggesting further in-
creases over the coming decades [1]. AF frequently occurs
in the setting of hypertension, diabetes, heart failure, and
valvular disease, and its incidence increases with advancing
age [1,2,3]. Although some patients are asymptomatic, AF
can cause palpitations, fatigue, dyspnea on exertion, exer-
cise intolerance, and diminished quality of life and is associ-
ated with a higher risk of stroke, heart failure, and mortality
[1]. In addition, AF contributes to increased rates of hospi-
talization and long-term healthcare utilization, making it an
important target for interventions aimed at improving both
patient outcomes and healthcare costs [1].

Although antiarrhythmic medications are the founda-
tion of rhythm-control therapy, their effectiveness dimin-
ishes in persistent and long-standing persistent AF, and ad-
verse side effects limit long-term tolerance [1]. Catheter
ablation has therefore emerged as an important therapeutic
strategy, offering improved maintenance of sinus rhythm
and enhanced quality of life compared to pharmacological
therapy, particularly in paroxysmal AF [4,5,6]. Catheter ab-

lation is now a Class I recommendation in patients with AF
and concurrent heart failure with reduced ejection fraction,
and in patients with symptomatic paroxysmal or persistent
AF [1,7]. The effectiveness of catheter ablation declines in
long-standing persistent AF, which is thought to be due to
atrial remodeling and fibrosis [8,9]. Long-term follow-up
studies in these patients have shown recurrence rates over
50%, even after multiple ablation procedures, highlighting
the need for more effective and durable rhythm control in-
terventions [10,11].

Surgical ablation has consistently shown higher long-
term success rates than catheter ablation, particularly in
patients with persistent and long-standing persistent AF
[12,13,14,15]. The original “cut-and-sew” Cox-Maze pro-
cedure (CMP) established proof of concept by creating a
comprehensive biatrial lesion set that, in most patients, re-
stored sinus rhythm [16]. Its later modification, the CMP
IV, replaced most of the incisions with bipolar radiofre-
quency (RF) or cryoablation, reducing operative complex-
ity and recovery time while maintaining efficacy [12,17].
It is the only surgical procedure to receive a Food and
Drug Administration (FDA) indication to treat AF dur-
ing concomitant cardiac surgery [18]. Over the past two
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decades, refinements including mini-thoracotomy, thoraco-
scopic, and robotic-assisted approaches have limited the in-
vasiveness of surgical rhythm-control strategies [19,20,21].
Emerging technologies may address residual limitations
of thermal modalities. Pulsed-field ablation (PFA) is dis-
cussed in greater detail due to its rapid clinical development
and expanding body of evidence. This review provides a
comprehensive narrative review of surgical AF ablation de-
vices with a focus on new and emerging technologies. It
outlines the historical development of surgical lesion sets
and reviews established and emerging energy sources, high-
lighting their strengths and limitations.

2. Historical Perspective: Cox-Maze to
Modern Surgical Ablation

The development of surgical ablation for AF was
driven by the concept that AF is sustained by multiple reen-
trant waves propagating throughout the atria [22]. Early
operative strategies, such as left atrial isolation and the cor-
ridor procedure, attempted to interrupt conduction path-
ways by isolating portions of the atria [23]. While these
approaches demonstrated proof of principle, they yielded
incomplete efficacy and impaired atrial transport function,
limiting their adoption.

A major breakthrough occurred in 1987, when James
Cox and colleagues introduced the CMP. By creating a se-
ries of carefully designed atrial incisions, the operation dis-
rupted conduction pathways while preserving atrial con-
tractility (Fig. 1, Ref. [13]). Clinical series demonstrated
long-term freedom from AF rates exceeding 90%, estab-
lishing the “cut-and-sew”CMP as the first effective surgical
treatment for AF [24,25,26,27]. Subsequent refinements
led to the CMP III, which optimized the atrial lesion set,
improving both efficacy and safety while preserving atrial
function [24,28,29]. However, the complexity and tech-
nical demands of the procedure and prolonged cardiopul-
monary bypass times limited its use to a small number of
specialized centers.

The introduction of the CMP IV procedure in 2002
addressed many of these limitations by replacing atrial in-
cisionswith thermal ablation lines created using either bipo-
lar RF or cryoablation (Fig. 2) [17]. These modalities
were used since they proved to be the most effective en-
ergy sources tested in preclinical studies [30]. This tran-
sition simplified the operation, reduced cross-clamp and
bypass times, and lowered perioperative morbidity while
maintaining outcomes comparable to the CMP III [13,31].
As a result, the CMP IV became the most widely adopted
iteration of the operation and remains a benchmark against
which newer approaches are evaluated. It is the only surgi-
cal procedure, including all previous versions of the CMP,
that has received FDA approval for the surgical treatment
of AF [18].

Efforts to reduce invasiveness have also broadened
surgical applicability. Minimally invasive strategies, such

as right mini-thoracotomy and thoracoscopic techniques,
enable lesion sets to be performed without sternotomy, re-
sulting in reduced postoperative pain, shorter recovery, and
improved cosmetic outcomes [20,32,33]. Robotic plat-
forms have been utilized with success and have offered en-
hanced visualization for precise lesion delivery [19,34,35].

More recently, hybrid approaches have combined the
strengths of surgical ablation with catheter ablation. These
procedures typically involve epicardial surgical ablation
followed by endocardial catheter-basedmapping and touch-
up ablation to ensure lesion transmurality and durability
[36,37,38]. Early data from randomized trials suggest that
hybrid ablation may improve outcomes in patients with
persistent and long-standing persistent AF, compared to
catheter ablation alone [10,36,37]. The evolution from the
original cut-and-sew CMP to modern surgical and hybrid
procedures reflects continuing efforts to maximize efficacy,
safety, and accessibility in the treatment of AF.

3. Energy Sources in Surgical Ablation
The shift from cut-and-sew atriotomies to energy-

based lesion creation represented an important development
in the surgical management of AF. By creating transmu-
ral lesions without incisions, energy sources reduced pro-
cedural complexity and shortened operative times [39]. RF
and cryoablation remain the most widely used and clini-
cally validated energy sources. Other thermal methods, in-
cluding microwave, laser, and high-intensity focused ultra-
sound, have been explored but abandoned due to safety and
efficacy concerns [30,40,41].

3.1 Radiofrequency Ablation
RF has been one of the primary energy sources for sur-

gical ablation. RF operates by delivering alternating cur-
rent, typically in the range of 500–1000 kHz, to myocar-
dial tissue. At these frequencies, the current causes local-
ized heating but oscillates too rapidly to trigger myocyte de-
polarization. Temperatures above 50 °C cause irreversible
coagulation necrosis. Resistive heating occurs throughout
the tissue in proportion to the current density. Because the
current is most concentrated at the zone of direct contact,
lesion depth depends on conductive heat transfer into the
surrounding myocardium [40]. RF ablation is impeded by
factors such as air, epicardial fat, and tissue char formation,
all of which can disrupt energy delivery and limit lesion
depth.

In surgical practice, RF can be applied with unipolar
or bipolar systems. It can also be dry or irrigated. Unipo-
lar RF delivers current from a single electrode through the
atrial tissue to a grounding pad, resulting in a wide energy
pathway [42]. Unipolar RF devices are available inmultiple
configurations, including pens, linear flexible electrodes,
and suction-assisted probes, with options for irrigation to
enhance lesion depth and limit char formation. Unipolar
RF has struggled to achieve consistent transmurality, par-
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Fig. 1. The original ‘cut-and-sew’ Cox-Maze procedure. Reproduced from Ref. [13] with permission from Circulation: Arrhythmia
and Electrophysiology.

Fig. 2. Cox-Maze IV lesion set. Left-sided lesions: (1) right pulmonary vein lesions; (2) left pulmonary vein lesions; (3) superior
connecting lesion (roof); (4) inferior connecting lesion (floor); (5) mitral annulus lesion; (6) coronary sinus lesion. Right-sided lesions:
(7) SVC to IVC lesions; (8) tricuspid valve lesions (10 o’clock); (9) right atrial free wall lesion; (10) tricuspid valve lesions (2 o’clock).
IVC, inferior vena cava; LAA, left atrial appendage; RF, radiofrequency; SVC, superior vena cava.
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Fig. 3. The Epi-SenseTM epicardial ablation device. (A) Overview of the Epi-SenseTM device and delivery system. (B) Magnified
image showing the helical RF coil and integrated suction channels that stabilize the probe during lesion creation. Reproduced with
permission from AtriCure.

ticularly when applied epicardially. The circulating blood
provides a convective heat sink that has prevented the sub-
endocardium from reaching lethal temperatures and has led
to gaps that can sustain conduction [40,43]. Cardiopul-
monary bypass can mitigate this limitation by decreasing
convective cooling from the circulating intracavitary blood,
but even then, lesion depth has been unpredictable and re-
quires meticulous overlapping applications to approximate
linear lesions. For these reasons, unipolar RF has largely
been replaced by bipolar RF for surgical ablation. How-
ever, unipolar RF has found a role in hybrid approaches, as
the lack of transmurality can be corrected from an endocar-
dial approach.

The only unipolar RF device currently used in clini-
cal surgical ablation is the EPi-SenseTM (AtriCure, Cincin-
nati, OH, USA) ablation catheter, which serves as the epi-
cardial component of the CONVERGENT procedure (Fig.
3). This suction-assisted, irrigated electrode has been de-
signed to improve tissue contact during epicardial ablation
along the posterior left atrium (LA) [36]. Although it has
received FDA approval as part of a hybrid procedure, it has
not been used as a standalone epicardial device, due to lim-
ited efficacy at creating transmural lesions [30].

Bipolar RF addressed many of these limitations by
confining the current between two electrodes applied on
either one or both sides of the atrial tissue [42]. Bipolar
devices can be either directional or constrained. Direc-
tional bipolar devices contain side-by-side electrodes po-
sitioned on the epicardial tissue surface. Constrained bipo-
lar devices use a clamp configuration with opposing jaws
that deliver energy from opposite sides of the atrial wall
[2]. They ensure uniform contact while isolating the my-
ocardium from the circulating blood, allowing focused en-
ergy delivery, producing lesions that are reproducible and
reliably transmural [44,45,46].

Bipolar RF clamps incorporate impedance-based
feedback algorithms that adjust power in real time and stop

delivery when resistance reaches a plateau. Studies in ex-
planted human hearts have shown that double ablations
without unclamping markedly improved the likelihood of
continuous transmurality, underscoring the importance of
technique in addition to device design [44,46]. Practical
considerations to ensure adequate delivery of RF to the tis-
sue, including electrode cleaning to limit char formation,
avoiding tissue folding or air pockets, which create a high
resistance to current flow, and ensuring adequate contact
force, remain critical for success.

The CoolrailTM linear pen (AtriCure, Cincinnati, OH,
USA) was developed as a directional bipolar RF device in-
tended to create continuous, transmural epicardial lesions
on the beating heart. Pre-clinical evaluations have demon-
strated inconsistent lesion transmurality, particularly in ar-
eas of thicker atrial tissue [30,47]. These limitations have
prevented the CoolrailTM fromwidespread adoption for sur-
gical AF ablation.

Another innovation has been the EnCompassTM (Atri-
Cure, Cincinnati, OH, USA) clamp, a constrained device
engineered to create the “box” lesion around the pulmonary
veins and posterior LA in a single application (Fig. 4).
While early experimental data have been promising [45],
clinical validation remains ongoing [48]. This design re-
flects the recognition that durable posterior wall isolation is
central to long-term rhythm control. In a clinical study of
the Cox-Maze lesion set without a complete box isolation of
the entire posterior LA and all 4 pulmonary veins, the rest
of the CMP had only a 33% success rate at 5 years [12].

In practice, RF ablation has been integrated into the
CMP IV and minimally invasive or hybrid strategies. Dur-
ing on-pump operations, bipolar clamps are used to iso-
late pulmonary veins, create left atrial roof and floor lines,
and complete right atrial lesions in a matter of 10–40 sec-
onds per application [49,50]. Off-pump use is possible
but requires caution, and historically has been confined
to pulmonary vein isolation (PVI) alone, which did not
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Fig. 4. EnCompassTM bipolar RF ablation clamp. Reproduced with permission from AtriCure.

have durable long-term success in preventing AF. Recently,
bipolar clamps have been used to fully isolate the entire
posterior LA with much improved results [10,37]. Addi-
tional lesions, attempted with unipolar and directional bipo-
lar RF, have had limited success in a surgical setting, but
have shown efficacy in hybrid procedures such as the CON-
VERGENT procedure [36].

A disadvantage of unipolar RF has been the incidence
of collateral thermal damage to surrounding vital structures,
such as coronaries, valve tissue, the phrenic nerve, and the
esophagus [51]. These are virtually never seen with con-
strained bipolar RF devices, which is a major advantage of
this technology.

The wide variety of available devices makes RF ab-
lation highly adaptable across a spectrum of surgical situ-
ations. Regardless of the specific device, the principles of
bipolar RF ablation remain central to its effectiveness and
explain why it has become a cornerstone of many surgical
ablation procedures.

3.2 Cryoablation

Introduced in cardiac surgery in 1951, cryoablation
was first explored as a treatment of ventricular tachycardia
before becoming a key component of surgical AF ablation
[52]. It has proven valuable in many procedures [17,53,54].
Cryoablation can be used as the sole energy source or com-
plementary to RF, particularly in anatomic regions where
collateral injury could result in injury to vital tissue. Un-
like RF, which generates lesions through resistive heating,
cryoablation relies on controlled tissue cooling to achieve
irreversible cellular injury. When cardiac tissue is cooled to
approximately –30 °C to –40 °C, intracellular and extracel-
lular ice crystals form, disrupting the cell membrane and or-
ganelles [55]. During the freeze-thaw cycle, osmotic stress

causes fluid shifts, ice recrystallization, and membrane rup-
ture, leading to cell death while preserving the extracellular
matrix and overall tissue architecture [42,56,57]. Unlike
heat injury, which denatures structural proteins such as col-
lagen, freezing preserves these proteins, leaving the extra-
cellular matrix intact. These characteristics make cryoabla-
tion especially valuable in areas where tissue integrity must
be maintained, such as the valve annuli and leaflets.

The freeze-thaw cycle is central to cryoablation’s ef-
fectiveness. As the cryoprobe removes heat, ice forms first
outside the cells, drawing water out and causing dehydra-
tion, and inside the cells, rupturing membranes and produc-
ing immediate cell death near the probe. During thawing,
recrystallization and osmotic swelling add further injury,
while reperfusion triggers delayed necrosis and apoptosis
at the lesion margins [55,58]. The most effective lesions
result from a rapid freeze, followed by a slow thaw, which
together maximize both the immediate and delayed damage
while preserving tissue integrity [57].

Currently, two manufacturers produce cryoablation
devices for surgical cardiac ablation. The cryoICE system
(AtriCure, Cincinnati, OH, USA) uses nitrous oxide to cool
tissue to approximately –50 °C to –70 °C, while the Car-
dioblate, CryoFlexTM, and CryoFlexTM 10-S clamp systems
(Medtronic, Minneapolis, MN, USA) use argon to reach
temperatures as low as –160 °C (Fig. 5). Both systems em-
ploy disposable, malleable cryoprobes that can be shaped to
facilitate precise, conformal contact with atrial tissue [59].
Freezing times are between 2 and 3 minutes.

Although cryoablation produces highly reproducible
lesions, several limitations remain. The relatively lengthy
freezing times increase procedural duration. Lesion depth
is influenced by factors such as tissue thickness, the pres-
ence of epicardial fat, and local perfusion [57,58]. Because
circulating intracavitary blood acts as a strong heat sink, ef-
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Fig. 5. Surgical cryoablation probes. (A) CryoICE cryoablation probe. (B) CryoFlexTM flexible cryoablation probe. Reproduced with
permission from AtriCure and Medtronic.

fective epicardial cryoablation has not been possible, mak-
ing cardiopulmonary bypass necessary and limiting its use
in minimally invasive approaches. In the clinical setting,
epicardial fat prevents adequate energy penetration, requir-
ing endocardial probe placement. In addition, successful
cryoablation depends on tissue contact with the probe. Even
small gaps can result in ice ball formation between the probe
and the tissue, which can lead to non-transmural lesions.

Collateral damage to surrounding structures is also
possible and should be carefully avoided. While proven
safe on valve tissue, it has been implicated in causing late
coronary arterial injury and intimal hyperplasia. It should
not be used over the coronary arteries. It can also result
in phrenic nerve injury [59,60]. Despite these challenges,
cryoablation has secured its place as a cornerstone of surgi-
cal AF ablation, offering a reliable balance between lesion
durability and preservation of structural integrity.

3.3 Pulsed-Field Ablation

PFA differs from RF and cryoablation in that it is
designed to induce cell death via irreversible electropora-
tion (IRE), a mechanism that does not require changes in
temperature. Cell death results from the creation of per-
manent membrane pores that disrupt cellular homeosta-
sis. PFA applies high-voltage electrical pulses delivered
over a very short duration, nanoseconds to microseconds,
which destabilize the lipid bilayer of the cell membrane,
creating nanopores. IRE results in loss of membrane in-

tegrity, ion homeostasis disruption, and loss of osmotic bal-
ance, which ultimately leads to cell death through necrosis
and apoptosis. While some cellular injury occurs imme-
diately following energy delivery, lesion maturation may
also involve delayed apoptotic and necrotic mechanisms,
with tissue remodeling evolving over days toweeks [61,62].
Pore formation is the primary mechanism of cell death, but
other factors also contribute. These include lipid peroxida-
tion, changes in pH, and the generation of reactive oxygen
species [63,64]. When appropriately delivered, PFA pref-
erentially injures cardiomyocytes while preserving the ex-
tracellular matrix, thus maintaining tissue architecture.

First attempts at IRE with direct current (DC) ablation
in the 1980s and 1990s were limited by involuntary skeletal
muscle contractions and significant patient discomfort [65].
Modern PFA technologies differ from the early systems
through the use of precisely timed, high-frequency bipha-
sic waves that deliver energy in a more controlled man-
ner. This advancement has largely eliminated the muscle
contractions and pain associated with early IRE. In 2019,
Reddy et al. [66] found that among 81 patients treated with
catheter-based PFA under general anesthesia, none expe-
rienced skeletal muscle contractions. In a separate cohort
of 106 patients undergoing biphasic PFA under conscious
sedation, only mild, well-tolerated muscle activation was
observed [67].

The effectiveness of PFA depends on the parame-
ters used to deliver IRE, including waveform morphology,
voltage, pulse duration, interval between pulses, and the
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number of pulses delivered. These variables shape lesion
size, depth, and uniformity, highlighting the need for opti-
mized protocols to maximize efficiency and minimize col-
lateral injury [68,69,70]. Unlike thermal ablation, PFA is
to some degree tissue selective. This advantage provides a
safety margin not possible with RF or cryoablation. Car-
diomyocytes have a lower electroporation threshold than
surrounding tissues, allowing precise ablation of atrial my-
ocardium while theoretically sparing adjacent structures
[71,72,73]. With properly chosen parameters, lethal speci-
ficity for myocardial cells can be achieved, and collateral
damage to the esophagus, phrenic nerves, coronary arter-
ies, and pulmonary veins can be avoided. Experimental
data suggest the presence of mixed zones of irreversible
and reversible electroporation that cannot be reliably dis-
tinguished in the acute setting and may have implications
for lesion durability [71].

Safety Profile and Efficiency of PFA

PFA has demonstrated a strong safety profile. Preclin-
ical and clinical catheter-based studies have shown that PFA
minimizes collateral injury to surrounding structures. Pul-
monary vein stenosis, a known complication of unipolar RF
ablation caused by heat-induced vascular remodeling, has
not been observed following PFA in either animal or early
human studies [65,74,75].

One problem has been the induction of coronary
spasm with resultant myocardial ischemia. Clinical studies
have similarly demonstrated that PFA delivered near coro-
nary arteries can provoke marked but reversible vasospasm,
whereas PFA applied at sites remote from the coronary cir-
culation has not elicited this response [76]. In a chronic
porcinemodel of surgical PFA in our laboratory, two of nine
animals developed sudden ventricular fibrillation within
one second of energy delivery across the atrioventricular
groove and the coronary arteries. These arrhythmias were
refractory to multiple defibrillation attempts and were at-
tributed to coronary vasospasm since histologic assessment
showed no significant injury to coronary arteries or valves
[77].

Phrenic nerve injury, typically seen with ablation
near the right pulmonary veins, has been absent or tran-
sient in animal studies even with intentional targeting [78].
Esophageal injury has also been minimal, with limited and
transient injury reported and no evidence of lasting injury in
chronic animal studies [79,80]. In addition, PFA lesion for-
mation depends on electric field strength rather than tissue
heating, eliminating risks of injury associated with charring
and steam pops [81]. Concerns have been raised about bub-
ble formation and arcing at the electrode-blood interface.
However, studies using energy up to 200 J have reported no
significant arcing and only minimal, transient microbubble
formation [65,66,82].

Acute kidney injury has also been reported in catheter-
based PFA and is believed to be mediated by procedure-

related hemolysis. Experimental and clinical studies have
demonstrated that biochemical hemolysis occurs in a dose-
dependent manner and can be detected even after a limited
number of applications, with severity increasing with lesion
number and reduced catheter tissue contact [83]. In mech-
anistic models, free plasma hemoglobin rose linearly with
repeated PFA deliveries and was observed after as few as
two applications, confirming hemolysis as an intrinsic ef-
fect of PFA energy delivery [84]. Large comparative clin-
ical series further demonstrated that hemolysis is common
and varies across catheter platforms, highlighting important
technology-dependent effects [84]. In a prospective series
of 115 patients, biochemical hemolysis was common, while
acute kidney injury (AKI) occurred in only 7% of patients,
with just one case resulting in meaningful renal dysfunc-
tion. The number of PFA applications did not differ be-
tween patients with and without AKI, and modeling sug-
gested 129–140 pulses were required to produce a creati-
nine rise meeting AKI criteria [85]. Larger registry data
similarly showed that clinically significant renal injury was
rare, occurring in fewer than 0.05% of patients [86]. To-
gether, these findings underscore hemolysis and renal dys-
function as pulse- and device-dependent phenomena and an
evolving safety consideration as PFA technologies advance.

Beyond safety advantages, PFA offers procedural ef-
ficiency. Lesion formation is nearly instantaneous, as elec-
troporation disrupts cell membranes within nanoseconds.
In the initial clinical series of catheter-based PFA, average
procedure duration was 67 minutes, substantially shorter
than the 96 to 166 minutes typically reported for thermal
techniques [75,87].

Because PFA is a relatively new approach to AF abla-
tion, its long-term outcomes and limitations remain incom-
pletely defined. It remains uncertain whether IRE lesions
include areas of reversible injury similar to those seen with
RF. With thermal energy, these partially injured zones may
manifest temporary conduction block that later recovers,
contributing to AF recurrence [88]. Whether PFA produces
a comparable pattern of transient uncoupling or achieves
consistently irreversible injury is not yet clear, underscor-
ing the need for further investigation in both preclinical and
clinical studies.

4. Clinical Outcomes With Thermal Ablation
Clinical outcomes in AF ablation depend on multiple

factors, including the energy modality, the lesion set, and
the underlying atrial substrate. Although most randomized
controlled trials have evaluated catheter ablation, surgical
ablation series and registry reports have provided robust ev-
idence that surgical ablation achieves higher freedom from
AF, especially in patients with persistent and long-standing
persistent AF [12,15]. The CMP is considered the gold
standard lesion set [31].
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4.1 Stand-Alone Surgical Ablation
Stand-alone surgical ablation, particularly the CMP

IV, has demonstrated excellent long-term efficacy and
safety for patients with symptomatic, refractory AF, includ-
ing persistent and long-standing persistent AF. Multiple se-
ries have reported freedom fromAF of approximately 92%,
84%, and 77% at 1, 5, and 10 years, with most patients
maintaining sinus rhythm off antiarrhythmic drugs and an-
ticoagulation [14,21,89,90]. Across multiple series total-
ing 543 patients undergoing stand-alone Cox Maze III or
IV procedures for refractory AF, there were no reported
operative mortalities. Major complications included cere-
brovascular accident (0.8%–1.7%), renal failure requiring
dialysis (0%–0.8%), pneumonia (2.5%–2.8%), reoperation
for bleeding (0.4%–1.5%), and permanent pacemaker im-
plantation (4%–8%) [14,21,90]. Minimally invasive ap-
proaches have yielded similar outcomes to sternotomy, with
a reduction in morbidity [21,90]. Predictors of late recur-
rence have included longer preoperative AF duration, in-
creased left atrial size, and multiple prior catheter ablation
failures [14,21,90]. Our institutional experience has been
consistent with these findings. In our most recent series
(n = 236), freedom from recurrent atrial tachyarrhythmias
(ATAs) was 94% at 1 year and almost 80% at 10 years, with
similar efficacy observed in patients with paroxysmal and
non-paroxysmal AF. Perioperative mortality has remained
low, with no operative deaths over two decades [14,90].

Guidelines from the 2024 Heart Rhythm Society
(HRS) consensus statement support stand-alone surgical
ablation for symptomatic patients with persistent AF with
prior unsuccessful catheter ablation who are refractory
to medical therapy [2]. Quality of life measures have
been improved following the procedure, and most patients
have been able to stop anticoagulation when durable sinus
rhythm has been achieved [14,89]. Overall, stand-alone
CMP has offered durable rhythm control with an acceptable
morbidity for appropriately selected patients with advanced
or refractory AF.

4.2 Concomitant Surgical Ablation
Concomitant surgical ablation refers to the addition of

surgical ablation for AF at the time of another cardiac sur-
gical procedure. It has been shown to improve long-term
rhythm control and reduce thromboembolic events. The
2023 Society of Thoracic Surgeons (STS) guideline gave a
Class I, Level A recommendation for surgical AF ablation
during first-time, nonemergent cardiac surgery, along with
a Class I, Level A recommendation for left atrial appendage
occlusion at the same operation. The 2023 American Col-
lege of Cardiology/Heart Rhythm Society/American Heart
Association (ACC/HRS/AHA) guideline offers a Class IIa
recommendation that concomitant surgical ablation may be
beneficial in patients with AF undergoing cardiac surgery to
reduce the risk of recurrent AF, and a Class I, Level A rec-
ommendation for left atrial appendage exclusion in patients

with elevated stroke risk when combined with anticoagula-
tion [1].

Despite strong guideline support, real-world adop-
tion of concomitant AF treatment at the time of cardiac
surgery has remained limited. According to the 2023 STS
guidelines, in 2022, only 43% of patients with documented
AF undergoing first-time, nonemergent cardiac surgery re-
ceived both surgical ablation and left atrial appendage oc-
clusion, while 30% received neither therapy. The under-
treatment of AF was most pronounced among patients un-
dergoing isolated coronary artery bypass grafting or aortic
valve replacement, whereas higher rates of both ablation
and appendage management were observed in those under-
going mitral valve procedures [3].

Randomized trials and meta-analyses have demon-
strated higher rates of sinus rhythmmaintenance at one year
when surgical ablation is added to mitral valve surgery.
Freedom from AF, at one year, has ranged from 60% to
90%, depending on the lesion set employed and the un-
derlying atrial substrate [1,3,91,92]. Similar benefits have
been observed across mitral, aortic, and coronary artery by-
pass procedures [3]. Several studies have further demon-
strated a reduction in long-term stroke risk when surgical
ablation is performed concomitantly with cardiac surgery
[93,94]. Patients with AF who undergo concomitant surgi-
cal ablation during cardiac surgery also have demonstrated
markedly improved long-term survival, a 53% reduction in
mortality compared to similar patients whose AF was left
untreated [95]. However, randomized data have not shown
a consistent reduction in all-cause mortality or heart fail-
ure hospitalization, although selected observational studies
suggest potential survival benefits, particularly among pa-
tients who achieve a durable sinus rhythm [3,92,93].

Permanent pacemaker implantation has been observed
following concomitant surgical ablation, with reported rel-
ative risks ranging from 1.3 to 2.7. This risk has been
somewhat higher with biatrial lesion sets compared with
left-sided ablation alone [1,3,91,92]. Some studies also re-
ported an increased incidence of postoperative renal dys-
function, particularly in patients undergoing more exten-
sive ablation or those with preexisting renal impairment
[1]. Despite these risks, overall major complication rates,
including bleeding, infection, and mortality, have been
comparable to cardiac surgery performed without ablation
[15,91,96]. Finally, quality-of-life outcomes and AF bur-
den scores improve in patients who maintain sinus rhythm
following concomitant surgical ablation, further supporting
its clinical benefit [3,96].

4.3 Minimally Invasive Ablation

Efforts to reduce the invasiveness of surgical ablation
have led to the development of mini-thoracotomy, thora-
coscopic, and robotic-assisted ablation procedures, which
aim to preserve the durability of traditional lesion sets while
minimizing surgical trauma. Our group and others have
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demonstrated that the CMP IV can be performed using min-
imally invasive approaches with similar or better efficacy
and lower morbidity [19,20,21].

Minimally invasive CMP IV performed via right
mini-thoracotomy has achieved freedom from atrial tach-
yarrhythmias off antiarrhythmic drugs in 74%–81% of pa-
tients at 1–2 years, with complication rates and mortal-
ity lower than sternotomy approaches [20]. Five-year data
show 73% of patients with persistent/long-standing persis-
tent AF remain in sinus rhythm off antiarrhythmic drugs
after a single intervention, with very low perioperative risk
[21].

Robotic-assisted biatrial CMP has reliably replicated
the classic lesion set [34]. In a series of 135 patients with
persistent AF, robotic cryothermic CMP resulted in 97%
freedom from arrhythmia at 9–12 months, with 2.2% oper-
ative mortality and no deaths in stand-alone cases. Stroke,
repeat ablation, and need for anticoagulation were rare [19].
When combined with mitral valve surgery, robotic-assisted
AF ablation has demonstrated low recurrence rates and ex-
cellent safety, with a 96% five-year survival [97].

Totally thoracoscopic PVI procedures have demon-
strated lower AF-free success rates in randomized studies,
ranging from 33% to 66% at one year [98,99]. Late out-
comes generally have been even worse, particularly in non-
paroxysmal AF [100]. This has led to recent enthusiasm for
hybrid approaches.

4.4 Hybrid Ablation

Hybrid ablation combines minimally invasive surgi-
cal epicardial ablation with endocardial catheter ablation.
The surgical phase involves thoracoscopic epicardial abla-
tion, usually of the posterior left atrial wall and pulmonary
veins, while endocardial catheter access is used to confirm
lesion completeness and perform targeted touch-up of resid-
ual conduction gaps. Patient selection has focused on those
with persistent or long-standing persistent AF, particularly
patients who have failed prior catheter ablation. Hybrid
procedures can be performed either simultaneously or in a
staged fashion [101].

The CONVERGE trial (August 2016–December
2019) randomized 153 patients with persistent and long-
standing persistent AF in a two-to-one fashion to the Con-
vergent hybrid procedure or endocardial catheter ablation
alone. Epicardial ablation was performed via a subxiphoid
pericardioscopic approach using a unipolar RF catheter
to create posterior wall ablation, followed by endocardial
catheter ablation for PVI, mitral line completion, and con-
firmation of lesion continuity. At 12 months, freedom from
AF in the hybrid group was 68% compared with 50% in the
catheter group. Off antiarrhythmic drugs (AADs), freedom
was 54% vs. 32%. Major adverse events occurred in 7.8%,
including stroke (1), transient ischemic attack (TIA) (1), ex-
cessive bleeding (1), pericardial effusion (4), and phrenic
nerve injury (1), of the hybrid group vs. 0% in the catheter

group. The hybrid approach demonstrated superior effec-
tiveness but was associated with a higher early procedural
complication rate [36].

The HARTCAP-AF trial (January 2017–September
2018) randomized patients with persistent AF to a tho-
racoscopic hybrid surgical RF ablation procedure versus
catheter ablation. The surgical component included thora-
coscopic bipolar RF ablation of the pulmonary veins and a
posterior wall lesion set, plus left atrial appendage exclu-
sion. The endocardial phase addressed gaps and performed
complete mapping and touch-up ablation. At 12 months,
freedom from AF off AADs in the hybrid arm was 89%
compared to 41% in the catheter-only group. The compli-
cation rate was not significantly different between groups
(21% vs. 14%, p = 0.68) [37]. At three years, hybrid
ablation maintained superior rhythm outcomes compared
with catheter ablation alone, with freedom from atrial tach-
yarrhythmias of 57% vs. 23% off antiarrhythmic drugs and
fewer repeat catheter procedures (3 vs. 15) [102].

The CEASE-AF trial (December 2015–November
2019) compared a thoracoscopic hybrid ablation strategy,
including PVI, posterior wall isolation, and left atrial ap-
pendage closure, to endocardial catheter ablation in 154 pa-
tients. At 12 months, freedom from AF without AADs was
72% in the hybrid group versus only 39% in the catheter
group. Major complication rates were 8% for the hybrid
group and 6% for the catheter group, indicating no signifi-
cant difference in safety [38].

Together, these industry-sponsored randomized trials
have demonstrated that hybrid ablation provides superior
rhythm control compared with catheter ablation alone in pa-
tients with persistent and long-standing persistent AF (Ta-
ble 1, Ref. [36,37,38]). The hybrid approach has overcome
some of the limitations of catheter ablation. Overall, hybrid
ablation offers improved efficacy compared with catheter
ablation alone while maintaining lower invasiveness than
open surgical approaches for carefully selected patients.
However, the studies were not powered to detect differ-
ences in major adverse complications, highlighting the im-
portance of ongoing surveillance through larger prospective
registries to better characterize long-term safety. It should
be noted that these randomized hybrid ablation trials com-
pare surgical epicardial ablation with thermal catheter abla-
tion, and the relative efficacy and safety of hybrid strategies
versus catheter-based PFA remains to be determined.

5. Pulsed-Field Ablation: Preclinical and
Catheter Ablation Outcomes

Preclinical studies have provided the foundational ev-
idence for PFA and its potential application in surgical AF
ablation. Early porcine experiments demonstrated that epi-
cardial clamps delivering biphasic electrical pulses could
create transmural lesions across the atrial wall within sec-
onds (Fig. 6) [103,104]. In an acute porcine model, using a
parallel PFA clamp, nine lesions per animal were created in
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Table 1. Comparison of CONVERGE, HART-CAP, and CEASE-AF hybrid ablation trials, detailing AF classification, lesion
sets, surgical approaches, outcomes, and major complication rates.

Trial AF
classification

Lesion set Surgical
approach

Catheter
component

Primary outcomes at 12
months

Major
complication

rates

CONVERGE
Trial [36]

Persistent and
long-standing
persistent AF

Posterior left
atrial wall

ablation plus PVI
and mitral line

Subxiphoid
unipolar RF
posterior wall

ablation

Endocardial
PVI, mitral line,
mapping, and
gap closure

Freedom from AF 68%
vs. 50% catheter

ablation, Freedom off
AADs 54% vs. 32%

8% hybrid vs.
0% catheter

HARTCAP
AF Trial [37]

Persistent AF Thoracoscopic
PVI and posterior
wall box plus
LAA exclusion

Thoracoscopic
bipolar RF

Endocardial
mapping and
touch-up
ablation

Freedom from AF off
AADs 89% vs. 41%
with catheter ablation

21% hybrid vs.
14% catheter

CEASE AF
Trial [38]

Persistent and
long-standing
persistent AF

Thoracoscopic
PVI, posterior
wall box, LAA

closure, and linear
lesions

Thoracoscopic
bipolar RF

Endocardial PVI
confirmation

and gap ablation

Freedom from AF off
AADs 72% vs. 39%
with catheter ablation

7.8% hybrid vs.
5.8% catheter

AF, atrial fibrillation; PVI, pulmonary vein isolation; AADs, antiarrhythmic drugs.

locations representative of the Cox-Maze lesion set, with a
mean ablation time of only 2.5 seconds per lesion. Among
53 lesions examined histologically, transmurality was con-
firmed in 99%, and exit block was achieved in 96% of tar-
geted sites, without any arrhythmias or procedural com-
plications. Histologic analysis confirmed sharply defined
necrosis confined to the myocardium [77,105].

In a chronic porcine model evaluating a novel
nanosecond PFA clamp, animals underwent pulmonary
vein and posterior left atrial ablation. An average of 35 days
later, lesions were evaluated and demonstrated complete
continuity and full transmurality. Durable conduction block
wasmaintained across all targeted sites, and histologic anal-
ysis confirmed mature fibrotic scar formation [106]. In a
subsequent porcine study, nine animals underwent biatrial
nanosecond PFA. Seven animals survived to 26 days, while
two died intraoperatively due to refractory ventricular fib-
rillation attributed to coronary artery vasospasm during ab-
lation across the atrioventricular groove. Among surviving
animals, histologic assessment demonstrated transmurality
in 99% of lesion cross sections and 97% of individual le-
sions. Exit block was confirmed in 94% of the tested sites.
No structural injury to coronary arteries or cardiac valves
was identified [77].

Clinical experience with catheter-based PFA has
rapidly expanded and validated the preclinical findings.
Several randomized trials have evaluated catheter-based
PFA for PVI. The ADVENT trial, a multicenter random-
ized study of more than 600 patients with paroxysmal AF,
demonstrated non-inferiority of PFA compared with ther-
mal ablation, with 12-month freedom from atrial arrhyth-
mia of 73% vs. 71%, respectively [107]. Similarly, the
SINGLE SHOT CHAMPION trial randomized 210 pa-
tients with paroxysmal AF to PFA or cryoballoon abla-

tion and found a lower incidence of atrial tachyarrhyth-
mia recurrence with PFA, 37% vs. 51%, confirming non-
inferiority and demonstrating superiority with continuous
rhythm monitoring [108]. The SPHERE Per-AF trial ran-
domized 420 patients with persistent AF to a dual-energy
lattice-tip catheter capable of delivering pulsed field or
RF energy versus conventional RF ablation, demonstrat-
ing non-inferior effectiveness with 1-year success rates of
74% and 66%, respectively [109]. More recently, the BEAT
PAROX-AF randomized trial of 292 patients with parox-
ysmal AF showed comparable single-procedure success at
12 months between PFA and RF ablation, 77% vs. 78%
[110]. Collectively, these trials demonstrate that catheter-
based PFA achieves similar efficacy to established thermal
ablation technologies while offering procedural efficiency
and a favorable safety profile.

The MANIFEST-PF trial, which included 1700 pa-
tients, demonstrated acute PVI success rates above 99%
with 78% of patients free from atrial arrhythmias at one
year. Among those, patients with persistent and long-
standing persistent AF, one-year success rates were 71%
and 73%, respectively, while 45% of recurrences occurred
in these more advanced subgroups [111]. This represents a
clinically relevant limitation in catheter-based PFA, where
acute conduction block does not necessarily predict long-
term durability and may contribute to late reconnection and
conduction gaps identified at repeat procedures. The larger
MANIFEST-17K registry, encompassing over 17,000 pa-
tients, confirmed these results with similarly high acute suc-
cess and durable rhythm control [112]. Importantly, both
studies reported excellent safety outcomes, including the
absence of atrioesophageal fistula and low incidence of
phrenic nerve injury and stroke, complications that have
historically limited thermal ablation.
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Fig. 6. Bipolar radiofrequency clamp and representative lesion formation. (A) Bipolar radiofrequency clamp device. (B) Gross
pathology specimen demonstrating lesion formation with a 5 mm scale bar. (C) Histologic section demonstrating transmural lesion
formation with a 2000 μm scale bar.

Additional experience with catheter-based PFA has
been reported in prospective multicenter studies. The in-
spIRE trial evaluated an integrated biphasic PFA system in
226 patients with drug-refractory paroxysmal AF, achiev-
ing acute PVI in 100% of patients and approximately 71%
freedom from atrial arrhythmia at one year. Importantly,
no primary adverse events were reported, and there were
no cases of esophageal injury or pulmonary vein stenosis
[113]. Similarly, the PULSED-AF trial enrolled 300 pa-
tients with paroxysmal and persistent AF treated with a cir-
cular PFA catheter system, demonstrating one-year free-
dom from AF of 66% in paroxysmal AF and 55% in persis-
tent AF [114]. These studies further support the feasibility,
efficacy, and favorable safety profile of catheter-based PFA
across multiple device platforms and clinical settings, fur-
ther support the feasibility, efficacy, and favorable safety
profile of catheter-based PFA across multiple device plat-
forms and clinical settings.

These findings underscore the continued challenge of
reliably treating advanced atrial disease but also highlight
the potential of PFA. With its rapid lesion formation and
safety profile, PFA represents a promising non-thermal al-
ternative that may expand the role of ablation therapy across
both surgical and catheter-based platforms.

6. Future Directions
Advances in energy delivery continue to shape the

evolution of surgical AF ablation. Bipolar RF and cryoabla-
tion are the most widely used modalities due to their versa-

tility and proven long-term durability. Decades of clinical
experience have demonstrated that both can achieve durable
rhythm control when applied effectively, yet each carries
intrinsic limitations. Successful lesion formation depends
on consistent tissue contact and conductive heat transfer,
making outcomes susceptible to variable wall thickness,
epicardial fat, and the heat sink resulting from the circu-
lating intracavitary blood volume.

PFAmay overcome some of these challenges by intro-
ducing a non-thermal mechanism of tissue ablation. PFA
uses short, high-voltage electrical pulses to create IRE.
Catheter-based PFA has already achieved Conformité Eu-
ropéenne (European Conformity) Mark approval in Europe
and recently received FDA approval in the United States for
paroxysmal and persistent AF, accelerating clinical adop-
tion [115,116,117]. Surgical applications of PFA remain in
early stages, but initial studies are underway. In Europe, pi-
lot feasibility trials are evaluating epicardial PFA systems
in patients undergoing concomitant cardiac surgery, with
endpoints including acute conduction block, operative effi-
ciency, and safety outcomes [118]. Key questions remain
regarding the long-term durability of PFA lesions, histo-
logic validation, and overall cost-effectiveness. As larger
clinical trials are conducted, comparative data will be essen-
tial to define how PFA integrates with or replaces existing
energy sources in surgical practice.

Looking ahead, the landscape of surgical AF abla-
tion is likely to become more multimodal. Thermal ab-
lation will continue to provide reliable options with well-
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established outcomes, particularly for centers experienced
in these techniques. PFA represents the next phase of in-
novation, with the potential to achieve transmural epicar-
dial ablation on the beating heart, though its ultimate role
will depend on clinical trial outcomes. The advancement
of ablation technologies may expand the reach of surgical
ablation, bringing durable rhythm control to a broader pop-
ulation of patients with AF.

7. Conclusions
Surgical ablation is the most effective and durable

treatment for AF, particularly in persistent and long-
standing persistent AF. The evolution from the original cut-
and-sew CMP to modern energy-based lesion creation has
simplified procedures and reduced morbidity while main-
taining excellent rhythm outcomes. Bipolar RF and cryoab-
lation form the foundation of contemporary surgical abla-
tion. Minimally invasive and hybrid approaches have ex-
panded access to durable rhythm control. They seek to
replicate the CMP lesion set through smaller incisions, of-
fering shorter recovery and lower morbidity. Hybrid ab-
lation combines surgical ablation with catheter-based abla-
tion to ensure complete left atrial lesion sets and improve
rhythm durability compared to catheter ablation alone.

PFA represents the next step in surgical AF therapy.
By inducing IRE using non-thermal energy, PFA creates
rapid, tissue-selective lesions while minimizing collateral
damage. Preclinical studies suggest excellent procedural
efficacy. As PFA continues to develop, surgical ablation is
likely to become more multimodal, combining established
thermal techniques with PFA energy sources to expand safe
and effective rhythm control to more patients.
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