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Abstract: In recent years, the prevalence of and mortality associated with cardiovascular diseases
have been rising in most countries and regions. AF is the most common arrhythmic condition, and
there are several treatment options for AF. Pulmonary vein isolation is an effective treatment for
AF and is the cornerstone of current ablation techniques, which have one major limitation: even
when diagnosed and treated at a facility that specializes in ablation, patients have a greater chance
of recurrence. Therefore, there is a need to develop better ablation techniques for the treatment of
AF. This article first compares the current cryoablation (CBA) and radiofrequency ablation (RFA)
techniques for the treatment of AF and discusses the utility and advantages of the development
of pulsed-field ablation (PFA) technology. The current research on PFA is summarized from three
perspectives, namely, simulation experiments, animal experiments, and clinical studies. The results of
different stages of experiments are summarized, especially during animal studies, where pulmonary
vein isolation was carried out effectively without causing injury to the phrenic nerve, esophagus, and
pulmonary veins, with higher safety and shorter incision times. This paper focuses on a review of
various a priori and clinical studies of this new technique for the treatment of AF.

Keywords: atrial fibrillation; ablation technology; simulation study; pulsed electric field ablation;
biological experiment

1. Introduction

Atrial fibrillation (AF) is a common cardiovascular epidemic in the 21st century, with
its prevalence and incidence increasing with age and varying in different regions. In
China, the prevalence of AF is 0.44% in men and women aged 60 years or older, and the
prevalence of AF is as high as 7.5% in people older than 80 years. The prevalence and
incidence of AF are higher in developed countries than in developing countries [1–6]. In
the United States, up to USD 26 billion is spent annually on treating AF, with patients with
AF spending up to USD 8700 per year on treatment compared to patients without AF. AF
affects approximately 6.1 million American adults, and this number is expected to increase,
with the number of people with the disease expected to double within 25 years [7,8]. The
dangers of AF are that it can lead to thromboembolic complications, which can increase
patients’ risk of disability and death. AF significantly increases the risk of ischemic stroke
and extracorporeal circulation embolism and is often associated with heart failure, which
creates a vicious cycle that increases the risk of death [9–11].

The pathogenesis of AF is complex and the quality of life of patients with AF is sig-
nificantly reduced. European guidelines recommend catheter ablation for patients with
medically refractory and heart failure symptoms. It has been shown that pulmonary vein
lesions play an important role in arrhythmia and heart rate persistence like AF, making
pulmonary vein isolation the cornerstone of catheter ablation [5,12–14]. In clinical practice,
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CBA and RFA are the more commonly used catheter ablation techniques, and clinical
studies have shown that RFA produces injury by resistive heating of the tissue and sub-
sequent conduction of heat to deeper tissues. Although the ablation is very effective, it
ablates the target area while causing unnecessary damage to other important tissues, such
as esophageal damage due to the heat during RFA [15–17]. CBA is another widely used
ablation modality that is very different from RFA. It ablates the target area by removing
heat, resulting in tissue cooling and icing. However, as with RFA, CBA can have several
associated complications, and this technique may increase the risk of damage to surround-
ing tissue structures and increase the incidence of complications such as pulmonary vein
stenosis, phrenic nerve injury, and peri-esophageal vagal nerve injury [18–22].

Although both ablation modalities are effective in clinical treatment, they produce a
range of side effects, and researchers are eager for new techniques to improve the situation.
Irreversible electroporation is an emerging technique that has attracted widespread interest
and has begun to play an important role in the treatment of cancer, and its technology may
also provide new ideas for the treatment of cardiovascular diseases [23,24]. Unlike RFA
and CBA, PFA is based on the distribution of an electric field affecting the permeability of
the lipid bilayer of its cell membrane, inducing the formation of nanoscale defects or pores
in the cell membrane, implying that the cell produces irreversible cell death due to the
incompleteness of the cell membrane. PFA will be a new approach to treating AF due to its
unparalleled ability to reduce the risk of collateral tissue damage while ensuring the efficacy
of ablation [25–39]. The comparative results of different ablation modalities are shown in
Table 1 and Figure 1. Therefore, this review aims to synthesize and provide up-to-date
information on the efficacy and safety of PFA research as it develops, with the ultimate
goal of helping to optimize future preclinical studies and advances in ablation technology.

Table 1. Comparison of different ablation methods.

Reference Ablation Mode Energy Source Ablation Process Characteristic

[30,31] Radiofrequency
ablation

Heat energy
generated using

low-voltage,
high-frequency

electrical energy

The catheter is
delivered to the site

of the lesion,
releasing energy to

cause partial
myocardial

degeneration and
necrosis.

Low efficiency of
spot ablation

and long
learning curve

for the operator

[32,33] Cryoballoon
ablation

Liquefied
refrigerant in the

balloon liner

Evaporation of
liquefied refrigerant
by heat absorption,

resulting in local
tissue necrosis due

to reduced
temperature at the

ablation site

The ablation
effect is still

dependent on
balloon

apposition and
lacks tissue
selectivity

[34–36] Pulsed-field
ablation

High-voltage,
high-frequency
multi-electrode
pulses generate

non-thermal
energy

The electric field is
applied to the
phospholipid

bilayer of the cell
membrane for a

short period of time,
and irreversible

penetrating damage
is formed in the cell

membrane.

Non-thermal
energy, strong

tissue selectivity,
no harm to

nearby tissues
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Figure 1. Comparison of damages caused by different ablation methods [27]. (a) Coronal diagram of
the heart. (b) Radiofrequency ablation. (c) Cryoballoon ablation. (d) Pulsed-field ablation. Some of
the models in Figure 1 are available through https://user.medpeer.cn (accessed on 3 April 2024).

2. Pulsed Electric Field Ablation: Simulation Parameter Research

PFA involves the use of electrodes to generate a high-voltage electric field in the target
area of the heart by discharging an electric field, which irreversibly perforates the cell
membranes of tissues in the target area, increasing cell permeability and thus causing cell
death [37]. Differentially complex simulation models may influence the ablation area more.
When González-Suárez et al. [38] compared a fully dissected model of the ablation area
with a simplified simulation model, the simulation results demonstrated that the electric
field was primarily limited to the target site, with very little impact on nearby organs like
the lungs and esophagus. At the same time, the difference in the depth of the ablation
area between the simplified model and the complete deconvolution model is less than
0.05 mm, which provides data support for future physical field simulations and reduces
the complexity of modeling in subsequent studies. The results of the 2D physical field
simulation model showed that the ablation zone of the pulsed electric field was confined to
the epicardial fat layer, and the width of the ablation zone decreased with the thickening of
the fat layer, with the ablation width of the fat layer being about 15 mm when the thickness
of the fat layer was 1–2 mm, and then decreased to about 10 mm when the thickness of
the fat layer was 5 mm. Meanwhile, it was observed that the neural tissues in the fat had
little effect on the ablation zone, but it had an effect on the distribution of the electric field
around the area, and as the thickness of the fat layer increased, its electric field distribution
reduced. The results suggest that the thickness of fat and the presence of nerves within it
may affect the size of the target area for PFA ablation [39].

The discharge mode affects the distribution of the electric field in the ablation area.
Ji et al. [40] simulated the distribution of the electric field in the myocardium in four
discharge modes before and after catheter rotation by using a simulation model including
the myocardium, blood, and catheter, and setting up different positive electrodes and
negative electrodes, and concluded that widths of the ablated lesions of 10.8 mm, 10.6 mm,
11.8 mm, and 11.5 mm and depths of 5.2 mm, 2.7 mm, 4.7 mm, and 4.0 mm could be formed
in the four discharge modes, respectively. The discharge mode will directly affect the
electric field distribution in the myocardium, which provides a reference for the subsequent
improvement of the design of the pulsed electric field program and the design of the

https://user.medpeer.cn
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discharge mode of the multi-electrode catheter. During the PFA procedure, the presence of
a metallic stent in the coronary artery may affect the normal pulsed electric field distribution,
which in turn affects the efficacy of the treatment, and the simulation concludes that the
normal pulsed electric field distribution is distorted due to the presence of a metallic stent
in the coronary artery. The stent appeared to have a different electric field distribution
anteriorly, posteriorly, and laterally; however, the electric field value inside the stent was
almost zero. It was also observed that the pulsed electric field ablation region was not
affected, and the presence of the metallic stent caused distortion of the electric field but not
thermal damage to the adjacent tissue [41], further illustrating the safety of the pulsed-field
technique. The simulated ablation effect is shown in Figure 2.
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Figure 2. Schematic diagram of epicardial ablation [41]. (A) Without coronary artery fat layer.
(B) With coronary artery fat layer. (C) With arterial stent fat layer.

The distance between the applied voltage and the target tissue may affect the depth of
myocardial injury. Song et al. [42] used a physical field simulation model to simulate and
determine the relevant experimental parameters and tested the typical PFA method directly
on the esophagus of New Zealand rabbits, performing pulsed ablation experiments under
the parameters: 2000 v/cm and 90 pulses. No luminal narrowing, erosion, or ulceration
was found in the esophagus of New Zealand rabbits after 16 weeks of ablation experiments,
and PFA has the advantage of not damaging the nearby esophagus during the treatment
of AF. The results of Meckes et al. [43] showed that the strength of the electric field of the
PFA and the distance to the tissue had a strong correlation with the depth of ablation. The
minimum applied voltage required to ablate tissue to produce injury greater than 1 mm
was 300 volts. The minimum energy required to achieve a 3-mm depth lesion was 700 volts
when contact was made between the catheter and the target tissue, and exponentially
higher voltages needed to be applied to achieve the same effect when the distance was
increased by 1–2 mm, demonstrating the importance of electrode–target-tissue contact
during the ablation process. The safety of the new technique is of paramount importance.

Another study looked at the impact of anisotropic versus isotropic conductivity on
PFA characteristics in AF therapy using an anatomically based model of the left atrium
and a variety of conductivities and ablation targets. The results showed that the difference
in surface ablation area between anisotropic and isotropic conductivity was greater than
73.71%, and the percentage difference in ablation volume size was greater than 6.9%. It
was shown that in left atrial ablation, anisotropic conductivity can be used for pulsed-field
ablation if the same area and depth are considered [44]. PFA is classified as a non-thermal
ablation technique, and the rise in tissue temperature is directly correlated with the heart’s
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blood flow. Using fluid dynamics and convective heat transfer methods to evaluate the
temperature under different pulsed-ablation parameters, the results obtained by fluid
dynamics were more accurate, and convective heat transfer predicted lower temperatures
than the ablation area in practice, while the temperature of other tissue areas did not exceed
the temperature of the ablated area during pulsed-field ablation [37], which once again
proved the non-thermal nature of the PFA technique.

3. Pulsed-Field Ablation: Biological Experimental Study

The PFA simulation experiments are used to better support the data for clinical
studies. Using the relevant data obtained from existing physical field simulation models,
ex vivo experiments and animal models are important in setting the background for
clinical research.

3.1. Animal Experimental Research

Previous AF ablation therapeutic energies have caused cell death through thermal
damage. Lavee et al. [45] conducted the first ablation surgery experiments on five pigs
using the electric pulse technique, producing permanent non-thermal damage to the target
tissues within a few seconds and demonstrating that there was a clear boundary between
ablated and non-ablated areas after ablation. Temperature recorders were used to detect
temperature changes in the ablated areas during the experiments, and when the hearts of
the animals were examined ex vivo 24 h after the procedure, it was found that all lesions
had clear boundaries of ablation, and there was no other tissue destruction or charring
phenomenon. In this way, it was demonstrated that PFA is a novel, rapid technique without
localized thermal effects. Caluori et al. [35] designed a pulsed transmitter and a complete
treatment protocol to perform ablation experiments using six sows assisted by different
equipment. After a month, the ablation was confirmed, and using finite element analysis
software, the various pulse values used in the experiments were simulated and compared
with the results. This demonstrated the non-thermal behavior of the ablation technique and
simulated the particular physical parameters required in the ablation area. Additionally,
the ablation revealed no damage to surrounding tissues, demonstrating the technique’s
viability and safety.

To further investigate the safety of the PFA technique, Stewart et al. [46] used a circular
pulmonary vein catheter ablation experiment on six pigs using both the RFA technique and
the PFA technique. Necropsy verification of the animals using the different techniques after
two weeks demonstrated that the use of the PFA technique produced consistent transmural
and tissue fibrosis, whereas the use of the RFA technique produced a more severe inflam-
matory response and some damage to epicardial fat as well as arterioles, proving that the
PFA technique can cause fibrotic lesions in tissues without damage to non-target tissues.
The ablation effects of RFA and PFA are shown in Figure 3. Koruth et al. [47] observed the
electrocardiographic changes in four pigs before and after ablation, and the hearts were
dissected and observed after the euthanasia of the animals. No arrhythmia occurred during
the ablation process, and the dissected hearts were found to have an average depth and
extent of lesions and uniform tissue fibrosis without damage to other tissues.

Considering that the RFA technique is prone to myocardial injury during ablation
procedures, Padmanabhan et al. [48] developed a novel catheter system. Seven dogs were
used in the experiments, and it was discovered that six of the canines had no more problems
following ablation, with lesion regions successfully forming in 20 of the 21 ablation sites. In
later follow-up examinations, no harm to the dogs’ pulmonary veins, esophagus, or other
structures was discovered. These studies have shown that ablation of ganglionic plexus
using direct current PFA is a safe and effective method and that this method causes minimal
unnecessary damage. Sugrue et al. [49] conducted experiments on the ablation of Purkinje
cells on the surface of the myocardium using the PFA technique and monitored the changes
in the electrical signals of the left ventricular cardiomyocytes and the Purkinje cells in the
experiments, which showed that the degree of damage to the Purkinje cells was related to
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the duration and the pulse voltage of the electrical pulse technique. Repeated measurements
of ECG signals at 30 days did not reveal significant changes in myocardial amplitude, and
pathologic tissue confirmed the targeted nature of the pulse ablation technique.
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PFA is an ablation technique with potential safety advantages over RFA. Koruth et al. [50] ex-
amined their electrophysiological and histological effects in a preclinical study and compared
the safety and feasibility of isolating the pulmonary vein and the superior vena cava between
the different waveforms of RFA and PFA. The results showed that all target veins using the PFA
technique were isolated for the first time, the effect of pulmonary vein isolation was higher than
that of the control RF group, and the stenotic condition of the pulmonary veins occurring in the
RF group was not detected in the pulsed ablation group, which provides a scientific basis for the
validity and safety of the separation of the superior vena cava from the pulmonary veins in the
clinical setting. Yavin et al. [51] designed a novel PFA system with the ability to adjust the shape
of the catheter tip electrode according to the clinical situation. Experiments were conducted
using 16 pigs to compare the damage to the esophagus and phrenic nerve by the RFA technique,
and one month after ablation the ablation damage persisted in 91.7% of the pigs, and 97.8% of
the ablated areas showed transmural lesions. No effects on the esophagus and phrenic nerve
were found with the PFA technique, demonstrating the safety and efficacy of this technique.
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As a novel non-thermal ablation modality, the wall penetration ability of PFA ablation
has an important impact on the therapeutic outcome of AF. Varghese et al. [52] performed
PFA ablation in 10 pigs by histologically examining the experimental pig hearts in sections
and using stains to detect the wall penetration of each lesion. The results showed that both
left and right atrial ablation lesions were permeable to the wall, with a maximum thickness
of 8–12 mm of ablated tissue, and sectioned histology revealed a highly uniform width of
the lesion area and no arrhythmias or other complications during the procedure. A similar
study was conducted by Doshi et al. [53] where PFA ablation was performed on 10 pigs
and the experimental pigs were divided into two subgroups: 8 experimental pigs were
debrided 2 h after ablation and 2 experimental pigs were debrided 30 days after ablation.
The permeability of each lesion was examined using staining. The results showed that
there was no significant difference in the depth and width of the ablation zone between the
different groups (depth: 5.65 mm and 5.68 mm, width: 15.68 mm and 16.98 mm). This study
demonstrates that pulsed electric field ablation produces consistent permeable lesions.

For a substantial summary as well as a comprehensive comparison, other relevant
animal studies of the PFA technique are summarized in Table 2. All studies, despite
different catheter electrode configurations as well as different ablation modalities, reported
on the efficacy and safety of this new technique.

Table 2. Animal studies on other related pulsed electric field ablation techniques.

Reference In Vitro/In
Vivo Subject Energy Catheter

Style Summary

[54] In Vivo Swine Not men-
tioned Circular type

There was no sign of
thermal damage after

ablation, the lesion was
continuous in extent, and
the thickness of the lesion
increased with increasing

energy.

[55] In Vivo Swine Not men-
tioned T-type

There is a clear
relationship between the
energy produced by the

electrodes and the area of
the myocardial tissue

lesion.

[49] In Vivo Swine 500 V Circular type

Ablation produces fibrotic
lesions with acute

electrical effects and does
not damage non-targeted

tissue.

[56] In Vivo Swine 400–800
V/cm Balloon type

Selectively affects cardiac
myocytes but not vascular

and neural tissue.

[57] In Vivo Swine 1600
V/cm Petal type

It effectively blocks
electrical activity from the

pulmonary veins to the
atria with myocardial

contraction and does not
cause pulmonary vein

stenosis.

[58] In Vivo Rabbit 50–500 V Circular type

The endocardium is most
susceptible to

electroporation and may
contribute to arrhythmia

susceptibility.
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Table 2. Cont.

Reference In Vitro/In
Vivo Subject Energy Catheter

Style Summary

[43] In Vivo Rabbit 2000
V/cm

Self-
developed

No significant stricture,
erosion, or ulceration of
esophageal tissue was

observed.

[59] In Vitro Rat 400 V/cm
690 V/cm

Not
mentioned

Cell type is selectively
specific for electroporation
production but electrode
proximity to the target

tissue is still important for
efficacy.

[60] In Vitro Rat

1000
V/cm
1200

V/cm

Not
mentioned

Compare different cell
types within the

cardiovascular system and
determine the optimal
voltage threshold for

selective ablation of cells.

[61] In Vivo Canine Not men-
tioned Straight type

Transepicardial treatment
of atrial fibrillation with
DC current is feasible as
an adjunct to pulmonary

vein isolation.

3.2. Clinical Trial Research

As a novel technique for the treatment of AF disease, it has been documented that PFA
technology produces irreversible electroporation in cell membranes. Previous ablations
have relied on the ablation of a heat source conducted over time, whereas this ablation is an
undifferentiated ablation of all tissues. The PFA technique has several potential advantages,
allowing for the selective ablation of myocardial tissues during the ablation process and a
very short ablation time, avoiding the risk of pulmonary vein stenosis.

Reddy et al. [27,62,63] treated 22 patients with AF using the PFA technique; pulmonary
vein isolation was achieved in all patients and the average procedure time was one hour.
The potential benefits of PFA were verified by the absence of complications in all patients. A
total of 81 patients were treated with ablation using a proprietary pulse waveform, and the
effect of pulmonary vein isolation was examined using electrophysiologic techniques. It was
found that all patients achieved pulmonary vein isolation after 3 months, and no adverse
events such as phrenic nerve injury or pulmonary vein isolation were detected during
the subsequent 120-day follow-up, validating the tissue selectivity of the PFA technique
during ablation. In a later study of patients with persistent AF, no protective measures were
taken for the surrounding tissues during the treatment, and electrophysiological follow-up
of the ablated patients was performed 3 months later to verify the clinical results, which
showed that pulmonary vein isolation was achieved in all 25 patients, and there was no
pulmonary vein stenosis and no esophageal or phrenic nerve injury. The uniqueness of the
PFA technique determines the success rate of pulmonary vein isolation and the safety and
durability of the periphery of the ablated tissues. This study also extends the PFA technique
from paroxysmal AF to persistent AF, laying the foundation for the clinical management of
cardiac arrhythmias. The ablation device and pre- and post-ablation ECGs are shown in
Figure 4.

To verify whether the PFA technique would affect the myocardium differently com-
pared to thermal ablation, Reddy et al. [64] adopted a new compressible 9-mm tip ablation
catheter that can switch between two types of energies, radiofrequency and electric field,
which is the first time that the catheter has been used in a clinical setting. A total of
76 patients with AF were treated in this clinical study, of which 40 patients with AF were



J. Cardiovasc. Dev. Dis. 2024, 11, 175 9 of 19

ablated with radiofrequency/pulsed electric field and the remaining 36 patients with AF
with pulsed electric field/radiofrequency, with an average ablation time of 22.6 min. No
phrenic nerve injury or esophageal injury occurred after ablation. It is concluded that this
novel catheter can be ablated safely and rapidly using multiple ablation modalities or a
fully PFA approach. Ablation will be more effective and safer with a different approach
compared to areas requiring greater depth of wall penetration and certain areas closer to
other tissues. The most desirable approach may be to utilize a combination of the safety of
PFA and the clinical experience of RFA in clinical treatment. Yosuke et al. [65] conducted
a comparative study of different ablation modalities, where 41 patients were medically
examined before and after ablation. A total of 18 of the patients were treated with PFA and
23 patients were treated with a thermal ablation procedure. The postoperative changes
in myocardial tissue were more homogeneous in patients with PFA, and there was no
postoperative vascular injury or intimal hemorrhage. No delayed myocardial enhancement
was found in patients treated with PFA in the postoperative period, concluding that the
PFA technique produces a more complete injury to the target myocardium compared to the
thermal ablation technique.

J. Cardiovasc. Dev. Dis. 2024, 11, x FOR PEER REVIEW 9 of 19 
 

 

 

Figure 4. PFA ablation device [63]. (A–D) Schematic diagrams of the ablation catheters in different 

attitudes. (E) Ambulatory electrocardiogram before PFA ablation and ambulatory electrocardio-

gram after PFA ablation. 

To verify whether the PFA technique would affect the myocardium differently com-

pared to thermal ablation, Reddy et al. [64] adopted a new compressible 9-mm tip ablation 

catheter that can switch between two types of energies, radiofrequency and electric field, 

which is the first time that the catheter has been used in a clinical setting. A total of 76 

patients with AF were treated in this clinical study, of which 40 patients with AF were 

ablated with radiofrequency/pulsed electric field and the remaining 36 patients with AF 

with pulsed electric field/radiofrequency, with an average ablation time of 22.6 min. No 

phrenic nerve injury or esophageal injury occurred after ablation. It is concluded that this 

novel catheter can be ablated safely and rapidly using multiple ablation modalities or a 

fully PFA approach. Ablation will be more effective and safer with a different approach 

compared to areas requiring greater depth of wall penetration and certain areas closer to 

other tissues. The most desirable approach may be to utilize a combination of the safety 

of PFA and the clinical experience of RFA in clinical treatment. Yosuke et al. [65] conducted 

a comparative study of different ablation modalities, where 41 patients were medically 

examined before and after ablation. A total of 18 of the patients were treated with PFA 

and 23 patients were treated with a thermal ablation procedure. The postoperative 

changes in myocardial tissue were more homogeneous in patients with PFA, and there 

was no postoperative vascular injury or intimal hemorrhage. No delayed myocardial en-

hancement was found in patients treated with PFA in the postoperative period, conclud-

ing that the PFA technique produces a more complete injury to the target myocardium 

compared to the thermal ablation technique. 

The durability of the PFA technique for the treatment of AF has received attention 

from clinical researchers. Verma et al. [66] first applied a circular multi-electrode array 

catheter in a clinical study. Thirty-eight patients with paroxysmal or persistent AF were 

recruited in this study. The results of the technique’s pulmonary vein isolation were eval-

uated 30 days after the procedure, and pulmonary vein isolation was accomplished in all 

of the patients. No serious adverse events related to the PFA technique, such as phrenic 

nerve injury, esophageal injury, or death, were observed during the 30-day follow-up. 

Gunawardene et al. [67] performed pulmonary vein isolation experiments in patients with 

AF using multiple types of ablation catheters, and the clinical results showed that pulmo-

nary vein isolation was successfully performed in all 20 patients and that there was no 

complex electrocardiographic segmentation of the edges of the lesion area after ablation. 

The finding that the ultrahigh-density mapping PFA technique can perform pulmonary 

vein isolation in the posterior wall of the left atrium, and at the same time, the probability 

of pulmonary vein reconnection occurring at an early stage is extremely low shows that 

this is a promising new technique for the treatment of AF. Loh et al. [29] explored the 

feasibility and safety of the single-pulse PFA technique for pulmonary vein isolation in 

Figure 4. PFA ablation device [63]. (A–D) Schematic diagrams of the ablation catheters in different
attitudes. (E) Ambulatory electrocardiogram before PFA ablation and ambulatory electrocardiogram
after PFA ablation.

The durability of the PFA technique for the treatment of AF has received attention
from clinical researchers. Verma et al. [66] first applied a circular multi-electrode array
catheter in a clinical study. Thirty-eight patients with paroxysmal or persistent AF were
recruited in this study. The results of the technique’s pulmonary vein isolation were
evaluated 30 days after the procedure, and pulmonary vein isolation was accomplished
in all of the patients. No serious adverse events related to the PFA technique, such as
phrenic nerve injury, esophageal injury, or death, were observed during the 30-day follow-
up. Gunawardene et al. [67] performed pulmonary vein isolation experiments in patients
with AF using multiple types of ablation catheters, and the clinical results showed that
pulmonary vein isolation was successfully performed in all 20 patients and that there was
no complex electrocardiographic segmentation of the edges of the lesion area after ablation.
The finding that the ultrahigh-density mapping PFA technique can perform pulmonary
vein isolation in the posterior wall of the left atrium, and at the same time, the probability
of pulmonary vein reconnection occurring at an early stage is extremely low shows that this
is a promising new technique for the treatment of AF. Loh et al. [29] explored the feasibility
and safety of the single-pulse PFA technique for pulmonary vein isolation in patients with
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AF, a single-pulse ablation pulmonary vein isolation study was performed in 10 patients
with paroxysmal or persistent AF, and the results showed that all 40 pulmonary veins were
successfully isolated without reconnection; this is the first study in which pulmonary vein
isolation was accomplished by single-pulse ablation.

Catheter ablation procedures for AF may cause complications and damage to other
tissues, and clinical data suggest the tissue-selective specificity of the PFA technique.
Cochet et al. [68] recruited 41 patients with paroxysmal AF for pulmonary vein isolation
using three treatment methods, namely, RFA, CBA, and PFA, and assessed esophageal and
aortic injuries using myocardial delayed enhancement. The ablation site was in contact
with the esophagus in all patients, and postprocedural results showed no esophageal
lesions—which are common with thermal ablation methods—in patients undergoing PFA
treatment, confirming the unique tissue specificity of the PFA technique. Some patients
developed transient aortic injury after both PFA and thermal ablation treatments, but the
pathologic significance was unclear. These findings illustrate the tissue-selective nature
of PFA.

Numerous clinical studies have demonstrated the favorable safety profile of PFA relative to
other ablation techniques, but this technique is associated with adverse symptoms produced by
other ablation modalities during the treatment of AF. Gunawardene et al. [69] reported the first
case of arterial spasm during pulsed electric field ablation. They alleviated the phenomenon
with nitroglycerin during the procedure, and the patient did not experience postoperative
adverse symptoms such as angina pectoris. During epicardial ablation, Reddy et al. [70] found
that when ablation therapy is performed away from the coronary arteries, it does not cause
coronary artery spasms during the ablation, while when the ablation energy is delivered to
the vicinity of the coronary arteries, it usually causes arterial spasm, which can be relieved by
taking nitroglycerin. Renal injury due to ablation therapy is another uncommon negative effect.
Mohanty et al. [71] divided 103 patients into two groups based on different post-procedure
methods after PFA ablation for AF and observed that the number of PFA applications and the
post-procedure hydration therapy seem to be important predictors of lung injury; therefore,
renal injury can be prevented by injecting enough fluids immediately after ablation. Another
study by Venier et al. [72], which investigated 68 patients with AF who were treated with
PFA, obtained the same results. Additionally, the number of PFA applications seemed to be an
important factor in the severity of hemolysis.

4. Discussion and Analysis

As a novel approach to AF ablation therapy, the development and application of PFA
technology have aroused great interest. PFA technology is a non-thermal ablation technique.
In previous catheter ablation techniques for AF, radiofrequency or cryogenic energies were
usually used, and such energies may cause serious complications. The principle of PFA
technology is to apply high-voltage electrical pulses to the phospholipid bilayer of the
cell membrane, leading to the formation of transmembrane potential, causing changes
in cell membrane permeability that in turn disrupts the homeostasis of the intracellular
environment and leads to cell death. The electric field is usually formed between two or
more electrodes of the catheter, and the greater the applied field strength the greater the
effect on the target tissue. Due to the low field strength threshold required for irreversible
electroporation to occur in cardiomyocytes, cardiomyocytes have a high sensitivity to the
electric field, and due to its ability to produce transmural, sequential damage by generating
irreversible electroporation, PFA has advantages such as safety and efficacy, which other
ablation techniques do not have.

4.1. Discussion

AF is the most common arrhythmia symptom, and pharmacologic treatment of AF has
been the mainstay of therapy for decades; however, limited therapeutic efficacy coupled
with incomplete evaluation of other symptoms caused by AF has led to a tremendous
development of ablative therapies [2–10]. Studies have demonstrated that pulmonary vein
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lesions play an important role in cardiac heart rate maintenance, thus pulmonary vein
isolation has become a new technique for the treatment of AF, and catheter ablation has
been shown to have a significant effect on pulmonary vein isolation [5,10,12–14]. RFA and
CBA are the more common therapeutic means, and clinical data have shown that there
is no significant difference between the different therapeutic techniques in the treatment
of AF. However, since both ablation techniques are heat source ablation techniques, they
are prone to causing other tissue damage during treatment, for example, pulmonary vein
stenosis and phrenic nerve injury [15–22].

Researchers are looking for a new technology to be used in clinical studies of AF treat-
ment. PFA technology has attracted extensive research interest and has shown relatively
good results in cancer treatment. RFA technology converts low-voltage, high-frequency
electrical energy into thermal energy to perform fractional ablation at the target lesion; CBA
technology releases liquid refrigerant N20 from a catheter-tipped balloon into the tissue of
the lesion to perform ablation. For the PFA technology, the electric field energy delivered
by the catheter is used to damage the phospholipid bilayer of the cell membranes of car-
diomyocytes, changing the permeability of the cell membranes and causing the destruction
of the intracellular homeostatic environment, hence treating AF. Since the tissues adjacent
to cardiomyocytes have different thresholds of pulsed-field strength, PFA technology has
the advantage of tissue selectivity that other ablation techniques do not have; this avoids
potential damage to other tissues around the ablation object [23–36,73].

Physical field parameter simulation research is an important stage in the clinical
application of new technologies, and reasonable PFA parameters will substantially reduce
the cost of clinical research [37,44,74]. The researchers obtained a simplified cardiac model
from between models of different complexities that can get more accurate simulation results,
which provides data support for reducing the complexity of the model in the future. The
effects of cardiac fat thickness and arterial metal catheters on the distribution of electric
fields were investigated in subsequent studies, and these simulation results had a positive
effect on the treatment of the disease in AF patients with different conditions [38,39,41]. The
different discharge patterns of the catheters directly affect the distribution of the electric
field in the myocardium, and an increase of 1–2 mm in the contact distance between the
catheter and the tissue requires a doubling of the field strength to achieve the same ablation
effect [40,43]. In another study, it was found that the use of hemodynamics resulted in a
normal ablation process without thermal damage to other tissues. After the physical field
simulation study, some researchers used animal experiments to verify the reliability of the
simulation data and found that PFA does not cause negative damage to the esophagus and
other tissues, illustrating the safety and reliability of this technology [37,42].

Simulations from different perspectives are providing a solid database for subsequent
clinical studies, and a large number of simulations will be needed in the future for more
detailed studies of different patient symptoms. Simulation data on simplified cardiac
models reduces the modeling complexity for subsequent studies and improves simulation
efficiency. However, no researchers have yet conducted a detailed study of coronary stents
in patients with AF to see whether the mesh morphology of the stents distorts the electric
field distribution during PFA therapy. This may require researchers to conduct further
studies to fill the data gaps in simulation models of different complexities.

The results of animal experiments play a huge role in the promotion of clinical appli-
cations. A large number of researchers have conducted animal experiments and found that
PFA has good therapeutic effects. For example, researchers recorded temperature changes
during ablation experiments and found that the boundaries of the ablated area were clear
without tissue scorching or damage after the postoperative ex vivo debridement. In another
study, it was found that the fibrosis of the lesion tissue was uniform after ablation, and
the ablation depth and width of the lesion area were uniform and consistent, with no
damage to non-targeted tissues [35,45–47,75]. Since then, several animal experimental
studies on different animals have demonstrated that the PFA technique has good tissue
specificity and can effectively perform pulmonary vein isolation for AF treatment. It avoids
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damage to esophageal stenosis and phrenic nerve injury caused by the use of RFA or CBA
in the treatment of AF. Some researchers have also found that the PFA technology has
better transmural damage ability than thermogenic ablation and can effectively block the
reconnection of pulmonary veins compared with other ablation methods. At the same time,
researchers have found that the PFA technique has better transmural damage ability than
thermal ablation, and the lesion area has a high degree of consistency in regional width,
homogeneous tissue fibrosis in the region, and is able to block the reconnection of the
pulmonary veins more effectively than other ablation methods [35,43,48–61].

As a new treatment for AF, animal testing is a necessary preclinical stage. The ultimate
application of this technology will be in the treatment of patients with AF, and we can
find information that this technology is being tried in the clinic. Because of the special
characteristics of the human body, it may be more useful to conduct experiments on larger
mammals, such as pigs and large dogs, to guide clinical results. However, this can be a
costly burden for researchers, so the new technique of ex vivo animal tissue experiments
may have a positive significance for animal experiments and preclinical studies.

The fundamental purpose of physical field simulation studies and animal experiments
is to provide theoretical support for the clinical study of the PFA technology. Unlike
previous heat source ablation, PFA technology causes cell death by creating nanoscale
voids in the cell membrane. Researchers conducted a clinical study of PFA in 22 patients, all
of whom had successful isolation of the focal pulmonary vein, with an average procedure
time of one hour and no complications. In a follow-up study, the researchers used a
proprietary pulse waveform to successfully isolate all of the targeted pulmonary veins. At
follow-up, there was no phrenic nerve injury or esophageal injury, except for one case of
pericardial tamponade, and the 12-month arrhythmia-free Kaplan–Meier estimate averaged
87.4% [27,62]. The safety and sustainability of the PFA technique for the treatment of
persistent AF and ablation of the posterior wall of the left atrium have been of interest
to researchers. Cardiac computed tomography of the esophagus in 25 patients after the
procedure showed no mucosal lesions or pulmonary vein stenosis; this study extends the
application of the PFA technique from paroxysmal AF to the treatment of persistent AF [63].

To better compare the advantages and disadvantages of thermogenic ablation and
PFA, several researchers have conducted in-depth comparisons of the two techniques using
clinical trials. Patients treated with PFA were found to have more homogeneous lesions in
the myocardial tissue, and there was no damage to tissues such as blood vessels. Similar
results were obtained in another study, and the researchers suggested that combining the
safety of PFA with the clinical experience of RFA may be a safer and more effective way
to treat AF, as PFA can control the ablation area of the target lesion and has a very low
likelihood of reconnecting the pulmonary veins at the end of treatment. Similar findings
were reported in another study comparing the three treatment modalities of RFA, CBA,
and PFA, in which the PFA technique did not cause symptoms such as esophageal injury
and avoided aortic injury relative to the thermogenic ablation technique, findings that
illustrate the tissue-selective specificity of PFA [64–68]. In a follow-up study, hundreds of
patients with paroxysmal AF were randomized to different ablation modalities to compare
the safety of the three treatment modalities, RFA, CBA, and PFA, and after one year, a
similar proportion of patients with PFA as well as patients with thermal ablation were
found to have achieved the primary efficacy endpoint. Several studies have demonstrated
the favorable safety profile of PFA [76–78]. A similar study was conducted to evaluate the
safety and durability of pulsed-field ablation of AF in a subgroup of 72 patients. The safety
and durability of the treatment of AF were comparable to the results of thermal ablation at
6 months, but with a shorter learning curve; the results of this study have been confirmed
by other researchers [79,80].

There have been cases where symptoms of arterial spasm may occur during PFA
procedures for AF, but numerous studies have found that this symptom does not only
occur during PFA but also during RFA and CBA for AF, where it is a rare symptom.
In a study of 2913 patients, the arterial spasm was found to occur in only nine cases
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(approximately 0.31%), and although the chances of this symptom occurring are small,
careful monitoring of the patient’s electrocardiogram during the procedure is necessary
to allow for rapid resolution of this symptom [69,70,81,82]. It has been found that there
is a small chance of kidney injury during ablation for AF, and there appears to be a
relationship between this kidney injury and the type of ablation. In one study, RFA and
CBA were found to cause a greater chance of kidney injury than pulsed-field ablation,
4.3% versus 1.8%, respectively, whereas in the subgroup that used pulsed-field therapy
for AF, there was only a 1% probability of kidney injury, which may also be due to the
small number of patients in the pulsed-field subgroup (306). It was also found that it was
possible to prevent symptoms of renal injury by using hydration therapy in the immediate
postoperative period occurrence [71,72,83,84]. These studies demonstrate that PFA may
cause less unwanted harm, such as coronary artery spasm versus kidney injury, relative to
other ablation methods. In the future, it will be interesting to see whether the development
of PFA technology can completely avoid these unnecessary injuries.

Epicardial ablation has attracted a lot of attention from researchers, mainly because the
beating of the heart is governed by the autonomic nervous system. The ganglionic plexus of
the epicardium is an important part of this nervous system, and these plexuses are usually
located in the fatty layer of the epicardium. Researchers used a computerized physical
simulation to study the effect of the ganglion plexus on the ablation area and observed that
the plexus had an effect on the width of the ablation. The researchers modified the ablation
device, obtained the ablation parameters in a computer simulation model, and performed
epicardial ablation in experimental pigs. The results showed that the modified ablation
device was effective in ablating epicardial ganglion from the ablation treatment and that
it minimized the damage to the myocardium and collateral structures. In one clinical
study, ganglion ablation was found to be successful in all patients, with no complications
at one-year follow-up. In another study comparing RFA versus PFA, it was found that PFA
is an exciting new technology; it was also found that PFA may be more friendly to certain
nerves, allowing for this selectivity to be fully utilized, providing unique opportunities
for ganglion-subtraction ablation. While the results of ganglion subtraction from ablation
appear to be favorable in the short term, the long-term safety and efficacy of ablation are
still worth exploring [41,85–89].

Finally, although the PFA technique is safe and effective in animal experiments, which
may depend on the findings of various parameters of the physical field simulation, the
optimal treatment protocols and device parameters still need to be further studied and
refined. In particular, some device parameter variables in the new technique, such as
pulsed-field strength, number of pulses, pulse duration and frequency, etc., need to be
considered [25,72,90]. A review of the safety of PFA ablation is shown in Table 3. In
addition, the development of PFA technology also requires further research and parameter-
ization of pulsed devices and catheters, including catheter diameter and shape, amount
of contact with ablated tissue, and number of electrodes. In future clinical studies, good
pulsed ablation devices and reasonable ablation parameters may be more favorable for the
application of this technology in AF treatment. In the future, a large number of clinical
trials will demonstrate the safety and efficacy of PFA technology compared with other
thermal ablation techniques in the treatment of AF. With the improvement of treatment
protocols and the acquisition of a large amount of clinical data, PFA technology may be
accelerated into clinical application [77–79,91].

Table 3. Summary of additional safety assessments (N = 121) [90].

No. of Patients Assessed Findings

Esophagus Findings
EGD 38 No esophageal lesions
CMR 18 No esophageal enhancement

Phrenic nerve
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Table 3. Cont.

No. of Patients Assessed Findings

Fluoroscopy at end of
procedure 121 No paresis/palsy

Fluoroscopy at 3 months 110
Brain MRI 18 16 of 18 (89) DW-negative
PV stenosis

EAM at 3 months 110 No PV stenosis or narrowing
CT at 3 months 74

EGD: esophagogastroduodenoscopy; CMR: cardiac magnetic resonance; MRI: magnetic resonance imaging; PV:
pulmonary vein; EAM: electroanatomical mapping; CT: computed tomography; DW: diffusion-weighted.

4.2. Development Direction

Studies have demonstrated the effectiveness and safety of the PFA technique in the
treatment of AF, and some researchers have compared thermal ablation and PFA in clinical
settings, with clinical results showing that non-thermal ablation is safer and more effec-
tive in treatment. However, due to the insufficient number of such comparative trials,
researchers need to conduct further studies on this technique to prove its advantages.

The PFA parameters in this technique have an important impact on AF treatment, and
the ablation parameters in clinical application need to be further investigated, for example,
the number of pulses and the ratio of pulses and pulse duration, which have a direct impact
on the depth and width of the ablation area. In addition, as a new technology, more clinical
studies and follow-up studies are needed to prove the safety and efficacy of this technology.

Finally, is it possible to apply the clinical experience of thermogenic ablation to the PFA
technique, and it may be possible to combine the two techniques in clinical applications
for better therapeutic results. There are studies demonstrating that the PFA technique can
be effective in the treatment of paroxysmal and persistent AF therapy, and it might be an
interesting study to combine clinical data with this technique for the permanent treatment
of AF.

5. Conclusions

Based on a large number of physical field simulation studies and animal experimental
results, PFA has demonstrated greater safety and efficacy in AF treatment compared to RFA
and CBA. These studies found that PFA was effective in producing well-defined ablative
injuries and minimizing the risk of collateral damage. Additionally, without taking the
protection of other adjacent tissues into account, PFA has good ablation specificity and
does not cause damage to the esophagus or phrenic nerve. In addition, the results of a
clinical study showed that the probability of reconnection of the pulmonary veins after
treatment with PFA technology was extremely low and complications were not detected
during patient follow-up. This suggests that the PFA technique will be a promising tool for
the treatment of AF. Finally, it is worth mentioning that the PFA technique was developed
for treating other diseases, and the possibility of using this technique for a wider range of
disease treatments in the future deserves to be explored through further research.
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Reduction in pulmonary vein stenosis and collateral damage with pulsed field ablation compared with radiofrequency ablation
in a canine model. Circ. Arrhythmia Electrophysiol. 2020, 13, e008337. [CrossRef] [PubMed]

29. Loh, P.; van Es, R.; Groen, M.H.; Neven, K.; Kassenberg, W.; Wittkampf, F.H.; Doevendans, P.A. Pulmonary vein isolation with
single pulse irreversible electroporation: A first in human study in 10 patients with atrial fibrillation. Circ. Arrhythmia Electrophysiol.
2020, 13, e008192. [CrossRef] [PubMed]

30. Ranjan, R.; Kato, R.; Zviman, M.M.; Dickfeld, T.M.; Roguin, A.; Berger, R.D.; Tomaselli, G.F.; Halperin, H.R. Gaps in the ablation
line as a potential cause of recovery from electrical isolation and their visualization using MRI. Circ. Arrhythmia Electrophysiol.
2011, 4, 279–286. [CrossRef]

31. Tian, Z.; Nan, Q.; Nie, X.; Dong, T.; Wang, R. The comparison of lesion outline and temperature field determined by different
ways in atrial radiofrequency ablation. Biomed. Eng. Online 2016, 15, 439–449. [CrossRef]

32. Ahmed, H.; Neuzil, P.; D’Avila, A.; Cha, Y.-M.; Laragy, M.; Mares, K.; Brugge, W.R.; Forcione, D.G.; Ruskin, J.N.; Packer, D.L.; et al.
The esophageal effects of cryoenergy during cryoablation for atrial fibrillation. Heart Rhythm. 2009, 6, 962–969. [CrossRef]
[PubMed]

33. Su, W.; Aryana, A.; Passman, R.; Singh, G.; Hokanson, R.; Kowalski, M.; Andrade, J.; Wang, P. Cryoballoon Best Practices II:
Practical guide to procedural monitoring and dosing during atrial fibrillation ablation from the perspective of experienced users.
Heart Rhythm. 2018, 15, 1348–1355. [CrossRef] [PubMed]

34. Caluori, G.; Odehnalova, E.; Jadczyk, T.; Pesl, M.; Pavlova, I.; Valikova, L.; Holzinger, S.; Novotna, V.; Rotrekl, V.; Hampl, A.; et al. AC
pulsed field ablation is feasible and safe in atrial and ventricular settings: A proof-of-concept chronic animal study. Front. Bioeng. Biotechnol.
2020, 8, 552357. [CrossRef]

35. Verma, A.; Asivatham, S.J.; Deneke, T.; Castellvi, Q.; Neal, R.E. Primer on pulsed electrical field ablation: Understanding the
benefits and limitations. Circ. Arrhythmia Electrophysiol. 2021, 14, e010086. [CrossRef]

36. Zang, L.; Gu, K.; Ji, X.; Zhang, H.; Yan, S.; Wu, X. Comparative Analysis of Temperature Rise between Convective Heat Transfer
Method and Computational Fluid Dynamics Method in an Anatomy-Based Left Atrium Model during Pulsed Field Ablation:
A Computational Study. J. Cardiovasc. Dev. Dis. 2023, 10, 56. [CrossRef]

37. Zupanic, A.; Kos, B.; Miklavcic, D. Treatment planning of electroporation-based medical interventions: Electrochemotherapy,
gene electrotransfer and irreversible electroporation. Phys. Med. Biol. 2012, 57, 5425–5440. [CrossRef] [PubMed]

38. González-Suárez, A.; Irastorza, R.M.; Deane, S.; O’Brien, B.; O’Halloran, M.; Elahi, A. Full torso and limited-domain computer
models for epicardial pulsed electric field ablation. Comput. Methods Programs Biomed. 2022, 221, 106886. [CrossRef]

39. González-Suárez, A.; O’brien, B.; O’halloran, M.; Elahi, A. Pulsed electric field ablation of epicardial autonomic ganglia:
Computer analysis of monopolar electric field across the tissues involved. Bioengineering 2022, 9, 731. [CrossRef]

40. Ji, X.; Zhang, H.; Zang, L.; Yan, S.; Wu, X. The Effect of Discharge Mode on the Distribution of Myocardial Pulsed Electric
Field—A Simulation Study for Pulsed Field Ablation of Atrial Fibrillation. J. Cardiovasc. Dev. Dis. 2022, 9, 95. [CrossRef]

41. González-Suárez, A.; Pérez, J.J.; O’brien, B.; Elahi, A. In Silico Modelling to Assess the Electrical and Thermal Disturbance
Provoked by a Metal Intracoronary Stent during Epicardial Pulsed Electric Field Ablation. J. Cardiovasc. Dev. Dis. 2022, 9, 458.
[CrossRef] [PubMed]

42. Song, Y.; Zheng, J.; Fan, L. Nonthermal Irreversible Electroporation to the Esophagus: Evaluation of Acute and Long-Term
Pathological Effects in a Rabbit Model. J. Am. Heart Assoc. 2021, 10, e020731. [CrossRef]

43. Meckes, D.; Emami, M.; Fong, I.; Lau, D.H.; Sanders, P. Pulsed-field ablation: Computational modeling of electric fields for lesion
depth analysis. Heart Rhythm. O2 2022, 3, 433–440. [CrossRef]

44. Zang, L.; Gu, K.; Ji, X.; Zhang, H.; Yan, S.; Wu, X. Effect of Anisotropic Electrical Conductivity Induced by Fiber Orientation on
Ablation Characteristics of Pulsed Field Ablation in Atrial Fibrillation Treatment: A Computational Study. J. Cardiovasc. Dev. Dis.
2022, 9, 319. [CrossRef] [PubMed]

45. Lavee, J.; Onik, G.; Mikus, P.; Rubinsky, B. A novel nonthermal energy source for surgical epicardial atrial ablation: Irreversible
electroporation. Heart Surg. Forum 2007, 10, E162–E167. [CrossRef] [PubMed]

https://doi.org/10.1016/j.jacep.2016.02.003
https://www.ncbi.nlm.nih.gov/pubmed/29759868
https://doi.org/10.1063/1.4949264
https://doi.org/10.1007/s11886-022-01697-2
https://www.ncbi.nlm.nih.gov/pubmed/35608722
https://doi.org/10.1016/j.jacep.2018.06.005
https://www.ncbi.nlm.nih.gov/pubmed/30139498
https://doi.org/10.1007/s10840-019-00574-3
https://www.ncbi.nlm.nih.gov/pubmed/31270656
https://doi.org/10.1016/j.jacc.2019.04.021
https://www.ncbi.nlm.nih.gov/pubmed/31085321
https://doi.org/10.1161/circep.120.008337
https://www.ncbi.nlm.nih.gov/pubmed/32877256
https://doi.org/10.1161/CIRCEP.119.008192
https://www.ncbi.nlm.nih.gov/pubmed/32898450
https://doi.org/10.1161/circep.110.960567
https://doi.org/10.1186/s12938-016-0251-5
https://doi.org/10.1016/j.hrthm.2009.03.051
https://www.ncbi.nlm.nih.gov/pubmed/19560085
https://doi.org/10.1016/j.hrthm.2018.04.021
https://www.ncbi.nlm.nih.gov/pubmed/29684571
https://doi.org/10.3389/fbioe.2020.552357
https://doi.org/10.1161/CIRCEP.121.010086
https://doi.org/10.3390/jcdd10020056
https://doi.org/10.1088/0031-9155/57/17/5425
https://www.ncbi.nlm.nih.gov/pubmed/22864181
https://doi.org/10.1016/j.cmpb.2022.106886
https://doi.org/10.3390/bioengineering9120731
https://doi.org/10.3390/jcdd9040095
https://doi.org/10.3390/jcdd9120458
https://www.ncbi.nlm.nih.gov/pubmed/36547455
https://doi.org/10.1161/jaha.120.020731
https://doi.org/10.1016/j.hroo.2022.05.009
https://doi.org/10.3390/jcdd9100319
https://www.ncbi.nlm.nih.gov/pubmed/36286271
https://doi.org/10.1532/HSF98.20061202
https://www.ncbi.nlm.nih.gov/pubmed/17597044


J. Cardiovasc. Dev. Dis. 2024, 11, 175 17 of 19

46. Stewart, M.T.; Haines, D.E.; Verma, A.; Kirchhof, N.; Barka, N.; Grassl, E.; Howard, B. Intracardiac pulsed field ablation: Proof of
feasibility in a chronic porcine model. Heart Rhythm. 2019, 16, 754–764. [CrossRef]

47. Koruth, J.S.; Kuroki, K.; Iwasawa, J.; Viswanathan, R.; Brose, R.; Buck, E.D.; Donskoy, E.; Dukkipati, S.R.; Reddy, V.Y. Endocardial
ventricular pulsed field ablation: A proof-of-concept preclinical evaluation. EP Eur. 2020, 22, 434–439. [CrossRef] [PubMed]

48. Padmanabhan, D.; Naksuk, N.; Killu, A.K.; Kapa, S.; Witt, C.; Sugrue, A.; DeSimone, C.V.; Madhavan, M.; de Groot, J.R.;
O’Brien, B.; et al. Electroporation of epicardial autonomic ganglia: Safety and efficacy in medium-term canine models.
J. Cardiovasc. Electrophysiol. 2019, 30, 607–615. [CrossRef] [PubMed]

49. Sugrue, A.; Vaidya, V.R.; Livia, C.; Padmanabhan, D.; Abudan, A.; Isath, A.; Witt, T.; DeSimone, C.V.; Stalboerger, P.; Kapa, S.; et al.
Feasibility of selective cardiac ventricular electroporation. PLoS ONE 2020, 15, e0229214. [CrossRef]

50. Koruth, J.; Kuroki, K.; Iwasawa, J.; Enomoto, Y.; Viswanathan, R.; Brose, R.; Buck, E.D.; Speltz, M.; Dukkipati, S.R.; Reddy,
V.Y. Preclinical evaluation of pulsed field ablation: Electrophysiological and histological assessment of thoracic vein isolation.
Circ. Arrhythmia Electrophysiol. 2019, 12, e007781. [CrossRef]

51. Yavin, H.; Brem, E.; Zilberman, I.; Shapira-Daniels, A.; Datta, K.; Govari, A.; Altmann, A.; Anic, A.; Wazni, O.; Anter, E.
Circular multielectrode pulsed field ablation catheter lasso pulsed field ablation: Lesion characteristics, durability, and effect on
neighboring structures. Circ. Arrhythmia Electrophysiol. 2021, 14, e009229. [CrossRef] [PubMed]

52. Varghese, F.; Philpott, J.M.; Neuber, J.U.; Hargrave, B.; Zemlin, C.W. Surgical ablation of cardiac tissue with nanosecond pulsed
electric fields in swine. Cardiovasc. Eng. Technol. 2023, 14, 52–59. [CrossRef] [PubMed]

53. Doshi, S.K.; Flaherty, M.C.; Laughner, J.; Quan, M.; Anic, A. Catheter–tissue contact optimizes pulsed electric field ablation with a
large area focal catheter. J. Cardiovasc. Electrophysiol. 2024, 35, 765–774. [CrossRef] [PubMed]

54. Wittkampf, F.H.; van Driel, V.J.; van Wessel, H.; Neven, K.G.; Gründeman, P.F.; Vink, A.; Loh, P.; Doevendans, P.A. Myocardial
lesion depth with circular electroporation ablation. Circ. Arrhythmia Electrophysiol. 2012, 5, 581–586. [CrossRef] [PubMed]

55. Neven, K.; van Driel, V.; van Wessel, H.; van Es, R.; Doevendans, P.A.; Wittkampf, F. Epicardial linear electroporation ablation
and lesion size. Heart Rhythm. 2014, 11, 1465–1470. [CrossRef] [PubMed]

56. Yavin, H.; Shapira-Daniels, A.; Barkagan, M.; Sroubek, J.; Shim, D.; Melidone, R.; Anter, E. Pulsed field ablation using a lattice
electrode for focal energy delivery: Biophysical characterization, lesion durability, and safety evaluation. Circ. Arrhythmia Electrophysiol.
2020, 13, e008580. [CrossRef] [PubMed]

57. Ye, X.; Liu, S.; Yin, H.; He, Q.; Xue, Z.; Lu, C.; Su, S. Study on optimal parameter and target for pulsed-field ablation of atrial
fibrillation. Front. Cardiovasc. Med. 2021, 8, 690092. [CrossRef] [PubMed]

58. Al-Khadra, A.; Nikolski, V.; Efimov, I.R. The role of electroporation in defibrillation. Circ. Res. 2000, 87, 797–804. [CrossRef]
[PubMed]

59. Hunter, D.W.; Kostecki, G.; Fish, J.M.; Jensen, J.A.; Tandri, H. In vitro cell selectivity of reversible and irreversible: Electroporation
in cardiac tissue. Circ. Arrhythmia Electrophysiol. 2021, 14, e008817. [CrossRef] [PubMed]

60. Avazzadeh, S.; O’brien, B.; Coffey, K.; O’halloran, M.; Keane, D.; Quinlan, L.R. Establishing irreversible electroporation electric
field potential threshold in a suspension in vitro model for cardiac and neuronal cells. J. Clin. Med. 2021, 10, 5443. [CrossRef]

61. Madhavan, M.; Venkatachalam, K.; Swale, M.J.; Desimone, C.V.; Gard, J.J.; Johnson, S.B.; Suddendorf, S.H.; Mikell, S.B.; Ladewig,
D.J.; Nosbush, T.G.; et al. Novel percutaneous epicardial autonomic modulation in the canine for atrial fibrillation: Results of an
efficacy and safety study. Pacing Clin. Electrophysiol. 2016, 39, 407–417. [CrossRef] [PubMed]

62. Reddy, V.Y.; Koruth, J.; Jais, P.; Petru, J.; Timko, F.; Skalsky, I.; Hebeler, R.; Labrousse, L.; Barandon, L.; Kralovec, S.; et al. Ablation of
atrial fibrillation with pulsed electric fields: An ultra-rapid, tissue-selective modality for cardiac ablation. JACC Clin. Electrophysiol.
2018, 4, 987–995. [CrossRef] [PubMed]

63. Reddy, V.Y.; Anic, A.; Koruth, J.; Petru, J.; Funasako, M.; Minami, K.; Breskovic, T.; Sikiric, I.; Dukkipati, S.R.; Kawamura, I.; et al.
Pulsed Field Ablation in Patients with Persistent Atrial Fibrillation. J. Am. Coll. Cardiol. 2020, 76, 1068–1080. [CrossRef] [PubMed]

64. Reddy, V.Y.; Anter, E.; Rackauskas, G.; Peichl, P.; Koruth, J.S.; Petru, J.; Funasako, M.; Minami, K.; Natale, A.; Jais, P.; et al. Lattice-
tip focal ablation catheter that toggles between radiofrequency and pulsed field energy to treat atrial fibrillation a first-in-human
trial. Circ. Arrhythmia Electrophysiol. 2020, 13, e008718. [CrossRef] [PubMed]

65. Nakatani, Y.; Sridi-Cheniti, S.; Cheniti, G.; Ramirez, F.D.; Goujeau, C.; Andre, C.; Nakashima, T.; Eggert, C.; Schneider, C.;
Viswanathan, R.; et al. Pulsed field ablation prevents chronic atrial fibrotic changes and restrictive mechanics after catheter
ablation for atrial fibrillation. EP Eur. 2021, 23, 1767–1776. [CrossRef] [PubMed]

66. Verma, A.; Boersma, L.; Haines, D.E.; Natale, A.; Marchlinski, F.E.; Sanders, P.; Calkins, H.; Packer, D.L.; Hummel, J.; Onal, B.; et al.
First-in-human experience and acute procedural outcomes using a novel pulsed field ablation system: The PULSED AF pilot trial.
Circ. Arrhythmia Electrophysiol. 2022, 15, e010168. [CrossRef] [PubMed]

67. Gunawardene, M.A.; Schaeffer, B.N.; Jularic, M.; Eickholt, C.; Maurer, T.; Akbulak, R.; Flindt, M.; Anwar, O.; Pape, U.F.;
Maasberg, S.; et al. Pulsed-field ablation combined with ultrahigh-density mapping in patients undergoing catheter ablation for
atrial fibrillation: Practical and electrophysiological considerations. J. Cardiovasc. Electrophysiol. 2022, 33, 345–356. [CrossRef]
[PubMed]

68. Cochet, H.; Nakatani, Y.; Sridi-Cheniti, S.; Cheniti, G.; Ramirez, F.D.; Nakashima, T.; Eggert, C.; Schneider, C.; Viswanathan, R.;
Derval, N.; et al. Pulsed field ablation selectively spares the oesophagus during pulmonary vein isolation for atrial fibrillation.
EP Eur. 2021, 23, 1391–1399. [CrossRef]

https://doi.org/10.1016/j.hrthm.2018.10.030
https://doi.org/10.1093/europace/euz341
https://www.ncbi.nlm.nih.gov/pubmed/31876913
https://doi.org/10.1111/jce.13860
https://www.ncbi.nlm.nih.gov/pubmed/30680839
https://doi.org/10.1371/journal.pone.0229214
https://doi.org/10.1161/CIRCEP.119.007781
https://doi.org/10.1161/CIRCEP.120.009229
https://www.ncbi.nlm.nih.gov/pubmed/33417475
https://doi.org/10.1007/s13239-022-00634-2
https://www.ncbi.nlm.nih.gov/pubmed/35705890
https://doi.org/10.1111/jce.16208
https://www.ncbi.nlm.nih.gov/pubmed/38357859
https://doi.org/10.1161/CIRCEP.111.970079
https://www.ncbi.nlm.nih.gov/pubmed/22492429
https://doi.org/10.1016/j.hrthm.2014.04.031
https://www.ncbi.nlm.nih.gov/pubmed/24768609
https://doi.org/10.1161/CIRCEP.120.008580
https://www.ncbi.nlm.nih.gov/pubmed/32372696
https://doi.org/10.3389/fcvm.2021.690092
https://www.ncbi.nlm.nih.gov/pubmed/34621795
https://doi.org/10.1161/01.res.87.9.797
https://www.ncbi.nlm.nih.gov/pubmed/11055984
https://doi.org/10.1161/CIRCEP.120.008817
https://www.ncbi.nlm.nih.gov/pubmed/33729827
https://doi.org/10.3390/jcm10225443
https://doi.org/10.1111/pace.12824
https://www.ncbi.nlm.nih.gov/pubmed/26854009
https://doi.org/10.1016/j.jacep.2018.04.005
https://www.ncbi.nlm.nih.gov/pubmed/30139499
https://doi.org/10.1016/j.jacc.2020.07.007
https://www.ncbi.nlm.nih.gov/pubmed/32854842
https://doi.org/10.1161/CIRCEP.120.008718
https://www.ncbi.nlm.nih.gov/pubmed/32383391
https://doi.org/10.1093/europace/euab155
https://www.ncbi.nlm.nih.gov/pubmed/34240134
https://doi.org/10.1161/circep.121.010168
https://www.ncbi.nlm.nih.gov/pubmed/34964367
https://doi.org/10.1111/jce.15349
https://www.ncbi.nlm.nih.gov/pubmed/34978360
https://doi.org/10.1093/europace/euab090


J. Cardiovasc. Dev. Dis. 2024, 11, 175 18 of 19

69. Gunawardene, M.A.; Schaeffer, B.N.; Jularic, M.; Eickholt, C.; Maurer, T.; Akbulak, R.; Flindt, M.; Anwar, O.; Hartmann, J.;
Willems, S. Coronary Spasm During Pulsed Field Ablation of the Mitral Isthmus Line. Clin. Electrophysiol. 2021, 7, 1618–1620.
[CrossRef]

70. Reddy, V.Y.; Petru, J.; Funasako, M.; Kopriva, K.; Hala, P.; Chovanec, M.; Janotka, M.; Kralovec, S.; Neuzil, P. Coronary arterial
spasm during pulsed field ablation to treat atrial fibrillation. Circulation 2022, 146, 1808–1819. [CrossRef]

71. Mohanty, S.; Compagnucci, P.; Della Rocca, D.G.; La Fazia, V.M.; Gianni, C.; Macdonald, B.; Mayedo, A.; Allison, J.; Bassiouny, M.;
Gallinghouse, G.; et al. Acute Kidney Injury Resulting from Hemoglobinuria after Pulsed-Field Ablation in Atrial Fibrillation:
Is it Preventable? JACC Clin. Electrophysiol. 2024, 83, 59. [CrossRef]

72. Venier, S.; Vaxelaire, N.; Jacon, P.; Carabelli, A.; Desbiolles, A.; Garban, F.; Defaye, P. Severe acute kidney injury related to
haemolysis after pulsed field ablation for atrial fibrillation. Europace 2024, 26, euad371. [CrossRef] [PubMed]

73. Sano, M.B.; Fan, R.E.; Xing, L. Asymmetric waveforms decrease lethal thresholds in high frequency irreversible electroporation
therapies. Sci. Rep. 2017, 7, 40747. [CrossRef] [PubMed]

74. Hogenes, A.M.; Slump, C.H.; Scholten, G.A.T.R.O.G.; Meijerink, M.R.; Futterer, J.J.; van Laarhoven, C.J.H.M.; Overduin, C.G.;
Stommel, M.W.J. Effect of irreversible electroporation parameters and the presence of a metal stent on the electric field line
pattern. Sci. Rep. 2020, 10, 13517. [CrossRef] [PubMed]

75. Neven, K.; van Es, R.; van Driel, V.; van Wessel, H.; Fidder, H.; Vink, A.; Doevendans, P.; Wittkampf, F. Acute and long-term
effects of full-power electroporation ablation directly on the porcine esophagus. Circ. Arrhythmia Electrophysiol. 2017, 10, e004672.
[CrossRef] [PubMed]

76. Reddy, V.Y.; Gerstenfeld, E.P.; Natale, A.; Whang, W.; Cuoco, F.A.; Patel, C.; Mountantonakis, S.E.; Gibson, D.N.; Harding, J.D.;
Ellis, C.R.; et al. Pulsed field or conventional thermal ablation for paroxysmal atrial fibrillation. N. Engl. J. Med. 2023, 389, 1660–1671.
[CrossRef] [PubMed]

77. Verma, A.; Haines, D.E.; Boersma, L.V.; Sood, N.; Natale, A.; Marchlinski, F.E.; Calkins, H.; Sanders, P.; Packer, D.L.; Kuck, K.H.; et al.
Pulsed field ablation for the treatment of atrial fibrillation: PULSED AF pivotal trial. Circulation 2023, 147, 1422–1432. [CrossRef]
[PubMed]

78. Turagam, M.K.; Neuzil, P.; Schmidt, B.; Reichlin, T.; Neven, K.; Metzner, A.; Hansen, J.; Blaauw, Y.; Maury, P.; Arentz, T.; et al.
Safety and Effectiveness of Pulsed Field Ablation to Treat Atrial Fibrillation: One-Year Outcomes from the MANIFEST-PF Registry.
Circulation 2023, 148, 35–46. [CrossRef] [PubMed]

79. Yang, M.; Wang, P.-Y.; Hao, Y.-L.; Liang, M.; Yu, Z.-Y.; Li, X.-C.; Li, Y.-P. A real-world case–control study on the efficacy and safety
of pulsed field ablation for atrial fibrillation. Eur. J. Med. Res. 2023, 28, 519. [CrossRef] [PubMed]

80. Turagam, M.K.; Neuzil, P.; Petru, J.; Funasako, M.; Koruth, J.S.; Reinders, D.; Skoda, J.; Kralovec, S.; Reddy, V.Y. PV isolation using a
spherical array PFA catheter: Application repetition and lesion durability (PULSE-EU study). Clin. Electrophysiol. 2023, 9, 638–648.
[CrossRef]

81. Hachisuka, M.; Fujimoto, Y.; Oka, E.; Hayashi, H.; Yamamoto, T.; Murata, H.; Yodogawa, K.; Iwasaki, Y.K.; Hayashi, M.;
Miyauchi, Y.; et al. Perioperative coronary artery spasms in patients undergoing catheter ablation of atrial fibrillation.
J. Interv. Card. Electrophysiol. 2022, 64, 77–83. [CrossRef] [PubMed]

82. Yajima, K.; Yamase, Y.; Oishi, H.; Ikehara, N.; Asai, Y. Coronary artery spasm during cryoballoon ablation in a patient with atrial
fibrillation. Intern. Med. 2018, 57, 819–822. [CrossRef]
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