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The introduction of pulsed field ablation (PFA) in electrophysiology
marks a significant advancement, promising efficacy comparable to
thermal ablation methods while potentially providing safety advan-
tages. Despite a generally favorable safety profile in human trials
and postmarket registries, cautious evaluation of PFA’s safety is
essential. This review provides a comprehensive overview of key
safety considerations as we discuss a myriad of considerations
ranging from thermal effects, gaseous microbubble formation, mus-
cle contractions, and proarrhythmia to procedural techniques. We
explore specific safety concerns with phrenic nerve injury, cerebral
lesions, coronary artery spasm, hemolysis and pulmonary bleeding.

Vigilance in safety monitoring, coupled with advancements in pro-
cedural techniques and understanding of PFA’s unique effects, is
crucial for optimizing the safe and effective use of PFA.
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Introduction

The arrival of pulsed-field ablation (PFA) in humans has ush-
ered in a new era for electrophysiology. While PFA demon-
strates comparable efficacy to thermal ablation methods, " its
potential for less atrial dwell time and reduced risk of collat-
eral tissue damage presents a compelling case for its adoption
and use. However, PFA is not immune from safety concerns,
and while human trials and postmarket registries have gener-
ally showcased a favorable safety profile,”® a cautious
approach remains imperative. This review aims to provide
a comprehensive overview of the key safety considerations
associated with the use of pulsed electric fields for atrial
fibrillation ablation. We discuss some general safety
principles with PFA, and then specific safety concerns
reported in clinical practice.

General safety principles

Thermal

Thermal considerations are critical when considering the
safety aspect of PFA. Heating is a particular concern in car-
diac ablation, as it can lead to char formation, steam pops,
and collateral tissue damage. An ablation energy modality
with no heating (or at least biologically insignificant heating)
is attractive. Research with radiofrequency (RF) ablation has
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shown that when cardiac tissue reaches 50 °C, it tends to
result in irreversible loss of cellular excitability. Thus, this
is largely considered the threshold for tissue death.” When-
ever an electric field is applied to tissue, it generates heat ac-
cording to Joule’s first law.'” However, unlike thermal
ablation modalities, the amount of heating is generally
assumed to be biologically insignificant. Esophageal temper-
ature studies during PFA delivery report small but insignifi-
cant rises in temperature, suggesting at least that there is no
clinically significant temperature rise in proximity to the
catheter.'"'?

Importantly, although we may not be detecting a signifi-
cant thermal effect, this does not exclude the possibility
that some thermal ablation occurs in close proximity to elec-
trodes. It is established that the greater the electric field
applied and the longer the exposure time, the greater the pos-
sibility for thermal ablation (Figure ). Particular consider-
ations need to be further explored, including the impact of
electrode size and spacing and electrode orientation relative
to the tissue, which could lead to heterogeneous thermal ef-
fects. For example, electric field distribution decays more
gradually with the use of cylindrical electrodes than with
spherical electrodes,'” and employing sequential pulses re-
sults in a lower temperature increase than consecutive pulse
delivery because the pauses allow cooling.'* While existing
data generally provide reassurance about the limited thermal
effects of PFA, ongoing research into thermal mitigation stra-
tegies remains crucial for ensuring continued safety.
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m Pulsed field ablation shows limited thermal effects
compared with traditional ablation methods, but
ongoing research is needed for thermal mitigation.

m Microbubble formation and muscle contractions are
noted with pulsed field ablation, requiring further
research and potential solutions like high-frequency
irreversible electroporation must be explored.

m Transient phrenic nerve injury, risks of cerebral lesions
from air emboli, and coronary artery spasm during non-
pulmonary vein isolation procedures are key concerns
needing careful management and mitigation.

Gaseous microbubbles

Microbubble formation has been observed with PFA on intra-
cardiac echocardiography, particularly at high energy out-
puts. The mechanism of bubble formation is believed to be
related to hydrolysis or possible nitrogen displacement.'”
Historically, monitoring for microbubble formation with
RF was important, as it could indicate excessive tissue heat-
ing and precede steam pops, which are associated with a risk
of cerebral emboli, tissue damage, and perforation.”’ The
impact of microbubbles with PFA is unclear. Further research
in this critical safety area is needed, focusing on understand-
ing clinical implications related to microbubbles and devel-
oping mitigation strategies.

Muscle contraction

Muscle contractions can lead to patient pain and discomfort
and pose safety challenges with catheter stability, vascular
access sheaths, and patient positioning. With PFA delivery,
muscle contraction can occur through direct muscle or nerve
stimulation. At present, clinically, we do not have any tools
to prevent this from happening apart from paralysis.
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Figure 1  The impact of an electric pulse can vary, including reversible

electroporation, irreversible electroporation, and thermal damage. Longer
pulse durations and higher voltages increase the likelihood of causing irre-
versible damage and potential thermal effects. Reprinted with permission
from Maor, Sugrue and colleagues.””

Researchers have explored a delivery protocol named high-
frequency irreversible electroporation,'’” which prevents
muscle contractions while still enabling efficient lesion for-
mation. For this protocol, very brief pulses, some as short
as <1 ps, at a high frequency of up to 1 MHz, are delivered
often in a bipolar manner. Although high-frequency irrevers-
ible electroporation has the potential to provide safer delivery
through decreased muscle stimulation, ablation efficacy is
unknown and further exploration in this space is needed.

Proarrhythmia

Electric field delivery to cardiac tissues risks triggering ven-
tricular fibrillation or other cardiac arrhythmias.lx However,
synchronizing pulse delivery with the electrocardiogram
(ECG) signal ensures that they are delivered when all
myocardial cells are in the absolute refractory period. All
PFA treatments administered near the heart incorporate
ECG synchronization, which has provided important safety.

Procedural technique and aspects

Vascular access complications

Vascular access complications, including hematoma, retro-
peritoneal bleeding, arteriovenous fistula, or pseudoaneur-
ysm, are some of the most frequent complications
associated with ablation procedures. Using ultrasound can
reduce their occurrence; however, about 1.5% of patients still
require blood transfusion or surgical repair.'” Currently, most
ablations are performed through a deflectable or fixed sheath
with a size of 8.5-F for RF and up to 15-F for cryoablation. It
may intuitively make sense that with increasing French size,
there is an increasing risk of vascular trauma; however, this is
not the case with similar vascular access complication rates
between cryoablation and RF .

PFA currently requires large groin sheaths for access, and
PFA has not been immune to vascular access complications,
particularly outside of Investigational Device Exemption tri-
als, with an incidence of 3%, primarily driven by hematoma.
Operators must adhere to general access principles and use
ultrasound to minimize potential vascular access complica-
tions.”"

Pericardial effusions and tamponade

Pericardial effusions and tamponade are procedural aspects
that warrant close attention, as they can cause significant
morbidity and mortality. Cardiac tamponade with PFA oc-
curs in approximately 1% of patients [0.7% in Pulsed Field
Ablation to Irreversibly Electroporate Tissue and Treat
(PULSED AF PIVITOL) and 1.7% in combined data of A
Safety and Feasibility Study of the IOWA Approach Endo-
cardial Ablation System to Treat Atrial Fibrillation (IM-
PULSE), A Safety and Feasibility Study of the
FARAPULSE Endocardial Ablation System to Treat Parox-
ysmal Atrial Fibrillation (PEFCAT), and Expanded Safety
and Feasibility Study of the FARAPULSE Endocardial Multi
Ablation System to Treat Paroxysmal Atrial Fibrillation
(PEFCAT II)], with approximately 0.2% requiring cardiac
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surgery. Interestingly, the EUropean real world outcomes
with Pulsed field ablatiOn in patients with symptomatic
atRIAL fibrillation (EU-PORIA) registry noted a discrepancy
in the occurrence of tamponade based on the operator’s prior
ablation technique. Specifically, in 9 (64%) of 14 instances,
pericardial tamponade occurred when the operator’s primary
ablation method was RF ablation.® This may be accounted for
by several factors. These systems are first-generation PFA
catheters using an over-the-wire approach, which requires a
different workflow than traditional RF ablation and there is
an operator learning curve. Last, in the era of force-sensing
catheters, increasing dependence has been placed on using
force as a surrogate for contact. In the era of PFA, many ap-
proaches do not have any integrated contact or force sensing,
and it is quite possible that the lack of a surrogate measure of
contact may result in excessive force being applied against
the myocardium.

At present, we have limited ability to visualize the PFA
catheters in a conventional mapping system. Consequently,
the movement of the PFA catheter is primarily driven by fluo-
roscopy. However, there has been a decrease in the use of
fluoroscopy with 3-dimensional mapping systems and con-
tact force catheters. Therefore, without these regular tools,
it is important to ensure careful manipulation of the catheter,
with particular care near the left atrial appendage and poste-
rior wall. However, we will soon have access to fully inte-
grated mapping and ablation systems, enabling full
visualization of the PFA catheter inside the mapping soft-
ware.

Relying on fluoroscopy also brings further safety consid-
erations, which means a significant increase in fluoroscopy
time and radiation dose to the patient and operator. While
we wait for the ability to integrate optimally with mapping
systems, adhering to the ALARA (as low as reasonably
achievable) principles is important.

Atrioesophageal fistula

One of the most devastating consequences of atrial fibrilla-
tion ablation is the development of an atrioesophageal fistula.
This is associated with a high mortality of 30%. Interestingly,
this one ablation complication has not decreased over time
and has stayed at a steady incidence of 0.2% to 0.3% (though
the true incidence is likely underappreciated).”’ Many strate-
gies have been employed to mitigate this risk, including
esophageal temperature monitoring, power titration, and a
flurry of novel devices ranging from esophageal deviation
to esophageal cooling devices. While these techniques have
had some success, they do not solve the fundamental issue
that drives the problem: thermal energy.

PFA has shown a remarkably good esophageal safety pro-
file across multiple studies of the Boston scientific and Med-
tronic Food and Drug Administration—approved catheters.
The potential safety advantages of PFA are that it seems to
be primarily nonthermal (or at least no clinically significant
temperature rise), and the biophysics of electrical field abla-
tion offers some potential protection to the esophagus. The

esophagus contains both longitudinal and circular muscle fi-
bers. When an electric field is applied between electrodes, the
electrode orientation relative to the fiber orientation of the tis-
sue has an important impact on the observed effect.”” The
general principle is that when a similar electric field is applied
parallel to the tissue fibers, a greater ablation effect will be
observed than when the electric field is applied perpendicular
to the tissue; therefore, by having both longitudinal and cir-
cular muscle fibers, it may provide an innate protection mech-
anism that can limit esophageal tissue damage.

Phrenic

Phrenic nerve (PN) injury is a well-known complication of
thermal ablation, with a prevalence reported to range from
0.3% to 0.48%.>>>* Fortunately, most patients recover, but
in those with persistent PN injury, it can be a real cause of sig-
nificant morbidity.

With PFA, the cell radius is critical in determining the en-
ergy requirements to reach a critical threshold for ablation;
the larger the cell, the less energy required for ablation. Car-
diac muscle cells have a larger diameter than nerve tissue;
therefore, on this basic principle, it would be assumed the
PN could be spared if energy is titrated appropriately. How-
ever, it has been reported that PN paralysis can occur, but this
seems primarily transient, with recovery ranging from sec-
onds to 24 hours.”> The Multi-National Survey on the
Methods, Efficacy, and Safety on the Post-Approval Clinical
Use of Pulsed Field Ablation (MANIFEST-PF) study re-
ported one patient (0.06%) had persistent PN damage.” In
the Pulsed Field Ablation to Irreversibly Electroporate Tissue
and Treat AF (PULSED AF) pilot and pivotal trial, there was
no reported occurrences of phrenic injury.

Unlike RF, in which pacing can help localize the phrenic
and guide ablation lesions to limit close proximity ablation,
with PFA, one is currently unable to avoid ablation in regions
of close proximity. Further, with delivery in the right pulmo-
nary vein, phrenic stimulation can cause catheter movement
and instability, and at least anecdotally, we have seen a pref-
erence for paralysis upfront to limit patient movement. This,
therefore, can limit the ability to recognize if it has occurred
and either alter or limit further delivery.

Cerebral lesions

Symptomatic and silent cerebral lesions (SCLs) are recog-
nized complications of catheter ablation for atrial fibrillation,
regardless of ablation technologies. SCLs are common, occur
despite anticoagulation and are often associated with persis-
tent AF and procedural factors such as electrical cardiover-
sion. While SCLs are typically asymptomatic, there is a
suggestion that they may raise the risk of developing demen-
tia.”° However, the exact influence of these lesions on cogni-
tive decline remains uncertain. It is worth noting that many
SCLs resolve within months, leaving questions about their
long-term impact. Nonetheless, concerns persist regarding
potential subtle cognitive alterations or the cumulative effect
of recurrent SCL formation over time.
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The creation of gaseous emboli (both macro and micro)
has the potential to cause significant complications. The inci-
dence of symptomatic cerebral thrombotic lesions in patients
undergoing PVI with PFA is <1%. In the PULSED AF PIV-
ITOL trial, one cerebrovascular accident occurred on the
same day as the procedure in a patient with paroxysmal
AF. This patient had left lower leg numbness and mild
dysphasia that was resolving at the conclusion of the study,
zero were reported in the Randomized Controlled Trial for
Pulsed Field Ablation versus Standard of Care Ablation for
Paroxysmal Atrial Fibrillation (ADVENT) trial. Clinical
safety data on asymptomatic cerebral lesions are limited, as
it is only reported on small subsets of studies, with varying
percentages of 0% to 18.5%.>*"-*" Further research is needed
in this area to understand its true incidence and mechanism.
One of the key safety aspects is meticulous sheath manage-
ment, which is critical to minimize the risk of macro air em-
bolism. This is particularly a safety concern with the larger
sheaths air ingress is a real risk.

Coronary arteries

The first reported case of spasm was in 2021, coinciding with
off-label PFA of the mitral isthmus.?® Since then, there has
been a surge in documented cases of coronary artery spasms
when performing ablation beyond PVI. Notably, the risk of
spasm is minimal with PVI, as evidenced by only 1
(0.06%) reported case in the MANIFEST-PF registry, align-
ing with the safety profile of current thermal ablation
methods. Nevertheless, this emphasizes a genuine safety
concern associated with PFA, particularly when utilized
outside its intended application of pulmonary vein ablation.

Initial animal studies were encouraging in terms of impact
on coronary vessels. PFA delivery on the outer surface of ca-
rotid> and iliac®' arteries resulted in decellularization, con-
nective matrix preservation, and no stenosis. Our group
subsequently raised potential safety concerns with coronary
spams with PFA in a preclinical study. When delivered intra-
coronary, regardless of pulse duration, PFA-induced coro-
nary spasm occurred with fixed coronary stenosis
developing chronically. Conversely, epicardial application
of PFA resulted in temporary coronary spasm without detect-
able chronic angiographic lesions. Histopathological exami-
nation revealed evidence of coronary injury following
intracoronary ablation but not after epicardial ablation.
Furthermore, longer pulse widths (100 ps) were associated
with greater coronary injury than shorter pulses (300 ns).

In human trials, in cavotricuspid isthmus ablation with
PFA, patients exhibited severe subtotal vasospasm in the
right coronary arterial segment adjacent to the multielectrode
PFA catheter and this was alleviated by intracoronary nitro-
glycerin administration.”” Pretreatment nitroglycerin admin-
istration, whether intracoronary or intravenous, mitigated
some but not all of the vasospasm. Aside from ECG changes
noted in one patient, no clinically significant ST-segment el-
evations or cardiac arrhythmias were observed. The large
footprint of the multielectrode catheter (with subsequently

large field) could be a cause of this; however, similar effects
have also been seen with a quadripolar focal PFA catheter,””
in which it was further shown that pretreatment with nitro-
glycerin did decrease the frequency and severity. Mitral
isthmus ablation is also not immune from safety concerns,
with coronary spasms observed in 7 (41.2%) of 17 patients
undergoing PFA.

Therefore, we recommend not using PFA outside its cur-
rent intended use of PVI and avoiding use proximate to cor-
onary arteries. Further research is needed in this region, and
while nitroglycerin may offer a cumbersome short-term solu-
tion, the long-term impact has yet to be discovered. The risk
of prolonged intraprocedural hypotension in terms of cere-
bral ischemia, kidney insult, and other complications should
be considered.

Aortic wall

It has been reported that injuries to the descending aorta
occurred after both PFA and thermal ablation methods.”
Specifically, acute late gadolinium enhancement lesions
were frequently observed on the descending aorta following
thermal ablation and, to a lesser extent, after PFA. The clin-
ical relevance of these findings remains uncertain.

Lung bleeding

A wire is placed during the catheter ablation into the pulmo-
nary veins to act as a guide and support for many currently
approved PFA catheters. Pulmonary bleeding has been re-
ported with straight tip wires, with blood seen in multiple
lung segments without signs of active bleeding or the origin
of the bleeding. With the use of a J-tip guidewire, no bleeding
was seen. Therefore, it is critical that straight wires are
avoided to minimize lung injury.” There was no report of
lung bleeding in the PULSED AF pilot and pivotal trial.

Cardiac implantable electronic devices

Limited data regarding the safety and efficacy of PFA in pa-
tients with cardiac implantable electronic devices (CIEDs)
are available, as clinical trials leading to the widespread
adoption of PFA largely excluded patients with CIEDs.
Therefore, it is not entirely clear whether energy application
can cause physical damage to CIED components (leads and
generator) and whether lesion delivery may lead to electro-
magnetic interference, causing inappropriate device therapies
or pacing inhibition.

One bench study with PFA application to CIEDs (<5 cm
from the lead tip and <15 cm from the generator) showed no
change in device functionality, settings, or damage to leads or
the generator.”® However, there was evidence of electromag-
netic interference, with some oversensing and pacing inhibi-
tion but no effect on tachycardia detection. A small 6-patient
study of patients undergoing PFA for pulmonary vein isola-
tion (PVI) and cavotricuspid isthmus ablation with CIEDs
found no lead damage or change in device function issues.
However, 3 of 6 patients had sensing of PFA application im-
pulses seen.”’
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Contact
Figure 2

Therefore, operators should deactivate therapies in pa-
tients with implantable cardioverter-defibrillators, perform
pre- and postdevice interrogations, and avoid PFA delivery
immediately near the lead tip. Given the possibility of pacing
inhibition, programming asynchronous pacing modes in
pacemaker-dependent patients could be considered.

Pulmonary vein stenosis

Pulmonary vein stenosis is a complication associated with sig-
nificant morbidity. Patients can present with pulmonary hyper-
tension, lung infarction, or hemoptysis. Although its incidence
is declining, it is still an issue, and any methods to mitigate this
risk are a welcome addition. Early animal studies showed a
remarkable lack of PV stenosis narrowing with PFA inside
the vein. This has translated to human studies, in which no
clinically significant incidence of PV stenosis has been re-
ported, and PFA has resulted in less PV narrowing.3 8

Hemolysis

Pulsed electric fields are known to cause hemolysis of red blood
cells. When red blood cells break down, they release cell-free he-
moglobin, heme, and iron, triggering immune responses and
inflammation. Protective factors like haptoglobin, hemopexin,
and apotransferrin help mitigate these effects by scavenging
free hemoglobin, heme, and iron, respectively. However, exces-
sive or chronic intravascular hemolysis can imbalance this sys-
tem. Cell-free hemoglobin and heme are well-recognized
potent damage-associated molecular patterns that significantly
influence the plasma system, innate immune responses, and
endothelial function. These effects are particularly notable in or-
gans such as the kidney but are not exclusively observed there.
The kidneys play a crucial role in clearing hemoglobin once nat-
ural scavenging systems become overwhelmed, making them
particularly vulnerable to injury during hemolysis.
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Risk of hemolysis with tissue contact. With no tissue contact risk of hemolysis increases. Created with BioRender.com

It was reported that 75% of patients postablation experi-
enced hemoglobinuria, with a subsequent increase in lactate
dehydrogenase and a decrease in haptoglobin levels in the
blood.” These patients also exhibited a significant increase
in postablation creatinine compared with baseline. To mitigate
this, planned hydration (average 2 L) was tested, and in
contrast, patients who received planned hydration did not
show signs of hemoglobinuria or acute kidney injury. Impor-
tantly, the number of PFA applications and hydration status
were identified as independent predictors of postprocedural
renal injury. Specifically, there appears to be a threshold level
of the number of applications where this is observed. All pa-
tients developing hemolysis-related renal failure requiring
hospitalization and transient dialysis in the MANIFEST regis-
try received a high number of PFA lesions (average of 143).
Important to note that tissue contact plays an important role,
with no contact increasing the risk of hemolysis (Figure 2).

While this offers a relatively straightforward solution,
several safety concerns exist. First, as previously discussed,
the consequences of hemolysis extending beyond the kidney
alone are real. If acute kidney injury following hemolysis is
observed, it indicates a significant overwhelming of the
body’s protective mechanisms and has the potential to lead
to other unreported consequences. Second, administering 2
L of hydration is not insignificant, particularly for patients
with underlying heart failure. Additionally, it may impact
the feasibility of same-day discharge for patients.

Vigilance is not just energy specific, but also
catheter specific

As stated previously, it is important to recognize that PFA’s
efficacy is directly dependent on several factors, including
the electrode size, shape, and orientation relative to the cells,
as well as specific considerations related to the pulse wave
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shape, duration, and strength. Thus, it is important to recognize
that PFA’s safety and efficacy profile may significantly differ
between different catheter shapes and sizes. Similar findings
were seen in the early days of RF ablation, wherein we recog-
nized that RF ablation’s efficacy, char risk, and steam pop may
vary by electrode size, shape, and orientation. Thus, it is quite
possible and likely that different systems may see different de-
grees of thermal effect and have differing efficacy in terms of
causing durable tissue energy at a specific electric field size
and shape. Given this, it is critical that when adopting PFA so-
lutions, it is not assumed that the efficacy and safety profile is
directly transferrable between different catheters.

Cable and system durability

When performing PFA, the system has to deliver a very large
amount of energy multiple times over a short time frame.
These systems have inherent protocols to minimize the risk
of a short circuit leading to arcing. However, in the case
where a potential risk is identified and therapy aborted, the
system automatically “dumps” the energy back into their ca-
pacitors. Repeated such events can cause irreparable harm to
the intrinsic PFA system and result in system failure. Thus,
using systems according to stated approved standards is crit-
ical in PFA, including any associated cables and catheters. In
turn, any oxidation of exposed wire elements in the cables
can result in insufficient energy delivery to the tissue and
less predictable tissue injury. These potential issues highlight
the importance of paying close attention to labeled use while
we continue to learn about how PFA may be safely and effec-
tively delivered for cardiac ablation.

Conclusion

PFA represents a promising ablation modality for the treat-
ment of atrial fibrillation, with overall favorable safety out-
comes observed in initial human studies. However, it
brings its own issues that need to be considered and ad-
dressed. Further research is required to understand better stra-
tegies for thermal limitation and microbubble formation.
While data on collateral damage, particularly involving the
esophagus and PN, are encouraging, there are concerns
with microbubbles leading to neurologic sequelae, coronary
artery spasm, hemolysis, and potential interaction with car-
diac devices. Vigilance in safety monitoring and addressing
concerns is paramount moving forward.
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