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Abstract

Background: The therapeutic use of irreversible electroporation in clinical cardiac laboratories, termed pulsed field ablation (PFA), is
gaining pre-regulatory approval momentum among rhythm specialists for the mitigation of arrhythmogenic substrate without increased
procedural risk. Though electroporation has been utilized in other branches of science and medicine for decades, apprehension regarding
all the possible off-target complications of PFA have yet to be thoroughly identified and investigated. Methods: This brief review will
summarize the preclinical and adult clinical data published to date on PFA’s effects on the autonomic system that interplays closely with
the cardiovascular system, termed the neurocardiovascular system. These data are contrasted with the findings of efferent destruction
secondary to thermal cardiac ablation modalities, namely radiofrequency energy and liquid nitrogen-based cryoablation. Results: /n vitro
neurocardiology findings, in vivo neurocardiology findings, and clinical neurocardiology findings to date nearly unanimously support
the preservation of a critical mass of perineural structures and extracellular matrices to allow for long-term nervous regeneration in both
cardiac and non-cardiac settings. Conclusions: Limited histopathologic data exist for neurocardiovascular outcomes post-PFA. Neuron
damage is not only theoretically possible, but has been observed with irreversible electroporation, however regeneration is almost always

concomitantly described.
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1. Introduction

In the modern era of catheter-based arrhythmogenic
substrate suppression, thermal modalities have long held
the evidence-based guideline recommendations for both
atrial [1] and ventricular [2] abnormalities. As such,
these temperature-based technologies predominate in clin-
ical electrophysiology labs and operating rooms across the
world. The use of cryoballoon ablation for atrial fibrilla-
tion (AF) management was found to be non-inferior to ra-
diofrequency (RF) ablation, with a comparable, if not im-
proved, procedural workflow, safety profile, and complica-
tion rate [3]. Nonetheless, multiple serious but infrequent
adverse events have marked these thermal techniques, in-
cluding esophageal perforation [4], phrenic nerve injury or
palsy [5,6], pulmonary vein stenosis [7], and increased risk
of thromboembolic events [8]. In addition, the durability
of thermal ablation for AF has been found to wane rather
quickly for single procedures, with approximately 60% of
patients back in AF after approximately two years [9].

Irreversible electroporation (IRE), the technique un-
derlying pulsed field ablation (PFA), has broad clinical ap-
plications beyond cardiology, particularly within oncology,
with DNA/RNA translocation into cells for anti-tumor ef-
fects [10], delivering chemotherapeutics into tumor cells
[11], and notably ablating solid tumors near nervous struc-
tures without permanent damage [12,13]. Current data on

the clinical use of catheter-based PFA for arrhythmia man-
agement, though limited, support PFA as a method with in-
creased myocardial tissue specificity, with the main advan-
tage of minimal ancillary damage, and non-inferior short-
term success rates [14,15].

PFA is being considered as an alternative therapy op-
tion in the armamentarium of rhythm specialists that could
tune to precisely target arrhythmogenic foci in either the
atria or ventricles [16] with minimal collateral damage to
surrounding structures such as the nervous tissue (exam-
ple: phrenic nerve) or esophagus, as can be observed with
thermal ablation techniques. Despite these exciting appli-
cations, there are still safety concerns with PFA procedures,
specifically regarding potential neurocardiac [17] disrup-
tions. High-risk mediastinal structures in the cardiac ner-
vous system include efferent axons from the stellate gan-
glion and sympathetic ganglia, which facilitate sympathetic
tone, cardiac-specific axons from the tenth cranial nerve
(vagus), which facilitate parasympathetic outputs, as well
as cervical and vertebral ganglia axons from the superfi-
cial and/or deep cardiac plexi [18-20]. Equally complex
in distribution and number are the afferent neurons respon-
sible for returning information to the central nervous sys-
tem (example: parasympathetic nodose ganglia), as well
as visceral interneurons that contribute to the intrinsic car-
diac nervous system. These structures form a highly com-
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plex and likely functionally redundant network that allow
for precise control of cardiac function via subconscious
cortico-brainstem reflexes in conjunction with autonomic
outputs. Disruption of this neurocardiovascular system via
neuron lysis/necrosis or delayed apoptosis has been docu-
mented secondary to thermal cardiac ablation or surgical
procedures, however preservation may be feasible with a
nonthermal ablation technique that affords sufficient speci-
ficity to cardiomyocytes. This succinct review aims to high-
light neurological outcomes in preclinical and clinical car-
diac ablation procedures, with an emphasis on the epicardial
efferent axons and ganglia.

2. In Vitro Neurocardiology Findings

Early in vitro studies determined that clusters of gan-
glia derived from the intrinsic cardiac autonomic system
(ANS), known as ganglionated plexi (GP), were critically
involved in the initiation and sustenance of reentrant tach-
yarrhythmias [21,22]. Interest has been growing regarding
the IRE parameters needed to selectively ablate cardiomy-
ocytes while preserving neuronal function, to potentially re-
duce adverse ablation events. The IRE threshold of 375
V/cm has been described as the minimum for irreversibly
ablating cardiomyocytes [23], though specifically in ref-
erence to immature rodent myoblasts, which may not be
representative of mature human cardiomyocytes. However,
the exact threshold for selective GP ablation remained elu-
sive.

In more recent studies, it was found that increasing the
total number of pulses, regardless of field threshold at either
1000 V/cm or 1250 V/cm produced a greater proportion
of delayed (24 hours post-electroporation) cardiomyocyte
death [24]. Interestingly, at various field strengths ranging
from 12.5 to 1250 V/cm, neuronal cell lines were found to
be similarly susceptible to cell death when compared to car-
diomyocytes [24]. When adjusted for biphasic pulses with
longer intra-pulse intervals (increased interphase delay), the
extent of cell death, for both cardiac and neural lines, was
increased due to a minimization of any cancellation effect
[25]. Though these in vitro data suggest GPs could be tar-
geted with cardiac IRE protocols, other studies have sug-
gested that phrenic nerves require exposure to much higher
field strengths to facilitate sustained cell death [26,27]. This
may be partly due to neurons having cell bodies proximal to
the site of ablation, inherently having larger cell body diam-
eters, and being myelinated, providing electrical insulation.

3. In Vivo Neurocardiology Findings

In the context of GP ablation isolation, GPs are inex-
tricably tied to the central nervous system (CNS) and ANS,
which likely potentiate pathologic cardiac fibrosis and tach-
yarrhythmia susceptibility. This is illustrated in patients
who have undergone cardiac allotransplantation and exhibit
alow permanent AF incidence, possibly due to cardiac den-
ervation secondary to mediastinal manipulation.

Preclinical investigation with canine models demon-
strated that PFA to epicardial GPs effectively reduced AF
inducibility post-ablation with no signs of collateral ner-
vous damage [28]. IRE performed on sciatic nerves in adult
rats, yielded a pattern of post-IRE myelin disintegration,
followed by Wallerian degeneration and finally regenera-
tion of axons with no quantifiable functional deficits seven
weeks post-procedure, compared to sham control rodents
[29]. Interestingly, the field strength utilized in this rodent
study approximated 3800 V/cm, 10-fold above the in vitro
cardiomyocyte threshold previously described [23]. IRE
performed on rabbit sciatic nerve implicated in a solid tu-
mor revealed similar findings in which the nerve axons dis-
integrated, and then later had signs of nerve repair with
improved functional improvement in the rabbits’ ability to
stand with near-normal toe-spreading reflexes [30].

These findings have been replicated in additional rab-
bit studies [31], as well as large animal models [32,33].
Identified porcine studies utilized a gradation of IRE field
strengths ranging from 1000 to 2500 V/cm (Table 1, Ref.
[29,30,32,34-36]). Under histopathology, the external ar-
chitecture of the axons was frequently preserved post-IRE,
whereas RF produced extensive axonal, extracellular ma-
trix, and collagen denaturation not conducive to regen-
eration. Although lesions created with IRE did exhibit
histopathological signs of nerve damage, the preserved ex-
ternal architecture allowed the regeneration of the axons
[32].

4. Clinical Neurocardiology Findings

Though the number of clinical studies aimed at de-
scribing neuronal functional deficits secondary to PFA are
increasing [37], not one study designed to detect damage
specific to the neurocardiovascular system could be iden-
tified. Only one study appropriately powered to provide
molecular insights, in addition to companion physiologic
data, into the non-cardiac neurologic effects of cardiac PFA
was found.

In a small (n = 18) single-arm prospective obser-
vational study [34], patients suffering from symptomatic
paroxysmal AF underwent pulmonary vein isolation via
PFA to assess therapeutic response and residual cardiac
nerve function. Using serologic nerve injury biomark-
ers (neurofilament light chain, glial fibrillary acidic pro-
tein, brain-type fatty acid binding protein, S10053) as surro-
gates of structural neurologic damage, there were no signif-
icant differences pre-versus immediately post-ablation or
24 hours post-ablation. Further, the calculated heart rate
variability exemplified high specificity to cardiac tissues
without signs of collateral nerve damage in the neighboring
structures. This data is corroborated by the lack of phrenic
nerve paresis or palsy during PFA pulsing with no primary
neurological events after short-term follow up.
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Table 1. Summary of pulsed field ablation studies targeting neurologic sequelae.

Reference

Aim(s)

Study design

Study population

Results

Summary/implications

LiWetal [29] (2011). “The
Effects of IRE on Nerves”.
PLoS ONE 6(4): €18831.

Observing neurological
changes post-IRE abla-
tion in rat sciatic nerves
to study the long-term
effects on the nerve

In-vivo experimental study

IRE parameters: 3800 V/cm, di-
rect current (below the upper
bound of thermal damage), 10
pulses, each 100 ps long

Rat sciatic nerves

- 3 days after IRE, the measured sciatic funct-
ional index (SFI), nerve conduction velocity
(NCV), and proximal compound muscle acti-
on potential (CMAP) was significantly decre-
ased compared to control (without IRE)

- 1 week after IRE, disintegrated myelin shea-
ths and basal membranes were present on his-
tology

- Muscles innervated by the sciatic nerve retu-
rned to normal function starting 7-weeks after
IRE

- 7-10 weeks after IRE, differences from the
control were the same with myelin sheath str-
uctures restored to pre-IRE control condition

- Electrophysiological, histological, and func-
tional results show that nerves can attain full
recovery after IRE ablation, which is better
than bridging nerve gaps with autografting

- Nerve regeneration post-IRE follows typical
Wallerian degeneration and regeneration of ax-
ons

- Although not implicated in humans, these re-
sults could be extrapolated to nerve resiliency
and retaining endoneurial architecture under
IRE

Luo X et al. [30] (2017).
“The Safety of IRE on Nerves
Adjacent to Treated Tumors”.
World Neurosurg. 2017 Dec;
108: 642-649.

Evaluate safety of IRE on
sciatic nerve after abla-
tion in rabbits with im-
planted tumors superim-
posed on the nerve

In-vivo experimental study
IRE Parameters: 1500 V/cm, 70
us pulses, 90 pulses per ablation

Rabbit sciatic nerves

- Note: Modified Tarlov Score was used to m-
easure functional improvement by ability to s-
tand with toe reflex

- Sciatic nerve function was damaged in a sh-
ort time, but gradually returned to normal aft-
er 14 days

- Tumor response (assessed by imaging and g-
ross pathology according to size and necrosis
liquefaction) was better post-IRE compared to

control (tumor implanted without treatment)

- IRE is an effective method of targeting tu-
mors for destruction while preserving sur-
rounding tissues, including blood vessels and
nerves

- IRE is effective in tissues with a high density
of cell wall structures, but less so in those with
a high concentration of collagenous and elastic
fibers (i.e., preserves vital extracellular matrix
for nerve tissue regeneration)

- IRE can cause axonal swelling, disintegra-
tion, axon loss, and fibrous tissue hyperplasia
7 days after IRE. At day 28, there are signs of
nerve repair, Schwann cell proliferation, and
regeneration of proximal axons towards the

basement membrane
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Table 1. Continued.

Reference

Aim(s)

Results

Summary/implications

Schoellnast H et al. [32]
(2011). “Acute and Subacute
Effects of IRE on Nerves:
Experimental Study in a Pig
Model”. Radiology 260(2):
421-427.

Evaluate whether IRE
has the potential to dam-
age porcine models and
compare to histopatho-
logic findings after RFA

Study design Study population
In-vivo experimental study Porcine sciatic
IRE parameters: 1350-2250 V. nerves

(voltage was chosen to keep a
constant voltage per distance in
tissue of 1500 V/cm), electrode
exposure 2 cm, electrode spac-
ing 0.9-1.5 cm, 90 pulses of al-
ternating polarity, pulse length
70 psec

- Note: Ability to stand up without assistance
on the treated limb was used to measure func-
tional improvement

- 4 out of 5 animals were able to stand up after
3 days post-procedure (last animal was eutha-
nized)

- The IRE lesions created a well-demarcated
focus at the middle gluteal muscle, which res-
ulted in nerve thickening, perineural edema,
axonal swelling, Schwann cell hyperplasia, a-
nd distal Wallerian degeneration

- Increased S100 immunostaining that indica-
tes proliferation of Schwann cells and fibrobl-
ast proliferation

- There was histopathological evidence of ner-
ve damage after IRE (axonal swelling, axonal
fragmentation, Wallerian degeneration), but e-
xternal architecture was not affected with Sch-
wann cell hyperplasia taking place 6—14 days
after

- In contrast, RFA produced extensive collag-
en denaturation of the external architecture,
which is a sign of thermal damage and less a
bility for nerve regeneration

- IRE has the potential to damage nerves but
retains the external architecture for regenerat-
ion

GuoF et al. [34] (2023). “Ef-
fects of pulsed field ablation
on autonomic nervous system
in paroxysmal atrial fibrilla-
tion: A pilot study”. Heart
Rhythm 20(3): 329-338.

Assess PFA system to
(1) achieve acute PVI;
(2) impact on cardiac
ANS function and levels
of nerve injury markers;
(3) assess cerebral micro-
emboli by DWI-MRI

Pilot Clinical Study
Single-arm prospective, obser-

Symptomatic parox-
ysmal AF patients (n
18) scheduled to
receive PFA

vational study =
IRE Parameters: 1800 V, alter-
nating current, biphasic, micro-
second length

- Nerve injury biomarkers (NfL, GFAP, B-FA-
BP, and S1003) showed no significant differe-
nces in levels pre-ablation, immediate post-ab-
lation, or 24 hours after

- Calculated cardiac vagal and sympathetic to-
nes via HRV showed no significant difference-
s in HR pre-ablation and 30-days post-ablation
- No phrenic nerve paresis or palsy captured d-
uring PFA pulses to the right superior PV

- Kaplan-Meier estimates of freedom from rec-
urrent AF were 83 4+ 9% with no primary neu-

rological adverse events 8 months post-ablatio-

n

- Using nerve injury biomarkers (known to be
elevated after cryoablation with high predic-
tive value in assessing neurocognitive damage,
post-stroke, CV surgery, and cardiac arrest),
frequency and time domain indices of HRV,
and follow-up data, showed high specificity
to cardiac tissues using PFA while showing
no evidence of collateral damage to nerve tis-
sue around ablation site, including the cardiac
nerve plexus

- Limitations: small sample size, single site,
did not compare PFA vs. radiofrequency abla-

tion
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Table 1. Continued.

Reference Aim(s) Study design Study population Results Summary/implications
Ellis TL ef al. [35] (2011). Assess the novel non- [In-vivo experimental study Canine brains - No significant deterioration in neurological - NTIRE showed that pulsed IRE can cause
“Nonthermal IRE for thermal irreversible elec- IRE Parameters: 500-2000 V, ability or coma scale scores from baseline ev- targeted cell death without disrupting extrace-
intracranial ~ surgical ap- troporation (NTIRE) ap- 9 sets of 10 alternating polarity aluations with an absence in seizure events llular matrix, axons, and major blood vessels
plications”. Journal of proach in selectively ab- pulses (50 psec each, 3.5 se- - Intraoperative ultrasound showed clearly de- in adjacent non-CNS tissues
Neurosurgery 114(3): 681— lating brain tissue with- conds in total), 4 Hz marcated hypoechoic zone with hyperechoic - Specific electric field parameters need to be
688. out collateral damage for rim within targeted brain parenchyma defined on specific tissue types
intracranial surgery - MRI performed immediately post-op showed - Tissue heterogeneity (gray vs. white matter)
fluid accumulation within ablation sites and ~ are important to define as brain cancer tissue
focal disruption of the blood-brain barrier most likely requires different electric field pa-
- 48-hour post-NTIRE MRI studies showed e- rameters compared to normal tissue
dema in the subcortical white matter adjacent - Although there was concern for vasogenic
to the zone of ablation without objective clini- edema, no clinical or neurological deteriora-
cal effects tion was observed
- Histopathological sections showed NTIRE I-
esions have a submillimeter line of demarcati-
on between areas of necrosis and normal brain
tissue
Schoellnast H et al. [36] Evaluate the delayed ef- In-vivo experimental study Porcine sciatic - No clinical signs of “lameness” after 4 weeks - Large number of small caliber axons express-
(2013). “The delayed effects fects of IRE (2-month IRE Parameters: 1650-2100 V  nerves post-IRE ing neurofilaments (closely associated with

of IRE ablation on nerves”. follow-up from reference

European Radiology 23(2): [32])

375-380.

(voltage was chosen in order to
keep a constant voltage per dis-
tance in tissue, 1500 V/cm), ele-
ctrode exposure 2 cm, electrode
spacing 1.1-1.4 cm, 90 pulses of
alternating polarity, pulse length
of 70 us

- Proximal CMAP dropped within a range of
21-97% (>50% was considered significant)
with half of the animals (3/6) severely affected
clinically

- No anatomic gross changes were observed
post-mortem

- After 2 months, axonal regeneration, Schwa-
nn cell hyperplasia, ellipsoids (collapsed mye-
lin), and perineurial fibrosis was present on hi-
stopathology in 75-100% of the neural fascicl-

es expressing S100 for all subjects

hyperplastic Schwann cells consistent with
axon regeneration), indicates that regenerated
axons were smaller than normal axons of un-
treated control nerves

- Follow-up nerve conduction studies after 2
months showed diminished CMAP amplitude,
which may indicate limited functional recov-
ery. It is possible that larger nerve fascicles in
different animal models may be more resilient.
However, clinical observation showed full re-
covery, which may describe compensation by
the other muscles (e.g., gluteus, thigh exten-
sors/adductors).

- Limitation: follow-up time-period might be
too short to truly describe the full capacity of
the nerve to regenerate

Table 1 Legends: IRE, irreversible electroporation; V/cm, volts per centimeter; RFA, radiofrequency ablation; PFA, pulsed field ablation; PVI, pulmonary vein isolation; ANS, autonomic nervous system; DWI,

diffusion-weighted imaging; MRI, magnetic resonance imaging; AF, atrial fibrillation; NfL, neurofilament light chain; GFAP, glial fibrillary acidic protein; B-FABP, brain-type fatty acid binding protein; S100.3,

calcium-binding protein B beta; HRV, heart rate variation; PV, pulmonary vein; CV, cardiovascular; CNS, central nervous system; CMAP, compound muscle action potential.
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In a larger (n = 91) prospective cohort study, S1003
was found to increase (p < 0.001) in the blood twenty-
one minutes after pulmonary vein isolation with PFA, how-
ever the increase was less than that observed twenty min-
utes after pulmonary vein isolation with cryoballoon abla-
tion [38]. When S1003 was normalized to the concomitant
high-sensitivity troponin-I, PFA produced a ratio approxi-
mately four times smaller than cryoballoon’s ratio, suggest-
ing less relative neurotoxcitiy.

5. Autonomic Effects of Atrial PFA for AF

Increases in heart rate post-thermal pulmonary vein
isolation for AF have been documented up to 2 months post-
ablation in patients [39]. This thermal ablation-heart rate
finding was confirmed in two repeat clinical studies [38,40],
and is contrasted with no significant change in heart rate
over 1-month post-PFA [34] or 3 months post-PFA [40].
It was postulated that this effect was due to retained GP
and/or a lesser degree of cytotoxicity to the local neurocar-
diac system. Interestingly, in a single study based out of
Germany, approximately half of the PFA pulmonary vein
isolation patients exhibited transient bradycardia [41], how-
ever this was without any serologic evidence of increased
neurocardiac damage relative to a thermal study arm.

6. Conclusions

Catheter-based pulsed field ablation is a promising
tool for invasive electrophysiologists to manage arrhyth-
mogenic substrates. With comparable procedural skill re-
quirements, a strong safety profile, and decent antiarrhyth-
mic effect durability, one of the few remaining challenges
for widespread PFA adoption is possible neurologic con-
sequences. This review emphasized the effects of PFA on
the neurocardiovascular system, but due to the limited data,
also included data from somatic and cranial nerve studies as
well. The data reveal that PFA is capable of affecting neu-
ronal structures and inducing damage, however the preser-
vation of perineural structures allows for long-term regener-
ation with minimal innervation deficits. These data are not
supported by appropriately rigorous clinical studies that in-
corporate molecular parameters in addition to physiologic
data and histopathology, given that no such studies exist to
date.
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