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Background-—The Purkinje network appears to play a pivotal role in the triggering as well as maintenance of ventricular fibrillation.
Irreversible electroporation (IRE) using direct current has shown promise as a nonthermal ablation modality in the heart, but its
ability to target and ablate the Purkinje tissue is undefined. Our aim was to investigate the potential for selective ablation of
Purkinje/fascicular fibers using IRE.

Methods and Results-—In an ex vivo Langendorff model of canine heart (n=8), direct current was delivered in a unipolar manner at
various dosages from 750 to 2500 V, in 10 pulses with a 90-ls duration at a frequency of 1 Hz. The window of ventricular
fibrillation vulnerability was assessed before and after delivery of electroporation energy using a shock on T-wave method. IRE
consistently eradicated all Purkinje potentials at voltages between 750 and 2500 V (minimum field strength of 250–833 V/cm).
The ventricular electrogram amplitude was only minimally reduced by ablation: 0.6�2.3 mV (P=0.03). In 4 hearts after IRE delivery,
ventricular fibrillation could not be reinduced. At baseline, the lower limit of vulnerability to ventricular fibrillation was 1.8�0.4 J,
and the upper limit of vulnerability was 19.5�3.0 J. The window of vulnerability was 17.8�2.9 J. Delivery of electroporation
energy significantly reduced the window of vulnerability to 5.7�2.9 J (P=0.0003), with a postablation lower limit of
vulnerability=7.3�2.63 J, and the upper limit of vulnerability=18.8�5.2 J.

Conclusions-—Our study highlights that Purkinje tissue can be ablated with IRE without any evidence of underlying myocardial
damage. ( J Am Heart Assoc. 2018;7:e009070. DOI: 10.1161/JAHA.118.009070.)
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V entricular fibrillation (VF) is a terminal cardiac dysrhyth-
mia in humans,1,2 occurring either as a primary or a

secondary event to concomitant cardiac and noncardiac
diseases. Currently, there is no cure for VF, with only

rudimentary treatment options available; thus, sudden cardiac
death from VF remains a major worldwide health problem.3,4

The Purkinje system is implicated in the genesis of primary
VF,5–7 with radiofrequency ablation successfully treating this
lethal arrhythmia by targeting triggers, such as a premature
ventricular beat emanating from Purkinje tissue.7–10 However,
current radiofrequency ablation approaches to the Purkinje
fibers have limitations, particularly because they can only be
applied in a point-to-point manner, which is tedious and time-
consuming. Chemical denudation of the Purkinje system has
been attempted and shown to lower the VF threshold,11 but
results in acute toxicity to the heart.

Direct current (DC) applied in a pulsed manner can cause
permeation of the cellular membrane, a process known as
electroporation. Depending on the electric field (V/cm)
applied, the effect of electroporation can be transient, and
tissue remains viable after electric field exposure (termed
reversible electroporation). Conversely, when the cells are
exposed to a prolonged electric field, resulting in permanent
permeabilization of the cell and subsequent disruption of
homeostasis, the cells will die, and the term irreversible
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electroporation (IRE) is applied. IRE is attractive because it
does not rely on thermal energy for tissue ablation and has
been effective in multiple different models experimentally and
clinically to destroy noncardiac tissue.12–15 More recently,
proof-of-concept models have demonstrated successful elec-
trical isolation of the pulmonary veins in large animal
experiments with tissue IRE.16–18

We aimed to, therefore, demonstrate Purkinje/fascicular
fiber elimination via a nonthermal IRE approach. We hypoth-
esized that the subendocardial Purkinje fibers could be
destroyed with relative sparing of the myocardial contractile
cells on the basis of electroporation parameters. Also, we
assessed whether the functional elimination of the left
ventricular Purkinje fibers affected the threshold/vulnerability
for VF.

Methods
Data can be made available to other researchers by request to
the corresponding author.

Animal and Heart Preparation
The Mayo Clinic Animal Care and Use Committee approved
this study. A total of 8 mongrel dogs (weight, 25–40 kg)
underwent cardiectomy under deep sedation with general
anesthesia. In brief, after anesthesia, a left lateral thoraco-
tomy allowed for visualization of the heart and great vessels.
After full heparinization, the aorta was ligated and cannulated,
with subsequent cardioplegia administration. Once asystole

was achieved, the heart was immediately cooled to 4°C. The
heart was then explanted and placed on a Langendorff
perfusion rig.19 The ex vivo functioning of the hearts was
maintained using a large animal Langendorff apparatus (Rad-
noti, Monrovia, CA). The hearts were perfused using a modified
Krebs-Henseleit solution oxygenated and buffered with 95% O2

and5%CO2.
20 The perfusate solution consisted of the following:

NaCl (118 mmol/L), D-glucose (11 mmol/L), KH2PO4

(1.18 mmol/L), KCl (4.7 mmol/L), MgSO4 (1.17 mmol/L),
CaCl2 (2.0 mmol/L), NaHCO3 (25 mmol/L), mannitol
(16 mmol/L), sodium pyruvate (2.3 mmol/L), and human
insulin (Novolin; Novo Nordisk, Plainsboro, NJ) (10 U/L of
solution). The temperature of the perfusate was maintained at
37°C�1°C.

Electrophysiological Mapping
Detailed 3-dimensional electroanatomical mapping of the left
ventricle via direct insertion of catheters through the left atrium
and mitral valve was performed using the CARTO Mapping
System (Biosense Webster, Inc, Diamond Bar, CA). Intracardiac
mapping was performed using a Navistar ablation catheter with
a 3.5-mm tip and electrode spacing of 2-5-2 mm (Biosense
Webster). Three-dimensional electroanatomical maps were
created, and mapping was performed in the ventricle, in
addition to annotation of the His bundle, as well as fascicular
and Purkinje signals. Fascicular potentials were labeled if a
high-frequency electrogram occurred before the ventricular
electrogram but with a short isoelectric period intervening.
Purkinje potentials were derived from the noninsulated portion
of the conduction system, which were recognized by no
isoelectric period between the high-frequency Purkinje poten-
tial and the ventricular electrogram. The left bundle was
assumed to be a direct extension of the His potential, without
any atrial electrogram visible on the proximal pair of electrodes.

Determination of Window of Vulnerability
A shock on T-wave approach was used to determine the
vulnerability of each heart to VF. A standard endocardial
implantable cardioverter defibrillator lead (Medtronic, Min-
neapolis, MN) with a dual-coil defibrillator (Medtronic) was
screwed into the right ventricular apex, as per standard
convention in the human, and the superior vena cava coil was
draped around the lateral wall of the left ventricle. Biphasic
shocks were delivered between the 2 coils, and the
implantable cardioverter defibrillator generator was excluded
from the shocking vector. The window of vulnerability was
assessed by initially defining the lower limit and subsequently
the upper limit of VF inducibility via a shock on T-wave
method.11,21,22 A 1-J shock stimulus (S2) was delivered at
260 ms after a drive train of 8 ventricular paced stimuli. If VF

Clinical Perspective

What Is New?

• This study investigated the potential role of irreversible
electroporation (IRE) to target the Purkinje fibers, which are
thought to play an important role in the triggering and
maintenance of ventricular fibrillation.

• In 8 acute canine experiments, IRE could ablate the Purkinje
fiber signals in a dose-dependent and relatively safe
manner.

• Abolishing Purkinje signals with IRE was associated with a
decreased window of vulnerability toward ventricular fibril-
lation induction.

What Are the Clinical Implications?

• IRE potentially represents a novel safe method to ablate
Purkinje fibers without significant damage to underlying
myocardium.

• IRE of Purkinje fibers is a promising approach and requires
further study for the treatment of ventricular fibrillation.
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could not be induced, the T wave was then scanned in 10-ms
decrements/increments until the vulnerable S2 timing was
identified. After identification of the ideal S2 interval that
reliably induced VF (3 consecutive inductions), the intensity of
the shock was adjusted lower in 0.2-J decrements until VF
was no longer inducible. The lowest shock intensity able to
reliably induce VF was then defined as the lower limit of
vulnerability. The upper limit of vulnerability was then defined
using the same drive train and S2 interval after the drive train,
and stepping down from 35 J in 5-J (to 25 J) and then in 1-J
decrements until VF could again be reliably induced with a
shock delivered on the T wave. These same parameters were
then used after electroporation to identify whether ablation
had altered this measure. If VF could not be induced, then the
lower limit of vulnerability was redefined by increasing the
shock intensity in 0.2-J increments, and the upper limit of
vulnerability was defined by reducing the shock intensity in 1-J
decrements until VF was again induced. The S2 interval
remained constant after initial definition.

Direct Current IRE
Irreversible electroporation was synchronized with the QRS
and delivered using the NanoKnife system (AngioDynamics,
Queensbury, NY). Using a modified 8-mm radiofrequency
ablation catheter, 10 pulses at escalating voltages were
delivered to the beating ex vivo heart at a frequency of 1 Hz;
the pulse duration was kept constant at 90 ls. The energy
was delivered in a unipolar manner to a grounding pad that
was submerged in the Langendorff bath, and adjacent to the
left ventricular epicardial surface (at an approximate distance
of <3 cm from the delivery catheter). The site of delivery was
deliberately chosen to be nearby and not in contact with the
Purkinje potentials mapped using the electroanatomical
mapping catheter. The electroporation catheter was consis-
tently kept between 10 and 25 mm from the mapping
catheter and the target Purkinje/fascicle tissue. The mapping
catheter was not moved away from the Purkinje tissue during
electroporation (Figure 1).

Catheter Visualization
In the absence of fluoroscopy, catheter position was followed
in real time and distances between mapping and ablation
catheters were confirmed using direct visualization. This was
possible in the context of the transparent Krebs-Henseleit
solution using a 4.1-mm laryngovideoscope (ENDOEYE Flex-
ible Intubation; Olympus, Center Valley, PA) (Figure 1).

Statistical Analysis
Statistical analyses were performed using JMP, version 10
(SAS Institute, Cary, NC). Continuous variables are expressed

as mean�SEM. Paired Student t test was used to compare
both the differences in myocardial amplitude and VF window
of vulnerability before and after delivery of ablation. A 2-tailed
P<0.05 was considered significant.

Results

Effect of DC IRE on Purkinje and Fascicular
Potentials
Electroporation energy was delivered to tissue at 750, 1000,
1500, 2000, or 2500 V (with a minimal electric field strength
of 250, 333, 500, 666, and 833 V/cm, respectively), in a train
of 10 pulses at 1 Hz, with each pulse having a duration of
90 ls. The presence of the Purkinje potential was recorded
using the mapping catheter before and after delivery of DC
energy. Across all voltages used, the Purkinje potential was
eradicated (Table 1, Figure 2). At the lowest energy deliveries
of 750 and 1000 V (�250–333 V/cm), the Purkinje potential
was initially abolished but was noted to recur at the 5-minute
time point (Table 1). The left bundle potential could not be
abolished until a second delivery at 2000 V (�666 V/cm)
was reached. The His bundle could not be ablated at any
energy delivery up to and including 2500 V (�833 V/cm). In
4 hearts, at 2500 V, we noted complete but transient heart
block with a ventricular escape rhythm. Conduction resumed
within 3 to 8 minutes.

Effect of DC Electroporation on Left Ventricular
Myocardial Tissue
Evaluation of the ventricular electrogram amplitude was
performed immediately after ablation. Any immediate

Figure 1. Endoscopic view of the left ventricular
endocardium, demonstrating both the mapping
catheter and ablation catheter separated by at
least 10 to 25 mm.
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deleterious effect on myocardial conduction properties adja-
cent to the Purkinje/fascicle tissue was noted and recorded
(Table 2). The mean ventricular electrogram signal amplitude
was 3.8�1.8 mV before ablation and 3.2�1.8 mV at 1
minute after electroporation ablation. The mean difference
was a reduction in amplitude of �0.6�2.3 mV (P=0.03).

VF Vulnerability
As reflected in Table 3 and Figure 3, at baseline, the initial
lower limit of vulnerability to VF was 1.8�0.4 J, and the upper
limit of vulnerability was 19.5�3.0 J, with a window of
vulnerability of 17.8�2.9 J. Delivery of electroporation energy
to the Purkinje fibers resulted in the inability to induce VF in 4
animals. There was a significant reduction observed in the
window of vulnerability (5.7�2.9 J, P=0.0003), with a
postablation lower limit of vulnerability=7.3�2.63 J, and the
upper limit of vulnerability=18.8�5.2 J.

Discussion
This study identifies a novel approach for the ablation of
fascicular and Purkinje fibers in an ex vivo beating heart
model and highlights many novel observations. First, IRE can
successfully eradicate Purkinje tissue both reversibly and
irreversibly, in what appears to be a dose-dependent manner.
Second, as evidenced by the maintenance of the integrity and
amplitude of the ventricular signal, the IRE field can be
manipulated to minimize ventricular myocardial damage.
Third, the short-term eradication of Purkinje potentials within
the left ventricular endocardial surface was also associated
with a reduction in the window of vulnerability toward VF
induction. Last, IRE does not appear to be contact dependent
compared with current thermal-based energy sources.

Purkinje and Fascicular Ablation
The widespread nature of the short-term electroporative/
ablative effect of IRE portends to provide a significant
advancement over current catheter-based myocardial abla-
tion techniques, particularly radiofrequency and cryoablation.
Contemporary modalities are typically composed of point-by-
point radiofrequency or cryotherapy ablation for ventricular
arrhythmia ablation. Given the incredible redundancy and
arborizing nature of Purkinje fibers,23 coupled with the
trabeculated nature of the left ventricle, an approach using
electroporation may be a promising alternative. Consistent
with other noncardiac electroporation patterns of injury, the
extent of injury found was not solely reliant on contact and
confined to the tissue adjacent to the catheter tip, but a
result of the electric field (V/cm) created.24–27 The ablation
electrode was deliberately kept at least 10 mm (and up to
25 mm) away from the Purkinje that was being actively
recorded. DC was then pulsed between the catheter tip and
the grounding pad adjacent to the left ventricular epicardial
surface (at a maximal distance of 3 cm). Mechanisms behind
this observed noncontact effect are not entirely clear, but we
hypothesize that the ionic nature of the Krebs-Henseleit
solution likely acted as a conductor of DC in this model,
facilitating a virtual electrode footprint of injury. It is unclear
whether blood will do the same, given the particulate and
cellular components. If this is further proved, it highlights a
truly invaluable aspect of IRE. Similarly, mapping of Purkinje-
related arrhythmias is also notoriously difficult,28 in lieu of
the complex anatomical features, and this method of
ablation may also remove the need for detailed mapping.
Thereby, the case length and complexity are decreased, and
safety is potentially increased, with a potential for improved
efficacy.

Table 1. IRE Delivery Parameters and Presence of Purkinje Potentials

Animal No. Voltage Delivered, V Pulse Duration, ls Pulse No. Pulse Frequency, Hz

Presence of
Purkinje
Potentials

Left Bundle Potential His Potential1 Min 5 Min

1 750 90 10 1 � + + +

2 750 90 10 1 � + + +

3 1000 90 10 1 � + + +

4 1000 90 10 1 � + + +

5 1500 90 10 1 � � + +

6 2000 90 10 1 � � + +

7 2000 90 10 1 � � � +

8 2500 90 10 1 � � � +

+ Indicates present; �, absent; IRE, irreversible electroporation.
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Reversible Electroporation and IRE
Although reversible electroporation has many applications in
themedical field, gene transfer,29 and electrochemotherapy,30,31

it is IRE that garnishes much attention and interest and has
been harnessed as a clinical tool in the management of
noncardiac pathological conditions.13,32–35 The findings of this
investigation recapitulate the ability of electroporation to
produce both reversible and irreversible effects on tissue. It
has been well described that the electric field (V/cm) can be
manipulated to exert different effects on tissue. Electrical
pulses may vary in their shape, voltage, duration, and polarity.
Voltage, duration of the pulse, and the distance between the
delivery probes (ie, electric field strength) are the most

influential parameters in electroporation. This is shown in our
work: as we increased the electric field strength (ie, V/cm)
delivered, we observed a greater electroporative effect. Varying
these parameters gives the opportunity to target tissue
selectively.36–39 In our case, with some manipulation of the
electric field (namely, the voltage delivered), we did not observe
any myocardial damage. Further evaluation of different electric
field parameters will be important.

The nonthermal nature of this technique provides a signif-
icant safety advantage by reducing the risk of collateral
damage, which commonly occurs during ablation, especially if
being used in the heart, where selective injury can target the
tissue of interest yet potentially avoid coronary arteries40,41 or

Figure 2. Representative electroanatomical map before (A) and after (B) electroporation. The fascicular/Purkinje signal is well seen before
direct current delivery of 1000 V and electroporation (yellow arrow). The electroanatomical map showed that the mapping catheter has not
moved. Yet, the fascicular signal is no longer present (blue arrow). Furthermore, the electrogram amplitude is essentially unchanged.
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extracardiac structures.38,42,43 Furthermore, stroke risk may
also putatively be reduced because of the lack of coagulum
formation, with electroporation compared with the heating that
occurs with radiofrequency. In addition, our group has shown
that DC fields applied during radiofrequency energy delivery
can prevent the formation of coagulum on the catheter tip.44

Efficiency could also be significantly enhanced given that
electroporation can be performed in seconds to minutes
(compared with several hours with radiofrequency ablation).
This concept is especially important in scenarios where large
surfaces of the ventricle need to be treated to eliminate
Purkinje fibers, and a prolonged ablation is a higher risk
procedure for the sicker patient.

To date, successful applications of IRE to cardiac tissue, in
addition to the pulmonary veins, includes the coronary
vessels,40,41 phrenic nerve,42 and ganglia.45 Apart from the
novel application of IRE to Purkinje fibers, our study does

support the work of others in that DC can be delivered to the
beating heart. Delivery of energy during the vulnerable
electrical period during cardiac repolarization can trigger VF.
However, delivery of energy in this investigation was gated to
the QRS, and VF was not induced by ablation.46

Reducing the Window of Vulnerability Toward VF
Induction
The role of the Purkinje system in the initiation and mainte-
nance of VF is well established.47–49 In animal models targeting
the Purkinje system, there has been a consistent demonstra-
tion of improved resilience toward VF11,50 and polymorphic
ventricular arrhythmias.51 On the basis of this reasoning, a
window of vulnerability to VF was assessed via a shock-on-T-
wave phenomenon. The findings suggest a higher threshold
toward VF induction, yet it is difficult to know whether this
surrogate is a clinically meaningful result. VF could not be
induced by ventricular extrastimulation protocols in this series
of experiments, using single double and triple extrastimuli at 2
different drive trains (down to 160 ms), yet high-frequency
bursting was not assessed. An ideal surrogate for VF suscep-
tibility has not been agreed on. Different electrical stimulation
techniques and methods have been proposed and tested, such
as a restitution protocol,52 single-pulse stimulation,53–57 and
60-Hz alternating current stimulation.55,56,58,59

Limitations
Although we have shown a short-term effect of IRE on the
Purkinje fibers, subsequent study in a survived animal must be
performed to determine whether an enduring effect is seen
and to demonstrate clinical efficacy. Electroporation is field
strength dependent, relying on both the voltage delivered and

Table 2. Myocardial Amplitude Before and After Delivery of IRE

Animal No.

Average Myocardial Amplitude, mV

Before Delivery 1-Min After Delivery Difference

1 3.1�2.4 1.6�1.0 �1.5�1.9

2 8.4�4.1 6.8�4.2 �1.6�3.8

3 2.9�0.7 2.8�1.8 �0.1�1.9

4 2.7�1.8 2.0�1.5 �0.7�0.3

5 3.2�2.5 3.0�3.2 �0.1�1.8

6 2.9�2.4 2.0�1.5 �0.6�0.3

7 3.1�1.1 2.6�1.0 �0.5�1.1

8 4.7�1.7 4.9�4.5 0.3�4.2

Mean�SEM 3.8�1.8 3.2�1.8 �0.6�2.3*

Data are given as mean�SEM. IRE indicates irreversible electroporation.
*P = 0.03.

Table 3. Window of Vulnerability Before and After IRE Delivery

Animal No.

Before Ablation After Ablation

Lower VF Vulnerability Upper VF Vulnerability VF Window Lower VF Vulnerability Upper VF Vulnerability VF Window

1 0.6 15 14.4 ��� ��� 0*

2 0.6 20 19.4 ��� ��� 0*

3 1 8 7 3 8 5

4 3 25 22 5 12 7

5 1 15 14 ��� ��� 0*

6 3 13 10 ��� ��� 0*

7 3 25 22 15 25 10

8 2 35 33 6 30 24

Mean�SEM 1.8�0.4 19.5�3.0 17.7�2.9 7.3�2.7 18.5�5.2 5.75�2.9

IRE indicates irreversible electroporation; VF, ventricular fibrillation.
*VF not inducible.
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the distance this voltage is applied over. In our study, this
distance was always <3 cm; however, the nature of the
Langendorf setup and Krebs bath means that there will be
some variability between catheter and grounding pad and,
therefore, it is difficult to be exact in this measurement.
Consequently, we have provided in this article the minimum
predicted electric field strength that we delivered. We did not
formally evaluate ventricular function with echocardiography
or strain imaging or perform pathological analysis to assess
the impact of IRE. In addition, although IRE is considered
nonthermal60–62 at higher voltages (specifically, 2500 V), we
cannot rule out the possibility of a local increase in
temperature. Another major limitation also relates to the
different conduction properties between the Krebs buffer as
opposed to blood, and whether this can be extrapolated to the
human is unclear and merits further study. Last, whether
delivering a shock on a T wave is a true measure of VF
tolerance and intolerance remains controversial,63–66 and
although unlikely, the implantable cardioverter defibrillator
shocks themselves could have been a confounder.

Conclusion
In a large-animal ex vivo beating heart model, our findings
suggest that IRE can ablate the Purkinje signals in a dose-

dependent and relatively safe manner. The underlying cardiac
muscle does not fibrillate if gated appropriately to the QRS,
and the left ventricular myocardium does not appear
substantially injured. Furthermore, abolishing Purkinje signals
in the heart seems to be associated with an improved
resistance toward VF induction. These findings hold major
promise for this approach in ablating Purkinje-related arrhyth-
mias, such as VF.

Disclosures
None.
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