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ABSTRACT
This study compared monophasic 100-ms pulses with high-frequency electroporation (HF-EP) bursts using an in vivo
animal model. Myocardial damage was evaluated by histologic analysis. Compared with 10 monophasic pulses, 20 bursts
of HF-EP at 100 and 150 kHz were associated with less damage. However, when the number of HF-EP bursts was
increased to 60, myocardial damage was comparable to that of the monophasic group. HF-EP protocols were associated
with attenuated collateral muscle contractions. This study shows that HF-EP is feasible and effective and that pulse
frequency has a signiﬁcant effect on extent of ablation. (J Am Coll Cardiol EP 2021;-:-–-) © 2021 by the American
College of Cardiology Foundation.
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ecent preclinical and ﬁrst-in-human data

phase) have demonstrated a reduction or complete

conﬁrm

elimination of muscle contractions in noncardiac tis-

that

irreversible

electroporation

(IRE), also termed pulsed ﬁeld ablation

sue (2,5). Therefore, this study aimed to compare

(PFA), might be both efﬁcient and safe for the treat-

the traditional IRE protocol, consisting of monopha-

ment of cardiac arrhythmias (1). Contemporary elec-

sic (i.e., direct current [DC]) 100-m s pulses, with a

troporation data are based on experiments by

high-frequency electroporation (HF-EP) protocol in

several groups, differing in electroporation protocols

an in vivo beating heart animal model.

and electrode conﬁgurations (2,3). Unfortunately,
electroporation protocol speciﬁcations are not dis-

METHODS

closed by the industry. Although traditional IRE protocols use sequences of square 100-m s monophasic

The characteristics of the high-frequency protocols

pulses, these protocols cause nerve stimulation,

used in this study are similar to the H-FIRE protocols

resulting in muscle contractions requiring muscle re-

previously proposed for noncardiac tissues (2,5). The

laxants, anesthesia, or sedation (4). High-frequency

main difference of the protocols proposed in the

IRE protocols (termed H-FIRE) consisting of bursts

present study is that the delay between the positive

of square biphasic pulses of short duration (<10 m s/

and negative phases of the biphasic pulses was set to
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ABBREVIATIONS

0. This modiﬁcation was motivated by recent

AND ACRONYMS

studies that used sine waves in electroporation

particular,

This study was approved by the ethical committee of
the Chaim Sheba Medical Center (approval number

versible lesions in liver tissue while avoiding

1171-18-ANIM). Sprague-Dawley rats were used in this

skeletal muscle stimulation (7). This study

study. Under sterile conditions and as previously

included 4 different protocols: Protocol 1 is

described (8), PFA was then applied to the rat’s

the traditional IRE protocol consisting of 10

beating heart through needle electrodes. The occur-

electroporation

monophasic DC square pulses of 100- m s

rence of muscle contractions during the application of

PFA = pulsed ﬁeld ablation

duration at a repetition rate of 1 pulse per

pulses/bursts was documented by video. Animals

second and is the control group for this

were sacriﬁced after 14 days of follow-up. Heart

study. Protocols 2 through 4 are HF-EP protocols us-

specimens were stained using hematoxylin and eosin

ing biphasic square pulses, applied in bursts of 100- m s

for morphometric measurements and with Picrosirius

duration at a repetition rate of 1 burst per second.

stains for the evaluation of the degree of ﬁbrosis.

They differ from each other in either the frequency of

Morphometric measurements (perimeter and thick-

the square wave or the number of bursts: protocols 2

ness) were done using CellSense Imagine software

and 3 have the same number of bursts (n ¼ 20) but

(Olympus), and ﬁbrosis was measured using Fiji

different frequencies (100 kHz vs 150 kHz); protocols

software (ImageJ). The degree of damage was evalu-

3 and 4 have the same frequency (150 kHz) but

ated using these 3 parameters: thickness ratio,

H-FIRE = high-frequency
irreversible electroporation

HF-EP = high-frequency
electroporation

IRE = irreversible

(6)

and,

in

ANIMAL MODEL

demonstrated their feasibility to create irre-

DC = direct current

treatments
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different numbers of bursts (n ¼ 20 vs 60). (see table

perimeter ratio, and degree of ﬁbrosis. First, the

in Central Illustration). In all protocols, pulses/bursts

thickness of the thinnest area of each scar and the

were applied at a repetition frequency of 1 pulse/

thickness of a healthy area in the same slide were

burst per second, with a peak amplitude of 550 V.

measured, and their ratio was calculated. Second, the
scarred tissue portion of the total perimeter of the left

EQUIPMENT

ventricle was calculated and presented as a percent-

We assembled a custom-made generator for HF-EP

both healthy and damaged myocardium were calcu-

and used a BTX ECM 830 (Harvard Apparatus)

lated and were used to calculate the ratio of ﬁbrosis

generator for standard electroporation. Both the BTX

between damaged and healthy myocardium. Pro-

and the high-frequency, high-voltage pulse generator

tocols were compared by unpaired Student’s t-test.

were connected to 2 needle electrodes, each 3 mm

Statistical signiﬁcance was deﬁned as P < 0.05.

age ratio. Third, the percentages of ﬁbrotic areas in

long and with a 5-mm distance between them.

COMPUTER SIMULATIONS
The main goal of these simulations was to describe
electric ﬁeld distribution and to ensure no temperature increase. The model was built using COMSOL
Multiphysics 5.3 and simultaneously solved the
electric potential, the temperature, and the electrical
conductivity distributions in the treatment region
during pulse application. Only the temperature dynamics was solved in the period between pulses. This
2-step process was sequentially repeated N times, N
being the number of pulses/bursts applied, updating
in each step the initial values from the previous
iteration. The heat source in the system corresponds

RESULTS
COMPUTER SIMULATIONS. Consistent with previous

observations (8), the electric ﬁeld distribution between needle pairs is highly inhomogeneous, with
high-intensity ﬁelds around the needles that rapidly
decrease through the center of the domain. However,
as electroporation is a threshold phenomenon (dead
above the threshold, alive below the threshold), this
inhomogeneity will not become apparent in the IRE
outcome. The simulations show that the tissue in the
central region between the needles will be damaged if
the electric ﬁeld is above an electric ﬁeld ranging
from 500 to 700 V/cm. The results ensured there was
no thermal damage to the heart tissue during the

to the joule heating produced by the passage of an
! !
!
electric current through a conductor ( J $ E ), where E
!
!
is the electric ﬁeld, and J is the current density ( J ¼
!
s E Þ. To account for the electroporation phenome-

EXPERIMENTAL

non, the conductivity s of the heart tissue was

were included in the ﬁnal analysis. No differences in

deﬁned as a sigmoid function of the local electric ﬁeld
!
magnitude, E . See Figure 1.

immediate survival were noticed between study

experiments, with a maximum accumulated temperature increase of less than 3  C.
OBSERVATIONS. Thirty

animals

groups, and mortality was attributed to the surgical
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C ENTR AL I LL U STRA T I O N Pulsed Field Ablation With High-Frequency Irreversible Electroporation
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Heller, E. et al. J Am Coll Cardiol EP. 2021;-(-):-–-.

The main point of the paper is demonstrated in this illustration. Bipolar needle conﬁguration delivered high-voltage, high-frequency pulses to a rodent
beating heart in 3 different protocols. The damage of each of these 3 protocols was compared to that of a traditional monophasic electroporation protocol.

procedure. All 30 animals survived the 14 days of

tissue (Figure 2). Scarred tissue of all protocols

follow-up without any adverse events. There were 6,

demonstrated marked ﬁbrosis and a thin-appearing

9, 8, and 7 animals in protocol groups 1, 2, 3, and 4,

scar, with no evidence of normal myocardium

respectively. Examples of voltage and current re-

within the ablated zone and with a clear demarcation

cordings during the ﬁrst pulse/burst of a treatment

line between healthy and ablated myocardium.

with conventional monophasic pulses and with the

Effects

high-frequency biphasic square waveforms are shown

p r o t o c o l . Compared

in Figure 1. An increase of current during the course of

myocardium, ablated myocardium was associated

of

the

monophasic
with

electroporation

healthy

untreated

this ﬁrst burst was systematically observed for both

with 28-fold increase in the percentage of ﬁbrosis (0.7

the 150-kHz high-frequency (mean increase of 9.4 

 0.3% vs 20  10%, respectively; P < 0.01). With

3.1%) and monophasic pulses (mean increase of 10.1 

respect to the total perimeter of the myocardial tis-

2%). However, following the ﬁrst pulse, subsequent

sue, monophasic electroporation induced damage to

pulses showed no increase in mean current in both

25% of the total perimeter (5.4  2.6 mm of the total

the monophasic and high-frequency protocols. In

perimeter of 21.4  5.3 mm) and thinning of the

contrast to the monophasic pulses, no signiﬁcant

myocardium by 23% (918  502 m m vs 213 198 m m,

contractions were observed with any of the HF-EP

respectively; P < 0.01) (Figure 2).

protocols (Figure 1, Video 1). No qualitative differ-

E f f e c t o f f r e q u e n c y . Protocols 2 and 3 differed only

ences were noticed between contractions in the 100

in the frequency of the applied bursts with 100 kHz

kHz and 150 kHz groups.

and 150 kHz, respectively. In terms of ﬁbrosis, both

HISTOLOGIC OBSERVATIONS. Both monophasic and

protocols had signiﬁcantly less damage than in pro-

HF-EP pulses yielded consistent results with respect

tocol 1. Protocol 2 displays a ratio of ﬁbrosis between

to the overall histologic appearance of the ablated

treated and healthy tissue of 12.8  9.4% and protocol
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p r i n t & w e b 4 C=F P O

F I G U R E 1 Simulation Results and Pulse Measurements

(A) Electric ﬁeld intensity distribution. Contour lines depict regions with the same electric ﬁeld intensity. (B) Evolution of maximum temperature in the 2 conditions
studied (60 biphasic 150-kHz bursts or 10 monophasic pulses). (C, D) Recordings of (C) voltage and (D) current for a 150-kHz burst (blue) and a monophasic pulse (black)
during delivery to the myocardium through the 2 needle electrodes. The average current peak of the HF-EP pulse is approximately 0.8 A, whereas the average current of
the monophasic pulse is 1.1 A. Note the slight increment in the current of both protocols during the 100-ms pulse/burst. The actual delivered burst durations were 96.35
 3.8 ms.

3, 7.4  2.1%, whereas this ratio in protocol 1 is 27.5 

for the same number of bursts applied, the lowest

11.2%. This suggests a reduced efﬁciency of these

frequency (100 kHz) was more efﬁcient.

pulsing conditions. In contrast, when comparing

E f f e c t o f n u m b e r o f b u r s t s . Protocols 3 and 4 both

thickness and perimeter ratios, protocol 2 was com-

used a frequency of 150 kHz but differed in the

parable to protocol 1 (26.9  7% vs 21.3  8.3%;

number of bursts applied (N ¼ 20 vs 60 pulses,

P ¼ 0.19 and 17.1  4.1% vs 25.1  12.6 %; P ¼ 0.13,

respectively). When increasing the number of bursts

respectively), whereas protocol 3 still has signiﬁcant

to 60, tissue damage was comparable to that of the

differences in these parameters compared to mono-

monophasic pulses, with nonsigniﬁcant differences

phasic pulses (37.9  11.1% and 13.5  5.8%; P < 0.01

in any of the evaluated parameters (ﬁbrosis ratio: 19.4

and P ¼ 0.01, respectively). These results suggest that

 4.2, P ¼ 0.10; thickness ratio: 32.9  19.3%, P ¼ 0.14;

REV 5.6.0 DTD  JACEP1502_proof  15 June 2021  12:13 pm  ce

JACC: CLINICAL ELECTROPHYSIOLOGY VOL.

-, NO. -, 2021

Heller et al.

- 2021:-–-

HF-EP and Monophonic Electroporation Protocols Comparison

p r i n t & w e b 4 C=F P O

F I G U R E 2 Histology After Monophasic and High-Frequency Electroporation Treatment

Histology of myocardial tissue after anterior myocardium was treated with (A,C) monopolar electroporation pulses and (B,D) 60 pulses of highfrequency electroporation at a frequency of 150 kHz. (A, B) Picrosirius stain for the degree of ﬁbrosis (red area indicates ﬁbrin for the damaged
tissue). (C, D) Hematoxylin and eosin stain.

perimeter ratio: 19.4  8.1%, P ¼ 0.30). An increase in

extent of muscle contractions was not quantiﬁed in

the number of bursts demonstrated a signiﬁcant in-

their studies. In the studies by Stewart et al (9), a

crease in terms of ﬁbrosis (P < 0.01) but no signiﬁcant

protocol of trains of biphasic cycles with a phase

differences in terms of thickness and perimeter

duration of 100 m s and a cycle duration of approxi-

(P ¼ 0.52 and P ¼ 0.11, respectively).

mately 600 ms was used. In this case, each burst had a
long duration of 36 ms. The study again yielded

DISCUSSION

satisfactory results in a porcine model (9), yet it did
not quantify the extent of muscle contractions and

The main ﬁnding of the current study is that HF-EP is

used pharmacologic sedation. Loh et al (10) have

efﬁcient and induces comparable damage to that of

successfully performed ﬁrst-in-human bidirectional

standard DC electroporation with attenuated collat-

pulmonary veins isolation using a single millisecond-

eral muscle excitation. Similar to previous studies

duration DC pulse. During the procedure, patients

that applied HF-EP bursts to various organs (2,7),

were under general anesthesia, and no documenta-

attenuated muscle contractions were seen in our

tion of muscle contractions was provided (2).

study when biphasic square pulses of either 100 or
150 kHz were used. Our results of attenuated efﬁcacy
at high frequencies are supported by previous obser-
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