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Highlights

¢ A strong positive correlation was identified in the investigation of the relationship between contact force and
irreversible electroporation (IRE) efficacy for tissue ablation.

¢ This research conducted on potato models highlights the importance of optimizing electrode contact force in
IRE for applications in atrial fibrillation treatment.

¢ Our findings provide insights into the design of advanced IRE ablation protocols and facilitate the clinical
development and translation of this technology for effective atrial fibrillation treatment.

Abstract

Background: Irreversible electroporation (IRE) is an emerging tissue ablation technique that offers advantages
over traditional catheter ablation, such as minimal thermal damage and reduced treatment time. However, as this
technique also involves delivering energy through a catheter to target tissue, there are still challenges regarding
the contact between the catheter and the targeted tissue, and there is a lack of relevant studies. In this study,
we examined this issue using potato models with three groups of experiments. Methods: First, the relationship
between the effect of biphasic and monophasic output modes and contact force (CF) was studied. Next, the effect
of different voltages on biphasic output mode was examined. Finally, impedance analysis was conducted to test
the contact impedance under different CFs. Results: The IRE ablation efficacy increased with the increase of CF
in both monophasic and biphasic output modes, and there was a strong correlation between the ablation efficacy
and the CF. In addition, at three voltage levels, the IRE ablation efficacy increased with increasing CF, and there
was a strong correlation between the ablation efficacy and the CF. Conclusion: The results indicate that, under
common IRE electrical parameter configuration, the effect of IRE on the tissue has a positive response to the CF of
the electrode in the potato model. This finding has important implications for the design of electrodes used in IRE
for the treatment of atrial fibrillation.

Keywords: Irreversible electroporation ablation, tissue-electrode contact force, atrial fibrillation, catheter ablation,
potato

Introduction

Atrial fibrillation (AF) is a prevalent cardiac ar-
rhythmia, affecting up to 4% of the global pop-
ulation. While the incidence of AF in individuals
under 40 is very low (less than 1%), it drastical-
ly elevates with the increase of age, affecting
17% of individuals over 80 years old [1]. This
escalating prevalence in older individuals pos-
es a significant challenge to the extension of

life expectancy globally. AF not only significantly
impacts the body’s functioning but also leads
to emotional distress and reduced quality of
life [2]. It is estimated that by 2050, there will
be 6-12 million individuals with AF worldwide,
with an estimated 17.9 million people in Europe
alone affected by this disease by 2060 [3, 4].

The management of AF involves anticoagu-
lation, rhythm control, and heart rate control
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the target tissue via a catheter.
Therefore, achieving proper CF re-
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Figure 1. Laboratory prototype pulse generator and its components.

through various means. The most commonly
used strategies include medical therapy and
catheter ablation [5, 6]. Additionally, lifestyle
modifications can also aid in AF management
and reduce its incidence [7]. Radiofrequency
ablation and Cryoballoon ablation are the main
clinical catheter ablation methods for AF. How-
ever, both of these catheter ablation techniques
rely on temperature transmission, leading to
three practical problems. The first problem aris-
es due to blood flow in the target area, causing
a heat sink effect that can result in incomplete
treatment. The second issue is non-selective
killing of cells due to high or low temperature
during treatment, which may cause unneces-
sary thermal damage to tissues adjacent to the
target area [8, 9]. Lastly, the treatment efficacy
depends on the contact force (CF) between
electrode and tissue, leading to incomplete
treatment due to the contact problem [9, 10].
Owing to these issues, there is an urgent need
for a clinical novel therapeutic modality.

The irreversible electroporation (IRE) causes
nanometer-sized irreversible micropores on
the cell membrane under the influence of a
high-voltage electric field. The presence of
these micropores leads a loss of cell homeosta-
sis resulting in cell death. This is the principle
behind IRE tissue ablation. This technique was
initially used in the industrial and food sectors
[11-13], and was later introduced into tumor
ablation therapy, where it proved its non-ther-
mal properties and safety. It is now being ap-
plied in AF ablation therapy [14-16]. Compared
to other catheter ablation techniques, IRE ab-
lation has less thermal damage to surrounding
tissues and selectively kills cardiomyocytes [17,
18].

Like radiofrequency ablation and Cryoballoon
ablation, IRE ablation also delivers energy to
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mains a challenge [19, 20]. How-
ever, the relationship between CF
and IRE ablation efficacy is not ex-
plicit, and there are few relevant
studies [21, 22]. Therefore, fur-
ther in-depth research is warrant-
ed to understand the correlation.

The concept of CF in the field of
robotic surgery is a significant
and common topic, and the re-
search methods employed in this
area hold substantial reference
value for this study [23-25]. The
aim of this study is to investigate
the relationship between CF and
IRE ablation efficacy in a potato model and to
provide insights into catheter design for IRE ab-
lation of AF. Potato model is a commonly used
plant model in IRE ablation experiments due to
its capacity for visually representing the effects
of IRE ablation. It also offers practical advan-
tages, such as easy access to experimental
materials and the absence of ethical concerns
[26-28]. This study utilized potato model and
initially examined the relationship between CF
and the IRE ablation efficacy under both bi-
phasic and monophasic pulse sequences, and
then changed the amplitude to evaluate the
response of efficacy and CF.

Material and methods

Laboratory prototype pulse generator and its
output waveform

The high-voltage pulse generator used in this
experiment is a laboratory prototype pulse gen-
erator (University of Shanghai for Science and
Technology, China). The circuit design is based
on the H-bridge biphasic pulse generator using
MOSFETs (G3R30MT12J, GeneSiC Inc., USA)
with the ability to withstand 1200 V. The gener-
ator can output monophasic and biphasic puls-
es up to 2000 V with a pulse repetition rate of
up to 800 Hz. The duration of the output pulse
is about 800 ns, providing a waveform output
that meets the experimental requirements.
The generator comprises a human-computer
interface, a high-voltage generation module, an
alternating current to direct current module,
a fast-switch module, and a low-voltage control
module, as illustrated in Figure 1.

In the first experiment, we delivered two IRE
pulse sequences: a monophasic pulse se-
quence and a biphasic pulse sequence, as
illustrated in Figure 2. The monophasic pulse
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Figure 2. Two representative types of output waveform for the pulse generator. (A) Representative biphasic

pulse; (B) Representative monophasic pulse.
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Figure 3. Design schematic of the electrode and its clamp. (A) Front view of the electrode; (

B) Side view of the

electrode clamp; (C) 3D design schematic of the electrode clamp.

sequence consisted of 3,000 monophasic puls-
es, with an amplitude of 800 V, a pulse width of
800 ns, and a repetition rate of 400 Hz (Figure
2A). The biphasic pulse sequence comprised
3000 biphasic pulses, with an amplitude of
800 V, a pulse width of 800 ns, a repetition
rate of 400 Hz, and a biphasic interval of 500
us (Figure 2B). To investigate the relationship
between CF and IRE ablation at different volt-
ages, we conducted experiments with 800 bi-
phasic pulses, using amplitudes of 350 V, 500
V, and 800V, a pulse duration of 800 ns, a rep-
etition rate of 400 Hz, and a biphasic interval
of 500 us.

Electrode design and its clamp

Due to the presence of inherent variability in
each potato model and the potential induction
of artificial errors during processing, the resul-
tant effect plane of the models cannot remain
entirely parallel to the electrode plane, thereby
causing an incongruity in the contact area be-
tween the electrode and the divergent model
surfaces of multiple potatoes. To mitigate this
inconsistency, we shortened the length of the
contact part between the electrode and the
potato model. This approach lessens the de-
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pendency of the experimental results on the
parallel relationship between the potato mod-
els’ action surface and the electrode plane.

The electrode, as shown in Figure 3A, is made
of 304 stainless steel with a convex pattern
that allows only partial of the electrode to con-
tact with the potato model during pulse deliv-
ery. The diameter of the electrode is 0.7 mm.
The length of the contact area between the
electrode and the potato model was set to be 1
cm.

The electrode clamp used in this experi-
ment was a white PLA 3D printed model. It
is equipped with holes of different sizes on
the side to accommodate fixed electrodes of
varying sizes and allow for adjustment of the
distance between two electrodes as required,
which is set at 0.7 cm in this study, as present-
ed in Figures 3B and C. The clamps are se-
cured in place using screws and can be mount-
ed onto a lifting platform.

Process of the potato models and assessment
of the efficacy

Potatoes have been used as a common plant
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Figure 4. Schematic diagram of potato processing method and experimental steps. IRE, irreversible electropora-

tion.

model in IRE experiments to verify the efficacy
of pulses, evaluate the efficacy of novel elec-
trodes, and measure the superiority of pulse se-
quences [26-28]. Due to the advantages of low
cost, easy evaluation of results, and no ethical
issues, it is widely used in IRE research [26-28].
Typically, black areas of melanin accumulation
arising from intracellular polyphenol oxidation
can only be observed in the potato model 12 to
48 h after the experiment is conducted. The re-
sults are evaluated using comparisons among
the black metrics under various parameters,
which is a convenient, fast, and economical
method for hypotheses testing [26]. Other eval-
uation methods, such as MRI scan and TTC
staining, are also available [26, 29].

In this experiment, we employed direct obser-
vation to assess the validity of the experimental
results. To ensure the experiment’s validity and
eliminate the interference of factors such as
individual variability and tissue uniformity, a
potato model is cut into 2 pieces. Each piece is
divided into 2 regions. And on each region, we
applied different CF with the same pulse. The
potato processing method and experimental
procedure are presented in Figure 4. The po-
tatoes used in this experiment were procured
from a nearby supermarket (RT-Mart, China)
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and utilized within 4 h of procurement. To ob-
serve the output waveform, an oscilloscope
(AFG3022B, Tektronix Inc., USA) was used in all
experiments. Impedance was detected using
an impedance analyzer (IM3570, Hioki Inc., Ja-
pan).

Pressure control lifting platform

To regulate the CF output, a pressure-controlled
lifting platform, manufactured in our laboratory,
was employed in this study. This platform com-
prises a motor-driven arm, a control module,
and a human-computer interface, as illustrated
in Figure 5. Using PID control outputs, the de-
vice could output various pressures up to 70
N, while pressure data were sampled using the
AD5933 (Analog Inc., USA). In the experiment,
we set the CF to 0.098 N (10 g), 0.49 N (50 g),
0.98 N (100 g), and 2.94 N (300 g), respective-
ly, with G taking a value of 9.8 m/s’.

Overview of experimental design

The study comprised three experiments, using
a total of 55 potato models. The first experi-
ment (20 potato models) examined the rela-
tionship between CF (0.098 N, 0.49 N, 0.98
N, and 2.94 N) and IRE ablation efficacy under
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Table 1. ANOVA Test Results for one-way repeated measures under different output modes

Output mode F P-value matching F Matching P-value
Monophasic 23.75 2e-7"" 2.993 2e-3"
Biphasic 22.94 2e-9™" 13.05 1e-10™"

Note: “'P<0.01, ""P<0.001.
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Figure 5. Pressure control lifting platform and its
components.

both monophasic and biphasic pulse sequenc-
es at the same voltage amplitude. The second
experiment (30 potato models) assessed the
relationship between CF and IRE ablation effica-
cy with different output voltage amplitudes (350
V/500 V/800 V). A reference group was set,
which was subjected only to CF without pulse
(5 potato models). The inclusion of a reference
group was intended to exclude mechanical
damage caused by the electrode to the potato
model and to prevent it from affecting the final
experimental results. Prior to commencing with
this experiment, a biphasic pulse output mode
was confirmed with CF set at 0.098 N, 0.49 N,
0.98 N, and 2.94 N. Finally, 15 potato models
were selected from the above experiments to
determine the relationship between the imped-
ance and different CF by gradually increasing
the CF under the observation of the impedance
analyzer.

Image processing

The potato model was photographed using a
camera (Lumix S5, Panasonic Inc., Japan) fixed
on a tripod, with a constant distance. The im-
age data was processed using MATLAB 2020
(MathWorks Inc., USA). The processing method
involved importing the color image into MATLAB
and selecting the reference area (potato mod-

Progress in Medical Devices

el’s original color) as the benchmark. The RGB
value of the color block of reference region was
used to set a threshold value of 100. Pixels
were considered to belong to the reference re-
gion (non-oxidized region) when the difference
between the RGB value of the target region
and the benchmark RGB value was within the
threshold value. Otherwise, the area was cate-
gorized as the action region (oxidized region).

Data and Statistical Analysis

Statistical analysis was performed using SPSS
software (IBM Inc., USA). Data were expressed
as mean * standard deviation (SD) unless
otherwise stated. Oxidation areas of different
regions within the single potato in the same
experimental group were compared using one-
way repeated measures ANOVA. Post hoc pair-
wise comparisons were conducted using Tukey
test ("P<0.05, “'P<0.01, “"P<0.001). Pearson’s
correlation analysis was used to determine the
correlation between CF and ablated area within
the same potato.

Results

Relationship between CF and IRE ablation
ef-ficacy under monophasic pulse and
biphasic pulse

In this experiment, 20 potato models were pre-
pared according to the methodology illustrated
in Figure 4 and were subsequently divided into
two groups. Each potato model was subjected
to four IRE ablation experiments with varying
CFs. While keeping the output electrical param-
eters constant, different pulse output modes
(monophasic and biphasic) were employed
in each experimental condition. Following the
completion of the experiments, all potato mod-
els were left for 24 h under room temperature
(20 °C), and their results were recorded by a
camera. Moreover, all potato models underwent
the same after-treatment procedure following
the experiment.

The results of the ANOVA test under different
output modes are presented in Table 1. It was
evident that significant differences existed in
the mean effects of various CFs for both output
modes. Furthermore, there was a significant
difference in matching effects under monopha-
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Table 2. Turkey Post-hoc Test Results for every two CF under both output modes

0.098 N 0.098 N 0.098 N 0.49 N 0.49 N 0.98 N

& 0.49 N & 0.98 N & 2.94 N & 0.98 N & 2.94 N & 2.94 N
Monophasic 7e-4™" 2e-5"" 8e-6" 0.94 4.6e-2" 6e-3"
Biphasic 1.9e-3" 8e-6 1le9™" 0.29 3e-3" 4.5e2

Note: ‘P<0.05, ""P<0.01, """P<0.001. CF, contact force.
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Figure 6. Experimental results and data evaluation in biphasic pulse output mode and monophasic pulse output
mode. (A) Experimental results of biphasic and monophasic pulse on potato models; (B) Statistics data showing
effect of different output mode on oxidation area under different CFs; (C) Correlation coefficient of CF and oxida-
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tion area under different output modes. CF, contact force. "P<0.05, "'P<0.01, """P<0.001; ns represents P>0.05.

sic output and a highly significant difference
under biphasic output.

The experimental results of the potato model
are shown in Figure 6A. After the experiments,
surface oxidation areas caused by IRE could
be observed on all potato models. Figure 6B
depicts the relationship between the size of
the IRE ablation areas and the CF within the
same experimental group. The results of the
Turkey post-hoc test are annotated in Table 2. It
was evident that, regardless of whether mono-
phasic or biphasic modes, there was a highly
significant difference in the size of the ablation
zone at 0.098 N compared to the other CFs.
Under both output modes, there was no signifi-
cant difference in the size of the ablation zone
at 0.49 N and 0.98 N. However, for the 0.49 N
and 2.94 N CFs, the size of the ablation zone
exhibited an extremely significant difference
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in the monophasic output mode and a more
noticeable difference in the biphasic output
mode. Similarly, at the CF of 0.98 N and 2.94
N, there was a highly significant difference in
the size of the ablation zone in the monophasic
output mode and a significant difference in the
biphasic output mode.

Figure 6C illustrates the correlation between
CF and IRE ablation areas under both operating
modes. The correlation coefficients under both
operating modes were greater than 0.5, which
implies a robust relationship between the elec-
trode’s CF and the ablation effect.

Relationship between CF and IRE ablation with
different amplitudes under biphasic pulse

In this experiment, 30 potato models in three
groups were ablated using three different
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amplitudes (350 V, 500 V, and 800 V) with
the same pulse sequence. IRE ablation exper-
iments were conducted on the cross-sections
of each potato model under four different CFs.
Subsequently, all potato models were kept at
room temperature (20 °C) for 24 h and photo-
graphed with a camera. Following the experi-
ment, uniform disposal was performed on all
the potato models.

The results of the ANOVA test for different out-
put voltage amplitudes are presented in Table
3. It could be observed that, irrespective of the
output amplitude, significant differences exist-
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P<0.001; ns represents P>0.05.

ed among the various CFs. Furthermore, there
was a significant difference in matching effects
at a voltage amplitude of 350 V, and a highly
significant difference at output voltages of 500
V and 800 V.

The experimental outcomes of the potato
model are depicted in Figure 7A, which dis-
plays visible surface oxidation areas resulting
from IRE ablation on all the potato models
after the experiment. Figure 7B delineates
the alteration in the size of IRE ablation areas
with respect to CFs applied within the same
output voltage. The results of the Turkey post-
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Table 3. ANOVA Test Results for one-way Repeated Measures under different output voltages

Output Voltage F P-value matching F Matching P-value
350V 35.37 2e9™" 3.074 1.1e-2

500 V 41.70 3e-10""" 54.45 5e-15"""

800V 36.05 1e-9™" 4.773 <7e-4™"

Note: "P<0.05, ""P<0.001

Table 4. Turkey Post-hoc Test Results for every two CF under three amplitudes

0.098 N 0.098 N 0.098 N 0.49 N 0.49 N 0.98 N
& 0.49 N & 0.98 N & 2.94 N & 0.98 N &2.94 N & 2.94 N
350V 9e-4™" 3e-6"" 1e-9™ 0.138 3e5"" 9e-3"
500V 4.7e-2" 4e-5"" 3e-10"" 1.3e-2" 4e-8"" 2e-4"
800V 2.7e-2" 3e-6"" 1e-9™" 7e-3" 2e-6"" 1.5e-2"

Note: "P<0.05, “"P<0.01, ""P<0.001.

hoc test are annotated in Table 4. It could be
observed that, the oxidation area exhibited a
growth trend with increasing CF at the same
voltage. At the voltage of 350 V, there was a
highly significant difference between 0.098 N
and 0.49 N, and a significant difference was
also observed at voltages of 500 V and 800 V.
At 0.098 N and other two CFs (0.98 N, 2.94 N),
all three output voltage amplitudes exhibited
significant differences. For the CFs of 0.49 N
and 0.98 N, there was no significant difference
at 350V, a significant difference at 500 V, and
a more noticeable difference at 800 V. Under
the CFs of 0.49 N and 2.94 N, highly significant
differences existed for all three output voltage
amplitudes. For 0.98 N and 2.94 N CFs, there
were noticeable differences at 350 V and 500
V, and a significant difference at 800 V. More-
over, Figure 7C reveals the connection between
CF and ablation efficacy under varied voltage
output conditions. Intriguingly, the correlation
coefficients between CF and ablation area were
greater than 0.5, indicating a robust relation-
ship between the two variables.

Impedance of potato model under different
CFs

The experiment revealed that the contact im-
pedance of various potato models differed
under constant CF. An impedance analyzer was
utilized to assess the contact impedance of the
potato models, and Figure 8 depicts the differ-
ences in contact impedance among the various
models under different CFs. Despite the dis-
crepancies observed in the contact impedance
among different potato models, an identifiable
pattern emerged and was consistent across all
the models: an increase in CF corresponded
with a decrease in contact impedance.

Discussion

We hypothesized that the CF between the elec-
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trode and tissue could potentially influence the
effectiveness of IRE treatment. To examine this
relationship, experiments were performed on
potato models.

To ensure that the experimental outcomes were
not influenced by temperature, a thermal im-
aging camera (323 pro, Fotric Inc., China) was
utilized to monitor and record the temperature
in real-time during the experiment. The thermal
imaging outcomes are depicted in Figure 9A.
Following the application of pulses, the tem-
perature near the electrode increased maximal-
ly to 29.7 °C, which is insufficient to cause cell
death. Hence, the impact of temperature on the
findings can be disregarded. This finding aligns
with previous investigations, indicating that pro-
longing the biphasic interval beyond 1 ms can
drastically reduce thermal damage during the
treatment process [30].

To prevent the mechanical damage caused by
the CF between the electrode and potato from
influencing the tissue, a control group was es-
tablished. As shown in Figure 9B, the control
group did not exhibit enzyme-catalyzed brown-
ing under varied CF (0.098 N, 0.49 N, 0.98 N,
2.94 N) in the absence of pulse output.

It is important to acknowledge that even
though we ensured uniformity in the size and
variety of the purchased potatoes, variations
in the impedance response among different
potato models at the same CF may still exist
due to individual differences. The differences
in impedance response could be attributed to
various factors such as water content, cutting
position, or uniformity of measurement posi-
tion in the potato models. Figure 8 depicts the
variations in impedance among different potato
models. Notably, we conducted the impedance
detection at a frequency of 400 Hz as the rep-
etition frequency of the output pulse was 400
Hz. Therefore, the output energy was primarily
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der the biphasic output mode could be
) attributed to the cancellation effect [35].
However, our potato model experiment
conducted under current parameters
did not reveal a significant difference
in the efficacy of IRE ablation at CFs of

36 1 0.98 N and 0.49 N. This suggests that

1 the present output electrical parameters

) el ] may have saturated the IRE effect on the

524 _ potato model. To mitigate the potential
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has demonstrated that the electric
field threshold for IRE in a potato mod-
el is approximately 475 V/cm, using
a monophasic pulse sequence [36].

Figure 8. Contact impedance of different potato models under Literature suggests that reducing pulse

different contact forces.

width or using biphasic pulses results
in an increased electric field threshold
needed for tissue ablation, compared
to monophasic or millisecond pulse
width methods [30]. Therefore, in our
experiment, we employed three voltage
configurations: 350 V, 500 V, and 800V,
corresponding to electric field thresholds
of 500 V/cm, 715 V/cm, and 1142 V/
cm, respectively.

Figure 9. Thermal image and image of the control group. (A)
Thermal image recorded during the experiment; (B) Control group
with no pulse.

focused on the 400 Hz frequency in the spec-
trum.

In recent years, the IRE ablation technique has
undergone rapid development in both clinical
and basic research. The output pulse sequence
in IRE has evolved from a monophasic pulse
sequence to a biphasic pulse sequence. In cur-
rent practice, monophasic and biphasic pulse
sequences have become the most frequently
used types of ablation pulse sequences [31-
34]. Our study provides clear evidence that the
efficacy of IRE is positively correlated with the
CF between the electrode and potato tissue
under both biphasic and monophasic output
modes. Interestingly, while our results show
no significant differences in the correlation for
both monophasic and biphasic output modes,
Figure 6A illustrates that the ablation area un-
der monophasic output mode is greater than
that under biphasic output mode at the same
CF. The diminished efficacy of IRE ablation un-
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These voltage configurations are repre-
sentative of three treatment scenarios
in clinical and experimental settings:
slightly above the IRE threshold, above the IRE
threshold, and above twice the IRE threshold.
Our study revealed that, in a fixed output mode
(biphasic), the trend of increasing treatment
efficacy along with increasing CF remains
unchanged when only the output voltage is
changed. Notably, we found no significant dif-
ferences in this correlation across changes in
amplitude. This suggests that during treatment,
manipulation of the output voltage does not
modify the dependence of treatment efficacy
on CF.

Changes in the electrode-tissue coupling factor
have a significant impact on the contact imped-
ance between the electrode and the tissue. For
instance, in a potato model, a loaded contact
site will cause elastic deformation of the pota-
to tissue within a specific load range [37, 38].
However, if the load surpasses that range, the
potato tissue will undergo plastic deformation
[37, 38]. Given that the rigidity of the electrode
is substantially higher than that of the potato
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tissue, when the electrode firmly contacts the
potato tissue, the contact area between them
will increase due to the elastic deformation of
the potato tissue at the point of contact. Con-
sequently, the contact impedance will decrease
as the contact area increases. This phenome-
non reinforces the need for proper electrode-tis-
sue coupling in electroporation procedures
to achieve desired outcomes. As the load is
further increased, the cells at the contact point
of the potato tissue begin to rupture, and the
cellular fluid begins to seep out gradually, lead-
ing to a further increase in the contact area be-
tween the electrode and the tissue, as well as
a subsequent decrease in contact impedance.
The direct impact of the decrease in contact
impedance is an increase in the output current.
As a result, the increase in current leads to an
increase in the oxidation area on the surface
of the potato model, and results in a positive
response of the potato surface oxidation area
to the CF.

Overall, in the commonly used output configu-
rations of IRE ablation pulses, there is a posi-
tive response of the treatment efficacy to the
electrode-potato model CF in IRE.

Limitations

It is important to recognize the limitations of
this study, which include the following;:

1. The experiment was conducted only on a
potato model, which may not accurately reflect
the properties of human tissues.

2. The image processing was performed using
an algorithm which selects pixels based on
the difference between the RGB values of the
reference and target regions. Therefore, noise
generated during recording the potato oxidation
areas may result in missed or erroneous detec-
tions. However, all potato models were photo-
graphed under the same light source, so this
error is considered a systematic error and does
not affect the trend analysis of the final data.

3. During the experiment, only the effects of
biphasic and monophasic output modes at dif-
ferent output voltages were considered, while
other potential factors that might affect the
results were ignored, such as interphase inter-
val, pulse frequency, and pulse width. However,
although these potential factors can affect the
IRE effect, their influence is limited due to the
ensured consistency of the parameters across
all experiments.

4. The experiment was conducted only on bi-
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phasic electrode configurations, so our results
only apply to these configurations.

Conclusion

IRE ablation is a promising technology for treat-
ing AF because it offers several advantages
over traditional catheter surgeries, including
reduced thermal damage and reduced nerve
damage caused by off-target treatment. De-
spite these advantages, the widespread clinical
adoption of IRE for AF ablation is still hindered
by several challenges, such as complex an-
esthesia protocols and ambiguous treatment
outcomes that are influenced by multiple
factors. These challenges must be addressed
to ensure the efficacy and safety of IRE as a
viable alternative to traditional catheter surger-
ies for AF ablation. The findings of this study
indicate that the efficacy of IRE ablation in a
potato model is positively correlated with the
CF, regardless of whether the output pulse is bi-
phasic or monophasic. Furthermore, our results
demonstrate a positive correlation between CF
and treatment efficacy under different output
voltage amplitudes of a fixed biphasic mode.
These observations highlight the importance of
optimizing electrode-tissue coupling to achieve
optimal outcomes in IRE ablation procedures.
Our experimental findings have confirmed the
importance of optimizing electrode-tissue cou-
pling and highlight the need to consider the is-
sue of electrode-tissue contact in the design of
electrodes for IRE ablation. Poor electrode-tis-
sue contact could lead to insufficient ablation,
resulting in postoperative AF, underscoring the
significance of improving electrode-tissue cou-
pling for successful IRE ablation procedures. In
addition, our experiment highlights the impor-
tance of considering the impact of coupling fac-
tors when conducting verification experiments
on plant models. To further investigate the
relationship between CF and treatment efficacy
in IRE ablation, our future research will focus
on animal models. These studies will provide
more insights into the design of advanced IRE
ablation protocols and facilitate the clinical
promotion and translation of this technology for
effective AF treatment.
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