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ABSTRACT

Background: Pulsed electric field (PEF) ablation has recently been applied by researchers in the treatment of atrial
fibrillation (AF), which is able to utilize high-voltage electric fields to produce damage to the myocardium for the
purpose of treating AF. The effect of epicardial fat layer on the ablation effect has not been systematically studied. The
purpose of our study was to establish a computer simulation model to rationally simplify the human organ, which was
used to evaluate the effect of the fat layer on the ablation damage area. Methods: Firstly, by building a computational
simulation model, different tissues of the heart were simplified and a three-dimensional computational model containing
only the ablation device of interest was built, the ablation damage range was assessed in the post-processing interface
using an electric field threshold of 400v/cm, and finally, the thickness of the fat layer was varied in order to assess the
effect of the fat layer on the ablation area. Results: The epicardial fat layer had a weakening effect on PFA, and the total
ablation depth decreased when the thickness of the fat layer increased, and when the fat layer reached 1.5 mm, the total
ablation depth stabilized and the ablation depth of the myocardial layer decreased. In addition, we found a strong linear
relationship between the total ablation depth and pulse voltage.
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1. INTRODUCTION

Pulsed electric field (PEF) ablation, also known as Pulsed Field Ablation (PFA), is a technique that leads to cell death in
the ablation area by applying an electric field to the ablated tissue, a technique that has previously achieved better results
in the treatment of tumors by applying high voltage to tumor cells, inducing pores in the cell membrane within a short
period of time, resulting in an imbalance of the intracellular environmental homeostasis, and consequently leading to cell
death[1-3]. In recent years, the PFA technique, as a nonthermal ablation technique, has gained widespread interest
among clinicians for its unique safety profile. The use of PFA technology for pulmonary vein isolation in the
endocardium for the treatment of atrial fibrillation (AF) has been widely used, and these clinical applications have
demonstrated that PFA has a unique safety profile compared with other ablation techniques and that no damage is caused
to the nearby tissues while pulmonary vein isolation is being performed, due to the fact that the PFA technology
transmits a small amount of heat to the target tissues and that myocardial tissues are more sensitive to the electric field
compared with other tissues, which makes this technique to have better tissue selectivity [4-8]. Epicardial PFA as an
alternative approach to AF treatment, some researchers in a previous study found that the conductivity of fat near
myocardial tissue was lower than that of myocardium, which resulted in the ablation area being almost confined to the
fat layer. A subsequent researcher used computer modeling to analyze the effect of epicardial fat on the ablation area and
found that the presence of fat significantly altered the normal electric field distribution. Subsequent researchers utilized
the method of simulating fat by coating the surface of potatoes with butter and obtained the result that butter diminishes
the depth of the ablation region in potatoes [9-11]. Currently, there are fewer studies on whether the fat layer affects the
ablation effect of PFA on the ablation region. Most of the existing research cases were studied using fixed PFA
parameters. The aim of our study was to investigate the ablation effect of the presence of the supraspinal myocardial fat
layer on the ablation region targeted for ablation by PFA by means of multiparameter fat thickness versus
multiparameter pulse voltage.
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2. METHODS

2.1 Modeling

We considered building a three-dimensional computational model in the computer that contains only the ablation region
of interest for the ablation catheter, which was done to reduce the complexity of the model computation, and some
researchers have previously demonstrated that this model simplification method is effective in computational modeling
[12-13]. In the simplified model setup, we built a 3D computational model containing only the catheter, fat, myocardium,
and saline, and the whole model is shown in Figure 1A. In the model, we only consider the case where the catheter is
perpendicular to the surface of the myocardium, which is to avoid the influence of the angle on the ablation effect. For
the catheter model, we consider the real size of the catheter in the experiment, there are four electrodes in the ablation
catheter, the height of the fourth electrode is 3.5 mm, the height of the other three electrodes is 1.5 mm, and the diameter
of the catheter is 2.5 mm, and the catheter model diagram is shown in Figure 1B. We set the fat layer to be located above
the myocardial layer, and in the model, the thickness of the fat layer varied between 0 and 2.5 mm, and the whole fat

layer was between the myocardial layer and the catheter [9, 14].
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Figure 1. Schematic diagram of the simulation model

2.2 Boundary conditions

We set the boundary conditions in the model, set the first and second electrodes of the ablation catheter as negative
electrodes, and set the third and fourth electrodes of the ablation catheter as positive electrodes, and in terms of the
applied voltage of the catheter, we set the voltage range between 1000 V and 1800 V, in which the ablation voltage is
taken every 200, and in terms of the pulse setting, we set the applied pulse to be 2us and set 250 Pulse. In addition to this,
we set the current on the surface of the model, which means that the current in the model flows between the positive and

negative poles of the ablation catheter.

2.3 Material properties

The conductivity of the tissue changes during the ablation of the tissue by PFA, which is due to the fact that when the
pores induced by PFA on the target tissue cells are created, it leads to a greater permeability of the cells to the electric
current. Therefore, in the computational modeling, we represent this conductivity change induced by PFA during the
ablation process using the sigmoid function [15-16]. The PFA process-dependent equation is shown below.

O, — O
o(E)=(oc,+ 0
(E)=(5 . (E|—58,000)) (1)
3000
Where 0 is the conductivity before electroporation and 01 is the conductivity after electroporation. The specific
parameters are shown in Table 1 [12, 17]. Saline, Electrode and Poyurethane showed no change in conductivity during

PFA.

1+10e =
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Table 1. Parameters for model conductivity calculation

Element  Myocardium Fat Saline  Electrode Poyurethane
0o (S/m)  0.0537 0.0377

1.392  4.6¢f le?
o1 (S/m) 0.0281 0.0438

2.4 Governing equations

For the model calculation problem, we use COMSOL software to solve the model numerically using the finite element
method. In the electric field solution, we use the quasi-static approximation to calculate the electric field distribution.
The electric field distribution is computed by solving the Laplace form of Maxwell's system of equations [14, 18].

V-(6VV)=0
E=-VV @)
J =0oF

Where is O the conductivity of the material, V is the voltage, E is the electric field vector and J is the current density
vector.

2.5 Analysis of results

We used computer simulation of different tissues of the heart and thus simulated the effect of fat on the PFA area. In the
present study, we comprehensively assessed the size of the PFA region by varying the thickness of the fat layer and by
using different pulse voltages. In this simulation, we used 400 V/cm as the irreversible threshold for myocardial injury,
due to the fact that a large number of previous studies have reported that 400 V/cm is the minimum threshold for
myocardial injury [19-21]. In our model, fat and myocardium were located in saline, which was to make the ablation
model close to the real clinical ablation state.

3. RESULTS
3.1 Effect of different fat layer thickness at the same voltage

As shown in Figure 2, the energy ablation region of PFA penetrated the fat layer to produce damage to the myocardial
layer. At the same pulse voltage, the depth of myocardial layer damage becomes thinner and thinner with the thickness
of the fat layer, which indicates that the fat layer has an effect on the ablation depth of PFA. Figure 2 shows the ablation
data for different fat layer thicknesses at a pulse voltage of 1200V. Figure 2A shows that the ablated damage depth of the
myocardial layer was 5.9 mm for a fat layer thickness of 0.0 mm; Figure 2B shows that the ablated damage depth of the
myocardial layer was 4.7 mm for a fat layer thickness of 0.5 mm; Figure 2C shows that the ablated damage depth of the
myocardial layer was 4.4 mm for a fat layer thickness of 1.0 mm; Figure 2D shows that the ablated damage depth of the
myocardial layer was 4.4 mm for a fat layer thickness of 1.5 mm. myocardial layer was ablated to a depth of injury of 4.2
mm; Figure 2E shows that the myocardial layer was ablated to a depth of injury of 4.3 mm when the thickness of the fat
layer was 2.0 mm; and Figure 2F shows that the myocardial layer was ablated to a depth of injury of 3.9 mm when the
thickness of the fat layer was 2.5 mm.

As shown in Figure 2, we can see that at the same pulse voltage, the total depth of PFA decreases as the thickness of the
fat layer increases, which also means that the fat has a greater impediment to myocardial transmission of PFA energy
compared to the fat. In terms of the ablation width of the myocardial layer, as the thickness of the fat layer increased,
there was a small change in the width of the myocardial layer that was ablated when the PFA energy passed through the
fat layer (fat depth 0.5 mm: myocardial layer ablation width 11.2 mm; fat depth 1.5 mm: myocardial layer ablation width
9.9 mm; and fat depth 2.5 mm: myocardial layer ablation width 7.4 mm.) Tables 2 and 3 show the ablation data at
different pulse voltages. ablation data at different pulse voltages.
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Table 2. 800-1200V ablation data

800V 1000V 1200V

D H h D H h D H h

0.0 43 43 0.0 5.1 5.1 0.0 5.9 5.9
0.5 3.5 3.0 0.5 4.1 3.6 0.5 4.7 4.2
1.0 3.2 2.2 1.0 4.0 3.0 1.0 4.4 34
1.5 2.9 1.4 1.5 3.7 2.2 1.5 4.2 2.7
2.0 2.9 0.9 2.0 34 1.4 2.0 43 23
2.5 2.8 0.3 2.5 34 0.9 2.5 3.9 1.4

D: thickness of fat layer (mm); H: total depth of ablation (mm); h: thickness of ablated myocardium (mm)
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Figure 2. Ablation data for different fat layer thicknesses at a pulse voltage of 1200V.
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Table 3. 1400-1800V ablation data

1400V 16000V 1800V

D H h D H h D H h

0.0 6.5 6.5 0.0 7.3 7.3 0.0 7.9 7.9
0.5 5.4 4.9 0.5 6.0 5.5 0.5 6.6 6.1
1.0 5.0 4.0 1.0 5.7 4.7 1.0 6.0 5.0
1.5 5.0 35 1.5 53 3.8 1.5 5.8 43
2.0 4.5 2.5 2.0 53 33 2.0 55 3.5
2.5 4.4 1.9 2.5 5.2 2.7 2.5 54 2.9

D: thickness of fat layer (mm); H: total depth of ablation (mm); h: thickness of ablated myocardium (mm)

3.2 Effect of the same fat layer thickness at different voltages
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Figure 3. Ablation data at different pulse voltages for a fat layer thickness of 0.5 mm.
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In order to study the effect of fat layer thickness on the ablation area more deeply, we considered the effect of the same
fat layer thickness on the myocardial ablation area from the perspective of using different pulse voltages for PFA. Figure
3 shows the damage to the ablation area by PFA with pulse voltages ranging from 800 V to 1800 V at a fat layer
thickness of 0.5 mm. Figure 3A shows that at a pulse voltage of 800V, the myocardial layer was ablated to a depth of 3.5
mm; Figure 3B shows that at a pulse voltage of 1000 V, the myocardial layer was ablated to a depth of 4.1 mm; Figure
3C shows that at a pulse voltage of 1200 V, the myocardial layer was ablated to a depth of 4.7 mm; Figure 3D shows that
at a pulse voltage of 1400 V, the myocardial layer was ablated to a depth of 5.4 mm; Figure 3E shows that at a pulse
voltage of 1600 V, the myocardial layer was ablated to a depth of 6.0 mm; and the depth of damage of the ablated
myocardial layer was 6.6 mm at a pulse voltage of 1800 V as shown in Figure 3F.

From Fig. 3, we can conclude that the depth of myocardial tissue damage in the ablation region is getting deeper with the
increase of pulse voltage (pulse voltage: 800 V, depth of damage: 3.5 mm; pulse voltage: 1200 V, depth of damage: 4.7
mm; pulse voltage: 1600 V, depth of damage: 6.0 mm.). However, we can see that as the voltage increases linearly, the
depth of PFA damage to the myocardium does not have a linear relationship, and the ability of the voltage to damage the
myocardial layer is becoming smaller. In order to understand more deeply the effect of fat layer thickness on the ablation
region, we use two parameters of fat thickness and pulse voltage to make the ablation region response surface as shown
in Figure 4.
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Figure 4. Schematic diagram of ablation at different factor levels.

We show the effect of fat layer thickness and pulse voltage on the ablation area with 3D response surface plots, and we
are not trying to find an optimal solution for a certain ablation depth here. From the 3D response surface plots, we can
get that the total ablation depth is not linear with the linear increase of the fat layer thickness at the same pulse voltage,
and with the increase of the fat layer thickness, the obstruction effect of the fat on the ablation area is more obvious. At
the same fat layer thickness with the pulse voltage linearly increases the total depth of ablation is not a linear relationship,
with the increase of pulse voltage, the fat on the ablation area of the obstruction effect is also more obvious.

4. DISCUSSION
4.1 Main findings

Currently, a large number of clinical experts have a strong interest in PFA for the treatment of AF, and studies have
demonstrated that PFA, with its unique tissue selectivity, can effectively reduce damage to other tissues (such as
esophagus, nerves, etc.) in the vicinity of the ablation area [22-24]. Some studies have demonstrated that the presence of
epicardial fat layer may affect the tissue ablation effect of PFA. This may be due to the fact that the electrical
conductivity of adipose tissue is smaller than that of myocardial tissue, and researchers have made studies on the effect
of fat on ablation from potato experiments and other simulation experiments [9-11]. However, to date, we are not aware
of any studies that have investigated the ablation effect of PFA on ablated tissue for different fat layer thicknesses and
pulse voltages during epicardial ablation. To the best of our knowledge, our study is the first study to evaluate the effect
of fat layer on the ablated area during epicardial ablation from multiple fat thicknesses and multiple pulse voltages using
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computational modeling. In our study, three-dimensional modeling was performed using computers to simulate multiple
combinations of fat layer thicknesses and pulse voltages. The main results of this study are as follows:

1) The fat layer has a hindering effect on PFA ablation; the thicker the fat layer, the stronger the effect on PFA
energy hindrance (under 1200 V pulse voltage, when the thickness of the fat layer comes to 2.5 mm, the total
depth of ablation is 3.9 mm.).

2) At the same pulse voltage, the total depth of ablation varied less when the fat layer thickness reached 1.5 mm
(under 1600 V pulse voltage, when the thickness of the fat layer comes to 1.5 mm, 2.0 mm, 2.5 mm, the total
depth of ablation is 5.5 mm, 5.3 mm, 5.2 mm.).

3) At the same pulse voltage, there was a step change in the total depth of PFA ablation when the fat layer was 0.0
mm and when the fat layer was 0.5 mm (1000 V: 5.1 mm and 4.1 mm; 1400 V: 6.5 mm and 5.4 mm; 1800 V:
7.9 mm and 6.6 mm.).

4) At different pulse voltages, the total ablation depth appears to have a linear relationship with the pulse voltage
when a fat layer is present (fat layer thickness 0.5 mm: total depth of ablation: 3.5 mm, 4.1 mm, 4.7 mm, 5.4
mm, 6.0 mm, 6.6 mm.).

The present study is a study of the epicardial fat layer affecting the area of PFA, and the study of the fat layer is of strong
clinical relevance for the wall permeability of PFA. Our results show that due to the huge difference in electrical
conductivity between the fat layer and the myocardial layer (myocardium: 0.281 S/m, fat: 0.0438 S/m.), this can lead to
the fat itself being less conductive than the myocardium, in other words the value of the electric field of the myocardial
layer of the same thickness is higher than that of the fat layer. This is also verified in our computational modeling, where
the fat layer has a certain hindering effect on the ablation of PFA, and this hindering effect becomes progressively larger
as the thickness of the fat layer increases.

For the first time, we investigated the effect of the epicardial fat layer on the ablation region using a three-dimensional
model, and in our computational model, the total depth of ablation in the PFA region appeared to have a close linear
relationship with the voltage, as given in Article 4 of our summary. It is worth noting that due to the large pulse voltage
intervals we set, this finding still deserves a more detailed study. Meanwhile, we found that when the thickness of the fat
layer reached 1.5 mm, the total depth of the PFA area changed less with the increase of the fat layer thickness under the
same pulse voltage in our model, and the total depth of ablation appeared to have some retraction (1000 V: 3.7 mm, 3.4
mm, 3.4 mm; 1600 V: 5.3 mm, 5.2 mm, 5.2 mm.). In addition, our computational modeling this time did not address
whether different pulses would have an effect on this ablation region hindering effect on the fat layer, which still
warrants further in-depth study in the follow-up.

4.2 Limitations

We derived these data from computer modeling. We would like the data on the influence of the fat layer on ablation to
come directly from carrier experiments, but so far we are not aware of any similar studies. Although we recognize the
limitations of our model compared to patients, we try to approximate the real human environment in our simulations, e.g.,
simulation of the electrical conductivity of different tissues. In our simulations, the pulse voltage data are spaced widely,
and some invisible ablation data do not seem very obvious (such as the total ablation depth is linearly related to the pulse
voltage), but nevertheless, we can humanly analyze the data from more than one fat layer to obtain them.

5. SUMMARY

In this paper, we made a study on the effect of different thicknesses of fat layer on the ablation area of PFA. We found
that compared with the presence of only the myocardial layer, the presence of a fat layer caused a decrease in the
ablation depth of PFA, and the fat layer had a certain hindering effect on the ablation depth. When the fat layer reaches a
certain thickness, the effect of the fat layer on the total depth of ablation gradually decreases. In addition, under the same
thickness of fat layer and different pulse voltages, the total ablation depth seems to have a linear relationship with the
pulse voltage, which needs to be verified by more detailed grading of pulse voltage. In conclusion, the presence of the fat
layer is a hindrance to PFA, and we hope that different data will be available in the future to validate our work, and we
also hope that our simulation data will have a positive effect on clinical studies.

Proc. of SPIE Vol. 13270 132701D-7



ACKNOWLEDGMENTS

This research was funded by [The Open Project of the Central Logistics Support Department] grant number
[BLB20J012]; [The National Natural Science Foundation of China] grant number [62273082]; [Science and Technology
Program of Liaoning Provincial] grant number [2022JH2/101500017], [Science and Technology Program of Liaoning
Provincial] grant number [2020JH1/10300002] and [Science and Technology Program of Liaoning Provincial] grant
number [2023JH2/101300125].

REFERENCES

[1] Stewart M T, Haines D E, Verma A, et al. Intracardiac pulsed field ablation: proof of feasibility in a chronic porcine
model[J]. Heart rhythm, 2019, 16(5): 754-764.

[2] Meckes D, Emami M, Fong 1, et al. Pulsed-field ablation: computational modeling of electric fields for lesion depth
analysis[J]. Heart Rhythm O2, 2022, 3(4): 433-440.

[3] Reddy V Y, Koruth J, Jais P, et al. Ablation of atrial fibrillation with pulsed electric fields: an ultra-rapid,
tissue-selective modality for cardiac ablation[J]. JACC: Clinical Electrophysiology, 2018, 4(8): 987-995.

[4] Xie F, Chen Y, Chen X, et al. Irreversible Electroporation Ablation for Atrial Fibrillation: Status and Challenges[J].
Cardiology Discovery, 2022, 2(01): 41-50.

[5] Nakatani Y, Sridi-Cheniti S, Cheniti G, et al. Pulsed field ablation prevents chronic atrial fibrotic changes and
restrictive mechanics after catheter ablation for atrial fibrillation[J]. EP Europace, 2021, 23(11): 1767-1776.

[6] Reddy V Y, Neuzil P, Koruth J S, et al. Pulsed field ablation for pulmonary vein isolation in atrial fibrillation[J].
Journal of the American College of Cardiology, 2019, 74(3): 315-326.

[7] Reddy V Y, Anic A, Koruth J, et al. Pulsed field ablation in patients with persistent atrial fibrillation[J]. Journal of
the American College of Cardiology, 2020, 76(9): 1068-1080.

[8] Russo A M. Pulsed Field Ablation: Is It Better Than Conventional Thermal Ablation for Treatment of Atrial
Fibrillation? [J]. Circulation, 2023, 147(19): 1433-1435.

[9] Gonzalez-Suarez A, O’Brien B, O’Halloran M, et al. Pulsed electric field ablation of epicardial autonomic ganglia:
Computer analysis of monopolar electric field across the tissues involved[J]. Bioengineering, 2022, 9(12): 731.

[10]Pérez J J, Gonzalez-Suarez A. How intramyocardial fat can alter the electric field distribution during Pulsed Field
Ablation (PFA): Qualitative findings from computer modeling[J]. Plos one, 2023, 18(11): ¢0287614.

[11] Gasperetti A, Assis F, Tripathi H, et al. Determinants of acute irreversible electroporation lesion characteristics after
pulsed field ablation: the role of voltage, contact, and adipose interference[J]. Europace, 2023, 25(9): euad257.

[12] Gonzalez-Suarez A, Irastorza R M, Deane S, et al. Full torso and limited-domain computer models for epicardial
pulsed electric field ablation[J]. Computer Methods and Programs in Biomedicine, 2022, 221: 106886.

[13]Gonzalez-Suarez A, Berjano E. Comparative analysis of different methods of modeling the thermal effect of
circulating blood flow during RF cardiac ablation[J]. IEEE Transactions on Biomedical Engineering, 2015, 63(2):
250-259.

[14] Gonzalez-Suarez A, Pérez J J, O’Brien B, et al. In silico modelling to assess the electrical and thermal disturbance
provoked by a metal intracoronary stent during epicardial pulsed electric field ablation[J]. Journal of Cardiovascular
Development and Disease, 2022, 9(12): 458.

[15]Sel D, Cukjati D, Batiuskaite D, et al. Sequential finite element model of tissue electropermeabilization[J]. IEEE
Transactions on Biomedical Engineering, 2005, 52(5): 816-827.

[16]Zhao Y, Bhonsle S, Dong S, et al. Characterization of conductivity changes during high-frequency irreversible
electroporation for treatment planning[J]. IEEE Transactions on Biomedical Engineering, 2017, 65(8): 1810-1819.

[17]Gabriel C, Peyman A, Grant E H. Electrical conductivity of tissue at frequencies below 1 MHz[J]. Physics in
medicine & biology, 2009, 54(16): 4863.

[18]Ding L, Moser M, Luo Y, et al. Treatment planning optimization in irreversible electroporation for complete
ablation of variously sized cervical tumors: a numerical study[J]. Journal of Biomechanical Engineering, 2021,
143(1): 014503.

[19] Verma A, Asivatham S J, Deneke T, et al. Primer on pulsed electrical field ablation: understanding the benefits and
limitations[J]. Circulation: Arrhythmia and Electrophysiology, 2021, 14(9): e010086.

[20] Stewart M T, Haines D E, Miklav¢i¢ D, et al. Safety and chronic lesion characterization of pulsed field ablation in a
Porcine model[J]. Journal of cardiovascular electrophysiology, 2021, 32(4): 958-969.

Proc. of SPIE Vol. 13270 132701D-8



[21]Kaminska I, Kotulska M, Stecka A, et al. Electroporation-induced changes in normal immature rat myoblasts (H9C2)
[J]. Gen Physiol Biophys, 2012, 31(1): 19-25.

[22] Wittkampf F H M, van Es R, Neven K. Electroporation and its relevance for cardiac catheter ablation[J]. JACC:
Clinical Electrophysiology, 2018, 4(8): 977-986.

[23]Urbanek L, Bordignon S, Schaack D, et al. Pulsed field versus cryoballoon pulmonary vein isolation for atrial
fibrillation: efficacy, safety, and long-term follow-up in a 400-patient cohort[J]. Circulation: Arrhythmia and
Electrophysiology, 2023, 16(7): 389-398.

[24] Turagam M K, Neuzil P, Schmidt B, et al. Clinical outcomes by sex after pulsed field ablation of atrial fibrillation[J].
JAMA cardiology, 2023, 8(12): 1142-1151.

Proc. of SPIE Vol. 13270 132701D-9



