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Pulsed electric field ablation
process-the effect of bifurcation
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distribution
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Pulsed field ablation (PFA) is a novel non-thermal technique for arrhythmia treatment, capable of
targeting the epicardium. However, the effects of coronary bifurcation lesions (BL) and bifurcation
stents (BS) on ablation efficacy have not been evaluated. A three-dimensional computer simulation
model was developed to assess the effect of the ablation region. The ablation catheter was set to be
located directly above the BS model by performing a true size reduction of the ablation device. The
ablation region was evaluated using an electric field strength contour of 1000 V/cm. The influence of
coronary BL and BS on PFA ablation efficacy was assessed using ablation effect maps from different
models. BS did not induce electric field coupling, and the distortion of the electric field in the ablation
region remained unchanged, with cold and hot spots located similarly. The presence of coronary
branches reduced the ablation area width, with a maximum difference of 2.82 mm. The angle between
the ablation catheter and the main coronary artery branch had a smaller effect on the ablation zone
width, with a maximum difference of 1.24 mm. The presence of BS will have a positive effect on the
temperature increase in the ablation region (3.59 °C temperature increase in the presence of BS). The
results indicate that BL and BS influence the electric field distribution in the ablation region. However,
this distortion is confined to the ablation area, with no coupling between the main coronary artery and
its branches to exacerbate the electric field distortion. The presence of BS exacerbates the temperature
rise at the ablation site, but this increase does not cause thermal damage to the region.

Keywords Pulsed electric field, Arrhythmia, Coronary artery, Bifurcation lesion, Bifurcation stent,
Computer modeling

Pulsed field ablation (PFA) has recently emerged as a novel treatment for arrhythmias. PFA is a non-thermal
ablation technique that treats arrhythmias by applying a high-voltage electric field to the target site, disrupting
cellular homeostasis and causing cell death!=>. Arrhythmias, particularly atrial fibrillation and supraventricular
tachycardia, significantly affect quality of life and increase the risk of complications such as arterial embolism and
stroke®”’. Studies have shown that the ganglionic plexus in the epicardial fat layer plays a key role in the induction
and maintenance of arrhythmias. Computational models suggest that the ganglionic plexus contributes to the
distribution of the electric field in PFA, likely due to its higher electrical conductivity compared to surrounding
adipose tissue®®. Subsequent studies proposed that coronary metal stents have higher electrical conductivity
than ganglion plexuses, which may exacerbate electric field distortion and increase the temperature in the
ablation region. Hogenes et al. found in their experiments with PFA on tumors that metal stents near the ablation
electrodes distort the normal electric field. Follow-up studies further revealed that the presence of metal stents
increased the temperature at the ablation target site!*12.

Ana et al. developed a two-dimensional computational model and found that the presence of a metallic
stent in a coronary artery causes a normal electric field distribution in the ablation region, while the metal’s
properties increase the region’s temperature. However, this temperature change does not cause thermal damage
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to surrounding tissues. Researchers later developed simplified models of the ablation area based on the human
body’s real three-dimensional structure and compared these with complex models. This comparison reduced
the complexity of 3D modeling while minimizing the gap between the models in terms of ablation area and
depth!>!. Coronary bifurcation lesions (BL) are common in clinical practice. It has been shown that coronary
metallic stents cause electric field distortions and thermal changes at the PFA targeting site. However, the effects
of bifurcated stents (BS) on the electric field and temperature distribution during pulsed ablation have not been
fully evaluated (BL are atherosclerotic lesions within the coronary arteries that occur at the bifurcation of the
vessel.). Therefore, to address this, we conducted multi-angle computer modeling of BS to assess the differences
in electric field and temperature distributions across various models. This study aims to enhance the application
of pulsed-field ablation for arrhythmia treatment in clinical practice.

Methods

Computational modeling

To analyze and compare the effects of bifurcation lesions and bifurcation stents on pulsed electric field ablation,
we used a three-dimensional computational model. In the model, we focused solely on the area containing
the ablation device and its potential effects, a simplification method supported by previous studies'*-16. We
realistically scaled the ablation device dimensions in the model and layered it according to the above conclusions.
Based on the real structure of the human heart, the regions of interest (saline, fat, coronary arteries, myocardium,
and blood) were modeled in distinct layers. To simulate a real ablation scenario, the device was placed above the
fat layer®!>17. The ablation model is shown in Fig. 1.

The ablation electrode diameter was set to 3.98 mm, with a width of 2.56 mm, and the distance between
electrodes was 6.23 mm. A saline layer was included in the model to serves primarily to cool the temperature and
homogenize the electric field. To ensure effective energy transfer to the region of interest, the ablation electrodes
were fully attached to the fat layer in the computational model'*13-2!. In the model, the fat thickness was 4.3 mm,
myocardium thickness 2.7 mm, and blood thickness 40 mm. The model’s length and width were set to 80 mm
and 40 mm, respectively, based on previous studies®?>%*. For the metal stent, we set the outer diameter of 2.5 mm
and the wall thickness of 0.1 mm. In order to facilitate the calculation and analysis, we used the same design
parameters for both metal stents in the simulation?#?°. The vessel diameter was kept constant for simplification in
this simulation. The impact of bifurcation lesion location on ablation areas was also considered. Different sections
of the computational model were studied. The ablation model is shown in Fig. 2. In this simulation, the vessel
diameter was kept constant for simplification, and different locations of bifurcation lesions were considered to
assess their impact on the ablation area. We have studied different cross sections of the computational model.

Pulse parameters and boundary conditions

Boundary conditions were set for the computational simulation model. In the computational model, two pulse
widths were used: 1000 V for the ablation electrode, with a pulse time and interval of 100 us each. To compare
the effect of different pulse widths on the ablation area, a second simulation was run with 1000 V, 50 ps pulse
time, and 50 ps pulse interval. The total ablation time was kept constant in the computational model to analyze
whether the pulse width affects the ablation area!*132%, The computational model is set to 0 V for the dispersed
electrode and 0 for the other model surface currents, which indicates that the ablation energy propagates only
between the ablated and dispersed electrodes!'>!. The energization time for this simulation was 2 ms, and the
specific ablation pulse parameters are shown in Fig. 3.

To evaluate the effect of pulsed electric field ablation on the temperature of the ablation region, we set the
thermal boundary conditions for the computational model. To analyze the effect of different pulse widths on
the temperature of the ablation region, we applied Newton’s law of cooling to set the air-electrode interface
parameter at 20 W/m?K (ambient temperature: 21 °C). The myocardium-blood interface was set with a thermal
convection coefficient of 1417 W/m*K to simulate the effect of thermal convection on the temperature, with an
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Fig. 1. Schematic diagram of human ablation area.
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Fig. 2. Schematic diagram of the computational model'>4.
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Fig. 3. Pulse parameters.

endocardial blood flow velocity of 24.4 cm/s at a tissue temperature of 37 °C?”?. In the simulation, we compared
coronary artery bifurcation lesions, with a blood flow rate of 0.5 m/s, thermal convection coefficient of 63.19 W/
m*K, and blood viscosity coeflicient of 0.0021 kg/(m-s)***°.

Controlling equations and material properties

Based on the above analysis, the pulsed electric field ablation model is an electro-thermal coupling problem.
To address this electro-thermal coupling problem, we established a three-dimensional computational model in
the finite element analysis software COMSOL (COMSOL Multiphysicsw. Version 5.5. COMSOL AB, Stockholm,
Sweden.). The specific model parameters are shown above, and a tetrahedral mesh was used for the model
structure. In the model, the catheter electrode is placed in the saline layer to simulate its real clinical position.
As this is an electro-thermal coupling problem, we included the biological heat transfer module in the model.

Additionally, Laplace’s equation was used to simulate the pulsed ablation electric field®'-*>.
J=0oF
E=-VV
V. (6VV) =0

Where o is conductivity (S/m), V is voltage, E is electric field strength (V/m), and J is current density (A/m?).
The phenomenon of tissue temperature rise in the target region caused by PFA during epicardial ablation was
considered using the bioheat Eqs®”*.

Q=olE|
pcp%:v‘(kVT)+Q+Qe+Qmet

Where p is the density (kg/m?), ¢ is the specific heat (J/kg-K), T is the temperature (‘C), t is the time (s), k is the
thermal conductivity of the tissue (W/m-k), Q is the heat source generated by the electric field (W/m?), Qp is
the heat loss due to the blood flow (W/m?), and Qmet is the heat loss due to the biological metabolism (W/m?).

In the model calculation, we assign appropriate conductivity values to different tissues due to their distinct
cellular structures, which affect conductivity. Proper conductivity parameter design ensures more accurate
model results. Researchers have found that the conductivity of biological tissues changes during PFA ablation
due to electroporation, which enhances current penetration. In order to accurately simulate the temperature
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Mlement | Saline | Blood | Myocardium | Fat | Electrode | Stent | Poyurethane
k(W/m-K) |0.628 |0.52 0.56 0.21 71 15 23
c(J/kg'K) | 4184 |3617 | 3686 2348 132 480 | 1050
p (kg/m?) | 980 1050 1081 911 | 21,500 8000 | 1440

Table 1. Control equations and parameters for bioheat calculations.

Mlement | Stent | Electrode | Poyurethane | Saline | Myocardium | Blood | Fat

o 0(S/m) 0.0537 0.7 0.0377
7.4€° | 4.6e° le™® 1.392
o 1(S/m) 0.281 0.748 | 0.0438

Table 2. Parameters for model conductivity calculation.

changes in the ablation region, we used a pair of pulse waveform simulations for the biothermal simulation
calculations'>%. In this study, we use a Sigmoid function to model these conductivity changes. Additionally,
temperature changes slightly affect conductivity, so we set the conductivity of saline, blood, and other substances
to increase by 2% with temperature®®-3%. In the simulation, we use 0 and 1 to represent tissue conductivity before
and after electrical stimulation, with values changing as tissue voids form. Relevant parameters are shown in
Tables 1 and 2!3363940 The parameters we used in this simulation were obtained from previous studies.

01 — 00

— (|E[—58,000)
1+ 10e™ =555

o(E,T) = (00 + )-1.0277%7

Here, o ,and o, represent the conductivity before and after electroporation, respectively, with their values
being related to the presence and size of pores in the cell membrane. Before electroporation occurs, when pores
have not yet formed, current flows only through the extracellular material, similar to low-frequency electrical
excitation where the cell membrane acts as an electrical insulator. Under practical conditions, this effect remains
stable between 1 and 10 kHz. At higher pulse frequencies, conductivity in the myocardium decreases due to
pore formation, allowing current to flow not only extracellularly but also through the cytoplasm. However, the
regional effect of PFA ablation remains negligible at other pulse frequencies'*%.

Analysis of results

There are several types of coronary BL, and BS provides a solution for this lesion. The effect of BS on the pulsed
electric field ablation area has not been thoroughly evaluated in arrhythmia treatment protocols. In this paper,
we simulate and analyze cases using the finite element simulation software COMSOL to assess pulsed electric
field ablation near the BS, including electric field distribution and temperature effects in the ablation area.
Computational simulations were conducted for various scenarios, including different pulse widths, BS locations,
distances between the ablation catheter and coronary artery, and the presence or absence of a metallic stent.
We used an electric field contour of 1000 V/cm in the simulations to assess the depth and width of the ablation
region, as studies have shown that a pulsed electric field at this threshold can cause irreversible myocardial
damage!'®4142, Temperature simulations were conducted to evaluate potential adverse thermal effects induced
by the BS during ablation. The total duration of the simulation was kept consistent (as shown in Fig. 2), and the
ablation duration was the same for both pulse widths to assess their impact on the temperature of the ablation
region.

Results
Electric field distribution
Coronary artery BL is a lesion characterized by severe stenosis of the main coronary artery and its branches,
either separately or simultaneously. To analyze its effect on pulsed electric field ablation in greater detail, we first
assume that no BS is present at the lesion site. Then, we classify the lesion into two types based on the distance
of ablation catheter and the coronary artery (1 mm and 1.5 mm, respectively). The calculations for these two
lesion types are performed first in this study. Specifically, three cross-sections are selected for computational
modeling: A and D, B and E, and C and F each correspond to the same section. Section A is the section in which
only the main coronary artery is present, section B is the section before the main coronary artery and branch are
separated, and section C is the section in which the main coronary artery and branch are completely separated.
The exact locations of these cross-sections in the computational model at the BS are illustrated in Fig. 4.
A multi-faceted study was conducted on the distance between the ablation catheter and the coronary artery,
considering the variability in cardiac tissue thickness among different populations. Studies have shown that
patients with coronary BS implantation tend to have a greater epicardial fat thickness compared to the normal
population®3~*,
The ablation effect of pulsed electric field ablation with a pulse voltage of 1000 V and a pulse width of 100
us is shown in Fig. 5A. In this simulation, the ablation catheter was positioned 1 mm from the coronary artery,
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Fig. 4. Schematic diagram of different cross sections of the ablation calculation model*!.
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Fig. 5. No bifurcation stents inside the coronary artery, pulse voltage of 1000 V, and ablation catheter at a
distance of 1 mm from the coronary artery.

and no BL was present. Computational model analysis showed that, regardless of the angle between the ablation
catheter and the coronary artery, cold spots (regions with lower electric field values) and hot spots (regions with
higher electric field values) appeared symmetrically on both sides of the coronary artery. Notably, the cold spot
region was larger when there was no angle between the ablation catheter and the coronary artery than when an
angle was present. This is likely due to the greater distance between the coronary artery and its branches in the
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absence of an angle, as shown in Figs. 5Ab and 5Ae. The ablation region is wider in cross-sections where the
main coronary artery and branches intersect at the computational model interface, as shown in Figs. 5Aa, 5Ab,
and 5Ad, 5Ab. This phenomenon remains unchanged despite variations in the distance between the main branch
and its branches, as indicated by Fig. 5B, 5Ac, and 5Ae, 5Af.

The ablation effect of pulsed electric field ablation with the ablation catheter at a distance of 1 mm from the
coronary artery at a pulse width of 50 us is shown in Fig. 5B. In this simulation, no BL was produced in the
coronary artery. Compared with Fig. 5A, we only changed the pulse voltage width to 50us in the computational
simulation and found that the width of the pulsed electric field ablation region was almost unchanged in the two
computational simulation results (the maximum difference was 0.09 mm, compared with Figs. 5Ab and 6Bb.),
and the ablation region was restricted to the fat layer only, and no damage was produced to the myocardial layer.
Damage. Similar to the results of Fig. 5A, when only the main coronary branch was present, the width of the
ablation region was much smaller than that in the case of the simultaneous presence of the main branch and the
branch (width of 9.41 mm in Fig. 5Aa, width of 11.66 mm in Fig. 5Ab, width of 9.36 mm in Fig. 5Ba, and width
of 11.57 mm in Fig. 5Bb.). This indicates that changes in pulse voltage width do not cause changes in the width
of the ablation region.

The ablation effect of pulsed electric field ablation at a pulse voltage of 1000 V and a pulse width of 100 us
is shown in Fig. 6. In this simulation, the ablation catheter was 1.5 mm away from the coronary artery, and
there was no BS inside the coronary artery. comparing Fig. 5 with Fig. 6, the change of the distance between the
ablation catheter and the coronary artery had a limited effect on the ablation results, and the overall ablation
trend of the ablation area did not change. The difference was greatest when there was an angle between the
ablation catheter and the coronary artery (both main and branch coronary arteries were present in the ablation
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Fig. 6. No bifurcation stents inside the coronary artery, pulse voltage of 1000 V, and ablation catheter at a
distance of 1.5 mm from the coronary artery.
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cross-section) (Fig. 5Ae width 12.06 mm, Fig. 5Af width 12.23 mm, Fig. 6Ae width 11.45 mm, Fig. 6Af width
11.36 mm, with a maximum difference in the width of the ablated area of 0.61 mm and 0.77 mm, respectively.).

In the presence of BS in the coronary arteries, we specifically analyzed the effect of BS on the presence of
pulsed electric field ablation according to the previous classification. It is worth noting that we categorized such
cases into four types in the present study similar to the above, respectively, and the ablation effect of pulsed
electric field ablation at a pulse voltage of 1000 V and a pulse width of 100 us is shown in Fig. 7. In the present
simulation, the ablation catheter was 1 mm from the coronary artery, and there was BS inside the coronary
artery.

Similar to the previous findings the cold and hot spots in the ablation region do not change their positions
due to the presence of BS. It is worth noting that the distortion of the electric field in the ablation region by the
presence of BS is more obvious, comparing Fig. 7Ab with Fig. 5Ab, it can be concluded that the cold spots in
the ablation region continue to expand when BS is present, and this manifestation results in the phenomenon
that the value of the electric field in the intermediate region of the ablation is less than 1000 V/cm, which results
in the reduction of the width of the ablation region (Fig. 5Ab width 11.66 mm, Fig. 9Ab width 10.68 mm.) The
ablation effect of pulsed electric field ablation at a pulse voltage of 1000 V and a pulse width of 50 us is shown
in Fig. 7B. In this simulation, the ablation catheter was 1 mm away from the coronary artery, and there was a BS
inside the coronary artery. Comparing Fig. 7A with Fig. 7B, the change in the pulse voltage width had a small
effect on the width of the ablation area, a phenomenon similar to the previous phenomenon in which there was
no BS inside the coronary artery (the maximum difference in the width of the ablation area was 0.36 mm, which
is derived from comparing Fig. 7Ac width 11.76 mm and Fig. 7Bc (width 12.13 mm.).

The ablation effect of pulsed electric field ablation at a pulse voltage of 1000 V and a pulse width of 100 us
is shown in Fig. 8. In this simulation, the distance of the ablation catheter from the coronary artery is 1.5 mm,
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Fig. 7. Bifurcation stents inside the coronary artery with a pulse voltage of 1000 V. The distance between the
ablation catheter and the coronary artery is 1 mm.
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and there is BS inside the coronary artery. Compared with Fig. 7, we change the distance between the ablation
catheter and the coronary artery in the computational simulation, and we can observe that in Fig. 8Ab, the
cold spot area on the right side of the coronary artery becomes smaller, and the entire ablation area forms an
encapsulated area, and the width of the ablation area has a large change (Fig. 7Ab width 10.68 mm, Fig. 8Ab
width 11.31 mm, and the difference in the width of the ablation area is 0.63 mm). This ablation effect was similar
to that of the previous BS-free ablation area in the intracoronary arteries, and therefore, this also suggests that
the catheter can be discharged in multiple locations during BS pulse ablation to achieve a better ablation effect.

The ablation effect of pulsed electric field ablation at a pulse voltage of 1000 V and a pulse width of 50 us
is shown in Fig. 8B. Comparing Fig. 8A with Fig. 8B, it can be concluded that changing only the pulse voltage
width has less effect on the ablation area with the same ablation parameters, a phenomenon we mentioned
above. Comparing Fig. 7, it can be obtained that the change in the distance between the ablation catheter and
the coronary artery still led to the phenomenon that the cold spot region on the right side of the coronary artery
became larger. With the same pulse ablation parameters, it seems that a larger distance between the ablation
catheter and the BS also has a larger effect on the width of the ablation area. Comparing Figs. 7 and 8, in our
three cross-sections taken from the computational model, Fig. 8 corresponds to a somewhat larger ablation
width in each section than that of Fig. 7 (the maximum difference in the ablation region width is 0.89 mm, and a
comparison of the width of Fig. 7Bb, 10.45 mm, with that of Fig. 8Bb yields a width of 11.34 mm).

The orthogonal test is an efficient experimental method, primarily used for multi-factor and multi-level
experiments. Representative experimental groups can be selected using an orthogonal table to analyze the effects
of each factor. During epicardial ablation, the effectiveness of the targeted region is primarily determined by the
threshold of the electric field distribution. Therefore, we conducted an orthogonal test to better analyze the key
factors influencing the ablation region.
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Fig. 8. Bifurcation stents inside the coronary artery with a pulse voltage of 1000 V. The distance between the
ablation catheter and the coronary artery is 1.5 mm.
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Stent Angle Distance
Experiment number | (2 levels) | (2levels) | (2levels) | Cross-Sect. (3 levels) | Y-value
1 A, B, Cy D, 9.41
2 A B, C, D, 11.27
3 A, B, C, D; 12.23
4 A, B, C, D, 9.48
5 A, B, Cy D, 10.68
6 A, B, C; D; 12.56
7 A, B, C D, 9.11
8 A, B, C, D, 11.36
9 A, B, C, D; 12.21
10 A, B, C, D, 11.45
11 A, B, C, D, 9.57
12 A, B, Cy Ds 12.57

Table 3. Orthogonal test table of ablation effect.

Source Sum of Squares (SS) | Degrees of Freedom (df) | Mean Square (MS) | F-value | P-value
Stent: A 0.003 1 0.003 0.090 | 0.774
Angle: B 0.021 1 0.021 0.563 | 0.481
Distance: C 0.355 1 0.355 9.601 | 0.021
Cross-section: D | 18.569 2 9.284 250.861 | 0.000
Error 0.222 6 0.037

Total 18.838 11

Table 4. Table of ANOVA results.

In this study, we employed an orthogonal experimental design with four factors (bracket, angle, distance,
and cross-section) and one outcome variable (ablation width). Table 3 presents the orthogonal test matrix used
in this study. The ablation width (Y value) was obtained from simulation-derived calculations in the previous
analysis.

In Table 3 stent (1 indicates no stent, 2 indicates stent), angle (1 indicates no angle of the ablation catheter
to the main branch of the coronary artery, 2 indicates an angle of the ablation catheter to the main branch of
the coronary artery), distance (1 indicates the ablation catheter to the coronary artery as 1 mm, 2 indicates
the ablation catheter to the coronary artery as 1.5 mm), and cross-Sect. (1 indicates cross sections A and D,
2 indicates cross sections B and E, and 3 indicates cross sections C and F). Correlation calculations on the
orthogonal experimental tables yielded Table 4.

We computed the sum of squares, mean squares, F-values, and p-values for each factor. Factor D (F=250.861,
p<0.005) exhibits extremely high significance, indicating a strong effect on the ablation results. Factors A, B,
and C, with low F-values and p-values well above 0.05, have minimal influence on the ablation results. Among
factors A, B, and C, factor C has a p-value of 0.021, suggesting that it is the second most influential factor in
this simulation. The sum of error squares in Table 4 is 0.222, corresponding to an error of approximately 1.18%
relative to the total sum of squares (18.838). This small discrepancy indicates that our experimental data are
highly stable and reliable.

Temperature distribution

In this computational simulation, the temperature variation in the ablation region is another focus of our
study, and in this study, we measure the temperature for the selected ablation cross-section and also mark the
maximum temperature in the ablation region. Similar to the electric field distribution study, in the study of
temperature measurement in the ablation region, we use the same classification criteria, firstly into whether the
BL site is installed with a BS or not, and for this lesion we perform a secondary classification into two types of
ablation catheters and coronary arteries of 1 mm and 1.5 mm, respectively, which are computationally simulated
firstly in the article. The ablation effect of pulsed electric field ablation at a pulse voltage of 1000 V and a pulse
width of 100 us is shown in Fig. 9. In this analog simulation, the ablation catheter was 1 mm from the coronary
artery and there was no BS inside the coronary artery.

In Fig. 9, it is shown that when the ablation area has both the presence of the main coronary artery and the
branch, the change in the angle between the ablation catheter and the main branch has a greater effect on the
temperature of the ablation area (Fig. 9Ac ablation area temperature 41.88 °C, Fig. 9Af ablation area temperature
40.52 °C). This indicates that the presence of coronary arteries has a large effect on the temperature variation
in the ablation region. At the same time, similar to the ablation electric field distribution, there are cold and
hot spots in the ablation region temperature, which can be obtained from the figure that the temperature of the

Scientific Reports |

(2025) 15:25352 | https://doi.org/10.1038/541598-025-10606-w nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

46

d Ablation cross section D e Ablation cross section E f Ablation cross section F “
A Pulse voltage width 100us

40

d Ablation cross section D e Ablation cross section E f Ablation cross section F
B Pulse voltage width 50us

Fig. 9. No bifurcation stents inside the coronary artery, pulse voltage of 1000 V, and ablation catheter at a
distance of 1 mm from the coronary artery.

upper and lower sides of the coronary artery is higher than that of the left and right sides, and this phenomenon
does not change because of the angle between the ablation catheter and the main branch of the coronary artery.

Shown in Fig. 9B is a schematic of the ablation zone temperature compared with Fig. 9A where only the
pulse voltage width was changed. Similar to the pulse voltage of 100 us, the change in the angle between the
ablation catheter and the main coronary artery branch had a greater effect on the ablation region temperature
when both the main coronary artery branch and the branch were present (Fig. 9Bc ablation region temperature
41.75 °C, Fig. 9Bf ablation region temperature 40.53 °C). It is worth noting that we performed the ablation
voltage pulse width interpretation in the previous section. In the present study, no matter how the width of
the pulse voltage was changed, the total pulse duration did not change, which led to no significant change in
the ablation region temperature (the highest temperature in the ablation region was 41.98 °C and the lowest
temperature was 40.52 °C).

Figure 10A shows the ablation effect of pulsed electric field ablation at a pulse voltage of 1000 V and a pulse
width of 100 us. Figure 10B shows the ablation effect of pulsed electric field ablation at a pulse width of 50 us.
In these two computational simulations, the ablation catheter was 1.5 mm away from the coronary artery, and
there was no BS inside the coronary artery. comparing Figs. 9 and 10, we found that the distance between the
ablation catheter and the coronary artery had a large effect on the temperature change of the ablation area, and
when the distance between the ablation catheter and the coronary artery was 1 mm, the temperature of the
corresponding cross-section in the ablation area was greater than that of the ablation catheter and the coronary
artery at a distance of 1.5 mm.

When the distance between the ablation catheter and the coronary artery was 1 mm, the temperature of the
corresponding cross-section in the ablation area was greater than that when the distance between the ablation
catheter and the coronary artery was 1.5 mm. However, this temperature change did not produce thermal damage
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Fig. 10. No bifurcation stents inside the coronary artery, pulse voltage of 1000 V, and ablation catheter at a
distance of 1.5 mm from the coronary artery.

to the tissue in the ablation region (maximum temperature of 41.98 °C, as shown in Fig. 9Aa). Comparing
Figs. 10 A and 10B, it can be concluded that the temperature in the ablation region does not change significantly
when the ablation parameter is changed only by the pulse width, and this conclusion does not change because
of the distance between the ablation catheter and the coronary artery (the maximum difference is only 0.02 °C,
as shown in Figs. 10Af and 10Bf.).

In the presence of BS in the coronary arteries, we specifically analyzed the effect of BS on the presence of
pulsed electric field ablation according to the previous classification. Figure 11A shows the ablation effect of
pulsed electric field ablation at a pulse voltage of 1000 V and a pulse width of 100 us. Figure 11B shows the
ablation effect of pulsed electric field ablation at a pulse width of 50us. In this simulation, the ablation catheter
was 1 mm away from the coronary artery, and BS was present inside the coronary artery.

As shown in Fig. 11A, the maximum temperature in the ablation region is 43.58 °C and the minimum
temperature is 40.95 °C. It is worth noting that no matter in Fig. 11A and B, the cross-section of the maximum
value of the ablation region temperature occurs consistently (as shown in Fig. 11Ad and Fig. 11Bd), and similar
to the previous calculation and simulation results is that the change of the pulse voltage width does not cause
a large change of the temperature of the ablation region, which may be in the case of because the total pulse
length is the same, the ablation region is heated for the same amount of time, and therefore the ablation region
temperature change trend is similar. In contrast to Fig. 9, the presence of BS exacerbates the increase of the
ablation region temperature. However, the distribution of temperature in the ablation region did not change
(the temperature maxima all occurred in the section of the ablation region containing only the main coronary
artery branch).

Figure 12A shows the ablation effect of pulsed electric field ablation at a pulse voltage of 1000 V and a pulse
width of 100 us. In this simulation, the ablation catheter was 1.5 mm away from the coronary artery, and at this
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Fig. 11. Bifurcation stents inside the coronary artery with a pulse voltage of 1000 V. The distance between the
ablation catheter and the coronary artery is 1 mm.

time, there was a BS inside the coronary artery. Comparing Figs. 11A and 12A, it can be concluded that when
there is a BS inside the coronary artery, the distance between the ablation catheter and the BS has a large effect
on the temperature of the ablation area (e.g., the temperature of Fig. 11Ad was 43.58 °C, and the temperature
of Fig. 12Ad was 41.47 °C, and the temperature of both of them differed by 2.11 °C due to the change of the
distance). Change both temperatures differed by 2.11 °C.). At the same time, when the ablation catheter was
1 mm away from the coronary artery, the temperature of the cross section corresponding to the ablation area was
greater than that when the ablation catheter was 1.5 mm away from the coronary artery, and this change did not
occur because of the difference in cross-section.

Figure 12B shows the ablation effect of pulsed electric field ablation at a pulse width of 50 us. Similar to
Fig. 12A, the ablation region temperature temperature was similar at the same ablation cross-section, and
the maximum difference between the two temperatures was only 0.02 °C. This is also similar to what we have
previously described, that the ablation region temperature does not change due to the change in pulse width
when the total pulse duration is equal. Comparing Figs. 11B and 12B, it can be concluded that the maximum
ablation region temperature occurs in the cross-section where only the main coronary artery branch is present.
At the same time, as the distance between the ablation catheter and the coronary artery becomes larger, the
ablation region temperature decreases accordingly, which may be due to the fact that the phenomenon of
ablation region temperature increase caused by the BS is weakened due to the longer distance of the BS from the
ablation catheter (the temperature of Fig. 11Bd is 43.61 °C and the temperature of Fig. 12Bd is 41.46 °C, which
is a difference of 2.15 °C.). This conclusion can be similarly drawn in Fig. 11A vs. Figure 12A, but this change in
temperature does not cause tissue damage in the ablation region.
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Fig. 12. Bifurcation stents inside the coronary artery with a pulse voltage of 1000 V. The distance between the
ablation catheter and the coronary artery is 1.5 mm.

Discussion

Several clinical methods are available for arrhythmia treatment, including cryoablation and radiofrequency
ablation. Compared to these, pulsed-field ablation for pulmonary vein isolation in atrial fibrillation reduces
tissue damage in the ablation area (e.g., esophagus, phrenic nerve). Some studies have shown that the epicardial
ganglion plays a key role in arrhythmia regulation, but fewer studies have focused on epicardial pulsed-field
ablation for arrhythmia treatment?®~*°. Therefore, we propose a computational simulation of ablation in BL
patients, using a three-dimensional simplified model with multiple parameters and cross-sections.

Main findings

Pulsed electric field ablation has garnered significant interest for arrhythmia treatment due to its superior safety
profile compared to other techniques such as cryoablation and radiofrequency ablation. However, fewer studies
have focused on epicardial ablation for arrhythmia treatment. Recent studies have shown that epicardial ablation
for arrhythmias may cause temperature increases in the target area due to the presence of bifurcation stents
(BS) in coronary arteries. Researchers speculate that this warming effect is due to the unique properties of the
metal?0. Researchers have also found that the presence of the ganglion plexus and coronary arteries during
epicardial ablation significantly distorts the electric field distribution in the ablation region®!*°!. However, to
date, no studies have examined the electric field and temperature distribution in the ablation area for BL and BS
in pulsed electric field ablation. This complex lesion may have a significant impact on arrhythmia treatment with
epicardial pulsed electric field ablation. To the best of our knowledge, this is the first simulation study to model
pulsed ablation based on BL. In this study, we employed three-dimensional modeling, multi-angle simulations
of the ablation catheter and BL, and multi-parameter simulations of pulsed ablation parameters and the distance
between the catheter and coronary stent. The main findings of this study include:
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1. The presence of BS in the BL affects the area in which the cold spot exists, and when a BS is present, the cold
spot on the coronary side may fail to form an effectively wrapped area (with an electric field value greater
than 1,000 V/cm.).

2. When the main coronary artery in the ablation cross-section is present along with the branches, the cold
spots in the ablation area will be linked together, thus creating a larger cold spot area (derived from Fig. 7.).

3. For the presence of only the main branch in the BL in the ablation region, the width of the effective ablation
region (electric field value greater than 1000 V/cm) is narrower, which is independent of the presence or
absence of the BS in the BL (as can be deduced from the graph A of the distribution of the electric field in the
ablation region.)..

4. The presence of the BS inside the BL has a small effect on the width of the ablation region in this cross-sec-
tion, with a maximum difference of 0.7 mm between the two at the same pulse parameter (derived from
Figs. 5and 7.).

5. When BS is present inside the BL, the temperatures of the corresponding cross sections in the ablation region
are somewhat elevated, which indicates that the BS has a contributing effect on the temperature in the abla-
tion region (the maximum is 43.61 °C in the presence of BS, as shown in Fig. 11, and 41.98 °C in the absence
of BS.)..

6. The presence of both main and branch coronary arteries does not exacerbate the rise in temperature in the
ablation area, which is related only to the distance between the ablation catheter and the coronary artery.

In this study, we conducted 3D computer modeling of BL to assess its effect on the pulsed ablation area.
We categorized ablation targets based on the presence or absence of BS in the BL and found that BS did not
significantly impact the overall ablation area. The difference in ablation area between models with and without
BS under identical parameters was only 0.7 mm (compared to the bifurcation-free stent), as shown in Figs. 6
and 10. Furthermore, our results align with previous studies, showing that in computational simulations, the
presence of BS did not alter the position of the pulsed-field ablation area, which remained primarily distributed
directly beneath the ablation catheter. The distance between the ablation catheter and the coronary artery had
no impact on the position of the ablation area (Figs. 10 and 11).

For the first time, we analyzed and compared the ablation effects of different cross-sections of the BS using a
three-dimensional computational model. Our findings indicate that the width of the pulsed electric field ablation
area varies significantly between computational models, depending on the presence or absence of coronary artery
branches. When the ablation catheter was positioned 1 mm from the coronary artery, the maximum ablation
gap between the two computational models was 2.25 mm (Fig. 5A). This ablation gap was independent of the
catheter-to-artery distance, the angle between the ablation catheter and the coronary artery, and the presence of
BS in BL. When the distance between the catheter and the artery increased to 1.5 mm, the maximum ablation
gap between the two computational models was 1.93 mm (Fig. 6A). When an angle was introduced between the
catheter and the artery, the maximum ablation gap increased to 2.57 mm (Fig. 6A). The maximum ablation gap
reached 2.82 mm in the presence of BS (Fig. 7B). A review of previous studies suggests that this phenomenon
may result from significant variations in coronary artery diameter.

For the first time, we systematically analyzed the effect of BS on pulsed electric field ablation in BL. We
considered pulse voltage width, the distance between the ablation catheter and the coronary artery, and the angle
between the ablation catheter and the main coronary artery branch as independent variables, while treating
ablation region width and temperature distribution across different cross-sections as dependent variables.
Within the same model, across different cross-sections, the ablation region width increased with the distance
between the main coronary artery and its branches. Notably, this increase in pulsed electric field region width
was not correlated with the previously defined dependent variables (e.g., 9.36 mm in Fig. 7Aa, 11.29 mm in
Fig. 7Ab, and 12.30 mm in Fig. 7Ac). This trend remained consistent in the presence of BS (e.g., 9.38 mm in
Fig. 12A, 11.34 mm in Fig. 12B, and 12.58 mm in Fig. 12C).

Our findings indicate that the angle between the ablation catheter and the main coronary artery branch
influences the size of the cold spot region in the ablation area. In this study, when an angle was present, the
main coronary artery branch was entirely enclosed within the ablation-limited region (Figs. 6 and 8). Therefore,
during ablation, our findings highlight the importance of adjusting the position of the ablation catheter relative
to the coronary artery to achieve the desired clinical outcome.

In our study, the BS within the BL had a slight effect on increasing the temperature in the ablation region.
However, this effect was not significantly greater than that of a single intracoronary stent, suggesting that BS does
not induce a complex coupling effect to elevate temperature. The maximum temperature recorded was 43.61 °C
in the presence of BS (Fig. 11) and 41.98 °C in its absence (Fig. 9). In this simulation, the maximum temperature
in the ablation region remained below 44 °C, which is well below the lethal threshold for biological tissues.
Therefore, we conclude that this temperature is unlikely to cause thermal damage to biological tissues!*>2.

Additionally, we observed that as the distance between the ablation catheter and the coronary artery
increased, the temperature in the ablation region decreased. This trend was independent of the presence of a BS
in the BL (Figs. 9, 10, 11 and 12). In this simulation, when the ablation catheter was parallel to the main branch
of the coronary artery, temperature variations within the same ablation region were minimal, with a maximum
difference of 0.95 °C (Fig. 9A). However, when an angle was present between the catheter and the main coronary
branch, temperature variations were more pronounced, reaching a maximum difference of 2.66 °C (Fig. 11B).
Therefore, altering the catheter’s position relative to the coronary artery does not significantly affect regions
with large temperature variations. Additionally, we observed that thermal hotspots in the ablation region were
primarily located on the upper and lower sides of the coronary arteries, independent of the presence of branches.
Our calculations suggest that the simulation results may represent a worst-case scenario for clinical ablation
procedures, as the catheter was positioned directly above the coronary artery during data simulation.
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Finally, in the present study, we found that regions with ablation electric field values exceeding 1000 V/cm
were primarily located in the adipose layer. This is due to the lower conductivity of adipose tissue compared
to myocardial tissue, which causes fat to act as a barrier to electric field dispersion2°’53. Previous studies have
demonstrated that fat hinders electric field distribution. Therefore, during epicardial ablation, increasing the
catheter electrode release voltage may be required to achieve effective myocardial damage?®?>>*. In our study, the
electrical conductivity of the simulated cardiac stents may be higher than that of actual coated and pharmacologic
stents. However, although increased conductivity may amplify electric field distortion, the overall trend remains
unchanged, as similar distortion occurs even in the absence of a stent.

The BS used in this computational simulation represents a simplified stent. In clinical applications, metal
stents come in various shapes and materials, which may slightly influence the electric field distribution in the
ablation target region. However, our study, which simulates the electric field distribution in the presence of BS,
provides an important foundation for future research. Studies have shown that when the catheter electrode
is near a metal stent, significant distortion occurs in the surrounding electric field. This finding supports the
validity of our study under experimental conditions'®!!.

In this study, we quantitatively analyzed the electric field distribution in the targeted ablation region, but
did not assess the temperature field. This is because, during ablation, tissue damage is primarily induced by the
electric field distribution, and in our simulations, the temperature did not reach levels that would cause thermal
injury. Our quantitative analysis revealed that the cross-sectional location of the coronary artery significantly
influenced the width of the ablation region. This suggests that the presence of a BS in the coronary artery
enhances the catheter’s ablation effect compared to cases where only the main branch is present. In clinical
practice, multiple ablations of regions with only the main branch may be required to achieve comparable
ablation outcomes.

Calculations indicate that the distance between the ablation catheter and the coronary arteries plays a crucial
role in the ablation effect. This factor is particularly important because studies have shown that cardiac tissue
thickness varies among populations. Notably, patients with coronary artery disease tend to have a thicker tunica
albuginea than the general population. Therefore, this factor should be considered when performing pulse
ablation in this patient group**-*. Our analysis showed that the other two factors had a minor effect on ablation
outcomes. Future studies can verify this by increasing the number of experiments, thereby reducing error and
enhancing statistical significance. In addition, to verify the reliability of the computational simulations. We
performed a total impedance calculation for the computational model, and we obtained a total impedance of
202 Q for the computational model, a value that is consistent with the clinical monitoring values, which further
increases the reliability of the computational model®>.

Some researchers have found that symptoms of arterial spasm may occur during PFA ablation for arrhythmia.
In our current study, the ablation catheter was near the coronary arteries, which may have further increased
the rate of arterial spasm occurring during ablation. Our investigation found that this phenomenon is also
present in other ablation modalities, and researchers have found that mitigation with nitroglycerin can cause
arterial spasms®~°. This simulation is an a priori study, and we have only calculated and simulated the electric
field damage and temperature distribution, therefore, in practical application, we recommend avoiding too
high field strength for ablation therapy. At the same time, in the process of ablation therapy, the changes in
electrocardiogram and other data should be observed, which can be a progressive increase of ablation energy to
avoid the occurrence of arterial spasm phenomenon.

In this simulation, we used the probe function that comes with the software to record the temperature
change during the ablation in real-time. By analyzing the temperature data we found that the temperature of the
ablation region increases when the ablation catheter releases the pulse voltage, and decreases when the ablation
catheter stops releasing the voltage, which indicates that the temperature increase is generated by the release
of pulse energy. Therefore, the use of reasonable pulse parameters will play an important role in increasing the
temperature of the ablation area, and it is also important to show that reasonable pulse parameters will reduce
the formation of gas bubbles during PFA ablation, which is clinically important for reducing the risk of gas
embolism in PFA treatment®’.

Limitations

In this study, we conducted three-dimensional digital modeling of the BS. The radial cross-section of the main
branch of the coronary artery was selected for measuring the electric field and heat distribution, serving as the
basis for data analysis and comparison across different models. We did not analyze data from the axial interface
of the bifurcation frame, which may have led to incomplete acquisition of electric field and heat distribution
data in the ablation region. Consequently, cross-sectional data in the relevant BS region may have been
underrepresented. Nevertheless, we conducted a detailed computational analysis of the ablation catheter and the
main branch of the coronary artery. Additionally, we examined the same computational model at three distinct
BS locations (e.g., the cross-sections in Figures A, B, and C). Therefore, from a physical perspective, our study
holds significant clinical relevance. It is important to note that the data used in our computational simulations
were not derived from epicardial solid experiments. Therefore, while our calculations should be interpreted with
caution in clinical applications, the observed trends in ablation data remain valuable for reference.

In addition, we simplified the occlusion status of the coronary bifurcation lesion (BL) in our model. In clinical
practice, medical staff usually perform balloon dilatation at the BL site to ensure a smooth and uniform vessel
diameter. We referred to the previous literature and simplified the model after consulting with relevant clinical
researchers, which did not have a significant impact on the trend of the study results'>!%. In our study, we used a
myocardial lethality threshold of 1000 v/cm, which is greater than the myocardial lethality threshold for pulsed
electric fields mentioned in most of the literature. This is because we found through extensive literature reading
that the highest pulsed electric field myocardial lethality threshold of 1000v/cm mentioned in the current
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literature is due to the pulse parameters, the experimental environment, the cell culture method, and the tissue
properties*?1:62, We recognize that this may cause a reduction in our description of the ablation damage range,
but this does not have an impact on the relevant conclusions.

Conclusion

In this study, we assessed the impact of BS on pulsed electric field distribution and potential thermal effects
through three-dimensional computational modeling. By comparing the ablation regions in different
computational models with variables such as the distance between the ablation catheter and the coronary artery,
the presence of BS at the BL, and the angle between the ablation catheter and the main coronary artery branch,
we found that these variables did not affect the distribution of the electric field or temperature in the ablation
region. Cold spots in both the electric field and temperature distribution appeared on the left and right sides of
the coronary artery, as did the hot spots.

Additionally, we observed that the ablation region width decreased when only the main branch was
present (cross-sections A and D in Fig. 4). This change was independent of ablation parameters and the angle
between the ablation catheter and the main coronary artery branch, suggesting that the ablation region width
is more sensitive to the presence of a branch®!3. Finally, our computational simulations showed that BS did
not significantly increase the temperature in the ablation region (Figures A-D in the electric field distribution
graphs). This suggests that pulsed electric field ablation in the presence of BS does not cause unnecessary tissue
damage, with a maximum recorded temperature of 43.61 °C.

Data availability
Data availability: The datasets used and/or analysed during the current study available from the corresponding
author on reasonable request.
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