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Abstract

Background: Pulsed Field Ablation (PFA) has recently been proposed as a non-thermal energy
to treat atrial fibrillation by selective ablation of ganglionated plexi (GP) embedded in
epicardial fat. While some of PFA-technologies use an endocardial approach, others use
epicardial access with promising pre-clinical results. However, as each technology uses a
different and sometimes proprietary pulse application protocol, the comparation between
endocardial vs. epicardial approach is almost impossible in experimental terms. For this reason,
our study, based on a computational model, allows a direct comparison of electric field
distribution and thermal-side effects of both approaches under equal conditions in terms of
electrode design, pulse protocol and anatomical characteristics of the tissues involved.
Methods: 2D computational models with axial symmetry were built for endocardial and
epicardial approaches. Atrial (1.5-2.5 mm) and fat (1-5 mm) thicknesses were varied to
simulate a representative sample of what happens during PFA ablation for different applied
voltage values (1000, 1500 and 2000 V) and number of pulses (30 and 50).

Results: The epicardial approach was superior for capturing greater volumes of fat when the
applied voltage was increased: 231 mm?®/kV with the epicardial approach vs. 182 mm?*/kV with
the endocardial approach. In relation to collateral damage to the myocardium, the epicardial
approach considerably spares the myocardium, unlike what happens with the endocardial
approach. Although the epicardial approach caused much more thermal damage in the fat, there
is not a significant difference between the approaches in terms of size of thermal damage in the
myocardium.

Conclusions: Our results suggest that epicardial PFA ablation of GPs is more effective than an
endocardial approach. The proximity and directionality of the electric field deposited using an

epicardial approach are key to ensuring that higher electric field strengths and increased



temperatures are obtained within the epicardial fat, thus contributing to selective ablation of

the GPs with minimal myocardial damage.
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Introduction

Atrial Fibrillation (AF) is the most common cardiac arrhythmia, with most patients being
highly symptomatic and at increased risk of stroke and heart failure [1]. Anti-arrhythmic drugs
(AADs) offer only limited success and cause significant side-effects [2]. Catheter ablation has
therefore become the preferred treatment approach in patients refractory to AADs or when the
side-effects can no longer be tolerated. Ablation techniques have focused on electrically
isolating the left atrium from the pulmonary veins, based on the observation that these veins
were the main source of triggers that cause the arrhythmia [3]. Radiofrequency (RF) heating
was initially the predominant technology for these pulmonary vein isolation (PVI) techniques,
with low-temperature cryoballoon treatments being subsequently introduced. Both of these
PVI technologies have provided very similar outcomes in terms of efficacy with modest 1-year
success rates of approximately 65-70% in patients with paroxysmal AF [4] — outcomes in
patients with persistent or permanent AF are usually lower [5].

Pulsed field ablation (PFA) technology [6] has recently been introduced and has already
obtained regulatory approval in some jurisdictions. Several clinical trials have now been
completed using a variety of different device designs [7-10]. One of the key benefits identified
from these studies has been the improved safety profile of PFA compared to the traditional
thermal methods; specifically the risk of the damage to the oesophagus [11] and the phrenic
nerve [12] has been substantially reduced. From an efficacy perspective, results out to 1-year
follow-ups are slightly better than the thermal approaches, with freedom from AF in the 66%
[13] to 81% [14] range: though it is important to note that monitoring methodology during
follow-up can notably influence recorded outcomes [15]. However, these efficacy outcomes
are somewhat disappointing — higher success rates would have been expected considering the

very high acute and medium term PV isolation rates observed in these studies.



The ablation success rates for conventional PVI have, at least in part, been attributed to
collateral damage of epicardial ganglionated plexi (GP), reducing vagal inputs that can
contribute to AF initiation and propagation [16]. This consideration is supported by evidence
of abolition of the GP vagal response after PVI [17,18]. Interestingly, it has now been
confirmed that the new PFA technologies do not abolish this vagal response, which is highly
evident during energy delivery, but is still present after isolation is achieved [19,20]. This
suggests that the pulsed electric field induced by PFA is strong enough to stimulate the GP, but
is not sufficient to cause notable GP ablation, with the usual endocardial approach. On the other
hand, there is pre-clinical evidence showing that pulsed electric fields can ablate GPs when the
energy is delivered epicardially [21,22]. However the differences in pulse parameters between
various treatments makes it difficult to infer that the method of approach (endocardial versus
epicardial) alone could be a key factor to explain the observations around GP ablation. The
objective of this current study was therefore to model the electric field distribution induced in
the tissues for the two approaches, using identical pulse parameters, and to assess thermal side-
effect in the tissues of interest i.e. the atrial cardiac tissue and the epicardial fat in which the
GPs are embedded. So, this is the first computational study in which a direct quantitative
comparison was conducted between endocardial and epicardial approach. Insights from this
study should therefore help to further understand the benefit of an epicardial approach when
targeting GPs and to appreciate if, going forward, endocardial PVI PFA combined with

epicardial GP PFA would be needed to ensure better long-term outcomes.

Methods
The methodology was based on coupled electrical-thermal computational models to simulate
endocardial and epicardial PFA of the target zone (epicardial fat). These are the first available

computational models in which both approaches were compared to be able to understand pre-



clinical and clinical data about lack of effectiveness of targeting GPs from endocardial
approach and suggest some directions about how the process could be optimised. The
numerical method was being newly applied to quantify the thermal-side effects of PFA and the
collateral thermal damage in the myocardium from both approaches. This is impossible to

quantify and predict with pre-clinical and clinical studies.

Model geometries

Figure 1 shows the two-dimensional limited-domain computational models with axial
symmetry built for endocardial and epicardial approaches, which considered only the region of
interest around the ablation catheter. Since these models had rotational symmetry, they were
simulating three-dimensional scenarios. In addition, the feasibility of the limited-domain model
has been previously demonstrated in comparison with a full torso model [23]. Both endocardial
and epicardial approaches used a conventional cardiac ablation catheter design (7 Fr —4 mm)
placed over different layers. The electrode-tissue pressure was considered to be constant and
producing an insertion depth of 0.25 mm (which would be equivalent to a low contact force
[24]). For the endocardial approach, the catheter was within the cardiac chamber surrounded
by circulating blood and placed over the myocardium, fat and connective tissue (see Fig. 1A).
On the other hand, for the epicardial approach, the catheter was placed over saline, fat,
myocardium and circulating blood (Fig. 1B). This saline layer between the catheter and the fat
(target) acts as a “virtual electrode’ to ensure the transmission of electrical energy into the target
tissue [21]. To adhere to the constraints of a 2D axisymmetric model, the electrode was
considered to be perpendicular to the tissue surface throughout the treatment. To account for
the anatomical variations encountered in the adult population, different thicknesses for the fat
and the myocardium layers were considered [25]. In both approaches the fat layer was varied

from 1 to 5 mm, since in a previous study it was noted that fat layers > 1 mm were more



effective to reach the target [26], but the limit on this was not established. Myocardium

thickness was varied within anatomical ranges from 1.5 to 2.5 mm [25].

A model verification analysis was conducted to determinate the optimal outer dimensions of
blood and connective tissue. The value of the volume of tissue affected by PFA was considered
as a control parameter. To determine these dimensions, we increased their values by equal
amounts and when the difference in volume between consecutive simulations was less than
1%, we considered the former values to be adequate. We then determined the adequate spatial
resolution by means of similar analysis using the same control parameter. Discretization was
spatially heterogeneous, where the finest zone was the electrode-tissue interface since the
largest voltage gradient was produced and hence the maximum value of current density. In the
tissue, grid size increased gradually with distance from the electrode-tissue interface. This
verification analysis provided a width of 80 mm and height of 40 mm of the outer dimensions
of blood and connective tissue. The optimal meshing of the models had 3,444 and 2,150
triangular elements for endocardial and epicardial approach respectively, with a minimum

element size of 0.006 mm at the electrode-tissue interface.
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Figure 1. Geometries of the 2D limited-domain models with axial symmetry for
endocardial (A) and epicardial (B) approach. The ablation catheter in both scenarios was

embedded 0.25 mm into the myocardium and saline layer respectively.

Governing equations

The models were based on a coupled electrical-thermal problem, which were solved
numerically by the Finite Element Method (FEM) with COMSOL Multiphysics (COMSOL,
Burlington, MA, USA). A quasi-static approximation was employed for the electrical problem.
The transient cellular responses were not considered (i.e. membrane charging), then the electric

field distribution can be computed by solving Maxwell’s equations in its Laplacian form [27]:

V-(oVp) =0 (1)
E=-Y¢ )
J =oE 3)

where o is the electrical conductivity of the material, ¢ the electrical voltage, E the electric field

vector, and J the current density vector.

The thermal problem was considered to evaluate any possible thermal side-effect during

epicardial and endocardial PFA. This problem was solved by using the Bioheat Equation [28]:

peI =V (KVT) + Q + Qp + Qe 4)
where p is density (kg/m®), ¢ specific heat (J/kg-K), T temperature (°C), t time (s), k thermal
conductivity (W/m-K), Q the heat source caused by the electrical power associated with PFA
(W/m®), Qp the heat loss caused by blood perfusion (W/m® and Qm the metabolic heat
generation (W/m?). Both Qm and Q, were ignored as these terms are negligible compared to the

others [28], especially for short duration heating [29].



Material properties

The electrical and thermal properties of the models’ elements are shown in Table 1 [30-32].
The electrical conductivity of the connective tissue (all the tissue surrounding the heart) was
estimated by considering a mixture of 50% of fat and 50% muscle, which represents a good
approximation to what was observed in CT-scans of patients [31]. The electrical conductivity
changes dynamically with the electric field as the cell becomes more permeable to electrical
current when PFA-induced pores are created. Due to the increase of the number of applied
pulses, the cumulative effect of temperature would also promote the increase of tissue
conductivity. Therefore, the electrical conductivity was modelled as a function of both the local

electric field and temperature [33-35], which was defined as follows:
o(E,T) = 0y [(1+ A flc2hs(E — Eger, Erange) ) + @ (T = Tp)] (5)

where oy the initial conductivity (pre-electroporation conductivity), 4 is the increase factor of
the conductivity after the electroporation (the post-electroporation conductivity a; is equal to
oo(1 + A)), flc2hs 1s a smoothed Heaviside with a continuous second derivative implemented
in COMSOL, Eg4e 1s the middle point of the transition zone, E,uge the value of the transition
zone, a (1/°C) is the coefficient that reflects the conductivity change due to temperature
variation, and T 1s the initial temperature (37 °C). Therefore, the function ¢ (E) increases from
oo to o; with the transition zone from Ege; — Erange (RE, reversible threshold) to Eder + Erange
(IRE, irreversible threshold). We considered a value of o of +2%/°C as indicated in the literature
[36]. The initial pre- and post-electroporation conductivities were considered to be equivalent
to those measured at 10 Hz and 500 kHz (o0 and o1, respectively) as was justified in [23]. The
post-electroporation conductivity considered was within the B-dispersion frequency range (1
kHz-100 MHz) [37,38]. The IRE threshold for the simulations was 1000 V/cm as was recently

reported for irreversible damage of the myocardium [39]. Due to the lack of available data for



RE threshold of the myocardium, we assumed a value of 500 V/cm as it is in concordance with

the threshold obtained for other tissues such as liver with pulses of 100 ps [40].

Table 1. Electrical and thermal properties of the model elements [30-32].

Element/Material 6o (S/m) | o6;(S/m) | k(Wm-K) | p(kg/m?) | ¢ (J/kg'K)
Electrode/Pt-Ir 4.6:10° 71 21500 132
Catheter/Polyurethane 1073 23 1440 1050
Saline 1.392 0.628 980 4184
Epicardial fat/adipose 0.0377 0.0438 0.21 911 2348
tissue
Heart/myocardium 0.0537 0.56 1081 3686
Cardiac chamber/Blood 0.7 0.52 1050 3617
Connective tissue* 0.1199 0.35 1000.5 2884.5

o. Electrical conductivity (o9 and o; being the pre- and post-electroporation electrical
conductivity values, respectively); k: thermal conductivity; p. density; c: specific heat.

* Mixture of 50% fat and 50% muscle

Boundary conditions

Electrical and thermal boundary conditions were applied over the limits of the models.
Regarding electrical boundary conditions, PFA settings consisted of applying a pulse train
based on a sequence of 30 monophasic pulses of 100 us width and 1 Hz frequency using
monopolar configuration, i.e., the energy was applied between the metal catheter tip and the

dispersive electrode, as done in pre-clinical studies [21,22]. The amplitude of the monophasic
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pulses was varied between 1000 to 2000 V. We also assessed the effect of increasing the
number of pulses to 50. To model these configurations, an electrical boundary condition to
simulate the pulse train was applied at the metal tip catheter, while 0 V was set at the dispersive
electrode. The dispersive electrode was defined in all the outer surfaces for the endocardial
approach as well as in the epicardial approach except on the upper surface of the saline layer

which was electrically isolated (i.e. electrical current was set to zero in this surface).

For thermal boundary conditions, a thermal convection coefficient of 1417 W/m?.K (37 °C
temperature) at the myocardium-blood interface and at the electrode-blood interface (in the
case of epicardial approach) was applied to simulate blood circulation, which was calculated
under conditions of high blood velocity of 24.4 cm/s [41,42]. In the epicardial approach, two
more thermal convection coefficients were applied: 20 W/m?-K (21 °C room temperature) at
the air-electrode and air-saline interfaces to simulate air free circulation [30]; and 85 W/m?-K
(37 °C body temperature) at the fat-saline interface for considering saline circulation through
catheter ports at 2 mL/min [22]. For both approaches, the outer surfaces of the models were

thermally isolated.

Analysed outcomes

Simulations were conducted to assess the electric field and temperature distributions of PFA
using both approaches (endocardial and epicardial). In order to determine the PFA-induced
electric effects, we assessed the volume of the fat (target) subjected to values of electric field
above 1000 V/cm [39], which provided a metric of PFA-induced lesion size. Likewise, we
evaluate any possible collateral electric field damage in the myocardium by quantifying the
volume of myocardium subjected to values of electric field above 1000 V/cm. As for thermal
effects, we assessed if there was any thermal-side effect provoked by PFA. To do that, the

maximum temperature evolution in the fat and myocardium as well as temperature distributions
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for both approaches were registered for all the voltage levels and number of pulses. The contour
of the thermal lesion was assessed by means of the Arrhenius Equation, which establishes a
relationship between the rate of thermal damage accumulation and the temperature, defining

the degree of tissue damage:

__AE
QT t) = AI;e RT() g7 (6)

where 4 is the frequency factor (7.39x10% s7!) and AE is the activation energy (2.557x10°
J/mol) [43]. We considered Q2 = 1 as the thermal lesion contour, which represents 63% of dead

cells.

Statistics

This study used a physics-based mechanistic model, where we assumed an uncertainty in the
thicknesses of the atrial wall (1.5-2.5 mm) and the fat epicardial layer (1-5 mm) to simulate a
representative sample of what happens during PFA ablation, under endocardial and epicardial
approaches, and different applied voltage values (1000, 1500 and 2000 V). The normality of
the data was checked using Shapiro-Wilk Test. The comparison of outcomes between both
approaches was performed using the paired t-test for normally distributed data. In case of non-
normal distribution, the comparison was carried out using the Wilcoxon Signed-Rank-test. The
relationship between the outcomes and the applied voltage values was studied by simple
regression using Excel. Coefficient of determination (R2) was reported to assess the goodness

of fit. Statistical significance was assumed when the P-value (P) was lower than 0.05.
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Results
Electric field distribution for endocardial and epicardial approaches

Figure 2 shows the volume of fat captured within a 1000 V/cm isoline, using the endocardial
and epicardial approaches, for the different voltages. The volume was the same for both 30 and
50 pulses, as shown in the Supplementary Material. It was observed that a significantly larger
volume of electric field (P<0.05) was created in the fat using the epicardial approach, for each
voltage level, suggesting that this is more effective than the endocardial technique for capturing
ablation targets within the fat. In this respect, as shown in Figure 3, the captured volume within
the fat showed a direct linear correlation with the voltage applied, being strong for endocardial
approach (R2=0.76) and moderate for epicardial approach (R2=0.59). In both cases this

correlation was statistically significant (P<0.001).
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Figure 2. Volume of fat retained within a 1000 V/cm isoline for endocardial and epicardial

approaches at different applied voltages.
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Figure 3. Relationship between the volume of fat captured by a 1000 V/cm isoline and the

applied voltage for endocardial (R2=0.76) and epicardial (R2=0.59) approaches.

We also quantified the volume of the myocardium within the 1000 V/cm isoline using both
approaches. As shown in Figure 4, the captured volume in the myocardium was significantly
greater for the endocardial approach, regardless of the voltage level applied. This myocardial
volume showed a strong linear correlation with the applied voltage for the endocardial
approach (R?=0.96), whereas the opposite was true for the epicardial approach (R?=0.28), as

shown in Figure 5.
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Figure 4. Volume of myocardium retained with a 1000 V/cm isoline for endocardial and

epicardial approaches at different applied voltages .
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Figure 5. Relationship between the volume of myocardium captured by a 1000 V/cm

isoline and the applied voltage for endocardial and epicardial approaches.
Temperature distribution for endocardial and epicardial approaches

Figure 6 shows the maximum temperature evolution in the epicardial fat and the myocardium
for both epicardial and endocardial approaches, at the different applied voltages, for up to 50
pulses. In this instance, the fat and myocardium layer thickness was 1.5 mm and 2 mm,
respectively. It was observed that the maximum temperature increased with higher voltages
and with an increased number of pulses, for both fat and myocardium with both endocardial
and epicardial approach. This increment as a function of time (i.e. as the number of pulses
increased) was more pronounced within the first 10 pulses, particularly for the epicardial

approach, then tended to stabilize after 3040 s.

Regarding the endocardial approach (Fig 6A,C,E), the maximum temperature in the
myocardium (green line) reached higher values than in the fat (blue line), especially at the
beginning of the PFA treatment. The heating curve in the myocardium showed very sharp
temperature spikes, relating to the pulse delivery. This effect was more marked for higher
applied voltages and the greater number of pulses applied, with spike values of up to 65 °C
developing in the myocardium at 2000 V. However, the final temperature in the fat typically

remained below than 50 °C, even at 2000 V.
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Unlike the endocardial approach, the temperature spikes reached in the fat during epicardial
energy delivery were significantly higher than in the myocardium (Fig 6B,D,F). This
phenomenon was more significant at higher applied potentials. When 50 pulses at 1500 V were
applied, the temperature in the fat reached levels suggesting cell death (> 50 °C), but the
myocardial temperature remained within safe thermal levels. However, when the applied pulse

is raised to 2000 V, both the myocardium and the fat reach temperatures that exceeded 50 °C.
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Figure 6. Evolution of the maximum temperature in the fat (blue colour) and myocardium
(green colour) for both epicardial and endocardial approaches, for a fat layer of 1.5 mm and
myocardium thickness of 2 mm, for different applied voltages (1000, 1500 and 2000 V)

and up to 50 pulses.

Figure 7 shows the temperature distribution and thermal damage for both epicardial and
endocardial approaches, increasing the voltage from 1000 to 2000 V and the number of pulses
applied from 30 to 50. Again, this is for a scenario of 1.5 mm fat and 2 mm myocardium
thickness. It is observed that when 1000 V is applied (Fig. 7A,B), the heating zone was below
45 °C and was located mainly in the surroundings of the electrode tip, regardless of the
employed approach. There is no evidence of thermal damage irrespective of the number of

pulses applied.

By increasing the applied voltage to 1500 V (Fig. 7C,D), the heating zone was extended further
from the electrode tip reaching temperatures around 55 °C. This heating was more extensive in
the fat layer for the epicardial approach. Thermal damage was observed in the fat when 50

pulses were applied — but only for the epicardial energy delivery.

As the voltage is increased to 2000 V (Fig. 7E,F), there is significant thermal damage in both
approaches. Nevertheless, this thermal damage occurred at different sites depending on the
energy delivery approach: while the myocardium was damaged during the endocardial
approach, the fat (and minimally the myocardium) was damaged during the epicardial
approach. The thermal lesion was greater in the epicardial case, since there was less power
‘lost’ via the blood pool. The number of pulses also affected the spread of the thermal damage;
the damage extending mostly further into the fat in the epicardial case and mostly further

through the myocardium in the endocardial case, when 50 pulses were applied.
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Figure 8 shows the volume of tissues thermally damaged by PFA using the endocardial and
epicardial approaches, at different applied voltages and pulses. (It is noted that there is no
thermal damage in any case at 1000 V, regardless of the number of pulses.) At 1500 V, thermal
damage was observed in the fat for the epicardial approach, even for only 30 pulses, albeit
within a small volume. Thermal damage in the myocardium occurred only at 2000 V, without
significant differences between both approaches (P>0.05). Using 30 pulses at 2000 V there was
no notable thermal damage in the fat using an endocardial approach. While some thermal
damage to the fat occurred with 50 pulses for the endocardial approach, there was a great

difference in the extent of the damage compared to the epicardial approach.
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Figure 7. Temperature distribution for epicardial and endocardial approach for the case of

1.5 mm fat and 2 mm myocardium using different applied voltages (1000, 1500 and 2000

V) and number of pulses (30 and 50). The solid black line represents the thermal damage

contour Q = 1.
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Figure 8. Volume of tissues thermally damaged by PFA in endocardial and epicardial

approaches for different voltage applied (1000, 1500 and 2000 V) and number of pulses

(30 and 50).

Effect of fat thickness for endocardial and epicardial approaches

Figure 9 shows the volume of electric field within the fat and myocardium captured within a

1000 V/cm isoline, using endocardial and epicardial approaches, when fat thickness was

increased from 1 to 5 mm. It is observed that the volume of fat affected by PFA was greater as

the thickness of fat increased, regardless of the approach used. Although this volume showed

stronger correlation with thickness in for the epicardial approach (R? of 0.99 vs 0.70 for

endocardial and epicardial approaches respectivetly).

On the other hand, the captured volume of myocardium was reduced with increasing fat

thickness for both approaches. Although the myocardium volume showed a moderate
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correlation with the fat thickness for the epicardial approach (R? = 0.65), there was practically

no correlation for the endocardial approach.
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Figure 9. Volume of fat and myocardium retained within a 1000 V/cm isoline for

endocardial and epicardial approaches for different fat thicknesses.

Regarding thermal effects with increasing fat thickness, Figure 10 shows the temperature
distribution and thermal damage for both epicardial and endocardial approaches in presence of
a fat layer of 5 mm (using the same myocardium thickness as in Figure 7), when the voltage
was increased from 1000 to 2000 V and the number of pulses applied from 30 to 50. It can be
observed that the maximum temperature remained below 50 °C for voltages up to 1500 V,
regardless of the approach considered. When the voltage is raised to 2000 V, only the
endocardial approach shows notable change, with a maximum temperature in the myocardium
of around 60 °C, with 30 pulses applied. However, based on the thermal damage contour,
notable damage was only reached in the myocardium when 50 pulses were applied using an

endocardial approach.
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Figure 10. Temperature distribution for epicardial and endocardial approach for the case
of 5 mm fat and 2 mm myocardium thickness using different applied voltages (1000, 1500
and 2000 V) and number of pulses (30 and 50). The solid black line represents the thermal

damage contour Q = 1.
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Discussion

Since the ganglionated plexi (GPs) are embedded in epicardial fat, it seems reasonable to
assume a priori that an epicardial approach for GP ablation would be more effective than
endocardial techniques i.e. more of the epicardial fat (and therefore the GPs) is likely to be
exposed to higher electric fields than if the field is delivered from an endocardial location. For
this reason, previous recent studies had focused on the epicardial approach to treat Atrial
Fibrillation [44]. However, clinical and pre-clinical studies have also shown that the
endocardial approach produced effective results [45, 46]. To be able to determine which
approach would be the most appropriate for each particular case and treatment, other factors
such as the thicknesses of the tissues involved (fat, myocardium, blood, connective tissue) or
the possible thermal side-effects must also be taken into account. Computational modelling

allows us to quantify these differences between the epicardial and endocardial approach.

Our results show a 65-73% larger PFA-affected fat volume in the epicardial case (see Fig. 2).
Moreover, with both approaches, our results also suggest a moderate correlation between the
PFA-affected fat volume and the applied voltage value: R>=0.76 for endocardial and R*=0.59
for epicardial (see Fig. 3). The greater the applied voltage, the greater the captured fat volume
for both approaches. However, we observed a superiority of the epicardial approach for
capturing greater volumes of fat when the applied voltage is increased: 231 mm?/kV with the

epicardial approach vs. 182 mm?/kV with the endocardial approach.

Regarding how the myocardium could be collaterally damaged by PFA, our results suggest that
the epicardial approach considerably spares the myocardium: there was hardly any myocardial
tissue within the 1000 V/cm isoline at 1000 V, while at 1500 V and 2000 V the volume of

myocardium captured was only 12% and 25% of the retained fat volume respectively (see Fig.
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4). Conversely, the endocardial approach mainly damages the myocardium, perhaps not

reaching the fat layer sufficiently, and therefore not successfully ablating the GPs.

Both the epicardial and endocardial approaches show a direct correlation between the volume
of affected myocardium within the 1000 V/cm isoline and the applied voltage (see Fig. 5).
However, within the fat volume, the correlation was very strong for the endocardial approach
(R?=0.96), but weak (R?=0.28) for the epicardial approach (see Fig. 5). This difference seems
logical given the close proximity and contact between the myocardium and the electrodes in

the endocardial approach, which minimizes the disruption to the fat.

When considering increases in fat thickness, the epicardial approach is more effective than
endocardial at capturing the increased volume of fat. This is also associated with a reduction
in the volume of collateral myocardium captured when ablating epicardially. It is expected that
capturing larger volumes of fat will be beneficial from the perspective of GP ablation; as these
GP structures reside predominantly within the epicardial fat, increased fat capture will mostly
likely improve efficacy of their ablation, giving improved clinical outcomes. Previous attempts
at GP ablation used RF energy, delivered endocardially or epicardially. However, outcomes
were confounded by damage to the myocardium around the GPs — this damage induced
additional arrhythmia, mostly atrial tachycardia [47]. Thus, sparing the myocardium is
important to ensure that the optimum benefit is obtained from the GP ablation. While GP
ablation efficacy can only be inferred from the electric field data, it would indeed appear that

the epicardial approach can well tolerate variations in epicardial fat from patient to patient.

In relation to the temperature changes induced by the pulsed field, our results show that high
voltage pulses (> 1500 V) produce temperature spikes that are not negligible (see Fig. 6). It has
been previously reported that PFA is not completely non-thermal therapy and that adjacent

tissues could be affected by Joule heating, which is proportional to the square of the current
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induced in the tissue and its application time [48]. Consequently, our results show that the
oscillatory behaviour of the temperature spikes relates directly to the pulsed application of
voltage. We also found that: 1) the peak values are greater in the myocardium for the
endocardial approach, and are greater in the fat for the epicardial approach, and 2) the
amplitude of the spikes is smaller for points deeper in the tissue, i.e. for fat in the endocardial

approach, and for myocardium in the epicardial approach.

The temperatures reached for high voltages (> 1500 V) suggest the creation of a thermal lesion,
which is supported by the results of the Arrhenius model (see Fig. 7). Here we observe that an
increase in the number of pulses (from 30 to 50) results in larger volume lesions. Additionally,
there is a tendency for the epicardial approach to create larger lesions, which is visually
summarized in Fig. 8, where it is confirmed that the epicardial approach causes much more
thermal damage in the fat than the endocardial approach. However, it also suggests that there
is not a significant difference between the approaches in terms of size of thermal damage in the
myocardium. Overall, the epicardial positioning of the catheter is indeed a key factor; this gives
better proximity to the target ganglia (within the fat) and delivers the electric field directly into
the fat. This is unlike endocardial delivery (out through the myocardium) where field losses
occur at the myocardium-fat interface [48]. While PFA is generally more forgiving (than RF or
cryo) in terms of contact with the tissue, delivery of the electric field into the fat is improved
by a low level of saline irrigation at the electrodes; the epicardial model captures this, with the
electrode making full contact with the saline. The endocardial model also describes full contact

between the myocardium and the electrode.

The findings of this study may have important clinical implications suggesting, that when using
PFA, an epicardial approach is more effective for ablating GPs compared to endocardial
techniques. In the context of targeting just the GPs, the epicardial approach is also probably
safer in terms of creating less collateral myocardial damage than the endocardial approach;
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while not statistically significant (Figure 8) the trend can be seen in Figures 7 and 10. The
models validates the findings of pre-clinical studies that have shown how epicardial PFA can
selectively ablate the GPs with minimal myocardial damage [21, 22]; while inherent cellular
electroporation thresholds of cardiomyocytes and neuron cell bodies may play a role in the
selectivity [49], clearly the proximity and direction of the electric field delivery are also key
elements. Additionally, the study helps to understand why endocardial PFA is not ablating even
some of the ganglia, as had been the case for RF endocardial PVI. The long-term implications
of not collaterally damaging the GPs during PVI are largely unknown, but it may lead to

reduced treatment durability.

While endocardial RF ablation has been used to specifically target GPs for atrial fibrillation,
with some successes [50], the approach carries a high risk of oesophageal damage. Endocardial
RF is also being used to target GPs for syncope treatment [51], though given the improved

safety that PFA provides it is difficult to see the continued use of RF for these patients.

The findings of the thermal models are also interesting when considering how the observed
temperature changes may influence both cell death and electroporation thresholds. Even where
a modest temperature increase in the fat were observed (at the lower voltages) it is possible that
this increase leads to a local reduction in the electroporation threshold of the neuron cell bodies
within the GPs. Thus the observation of selective GP ablation with epicardial PFA may also

involve a contribution from localized temperature effects with the epicardial fat.

Limitations

Due to the limitations of using a 2D axisymmetric model, certain simplifications had to be
made, leading to constraints on the scope and conclusions of the work. One issue lies in the

assumption that the electrode maintains a perpendicular orientation to the tissue surface
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throughout the treatment, a condition not always clinically relevant. This limitation arises from
the dynamic nature of the beating heart during the procedure and the external manipulation of
the catheter. The catheter's angle may change in response to these factors. Additionally, the
study did not take into consideration variations in electrode-tissue pressure, which influence
the depth of electrode penetration. Subsequent research endeavours will delve into a more

comprehensive examination of these intricacies.

While this study used identical pulse parameters for both endocardial and epicardial field
delivery (in order to isolate fundamental differences), the parameters used are not necessarily
representative of real clinical devices and thus interpretation in relation to real-world clinical
implications may be influenced by this. Different pulse trend characteristics might be necessary
to achieve optimal results using the epicardial or endocardial approach. Perhaps, in the future,
endocardial PVI PFA combined with epicardial GP PFA will be needed to ensure a better long-
term outcome. Additionally, the study captured ranges in myocardial and fat tissue thicknesses,
though further variations may be observed clinically. Ablation of GPs is inferred from the
electric fields and temperatures determined — the models do not specifically capture GP

ablation directly.

Finally, simulations were conducted using a monopolar configuration from both the epicardial
and the endocardial approach. In a preliminary computational and preclinical work [52], we
demonstrated that a bipolar configuration is feasible and effective to ablate GPs from an
epicardial approach. Although with this mode the volume of fat reached was lower than with a
monopolar application, there was less collateral volume of myocardium affected. It would be
interesting as future scope to assess whether a bipolar configuration could enhance

effectiveness of the endocardial approach to target GPs.
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Conclusions

This modelling study has demonstrated how epicardial PFA ablation of GPs is more effective
in capturing greater volumes of epicardial fat (where GPs are located) than endocardial ablation
approaches, with 231 mm?/kV vs. 182 mm?/kV for epicardial and endocardial approach
respectively. The proximity and directionality of electric field deposited using the epicardial
approach are crucial for ensuring higher electric field strengths and increased temperatures
within the epicardial fat, thereby contributing to the selective ablation of the GPs with minimal
myocardial damage. The captured myocardium constituted only 12% and 25% of the retained

fat volume at 1000 V and 1500-2000 V respectively.
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