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Abstract

Pulsed field ablation (PFA) is a promising treatment for
cardiac arrhythmia, but the mechanisms of lesion forma-
tion in cardiac tissue remain unclear. Existing computa-
tional models typically assume isotropic media and rely
on electric field thresholds, which fail to reproduce exper-
imentally observed lesion morphology.

We extend our previous work by incorporating car-
diac fiber orientation and anisotropic conductivity into a
porcine open-chest geometry. Simulations with varying
anisotropy ratios showed only minor effects on lesion di-
mensions, and results did not match experimental data.

These findings indicate that anisotropy alone is insuf-
ficient to explain lesion geometry in ventricular PFA, and
additional mechanisms such as directional electroporation
or thermal effects must be considered for accurate model-

ing.

1. Introduction

Pulsed field ablation (PFA) has emerged as a promis-
ing treatment for cardiac arrhythmias. Owing to its high
efficiency and the absence of fatal complications asso-
ciated with esophageal damage [1], it has already seen
widespread adoption in atrial fibrillation ablation. Other
types of arrhythmias are also expected to benefit from the
efficacy of this technique in the near future.
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Despite its clinical success, the mechanisms of lesion
formation in cardiac tissue during PFA remain insuffi-
ciently understood. Computational modeling provides a
valuable means to investigate these underlying processes.
Most existing models, however, adopt highly simplified as-
sumptions—treating cardiac tissue as isotropic media and
relying on an electric field threshold to estimate tissue
damage [2,3]. While this approach has been reasonably
effective in other tissues, it fails to capture the complex le-
sion morphology observed in cardiac applications, where
multi-scale phenomena and tissue anisotropy play a critical
role, as shown in [4].

Building upon our previous work, this study incorpo-
rates cardiac fiber orientation and anisotropic electrical
conductivity into a detailed porcine open-chest geometry
model. By exploring a range of anisotropic conductivity
parameters, we aim to assess their impact on lesion forma-
tion and provide new insights into the biophysical mecha-
nisms underlying PFA in cardiac tissue.

2. Methods

2.1. Geometry

An open-chest geometry of a porcine (57 kg) is consid-
ered with a 8 Fr catheter embedded on the epicardial sur-
face of the left ventricle and a return patch at the back side
of the simulated animal, as described in [4] and shown in
Figure 1. Cardiac fibers are generated only on the two ven-
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Figure 1. The open-chest geometry with the catheter em-
bedded at the epicardial surface of the left ventricle. Car-
diac fibers are considered only at the ventricles.

tricles using a rule-based method described in [5], via Nu-
meriCor’s Studio software (www.numericor.at). Myocar-
dial fiber orientation rotates transmurally for the left and
right ventricles as well as their outflow tracts, as detailed
in [5].

2.2. Mathematical model

The electric field is identified using the equation
V- (Z(E)VP) =0,

where X () is the electrical conductivity tensor that de-
pends on the electric field E = —V® and @ is the elec-
trical potential. For the cardiac ventricular tissue, the elec-
trical conductivity tensor is expressed as follows

SE)=cEXef+0E)(I-ff),

where f are the unit vectors pointing in the fiber direction,
I is the identity tensor and o¢ and o are the electrical
conductivities in the fiber and transverse directions respec-
tively. For all other subdomains that do not feature fibers,
the electrical conductivity tensor is

Y=ol
2.3.  Electroporation

The electrical conductivity of the cardiac tissue alters
due to electroporation, which induces pores that disrupt
the cellular membrane. Following [6], the relation of the
electrical conductivity change is provided by a sigmoidal
function

e—a(IEll=E¢p)

of(E) =0 +Ace” ,

o= a(IEl=Byp,)
ot(E) = o1+ Ace”* B

where o g and oy are the initial conductivities in the fiber

and transverse directions, Ao is the increase in conductiv-

ity due to electroporation, a is an electrooration constant

and E};, is the electric field lethal threshold. We assume
the same electroporation conductivity change Ao, electro-
poration constant a and lethal threshold E}, in both di-
rections.

24. PFA protocol

The simulations mimic the open-chest experimental
setup in [7], aiming to reproduce the experimental proto-
col at a burst frequency of 90 kHz with peak voltage of
1000 V.

2.5. Parameters

The model parameters are summarized in the follow-
ing Table 1. The electroporation related parameters are
obtained from [6]. Following electrical conductivity mea-
surements on in-vivo swines [8], the value along and across
cardiac fibers is comparable at 100 kHz. The pericardial
conductivity is obtained from [9], and the values in the re-
maining subdomains are taken from [4].

Table 1. Summary of the model parameters.

Type Name | Unit Value
Torso 0.264
Bones 1072
Lungs 0.12
Blood 1.2
Pericardium o (S/m) 0.17

Electrode 4.1 x 107
Thermistor 107°
Air 10712
0.44
Atria Ao (S/m) 0.14
a (m/V) 1074

By | (V/m) | 500 x 102
o) (S/m) 0.42
o0 (S/m) 0.45
Ventricles Ao | (S/m) 0.14
a (m/V) 1074

Eunr | (V/m) | 500 x 10
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Figure 2. Lesion size measurements (depth, width along
and across fibers) for the different electrical conductivity
ratio (o so/0y0) considered.

2.6. Lesion assessment

A constant lethal threshold of 500 x 10? V/m is consid-
ered, in order to consistently assess the irreversibly dam-
aged area for the different anisotropic electrical conduc-
tivities. The lesion dimensions measured are the lesion
depth (D), width (W) and width-to-depth anisotropy ratio
(W/ D). Two different measurements of the width and the
anisotropy ratio are considered, one along and one across
the fibers, as defined using the epicardial fiber orientation.

3. Results

The simulations were conducted using our in-house de-
veloped AblaFEMx library, which is built on the open-
source FEniCSx software. An open access version of the
library can be found in https://linzlabinsilme
d.github.io/.

At first, a simulation with the average electrical con-
ductivities from Table 1 is performed. A width-to-depth
anisotropy ratio of 1.93 and 1.99 is observed along and
across the fibers respectively.

Increasing the electrical conductivity ratio to (o fo /o0 =
1.2, 1.4, 1.6, 1.8 and 2 respectively, by reducing oy, re-
sults in the lesion measurements shown in Figure 2. Note
that despite increasing o yo/00, a minimal change in the
width-to-depth anisotropy ratio occurs (its values range
from 1.9 to 2 both along and across fiber orientation).

Finally, considering values that are within the experi-
mental data in [8], in particular oyy € [0.38,0.46] and
ot € [0.39,0.54], Table 2 shows the results by choos-
ing the extreme cases of (g, 04) = (0.38,0.54) (with
ratio 0.7) and (o9, 0¢0) = (0.46,0.39) (with ratio 1.18).
Regardless of the chosen values, the simulated width-to-
depth anisotropy ratio is far from the experimentally ob-
served morphology, as shown in Figure 3.
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Figure 3. Simulated lesions along and across fibers using
porcine parameters (Top), do not to match the experimental
lesion morphology (Bottom).

Table 2. Lesion depth (D), width (W) and width-to-depth
anisotropic ratio (W/D) along and across fibers of the sim-
ulated lesions using porcine anisotropic electrical conduc-
tivity parameters in the parallel (¢ 7o) and transversal (o)
directions.

Measure Case 1 | Case2 | Case 3
oo (S/m) 0.42 0.46 0.38
oo (S/m) 0.45 0.39 0.54
D (mm) 4.57 4.55 4.59
Walong (mm) 8.84 8.91 8.73
Wacross (mm) 9.1 9.07 9.14
Waiong/D (—) 1.93 1.96 1.9
Wacross/D (=) 1.99 1.99 1.99

4. Discussion

This work shows that despite considering cardiac fibers
in the open-chest porcine geometry, the presented model
is still not rich enough to simulate lesions observed in ex-
periments. In particular, considering both anisotropic con-
ductivity ratio of up to 2, which nears the value reported
for human tissues in [10], and porcine values measured in-
vivo, the simulated lesions exhibit shapes that are far from
the experimentally observed ones. This suggests that ad-
ditional modeling features are needed, such as orientation-
dependent electroporation thresholds that modulate dam-
age along fiber directions [11], and a coupling of elec-
troporation with thermal effects and evolving conductivity
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[12]. In particular, the approach presented in [11] provides
strong evidence that the directionality of electroporation
can account for the anisotropic width-to-depth ratios of le-
sions observed experimentally in [7].

5. Conclusion

Our findings indicate that the inclusion of fibers and
fiber-dependent anisotropy in electrical conductivity alone
is insufficient to accurately reproduce lesion geometry re-
sulting from ventricular PFA applications.
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