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Abstract

Pulsed field ablation (PFA) has the potential to evolve
into an efficient alternative to traditional RF ablation
for atrial fibrillation treatment. However, achieving ir-
reversible tissue electroporation is critical to suppressing
arrhythmic pathways, raising the need for accurate lesion
characterization. To understand the physics behind the tis-
sue response PFA, we propose a quasi-dynamic model that
quantifies tissue conductance at end-electroporation and
identifies regions that have undergone fully irreversible
electroporation (IRE). The model uses several parameters
and numerically solves the electrical field diffusion into the
tissue by iteratively updating the tissue conductance un-
til equilibrium at end-electroporation. The model yields
a steady-state tissue conductance map used to identify the
irreversible lesion. We conducted numerical experiments
mimicking a lasso catheter featuring nine 3-mm electrodes
spaced circumferentially at 3.75 mm and fired sequentially
using a 1500 V and 3000 V pulse amplitude. The IRE le-
sion region has a surface area and volume of 780 mm?
and 1411 mm3, respectively, at 1500 V, and 1178 mm? and
2760 mm?, respectively, at 3000 V. Lesion discontinuity
was observed at 5.0 mm depth with 1500 V, and 7.2 mm
depth with 3000 V. This quasi-dynamic model yields tissue
conductance maps, predicts irreversible lesion and lesion
penumbra at end-electroporation, and confirms larger le-
sions with higher pulse amplitudes.

1. Introduction

Catheter ablation for the treatment of cardiac arrhyth-
mias, with a specific emphasis on atrial fibrillation (AF),
is typically performed using radiofrequency (RF) [1,2] or
cryothermal energy delivery methods, which interrupt the
arrhythmic conduction pathway by either heating or freez-
ing the tissue substrate, respectively [3]. Besides RF and
cryo ablation, other techniques have been explored and
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evaluated as potential approaches for tissue ablation, in-
cluding high-intensity focused ultrasound, microwave, and
laser ablation [4]. Nevertheless, the control of ablation can
be challenging, leading to incomplete tissue destruction
(i.e., reversible tissue ablation) in some cases or excessive
destruction that leads to collateral injury to surrounding
structures, such as the esophagus, in other cases [5].

Pulsed field ablation (PFA), on the other hand, has the
potential to become a promising, new ablation modality
for the treatment of cardiac arrhythimas. PFA consists
of the delivery of a sequence of high-amplitude electri-
cal pulses of microsecond duration that ablate myocardial
tissue by electroporation, with no measurable tissue heat-
ing. As such, PFA is a nonthermal ablation technology
that ablates tissue through through irreversible electropo-
ration (IRE) — inducing targeted cell death by increasing
cell membrane permeability through the application of a
high electric field. Given its non-thermal nature and the
unique injury characteristics of specific tissue, PFA has the
potential to yield superior performance vis-a-vis other tra-
ditional thermal-based tissue ablation techniques.

The electric field strength in the SI unit system is ex-
pressed in newtons per coulomb (N/C) or volts per meter
(V/m), however the typical electric field strength in tissue
electroporation dosimetry applications is measured in volts
per cm (V/cm). Depending on the strength of the electric
field experienced by the cells, the electroporation may re-
sult in no effect, reversible electroporation, if the pores in
the cell membrane reverse after application of the electric
field and the cell survives, or irreversible pore formation, if
the pores created in the cell membrane do not reverse after
the application of the electric field, leading to cell death.

High voltage electric fields can induce irreversible elec-
troporation with no thermal effects, thanks to the short
(i.e., microsecond) duration of the electric field pulses,
which allows the dissipation of any resistive heating to
conduction and convection. Nevertheless, there exists sig-
nificant heterogeneity in regard to the strength of the elec-
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tric field needed to achieve irreversible electroporation
[6-8], typically ranging from 500 to 3000 V/cm.

Although PFA is proposed as a useful modality for car-
diac arrhythmia and, specifically AF treatment, several fac-
tors determining the electric field distribution, as well as le-
sion geometry have not been fully characterized. As such,
to better understand the physics behind the tissue response
to PFA, we propose a quasi-dynamic PFA model that can
predict tissue conductance when electroporation equilib-
rium is achieved, as well as identify tissue regions that un-
dergo irreversible electroporation, enabling the generation
of lesion maps that can be used to study lesion depth, in-
cluding the critical depth at which lesion discontinuities
occur.

2. Methods

To study the change of electrical properties of tissue,
assumed homogeneous, in response to its exposure to a
prescribed electric field distribution, as is the case during
electroporation, we developed a quasi-dynamic numerical
model that uses several prescribed tissue and electric field
parameters to estimate tissue conductance changes, and, in
turn, estimate lesion geometry.

The electric field distribution in the synthetic tissue
model exposed to an electroporation pulse of voltage u can
be determined by solving the equation below for the scalar
electrical potential. Moreover, if we neglect transient ef-
fects and consider a quasi-dynamic model that only cap-
tures the equilibrium state at end-electroporation, we may
assume the current density in tissue is divergence-free and
the electrical potential satisfies:

V- (o-V(u) =0, (D

where ¢ and wu represent issue conductance [S/m] and
electrical potential [V], respectively.

The applied voltage (model input) was modeled as
Dirichlets boundary condition on the contact surface be-
tween electrode and tissue geometry. For the model input
values, we used the amplitudes of typical electroporation
pulses, specifically 1500V or 3000V.

As long as the applied voltage u [V] is sufficiently low,
the tissue conductivity [S/cm] can be treated as a constant,
and the problem is therefore described by Laplaces equa-
tion, which is a linear partial differential equation that can
be easily solved numerically. Under constant tissue con-
ductance conditions, the tissue can be modeled as a linear
conductor, using linear currentvoltage relationships, since
the amplitude of the applied electroporation pulse is too
low to produce an electric field E [V/cm] above the re-
versible electroporation threshold (E < Ejp,).

However, according to experimental observations [9],
tissue conductance during electrporation is not constant,

and hence Eq. (1) becomes nonlinear. Namely, if the local
electric field E [V/cm] in the tissue exceeds the E;j, thresh-
old for reversible electroporation, the electrical properties
of the tissue change. Hence, tissue conductance changes
with the electric field intensity E (Eq. (2)); specifically,
during electroporation, tissue conductance increases (and
hence measured impedance decreases) according to its lo-
cal dependency on the local electric field distribution (E),
which, for our model, governs the dynamics of the electro-
poration process:

0 =00+ 5 (Lt tanh(k(||E|| - Em)), @)

where £ = —Vu is the electric field [V/cm], o is tis-
sue conductance [S/cm], o( is the conductance of non-
electroporated tissue, o is the conductance of fully elec-
troporated tissue, Fyy, is the electric field threshold for re-
versible electroporation, and k is a fitting parameter that
defines the slope of the ¢ — E curve (Figure 1).

Tissue Conductance vs. Electric Field Strength
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Figure 1. Tissue conductance o change with electric field
strength F, along with the parameters governing the quasi-
dynamic electroporation model: oy is the conductance of
non-electroporated tissue, o; is the conductance of fully
electroporated tissue, Ey, is the electric field threshold for
reversible electroporation, and k is a fitting parameter that
defines the slope of the o — E curve.

Our numerical experiments are based on a lasso catheter
geometry inspired by the Medtronic Pulmonary Vein Abla-
tion Catheter GOLD (PVAC GOLD) — a 3D, anatomically
designed, multiple electrode-catheter used to map, pace
and ablate the pulmonary veins (Figure 2). The catheter
consists of nine 3-mm electrodes distributed along the cir-
cumference of a circular lasso catheter, with each electrode
spaced at 3.75 mm from its adjacent neighbors. However,
as a first order approximation for this initial study, our nu-
merical experiments only consider the 2D circular geome-
try of the catheter and assume planar contact between the
electrodes and tissue surface. Hence, as shown later in
our results section, this 2D assumption allows us to “cut
and unfold” the circular lesion pattern into a linear pattern
and characterize tissue response at various depth along the
length of the electroporation pattern.
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Figure 2. a & b) Images of the Medtronic Pulmonary Vein
Ablation Catheter GOLD (PVAC GOLD) lasso catheter
based on which we modeled our catheter geometry for this
synthetic study; c¢) schematic representation of the lasso-
catheter tissue interaction; and d) image-based representa-
tion of the lasso catheter and electrode distribution.

3. Results

We implemented the model using the following param-
eters: baseline tissue conductance (0.2 S/cm) and electric
field strength (200 V/cm), irreversibly electroporated tis-
sue conductance (0.8 S/cm) and electric field strength (450
V/em), and critical electric field strength for reversible
electroporation (200 V/cm). We conducted numerical ex-
periments mimicking the lasso catheter geometry shown
in Figure 2 featuring nine 3 mm electrodes spaced cir-
cumferentially at 3.75 mm and fired sequentially at a 1500
V or 3000 V pulse amplitude. The model numerically
solves the electric field diffusion into the tissue by itera-
tively updating the tissue conductance until equilibrium at
end-electroporation. The model yields the steady-state tis-
sue conductance map used to identify irreversible lesion
and lesion penumbra.

Table 1 summarizes the model-predicted IRE lesion pa-
rameters at 1500 V and 3000 V pulse amplitudes.

Table 1. Summary of model-predicted lesion parameters
(surface area (mm?), volume (mm?), and maximum depth
(mm) at 1500V and 3000V pulse amplitude.

| Pulse Amplitude / IRE Lesion | 1500 V [ 3000 V |

Max IRE Lesion Depth (mm) 5.0 7.2
IRE Lesion Surf Area (mm?) 780 1178
IRE Lesion Volume (mm?®) 1411 2760

For a pulse amplitude of 1500V (Figure 3), the model
yielded an irreversible lesion region with a surface area of
780 mm? and a volume of 1411 mm3. Lesion discontinu-
ities were observed at 5.0 mm below tissue surface.

Irreversible Lesion
Lesion " Gaps

Reversible Lesion,
Penumbra

1500V Pulse Amplitude
Max Depth: 5.0 mm
Lesion Surf Area: 780 mm?

Lesion Vol: 1411 mm?

Conduectivity vs. Distance: 1500V @ 5.0 mm max depth
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m
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Figure 3. Model-predicted tissue conductance profile and
lesion geometry (sub-surface and at max depth) achieved
at 1500 V pulse amplitude. Note the onset of gaps at the
max connected lesion depth of 5.0 mm.

Similarly, Figure 4 shows that for a 3000V voltage pulse
amplitude, the model yielded an irreversible lesion region
with a surface area of 1178 mm? and a volume 2760 mm?.
Lesion discontinuities were observed at 7.2 mm below the
tissue surface.

Lastly, transverse views through the tissue conductance
profiles through the model-predicted lesions (Figure 5) at
1500 V and 3000 V pulse amplitude show the difference
in the overall geometry of the lesions achieved by sequen-
tially firing electrodes 1 & 2, 1,2 & 3, and 1, 2, 3 & 4. The
tissue conductivity profiles through the model-predicted
lesions show the formation of gaps in the IRE lesion pat-
tern at the maximum connected depth of 5.0 mm for the
1500 V pulse amplitude electroporation and 7.2 mm for
the 3000 V pulse amplitude electroporation.

Our numerical experiments are in agreement with other
studies [9] that suggested tissue conductance is a func-
tion of electric field (i.e. o)and increases during electro-
poration. Moreover, some preliminary patient and ani-
mal studies also reported a decrease in impedance mea-
surements (which inherently implies an increase in tissue
conductance) following the application of electroporation
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Figure 4. Model-predicted tissue conductance profile and
lesion geometry (sub-surface and at max depth) achieved
at 3000 V pulse amplitude. Note the onset of gaps at the
max connected lesion depth of 7.2 mm.
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Figure 5. Transverse views through the model-predicted
lesion profiles showing a comparison of the overall geom-
etry of the lesions achieved using a 1500 V vs. 3000 V
pulse amplitude across electrodes 1 & 2, 1, 2 & 3, and 1,
2,3&4.

pulse trains, with the most significant impedance decrease
following the first pulse and additional, less significant
impedance decrease observed with each subsequent pulse
[10]. These findings also corroborate our model-predicted
tissue conductance increase (and hence impedance de-
crease) following irreversible elecroporation.

4. Conclusions and Future Work

The proposed quasi-dynamic model yields tissue con-
ductance maps, predicts the fully irreversible lesion and re-
versible lesion penumbra at end electroporation, and con-
firms larger lesions with higher pulse amplitudes. Future

work will focus on modeling time-based tissue response
given specific pulse duration and delivery of sequential
pulse trains, as well as the comparison of numerical and
experimental results.
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