Optimizing IRE Targeting Using Multi-Electrode Structure and Biomedical Multi-
Output Generator

Abstract

Purpose — This paper aims to study the feasibility of proposed method to focus the
electroporation ablation by mean of multi-output multi-electrode system.
Design/methodology/approach — The proposed method has been developed based on a
previously designed electroporation system, which has the capabilities to modify the electric
field distribution in real time, and to estimate the impedance distribution. Taking into
consideration the features of the system and biological tissues, the problem has been addressed
in three phases: modeling, control system design and simulation testing. In the first phase, a
finite element analysis model has been proposed to reproduce the electric field distribution
within the hepatic tissue, based on the characteristics of the electroporation system. Then, a
control strategy has been proposed with the goal of ensuring complete ablation while
minimizing the affected volume of healthy tissue. Finally, to check the feasibility of the
proposal, several representative cases have been simulated and the results have been compared
with those obtained by a traditional system.

Findings — The proposed method achieves the proposed goal, as part of a complex
electroporation system designed to improve the targeting, effectiveness, and control of
electroporation treatments and serve to demonstrate the feasibility of developing new
electroporation systems capable of adapting to changes in the preplanning of the treatment in
real-time.

Originality/value — The work presents a thorough study of control method to multi-output
multi-electrode electroporation system by mean of a rigorous numerical simulation.
Keywords — Electroporation, Electric fields, Finite element method, Multi-output .

Paper type — Research paper

1. Introduction

Electroporation (EP) is a phenomenon based on increasing the permeability of cell
membranes by means of high intensity electric field that induce strong and short transmembrane
potential (Kotnik et al., 2019). Nowadays EP has a wide range of application fields (Kotnik et
al., 2015), highlighting biomedical applications(Yarmush et al., 2014). In this context EP can
be used to promote or allow the absorption or extraction of drugs or genetic material (Kotnik et
al., 2015), increase immune response (Geboers et al., 2020), fuse cells (Geboers et al., 2020),
or ablate tissues (Napotnik et al., 2021).

Tissue ablation by EP is currently being used clinically for the treatment of arrhythmias
(Sugrue et al., 2018) and tumor destruction (Fang et al., 2021), due to its advantages over
thermal treatments such as microwave(Rosin et al., 2018) radiofrequency and cryotherapy. In
contrast to thermal treatments, EP ablation allows to ablate tissues with high blood perfusion,
preserves their structure(Lopez-Alonso et al., 2019), and can increase the immune response
(Zhang et al., 2022), among others advantages which are still being studied.
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Figure 1. Tissue ablation by electroporation (Source: Authors' own creation)

The main EP procedures for tumor treatment are irreversible electroporation (IRE) (Scheffer
et al., 2014) and electrochemotherapy (ECT) (Miklavcic et al., 2012, Gothelf et al., 2003, Gehl
etal., 2018). In IRE, a high intensity electric field is induced in the tissue, above the irreversible
electroporation threshold Eire (Figure 1). This field is generated by protocols that minimize the
power transmitted to the tissue (Davalos et al., 2015) to avoid or minimize thermal effects. The
result is an irreversible effect on cell membranes that produces an instantaneous necrosis, or
apoptosis or necroptosis (Lopez-Alonso et al., 2019) in the medium term. Then, ECT uses an
electric field below the Eire threshold and above the threshold of reversible electroporation Ere
(Figure 1). The result in this case is a temporary increase in the permittivity of cell membranes
that allows the uptake of chemotherapeutic drugs such as cisplatin and bleomycin into the cells
(Mali et al., 2013), that induces cell death.

Regardless of the EP ablation application the goal is to ensure complete target tissue
destruction while preserving healthy tissue as much as possible, which is particularly relevant
in tumor ablation to avoid recurrence. Therefore, it is necessary to control the distribution of
the electric field within the tissue, and in this way the behavior of the electrical conductivity
and the electrodes features have a fundamental role. Moreover, electrical conductivity of
biological tissues is heterogeneous, depends on the electric field parameters, and the effects of
electroporation (Campana et al., 2019), which makes the targeting of electroporation complex,
especially in tumors, which due to the structure the composition and the vascularization may
have conductivities several times higher than healthy tissue, measuring tumor tissues with
conductivities 5 times higher than surrounded healthy tissue (Marcan et al., 2015).

Standard treatments of IRE ablation an ECT are based on the use of differential electrodes
(Malysko-Ptasinske et al., 2023) or electrode arrays (Malysko-Ptasinske et al., 2023) with fixed
configurations, since with proper pre-planning of treatments (Zupanic and Miklavcic, 2009)
these have proven to be highly effective. However, these electrodes need accurate placement,
the volume that can be treated is limited and they are not able to collect much information about
the status of the treatment in real time. Moreover, multi-electrodes are structures composed of
arrays of electrodes (Lopez-Alonso et al., 2021) in which the voltage applied to each electrode
can be controlled independently. This feature allows to perform impedance measurements in
different areas to estimate the conductivity distribution (Lépez-Alonso et al., 2022), and it also
allows to apply different electric field patterns to control the treated volume (Lopez-Alonso et
al., 2021). One handicap of these structures is the complex control system required to process
the measurements, and to command the distribution of the applied electric field.

The following section presents a method based on finite element analysis to control a
previously designed multi-electrode system (Lopez-Alonso et al., 2023). The aim of this
proposal is to obtain the required configurations or activation patterns (APs) of the multi-
electrode electroporation system that allows to ensure effective treatment, while minimizing
the affected healthy tissue.
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Figure 2. Electric field application by matrix parallel plate electrode: (a) representation of the
electrodes on the tissue with two activation patterns, E1 in blue and E2 in red (b) representation
in a cross section of electric field distributions produced by activation patterns E1 (blue) and
E2 (red). (Source: Authors' own creation)

2. Electric Field Distribution Optimization

Currently, EP tissue ablation is based on the generation of a preplanning electric field pattern
between differential electrodes. These electrodes and their positioning are determinant in the
distribution of the field in the tissue, and for electroporation the most commonly used are those
based on needles or parallel plates.

The electrode family most studied and used in clinical application are needle-based
electrodes (Malysko-Ptasinske et al., 2023). These are composed of conductive needles that are
generally placed in pairs and must be completely parallel to each other and are used to treat
internal and external tumors. These electrodes are easy to position percutaneously, but they
concentrate the electric field at the periphery of the needles and show an exponential decay of
this field with distance, which limits their separation in order of achieve homogeneous EP
avoiding thermal effects. Therefore, these are often used in configurations with more than one
pair of needles which can be used to adapt the pattern of the electric field within the (Miklavcic
etal., 1998) as well as to increase the treatment volume and the homogeneity and control of the
treatment. Moreover, parallel plate based electrodes (Lopez-Alonso et al., 2019) are composed
on flat plates that must be placed in parallel in the external part of the tissue to generate a
uniform electric field pattern that ideally depends only on the distance between electrodes. Due
to their difficult positioning, they are clinically used for the treatment of external tumors,
however they create a more uniform electric field than needles that allows the treatment of
larger tissue volumes. Also, these do not allow to change the distribution pattern of the electric
field without being repositioned. In this line, matrix electrodes based on parallel plates (Lopez-
Alonso et al., 2021) have been proposed to work together with a multi-output electroporation
generator (Lopez-Alonso et al., 2023) with continuous small-signal impedance monitoring
(Pliquett et al., 1995, Ivorra and Rubinsky, 2007, Lopez-Alonso et al., 2020). This system
allows impedance mapping to control continuously tissue conductivity changes (Briz et al.,
2023) permitting follow the evolution of the treatment, detect problems such as bad contacts
and bubbles. Then to improve treatment targeting, with the impedance information it is possible
to find the best electric field distribution within the wide range of electric field patterns that the
system can generate.

Figure 2 (a) shows a 3D representation of the positioning of the matrix electrodes in a block
of healthy tissue with a volume of tumor tissue inside it. As shown in the 2D slice in Figure 2
(b), it is necessary to find the optimal APs to generate an optimal electric field distribution that
allows to treat all the tumor tissue, minimizing the volume of healthy tissue electroporated.
Among the clinical applications of electroporation, IRE is the one that requires a higher electric
field intensity and is the most challenging to optimize in order to achieve a uniform and sure
treatment that target the therapeutic effect and minimizes healthy tissue damage. This is since
healthy tissue has a lower conductivity, which concentrates the electric field, causing it to be
more difficult to reach the necessary intensity in the tumor tissue.
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Table I: Electrical Parameters of
Non-Biological Materials
(Source: table created by authors)

Table 1I: Electrical Parameters of Biological Tissues
(Marcan et al., 2015)
(Source: table created by authors)

o (s/m) &r oo(s/m) | ot (s/m) Kv Ewn (V/cm)
Steel 3x10’ 1 Liver | 4x102 | 1.2x101t | 7.5x10° | 4.75x102
FR4 4x10 1 Tumor | 2x1071 | 7x101 | 7.5x107 6x102

This section firstly presents the finite element model developed to reproduce the operation
of the electroporation system, and then it describes a method to choose the APs. Both the model
and the control method have been developed taking into account the capabilities and limitations
of the real system such as the capability of the system to estimate the position of tumor tissue
volume (Briz et al., 2023).

2.1 Multi-electrode FEA Model

Using COMSOL 6.0 software, two 3D models (Figure 3) have been proposed to carry out
the optimization. Parallel flat plate and matrix parallel flat plate geometries are used to perform
stationary simulations with the Electric Currents block. The main equations governing the
model are first the continuity equation derived from maxwell's laws:

6p
V. J=-2£, 1
ot @)

It states that the divergence of the current density J is equal to the negative of the derivative of
the charge density p with respect to time. Then J is calculated based on ohm's law:

J=0cE+]J.. 2
where J is calculated as the sum of an external current Je density and the product of the electric
field E and the electric conductivity o. Finally, E is calculated as the gradient of the electric
potential V:

E=-VV. 3)

The electrical potential V is established between the electrodes as the input voltage to the
model by means of application patterns.

The models are composed of two types of materials: non-biological materials, biological
tissues. The non-biological materials are steel and FR4 (fiberglass-reinforced epoxy resin
composite) that are used to build electrodes. Table I lists the electrical parameters of these
materials extracted from the COMSOL materials library. The biological tissues considered in
the models are liver and tumor (human colorectal liver metastases), and to model the
dependence of the conductivity o on the electric field of biological tissues, the following
equation is used:

O

o(Ef) = (o, + ;GO (1+tanh(K, (E[- E,))) (4)

where oo and ot are the initial and final electric conductivities of the tissue, respectively. Field
Ew models the electric field in which the conductivity reaches half of its maximum value.
Finally, the constant Kv controls the slope of the curve (Breton et al., 2015). Table Il lists the
electric parameters used in both tissues.

To perform the analysis, all simulations were carried out using COMSOL 6.0 running on a
PC with Windows 10, an Intel 17-7700K processor, and 64 Gb of DDR4 2400 MHz RAM. The
mesh size of the models depends on the position of the tumor tissue giving an average of 120000
elements, and a distance between elements between 0.9 mm and 2 mm. Each simulation
required an average of 25 sec.
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Figure 3. 3D FEA models geometry: (a) parallel flat plate electrodes (b) matrix parallel flat
plate electrodes. (Source: Authors' own creation)

Figure 3(a) shows the parallel flat plate geometry, which is used to estimate the minimum
voltage needed to treat the tumor volume, and to compare the amount of healthy tissue treated
by an ideal parallel flat plate electrode with the results obtained by proposed method. This
model is composed of a healthy tissue block with square base of side 5cm and 1cm high, within
this block is a sphere of tumor tissue with variable diameter. Finally, there are two cylindrical
electrodes with a thickness of 1 mm and variable diameter.

Then, Figure 3(b) shows parallel plate multi-electrode model. This model is used to study
the electric field patterns produced in the tissue depending on the APs of the system, and the
position and size of the tumor. This model is composed of a healthy tissue block with square
base of side 5 cm and 1 cm high, within this block is a sphere of tumor tissue with variable
diameter and position. The electrodes are composed of nine square cells of 1 cm side and 1 mm
thick, separated by 1 mm of FRA4.

Considering the features of the electroporation system (Lopez-Alonso et al., 2023), in the
model it is possible to set a voltage difference between the top and bottom electrode, and to
select the cells of each electrode connected to this voltage (top electrode) or to ground (bottom
electrode). Then, electrode cells that are not active float electrically. The AP of the system
defines the active cells of both electrodes.

The model presented is generalist and by adjusting the thresholds and the parameters of the
materials it would be possible to use it to evaluate any EP protocol regardless of the shape,
number of pulses or any treatment parameter.

2.2 Optimization Method

Each multi-electrode is composed of 9 isolated cells that can be connected to a voltage or
left floating. Consequently, each electrode has 2° electrode patterns and therefore, the complete
system has 2'® possible APs. Simulating 218 electric field distributions by means of a finite
element model would have a very high computational cost, also, many of the distributions focus
the electric field on the healthy tissue. For these reasons, the proposed optimization method has
been divided into two phases: firstly, a pre-selection phase of APs capable of affecting the tumor
tissue, and a second phase of selection of optimal APs.
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Figure 4. Representation of electrodes: (a) selected electrode patterns, and(b) graphical
calculation of electrode and tumor tissue gravity centers and distances Le and L. (Source:
Authors' own creation)
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Figure 5. Simulation of an example of the combination of two APs with a voltage of 1800 V:
(a) representation of the APs, (b) electric field distribution in a centered vertical slice and (c)
electric field distribution in a centered horizontal slice. (Source: Authors' own creation)
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The first step of the first phase is to discard all those electrode patterns that are considered
chaotic or do not generate a continuous active surface. Figure 4 (a) shows all 14 electrode
patterns that have been considered for this optimization, and Figure 5 shows the electric field
distribution produced by a combination of the selected APs. Then all these electrode patterns
are analyzed in all their possible positions and combinations depending on the position and size
of the tumor. As shown in Figure 4 (a), to study the viability of each configuration, first the
center of gravity of active electrode cells in top Pcga and bottom Pcgs electrodes are calculated.
The geometric center Pcgn of N points Pn is calculated as follows:

zp} )

Then, the distance between the centers of gravity of the two electrodes Le is calculated. as
follows:

1
PCgN = W

LE :l PCgA - PCgB | (6)
Finally, the minimum distance between the vector connecting the centers of gravity of the

electrodes Lt with the center of gravity of the tumor tissue is calculated as follows:
L — | (PCgT - PCgA) X (PCgA - PCgB) | (7)

| (PCgA - PCgB) |
Two criteria are considered to discard non-useful APs. First, if Le is greater than 1.5 times
the thickness of healthy tissue, it is assumed that it would be necessary to increase the applied
voltage to generate an electric field capable of affecting tumor tissue. Secondly, if Lt is greater
than half the radius of the tumor, it is assumed that this configuration mainly affects healthy
tissue.




Preselected Simulate Treated Go to the Top of Select Next APs Subtract Already Calculate Ratio

rd
APs Volumes the APs List Treated Volumes Rm pastAny

Go to the Top of Order Selected APs as Tumor

Update Treated Store Vector with

the Selected APs a Function of Tumor Volume Volumes high Ratio

List Volume Treated Treated?

Can the Tumor
Select Next AP Last AP? Be Treated Without Delete AP
This AP?

Figure 6. Flow diagram of optimal activation patterns selection process. (Source: Authors'
own creation)

Figure 6 shows the flow diagram of the second phase. The first step is to find the voltage
needed by means of the parallel flat plate model. This voltage is used to simulate by means of
the multi-parallel parallel plate model all the APs preselected in the first phase. Next, for each
simulated AP, the volume of tumor tissue V1t that exceeds the irreversible threshold Eire, and
the volume of healthy tissue Vu: that exceeds reversible threshold Ere, are calculated according
to the parameters described in (Breton et al., 2015). To evaluate the models, the limits extracted
from (Marcan et al., 2015) have used, which are 350 V/cm as Ere for healthy liver tissue and
800 V/cm as Eire for tumor tissue. With these volumes, the ratio Rt is calculated as:

VTt
RTH :V_ : (8)

Ht

The ratio Rtn is used to find the AP that maximizes the volume of tumor treated tissue with
respect to healthy treated tissue. After choosing the first AP the volume that is treated by this
one is subtracted from the remaining simulations, and the ratio Rrn is recalculated to find APs
until all the tumor tissue volume is treated. The last step of this process is to check if more
vectors have been selected than necessary, i.e. if there is any vector whose effect on the tumor
tissue can be achieved with the sum of the effects of the others.

The following section presents the results obtained by this procedure in several
representative cases.

3. Results

To study the feasibility of the proposal, the performance of the proposed method is analyzed
in a practical case and compared with the results of an ideal parallel plate system. The studied
case is a spherical tumor of 0.75 cm in diameter placed within continuous healthy tissue of 1
cm thickness.

Using the parallel flat plate model, it has been calculated that the voltage required is 1800 V
to achieve in the whole tumor volume an electric field above the Eire threshold, which has been
set at 800 V/cm for all the cases studied. This is achieved if the electrodes are perfectly centered
with respect to the tumor, the diameter of the required plates is 2.2 cm. Then, 5 representative
positions of the tumor within the tissue were selected.
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Figure 7. Tumor tissue positions evaluated: (a-e) Case 1-5 (C1-5). Activation patterns obtained
for each position: (f-j) APs to the cases C1-5. (Source: Authors' own creation)

Table I11: Summary of the Results of Cases C1-5 and Ideal Parallel Plate Electrode./(Source:
table created by authors)

Preselected APs | Selected APs | Healthy Tissue Treated (cm®)
C1 444 1 15.37
C2 564 2 9.21
C3 156 1 15.95
C4 107 1 12.9
C5 256 2 14.16
Parallel Plate - - 8.82

Figure 7(a-e) shows the 5 positions of the tumor sphere selected, and Figure 7(f-j) shows
graphically the APs found for each case. The method has been able to find a combination of
PAs to treat the sphere in all the analyzed positions, and Table 111 summarizes the number of
PAs simulated in each case, the final number of PAs needed to treat the sphere in each case and
the volume of healthy tissue in which the threshold of reversible electroporation has Ere been
overcome.

The following section discusses the results, compares them to traditional parallel plate
system, and proposes possible improvements for the studied electroporation system.

4. Discussion

The proposed method achieves the proposed goal, as part of a complex electroporation
system designed to improve the targeting, effectiveness, and control of electroporation
treatments. However, there are several aspects that deserve to be discussed, such as the direct
comparison between the proposed system and a traditional parallel plate electroporation system.
In this sense there are two main aspects, versatility, and treatment targeting. In the first aspect,
a traditional parallel flat-plate system needs accurate positioning, while the proposed system
can adapt to electrode mispositioning, inhomogeneities in the tissue, and is able to treat several
masses without the need for repositioning. Moreover, in the focusing aspect, as shown in Table
I11, in the studied cases the proposed system treats between 4.5 % and 80.8 % more healthy



tissue than parallel plate system. However, this is assuming perfect positioning and an electrode
of ideal dimensions, and this is not possible in a real treatment. Therefore, the multi-electrode
features could be improved, specifically, by modifying the electrode geometry and the operation
of the multi-output generator. The proposed method could reduce the volume of healthy tissue
treated. Regarding the geometry the proposed method together with the multi-output generator
could be used with any other multi-electrode system based on parallel plates or needles, and
specifically in those based on parallel plates, reducing the size of the electrode cells, and
increasing their number, which would allow to improve the control of applied electric field
distribution. The other aspect that can be enhanced is the operation of the multi-output
generator, since the analyzed system only allowed to establish a voltage between the active cells
of the top and bottom electrode, leaving the inactive cells floating. Independently controlling
the voltage of each electrode cell or connecting the inactive cells to a common point would
allow more control over the electric field distribution and therefore increase treatment targeting.

The following is necessary to discuss is the implementation of the proposed method in the
complete electroporation system. Considering presented data, the proposed method is not
directly implementable in an electroporation system. Due to the number of simulations required,
and the average time per simulation with the setup used, it would be necessary to position the
electrode and wait in the order of hours to apply the treatment. This handicap can be solved by
reducing the simulation time or by carrying out a previous summation. The two strategies
proposed to overcome this handicap are the reduction of the simulation time, or to perform a
previous simulation phase. To decrease the simulation time, it is necessary to use more powerful
computing hardware or to reduce the complexity of the model. Nevertheless, even using both
strategies, it is difficult to carry out a minimum of 100 simulations in a time of the order of
minutes, without losing too much precision or increasing too much the price of the hardware.
Moreover, if the thickness of the tissue and the geometry of the tumor are previously known, it
is possible to previously perform the proposed method and find the solutions for the possible
positions of the tumor.

Finally, it should be noted that the proposed method along with the electroporation system
serve to demonstrate the feasibility of developing new electroporation systems capable of
adapting to changes in the preplanning of the treatment and allowing a closed-loop control of
the treatment. However, in order to carry out a real application, it would be interesting to design
flexible electrodes that could be adapted to all types of tissues and the geometry of their cells
and number should be optimized according to the case studied. In addition, the model should
also be improved to consider the contact impedances as well as tissues such as skin that can act
as an insulator. In this way and for an online application the computational cost of the model
should be reduced in order to be able to update it according to changes in the impedance
distribution as the treatment progress.

The following section presents the conclusions obtained from this work.

5. Conclusions

Tissue ablation by electroporation shows promising results in the clinical environment, but
still has great potential for improvement, especially in the targeting and control of current
treatments. The use of multi-electrode structures in combination with multi-output
electroporation is one way to improve these aspects. These systems provide a more flexible way
to control the electric field distribution and to get more information from the development of
the treatments. In this line the proposed method allows to improve the control of these systems
to maximize the targeting of treatments and preserve as much healthy tissue as possible
regardless of the position of target tissue. The treatment of liver tumors where metastases are
common is a field in which the proposed method together with the analyzed electroporation
system could be useful locating the different tumors and focusing the treatment on a single
application and maximizing the volume of preserved healthy tissue.



Finally, it should be noted that the proposed method along with the electroporation system
serve to demonstrate the feasibility of developing new electroporation systems capable of
adapting to changes in the preplanning of the treatment and allowing a closed-loop control of
the treatment.
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