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Abstract. Electrochemotherapy success is directly related to tumor electric field coverage, and the coverage failure may
result in tumor recurrence and pain. The electric field may diffract during nodule treatment due to surrounding
dielectrics and non-linear dynamic response to electroporation. Computational models are used to study this complex
process and optimize the treatment. Bone is characterized as a low electric conductivity material, and if located near
tumor regions, it may affect the electric field distribution. This paper aims to assess the electric field distribution in
cancer-infected tissue near bones. We calculated the electric field distribution using computational simulations
(COMSOL Multiphysics). Our case study was a dogs' nasal cavity tumor surrounded by bone (semi ellipsoid). We
investigated whether the voltage pulses would meet electrochemotherapy electric field requirements. This is, minimizing
the lack of an insufficient electrical field, the so-called indentation. We studied a range of 282.4 to 529.5 V applied to a
recently ECT electrode apparatus. We also studied if a conductive gel could enhance the electrical field distribution.
Results showed that high electric field application does not solve the indentation problem. The electric field indentation
was detected from approximately 3 mm electrode-bone proximity region at the lowest electric fields and increased to 5
mm at 150 kV/m. The electric field indentation mostly occurred due to the bone insulator behavior. The use of the
conductive gel also led to indentation. The tumor volume coverage is reduced when compared with simulations without
gel, thus it is not recommended for use in this situation.

Keywords: electromechanical properties of tissues, cancer treatment, ESOPE, complex geometry problems
1. INTRODUCTION

Electroporation (EP) is a cell permeability-increasing phenomenon that occurs when pulsed electric fields (PEF) are
applied to the plasma membrane (Prausnitz et al 1993). The increase in permeability, i.e., conductivity, is explained by
the opening of pores near the cell poles. The EP can be modulated according to the electric field (EF) magnitude and
pulse length. If the pores reseal after application, EP is reversible. If the pores cannot close or the cell is damaged, EP is
irreversible (Teissié and Rols 1993, Suzuki et al 2011). Long pulse duration and high amplitude are related to the Joule
effect and electrolysis, not EP; in this case, the exceeding electric field conducts the cell to death by thermal and pH
damage (Rubinsky 2007).

The EP techniques are widely employed in food processing and conservation (Heinz et al 2001), extraction of
macromolecules (Kotnik et al 2015) and in medicine as a cancer treatment called Electrochemotherapy (ECT). The ECT
uses reversible EP to catalyze the effects of chemotherapy drugs in tissues (Suzuki et al 2018). The European Standard
Operating Procedures of ECT (ESOPE) was released in 2006 (Mir et al 2006) and updated in 2018 (Gehl et al 2018).
Those are guidelines for ECT treatment, i.e., electrical specifications for electrodes and pulses protocols and clinical
methods.

The ECT is successful if the applied electric field manages to cover the entire tumor mass. In clinical and veterinary
procedures, the treatment feedback is the decrease of the tumor volume, which may take weeks. Thus, ECT procedures
require precise treatment planning. In this sense, mathematical models are an essential tool for predicting physiologic and
chemical changes in biological tissues (Miklav¢i¢c 2017). These models can predict tissue volume coverage and the
suitable electrode configuration. The literature recommends using static numerical models of electric field-dependent
conductivity (e.g. based on Finite Element Method or Finite Difference Method) to explain the non-linear increase of the
conductivity and field distribution due to pore formation (Suzuki et al 2018, Tamzali et al 2012). Yet, some deep-seated
tumors are known to be challenging for ECT. Deep-seated tumors may have anatomical complexity, such as diverse
tissues in the tumor neighborhood. In addition, the conductivity and the EP model depend on the tissue's characteristics,
such as vascularization and oxygen concentration (Sieni et al 2020).
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In pre-treatment, one must consider that the tumor neighboring structures can also interfere with the dielectric response
to ECT. Bone tissue is characterized as a low electric conductivity material and its presence could lead to electric field
coverage issues depending on how close it is to the tumors (Suzuki et al 2017). This paper aims to assess the electric field
distribution in a dog's intranasal cavity tumor case study using computer modeling. The tumor region is surrounded by
irregular bone structure. We used a recently developed ECT single needle electrode apparatus to reach the tumor area.

2. METHODS

This study analyzed the in silico EF distribution of a geometry similar to a dog intranasal region and a single needle
electrode apparatus (Maglietti et al 2017). The geometry is shown in Fig. 1. The 3D geometry consists of a nylon insulator
cylinder with 19 mm of height and 5 mm of diameter, and two stainless steel plate electrodes with 0.1 mm width and 3.5
mm separation gap (from arc length distance reference) inserted in a semi ellipsoid tumor geometry (20 mm height, and
28 mm maximum diameter), and surrounded by bone (22 mm height, and 36 mm maximum diameter). The semi ellipsoid
geometry is a geometry approximation to the ends of the nasal cavity of a dog infected with tumor tissue (Kluthcovsky et
al 2021).

The computational model was performed with FEM software COMSOL Multiphysics v.5.1 (COMSOL Inc.,
Stockholm, Sweden) running on a cluster server (Intel Xeon Gold 6126 @ 2.60 GHz, 20 cores, 300 GB RAM) with
Ubuntu Linux (x64, Canonical Ltd. London, United Kingdom) operating system. The finer-grained mesh was
automatically generated by the software, resulting in approximately 733k tetrahedral elements. COMSOL solves the
equation of continuity for a steady-state regime shown in Eq. (1).
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where o is the tissue electrical conductivity (S/m), and V is the electric potential (V). The boundary conditions were all
insulating on the external surfaces (Neumann’s boundary condition). The contact between electrode and tissue was
modelled as Dirichlet’s boundary condition. EP changes the tissue properties and also its electrical conductivity.
Equation (2) describes the tissue conductivity under exposure to PEF as used by Sel et al., (Sel et al 2005).
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where o is the electrical conductivity (S/m), and E is the applied electric field (V/m). The reversible and irreversible EP
thresholds are given by Egre and Ejrg, respectively. The constants C and D are the sigmoid function parameters. The
electrical conductivity of bone tissue was considered constant and equal to 0.013 S/m (Gabriel et al 2000). The initial
conductivity of tumor tissue is o = 0.30 S/m, and the maximum conductivity with PEF is omax = 0.75 S/m, and EIRE = 80
kV/m, ERE = 40 kV/m (Sel et al 2005).

We investigated whether increasing the applied voltage would eliminate the EF coverage issue in tissue caused by
bone proximity, classified as indentation. In Fig. 1(a), p represents the distance between the electrode lateral surface and
bone. At the superior region of the electrode, it has the maximum distance (p = 11.5 mm) and decreases reaching the
minimum distance (p = 1.89 mm) at the deepest electrode portion of the geometry. Indentation is also dependent on the
EF strength. We applied the following voltages: 282.4, 317.7, 353, 388.3, 423.6, 458.9, 494.2 and 529.5 V (80 to 150
kV/m, 10 kV/m steps). We analyzed the geometry cut planes perpendicular to electrode insertion to assess p and the
electric currents for each applied voltage.

Following, we added a 1.5 mm layer of a conductive gel (0.1 S/m) around the last 5 mm depth of the electrode, as
shown in Fig. 1(b). We analyzed the electric field distribution and tested if it could set a lower voltage to meet the ECT
criteria (i.e., minimize the indentation in the tumor portion caused by bone presence).
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Figure 1. The geometry of the case study. (a) Tumor mass (yellow) surrounded by bone tissue (translucent white)
represents a dog's intranasal cavity. The needle aparatus (blue) is inserted into the tumor. (b) The implemented layer of
the 0.1 S/m conductive gel at the last 5 mm depth of the electrode .

3. RESULTS

Table 1 shows the measured electric currents and the electrode-bone distance p for each applied EF, and Fig. 2 shows
the EF distribution in the top and bottom cut planes of tumor for 80, 110 and 150 kV/m without and with the 0.1 S/m
conductivity gel. At the least bone proximity (top region), the EF is less narrowed and without indentation . Bottom slices
without gel show that the bone presence interferes in the field distribution, resulting in indentation. Bottom cut planes
with gel insertion resulted in less EF volumes and consequently less EP coverage. Still, EF indentations are detected from
423.6 V application (120 k\v/m) using the gel.

Table 1. In silico results of electric currents and electrode-bone distance p for electric field indentation.

Electric Field Electric current p
(kV/m) (A) (mm)
80 2.70 2.89
90 3.16 2.89
100 3.64 3.59
110 4.13 3.59
120 4.62 4.29
130 5.12 4.29
140 5.62 4.29
150 6.12 4.86
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Figure 2. Slices show the top and bottom cut planes. Electric field distribution on top slices (where p = 11.5 mm) is
less affected by the bone, whereas the bottom slices (p = 1.89 mm) are affected and show indentations (red arrows) for
both without and with conductive gel. The bottom slices are the closest cut planes to the bone.

4. DISCUSSION

Currently, the ECT is applied in the treatment of clinical and veterinary cutaneous and subcutaneous tumors (Goanta
and lonita 2017, Probst et al 2018). For the treatment in complex body regions, it is recommended some pre-treatment
studies. The pre-treatment can lead to personalized or improved electrode apparatus. Recent work shows that the ECT
can also be successful in treating deep-seated nodules (Suzuki et al 2017, Simioni et al 2020, Falk Hansen et al 2020,
Izzo et al 2020). Bone-neighboring neoplasms demand attention as the bone can change the EF distribution.

Table 1 and Fig. 2 showed that although higher electric fields cover larger tumor volumes, the indentation problem
could not be avoided. Higher electric voltages translate to more significant volumes of indentation (with p from
approximately 3 mm). Previous work has achieved similar results (Suzuki et al 2017). Indentation can be explained by
the bone influence in the low-frequency electric field distribution. The tumor tissue is approximately 23 times more
conductive than the bone; thus, bone behaves as an electrical insulator in the system, which affects the electric field
distribution.

Computer simulations of biological models are interesting tools to study the nonlinear behavior of electrical
conductivity in complex structures when exposed to electrical potentials (Miklavéi¢ 2017). The electrical conductivity in
tissues varies according to the type and geometric characteristics of the cells, the blood vascularization, the variation of
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the hydrogen potential (pH) and the local oxygen concentration (Sieni et al 2020). In modeling process, it is often assumed
that each geometry is completely homogeneous. In reality, however, the physiological structure of the body exhibits
complex electrical properties. For example, the tumor is an anisotropic material consisting of different tissue
arrangements. Moreover, it can be highly conductive depending on the site of growth and the degree of angiogenesis
(Rosch and Markov 2004). Ideally, these properties should not be ignored when evaluating the electric field distribution.
In this regard, although simulation models take into account the changes in electrical conductivity due to electroporation,
to our knowledge there is not yet a model that estimates the electrical heterogeneity of tumors and their behavior due to
the combination of these dynamics. Nevertheless, the homogeneous representation is still considered a solid
approximation of tissue permeabilization while guarantee the safety standards for ECT. It also allows a rapid response in
pre-treatment planning without the need for excessive animal testing.

Conductive gels are used in ECT procedures when an enhanced electrode-tissue contact in irregular areas is needed
(Pintarelli et al 2019). However, in our tumor-bone case study, adding the conductive gel (Fig. 2) did not mitigate the
electric field indentation. The gel is conductive and the bone dielectric; thus, causing the electrical currents to flow through
the gel, decreasing the electric field propagation. Besides the opposite desired effect on ECT treatment, these results also
draw attention to the possible overheating impact on the tissue due to high electric fields clustering in small extension
areas.

With growing possibilities of cancer treatment using ECT, there is a need to optimized electrodes for most tumors.
As the body has a natural sinuous characteristic, some tumor access could be challenging, thus, requiring a specific
electrode design. Further research needs to be conducted to develop alternatives procedures to guarantee the total coverage
in complex regions such as intranasal tumors. It is of our interest to investigate the electric field distribution in other
newly developed electrodes based on volume coverage using animal realistic computational geometries and mimicking
tissue phantoms (i.e. in vitro tests) to assess the electrical parameters.

5. CONCLUSION

In this work, we assessed the electric field distribution in a case study of a tumor in the intranasal region of a dog
surrounded by bone tissue. We used computer simulations to evaluate the electrical parameters of the single-needle
electrode recently developed to access and treat the area. We detect electric field disturbances caused by the low electrical
conductivity of bone. We quantify the extent of the indentations, which starts at approximately 3 mm proximity of the
electrode to the bone and increases with higher voltages. These electrical field disturbances can negatively affect treatment
and ultimately lead to tumor recurrence. The application of conductive gel also narrows the field and reduces the
electroporated volume compared to simulations without gel. Therefore, it is not recommended in this situation. By
quantifying aspects of the application of the technique in such difficult areas, we alert electrochemotherapy practitioners
for possible treatment failure. We also point out the need to improve methods of applying electroporation in bone-
neigboring areas.
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