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Abstract

This study presents a comprehensive computational evaluation of radiofrequency (RF)
ablation efficacy and the spatial formation of thermal ablation zones within a 3D model of a
liver tumor. By systematically comparing these configurations, the study aims to elucidate
the physical mechanisms governing electromagnetic (EM) energy dissipation in hepatic
tissue and to provide clear engineering guidelines for optimizing RF applicator selection
and treatment planning in clinical practice. To reliably simulate the biophysical phenomena
of the RF ablation procedure, a coupled electro-thermal model based on the finite element
method and the Pennes bioheat equation was implemented. The research investigates six
distinct applicator variants: conventional needle-type applicators and advanced expandable
umbrella-type RF applicators equipped with four- and eight-tine electrodes, each evaluated
in both monopolar and bipolar configurations. Numerical simulations were conducted
for a standard 10 min ablation procedure at varying applied voltages to assess the specific
absorption rate (SAR) distribution, transient heating dynamics, and the exact volumes of
the resulting coagulation necrosis which were quantified using rigorous isotherms and
the cumulative equivalent minutes at 43 °C (CEMy3) thermal dose index. Volumetric
analysis of the ablation zones revealed that bipolar multi-tine electrodes induce highly
localized heat concentration. Conversely, monopolar multi-tine setups strongly disperse EM
energy. The results demonstrated that, for conventional needle applicators, the monopolar
configuration generated significantly larger necrosis zones than the bipolar operating mode.
The RF applicator geometry and its operating mode directly dictate the spatial extent of
liver tissue necrosis. Moreover, advanced numerical treatment planning is essential for
optimizing SAR and CEMy; distributions and ensuring safe and complete hepatocellular
carcinoma eradication.

Keywords: RF ablation; computational modeling; hepatocellular carcinoma; umbrella-type
electrodes; monopolar and bipolar modes; SAR; CEM43; ablation zones

1. Introduction

Primary and metastatic liver malignances, including hepatocellular carcinoma, rep-
resent a major clinical challenge in modern medicine [1]. When surgical resection of a
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liver tumor is impossible or too risky for the patient, modern minimally invasive thera-
peutic methods are used, among which radiofrequency ablation (RFA) and microwave
ablation (MVA) play a pivotal role [2]. These procedures enable targeted destruction of
tumors located deep within the human body, thereby reducing procedural invasiveness
and improving patient safety [3]. Moreover, ablative therapies have demonstrated high
efficacy not only in hepatic tissue but also in the treatment of malignancies affecting other
organs [4], such as breast [5], lung [6] and prostate cancers [7,8].

The RFA procedure involves the percutaneous insertion of specialized applicators
equipped with various active electrode configurations directly into the center of the tumor
that generate an EM field [9]. To make ablation techniques more precise and safer, the
positioning of applicators in the target tissue is performed using robot-assisted interventions
and image-guided interventions [10]. The RF electric field generated by alternating electric
current with a frequency in the range of 450-550 kHz induces rapid ionic motion in
the tissue, causing local heat generation due to ohmic losses, commonly referred to as
Joule heating [11,12]. When tissue temperature exceeds critical physiological thresholds,
irreversible destruction of cancer cells occurs, referred to as coagulation necrosis [13]. The
efficacy of cellular destruction is typically evaluated by checking whether the tissue has
reached a rigorous, destructive temperature (above 50 °C) [14], or by using the thermal dose
indices of Arrhenius thermal tissue damage [15,16] and cumulative equivalent minutes
at 43 °C (CEM43) [17-19]. Accurate prediction of these outcomes depends heavily on
computational modeling of temperature-controlled ablation processes [20-23].

The primary challenge in RFA therapy is to destroy the entire tumor along with an
adequate safety margin, while simultaneously avoiding damage to the healthy surrounding
tissues. This is a very difficult task because the blood flowing through the surrounding
organs, as well as blood vessels within the tumor, constantly cool the cancerous tissue (the
so-called heat sink effect), as a result of which the peripheral regions of large tumors may
not be sufficiently heated [20,24-27]. For this reason, biomedical engineers are constantly
developing new applicator designs for localized cancer treatment [9,28-31]. Conventional
needle electrodes are systematically being replaced by multi-tine expandable umbrella-
type electrodes, which incorporate deployable tines, allowing a significant increase in the
active heating area within the tumor [9,16,20,32]. Additionally, the operating mode has a
profound influence on the shape of the ablation zone, i.e., in monopolar mode the current
flows to external grounding pads on the patient’s body, whereas in bipolar mode, the
current is completed locally between the poles on the electrode itself [9,33,34].

Considering the wide range of RF applicator designs and electrode operating modes,
it becomes evident that in vivo studies are very costly and difficult to conduct compared to
in silico investigations based on computational modeling, which has become the standard
tool for treatment planning and testing of ablative procedures [14,35]. Numerical simu-
lations employ various approaches, particularly the finite element method (FEM), which
enables coupling electromagnetic (EM) field calculations with the modified Pennes bioheat
equation [24,36—40]. Using such numerical methods, it is possible to accurately predict
the specific absorption rate (SAR) distribution and generate 3D temperature distributions
within patient-specific models prior to the clinical procedure [14,35].

The aim of this study is to computationally evaluate RF ablation efficacy and the
spatial formation of necrotic zones in a 3D model of a liver tumor. The study compares
six different applicators: conventional needle-type electrodes and advanced expandable
umbrella-type electrodes equipped with four and eight tines, operating in both monopolar
and bipolar modes. The analysis includes the impact of electrode geometry and operating
mode on the SAR distribution, tumor thermal dynamics, and ablation zone volume, with
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the objective of providing clear engineering guidelines for improving RF ablation treatment
planning of hepatocellular carcinoma.

2. Materials and Methods

This section describes the complete mathematical approach, based on the coupled
electromagnetic (generalized Laplace equation) and thermal (modified Pennes equation)
models, required for the computational simulation of RF ablation in hepatic tumor tissue.

2.1. Computational Model

Numerical calculations were performed using the Sim4Life Lite software environment
(version 9.4.0) [41,42], utilizing a multiphysics solver based on the finite element method
(FEM) engine. The analysis was conducted in two stages, in accordance with the well-
established multi-step approach in computational bioelectromagnetism [14,19,35]. In the
first stage, the EM field distribution, governed by the generalized Laplace equation, was
determined using the ohmic Electro-Quasi-Static (E-QS) solver. In the second stage, the
transient temperature distribution was calculated using a Thermal Solver (TS) based on the
modified Pennes bioheat equation. The volumetric power density calculated in the EM stage
served directly as the heat source (p) for the thermal stage as shown in Equations (4) and (5).

Within the E-QS regime, the lack of external electric current sources allows the mag-
netic vector potential to be neglected. Consequently, the resulting electric field is strictly
governed by the gradient of the scalar electric potential ¢. The continuity of this poten-
tial at the domain boundaries is guaranteed by the generalized Laplace equation for the
electro-quasi-static model as [23,43-45]:

V(e Vp)=0 1

where ¢ = & ¢ + 0/ (jw) represents the complex electric permittivity of the medium, ¢, stands
for the relative electric permittivity, eg = 8.85 x 10~!2 F/m is the electric constant, o (S/m)
is the effective electrical conductivity of the tissue, j means the imaginary unit (j> = —1), and
w = 2mf (rad/s) represents the angular frequency of the EM field with operating frequency
f (Hz).
Accordingly, the vector of electric field strength E (V/m) can be defined as the negative
gradient of the scalar potential [14]:
E=-V¢ @)

Next, the EM energy (the volumetric power density p in W/m?3) deposited within
biological tissues due to dielectric losses can be calculated directly from the computed
electric field distribution and expressed in terms of the SAR parameter [35,46]:

p=0lEpys!?=01Vpl?=pSAR (3)

where p (kg/m?) is the mass density of the tissue, and | Egys | and ¢ denote the root-mean-
square (RMS) values of the electric field and the electric potential, respectively. To close
the problem formulation for the E-QS solver, boundary conditions of the first kind (the
so-called Dirichlet boundary conditions) may be imposed on the active surfaces of the
electrodes (see Figure 1a).

In the subsequent simulation part, the previously calculated distribution of power
loss density p (W/m?) becomes a spatial heat source in the transient thermal solver. The
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temporal changes in temperature T (K) changes over time ¢ (s) can be modeled using the
widely recognized, modified Pennes equation as follows [24,46]:

oT
peap = V- (kVT) — ppcpwp(T-T,) +pHGR+ p 4)

In the above relation, c (J/kg/K) denotes the specific heat capacity, x (W/m/K) means
the thermal conductivity coefficient, and wy, (1/s) defines the perfusion rate of blood
flowing through the tissue. The subscript b characterizes the properties of the flowing
blood, i.e., pp, is the blood density, T}, means the arterial blood temperature, and ¢, stands
for the blood heat capacity. In turn, the heat generation rate (HGR in W /kg) reflects the
amount of heat produced locally through the metabolic processes inside biological tissues.
It should be noted that the Pennes equation as used in Equation (4) omitted the latent heat
of the water vaporization effect as described in [47]. Such a simplified approach has been
successfully adopted in numerous in silico investigations [20,35].

03,0, K2, P2, C;

04,01, K1, p1,C1

(@) (b)

Figure 1. Computational model with marked boundary conditions: (a) Electro-Quasi-Static (E-QS)
solver—Dirichlet boundary condition dQ)p set on the outer domain boundary, electrical parameters
(0, €) defined in subdomains 0)-Q4; (b) Thermal Solver (TS)}—Neumann boundary condition 0}/ on
applied the outer domain boundary, thermal parameters (x, p, c) defined in subdomains ()1-Q;3.

Furthermore, to isolate the model from artificial energy losses at the outer boundaries
of the computational domain, the boundary condition of the second kind, well known as
the Neumann boundary condition, was applied, implying ideal thermal insulation at the
external boundaries was enforced [19] (see Figure 1b).

The computational domain consists of four subdomains: (2;—phantom; ()—healthy
liver tissue; ()3—hepatic tumor; and QQ4;—the RF applicator represented by voltage elec-
trodes with assigned electric potential ¢. 3D models of the ablation electrodes were de-
signed in the CAD software Autodesk Inventor 2025 (Autodesk Inc., San Rafael, CA, USA)
and then imported to the Sim4Life Lite environment [41]. The hepatic tumor geometry was
modeled as an irregular ellipsoidal structure with a volume of Viymor = 1941.2 mm?, as
such a shape provides a realistic representation of naturally occurring tumors [35].

Appropriate boundary conditions were defined for both simulation steps as shown
in Figure 1. In the E-QS problem, based on Equation (1), two cases were considered, i.e.,
applicators in monopolar and bipolar modes. For the monopolar mode, the Dirichlet
boundary conditions were applied to the outer boundaries of the domain dQ)p, whereas
a non-zero electric potential (¢ 7# 0) was assigned to subdomain ()4, and a part of the
subdomain (); was grounded (9()y = ¢ = 0). In the case of the bipolar mode, to represent
the electrodes, the condition 0()y = 0 on )y was omitted, but ()4 was divided into two parts
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separated by an insulator, i.e., one part with non-zero potential (¢ # 0) and the other part
with zero potential (¢ = 0).

In the thermal problem, based on Equation (4), the Neumann boundary condition
0Q)/on = 0 was assigned to the outer boundaries of the domain ();. The initial temperature
throughout the domain was set to T(t = 0) = Ty, and the blood temperature of tissue was
kept constant at T(t # 0) = T}, throughout the simulation [14,19].

The computational domain was modeled as an isotropic block of healthy liver tis-
sue with a total volume of approximately 1.56 x 10° mm? and overall dimensions of
115.9 x 115.9 x 1159 mm. A tumor model in the shape of a flattened ellipsoid was em-
bedded in its central part, characterized by an initial volume of 1941.2 mm? and a

surface area of 857.7 mm?2

. The spatial dimensions of the lesion under investigation,
measuring 20 x 20 X 9.72 mm, provide a realistic representation of the asymmetrical patho-
logical structure undergoing virtual thermal ablation.

To optimize the computational process, all biological tissues and RF applicator com-
ponents within the domain were treated as time-constant, isotropic, and homogeneous
materials. This approach constitutes a standard and well-documented practice in the com-
putational modeling of thermal therapies [35,48-51]. The specific values for the electrical
and thermal properties of the analyzed tissues were adopted from the IT’IS Foundation
Database [52]. The active surfaces of the electrodes were defined as perfect electric conduc-
tors (PECs), and the dielectric elements of the RF applicators were modeled as polyethylene.

To evaluate thermally induced tumor cell destruction, the iso-effective dose metric
was employed [53]. In radiology, hyperthermia and ablation treatments, the standard
metric for assessing thermal dose of tissues is the index of cumulative equivalent min-
utes at 43 °C (CEMy3) [17,54-56]. This metric integrates the cumulative thermal dose
absorbed by the tissue over the duration of the treatment procedure, based on the following

formula [17,19,53-56]:
t

CEM,3 — / R¥-T(H g 5)
0
where the parameter R serves as an empirical constant that responds nonlinearly to specific

temperature thresholds. Based on the original Sapareto and Dewey formulation [56],
R=05forT>43°C,and R =0.25 for T < 43 °C [19,53-56].

2.2. Ablation Electrode Models

To reflect the designs of applicators such as those used in clinical thermal ablation of
soft tumor tissues [57], six representative RF electrode configurations were investigated,
as shown in Figure 2. The investigated RF electrode systems comprise both monopolar
and bipolar needle-type RF applicators, as well as monopolar and bipolar umbrella-type
RF applicators with expandable multi-tine electrodes with 4 and 8 arms. The monopolar
applicator (Figure 3a) comprises an insulated shaft and an exposed, electrically conductive
distal tip (electrode 1). In the bipolar mode electrode variant (Figure 3b,c), an additional
active conductive section (Electrode 2) is located on the same shaft, separated from electrode
1 by a dielectric (insulator).

In the monopolar configuration (Figure 3a), electric current flows between the active
electrode tip and two large-surface grounding pads (neutral plates) placed on the patient’s
body. In the bipolar configuration, both poles (anode and cathode) are integrated into a
common applicator shaft, which confines the electric current flow to the immediate vicinity
of the tumor and eliminates the need for passive electrodes [9]. Expandable electrodes
feature umbrella-shaped tines deployed from the needle lumen. This design significantly
increases the effective contact area at the electrode-tissue interface, enabling the creation of
larger ablation zones while reducing the local current density near the shaft [9].
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Figure 2. Geometric models of the analyzed RF applicators used for ablation treatment: (a) monopolar
needle-type applicator; (b) bipolar needle-type applicator; (c) monopolar expandable 4-tine umbrella-
type applicator; (d) bipolar expandable 4-tine umbrella-type applicator; (e) monopolar expandable
8-tine umbrella-type applicator; (f) bipolar expandable 8-tine umbrella-type applicator (all dimensions
are in mm).
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Figure 3. A schematic diagram of the classic needle-type (plain) RF applicators used in the simulation:
(a) a monopolar applicator with a single active tip; (b) a bipolar applicator featuring distal and
proximal active sections separated by a dielectric insulator; (c) a bipolar expandable multi-tine
applicator (all dimensions are in mm).

https://doi.org/10.3390/app16125974


https://doi.org/10.3390/app16125974

Appl. Sci. 2026, 16, 5974

7 of 21

The geometries of the designed RF electrode models correspond to those of commer-
cially available RF applicators for ablation treatment [18]. A detailed summary of the
geometric parameters for all six analyzed electrode configurations is gathered in Table 1.

Table 1. The geometric dimensions of the six configurations of RF applicators used in the simulation.

RF Applicator Types
Applicaor Elements Monopolar  Bipolar iR ifineFlesrode  S-TineElectiode  8-Tine Flectrode
Radius of the shaft (mm) 0.7 0.7 0.7 0.7 0.7 0.7
Radius of the insulator (mm) 0.5 0.5 0.5 0.5 0.5 0.5
Radius of the electrodes (mm) 0.5 0.5 0.5 0.5 0.5 0.5
Length of the shaft (mm) 37.0 37.0 37.0 37.0 37.0 37.0
Length of the insulator (mm) - 1.5 - 1.5 - 1.5
Length of the electrode 1 (mm) - 5.0 - 5.0 - 5.0
Length of the electrodes 2 (mm) 115 5.0 11.1 5.0 11.1 5.0
Length of expandable tines (mm) - - 3.5 3.5 3.5 3.5
Tines opening angle (°) - - 122.9 122.9 122.9 122.9
Inter-tine angle (°) - - 90.0 90.0 45.0 45.0

All proposed RF applicators were assumed to operate at a frequency of 500 kHz, which
is a typical operating frequency for ablation procedures.

2.3. Material Parameters of Biological Tissues

The thermal and electrical properties assigned to the subdomains of the liver tissue
phantom were taken from the IT’IS Database for Thermal and Electromagnetic Parameters
of Biological Tissues (version 5.0) [52]. These parameters are a widely recognized standard
in computational bioelectromagnetics and are in good agreement with experimentally
measured properties of human tissues and the literature data on numerical modeling
of RF ablation [35,58]. The dielectric properties of materials implemented in the EQ-S
solver for the working frequency of 500 kHz are provided in Table 2. The electrodes were
modeled as perfect electric conductors (PECs). The thermal parameters of biological tissues
implemented in the thermal solver are summarized in Table 3.

Table 2. The dielectric parameters of the materials used in the simulation at frequency of
500 kHz [14,52].

Materials & (=) o (mS/m)
liver tissue 2769 148
liver tumor 3647 446

insulator 2.25 0.5
electrodes - -

Table 3. The thermal parameters of the biological tissues used in the simulation [52].

Tissues p c K HGR * PbCbWh wp
(kg/m?) (J/kg/K) (W/m/K) (W/kg) (kKW/m3/K) (1/s)
blood 1050 3617 0.520 0 664.6 0.1750
liver tissue 1079 3540 0.519 9.93 62.7 0.0165
liver tumor 1040 3437 0.560 12.0 51.0 0.0134

* Heat generation rate.
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The tumor tissue was modeled based on the properties of muscle tissue, which is a
literature-supported approach for liver tumors [14]. Hepatocellular carcinoma (HCC) has a
significantly higher water content and better blood supply than healthy liver tissue. For
this reason, its electrical conductivity is markedly higher. To model this in the simulation,
the dielectric properties of muscle tissue were used. Muscle tissue exhibits comparable
hydration levels and electrical conductivity. This approach provides a proven surrogate
model that enables reliable simulation of increased RF energy absorption within the tumor.
The naturally higher value of the electrical conductivity of the tumor (¢ = 0.446 S/m)
relative to healthy liver tissue (o = 0.148 S/m) promotes preferential concentration of the
electric field strength (E) and electric current density (J = o E) within the cancer lesion,
thereby increasing the selectivity of thermal destruction of the malignant hepatic tissue [14].
The heat generation rate (HGR) for blood was set to zero, since convection (perfusion)
rather than local metabolic heat generation of the tissue dominate blood heat transfer.

2.4. RF Applicators Parameters

To comprehensively evaluate the thermal response and ablation treatment efficacy of
the investigated RF applicators, a series of systematic numerical simulations was conducted
under predefined operating conditions. The continuous-wave RF radiation was simulated
at a fundamental frequency of 500 kHz, which is representative of standard clinical RF
generators [9,57].

To simulate varying RF energy outputs and assess the spatial progression of the
ablation zones, four electric potential levels were applied to the active electrode surfaces,
namely ¢ € {10, 15, 20, 25} V. In monopolar RF applicators, these potentials were assigned
directly to the distal active tip. In bipolar configurations, the excitation voltage was applied
to the designated active pole, with the corresponding complementary electrode grounded
(¢ =0 V) to facilitate local electric current flow.

The transient thermal solver was configured to compute the spatiotemporal evolution
of the tissue temperature over a total continuous exposure duration of 600 s. This exposure
duration accurately reflects standard clinical ablation protocols and ensures sufficient
thermal dose accumulation [14,19,35]. As previously established in the boundary condition
definitions, the baseline physiological temperature for the entire computational domain
prior to RF energy delivery was uniformly initialized at Ty = 37 °C. Furthermore, the
thermoregulatory influence of vascular blood perfusion was incorporated by maintaining
the arterial blood temperature T}, = 37 °C throughout the entire heating process.

3. Results

This section presents and discusses the results for the coupled electro-thermal prob-
lem, including the main observations regarding the electric field strength, specific ab-
sorption rate (SAR) and temperature distributions around the proposed monopolar and
bipolar RF applicators.

The ohmic EQ-Static solver mesh was refined to 0.2 mm around the electrodes, to
0.5 mm within the tumor volume, and to 10 mm in healthy tissue, resulting in a total of
1.279 million cells (the convergence tolerance was set to 10~8). In the case of the thermal
solver, the mesh comprised approximately 536,000 cells (0.7 mm in the tumor, 2.5 mm in
the liver). An adaptive time step algorithm (time step factor = 1) was used in the thermal
calculations. Preliminary convergence tests (global mesh refinement using a factor of 1.5)
showed changes in maximum SAR and temperature values of less than 1%. These results
confirmed asymptotic convergence, at which point further refinement of the mesh would
only result in a significant increase in computation time without improving the accuracy of
the results.
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RMS{EM E(xy,z,f0)}
Vs

3.1. Spatial Distribution of the Electric Field Strength

The analysis of the electric field distribution was carried out based on the solution of
the generalized Laplace Equation (1), which enabled the scalar potential ¢ to be determined
throughout the entire volume of the computational model. Subsequently, in accordance
with Equation (2), the distribution of vector of electric field strength, E, was calculated. The
results shown in Figure 4 present the effective (RMS) values of vector E for the six tested
configurations of RF applicators at the maximum applied electrode voltage of 25 V. The
electric field (E-field) estimated in this manner forms the basis for further calculations of
the SAR according to Equation (3).

RMS{EM E(xy,zf0)} RMS(EM E(cy,zf0)}
V/m] V/m]

. 181496 . )
a8 in|d&

(d)

Figure 4. Axial cross-section spatial E-field distributions around various RF ablation applicator con-
figurations: (a) monopolar needle-type applicator; (b) bipolar needle-type applicator; (c) monopolar
expandable 4-tine umbrella-type applicator; (d) bipolar expandable 4-tine umbrella-type applicator;
(e) monopolar expandable 8-tine umbrella-type applicator; (f) bipolar expandable 8-tine umbrella-
type applicator; for applied electrode voltage of 25 V.

The highest values of electric field strength were observed for classic needle-type
applicators. In the case of monopolar configuration (Figure 4a), the E-field was concentrated
at the distal, sharp tip of the applicator, reaching a maximum value of 63 kV/m. In bipolar
mode (Figure 4b), the E-field was confined to a short section within the dielectric gap
of the insulator between the two active sections of the shaft, and its maximum value
was 42.8 kV/m. In both cases, the zone of the strongest field was very narrow and limited
to the immediate vicinity of the RF electrode surface, making them suitable for the treatment
of small hepatic neoplastic lesions.

In the case of multi-tine applicators, the electric field covers a much larger volume of
hepatic tissue, which causes a decrease in its maximum intensity. The bipolar expandable
4-tine umbrella-type applicator (Figure 4d) generated a maximum peak E-field value of
25.8 kV/m. Changing the operating mode to monopolar for the same electrode (Figure 4c)
caused the E-field lines to disperse spatially toward the distant passive electrode, resulting
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in a reduction in the maximum E-field intensity to 18.1 kV/m. A similar phenomenon was
observed for umbrella-type electrodes equipped with eight arms. Bipolar mode (Figure 4f)
causes a strong concentration of the electric field inside the applicator dome, reaching a
maximum value of 14.4 kV/m. In contrast, the 8-tine monopolar mode electrode (Figure 4e)
exhibited the widest spatial distribution of the E-field among all tested variants. The
uniform distribution of RF field energy over the largest active surface resulted in the lowest
recorded peak E-field intensity of 7.2 kV/m.

To conclude, multi-tine applicators provide a significantly wider distribution of elec-
tric field strength than conventional needle electrodes. However, this wider coverage
is accompanied by a marked decrease in E-field intensity, which is particularly evident
in monopolar electrode configurations. Consequently, for hepatic lesions, expandable
umbrella-type applicator designs demonstrate a greater potential for more uniform EM
energy delivery throughout the malignant tissue volume.

3.2. Spatial Distribution of the Specific Absorption Rate

Based on the spatial distribution of the electric field obtained in the previous step, the
specific absorption rate (SAR) was calculated in accordance with Equation (3). Figure 5
shows visualizations of the spatial distribution of the SAR parameter on a logarithmic scale
in dB (the maximum SAR was taken as the reference level) for all tested RF applicators
with maximum electrode voltage of 25 V.

ARG,z f0)

[dB(86100W/kg)]

(d) (f)

Figure 5. Axial cross-section SAR distributions inside the liver tumor tissue for various RF ablation
applicator configurations: (a) monopolar needle-type applicator; (b) bipolar needle-type applicator;
(c) monopolar expandable 4-tine umbrella-type applicator; (d) bipolar expandable 4-tine umbrella-
type applicator; (e) monopolar expandable 8-tine umbrella-type applicator; (f) bipolar expandable
8-tine umbrella-type applicator; for applied electrode voltage of 25 V.

The results indicate that the most significant differences in the distribution of RF
field energy deposition are particularly evident for multi-tine applicators. In the bipolar
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configuration (for both four- and eight-tine applicators), the electric field lines close over
a very short distance between the deployed tines and the common applicator shaft. This
leads to an extreme concentration of SAR values within the portion of tumor tissue enclosed
by the umbrella-type electrode. For the 4-tine bipolar applicator (Figure 5d), the peak SAR
value reached 31.4 kW /kg, whereas for the 8-tine bipolar electrode design (Figure 5f), the
SAR value increased to 150 kW /kg. This phenomenon of strong, local confinement of
the RF field energy deposition constitutes the primary physical mechanism of the drastic
temperature increments in tissue areas with the highest SAR values.

A completely different mechanism occurs in expandable umbrella-type applicators
operating in the monopolar mode. In this case, the electric current flows from all de-
ployed tines toward the distant passive electrode (grounding at the boundaries of the
computational domain). This results in a significant spatial dispersion of the RF field
energy deposited in the tissue. Consequently, the peak SAR values are altered. The 4-tine
monopolar electrode configuration (Figure 5c) recorded a peak of 127 kW /kg, while the
8-tine monopolar applicator (Figure 5e) exhibited the strongest dispersion effect, reducing
the maximum SAR value of 36.1 kW /kg. The region exhibiting the highest SAR values
extends radially over a much larger volume of the tumor, which prevents extreme tissue
overheating in the immediate vicinity of the RF applicator, thereby producing a milder yet
more uniform liver heating profile.

For standard needle-type applicators, the SAR distributions reflect the thermal profiles.
In the monopolar setup (Figure 5a), energy is deposited most strongly around the single
distal tip, with a characteristic enhancement at the very point itself (resulting from the
edge effect and a local increase in the electric potential gradient), achieving a SAR peak of
148 kW /kg. However, in the bipolar mode (Figure 5b), the maximum SAR value, reaching a
level of 140 kW /kg, is concentrated in the dielectric gap separating the two active electrodes,
forcing local heating along the RF applicator shaft.

The presented SAR analysis demonstrates that, in the case of multi-tine electrodes, the
bipolar operating mode confines energy within the electrode tip, causing extreme, localized
heating. In contrast, the monopolar mode disperses EM energy widely, preventing excessive
local tissue overheating and heating a larger volume evenly. Therefore, the choice of RF
applicator geometry and proper operating mode directly determines whether the ablation
procedure will act as a strong focal point or over a wider area of treated tissue.

3.3. Analysis of Temperature Distribution

A non-stationary thermal solver was used to analyze the temperature distribution
inside liver tissue according to Equation (4). The spatial SAR distributions obtained in
the previous step were incorporated in the Pennes bioheat equation as a volumetric heat
source, given by Equation (5), which influences the tumor temperature. Such a coupled
electro-thermal approach allowed time-dependent tissue-heating dynamics to be modeled,
whilst taking into account the physiological cooling process induced by blood perfusion.

Figures 6-8 present the hepatic tumor transient temperature profiles recorded over a
10 min simulation at four levels of applied electrode voltage U € {10,15,20,25} V. The
results are compared both for the monopolar (dashed lines) and bipolar (solid lines)
electrode configurations.

As illustrated in Figure 6, both operating mode (monopolar and bipolar) configura-
tions exhibit similar heating dynamics. The temperature rise is steepest during the first
100 s of the RF ablation procedure. The highest steady-state temperatures of approximately
81 °C were observed for the bipolar applicator and 85 °C for the monopolar applicator,
respectively, at an applied electrode voltage of 25 V. In this case, the monopolar mode
demonstrated slightly higher local heating efficacy, which results from the strong concen-
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tration of electric current density at the single distal active electrode tip, where the E-field
radiates outward into the liver tissue.
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Figure 6. The hepatic tumor transient temperature distribution for classic needle-type applicators in
the case of monopolar and bipolar configurations for different values of applied electrode voltage
(the hottest voxel, located at the active electrode—tissue interface).

In contrast, the bipolar configuration distributes the electric field more evenly between
the two closely spaced poles, mitigating focal current spikes. Consequently, while the
bipolar mode yields a slightly lower maximum temperature, it promotes a more uniform
thermal profile and reduces the risk of tissue carbonization directly at the electrode surface.
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Figure 7. The hepatic tumor transient temperature distribution for 4-tine umbrella-type applicators
in the case of monopolar and bipolar configurations for different values of applied electrode voltage
(the hottest voxel, located at the active electrode-tissue interface).
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Figure 8. The hepatic tumor transient temperature distribution for 8-tine umbrella-type applicators

in the case of monopolar and bipolar configurations for different values of applied electrode voltage
(the hottest voxel, located at the active electrode-tissue interface).

Radical differences between the monopolar and bipolar modes become apparent in the
case of expandable multi-tine applicators. As shown in Figure 7, a 4-tine applicator with
bipolar mode configuration generates significantly higher maximum temperatures than the
corresponding monopolar configuration for each of the analyzed electrode voltages. At an
applied voltage of 25V, the bipolar applicator heated the liver tissue to 96 °C, while the
monopolar applicator reached a temperature of only 65 °C.

This phenomenon is further amplified when the number of tines in the umbrella-type
electrode is increased to eight (see Figure 8). The application of an electrode voltage of
25 V in the 8-tine bipolar applicator resulted in an extremely high temperature of 119 °C.
This is due to the fact that in bipolar mode, the electric current is locally confined over
a very short distance between the deployed tines and the electrode shaft, leading to a
drastic concentration of the electric field in the immediate vicinity of the RF applicator. A
temperature approaching 120 °C is associated with the risk of carbonization of healthy
tissue under clinical conditions.

In the monopolar mode, increasing the number of electrode tines from four to eight
caused a slight decrease in the maximum level of steady-state temperature (from 65 °C to
57 °C at 25 V). Distribution of the active surface area over a larger number of tines results
in the dispersion of the total electric current density flowing toward the distant passive
electrode, which reduces the local Joule heating effect but also allows for more uniform
heating of a larger liver tumor tissue volume.

To precisely quantify the observed thermal phenomena, Table 4 summarizes the total
temperature increments AT recorded in the tissue after a 10 min ablation procedure for
all six analyzed RF applicator variants. The AT value was calculated as the difference
between the maximum steady-state temperature and the initial physiological human body
temperature (37 °C). An analysis of the tabular data corroborates the observations derived
from the tissue transient temperature and highlights key physical relationships regarding
the operating modes and electrode geometry of the RF applicators.
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Table 4. The total temperature increments AT (°C) in the liver tumor center after 10 min of ablation
treatment for the investigated applicator configurations and applied RF electrode voltage levels.

Total Temperature Increments AT (°C)

Electrode Needle-Type 4-Tine Umbrella-Type 8-Tine Umbrella-Type
Voltage Appli Apoli Apoli
U vy pplicator pplicator pplicator
Monopolar Bipolar Monopolar Bipolar Monopolar Bipolar
10 7.11 7.58 9.39 4.59 12.98 3.31
15 15.73 16.80 20.85 10.08 28.93 7.21
20 27.80 29.72 36.90 17.76 51.26 12.67
25 43.32 46.32 57.54 27.64 79.98 19.69

Regarding the operating mode effect for classic needle-type applicators, the differ-
ences in temperature increments (AT) between the monopolar and bipolar modes are
relatively marginal. At the maximum applied electrode voltage of 25 V, the AT-value for
the monopolar applicator reached 46.32 °C, exceeding the result for the bipolar applicator
AT =43.32 °C by exactly 3 °C. This finding confirms stronger energy deposition at the
single distal tip in a monopolar electrode configuration.

In contrast, the bipolar mode demonstrates a clear advantage in the case of expandable
umbrella-type applicators. The bipolar configuration drastically amplifies the local temper-
ature increment. For the 4-tine applicator at an electrode voltage of 25V, the bipolar setup
generated a temperature increment of 57.54 °C, whereas the monopolar setup achieved
only AT = 27.64 °C, representing more than a twofold increase. Furthermore, analysis of
the influence of the number of tines (four vs. eight) reveals inversion in RF applicator
behavior. In the case of the bipolar mode, increasing the number of electrode arms (from
four to eight) caused a substantial increase in AT (from 57.54 °C to 79.98 °C at 25 V) due to
the densification of local current loops. Conversely, in the monopolar mode, adding four
additional tines results in a notable decrease in the temperature increment (from 27.64 °C
t019.69 °C at 25 V). The expanded active surface area of the 8-tine umbrella-type applicator
promotes stronger spatial dispersion of the electric current flowing toward the distant
ground electrode, which ultimately lowers the AT value at the central measurement point
of the hepatic tumor.

4. Discussion

To accurately assess the therapeutic efficacy of RF ablation treatment for all the ana-
lyzed applicator configurations, it is necessary to determine the volumes of the ablation
zones and compare them with the volume of the ellipsoidal hepatic tumor under treatment.

In our case, it was assumed that 3D isothermal (ISO) surfaces allow precise charac-
terization of the extent of thermal damage within the hepatic tumor. To visualize this
effect, ISO surfaces within the tumor tissue for critical temperatures 43 °C, 53 °C, and
60 °C are depicted in Figure 9. The ablation zone volume progressively decreases as the
required temperature threshold increases. While the ISO-43 surface defines the broad
boundary of hyperthermia treatment, the ISO-60 isotherm reveals the rigorous, central
zone of instantaneous and irreversible coagulation necrosis, which is crucial for complete
tumor eradication during RF ablation treatment.

For objective quantification of the results, the tissue volumes enclosed by the respective
ISO surfaces were determined for all the applicator configurations at a maximum applied
electrode voltage of 25 V. To ensure a strictly standardized and direct comparison, these
results were evaluated relative to a single constant volume of the modeled ellipsoidally
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shaped liver tumor across all the tested electrodes. This relationship was expressed using
the therapeutic efficacy index, calculated according to the following formula:

mso-1 = V20T 100% ©)
tumor
where T € {43, 53, 60} °C represents the critical temperature threshold, Viso_r is the
measured volume of the ablation zone bounded by the given ISO surface, and Viumor
corresponds to the initial hepatic tumor volume Viymor = 1941.2 mm?. All the obtained
data are summarized in Table 5.

(b) (d)

Figure 9. Spatial visualizations of the ISO surfaces inside the hepatic tumor tissue for various RF

ablation applicator configurations: (a) monopolar needle-type applicator; (b) bipolar needle-type
applicator; (c) monopolar expandable 4-tine umbrella-type applicator; (d) bipolar expandable 4-tine
umbrella-type applicator; (e) monopolar expandable 8-tine umbrella-type applicator; (f) bipolar
expandable 8-tine umbrella-type applicator; for applied electrode voltage of 25 V.

Table 5. A summary of the total ablation zone volumes for ISO surfaces at the critical temperatures of
43 °C, 53 °C, and 60 °C, and the therapeutic efficacy index after a 10 min RF ablation procedure for
various applicators at an applied electrode voltage of 25 V.

Ablation Zone Volumes

Electrode Type Tumor VOluTe Viso_ B Viso_ _ Viso- _
Viumor (mm3) 1SO—43 Mso-43 1SO-53 Mso-53 1SO—60 1s0—60
(mm?) (%) (mm?) (%) (mm3) (%)
monopolar needle 1059.94 58.4 347.04 18.5 170.41 9.0
bipolar needle 551.03 29.0 120.68 5.6 41.20 21
monopolar 4-tine umbrella 1941.20 2536.84 130.7 340.47 17.5 24.59 13
bipolar 4-tine umbrella 2574.88 132.6 892.95 46.0 550.99 28.4
monopolar 8-tine umbrella 2409.33 124.1 51.05 2.6 0 0
bipolar 8-tine umbrella 3370.72 173.6 1544.94 79.6 926.92 477

A detailed analysis of the volumetric data for the considered ablation zones reveals
fundamental differences in the behavior of individual RF applicators, resulting from the
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mechanisms of electric field distribution inside hepatic tissue. For large tumors treated
using expandable multi-tine umbrella-type applicators, the bipolar mode proved to be
the most effective configuration in creating an ablation zone of immediate necrosis (ISO-
60 zone). Closure of the electric current between the tines and shaft causes a strong
concentration of heat. The 8-tine bipolar applicator achieved the largest ablation volume
of 926.92 mm?, corresponding to 47.7% coverage of the hepatic tumor volume. Reducing
the number of tines to four in the bipolar umbrella-type applicator lowered this efficacy to
28.4% (550.99 mm?). A particularly important physical phenomenon is the drastic drop
in liver tumor coverage for multi-tine applicators operating in the monopolar mode. The
four-tine monopolar applicator achieved only 1.3% tumor coverage (24.59 mm?) for the
rigorous 60 °C isotherm. The zero-volume value for the ISO-60 zone in the case of the
eight-arm monopolar applicator results from the extreme dispersion of the electric field
lines across a very large active surface area, thereby drastically reducing the local electric
current density. Consequently, the system is unable to generate sufficient resistive heating
to reach the critical necrosis threshold, and the maximum temperature recorded within the
tumor volume reached only 53 °C. The failure to form a zone of immediate coagulation
clearly demonstrates that, for multi-arm monopolar systems to operate effectively in large
neoplastic lesions, it is essential to use significantly higher supply voltages.

An opposite trend was observed for classic needle-type applicators. Here, the monopo-
lar configuration demonstrated a distinct advantage, generating an ISO-60 zone with a

volume of 170.41 mm?3

, corresponding to 9.0% coverage of the target tumor. The bipolar
version of the same needle applicator achieved only 41.02 mm? (m1so—60 = 2.1%). This
phenomenon can be explained by the fact that around a single, monopolar active tip, the
E-field propagates radially into deeper regions of the liver tissue. In the bipolar needle, RF
field energy is largely confined in the dielectric gap of the insulator, failing to penetrate the
peripheral regions of the large hepatic tumor. Furthermore, it can be noted that the efficacy
coefficient #5043 exceeded 100% for multi-tine applicators. This observation indicates
that the ablation zone may extend beyond the tumor volume, which in turn may lead to
damage to healthy tissue, which may compromise treatment precision and increase the risk
of collateral tissue damage.

In conclusion, none of the analyzed single applicator configurations at the applied
electrode voltage 25 V and treatment time of 600 s was able to generate an ISO-60 ablation
zone covering the entire tumor volume.

For a more comprehensive assessment of the degree of hepatic tissue destruction,
alongside the classic analysis of ISO surfaces, the cumulative equivalent minutes at 43 °C
(CEMy3) thermal dose model was employed. This model allows quantitative determination
of the cumulative heat dose absorbed by the liver tissue throughout the RF ablation
procedure, integrating both the effect of the achieved temperature and the exposure time.
The CEMy3 index was calculated based on Equation (5), according to the widely accepted
thermal dose model [17-19].

Figure 10 presents the spatial distributions of the determined CEMy3 thermal dose
index on axial cross-sections for all the tested applicator configurations. This analysis was
performed for a 10 min ablation procedure at a constant applied electrode voltage of 25 V.
The bright central regions (white zones on the scale) represent areas where the CEMys
index substantially exceeds the required threshold values. From a clinical perspective,
these regions define the thermal zone of irreversible coagulation necrosis of the tumor cells.

The visualizations of CEM,3 distributions fully confirm the physical mechanisms
identified based on isothermal volume analysis. For the expandable multi-tine electrodes
in the bipolar mode, a strong and highly localized accumulation of destructive thermal
dose confined within the space between the tines and the shaft is evident. Changing to the
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monopolar mode (for electrodes with both four and eight tines) results in the diffusion of
the thermal damage zone and the absence of pronounced dose accumulation in the center
of the hepatic tumor. Conversely, for classic needle-type electrodes, the effective thermal
dose-zone region assumes the shape of an elongated ellipsoid. The results clearly show
that around a single, monopolar tip, the destruction zone extends more deeply into the
liver tissue, whereas in the bipolar needle, the CEMy3 distribution remains confined to the

area of the dielectric gap.

()

Figure 10. The spatial distributions of the CEMy3 thermal dose index within the hepatic tumor

model after a 10 min ablation procedure for various RF applicator configurations: (a) monopolar
needle-type applicator; (b) bipolar needle-type applicator; (c) monopolar expandable 4-tine umbrella-
type applicator; (d) bipolar expandable 4-tine umbrella-type applicator; (e) monopolar expandable
8-tine umbrella-type applicator; (f) bipolar expandable 8-tine umbrella-type applicator; for applied
electrode voltage of 25 V. The bright, central zones indicate areas where the thermal dose threshold
has been substantially exceeded, corresponding to the zone of irreversible coagulative necrosis of
the tissue.

5. Conclusions

The numerical investigations conducted in this study enabled a detailed evaluation of
RF thermal ablation efficacy in a liver tumor model using various RF applicator configura-
tions. The results were obtained using a coupled electro-thermal mathematical model based
on the generalized Laplace equation and the Pennes bioheat equation. The temperature
distribution within a liver tumor model, the RF energy deposition within the tumor, and the
heating dynamics of the tumor during a 10 min ablation procedure were investigated. Due
to blood perfusion (the heat sink effect), transient liver tissue temperatures stabilized at
steady-state values. To ensure consistency among the applicators, the Neumann boundary
condition and temperature-independent dielectric properties were used in the temperature
analysis. Although this modeling approach represents a limitation of the study, it remains
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appropriate for a direct comparison of the applicators, which should remain independent
of variations in the assumed material coefficients.

For standard needle-type applicators, the monopolar operating mode demonstrated a
clear advantage. In this configuration, the electric field propagates radially from a single
active tip deep into the hepatic tissue. This enables more effective and broader tumor
coverage by the critical 60 °C ablation zone. In contrast, in the case of bipolar needle
configuration, EM energy is strongly trapped in the dielectric gap between the poles. This
confinement drastically limits the total volume of the necrosis zone, rendering the bipolar
mode less effective for classic needle applicators.

A markedly different behavior was observed for large hepatic tumors treated with
multi-tine expandable umbrella-type applicators. In this case, the bipolar mode led to highly
localized concentration of RF field energy within the umbrella electrode. Although this
generated the largest necrotic volume within the central region of the liver tumor (especially
for the 8-tine applicator), the strong E-field confinement may result in insufficient heating
of the peripheral tumor margins.

On the other hand, the application of the monopolar mode to multi-tine electrodes
results in a substantial spatial dispersion of the electric current toward the distant grounding
electrode. Consequently, at an applied electrode voltage of 25V, the tissue did not reach
the critical coagulative necrosis threshold of 60 °C. This proves that monopolar multi-tine
applicator designs require substantially higher electric power inputs to be more effective.

Overall, the quantitative results demonstrate that none of the investigated RF appli-
cator configurations, operating at an applied electrode voltage of 25 V during a 10 min
ablation procedure, was able to generate an ablation zone covering 100% of the targeted
liver tumor volume. The simulations presented in this study were conducted using a
constant-voltage excitation model. In clinical practice, however, RF ablation systems typi-
cally use power-controlled or impedance-controlled feedback algorithms to dynamically
regulate EM energy delivery in response to changes in tissue properties during heating.
Consequently, the present model does not fully replicate the closed-loop control behav-
ior of clinical RF generators. The constant-voltage framework was adopted to provide
a consistent and computationally tractable framework for comparative evaluation of RF
applicator performance and local electro-thermal interactions. Incorporating generator
feedback control and temperature-dependent power regulation is an important step toward
achieving greater clinical realism in future work. Furthermore, although the model captures
the primary mechanisms governing temperature distribution, caution should be exercised
when directly translating quantitative treatment metrics into clinical practice.
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