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Abstract: Percutaneous RF ablation is one of alternative treatment for non-surgical liver
tumors. Ablative changes in hepatic tissue can be successfully estimated using the finite
element method. The authors created a 3D model of a multi-tine applicator immersed
in liver tissue, and then determined the optimal values of voltage applied to such an RF
electrode, which do not exceed the therapeutic temperature range valid during thermal
ablation procedure. Importantly, the simulations were carried out for the RF electric probes
with 2 to 5 evenly spaced arms. Additionally, the thermal damage of hepatic tissue for
multi-armed applicators working at pre-defined limit values of voltages was established
based on the Arrhenius model.
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1. Introduction

Hepatocellular carcinoma is the most common malignant tumor located in the human liver,
affecting an increasing number of general population [1]. However, in most cases, hepatic ma-
lignances cannot be cured by surgical resection [2]. This is mainly due to the size and structure
of multifocal liver tumor, its location and dense vascularity. For this reason, others innovative
and minimally invasive heating techniques that save large volumes of tissue and focus heat in the
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selected volume of the body, are wanted to be found [3, 4]. The examples of focal thermotherapies
are the so-called interstitial hyperthermia and thermal ablation [5, 6] which both use RF energy [7]
or microwaves [8]. Importantly, the interstitial techniques, due to simple construction and usage of
a thin, needle applicator [9], do not require laparotomy and may be applied percutaneously during
general anesthesia [10]. The commonly used probes for thermal therapies can be temperature-
or power-controlled [2] and often aided with thermal sensors and various image-guided tech-
niques [11]. The tissue temperature during ablation can reach significant values ranging from
50°C to 110°C [3], that combined with right application time may ultimately lead to coagulation
and tissue necrosis [5, 12—14]. It should be noticed, that burning of tumors takes place with a
certain margin of ablative tissue necrosis, difficult to unambiguously determine using available
imaging methods during ablation procedures. It creates the possibility of thermal damage to
adjacent nerves, blood vessels and surrounding tissues and limits the usage of this method [15].
Moreover, the inadequate shape of the applicator, its location and used power (temperature) can
contribute to incomplete destruction of cancer cells and cause recurrence of neoplastic disease.

Based on the paper [2], the authors created a 3D model of a multi-tine probe immersed
inside liver tissue, and then established the optimal values of the voltage applied to the utilized
RF electrode, that do not exceed therapeutic levels of temperature during thermal ablation. Thus,
temperature at the tip of the main tine-probe was treated as a control parameter. The simulations
were carried out for an RF electrode with 2—5 regularly spaced arms. Next, the thermal damage of
hepatic tissue for the multi-tine applicator and pre-defined limit values of electrode voltage was
specified based on the Arrhenius model. Similar considerations can be found in several related
papers concerning different kind of electric probes [16-27].

2. Model definition and governing equations

The model of multi-tine electric probe is shown in Fig. 1. This applicator, designed specially
for tissue thermal ablation, consists of a cylindrical stainless steel trocar and several half-torus-
shaped nickel-titanium tines. The upper part of the trocar (called trocar tip) and the arms coming
out from the trocar tip (called tines of electrode) form a conductive RF electrode, where the
electric voltage Vj is applied. Importantly, the trocar is powered from a 50-ohm feeding line.
All electric probe dimensions (see Fig. 1) were adopted from [2] and summarized in Table 1.
Importantly, the RF applicator was analyzed in a rectangular coordinate system (x, y, z) inside a
computational area with dimensions 10 cm X 10 cm X 12 cm.

For simplicity, the presented 3D model of RF heating of liver tissue assumes a quasi-static
approximation for an electro-conductive field based on the following equations [16]:

V-J=0, (D)
J=0E, 2
E = -V, 3)

where J (A/m?) and E (V/m) stand for the vectors of current density and electric field intensity,
respectively. Moreover, o (S/m) means the electric conductivity of a given medium and ¢ (V)
is the electric potential.
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Table 1. Geometrical dimensions of the RF probe [2]

Applicator elements Size (mm)
radius of the trocar R =0.9144
outer radius of the electrode r1 =7.5000
inner radius of the electrode rp = 0.2667
length of the trocar H =060
length of the trocar tip H=10

Such an assumption is true for the RF range of 450-550 kHz, where the wavelength of the
EM excitation (4 = cp/f =~ 600 m) is much larger than the dimensions of the analyzed geometry
(about 10 000 times more than the largest applicator size, see Table 1) [16]. Therefore, the
displacement currents are negligibly compared to the conduction currents [12]. It was assumed
that all the modelled materials are considered as isotropic, homogeneous and linear media.
Because the electric field distribution within a computational area is forced by the electric
potential applied on the RF electrode the Laplace equation should be employed to solve the
described problem [24, 25, 27]:

V.- (-0Vp) =0. “4)

The temperature distribution within the hepatic tissue under RF heating can be estimated from
the bioheat transfer Pennes equation [28]:

oT
pCE +V- (_KVT) = pbcbwb(Tb - T) + Qext + Qmet, (5)
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where p, C, and x mean the mass density (kg/m?), the specific heat (J/(kg-K)), and the thermal
conductivity of a given material (W/(m-K)), respectively, T is the unknown temperature (K), and
t is the time (s). Importantly, the blood parameters are provided with subscript ‘b’, as in the case
of wy, (1/s), which means the blood perfusion rate in liver tissue. Moreover, the term Qey, (W/m?)
denotes the Joule heating [12, 16, 18, 26]:

Oext =J -E = 0|E|* = o |V, (6)

where |E| (V/m) means a modulus of electric field strength. In addition, Que (W/m?) is the
volumetric heat generated due to hepatic tissue metabolism. What is important, the heat flow
within the multi-tine electric probe is analyzed by omitting the term related to blood perfusion.

To solve such a coupled problem, initial and boundary conditions for basic Equations (4)
and (5) should be given. An initial voltage has a zero value (o9 = 0). The electric insulation
(0¢p/0n = 0) was assumed on the outer boundaries of the computational area. Moreover, the
electric potential/voltage (¢ = Vp) was applied on the electrode surface, namely tines of the
electrode and the trocar tip (see Fig. 1). For other surfaces, the continuity of the normal components
of the current density vector was assumed, according to the formula:

n-(Ji-J2) =0, ™
with the following equivalent form:
n-(o1Ve) —02Vgr) = 0. (®)

In addition, the initial temperature for all the domains is equal to Ty. All the external boundaries
characterize temperature T = Ty. Besides, the continuity of heat flow within all the interior
boundaries was assumed using the condition:

n- (K1VT1 - KQVTZ) = 0, (9)

where n is the unit vector normal to given surface. Importantly, the physical quantities marked by
subscripts 1 and 2 correspond to their values in two different sides of a given boundary.

2.1. Arrhenius thermal damage model of tissue

A model of tissue thermal damage following ablation treatment can be derived from the
chemical kinetics and collision theory based on a single-step-type chemical reaction [5]:

BA — vB, (10)

which transforms substance A (also called reagent or substrate) into substance B (product) with
proper stoichiometric coefficients, 8 and . Such a chemical reaction proceeds with a specific
reaction rate r outlined by the ordinary differential equations system, namely [29]:

1 d[A] 1 d[B]

T Tdr Ty dr (b

where [A] = na/V and [B] = ng/V (mol/L) stand for the molar concentrations, na and ng (mol)
mean the mole numbers of ingredients A and B, respectively, and V (m?) indicates the mixture
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volume. It is worth noting that any mole of substance A contains Ny = 6.022140857 - 1023
molecules of substance A, where Ny is the so-called Avogadro number. Moreover, with the
growing reagent concentrations, the reaction rate, related to the probability of particle collisions,
also increases, which is described by the following rate law [30]:

r = k(T) [AP [BY, (12)

where k(T') represents a temperature-dependent reaction rate constant usually expressed with
units (L/mol/s) or (1/s) depending on the order of the analyzed chemical reaction.

What is important, the particle collisions themselves are not enough for the reaction (10)
to occur. The colliding molecules of substance A should interact with each other with a proper
level of the activation energy E, to overcome the energetic barriers specified for a given type of
chemical reaction. Since particles are different in terms of their dimensions and speed of collisions,
they interact with various activation energies, and therefore the statistical thermodynamics and
in particular the Maxwell-Boltzmann distribution should be employed in the current model.
Using the so-called collision theory, the proportionality constant for the above equation can be
determined from the well-known Arrhenius relation [5]:

Eq Eq

k(T) = Aexp (—E—T) = Aexp (_ﬁ)’ (13)
where A is the so-called frequency factor (1/s), E, and Er mean the activation energy (J/mol)
and the averaged thermal energy (J/mol) of colliding particles, respectively, What is more,
R = 8.3144598 J/(mol K) indicates an universal gas constant. It should be emphasized that
the Arrhenius model assumes all particles are in a state of thermodynamic equilibrium and in-
teract with each other only through elastic collisions with a specified frequency A, similarly to
molecules of ideal gas.

In the case of thermotherapies like ablation treatments, the tissue thermal damage may be
simplified to the two-state denaturation process governed by chemical reaction of the first order.
Ablation leads to the irreversible destruction of living cells (L), under the influence of high
temperature, causing them necrosis, death and formation of dead cells (D) [12, 29]:

T, E,
L =25 D. (14)

According to (11)—(13), the reaction rate may be rewritten in the following form [5]:

d[L] E,
=———=k(D[L]I=A -— | [L], 15
r & (T)[L] €XP( RT)[] 15)
where k(T) is the overall temperature denaturation rate, which depends on both the activation
energy E, and the temperature T of the described process.
In the next step, after substituting the concentration of living cells [L] into an equivalent
function c(r, t) dependent on the position vector r = (x, y, z) and time ¢, we yield:

dc(r,t)
o

E,
—Aexp (_RT(r, ) ) c(r, 1), (16)
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which, after dividing by the function c(r, t), results in:

dlnc(r,t) _

Ea
o = —Aexp (— RT(r, t)) . W)

The so-called tissue damage rate is defined by [14]:

oQ(r,t) _8lnc(r, 1)
o ot

E, \_
Aexp (—RT(& t)) = k(T). (18)

Finally, by integrating (18) over time, we obtain the so-called Arrhenius damage index or
simply the Arrhenius integral, which specifies the total injury degree of tissue [12, 19, 22, 25]:

3 c(r,0)] 3 B -E, B 1
Q(r,t) =1n [c(r, D = Afexp ( RTG, ‘r)) dr = fk(T)dT. (19)
0 0

Initially, before the ablation procedure, the Q-parameter has a zero value, but during the
therapy, the Arrhenius integral value rises linearly in time or hyperbolically with temperature. It
is worth noting that for Q = 1 and Q = 4.63 the probability of permanent cell destruction is,
respectively, at a level of 63% and 99% [5, 7, 18, 25].

In addition, the survival and necrotic fractions of the tissue can be predicted respectively from
the relations as follows [5, 14]:

e B
a(r,t) = —c(r, 0 exp [-Q(r,1)], (20)
or,t) =1—-a(rt) =1-exp[-Q(r,1)]. 21

The a-parameter specifies the probability of cells survival and varies from 1 at the initial time
(where all tissue cells are alive) to O after a certain time of treatment (where all living cells are
destroyed). On the other hand, the 6-coefficient changes its values from O to 1 and is related to
the probability of thermal damage of treated cells which may be essential in cancer therapy.

3. Calculation results

The current model assumes a quasi-static approximation and is valid for a frequency of
f = 500 kHz. The parameters used for modelling hepatic tissue, blood and an RF applicator
have been taken from the paper [2] and listed in Table 2. Furthermore, the model assumes blood
perfusion through liver tissue with a rate of wp = 6.4 - 107 1/s and omits the metabolic heat
generation (Qpee = 0). In addition, Ty = T;, = 37°C and parameters of the Arrhenius model for
hepatic tissue were accepted as A = 7.39 - 10* 1/s and E, = 2.577 - 10° J/mol [5, 7].

All the presented below calculations are based on the finite element method and have been
carried out in Comsol Multiphysics software. All the analyzed RF probes with evenly distributed
tines are compared together in Fig. 2. The simulation showed that the electrode potential employed



www.czasopisma.pan.pl P N www.journals.pan.pl

Vol. 68 (2019)

Influence of multi-tine electrode configuration in realistic hepatic RF ablative

527

Table 2. Fitting parameters for used electro-thermal model [2]

Modelled elements ( S7-m) (kg/pm3) a (kZ-K)) W/ (;-K))

electrode 108 6 450 840 18

trocar tip 4.100 21 500 132 71

trocar base 1073 70 45 0.026

liver tissue 0.333 1079 3540 0.520

blood 0.667 1000 4180 0.543
(b) (©)

Fig. 2. Division of RF applicators into finite elements in analyzed cases of multi-tine electrodes with: (a) 2;
(b) 3; (c) 4; (d) 5 evenly distributed arms
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Fig. 3. Examples of xz-distributions of: (a) electric potential, and (b) temperature within human liver during
ablation heating for the 2-tine electrode at voltage Vy = 10 V

directly affects the temperature inside a volume of interest. Fig. 3 illustrates contour plots of elec-
tric potential and temperature distributions in the xz-plane for the exemplary voltage (Vyp = 10 V)
applied to the 2-tines electrode.

In the first step of the optimization approach, the limits of employed voltage were specified
for therapeutic levels of temperature valid in ablation procedure (50°C—110°C). This was done in



N

www.czasopisma.pan.pl ?@ www journals.pan.pl

528 P. Gas, J. Wyszkowska Arch. Elect. Eng.

a simple way by parametrically changing of the employed voltage and observation of the values
of temperature in the control points at the electrode-tissue interface (Fig. 4(a)). It turned out that
the temperature at the opposite tips of the two-armed probe is practically the same (and slightly
higher than the temperature in the origin), which results from the geometrical symmetry of the
employed RF applicator. Therefore, the point (15.5, 0, 0) of the first tip of the multi-tine electrode
was chosen for later observations. In the next step, the temperature was determined for the pre-
defined optimal voltage values of the 2-tine electrode, thus checking the temperature at the control
point does not exceed the therapeutic levels (Fig. 4(b)). A similar procedure was conducted for
electrodes with 3, 4 and 5 arms. Table 3 compares the limit values of the voltage applied to various
multi-tine electrodes. It should be emphasized that N tines of such an electric probe are evenly
distributed, and an angle ¢ between them is observed in the xy-plane. Importantly, the condition
N - ¢ = 360° is fulfilled in any analyzed case. Interestingly, the growing number of electrode tines
requires constant increase of electrode voltage, to maintain the same temperature levels.

Temperature vs. electrode voltage for the 2-tine electrode 120 T(1) for the 2-tine electrode on electrode tip (15.5,0,0) mm
180 T T T
—#— electrode tip (15.5,0,0) /P
160/ electrode tip (-15.5,0,0) 110 —
central point (0,0,0) /
140 100
A /
) —
<. 120 < g %0 /
= =
) / o 80 V. = 940V
2 100 "4 5 / o
s B
g / g 70 —— V =2228V
£ 80 g. 0
S //*/ © 60
60
= 50
40,
i 40
20
30
5 10 15 20 25 30 o > p 5 s 10
AV t[min]
(@) (b)

Fig. 4. Distributions of: (a) temperature versus electrode voltage for different control points of the 2-tine
electrode and (b) temperature versus time on tip of the 2-tine electrode for established limit values of applied
voltage within hepatic tissue during ablation treatment

Table 3. Voltages applied to the multi-tine electrodes

Limit values of 2-tine electrode | 3-tine electrode | 4-tine electrode 5-tine electrode
electrode voltage (¢ = 180°) (¢ = 120°) (¢ =90°) (¢ =72°)
Vomin (V) 9.40 9.78 10.19 10.58
Vomax (V) 22.28 23.18 24.14 25.08

The next Fig. 5 presents isotherms for temperature 50°C in the xy-plane for all analyzed
multi-tine electrodes during ablation treatment with the maximum allowed temperature 110°C,
which corresponds to the employed voltage of Vymax. As shown in the current paper, with the
growing number of arms of an RF electrode, the therapeutic areas of heat penetration may be
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successfully increased, adapting the used multi-tine applicator to the size and shape of the tumor
treated with RF ablation procedures.

(b) () (d

(a)
Fig. 5. The isothermal contours for temperature 50°C in the xy-plane (z = 0) for analyzed cases:
(a) 2-; (b) 3-; (c) 4-; (d) 5-tine electrodes during ablation procedures for Vi max

Fig. 6 illustrates the Arrhenius damage index within treated tissue under ablative heating in
110°C in the case of the analyzed electrode with two arms. Since the Q-parameter in the steady
state conditions assumes a significant value of about 2.24 - 107, therefore the Arrhenius integral
has been limited to 1 and 4.63. Importantly, these levels are respectively agreed to 63% and 99%
probability of liver cell necrosis. Next charts indicate the transient dependences for the following
parameters: Q (Fig. 7(a)) and a (Fig. 7(b)) in a pre-defined control point and under various
temperatures corresponding to different electrode voltages. As expected, the Arrhenius integral
increases ‘linearly’ and the survival fraction decreases monotonically to zero over time.
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Fig. 6. Examples of xz-distributions of the Arrhenius integrals limited to (a) Q = 1 and (b) Q = 4.63 derived
from the 2-tine electrode inside liver tissue during ablation in the steady-state for V{y max

Fig. 8(a) depicts the time transient distributions of necrotic fraction of hepatic tissue for
example voltages applied to the 2-tine electrode. The initial zero state means that all hepatic cells
are alive before thermal ablation. During the treatment the necrotic fraction increases. In the case
of a voltage level of 9.40 V used, the §-parameter reaches a steady-state after approximately 8
minutes, while for Vjy = 22.28 V the same parameter achieves a value of 1 after just 25 seconds,
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Fig. 7. Time dependences of: (a) Arrhenius damage index and (b) survival fraction of liver tissue for different
values of electrode voltage on tip of the 2-tine electrode

i.e. the state, where all liver cells are irreparably damaged. The necrosis of living hepatic cells at
a similar time period is observed for multiple armed RF applicators in the case of ablative heating
at 110°C (see Fig. 8b).

6(1) for the 2-tine electrode on electrode tip (15.5,0,0) mm 6(1) for the multi-tine electrode on electrode tip (15.5,0,0) for V0
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Fig. 8. Time dependences of necrotic fraction of human liver tissue for: (a) different values of electrode
voltage on tip of the 2-tine electrode and for (b) analyzed multi-tine electrodes during ablation procedures
for Vo max

4. Conclusions

Radiofrequency ablation (RFA) has been used for many years with proven efficiency in
treatment of soft tissue, as well as liver, lung, kidney and bone cancers. Thermal changes in
human tissues could be modelled numerically with the finite element method. In this paper the
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impact of multi-tine electrode configuration in a realistic 3D model of RF ablative heating has been
examined. As shown above, the therapeutic response of hepatic cells during an RFA procedure
depends on many factors, including the geometry of an electric probe, applied electrode voltage,
electro-thermal properties of an applicator and surrounding liver tissue, as well as duration of the
treatment.

It was clearly demonstrated that a growing number of equally spaced arms within the multi-
tine electrode requires increasing voltage values on an RF electrode surface to induce the same
therapeutic effects. Moreover, by choosing the proper electrode configuration, we can influence
the size and shape of ablative lesions inside the treated tissue, and thereby adjust the applicator
type into the hepatic tumor of a particular patient. Of course, the employed electrode voltage
(temperature) directly affects the necrosis of hepatic cells.

In the case of ablative heating at 110°C derived from the 2-tines electrode, the necrotic
fraction of liver cells reaches its maximum value just after 25 seconds. What is more interesting,
at a temperature of 50°C, the same tissue state, where all cells are irreparably damaged, occurs
after 8 minutes. Similar hepatic cell behavior can be observed for other multi-tine electrodes.

The presented considerations may have enormous significance in the practical implementation
of real-time RF ablation treatment of hepatocellular carcinoma.
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