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Abstract: The purpose of this study is to destroy spherical shape hepatic tumors using radiofrequency ablation
method. Three-dimensional finite elements method has been employed. Five different radiofrequency probes for liver
tissue have been used to create a spherical-shaped lesion. Investigated parameters are the electrical voltage, ablation
time, geometry and number of electrodes. Results have been given as lesion volume and temperature distribution.
Results have been compared with the literature results, and it is seen that present results are in good agreement with
the literature results. Results show that a spherical shape hepatic tumor can be destroyed using a hybrid electrode
construction consisting of four Christmas-tree and four umbrella-shaped electrodes. It is seen that approximately 20
mm-diameter of lesion can be destroyed using hybrid electrode design after eight minutes. It is hoped that hybrid
electrode configuration can be used for treatment of spherical shape hepatic tumors in clinical applications.
Keywords: Electrode, Hepatic tumors, Lesion, Radiofrequency ablation

KURESEL SEKIiLLi KARACIGER TUMORLERI iCiN RADYOFREKANS
ABLASYONU

Ozet: Bu ¢alismanin amac1 radyofrekans ablasyon metodunu kullanarak kiiresel sekilli karaciger tiimorlerinin yok
edilmesidir. Ug boyutlu sonlu elemanlar metodu kullanilmistir. Karaciger dokusu igin bes farkli radyofrekans prop
kiiresel sekilli lezyonu olusturmak igin kullanilmustir. Incelenen parametreler elektrik voltaji, ablasyon siiresi,
geometri ve elektrot sayisidir. Sonuglar lezyon hacmi ve sicaklik dagilimi olarak verilmistir. Sonuglar literatir
sonuglari ile kiyaslanmig ve sonuglarin literatiir sonuglari ile uyum i¢inde oldugu goriilmiistiir. Sonuglar bir kiiresel
sekilli karaciger tiimoriiniin dort elektrotlu yilbasi agaci tipi ve dort elektrotlu semsiye-tipi elektrotlardan olusan hibrit
bir elektrot konstriiksiyonuyla yok edilebilecegini gostermistir. Yaklasik 20 mm ¢apindaki bir lezyonun sekiz dakika
sonunda hibrit elektrot dizaym ile yok edilebildigi goriilmiistiir. Hibrit elektrot konfigiirasyonunun Kklinik
uygulamalarda kiiresel sekilli karaciger tiimérlerinin tedavisi i¢in kullanilmasi umulmaktadir.

Anahtar Kelimeler: Elektrot, Karaciger tiimérleri, Lezyon, Radyofrekans ablasyonu

t Time [s]
NOMENCLATURE P Density [kg/m?®]

Pol Density of the blood [kg/m?®]
C Specific heat [ki/kg K] o Electrical conductivity [S/m]
Col Specific heat of the blood [kJ/kg K] bl Blood perfusion rate [1/s]
D Diameter of the trocar tip [mm]
E Electric field intensity [V/m] INTRODUCTION
H Height of the trocar [mm]
J Current density [A/m?] Percutaneous hyperthermia treatments generated with
K Thermal conductivity [W/m K] radiofrequency needle electrodes have gained wide
Ny Heat transfer coefficient of the blood popularity in last decades. Primary and secondary

[W/me K] tumors could be terminated with no serious
r Minor radius [mm] complications (Rossi et al., 1998). Also, rehabilitation
R Major radius [mm] rates have been increased by the improvement of
Qm Energy generated by the metabolic process imaging techniques (Verslype etal., 2012).
W/m?

T 'I['empeaature [K] Hepatocellular carcinoma (HCC) is the most common
Tol Temperature of the blood [K] primary hepatic tumor in the world (Ferenci et al.,
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2010), and the global percentage of HCC increases
(Poon et al., 2009). Surgical resection, liver
transplantation, and radiofrequency ablation (RFA)
treatments are recommended for HCC (Clinical Practice
Guidelines, 2012a, 2012b).

RFA is applied primarily to patients instead of surgical
resection for unresectable HCC by means of minimally
invasive procedure along with highly sensitive necrosis,
especially for small HCC (Lin and Lin, 2003). RFA also
needs shorter hospitalization, and it has lower
complication rates than surgical resection (Ozbek et al.,
2016). Some investigators believe that RFA can be used
as first option against HCC (Mazzaferro et al., 2009).

RFA has been used first in 1990s and dissipated over in
clinics (Livraghi et al., 1999). RFA is applied to 30-
40% of HCC patients in Europe and the USA (Clinical
Practice Guidelines, 2012a, 2012b). RFA method uses
alternative current usually at about 450 kHz-550 kHz to
create heat, delivered through a thin instrument known
as a probe, to terminate malignant lesions (Chang and
Nguyen, 2004; Barajas et al., 2018). Imaging
procedures like computed tomography scan, ultrasound
or magnetic resonance imaging are used to help guide
the probe while the probe enters into the area of the
tumor. Depletion of the cells occurs when the
temperature reaches about 45°C-50°C (Goldberg et al.,
1996; Tungjitkusolmun et al., 2002; Haemmerich et al.,
2003a). Guidance of imaging procedures and choice of
an appropriate probe are important for successful
ablation (Tatli et al., 2012).

In probe designs, there are some parameters such as
probe tip temperature, impedance, power output etc. to
control the ablation action (Ito et al., 2014).

Stippel et al. (2004) stated that about 60% of tumors
encountered in liver tissue are in spherical shape.
Literature review has showed that RFA method for liver
tumors has been investigated by a number of researchers
for different electrode types. Tungjitkusolmun et al.
(2002) carried out a study to investigate the three-
dimensional finite element analysis for radiofrequency
hepatic tumor ablation using four-array umbrella-typed
electrode. Haemmerich et al. (2003a) evaluated the
effect of different cooling water temperatures on lesion
size with cooled-tip electrode. Ito et al. (2014)
developed a new expandable bipolar device to get wider
coagulation volume. De Baere et al. (2001)
experimentally studied the radiofrequency liver ablation
for two different types of RFA devices with four-array
expandable needle electrode and a triple-cluster cooled-
tip needle electrode. McGahan et al. (1990) investigated
the RFA method with ultrasound guide for plane
electrodes. Rossi et al. (1990) concluded that small
tumors whose diameters are less than 20 mm could be
destroyed by RFA method using linear needles. Curley
et al. (1997) studied the bipolar RFA in pig livers.
Livraghi et al. (1997) studied saline-enhanced RFA with
a single radiofrequency electrode. Lencioni et al. (1998)
evaluated feasibility, safety and effectiveness of RFA by
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using cooled-tip electrode needle in hepatic tumors.
Hansen et al. (1999) showed that how local vasculature
affects the size and shape of a lesion. Haemmerich et al.
(2003b) examined the performance of monopolar and
bipolar probes for treating lesions. Lee et al. (2004)
studied the saline-enhanced hepatic RFA with dual
probe bipolar, monopolar and single probe bipolar
modes. Mulier et al. (2005) proposed an updated
terminology for the electrodes and multiple electrode
systems used in radiofrequency processes. Chen et al.
(2009) conducted a study to optimize electrode
placement for nine tines for the tumor of liver with and
without vessel. Yang et al. (2010) presented a robotic
system for large tumor lesions using overlapping
ablations. Audigier et al. (2015) carried out a study to
model heat propagation in liver with blood vessel using
RFA for multi-tine electrode. Kilic et al. (2015) stated
that tumor needle track seeding may occur after RFA
for hepatic tumor. Therefore, they suggested performing
prophylactic needle track coagulation. Cartier et al.
(2016) compared monopolar and multipolar probes.
Ahmad (2016) conducted a study for the comparison of
monopolar cluster and multipolar electrode systems to
treat HCC bigger than 25 mm. Choi et al. (2016)
conducted a study to analyze the outcomes of multi-
channel switching RFA wusing a separable cluster
electrode in patients with HCC. A probabilistic bio-
heating finite element model was proposed by Duan et
al. (2016) to predict RFA lesions in liver using RFA
probe. The effect of nanoparticle injected into tissue
with blood vessels on RFA treatment of liver tumor was
investigated by Shao et al. (2017) using RFA probe.
Their results showed that using nanoparticles increases
ablation efficiency. Givehchi et al. (2018) simulated the
liver tumor ablation using radiofrequency ablation.

Literature study showed that the electrodes used in
literature do not give realistic sphere lesion. Thus, in
this study, RFA method for liver tumors with
spherically-shaped has been investigated numerically.
Investigated parameters are the electrical voltage,
ablation time, geometry, and number of electrodes.
Simulations are conducted for three, four, six, and two
different types of eight electrodes. A hybrid electrode
which creates spherical shape is proposed.

MATERIALS AND METHODS

Simulation of percutaneous treatment has been carried
out by using a computer (with 16 GB of RAM and 1 TB
of total disk space). Finite element method is used for
numerical study. Figure 1 demonstrates the design
which is used for analyses. Outer cylinder shows the
liver tissue which is hosting the probe. When the probe
reaches the tumor location, tines deploy through the
tissue. After that, generator utilizes the radiofrequency
waves from the probe to the ground pads which are
resting on the patient thighs. Probe consisting of
electrodes, trocar tip, and trocar base is also seen in
Figure 1. Trocar tip and electrodes are made of different
materials due to necessity of different thermal
conductivity values. Big part of the heating/ablation



process is performed by electrodes where the trocar tip
is auxiliary component for this process. Adjustable
trocar base is made of polyurethane which does not
allow the heat flow.

Liver

Trocar Base

‘M<> Electrodes

T / .\Trocar Tip

Figure 1. The schematic view of the computational domain.

The five different radiofrequency electrode types used
in this study are shown in Figure 2. The electrodes of
Case 1 through Case 4 are the Christmas-tree-shaped
whereas the electrode given in Case 5 has four
Christmas-tree and four umbrella-shaped electrodes. For
Case 5, four of eight Christmas-tree-shaped electrodes
of Case 4 are changed with four umbrella-shaped
electrodes. Thus, the electrode of Case 5 is called as

Case 1 Case 2

Case 3

hybrid. The dimensions of electrodes of Case 5 are
shown in Figure 3. In Figure 3, r1 and r are the minor
radii. R; and Rz are the major radii. H, and H, are the
heights of trocar tip and Christmas-tree-shaped
electrode, respectively. D is the diameter of the trocar
tip. The values of these parameters are: r1=0.23 mm,
r.=0.2 mm, R=25 mm, R;=2.75 mm, H;=2 mm,
H,=7.962 mm, D=1.8288 mm. The values given in
Figure 3 are valid for Case 1 through Case 4.
Revolution angle for umbrella-shaped electrodes is
135°. This angle is the most appropriate selection that
gives the spherical shape in the best way. However,
revolution angle for umbrella-shaped electrodes used in
clinical applications is generally 180°. Also, Christmas-
tree-shaped electrodes are turned 20° from the vertical
axis. There are four main different regions in
simulation. These are electrode, trocar tip, tissue, and
trocar base. The density p (kg/m%), specific heat ¢ (J/kg
K), thermal conductivity k (W/m K), and electric
conductivity o (S/m) of materials of these regions are
given in Table 1.

The electrical voltage is chosen between 20-35V.
Complete spherical shape is not obtained when
electrical voltage is chosen under 30V. In addition,
carbonization is observed when electrical voltage is
greater than 30V. Thus, 30V is chosen as electrical
voltage in this study. The other important values used in
the simulation are given in Table 2.

Case 4 Case 5

Figure 2. Electrode designs used in this study: Case 1: three-tin, Case 2: four-tin, Case 3: six-tin, Case 4: eight-tin, Case 5: eight-

tin (hybrid design).

Table 1. Properties of materials.

Region Material p(kg/m®) ¢ (Jkg K) k (W/m K) o (S/m)
Electrode Ni-Ti 6450 840 18 108
Trocar tip Stainless steel 21500 132 71 4x10°
Tissue Liver 1060 3600 0.512 0.333
Trocar base  Polyurethane 70 1045 0.026 10°
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Figure 3. Dimensions of electrodes of Case 5.

Table 2. Parameters used in simulation.

Parameters Value Unit
Blood perfusion rate 6.4x10° 1/s
Arterial blood temperature 37 °C
Initial and boundary temperature 37 °C
Electrical voltage 30 \%
Ablation time 8 min

Bioheat Equation

Pennes’ bioheat equation is a well-known equation and
one of the best approaches to simulate RFA in the area
of bioheat transfer. Bioheat transfer in radiofrequency
tumor ablation occurs between radiofrequency electrode
and liver tissue. This type of heating due to electric
current flow is called Joule heating. Pennes bioheat
transfer equation is given as

pC%ZV-kVT+J~E—hb| (T—Tb|)+Qm (1)

where p is the density (kg/m®), c is the specific heat
(J/kg K), k is the thermal conductivity (W/m K), T is the
temperature (K), and t is the time (s). J is the current

density (A/m?), E is the electric field intensity (V/m),
he1 is the convective heat transfer coefficient (W/m? K),
and Qm is the energy generated by the metabolic
processes (W/m®). The convective heat transfer
coefficient is given as

hp1 = o1 Col Wl )
In Eq.1 and Eq.2, the subscript bl designates the blood,
and wp is the blood perfusion rate (1/s). Pennes’ bioheat
equation is solved using finite element method for the
cases. COMSOL Multiphysics software is used to solve
numerically the governing differential equation, i.e. Eq. 1.

Numerical Analysis

COMSOL Multiphysics software is used to simulate the
process. It solves the partial differential equations in an
integral form. Unknowns are discretized as sums of basis
functions defined on finite elements. To perform an
accurate simulation of RFA, different mesh numbers have
been used. Tetrahedral mesh (cell) has been employed.
Fine mesh structure is employed near the probe. Typical
three-dimensional mesh distribution is seen in Figure 4a.
Mesh optimization study is carried out for the fraction of
necrosis which represents the death of cells in living
tissue. Because the aim of this study is to destroy the all
tumor region in living tissue, i.e., necrosis region, mesh
optimization is conducted for the fraction of necrosis.
Typical fraction of necrosis at three different points (A,
B, C) is given for five different mesh numbers in Table 3
for Case 5 at the end of eight minute. Points A, B and C
are at 4 mm, 12 mm and 20 mm from center of probe,
and they are shown in Figure 4b. It is seen that the
fraction of necrosis does not change significantly when
the mesh number changes from 176929 to 743265. Thus,
mesh number of 290887 is chosen for the optimum mesh
number, and this mesh number is used for the remaining
calculations for Case 5. Similar mesh optimization
analysis is performed when case is changed.

(b)

Figure 4. (a) Typical mesh distribution and (b) points used to measure the fraction of necrosis.

Table 3. Fraction of necrosis according to number of mesh elements at three different points at the end of eight minute.

Points on 127874 139853 176929 290887 743265
Tissue elements elements elements elements elements
Point A 1 1 1 1 1

Point B 0.4 0.3 0.332 0.329 0.327
Point C 0.173 0.168 0.163 0.163 0.162
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RESULTS

Numerical validation can be done with the results of
Tungjitkusolmun et al. (2002), Chen et al. (2009) and
Duan et al. (2016). Literature review showed that
Tungjitkusolmun et al. (2002) is an accepted article
which is highly cited by other researchers. Therefore,
Tungjitkusolmun et al. (2002) has been the reason for
preference to use it for literature comparison. The study
of Tungjitkusolmun et al. (2002) was repeated here to
show the accuracy of this numerical study. Three-
dimensional finite element analysis for radiofrequency
hepatic tumor ablation using four array umbrella-typed
electrode was used. Temperature distribution of present
study is shown in Figure 5a after eight minute of
ablation. Figure 5b shows the temperature regions above
than or equal to 50°C. The figure of Tungjitkusolmun et
al. (2002) is not given here due to copyright (Please see
Figures 4c and 4d in Tungjitkusolmun et al. (2002)). It
is seen that the results of present study are in good
agreement with the results of Tungjitkusolmun et al.
(2002).

After verifying the accuracy of the numerical model,
simulations are performed for five cases given in Figure
2. Lesion volumes obtained for Case 1 through Case 5 are
seen in Figure 6 after eight minute. Gray area represents
regions above than or equal to 50°C. It is seen that the
shape of the lesion for Case 1 through Case 4 is nearly
similar. It is also seen that the shape of the lesion is nearly
spherical for Case 5, i.e., hybrid electrode.

90.0

859

37.0

(a)

Case 1 Case 2

(b)
Figure 5. (a) Temperature distribution after eight minute of ablation, and (b) regions greater than or equal to temperature of 50°C.

Case 3

After seeing that spherical lesion is obtained for Case 5
with four Christmas-tree and four umbrella-shaped
electrodes, the numerical studies are conducted for Case
5. Evolution of lesion of Case 5 by the end of first,
second, fourth, and eight minutes of ablation is seen in
Figure 7. As can be seen from Figure 7, the shape is
almost a sphere at the last minute, i.e., eight minute, of
ablation. It is seen that the shape of lesion changes with
time significantly until the end of four minute.
However, results show that lesion shape almost remains
the same when the time is changed from 4 to 8 minute.

Typical temperature distribution of Case 5 at the end of
second, fourth, sixth, and eight minutes is shown in
Figure 8. As can be seen in Figure 8, maximum
temperature in tissue increases when the time increases.
After eight minute of ablation, maximum temperature
reaches to 94.2°C. Because of the fact that temperature
is less than 100°C, tissue carbonization does not occur
within the lesion (Tatli et al., 2012).

In order to see the dimensions of the lesion after the
eight minute of ablation, the views of the lesion on x-y
and y-z coordinates are shown in Figure 9. The diameter
of the lesion obtained by hybrid design, i.e. Case 5, is
approximately 20 mm which is suitable for small-
medium tumors. This result agrees with the result of
Rossi et al. (1990). It is seen that the shape of the lesion
is nearly spherical.

90.0
S0.0

488

i

Case 4 Case 5

Figure 6. Lesion volumes after eight minute.
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1 min 2 min 4 min 8 min
Figure 7. Evolution of lesion of Case 5 at the end of first, second, fourth, and eight minutes of ablation.
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Figure 8. Typical temperature distribution of Case 5 at the end of first (a), second (b), fourth (c), and eight (d) minutes.
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Figure 9. Dimensions of lesion after eight minute of ablation for Case 5.

CONCLUSION

A spherical-shaped lesion is obtained using a hybrid
electrode for liver tissue. Three-dimensional finite
element method is used. The COMSOL Multiphysics
software is employed to simulate the problem. Electrical
voltage, ablation time, geometry and number of
electrodes are the investigated parameters. Results are
presented in the form of lesion volume and temperature
distribution. It is seen that present results are in good
agreement with the literature results. Hybrid electrode
construction consists of four Christmas-tree and four
umbrella-shaped  electrodes. It is seen that
approximately 20 mm-diameter of lesion can be
destroyed using hybrid electrode design after eight
minutes. Results show that maximum temperature
within tissue reaches to 94.2°C after eight minutes of
ablation. Spherical lesion is obtained for electrical
voltage 30V and at the end of ablation time 8 minute. It
is hoped that the hybrid electrode configuration can be
used for treatment of spherical shape hepatic tumors in
clinical applications.
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