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Finite Element Analyses for a Study of
Hepatic Cancer Tissue Destruction using
Monopolar and Bipolar Radio-Frequency
Ablation
Supan Tungjitkusolmun, Member
ABSTRACT
This paper presents three-dimensional finite element analyses of radio-frequency hepatic tumor ablation. The analyses performed in this paper are composed of two systems. In the first system, the simulation was of monopolar ablation (one needle), while
the second system was the simulation of bipolar ablation (two needles). We performed a preliminary
study of thermal and electrical distributions of both
systems. Additional simulations of bipolar ablation
were performed to investigate the effect of spacing
distance between two needle electrodes (2 cm, 3 cm,
4 cm, and 5 cm). The ablation duration used in
all cases was 10 min, and the controlled maximum
temperature was set to 90 ◦ C. From the results, the
electric field in monopolar ablation appeared to be
distributed uniformly between the electrode and the
ground surface, but the electric field in bipolar ablation was focused in the regions between the two
electrodes. For bipolar ablation, when the distances
between the electrodes were 2 cm and 3 cm, the lesion created was contiguous and covered the areas
surrounding both electrodes. However, when the distances between the electrodes were 4 cm and 5 cm,
the lesions created were not contiguous and shaped
similar to performing two monopolar ablation operations.
Keywords: three-dimensional, finite element, bipolar, radio-frequency, cancer tissue, hepatic
1. INTRODUCTION
Every year, more than one million people around
the world die with hepatocellular carcinoma (HCC).
Thus, it is one of the challenging problems for the
medical community [1]. Possible treatments for primary hepatic cancers are surgical operation, chemical treatment, cryoablation, radiation therapy, and
radio-frequency (RF) ablation [2]. Currently, surgical resection is the treatment of choice for both
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well-localized primary and metastatic hepatic malignancies. However, the majority of the patients are
not candidates for surgical resection due to restrictions, such as multifocal disease, tumor size, location
of tumor to key vessels, or coagulopathies. Chemical
treatment, where adequate chemical injection is administered into artery supplying cancer tissues, and
radiation therapy are mostly used to temporarily relieve the symptoms. A combination of the above
methods has also been used for treatment of hepatic
cancer to improve the degree of success.
RF ablation has been recently introduced and has
proved to be an effective cure for primary hepatic cancer where the tumors found are still small (< 3 cm in
diameter) [2]. In RF ablation, electric current at frequencies between 350-500 kHz is passed into cancer
cells via an electrode placed inside the tumor. The
electric energy generates Joule heat which then conducts into surrounding tissues. Elevating temperature of unwanted tissues to a level above 50 ◦ C can
effectively kill cancer cells. RF ablation is much less
invasive compared to surgical resection as only a small
incision is required for insertion of ultrasound-guided
RF probe. Thus RF ablation reduces risks of side
effects and requires less recovery period for patients
[9-23].
Commonly reported disadvantages in RF ablation
technique include difficulty in treating large tumorsthat is, those exceeding 3 cm in diameter; the potential for incomplete RF tumor ablation near blood
vessels because of the heat sink effect of local blood
flow, difficulty in obtaining sonographic images of RF
lesions; and evidence of surviving tumor cells, even
within RF lesions. Treatment of large tumors by
performing sequential RF ablations can be time consuming to adequately ensure total overlapping coverage of the ablation zones. Proposed modifications
of the conventional RF ablation technique to increase
lesion dimensions include injecting cool saline at the
distal end of the probes to reduce overheating at regions in close proximity to avoid a sudden increase in
impedance, using multiple tines which can increase
effective heating area, and the use of multiple RF
probes to achieve larger coagulation volumes than
those possible with a single probe.
Commonly reported disadvantages in RF ablation
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Fig.2: Sizes of liver cancer and normal liver tissue

2. METHODOLOGY
Mathematical modeling is a powerful tool for predicting lesion dimensions created by various RF probe
designs. In order to know the change in potential and
temperature distributions in the hepatic tissue during ablation, we solved the bio-heat equation. As the
geometries of the objects involved in RF hepatic ablation (RF probe, blood vessels, hepatic tissue) are
complicated, we performed the FE method to solve
the bio-heat equation.
Three-dimensional FE [5] analyses were used in
this study. The procedure was used to determine the
temperature distribution that happened from coagulation of liver cancer. Our system was consisted of
four materials electrode, catheter body, liver cancer,
and normal liver tissue. In RF ablation, electric energy acts as a heat source flowing from the ablation
electrode into tissue. Thus, we used the bioheat equation to determine the thermal-electrical effect within
the domain of our system. Detailed information for
the bioheat equation and our three-dimensional finite
element models will be described in this section.

Fig.1: CThe dimensions for electrode and catheter
body. The diameter of the electrode was 2 mm.

2. 1 The Bioheat Equation
The mechanism by which RF current induces tissue injury is the conversion of electric energy into
heat. The circuit consists of the RF generator, the
connecting wire to the distal electrodes, liver (and

Fig.3: Cross sectional geometries of the monopolar
RFA
other tissues in the abdomen), a surface dispersive
electrode, and the connecting wires to the generator
that will close the electric circuit. Joule heating arises
when energy dissipated by an electric current flowing
through a conductor is converted into thermal energy.
The bioheat equation below was employed to analyze heat generation from electric energy [6]. We
solved the bioheat equation to obtain the thermal
distribution in hepatic cancer tissue and normal liver
tissue.
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Density(kg/m )
Specific heat (J/kg K)
Thermal conductivity (W/m·K)
Current density (A/m2 )
Electric field intensity (V/m)
Temperature of the blood
(assumed to be 37 ◦ C)
The blood density (kg/m3 )
Specific heat of the blood(J/kg·K)
blood perfusion (1/s)
The convective heat transfer
coefficient accounting for blood
perfusion in the model
The energy generated by the
metabolic processes (W/m3 )
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Table 1: Material properties at the frequency 500 kHz
3
FEM region
Material
ρ[Kg/m ] c[J/kg.K] k[W/m.K]
Electrode
Ni-Ti
6,450
840
18
Tissue
Liver
1,060
3,600
0.512
Tissue
Hepatic Tumor
1,060
3,600
0.512
Catheter body
Polyurethane
70
1,045
0.026

Since Qm is negligible, we excluded it from our FE
models. We also omitted hb1 from our preliminary
studies.
2. 2 Material Properties
We used the material properties required for electrode, catheter body, liver cancer, and normal liver
tissue at approximately 500 kHz. Table 1 summarizes
the material properties included in our 3-D FE models, such as density (kg/m3 ), specific heat (J/kg·K),
thermal conductivity (W/m·K), electrical conductivity [S/m] [5], [7].
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σ[S/m]
1×108
0.300
0.400
10−5

The five cases were simulated using 3-D FE models. The monopolar electrode was assigned with an
electric potential, while the outer most surface was
ground. For the bipolar model, an electrical potential was assigned at one electrode, while the other
electrode was treated as ground. We performed temperature controlled ablation of 90◦ C that is, the maximum tissue temperature allowed in the model was
set to 90 ◦ C. The tissue lesion was defined as regions
with temperature over 50 ◦ C.
3. RESULTS
3. 1 Monopolar RFA (Case 1)

2. 3 Software
We constructed the geometrical model, assigned
material properties to the appropriate regions, and
ran all numerical simulations using ANSYS 5.7. We
ran our simulations on a PC with Intel Pentium IV
2.4 GHz, and 512 MB of RAM.
2. 4 4Three-dimensional FE analyses for hepatic ablation
Figure 1 shows the typical geometries of the electrode in our FE models. The electrode was 2-mm in
diameter, and 20 mm in length. The catheter body
was 80 mm long. In Figure 2, the shape of hepatic
tumor was spherical (50 mm in diameter), while the
shape of liver tissue was spherical (200 mm in diameter), encompassing the hepatic tumor. Figure 3 shows
the cross sectional geometries of the monopolar RFA.
For bipolar ablation, we added another identical RFA
electrode to the monopolar model.
We performed 3-D FE analyses for the following
cases:
(Case 1)
(Case 2)

(Case 3)

(Case 4)

(Case 5)

Monopolar RFA
The two electrodes were
with spacing distance of
(bipolar RFA-20 mm).
The two electrodes were
with spacing distance of
(bipolar RFA-30 mm).
The two electrodes were
with spacing distance of
(bipolar RFA-40 mm).
The two electrodes were
with spacing distance of

Figure 4 shows the cross-section temperature distribution and the extent of the lesion formation after
10 min, 90 ◦ C in liver tissue. The Joule Heat conducted out of electrode into surrounding tissues. The
temperatures where lesion formation occurred were
considered to be between 50 ◦ C to 90 ◦ C. The shape
of the lesion was ellipsoidal and appeared to be symmetric along the axis of the monopolar needle.

Fig.4: The cross-section temperature distribution
for FEM analysis in (Case 1).

parallel,
20 mm
parallel
30 mm
parallel,
40 mm
parallel
50 mm

3. 2 3-D FEM bipolar model with two parallel
needle electrodes with 2 cm spacing (Case
2)
Figure 5 shows cross sectional temperature distribution and the extent of lesion formation after 10
min, 90 ◦ C in liver tissue. The lesion was created between the two electrodes, covering most of the tumor
and parts of normal liver tissue. The maximum temperature occurred around the tips of both electrodes.
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Fig.5: The cross-section temperature distribution
for FEM analysis in (Case 2).

Fig.7:
cross-section temperature distribution for
FEM analysis in (Case 4).

3. 3 3-D FEM bipolar model with two parallel
needle electrodes with 3 cm spacing (Case
3)

3. 5 3-D FEM bipolar model with two parallel
needle electrodes with 2 cm spacing (Case
5)

Figure 6 shows cross sectional temperature distribution for (Case 3) where the electrodes were placed
3 cm apart. Similar to (Case 2), a contiguous lesion
was formed between the two electrodes with maximum temperatures situating around the electrode
tips. The shape of the lesion is butterfly-like with a
narrower region in the middle. The total lesion width
in this case was 58.85 mm which was higher than the
previous two cases.

Fig.6: The cross-section temperature distribution
for FEM analysis in (Case 3).

3. 4 3-D FEM bipolar model with two parallel
needle electrodes with 4 cm spacing (Case
4)
Figure 7 shows the cross sectional temperature distribution and the extent of lesion formation for (Case
4) where the bipolar electrodes were 4 cm apart.
In contrast to (Case 3), the lesions formed in this
case were not contiguous between the two electrodes
but separated into two regions surrounding each electrodes.

Figure 8 shows the cross sectional temperature distribution and the extent of lesion formation for (Case
5) where the bipolar electrodes were 5 cm apart. Similar to the previous case (Case 4), the lesions formed
in this case were not contiguous between the two electrodes but separated into two regions surrounding
each electrodes. A large portion of the lesion formed
was in the liver tissue, instead of the tumor.

Fig.8: The cross-section temperature distribution
for FEM analysis in (Case 5).

Figure 9 illustrates the distances measured (D1 to
D8) for the extent of lesion formed around each electrode. A1 is distance between the two parallel electrodes. Parameters A1 in (Case 2) to (Case 5) are
2cm, 3cm, 4cm, 5cm, respectively. Table 2 lists the
distances of lesion formed in electrode one (on the
left). Each distance was measured from the middle
point of the 20 mm electrode. The distances (D1-D8)
around electrode two (right) are listed in Table 3 for
each case.
From the parameters in Table 2 and 3, the lesion
depths (D1) for each case did not vary significantly
(16.47 to 19.55 mm) while the lesion widths for Case 3
was largest with combined distance (D3+D7 of both
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Table 2: Extent of lesion formation for electrode 1
Case
1
2
3
4
5

D1(mm)
17.05
17.85
16.9
17.1
18.7

Case
1
2
3
4
5

D1(mm)
18.15
16.5
16.47
19.55

D2(mm)
15.19
20.5
16.86
15.47
19.5

D3(mm)
13.3
11.25
15.85
14.55
17.56

D4(mm)
15.82
22.41
20.11
15.77
16.83

D5(mm)
17.8
18.4
18.5
17.25
17.55

D6(mm)
15.52
15.1
15.53
15.07
15.18

D7(mm)
13.6
15.05
13.15
12.6
13.83

D8(mm)
16.8
15.39
14.34
15.25
17.65

Table 3: Extent of lesion formation for electrode 2
D2(mm)
15.03
13.83
14.87
19.02

D3(mm)
15.05
13.6
12.55
13.37

D4(mm)
14.57
16.18
15.24
14.7

electrodes) of 58.85 mm. In case 2, the lesion was
also contiguous with a lesion width of 52.25 mm. For
monopolar ablation, the lesion width was 26.9 mm,
while the lesion depth was comparable to that of bipolar ablation.

D5(mm)
18.35
18.7
17.3
18

D6(mm)
22.21
19.74
16.43
16.85

D7(mm)
10.9
16.15
14.7
15.25

D8(mm)
20.7
16.57
15.72
17.65

approximately 3 cm appears to be optimal. The authors plan to compare simulation results with in vitro
experiments as well as experiment with more complex
electrode configurations.
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