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3D Modeling Using the Finite Element 
Method for Directional Removal of a 

Cancerous Tumor

Abstract
A 3D Finite Element Method (FEM) model for directional removing of a tumor 
is presented in this paper. The proposed model shows a new method to control 
the direction of the temperature diffusion during the thermal ablation. We 
developed a directional probe with a curved cathode as heating source to remove 
the malignant cells and protect the surrounding healthy cells. With the use of 
the COMSOL Multiphysics software, we have simulated numerically the ablation 
process. We have succeeded in achieving a directional ablation using a curved 
cathode. The targeted cells overheated were supposed to be killed and the 
healthy surrounding tissue was supposed to be saved. We have evaluated the 
necrotic tissue fraction in several points, and we have found that the cells are 
killed in the cathode direction while remaining safe in the other directions. We 
have also examined the temperature in different points; the results show that 
the temperature increased in the cathode direction but stayed almost constant 
in the opposite direction. Our approach is validated by the results obtained in 
simulations. This paper introduces a new approach to control the direction of 
temperature diffusion during thermal ablation of tumors. The model proposed 
can be a new tool for oncologists to prepare an efficient thermal ablation of 
tumors without important collateral damage to the healthy tissue. 
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Introduction
A long time ago, humans knew that the temperature of the body 
can be used as an important sign to assess the health of people. 
The first physicians used their hands to estimate the temperature 
of patients in order to diagnose illness. This method can only be 
applied to detect the temperature abnormalities in the surface of 
the skin. The deep temperature of the tissue cannot be assessed. 
Nowadays, many devices and methods are developed [1]. The 
thermometry designers offer many extremely sensitive devices 
built with different technologies. Also, the thermal imaging 
techniques, such as Magnetic Resonance Image (MRI), and 
Infra-Red (IR) Image, are usually used in biomedical applications 

and surgery. It plays a double role: imaging and temperature 
measurements [2]. All these techniques offer a thermal 
measurement of the body temperature, which is very important 
for physicians to identify the painful area and deduce the 
physiological and pathological state of the body. For example, an 
insect bite is generally associated with higher local temperature. 
Successful use of the thermal information, including temperature 
and heat flux at the skin, in clinical diagnosis of many diseases has 
been proved [2-4]. With all the technological innovations and the 
large understanding of the human physiology, the thermography 
is still an attractive technique because of its advantages like being 
utterly harmless, highly sensitive and economical.
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We can also use the thermal techniques for treating some 
diseases. In fact, the thermal ablation therapies, such as a Radio 
Frequency (RF), microwave, and cryo-ablation, offer minimally 
invasive solutions for local treatment of different kind of tumors 
[5-7]. The non-invasive thermal method of treating cancer tumors 
is especially suitable for elderly and people who do not support 
surgery. This non-invasive therapy could avoid infections, reduce 
recovery time, and possibly also reduce costs [8]. Nowadays, the 
thermal therapies are one of the most used methods for treating 
cancer. They consist of using thermal sources to destroy the 
malignant cells and protecting the surrounding healthy cells. To 
completely achieve the destruction of the tumor with minimal 
damage to the safe tissue, it is important to have a mathematical 
model that simulates the temperature distribution over the 
tissue. The distribution of the temperature in the living tissue is 
described by Pennes’ equation [9].

EJQTTcTk
t
Tc mabb ⋅+−−−∆=
∂
∂ )(ωρρ                            (1)

Where ρ, c and k are, respectively, the density (kg/m3), the 
specific heat (J/kg·K), and the thermal conductivity (W/m·K) of 
the tissue. T is the local tissue temperature (K) and Ta the arterial 
blood temperature (K). ρb and cb are the density and specific heat 
of the blood, respectively. The perfusion rate is represented by 
ω (l/s). Qm is the metabolic heat production per volume (W/m3). 
J stands for the current density (A/m) and E for the electric field 
intensity (V/m).

The left hand side of Equation 1 refers to the storage energy. The 
first term on the right hand side represents the energy diffusion 
within the tissue; the second term describes the temperature 
exchange between the blood and the surrounding tissue, due to 
blood convection. The last term J.E captures the Joule Effect, it 
represents the external deposited energy [10]. In the absence of 
an external heat source, the Joule effect in our case, Equation (1) 
describes the Pennes equation modeling the Bio Heat Transfer 
(BHT) in biological tissue without external excitation.

Since the landmark paper by Pennes, in 1948, many researchers 
studied the BHT in human tissue [11]. Many models have been 
proposed to remedy the shortcomings of the Pennes model 
[11-14]. Even though this model was criticized and many other 
models have been developed since, Pennes’ model is still efficient 
[14-20].

The solution of the BHT Equation (1) is widely explored and 
investigated. The conventional numerical methods appear 
inefficient, since the temperatures for the whole region must 
be solved simultaneously. Also the complexity of the geometry 

and the properties of the tissue makes the analysis hard and 
complicated [21]. So, different approaches to solve the BHT 
equation were implemented such as Finite Element Method 
(FEM), Finite Volume Method (FVM), and Finite Difference 
Method (FDM) [22,23] or Monte Carlo methods [21].

Supan et al. [24] simulated an RF hepatic ablation with 3D-FEM 
method. They developed a 3D model with 4 electrodes based on 
thermo-electrical module. They showed how the blood vessel 
proximity to the tumor affects the temperature by Joule effects 
and blood convection. By the year 2013, Ruxsapong et al. [25] 
developed a 3D FEM method for RF ablation in asthma therapy. 
They designed a probe with ellipse shape to rise the airway wall 
dimension. They used a 380 kHz RF probe at 65-75°C for 10 
seconds to heat the airway wall. In 2012, Yhamyindee et al. [26] 
modeled a micro wave ablation of hepatic cancer using the 3D 
FEM method. They analyzed two models, one with artery and 
the second without artery. They explored the effects of blood 
perfusion rate and the coagulation area. In 2015, Stefaan et 
al. [27] built a bipolar 2×2 electrodes model and used the FEM 
method to simulate the model. They focused on the effects 
of the electrode diameter and the duration of the process. An 
experiment with an ex-vivo bovine liver was conducted. Kok  
et al. [28] showed the development of the software tools for 
real time controlling of Hyperthermia treatment planning (HTT). 
They investigated the different steps from tissue segmentation 
and electromagnetic calculation, to thermal modeling and 
phase/amplitude optimization. The direction of the temperature 
diffusion was not explored. Some researchers investigated the 
control of the injected dose, and others explored different 
architectures of the probe. Our model is based on the control of 
the direction of the temperature diffusion during the treatment. 
For a better appreciation by the reader, we have summarized in 
Table 1 the relevant information related to the different models 
using 3D FEM for thermal ablation.

Successful hyperthermia treatment of tumors requires 
understanding the thermal processes in both dead and healthy 
tissues. Also it is important to have the control of the deposited 
energy by manipulating the amplitude and the time of each pulse 
to control the heat diffusion in the tissue. Other parameters can be 
introduced to control the temperature distribution. The external 
heat source and the heat transfer coefficient are two important 
parameters. Controlling these parameters gives us a chance to 
reduce the damage to the tissue surrounding the tumor during a 
cancer therapy, and to achieve a safe and effective treatment. To 
accomplish this goal, an estimation method of these parameters 
was explored by Araseh, et al. [29,30]. 

Research Method Applied for Probe Injected  power
Supan et al. [24] RF ablation hepatic ablation 4 electrodes 16 W

Ruxsapong et al. [25] RF ablation Asthma therapy Ellipse shape 22 V for 10 s

Yhamyindee et al. [26] Micro wave Hepatic cancer Electromagnetic wave 
2.5 GHz 50 W for 10 s

Stefaan et al. [27] RF ablation Ex vivo bovine liver Bipolar 2×2 electrodes 50 W

Kok et al. [28] Software tool for 
controlling  treatment 

real time controlling of Hyperthermia 
treatment planning (HTT) ----

Increasing the tumor 
temperature to 40–45°C

Table 1 3D finite element method for thermal ablation.
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Successful hyperthermia treatment of tumors requires 
understanding the thermal processes in both dead and healthy 
tissues. Also it is important to have the control of the deposited 
energy by manipulating the amplitude and the time of each pulse 
to control the heat diffusion in the tissue. Other parameters can be 
introduced to control the temperature distribution. The external 
heat source and the heat transfer coefficient are two important 
parameters. Controlling these parameters gives us a chance to 
reduce the damage to the tissue surrounding the tumor during a 
cancer therapy, and to achieve a safe and effective treatment. To 
accomplish this goal, an estimation method of these parameters 
was explored by Araseh, et al. [30]

The objective of the thermal therapy being the destruction of 
the malignant cells, it is important to study the malignant cells 
destruction process due to the injected heat [30,31]. Many 
researchers have investigated the tissue damage during thermal 
therapy [32-35]. The damage can be calculated based on the 
Arrhenius equation given by:

0

( ) exp( )
( )

t
a

t

Et dt
RT t

τ

ξ
=

=

Ω = −∫                                                                (2)

where ξ is the pre-exponential factor (s-1), R is the universal gas 
constant, 8.314 (J/(mol·K)), Ea is the activation energy to start 
killing cells (J/mol), and T is the temperature (K). The thermal 
damage relationship, described in Equation (2), depends on 
temperature and time. So, if the duration of the pulse is long, 
the tissue damage can happen even for temperatures as low as 
43℃ [33,35].

Based on the BHT Equation (1) and the tissue damage Equation (2), 
we aim in this work to develop a 3D model for thermos-ablation 
tumor, and to simulate the process using COMSOL Multiphysics 
which is a FEM analysis, simulation and solver software. It is 
based primarily on the FEM and partially of the FDM for some 
module [36-38]. The most important contribution in this work is 
the control of the direction of temperature diffusion in the tissue 
during the treatment by manipulating the cathode direction. 
We proposed a directional probe with curved cathode to ablate 
the malignant cells. This curved cathode is used as a directional 
heater. The purpose of controlling the direction of temperature 
diffusion in living tissues is to save the surrounding healthy cells. 
Others methods exist in literature for hyperthermia therapy 
without overheating the surrounding living tissue, like adding a 
cooling source to reduce the temperature [39]. Hyperthermia 
can be used with other techniques, like chemotherapy and 
radiotherapy. The rest of the paper is organized as follows. 
Section 2 gives a description of the used methods and materials; 
and presents the heating process. The results are reported in 
Section 3. Section 4 summarizes the main work and concludes 
this paper.

Materials and Methods
The heating process
The purpose of the heating process is to kill the malignant cells 
with less collateral damage in the surrounding healthy tissue. A 

big challenge of this process is to find a new method to control 
the heat diffusion. To solve this challenge, researchers explored 
two elements. The first one is the control of the deposited 
energy [31,32] by controlling the heating source. The second 
one is the control of the direction of the heat diffusion. In this 
work, we mixed both methods by controlling the heat source 
and the direction of the temperature diffusion. We proceed as 
follows: the probe is positioned in the center of the tumor and a 
succession of power pulses are sent for a duration of 2.5 s with 
an amplitude of 2 Watts. After each power deposition, we check 
the necrotic rate. If the cells are predicted to be dead, we move 
the probe to the new position and we add one more pulse to 
kill all the local malignant cells. To ensure that all the malignant 
cells are predicted to be killed at the limit of the tumor with a 
minimum of healthy cells dead, we propose the injection of one 
additional pulse and check the necrotic rate after the relaxation 
time. If the cells are predicted to be killed, we move the probe, 
otherwise we continue the injection of additional pulses. The 
heat source used is a succession of pulses. Figure 1 shows the 
form of the heat source.

Figure 2 presents the diagram of the different steps of the 
heating process proposed in our model. We start the ablation 
at the centre of the tumor. Once the targeted cells are ablated, 
we move the probe to a new position, and so on, until the whole 
tumor is removed. The number of cycles depends on the volume 
of the tumor. We stop the process once the whole tumor is killed.

The probe architecture
Our probe is designed to be used as a directional heater. In 
contrast to many other models [24,25,27], our probeuses one 
curved cathode. The main reason for the curved form is to give 
a direction to the heat diffusion. Figure 3 shows the electrode 
with a curved form. The radius of the cathode is 0.9 mm. The 
revolve angle is 180℃. The distance between the two centers of 
the extremities of the cathode is estimated at 16 mm.

The entire architecture is reported in Figure 4. We proposed a 
cylinder form. The probe is applied to remove a supposed tumor.

2
1.8
1.6
1.4
1.2

1
0.8
0.6
0.4
0.2

0
0                  5                10               15               20                25

Time (s)

Po
w

er
 (W

)

Heat source function: the pulse on time is 2.5s and the 
pulse off time is 5s

Figure 1



2016
Vol. 5 No. 4:28

Journal of Biomedical Sciences
ISSN 2254-609X

This Article is Available in: www.jbiomeds.com4

Material properties and thermal boundary 
conditions
Table 2 summarizes the different values of the basic blood 
parameters [24,36] and Table 3 shows the liver, the electrode 
and the trocar base parameters inspired by literature [24,34,36]. 
The initial value of the tissue temperature is 310.15 K (37℃). 
As thermal boundary conditions, we used open boundaries all 
along the tissue so the heat can flow out of the tissue naturally 
(Cauchy-Neumann boundary conditions type). 

Results
A 3D liver tumor removal model is simulated using COMSOL 
Multiphysics and the results are reported. The Joule Effect is used 
to heat the targeted tissue using a curved cathode as a directional 
heater. The necrotic tissue and the temperature are reported. 

Figure 5 shows the mesh of the targeted tissue realized by 
COMSOL. The solution is found at each element of the mesh. The 
entire geometry is divided into 16164 elements. The smallest 
element quality is 0.2224 and the average element quality is 
0.7233. The mesh is smaller near the electrode, and larger near 
the boundary

Figure 6 shows the surface temperature distribution of the tissue 
after 25 seconds heating. The effect of the curved cathode is 
clearly seen. The temperature increased in the cathode direction 
without an important thermal perturbation in the surrounding 
tissue. 

Tumour

Power

Entire tumor
removed

End

Position

Targeted cells
killed

No

No

Yes

Yes

Repositioning
the probe

Heating

Diagram of the different 
steps of the heating process.

Figure 2
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Blood parameters Name Value
Heat capacity cb 4180.0 J/(kg·K)

Density b 1000.0 kg/m³ 
perfusion rate ω 0.0064000  l/s

Arterial blood temperature Ta 310.15 K
Initial temperature T0 310.15 K

Table 2 Values of the basic blood parameters [24,36]

Name Unit liver electrode Trocar 
base

Heat capacity at constant 
pressure , cb

J/(kg·K) 3540 840 1045

Density,  ρ kg/m3 1079 6450 70
Thermal conductivity, k W/(m·K) 0.52 18 0.00001

Electrical conductivity,  σ S/m 0.333 0.00000001 0.026
Frequency factor, ξ 1/s 7.39·1039  -- --
Activation energy, Ea J/mol 2.577·105 -- --

Table 3 Thermal and electrical properties of the 3D FEM model inspired 
by literature [24,34,36].
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Figure 6

The heat distribution after a 25 s excitation. (a) the entire geometry and the heating source. (b) XZ view zoom of the heating source.
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Figure 7 shows the influence of the curved electrode. It produces 
a directional heating. It removes just the targeted cells near to 
the curved cathode. It keeps safe all the surrounding tissue.

To better understand the effect of the heating process, we 
evaluated the necrotic tissue at 4 different points to visualize 
the necrosis phenomenon. The first point is adjacent to the 
cathode heater (the blue color), and the last one is on the 
exterior boundary (the magenta color). The results are reported 
in Figure 8 It is important to mention that the tissue damage Ω(t), 
mentioned in Equation(2), is dimensionless. And a tissue damage 
Ω(t)=1 means that 63% of the cells are dead in the specific region. 
A 99% of dead cells equals to Ω(t) = 4.6 [35]. Figure 8b shows a 
slice of the necrotic tissue. 

To prove the efficiency of our model, we followed the temperature 
in several points by inserting probes at specific locations in our 
model. We chose a point A in the direction of the cathode and 
a symmetric point A' in the opposite direction. Figure 9 shows 
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the temperature at different points. The temperature at the 
point in the opposite direction of the cathode is almost constant. 
However, the temperature increased in the direction of the 
cathode.

The control of the direction of the temperature diffusion offers 
a possibility to control the shape of the overheated zone. 
Other works explored many other parameters. The shape of 
the lesion depends on the number and the form of the probe. 
Supan et al. [24] obtained, with 4 electrodes, a mushroom-like 
shape. The average applied power was 16 W. In Stefaan et al. 
[27], the ablation zone produced by a bipolar 2×2 electrodes is 
a reproducible rectangular. The optimal applied power is 50 W 
for 10 minutes. The ablation of the whole volume is obtained 
by, first, activating the 2×2 electrodes, then switching to other 
electrodes. The shape of the lesion is omnidirectional. Our probe 
produces a shape following the direction of the cathode and 
offers the possibility to control the direction of the temperature 
diffusion, contrary to the other systems. A succession of 2 W 
pulses are used.

The numerical approach is used to plan the ablation process 
before the surgery. It serves to detect the optimal values of 
different parameters influencing the process to avoid the 
destruction of the healthy cells around the ablative zone, which 
is important to achieve a total ablation with less damage. The 
Amplitude and the number of pulses can vary following the 
tumor size and must be fixed before starting the ablation. During 
the ablation process, the Computed Tomography (CT) technique 
or Magnetic Resonance Imaging (MRI) can be used to localize the 
tumor and follow the destruction process 

Conclusion
In this paper, we have proposed a curved cathode probe model 
to control the direction of the temperature diffusion during 
thermal therapy. COMSOL Multiphysics is used to simulate the 
model. We have evaluated the necrotic tissue to see the portion 
of killed cells. The results prove that the cells are deemed to 
be killed, by heating under Joule Effect, in the direction of the 
curved cathode. We have also investigated numerically the 
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temperature behaviour during the thermal treatments process. 
These investigations show that the temperature increased in 
the cathode direction while remaining almost constant in the 
other directions. It is proved that the model has the capability 
to control the thermal direction during the treatment. By using 
our probe, the number of healthy cells killed is estimated to be 
very low. Our model results showed the expected behaviour of 
the temperature diffusion suited as thermal therapy protocol 

in biological tissues. The use of this model by oncologists or 
radiotherapists can minimize the tissue collateral damage and 
to help plan an efficient thermal therapeutic treatment. Future 
work will compare the numerical results obtained by simulation 
and real data from clinical experiments to validate our model. 
Other probe diameters can be explored and compared to detect 
the optimal diameter. 
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