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Abstract

:

Featured Application


This study developed a computer simulation based on the finite element method to investigate microwave ablation performance, antenna design, electromagnetic and thermal effects, specific absorption rate (SAR), and fraction of necrotic tissue within cancer treatment. The numerical results show that SAR and temperature distribution are strongly affected by input microwave power. High microwave power causes a high SAR value and raises the temperature above 50 °C, which may destroy healthy cells.




Abstract


Microwave ablation is one type of hyperthermia treatment of cancer that involves heating tumor cells. This technique uses electromagnetic wave effects to kill cancer cells. A micro-coaxial antenna is introduced into the biological tissue. The radiation emitted by the antenna is absorbed by the tissue and leads to the heating of cancer cells. The diffuse increase in temperature should reach a certain value to achieve the treatment of cancer cells but it should be less than a certain other value to avoid damaging normal cells. This is why hyperthermia treatment should be carefully monitored. A numerical simulation is useful and may provide valuable information. The bio-heat equation and Maxwell’s equations are solved using the finite element method. Electro-thermal effects, temperature distribution profile, specific absorption rate (SAR), and fraction of necrotic tissue within cancer cells are analyzed. The results show that SAR and temperature distribution are strongly affected by input microwave power. High microwave power causes a high SAR value and raises the temperature above 50 °C, which may destroy healthy cells. It is revealed that with a power of 10 W, the tumor cells will be killed without damaging the surrounding tissue.
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1. Introduction


Cancer tumors in the liver, breast, kidney, bone, lung, and other organs are the largest causes of death in the world. Furthermore, thinking about cancer remains scary. Annually, over 411,000 deaths result from breast cancer [1]. Lung cancer is one of the leading causes of death in the United States, accounting for more than 160,000 deaths per year [2]. In addition, liver cancer is one of the most significant health issues leading to death worldwide [3]. Each year, more than a million deaths of people result from this disease. Skin cancer is one of the most common cancer types in Saudi Arabia. It accounted for 3.2% of all treated cancer cases in 2010 [4]. Techniques of cancer treatment are undergoing continuous development and are still a current research topic for scientific researchers as well as for doctors working on the clinical detection and treatment of diseases. In recent years, there has been a great amount of attention paid to the development of cancer treatment methods. Furthermore, many techniques are widely used for saving patients. However, new techniques are also welcomed, since they may bring particular contributions and added value to available techniques.



Hyperthermia is a cancer treatment that takes advantage of the heating of tumor cells in the body at a definite level. Indeed, raising the temperature of tumor cells causes lesions of the cell membrane which leads to destruction of the cancer cells [5,6]. Research on hyperthermia as an anti-cancer treatment has been in place for many years. Nowadays, hyperthermia is utilized as a complement to radiotherapy and chemotherapy. Cancer treatment using hyperthermia necessitates the generation of an adequately controlled amount of heat inside the cancerous tumor. If it is exposed to a temperature of approximately 52 °C for one hour, the cancer tissue can be damaged [7,8,9,10,11]. The amount of dissipated heat should be used prudently. However, if a large amount of heat is administrated, the skin or other healthy tissue could be destroyed. A versatile clinical hyperthermia system is adapted to microwaves for cancer treatment inside the body. The energy radiated by a microwave is an effective way to heat the tumor. Indeed, since the tissue is an electrically conductive material, a part of this radiated energy is dissipated inside the tissue and leads to the increase of its temperature. In addition, microwaves can be provided to the tissue by specific antennas situated close to or inserted into the tissue to be treated. According to the size of the tumor and the location in the body, one or more microwave antennas can be used to treat the tumor. When a microwave antenna is activated, the tissues which have water content and which are exposed to large amounts of microwave energy heat up. An adequate calibration of the microwave energy can heat the tumor and protect healthy tissues.



Cancer treatment techniques have been extended during the past several years because the killing of cancer tumors is difficult to achieve with surgery. The ablative treatment family includes microwave ablation (MWA), radiofrequency ablation (RFA), ethanol ablation, laser ablation, and cryoablation [12,13,14,15,16,17]. Recently, a wide number of experimental and theoretical works have been focused on improving MWA [18,19,20,21,22,23,24,25,26,27].



Yingxu et al. (2017) have studied, in their numerical and experimental research, the performance of a tri-slot antenna, and have compared it with a single slot antenna with an operating frequency of 433 MHz [22]. They demonstrated that the tri-slot antenna which had a frequency of 433 MHz created a gourd-shaped MWA area with a longer length. Curto et al. (2015) have presented a comparative study between the differences in microwave ablation at 915 MHz and 2.45 GHz, with a power of 30 W used at the antenna input [21]. Their results indicated that a greater ablation zone is created when using a coaxial antenna with a single slot at 2.45 GHz. However, the models used by Curto et al. and Yingxu et al. did not take into account any change in tissue properties such as tissue water vaporization, vapor condensation, and tissue shrinkage [21,22].



Tao et al. (2015) have presented a numerical evaluation of the heat transfer process in liver tumors according to temperature-dependent properties using a coaxial antenna with ten slots [25]. Their simulations showed that using a coaxial multi-slot antenna reduces over-treatment compared with a conventional coaxial antenna. In addition, they revealed that a coaxial antenna with multi-slots generates the smallest over-treatment region for spherical tumors. Rubio et al. (2015) performed a computer simulation in order to compare heating differences between cancer and normal breast tissue [26]. They demonstrated that the dielectric and thermal parameters relative to cancer and normal breast tissue are able to create special heating of tumors during microwave ablation. Although the available computational models provide a strategy for cancer treatment, they require further development.



Numerical modeling remains primordial when it comes to carrying out a parametric study, evaluating the importance of the inherent phenomena, and leading to better optimization of the design of new devices. For example, clinical treatment with MWA requires the control of elevation of temperature in order to ensure the destruction of cancer cells without damaging healthy tissue. Hence, numerical simulation has been widely used in the investigation of MWA as an instructive tool guiding practical treatment.



In the present work we have investigated the interaction between electromagnetic waves with tissue in order to treat liver cancer. A two-dimensional numerical simulation is performed using the finite element method. Maxwell’s equations and the bio-heat equation are used to estimate the electric field and the heat distribution in the liver tissue. Heat generation by the antenna is used to destroy cancer cells but high temperature can damage healthy surrounding tissue. In addition, the influence of input microwave power, specific absorption rate (SAR), and temperature distribution on the liver tissue, and the fraction of necrotic tissue during the ablation thermal, are investigated.




2. Description and Formulation of the Problem


2.1. Thermal Problem


The biological tissue investigated is the liver. A micro-coaxial antenna is used to generate an electric field. The heat transfer problem in the biological medium is described by the bio-heat equation [28]


  ρ  C p    ∂ T   ∂ t     =   ∇  (  k ∇ T  )  +  ρ b   C b   ω b   (   T b  − T  )  +  Q  e x t   +  Q  m e t a    



(1)




where  T  is the tissue’s temperature,  ρ  is its density,    C p    is its specific heat capacity,  k  is its thermal conductivity,    ρ b  = 1060   kg ·  m  − 3     is the blood density,    C b  = 3600     Jkg   − 1     denotes the specific heat capacity of the blood,    ω b    represents the blood perfusion rate, and    T b    is the blood temperature. In this study, we assume    T b  = 37   ° C  .



The first term in Equation (1) represents the transient term whereas the second term denotes the heat conduction. The third term represents the heat dissipation by the blood flow.    Q  e x t     denotes the external heat source and    Q  m e t a     is the heat source from the metabolism. The value of    Q  m e t a     is usually neglected compared to the other heat terms.



The external source term    Q  e x t     results from the heat generated by the electromagnetic field, i.e.,


   Q  e x t   =  σ 2    ‖  E 0  ‖  2   



(2)




where  σ  denotes the electric conductivity of the biological tissue (S/m) and    E 0    is the amplitude of the electric field generated by the micro-coaxial antenna.



The thermal conductivity, density, and specific heat of the liver are dependent on temperature. Their expressions can be extracted from the literature [29]. For the normal tissue, we have


   k  l i v e r    ( T )  = 4190  [  0.133 + 1.36  W a   ( T )   ]   



(3)






   ρ  l i v e r    ( T )  = 1300 − 300  W a   ( T )   



(4)






   C  p , l i v e r    ( T )  = 0.419  [  0.37 + 0.63  W a   ( T )   ]   



(5)







In the above equations, the temperature is expressed in degrees Celsius. The parameter    W a   ( T )    is the measured remaining tissue water content versus temperature of the liver tissue [30]. It is given by


   W a   ( T )  =  {      0.778 − 0.779 × exp  (    T − 106   3.42    )        T ≤ 103   ° C       − 0.03924  (  T − 103  )  + 0.454392       103   ° C < T ≤ 104 ° C       0.778 × exp  (  −   T − 80   34.37    )        T > 104   ° C        



(6)







Figure 1 depicts the evolution of the quantities    W a   ( T )   ,    k  l i v e r    ( T )   ,    ρ  l i v e r    ( T )   , and    C  p , l i v e r    ( T )    versus the temperature  T . It is clear that these quantities remain almost constant when the temperature T is smaller than 80 °C. For this reason we assume henceforth that the quantities    k  l i v e r    ,    ρ  l i v e r    , and    C  p , l i v e r     are constant and do not vary with temperature. The condition   T < 80   ° C   will be ensured.



Regarding the properties of the tumor, we used the following values:    k  t u m o r   = 0.57    W  / m    ° C   ,    ρ  t u m o r   = 1040      kg   m    − 3    , and    C  p , t u m o r   = 3960      J   kg    − 1        K    − 1    . These values are independent of the temperature [7].



The blood flow induces a convective heat flux between the blood flow and the tissue. This heat flux depends on the temperature difference    (   T b  − T  )    and the blood flow rate. Hence, it is influenced by blood perfusion [31]. It is represented by the term    ρ b   C b   ω b   (   T b  − T  )   . The rate of blood perfusion versus temperature is given by


   ω b   ( T )  =  ω 0  + a   T  



(7)







In the above equation, T is also expressed in degrees Celsius, whereas the unit of the rate    ω b    is s−1. The constants involved in Equation (7) are given by    ω 0  = 6.08 ×   10   − 3        s    − 1     and   a = 2.1 ×   10   − 5      s  − 1     °  C  − 1    .



The source term in Equation (1) depends on the electric field amplitude. The next paragraph will explain how this quantity is computed.




2.2. Electromagnetic Problem


In order to heat the tumor and provoke its ablation, a micro-coaxial antenna is inserted into the tissue. This antenna radiates an electromagnetic wave. This wave is assumed to be axisymmetric (i.e., the components of the electric and magnetic fields do not depend on the azimuthal angle   φ  ) and transverse magnetic. The magnetic field of this wave has only the azimuthal component,   H =  H φ   e φ   , where    e φ    is the azimuthal unit vector. The azimuthal component is expressed by    H φ  =  H 0   (  r , z  )   e  j  (  ω t − k z  )    ,   where   r  ,  φ , and  z  are the cylindrical coordinates, ω denotes the angular frequency of the wave, and k is the wave number.



The liver and the tumor are assumed to be non-ideal dielectrics characterized by their relative permittivity    ε r   , electric conductivity  σ , and relative permeability    μ r   . In the range of temperature   37   ° C ≤ T ≤ 100   ° C  , these quantities are given by [3,32,33]


   ε  r ,   l i v e r    ( T )  = 47.043 − 0.042   T  



(8)






   σ  l i v e r    ( T )  = 1.7381 − 0.0004   T  



(9)






   ε  r ,   t u m o r    ( T )  = 48.16  



(10)






   σ  t u m o r    ( T )  = 2.09  



(11)






   μ  r , l i v e r   =  μ  r , t u m o r   = 1  



(12)







Since the temperature depends on the position, it appears that the electric properties also depend on the position. In other words, when writing Maxwell’s equations, some care should be taken. It is straightforward to show that the magnetic field of the wave is governed by the following expression


  ∇ ×  (     (   ε r  −   j σ   ω  ε 0     )    − 1   ∇ ×   H →  φ   )  −  μ r     ω 2     c 2      H →  φ  = 0  



(13)




where    ε 0  = 8.8542 ×   10   − 12     F/m and c is the speed of light in a vacuum.



The components of the electric field are obtained by


   {       E r  = −  1  σ + j ω  ε 0   ε r      ∂  H φ    ∂ z            E φ  = 0        E z  =  1  σ + j ω  ε 0   ε r     1 r      ∂  (  r  H φ   )    ∂ r          



(14)








2.3. Geometry of the Liver and the Inserted Antenna


The thermal microwave ablation treatment consists of using heat to kill tumor cells in a tumor. It involves the use of a microwave coaxial antenna (MCA) immersed in biological tissue (see Figure 2). This antenna radiates energy throughout the biological tissue. This energy is converted into heat, which invades the tissues. The MCAs are largely used for their advantages, namely, low manufacturing cost, reduced dimensions, simple design, and utility for treatment [34]. The antenna is formed by an inner conductor (diameter 0.135 mm), a dielectric (diameter 0.335 mm), and an outer conductor (diameter 0.460 mm) containing a ring-shaped slot with a height of 1 mm. A plastic catheter (diameter 0.895 mm) surrounds the antenna. The antenna operates with a frequency of 2.45 GHz. The dimensions of the antenna are given in Figure 3. The relative permittivity values of the dielectric and catheter are 2.03 and 2.1, respectively. The tumor is considered to be a sphere with a 10 mm radius.



The simulation domain used is shown in Figure 3. It contains two areas, namely, the normal tissue and the tumor. The normal tissue is the liver and it is assumed to have a cylindrical geometry, having a radius of 30 mm and a height of 80 mm. The antenna is implanted into the liver tissue. The depth of the insertion is 70.5 mm.




2.4. Boundary Conditions


	
The axis z is a symmetry axis.



	
The insulation condition is applied to the surroundings of the liver. In other words, the heat flux through the surrounding walls is equal to zero. The mathematical equation expressing this condition may be written in a synthetic form,   n .  (  k ∇ T  )  = 0  , where n is the unit vector normal to the boundary (  z = 0   or   z = 80   mm   or   r = 30   mm  ). This condition can be further specified for each boundary, i.e.,


      k   ∂ T   ∂ z    |    z = 0 mm   = 0 ;       k   ∂ T   ∂ z    |    z = 80   = 0 ;       k   ∂ T   ∂ r    |    r = 30 mm   = 0  








Indeed, the unit normal vector is equal, respectively, to the axial vector    e z    and the radial vector    e r   .



	
The heat flux is continuous through the interface between the tissue and the tumor, i.e.,    k  l i v e r   ∇  T  l i v e r   =  k  t u m o r   ∇  T  t u m o r    .






The boundary conditions used for the numerical simulation are presented in Figure 4. These boundary conditions concern the heat transfer equation and the electromagnetic field. With regard to the heat transfer equation, the following boundary conditions are used.



Equation (1) also requires an initial condition. The initial temperature is assumed to be constant, i.e.,   T  (  t = 0 , r , z  )  = 37   ° C  .



The boundary conditions for the electromagnetic field are:




	
To the inlet of the antenna, an input microwave power is assigned.



	
The z axis is a symmetry axis:    E r   (  t , r = 0 , z  )    and     ∂  E z    ∂ r    (  t , r = 0 , z  )   .



	
The scattering boundary condition is used at the surrounding of the liver:   ( z = 0   or   z = 80   mm   or   r = 30   m  ).



	
The walls of the antenna   r = 0.135   mm   or   r = 0.47   mm   or   r = 0.594   mm   are considered to be perfect electric conductors   n . E = 0  .



	
There is continuity of the tangential component of the electric field at the interface between the tissue and the tumor:   n ∧  (   E 2  −  E 1   )  = 0  .









2.5. Numerical Method and Model Validation


The set of equations describing the electromagnetic wave propagation and the heat transfer can be solved by the finite element method (FEM) with the Galerkin approach [35]. To find the numerical solution of these coupled equations, a computer code was developed. The physical domain was composed of three subdomains, namely, the liver, the tumor, and the antenna. The axial symmetry 2D global domain was divided into triangular elements using Lagrange quadratic shape functions. The sensitive domain was refined with a better mesh quality.



Figure 5 displays a flow chart describing the simulation scheme. The coupling of the equations lies from the fact that the volumetric source term in the heat equation depends on the amplitude of the electric field, and, inversely, the relative permittivity and the electrical conductivity of the medium depend on the temperature. This is a two-way coupling.



The approach which was adopted to solve the equations is given below.



	
Specify the geometrical, thermal, and physical parameters as well as the input microwave power, the frequency, and the voltage of the excitation signal.



	
Give an arbitrary temperature.



	
Solve Maxwell’s equations.



	
Deduce    Q  e x t    .



	
Solve the bio-heat equation and deduce a new value of the temperature.



	
Determine the values of    ε r   ( T )    and   σ  ( T )   .



	
Repeat steps 3–6 until convergence.



	
Deduce the field   T  (  t , r , z  )    and other useful quantities.






In order to check the accuracy of our model, the simulation results obtained for the bio-heat model proposed in this work were validated with experimental data obtained by Yang et al. [36]. Figure 6 exhibits the validation related to the temperature distribution in the tissue liver at two positions during the MWA process. These positions are defined by a distance of 4.5 mm or 9.5 mm away from the antenna. In this case, the microwave was operating at 2.45 GHz with 75 W input power and the initial temperature of the liver tissue was assumed to be 8 °C.



The results show that the temperature has the same trend as the experimental curve. The difference is very small. This confirms the validation of the present model.





3. Results


As mentioned above, the electromagnetic and bio-heat equations are coupled. The operating frequency of the microwave generated by the antenna was 2.5 GHz. The model is able to be solved using the finite element method. The results mainly concern:




	−

	
The microwave power density absorbed by the liver tissue    Q  e x t    .




	−

	
The specific absorbed rate which is defined as:




	−

	
  S A R =    Q  e x t    ρ   , where ρ is the density of the tissue.




	−

	
The temperature profile and the maximal values reached.




	−

	
The fraction of the tissue necrosis which is related to the tissue damage.









3.1. Absorbed Microwave Power


During thermal ablation of cancer cells, tissue destruction occurs when tissues are heated to sufficient temperatures via a microwave source. The MCA connected to a microwave generator and inserted into the biological tissue is the source of the energy of the microwave. The energy emitted by the antenna propagates into the liver tissue, which allows heat to dissipate in a volume of tissue close to the antenna. This internal heating leads to the killing of cancer cells due to the vibration and rotation of water molecules. It is important to evaluate the microwave power density absorbed by the liver. This quantity is equal to the volumetric source term in the heat equation    Q  e x t    .



Figure 7 depicts the microwave power density dissipated in the liver tissue at t = 300 s for three different values of the input microwave power, namely,    P  i n   = 10   W  ,    P  i n   = 45   W  , and    P  i n   = 75   W  . For    P  i n   = 10   W  , the maximal value of the microwave power density is about   34    W  /   cm   − 3    . However,    Q  e x t     carries rapidly through the system. To better observe the spatial variations of    Q  e x t    , we limited the values of this quantity in Figure 7 to the value   1   W /   cm   − 3    . In other terms, Figure 7 presents the quantity   min  (   Q  e x t   , 1   W /   cm   − 3    )   .



From the above figure it is clear that for the three cases of the power microwave, the microwave power density absorbed is very high near the slot of the antenna and that it decreases with distance. The extension of the heated zone increases with the input power. This extension takes place mainly in the vicinity of the tumor and has an oblong and stretched form.



For    P  i n   = 10    W   , a very small area of the normal tissue is heated, and, at the same time, not all the tumor is heated. When    P  i n     increases, all of the tumor is heated, but, unfortunately, a large area of the normal tissue is also heated. A certain compromise should be made to optimize the treatment.




3.2. Specific Absorption Rate Profiles


Through the microwave thermal ablation process the electromagnetic wave propagates into the biological tissue and the energy of this wave is absorbed through the materials. Another interesting parameter is the specific absorption rate, which is defined as the absorbed power density normalized by the tissue density. In order to estimate the ability of heating tissue for different input microwave powers, SAR profiles, at a heating time   t = 300   s   and at a distance of   r = 2.5   mm   from the antenna axis, were generated, and are illustrated in Figure 8.



In this figure, in all cases of microwave power, the SAR profiles show a similar trend with a difference in magnitude. In addition, the SAR increases slowly along the axis parallel to the antenna, reaches a peak around the slot of the antenna, and after this decreases. It is clear that the SAR contour lines have roughly oval and asymmetrical patterns around the slot. The numerical results are in good agreement with those found in [37]. In particular, the SAR distribution for the highest microwave power causes the greatest value of SAR. Moreover, as expected, the maximal SAR value is obtained within the tumor region. The radial profiles at   z = 20   mm   reveal that the SAR increases sharply from the axis. Then, the curves exhibit a hyperbolic decrease. The spatial distribution of SAR can also be presented. The maximal value of SAR for each power is   S A R = 32.7   kW / kg   for    P  i n   = 10   W  ,   S A R = 147   kW / kg   for    P  i n   = 45   W  , and   S A R = 245   kW / kg   for    P  i n   = 75   W  .




3.3. Temperature and Thermal Gradient Fields


Temperature profile is a major characteristic relating to the effective performance of the MWA. Indeed, microwave ablation should be used as a thermal therapy for cancer tumor treatment without damaging surrounding normal tissue. For this reason, thermal study and temperature control are required.



Figure 9 shows the contours lines of the temperature distribution in the biological tissue at   t = 300   s   for three different values of the input microwave power. It may be noted first that the contour lines of the temperature in the three cases are similar and display an ellipsoidal behavior. The temperature is very high in the vicinity of the antenna slot. Then, it drops noticeably when one moves away from the slot. The maximal temperature value is reached inside the tumor region. The maximum temperature produced by microwave power    P  i n   = 10   W   is estimated to 86 °C, while the maximum value obtained for    P  i n   = 45   W   is 238 °C, and for    P  i n   = 75   W  , the maximum temperature is 353 °C. We note that the temperature increases rapidly when increasing the microwave power. This increase is too high and will destroy healthy cells.



It is also interesting to delimit the region where   ∆ T = T −  T b  ≥ 15   ° C  . For    P  i n   = 10   W  , this region is mainly situated inside the tumor. Hence, there is a very small risk of damaging healthy tissue. The central part of the tumor is killed, however, and the external ring is not completely treated. When    P  i n     increases, the area corresponding to   ∆ T ≥ 15   ° C   becomes larger and more extended than the tumor itself, i.e., it covers the tumor and a part of healthy tissue. Thus, the risk of destroying the tissue surrounding the tumor threatens the process. We may conclude that an input power of about 10 W is sufficient to treat a tumor which has a radius of 15 mm. The results may be extended to deduce the optimal input power required for tumors which have other extensions.



Figure 10 exhibits the temporal evolution of the temperature for different values of the input power and for 4 positions corresponding to   r = 5   mm  ,   r = 10   mm  ,   r = 15   mm  , and   r = 20   mm  .   z = 20   mm   for all the positions. When the ablation duration is small, the behavior of the curves is mainly governed by the source term. For this reason, a linear increase of the temperature is observed. When the temperature reaches a certain value, the diffusion and the heat conduction due to the blood perfusion become important and lead to a counterbalancing of the source term. Thus, a saturation regime occurs. The maximal values depend on the position and the input power as mentioned above. These curves may help to assess the optimal value of the treatment time.




3.4. The Fraction of Tissue Necrosis


The tissue damage is calculated by an integral using the Arrhenius equation which is written as [38]


  α =   ∫  0 t  A  e    −  E a    R T       d t  



(15)




where  α  denotes the degree of tissue damage,  A  is the frequency factor (1/s), and    E a    represents the activation energy (J/mol). These two parameters are dependent on the type of the tissue.  R  is the gas constant and  T  is the absolute temperature. This integral evaluates the energy accumulated in the tissue over time. In this study, the values   A = 7.39 ×   10   39     (1/s) and    E a  = 2.577 ×   10  5    (J/mol) were used.



Generally, parameter  α  is presented through the fraction of tissue necrosis,    θ d   , which is expressed as [39]


   θ d  = 1 −  e  − α    



(16)







Figure 11 illustrates the variation in tumor damage during the ablation time for different positions within the liver tissue and for the three input microwave powers. It appears from this figure that the variation in tumor damage varies in the following way: it gradually increases and then reaches a saturation region which presents the completion time of tumor necrosis. It can be clearly seen that complete tumor necrosis was reached in the three cases for the position r = 0.005 mm away from the antenna after 300 s. From the numerical results, the time required for complete necrosis was found to be 160 s, 60 s, and 40 s for 10 W, 45 W, and 75 W, respectively. Hence, when the microwave power is very high, the time required for complete ablation of the tumor is small. Nevertheless, the probability of damaging normal cells could be high if some care is not taken. The ablation of tumor cells can be achieved over a long period of time without damaging healthy cells when a small input power is used.





4. Conclusions


This paper has dealt with the numerical investigation of conductive and convective heat transfer associated with the propagation of electromagnetic waves in liver tissue during a microwave ablation process for different input microwave powers. The volumetric source term arose from the heat generated by the electromagnetic field since the liver is an electrically conductive material. A numerical simulation was performed using the finite element method to study the absorbed microwave power density, the temperature distribution profile and temporal evolution, the specific absorption rate, and the fraction of necrotic tissue within cancer cells. The results showed that SAR and temperature distribution are strongly affected by input microwave values. In other words, a higher microwave power induces higher SAR values and can increase the temperature to well above 50 °C, which will destroy healthy cells. The SAR pattern and the temperature profile exhibited elongated and asymmetric contour lines centered on the slot. The SAR and the temperature appeared very high near the antenna slot and then decreased by moving away from the antenna axis. The maximum of the SAR and temperature were reached inside the tumor region. The time required for complete necrosis was found to be 160 s, 60 s, and 40 s for 10 W, 45 W, and 75 W, respectively.



In our work, the maximum temperature produced by microwave power    P  i n   = 10   W   was estimated to 86 °C, i.e., the rise temperature   ∆ T = T −  T b  = 49   ° C  . Furthermore, based on Figure 11, it was found that complete tumor necrosis had been reached only in the case of the position r = 0.005 mm away from the antenna, and the time required for complete necrosis was found to be 160 s for    P  i n   = 10    W   . This power is suitable for a small tumor size. The analysis of this study serves as an essential base for the microwave ablation process and can be used as a guideline for practical treatment. Nevertheless, more care must be taken and a certain compromise should be achieved to kill a maximal part of the tumor while conserving the healthy cells.



Future work will be performed taking into account the size of the tumor with applied input microwave power using a programmable temperature-controlled system by incorporating a proportional-integral-derivative (PID) to better control the temperature distribution.
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Figure 1. Evolution of thermal properties versus the temperature. (a) Remaining mass of tissue water    W a   ( T )   , (b) density of the liver tissue    ρ  l i v e r    ( T )   , (c) thermal conductivity of the liver tissue    k  l i v e r    ( T )   , and (d) specific heat of the liver tissue    C  p , l i v e r    ( T )   . 
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Figure 2. Schema of the antenna inserted into biological tissue. 
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Figure 3. Axial schema of the micro-coaxial antenna inserted in biological tissue. 
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Figure 4. Boundary conditions used for the simulation. 
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Figure 5. Flow chart describing the simulation scheme. 
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Figure 6. Validation of the temperature distribution in the tissue liver against the experimental data offered by Yang et al. [36]. 
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Figure 7. Microwave power density absorbed in liver tissue for various input powers    P  i n    : (a)    P  i n   = 10   W  , (b)    P  i n   = 45 ,   and (c)    P  i n   = 75   W  . 
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Figure 8. Axial profile of specific absorption rate (SAR) at t = 300 s and r = 2.5 mm for various input powers. 
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Figure 9. Spatial distribution of (  ∆ T = T −  T  b l o o d    ) for various input powers at t = 300 s. 
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Figure 10. Temporal evolution of the temperature in four positions and for three values of input microwave power. 
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Figure 11. Comparison of the four position fraction of necrotic tissue during the ablation thermal for three values of input microwave power, (a) 10 W, (b) 45 W and (c) 75 W. 
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