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Abstract

:

Microwave ablation (MWA) represents one of the most powerful tools in cancer treatment. This therapeutic modality process is governed by the temperature and absorbed dose of radiation of the cell tissue. This study was performed to control the temperature effect using simulation during the MWA thermal damage of lung tumor. For this reason, a two-dimensional (2D) computational modeling generated for adaptive lung tissue was designed and analyzed using the finite element method (FEM). Different approaches, such as first-order Arrhenius rate equations, Maxwell equations, and the bioheat equation, have been used to simulate necrosis in cells. To control the heat, a proportional–integral–derivative (PID) controller was used to moderate the input microwave power source and to maintain the temperature of the target tip at a lower level of the initial temperature data. Furthermore, full cancer tissue necrosis was also evaluated by processing time and thermal damage fraction. The obtained data proved that the target tip temperature was affected by the temperature distribution and specific absorption rate (SAR). However, a specific treatment period of tumor ablation is required to control and decrease the damage of surrounding healthy tissue to ensure a safe operation without any risk.
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1. Introduction


A high rate of disorders and a stressful lifestyle in advanced society causes several dangerous diseases that increase the demand for progress in nanotechnology applications as alternative processes for treatment in order to shield and assist the shaping of people lives [1,2]. Despite many serious and epidemic diseases around the world, such as COVID-19 and avian influenza, cancer tumors represent one of the most severe illnesses and is attributed to the unexpected mutation of healthy tissue [3]. Actually, this disease induces a huge number of human deaths around the world (10 million in 2020), which require significant amounts of resources and medical care. Furthermore, cancer can impose multiple disorders and pressures on health systems, which affects the response of health care facilities, the loss of medical equipment and logistics, and the capacity of services due to insufficient resources [4]. Other than the economic effects, many researchers report that cancer causes serious debilitating events associated with the impairment of certain neurological functions and psycho-emotional behavioral disorders that require urgent treatment and ongoing rehabilitation [5]. Generally, it is quite complicate to identify the pathogenic factors of this illness that can be attributed to the impact of external carcinogens factors on the genetic system [6]. The high diversity of etiological parameters increases the risk of cell mutation, such as heavy alcohol intake, chronic inflammation, smoking, unhealthy diet, genetic factors, and environmental risk factors. Recently, it was shown that this disease statistically accounted for 1.8 million deaths in 2020, proving that lung cancer is the most harmful form of tumor worldwide due to a lack of diagnostic services, low awareness, and high infection rate (as well as factors such as smoking, pollution) [7]. Although infection by cancer is possible in any part of the lung cell, 95% of lung cancer is associated with epithelial cell and alveolar sac mutation.



Therefore, early specification and detection analyses using diagnostic process involving clinical exams, such as magnetic resonance imaging and ultrasound imaging, can guide efficient treatment and evacuation [8]. All effective strategies based on detection devices offer quantitative measurement and potential visualization for soft tissue at an n-dimension resolution without any risk of metathesis related to lung cancer. The analysis and detection phase is important for assessing and setting an appropriate process in the treatment and to avoid the dangerous impact of traditional surgery in many complicated situations associated with patient capacity and tumor structure. In recent years, cancer treatment has been a popular research topic and has received a huge amount of scientific attention worldwide in order to find more efficient new systems for different complex situations, such as hyperthermia [9]. This has resulted in a non-surgical intervention consisting of a cascading effect of heating at a defined level, contributing significantly to increases in the temperature and related agitation of water molecules that allowed a lesion in the cancer cell membrane, inhibiting its growth and proliferation [10]. Therefore, the exposed amount of heat and its derived temperature level are highly important parameters that should be manipulated adequately to avoid the full damage of tumor tissue and to protect normal tissue. In contrast, to prudently control the secondary effects during fever therapy associated with the dissipated amount of heat, a different system and design of clinical hyperthermia based on electromagnetic microwaves known as the thermal ablation technique has been developed [11]. Heat transfer induced by electromagnetic waves has applications in various fields, such as communications [12], medicine [13], food industry [14], and manufacturing [15]. However, in medicine, one of the main applications of electromagnetic wave radiation is as a heat source and as a means of delivering powerful energy to parts of the human body in applications such as in cardiology, benign prostatic hyperplasia (BPH), tumor ablation, endometrial ablation, liposuction, microwave balloon angioplasty, the microwave treatment of microbial infections, and drug delivery [16,17,18]. However, different parameters such as structure, size, and location of the tumor are essential for inserting one or more specific antenna into infected tissue, which can be used to improve the performance and the quality of the electromagnetic microwave effect. With the use of thermal ablation in primary healthcare clinics, a real challenge today is to achieve the best optimal treatment strategy with the appropriate target temperature and more accurate target location [19].



There is still much room for cancer treatment improvement and necessary techniques for its development using different designs—the most motivating is the ablative family, including irreversible electroporation, radiofrequency ablation (RFA), and microwave ablation (MWA) [20]. Recent clinical results discussed in many theoretical and experimental papers prove that microwave ablation (MWA) could be the future of appropriate devices for new strategy treatment and development in the field of tumor ablation [21,22]. MWA technology has several benefits compared with other systems, such as higher constant intra-tumoral temperatures, high convection profile, faster ablation times, and the capacity to treat multiple lesions using multiple probes simultaneously [23].



The study in Ref. [24] reported that the basic designs of antenna (dipole, monopole, and slot antennas) caused backward heating as a result of the unbalanced antenna structure. The study showed the performance of MWA and the efficiency of energy delivery to be dependent on the geometric form and the structure of antenna. Furthermore, different studies show that backward heating can be restrained using the new inner structure of antenna composed of a choke or sleeve, as reported in Ref. [25]. Moreover, Ref. [26] proves that slots improve the radiation properties of antennas and can be a solution for backward heating. The authors of Ref. [27] studied and analyzed the microwave ablation method using a computational approach based on finite element analysis to improve the performance of lung cancer treatment. The study [27] confirms that the treated cell area are localized around the antenna slot and tip. In Ref. [28], it is reclaimed that the structure of the antenna can enhanced the microwave effect [23]. They also demonstrate, using numeric and experimental data, that the antenna with tri-slot design is more efficient compared to that with single-slot at a 433 MHz operating frequency. In Ref. [29] the MWA response was modeled using coaxial antenna with a single-slot at different frequencies and conclude that 2.45 GHz represents the higher frequency for therapy process. Several computational studies missed numerous parameters in the applied model, such as tissue water vaporization and shrinkage. In Ref. [30] the effect of the electrical conductivity and temperature feature on lung treatment is studied using the MWA technique. In Ref. [31] the lung tissue-containing tumor is modeled based on the finite element process and heat transfer model into porous media. They evaluated the microwave ablation of lung tumors and confirmed the proportionality trend of tumor and the power of ablation effect.



The computer modeling system represents a powerful method for treating cancerous tumor cells and offers an effective procedure for development. In preparation for surgery, theoretical models become an investigative method to understand the process inside the cancer and to optimize the best modality for a safe microwave ablation strategy. This paper reports a modeling analysis of electromagnetic (EM) wave impact in lung cell treatment using a 2D (two-dimensional) numerical model and finite element process. Different equations and approximations such as Maxwell and bioheat equations are applied to predict the distribution of the electric field and the temperature associated with the heat flux. Furthermore, different factors are analyzed, such as the fraction of necrotic tissue, SAR, and the input microwave power. In addition, a proportional–integral–derivative (PID) controller is applied to estimate the input power and the temperature which was not previously fixed.




2. Model and Methods


2.1. Model Geometry


The designed micro-coaxial slot antenna (MCA) was inserted into the cancer tumor to radiate the MW energy and to produce an extended heated zone for use in lung cancer treatment. The absorbed energy, induced by the electromagnetic field effect, was propagated into the lung cells and converted to thermal energy, which produced a dissipating heat in the lung tissue. Moreover, this process causes a rise in the tissue temperature to 50 °C or above, which can destroy cancer cells. Therefore, a programmable temperature-controlled based on the PID controller was used to control and manipulate the variable power source. This component moderates the variable power source to reach the allowable temperature rise, at which point, the necrosis occurs. Several parameters of the antenna also play crucial roles in its functionality and performance, such as the antenna frequency (2.45 GHz) and the relative permittivity of the dielectric material and catheter with values of 2.03 and 2.1, respectively.



The processes of the lung ablation-developed model principally involved MWA design and the lung tumor cells, including a MW power source and a single MCA, which is encapsulated in a plastic catheter with a diameter of 0.895 mm. In addition, the proposed form is composed of an inner conductor and a dielectric material with diameters of 0.135 mm and 0.335 mm, respectively, while an outer conductor contains a slot with a diameter of 0.460 mm, as is shown in Figure 1. As proposed in Refs. [26,32], the lung cell was considered to have a cylindrical form with height and radius values of 80 mm and 30 mm, respectively. Meanwhile, the spherical shape of the cancer cell in the lung was characterized by a radius value of 10 mm [27].




2.2. Mathematical Model


2.2.1. Heat Transfer Field


There are many models used in the literature that describe the heat transport phenomena in perfused biological tissues and organs such as Penne’s bioheat model, the porous model, and the Darcy–Brinkman porous model. These are used in a wide range of applications. A review of several models available in the literature is given in Ref. [33]. In Ref. [34], a sophisticated bioheat model based on the theory of porous media have been used. Some issues related to blood perfusion have been extensively discussed [34]. In the present study, the Penne’s model [35,36] is used.



The temperature profile of the lung cell was estimated to determine the relative heat using the bioheat equation as follows [37]:


  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  ,   k = 0.39   W / m · K  ,        C   p   = 3886   J k   g   − 1     K   − 1   , a n d   ρ = 385   k g .   m   − 3     denote the temperature, the thermal conductivity, the specific heat capacity, and the density of the human cell, respectively; while     T   b    ,     ρ   b   = 1060   k g ·   m   − 3    ,        C   b   = 3639   J k   g   − 1     K   − 1    , and     ω   b     represent the temperature, the density, the specific heat capacity, and the perfusion rate of blood, respectively. t denotes the time. In this paper, the blood temperature is assumed to have a value of     T   b   = 37   ° C   and the blood perfusion rate is     ω   b   = 0.0036     s   − 1     [27].



The left-hand side of Equation (1) is associated with the transient term, while the first and second terms on the right-hand side of Equation (1) define the heat conduction and dissipation of the blood flow, respectively. In addition, the term     Q   m e t a     represents the metabolism heat source, which can be neglected in the current study, while the external heat source defined by the term     Q   e x t      is related to the resistive heat of the EM wave defined by the following equation:


    Q   e x t   =   σ   2         E   0       2   ,  



(2)




where     E   0     represents the electric field amplitude created by the inserted MCA and   σ   represent the electric conductivity of the lung tissue (in S/m). The factor ½ should be taken into account in Equation (2) in order to take into account the averaging of the data in the sinusoidal mode.



This applied electromagnetic wave energy absorbed into the lung tissue produced an internal heat generation leads to an increase in lung temperature. This process is basically dependent on the external energy provided by the unit mass of the tissue, which can be defined as the SAR [38]:


  S A R =     Q   e x t     ρ   =   σ   2 ρ         E   0       2   .  



(3)







In this study, the thermophysical [39] and dielectric [40] properties for both lung tissue and tumor are considered to be temperature-independent.




2.2.2. Electromagnetic Field


MW ablation system represents an important technique for producing a large enough ablation zone and a rise in the temperature in the tumor tissue in order to destroy the cancer cells. For this reason, an MCA was inserted into the lung cell to generate the input MW power and create an electromagnetic wave responsible for killing the tumor. It was uncovered that the antenna generates an axisymmetric wave modes propagation (i.e., the magnetic and electric field components of the wave each is independent of the azimuthal angle (ϕ)) and characterized by transverse magnetic fields. In this context, the propagation of the magnetic field has only an azimuthal direction and follows the relationship,


  H =   H   φ     e   φ ,    



(4)




where     e   φ     represents the unit vector, which can be defined by cylindrical coordinates:


    H   φ   =   H   0   ( r , z )   e   j ( ω t − k z )   ,  



(5)




where   ω    represents the angular frequency of the wave and k is the wave number.



The wave equation is defined by the expression as follows:


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



(6)




where     ε   0   = 8.8542 ×   10   − 12     F/m represents the vacuum permittivity and c denotes the speed of light. The configuration of the electric field in cylindrical symmetry is represented using the following coordinate system [41,42]:


          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   .        



(7)








2.2.3. Thermal Damage Equation


The method of assessing human tissue destruction using thermal damage system has been quantified and described by employing a first-order Arrhenius rate expression [43]:


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



(8)




where A (in 1/s) represents the frequency parameters,   T   represents the absolute temperature,   R   denotes the gas constant,     E   a     (in J/mol) is the activation energy, leading to irreversible thermal damage depending upon the tissue type.   α   denotes the degree of tissue damage and estimates the variation in the stored energy amount in the body over time. In this study, the aforementioned quantities refer to the values used:   A = 1.18 ×   10   44     1/s,   R = 8.314    J/mol∙K, and     E   a   = 3.02 ×   10   5     J/mol [44].



Then, the fraction     θ   d      of tissue necrosis is predicted using the parameter   α   as follows [45]:


    θ   d   = 1 −   e   − α   .  



(9)








2.2.4. Temperature-Controlled MWA


During MWA therapy, the accuracy of temperature represents significant parameters in clinical treatment that should be controlled in order to eradicate any adverse impacts and improve efficiency. Actually, the control of temperature behavior should be monitored in real-time to minimize the destruction rate of the surrounding biologic tissues. In the present system, to keep and track the target tip temperature (    T   t i p    ) when it is less than the pre-set temperature (    T   s e t    ) during MWA, the input MW power source is evaluated using a temperature-controlled program modeled using the incorporate the PID controller, as shown in Figure 2.



The input MW power is estimated as


    P   i n     t   =   K   P       T   s e t   −   T   t i p     +   K   I     ∫  0   t    (   T   s e t   −   T   t i p     ) d t +   K   D     ∂   ∂ t       T   s e t   −   T   t i p     ,  



(10)




where     K   I    ,     K   P    , and     K   D     are the integral, proportional, and derivative coefficients, respectively. Here, it is assumed that the coefficients take the values of     K   P   = 0.17  ,     K   I   = 0.0045  , and     K   D   = 0   [46] and that the pre-set temperature,     T   s e t   ,   varies within the range of 60 °C to 90 °C.



Many experimental and theoretical studies have been performed to analyze the efficacy of temperature-controlled radiofrequency ablation (RFA) in different tissues using PID controllers [43,44]. A complete PID controller with a constant     K   D   ≠ 0   is planned to be investigated in a future work; in particular, the effect of     K   D     will be analyzed.



In Ref. [47], a study was carried out to provide comprehensive information on the relationship between RF waveforms and the thermodynamic response of the tissue with the consideration of four different types of RF waveforms (half-sine, half-square, half-exponential, and damped-sine) to maximize the amount of tumor tissue removed while maintaining the advantages of RF ablation.



In Ref. [48], the authors studied the differences between continuous and short-pulse mode microwave ablation (MWA). Their computational models predicted that the characteristics of the coagulation zone created by continuous and pulsed MWA show no significant differences from ex vivo experiments and computer simulations.





2.3. Boundary Conditions


During the numerical simulation, boundaries conditions that are attributed to the electromagnetic field propagation and the related heat transfer equation were utilized.



2.3.1. Boundary Conditions for Heat Transfer Field Analysis


As the heat distribution analysis is considered in the lung organ only, the appropriate boundary conditions implicated in the heat transfer equations can be described as follows:




	i

	
The surrounding healthy lung tissue is considered as an insulation condition   n ·   k ∇ T   = 0  .




	ii

	
An axial symmetry boundary condition at   r = 0    is adopted.




	iii

	
The presence of continuous heat flux through the cancer and the lung tissue is assumed, which can be expressed by   n ·     k   l i v e r   ∇   T   l i v e r   ) = n · (   k   t u m o r   ∇   T   t u m o r      .









A constant temperature with a value of   T ( t = 0 , r , z ) = 37   ° C   is assumed for the initial resolution of the heat transfer calculation.




2.3.2. Boundary Conditions for Electromagnetic Field Analysis


MCA was inserted into the lung tissue to deliver the EM energy in MW therapy, which is also governed by inlet power density. For this reason, one should include an important variable in the analyses related to the input MW power, namely     P   i n    , which is estimated by the PID controller. Furthermore:




	i

	
In this model, it is assumed that the z-axis represents a symmetry axis:



    E   r   ( t , r = 0 , z )   and     ∂   E   z     ∂ r   ( t , r = 0 , z )  .




	ii

	
The scattering boundary condition is applied along the outer side of the lung   ( z = 0   or   z = 80   m m   or   r = 30   m )  .




	iii

	
The walls of the antenna with the values   r = 0.47   m m   or   r = 0.135   m m   or   r = 0.594   m m   are computed as perfect metal conductors:   n · E = 0  .




	iv

	
At the tumor–lung interface, the continuity behavior of the tangential component of the electric field     E  →     is imposed by   n ∧ (   E   l i v e r   −   E   t u m o r   ) = 0  .











2.4. Numerical Method and Verification of Simulation Model


The computational model applied in this analysis is implemented to explain MWA system and its potential effect in tumor lung tissues treatment with the respect to different parameters and factor such as energy, temperature, and power. The modeling is carried out using the Galerkin finite element approach [49]. In addition to the preliminary results, the computing scheme using 5813 triangular geometric pieces across the 2D domain, containing the optimized reaction surface and electrode components, are depicted in Figure 3a. To demonstrate that convergence has occurred and that the estimated values are independent of mesh size, Figure 3b shows the temperature within tissue for multiple mesh grids, namely 5813, 10,928, 14,264, and 17,664 elements. The resulting versions with varying element counts are quite similar.



The adopted mesh and time-step allow to track the space and time evolutions of the temperature with an acceptable precision.



The main output data predicted from the bioheat model were compared to the experimental profiles collected and analyzed in Ref. [50] in order to check the accuracy of the mathematical model.



During the MWA process, the numerical validation of temperature distribution in the lung tissue is available in our pervious study [42].



One can find that the discrepancies between the theoretical results obtained here using the present model and the experimental data curves achieved in Ref. [50] are quite close, that proves that the limited differences method is satisfactory enough. This proves also the reliability of the model considered here.





3. Results and Discussion


The propagation of the thermal energy during the heat therapy induces an increase in the temperature into the lung tissue, which may exceed 50 °C and consequently yield an excessive distribution of the energy into the whole tissue [51]. However, the transplanted micro-antenna in the tumor heats up the cancer cell directly. Therefore, the best cancer therapy considers the dose of thermal energy amount distributed only in the cancer tissue in order to conserve the healthy cells. One of the challenges faced is the need to evacuate the MW energy generated by the antenna to avoid the risk of the healthy cell damage related to overheating when the temperature approaches 100 °C. As a result, it is essential to control the applied temperature within the cancer cell which should not exceed a certain level. That said, the purpose of this research is to study the electro-thermal behavior of MWA using numerical simulations. Taking into account the heating rate during the ablation treatment process, the temperature data acquired at each control point provide precious information to develop a most useful tool for cancer treatment. As a result, some critical points in the system to be analyzed in order to control the temperature distribution related to the antenna and cancer frontier.



3.1. Effect of Target Tip Temperature on the Applied Input Power during MWA


As explained above, an accurate knowledge of the target tip temperature is essential for the present study. Therefore, the input MWA needs to be estimated. There are important points that should be considered in regard to the controlled of temperature during MWA, namely P1 (r = 0.895 mm, z = 18 mm), the limit of the antenna, and P2 (r = 7 mm, z = 18 mm), the limit of the tumor. Figure 4 illustrates the time dependency of the input power data for several target tip temperature values at the two positions, P1 and P2. One can see that the input microwave power rises with the increase of the temperature in the range of 60 °C to 90 °C. Actually, the heat propagation in the biological tissue induces a variable feature of the input microwave power, which tends gradually toward a uniform value affected by the target tip temperature. For a particular target tip temperature, the estimated value of maximum power exhibits a significant change between the two points in terms of temperature control.




3.2. Effect of Target Tip Temperature on Temperature during MWA


The MWA process has many benefits, particularly compared to other ablation techniques, and represents the most effective way to treat cancer cells without bringing whatever damage to healthy cells through overheating. To predict and moderate the MWA-technique efficiency and to control the applied heat of thermal doses, the temperature profile should be taken into consideration. Significant research efforts have been conducted in order to improve the required temperature in this process and to accurately predict the outcomes of thermal energy [43,44,50]. Generally, the amount of thermal energy applied in cancer therapy is attributed to different critical parameters, such as the effect of tumor cell temperature, tissue temperature, and the electrical conductivity during tumor ablation application.



Figure 5 shows the time dependence of the ablation temperature under several target temperatures at points P1 and P2. As one would expect, the variations in temperature data as a function of the target temperature at P1 and P2, accounting for computational models, indicate a linear behavior attributed to the source term and the small duration of ablation. One notices quite a fast initial response at each temperature accompanied by a rapid increase, which can be explained using the properties of the cancer cell and the surrounding tissue. Further increase in the time yields a visible asymptotic value of the obtained data related to the temperature and the contribution of the blood effect. In addition, a dynamic response raises the blood flow and its perfusion, which imposes a counterbalance of the external factor. The numerical predictions also show divergences in the features and prove the effect and the contribution of tissue properties on the temperature during MWA. Moreover, the position P1 requires less time in the heating period to reach saturation compared to the position P2 what confirms that the optimal duration depends on the position.




3.3. Effect of Target Tip Temperature on SAR


The electromagnetic wave absorption of the human body has been extensively investigated in order to determine its response on the MWA process using SAR (in Wkg−1). This parameter represents important information that serves to quantify the effect of the EM waves on the biological tissues and can be directly estimated from the ratio of absorbed heat energy and tissue density. Figure 6 shows the calculations of the SAR as a function of the insertion depth, z, and the temperature at the two positions (r1 = 0.895 mm and r2 = 7 mm) with several target tip temperatures. It should be noted that in Figure 6a, the two peaks occur. The first peak is situated in the vicinity of the slot antenna whereas the second peak is situated near the bottom of the antenna. Moreover, one can see that the SAR curve performs a similar behavior for all measured temperatures, the feature which can be explained on the basis of the thermal activation energies framework. To note is that the level of the SAR rises slightly along the axis parallel to the MCA and achieves its highest values near the slot, consistent with earlier results [41]. Finally, a hyperbolic decrease in the behavior of the SAR curve can be observed with the increase in the antenna insertion into human body at the depth z. This process confirms that the SAR distribution depends on the target location temperature. At high temperatures, the SAR values inside the lung tissue were obtained to be larger than those at the surface indicating that the high capacity of the energy absorption by the human body is related to the depth z and the temperature value.




3.4. Effect of Target Tip Temperature on the Fraction of Necrotic Tissue


Figure 7 shows the MWA time dependence of the simulated necrotic tissue data under several different target tip temperatures. As expected, when increasing the MWA period, one can see that at each temperature, the theoretical curves of damage tissue rise quite slowly and reach a saturation value associated with the required time for complete cancer destruction. These findings suggest that temperature has an important effect on the treatment of tumors and prove that the resulting damage is influenced by the treated position due to the physical properties of the human tissue. Another factor to take into consideration regarding the ablation process is related to the delay in response for a few seconds before the damage, which can be associated with the tissue nature and the starting target temperature level. In addition, the increase in the target tip temperature ultimately leads to a decrease in the initiation–damage time symptoms, and its highest rate corresponds to the earliest response onset. This phenomenon is attributed to the contribution of the target tip temperatures and applied input voltage as the two proportional factors responsible for the necrosis initiation time. On the other hand, the damage at P1 tended to occur earlier compared to that at P2 what implies that the position and tissue properties indeed play crucial roles in the cancer tumor destruction. It is worth noting that the analysis with the present parameters allows the setting of an efficient ablation period in the absence of the destruction of any healthy cells.





4. Conclusions


Numerical modeling and its simulation were applied in this investigation to analyze and quantify different critical parameters in order to find the most significant impact of the MWA procedure in tumor cancer treatment, which depends on the treatment position. The application of the EM wave across the lung tumors affords a conductive and convective heat transfer used in the therapy system. Here, the simulation and theoretical calculations using the finite element method were performed to supply the a priori information required for safe and reliable treatment via a thermo-electrical interaction system. Different critical parameters were analyzed and studied in order to evaluate and then improve the efficiency of the MWA process, in terms of, e.g., the number of necrotic tumor cells, the temperature distribution profile, the SAR, and the absorbed microwave power density. The biophysical and thermo-electrical properties of the tissue demonstrated different features for the analyzed parameters. Moreover, the electromagnetic wave was found to be influenced by the treatment position (inside/on surface) and the intrinsic behavior of the tissue were shown to be related to the temperature and the blood flow. The study shows that the intrinsic properties of each position and the required time for treatment should be known in order to achieve the optimal operation and high performance of MWA. As well the target temperature position and the temperature value were shown to affect SAR behavior.



Let us note that, in the presented investigation, the tumor was considered a sphere with a 10 mm radius. The effects of the shape and size of a tumor to be investigated in further studies. As well, the future research on the topic considered include, for example, a consideration applying other bioheat models, use of a more complete PID controller, investigations of 2D and 3D temperature distributions.
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Figure 1. Schematic view of the microwave ablation system design. 
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Figure 2. The MWA process and PID controller systems used in the present study. See text for details. 
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Figure 3. (a) Representation of the two-dimensional domain meshing. (b) Temporal evolution of the temperature during thermal ablation for several mesh grids. 
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Figure 4. Effect of the target tip temperature   T   (60 °C to 90 °C) on PID-controlled input microwave power, Pin (see Equation (10)), at two measurement points (a) P1 (the limit in the antenna) and (b) P2 (the limit in the tumor). 
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Figure 5. Temporal evolution of temperature at the measurement points (a) P1 and (b) P2 for different tip temperatures as indicated. 
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Figure 6. Effect of the target tip temperature   T   on the SAR (see Equation (3)) along the z-axis at   t = 600   s   at the measurement points (a) P1 and (b) P2. 
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Figure 7. Temporal evolution of the fraction of necrotic tissue during thermal ablation at the measurement points (a) P1 and (b) P2 at different tip temperatures as indicated. 






Figure 7. Temporal evolution of the fraction of necrotic tissue during thermal ablation at the measurement points (a) P1 and (b) P2 at different tip temperatures as indicated.



[image: Physics 06 00012 g007]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg
(b)

®

33 § 3

Tene )





media/file4.png
\ 4

MWA Tout
controHer system

Feedback






nav.xhtml


  physics-06-00012


  
    		
      physics-06-00012
    


  




  





media/file2.png
Lung tumor

Catheter t
Outer conductor

Diclectric Normal tissue N el

Inner conductor Simulation

Temperature evolution

80 mm l

Tumor

Ablation Time

30 mm ——— >






media/file5.jpg
(@)

Temperature (°C)

0

s

“

m

—— 5813 elements
© 10928 clements
414264 clements
v 17664 cements

F T I
Ablation Time (5)






media/file3.jpg
PID

out

controller

Feedback

MWA
system






media/file1.jpg