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Abstract

Hyperthermia treatment planning requires information technology and management to provide best quality of medical tumor treatment. Radiofrequency ablation (RFA) has been recognized as one of promising minimally invasive liver tumor treatment around the world. The purpose of this study is to present 3-D visual computer simulation for tumor treatment planning and to evaluate the impact of NaCl injected saline solution (which electrical conductivity is higher and could enlarge thermal lesion volume through RFA) on treated tumor tissue by internally-cooled radiofrequency ablation electrode in liver tumor.  The temperature required to ablate tumor cells is approximate conservatively at least 55 ℃ and thus was set as a threshold to measure lesion size. As to computer models, the mathematical equations use Laplace equation of electric field calculation, and Bio-heat transfer equation of calculation temperature field. Numerical methods will consider Gauss-Seidel iteration to obtain 3-D transient finite difference solutions of a set of partial differential equations. Static internally-cooled water temperature condition is implemented in numerical iterations. 
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I. Introduction

Radiofrequency ablation (RFA) is a minimum invasive and localized treatment designed to destroy tumors by heating tissue to temperatures that exceed 55
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. It has received increased attention as an effective minimally invasive approach for the treatment of patients with a variety of primary and secondary malignant neoplasms [1].  One potential strategy to increase the efficacy of RF ablation is to modulate the biologic environment of treated tissues [2]. Along these lines, several investigators [3-5] have demonstrated the possibility of increasing RF tissue heating and coagulation during RF ablation by injecting saline or other NaCl solutions into the tissues during RF application. With advance computer technology availability at present, information technology and management are used to analyze the RFA tumor treatment through computer simulation and visualization. The analyzed results could assist physicians in cancer treatment planning and managing useful data through information technology. Thus, the objective of this study is to analyze the impact of NaCl solution on thermal lesion formation in liver through computer simulation and 3-D visualization 
II. Methods
2.1 Formulation of the problem
The computer model was set up to investigate the present study. Figure 1(a) showed a cubic geometry with dimensions: 80-mm by 80-mm by 80-mm in (W, D and H) illustrating the computational domain of the study. Within the domain, three internally-cooled electrodes have inserted along the z-direction, with active-tip exposures into the central area of the domain. Figure 1(b) showed the central x-z plane illustrating two internally-cooled electrodes along the z-direction with same electrode tip exposure length, and the two electrodes have electrode spacing between them. The computational domain is designed to be sufficiently large to capture the local heat treatment of RF electrodes at the center.
The single cylindrical Radiofrequency (RF) cool-tip electrode is placed at the center of the cube, with a 1.5-mm in diameter and a length 2.0 -cm exposure in the z-direction. RF electrode's material properties and electrical conductivity are set according to Tungjitkusolmun’s paper [27]. The blood perfusion rate is uniformly distributed in the domain. To well capture multiple-electrode overlapping thermal impacts, the electrodes run in the z-direction which is parallel to the z-axis in the studies.  And, the electrodes’ active tip exposures located at the center area of the domain, generated electrical flow out to the dispersive ground pad (0 V) at the outer domain boundaries through resistive tissue media. The flow chart of computational model is shown in Figure 2. A detailed description of the maximum temperature index (Tmax), which is another form of setting power density in RFA will be described in Section 2.3. And, the threshold temperature is used to estimate the coagulation necrosis zone volume described in Section 2.4. 

2.2. Computational flow chart and power scheme under RFA
The computational flow for RF ablation with single electrode is shown in Figure 2(a). Mathematical partial differential equations were solved to calculate power depositions around RF electrode, and tissue temperatures. Iterative electrical power will be added during heating process (i.e. numerical computation) until Tmax reached and then thermal lesion formation obtained. For multiple-electrode RFA treatments, a switching controller is needed to power each electrode one at a time with short duration (normally 30 sec [12]). For computational model, an independent RF electrode is assumed for multiple-electrode RF heating configuration system. Overlapping heating zone is formed by adding energy contribution from each electrode in the system. Figure 2(a) showed computational flow chart of calculating thermal lesion formation under single RF heating. And, Figure 2(b) showed with considering multiple-electrode RFA heating process, the additional switching controller is needed to direct electrical power to one RF electrode at a time. At present, commercial RF system could provide up to three electrodes in thermal ablations.
2.3 Maximum temperature heating limit indicator (Tmax) 


To limit excessive dissipated power deposition in thermal lesions through electrical current, the maximum temperature heating limit indicator (Tmax) is introduced in the studies. It represents temperature-controlled heating process. Tmax is defined as the temperature is approaching to Tmax in thermal lesion, but less than Tmax within a small range (i.e. Tmax is that the temperature is near but not exceeding Tmax). That is,
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where ε is the precision error, and is set to 1.5 ℃. The introduction of disturbance is reasonable in computational model. Equations 1 and 2 state that continuous incremental electrical power deposition stopped as any temperature in thermal lesion approximately reached Tmax within a ε distance. 

2.4. Thermal lesion region boundary indication (Tband) and thermal lesion threshold temperature (Tthresh)

To effectively treat the target region and be able to estimate the thermal lesion, visual analyzing thermal lesion plays a significant role in successfully managing RFA treatment. Conventionally, temperatures above 50-54 
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 for 4-6 minutes are required to kill cancerous cells during RF heating [29]. To cause tissue cell destruction for RFA by producing heat energy, some thought raising the temperature of tissue to greater than 50
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 – 54
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[30, 31]. Some stated the threshold temperature for tissues to be ablated is 60
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 [2]. The threshold temperature, 55
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, is assumed to kill cancerous cells in the study. To graphically view the thermal lesion in temperature contour plots, a lesion region boundary indicator (Tband) (i.e. color band) is used. There are two indicators in contour plots: one is very close to the cool-tip electrode and not easy to detect due to high thermal gradient. The other one locates further away from the electrode and can be easily detected. Here the latter indicator is defined as the following: Tband is a temperature band with color in grey, which indicates temperatures in between 55
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 and 60
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. That is 55
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 ≦ Tband ≦ 60
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. In a simple case without disturbances from blood vessel, the inward boundary of the Tband towards the electrode is 60 
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 and the other boundary towards the domain boundary is 55 
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 as water cooling temperature at electrode remains lower temperature than 37 
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 (i.e. 10 
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 ). The Tband indicator assists us in identifying thermal lesion size (i.e. coagulation necrosis zone volume) at present studies. 

Additionally, thermal lesion threshold temperature (Tthresh) is used in the computer model to estimate coagulation necrosis zone volume. Some argued that the threshold temperature varied with treating duration [29-31]. Since higher temperature ablations require less time to denaturalize protein. Thus, Tthresh of 55
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 and 60
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 are chosen to numerically estimate the averaging volume which is checked normally through experimental observation with variations.
2.5. Mathematical equations for the electrostatic and thermal models
The governing equations under RF heating studies are two models: tissue with blood perfusion model to calculate steady-state temperatures of tissue and the electrostatic field model is to calculate electric power deposition. Since heating temperatures during RFA rise quickly, the steady-state solution is a good approach to view thermal lesion formation [24]. Constant thermal and electrical properties are assumed.  First, the electric field is solved and following boundary conditions are set. (a) Ground potential (0 V) at the outer cube boundary.  (b) Potential V at the conductor, resulting in constant current density J(r0) = J0 at the conductor surface (r = r0).  From the law of charge preservation, the current at a radius r as a function of the current at the conductor surface, J0, that is:
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And, electrostatic equation is used to calculate dissipated power density (pe). That is,
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For simplicity to obtain total current, system time-average electrical resistant is assumed constant. As a result, Tmax is maximum temperature which is allowed to have continual electrical power added in the system and thus define the thermal lesion size. After obtaining the power pe, the Pennes bio-heat transfer equation is used to calculate tissue temperatures. That is,
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where k, cb, wb, and pe are thermal conductivity of soft tissue, specific heat of blood, blood perfusion rate and absorbed thermal power density, respectively. The metabolism effect is neglected in the bio-heat equation due to its limited effect on temperature distribution during heat treatment.
2.6. Numerical model


The computer model is numerically solved by finite difference method. The numerical scheme used to calculate the temperatures is a black and red finite difference SOR method [32]. It is a robust scheme with convergence and accuracy. And, the numerical scheme to calculate temperatures around and at cylindrical RF probe tip is a one-node approach [33]. The electrical power heating in confluent lesion is by adding up all contributing power from each electrode of the multiple-electrode RFA system. Since each electrode is independent at present system. The numerical details and validation were described by Chen and Huang [33, 34].  The thermal resistances around the circular vessels were calculated using the logarithmic resistance approach as described by Chen and Roemer [35]. The property values used in treated tissues are k = 0.5 W/
[image: image22.wmf]3

m

/
[image: image23.wmf]C

o

, c = 
[image: image24.wmf]b

c

= 4000 J/kg/
[image: image25.wmf]C

o

and 
[image: image26.wmf]r

= 1000kg/
[image: image27.wmf]3

m

. In all cases, a finite difference nodal spacing of 1-mm is used. Test results with a nodal spacing of 1mm for test cases using either the arterial vessel network (when no veins are present) or the countercurrent vessel network [36] showed no significant differences with the results of the comparable 2-mm nodal spacing models.  The boundary temperature is set to 37
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 at the outer cubic surfaces. The internally-cooled electrode water temperature is kept at constant 10
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III. RESULTS
For simplicity, tumor and normal tissue properties are the same tissue element (Table 1) at present. Material properties used in computational model throughout the studies, unless notified, are described in Table 1. All case studies presented here are to highlight the capability of the simulator in estimating internally-cooled multiple-electrode radiofrequency ablation (RFA) thermal lesion formation, such as impacts of tip exposure length, electrode spacing and different Tmax. Practical liver blood perfusion rate of 6.4 (kgm−3 s−1) [37 and 38] is used. In all cases unless notified, Tmax = 100
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 Tthresh = 55 
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 and WCT (water cooling temperature) = 10 
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 are used.

3.1 Three-dimensional thermal lesion volume with 1 mL cubic bolus at the center case 

Figure 1 showed three dimensional thermal lesion volume formation indicated by grey color which showed temperature above 55℃and less than 100 ℃. The volume is formed when the maximum tissue temperature of 100 ℃ is reached. Uniform electrical conductivity of tissue distribution is 0.333 s/m for liver except (1mL) cubic bolus at the center by saline injection with (a) 0.333 (b)0.666 (c) 1.0 (d) 1.7 (e)4.5 and (f) 25.0. 
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(a)  0.333                                   (b) 0.666
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(c) 1.0                                      (d) 1.7
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(e) 4.5                                      (f) 25.0
Figure 1 Three dimensional thermal lesion volume formation indicated by grey color which showed temperature above 55℃and less than 100 ℃. The volume is formed when the maximum tissue temperature of 100 ℃ is reached. Uniform electrical conductivity of tissue distribution is 0.333 s/m for liver except (1mL) cubic bolus at the center by saline injection with (a) 0.333 (b)0.666 (c) 1.0 (d) 1.7 (e)4.5 and (f) 25.0.

The slice plane in blue at the center cut the volume into two halves. The blue plane highlighted higher electrical conductivity of intraparenchymal saline injection with square area at the center. The length of RFA active electrode is 2-cm along the z-direction and its temperature is maintained at 10 ℃ as can be seen in figures for higher tissue electrical conductivity cases. 
3.2 Three-dimensional thermal lesion volume with 1 mL cubic bolus at the center case but the reduced electrical conductivity is used. 
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(a) 0.333








   (b) 0.167

Figure 2 The comparison of thermal lesion volume when the cubic bolus of 1mL saline injection solution at the center with different electrical conductivity of (a) 0.333 and (b) 0.167 s/m.  
3.3 Three-dimensional thermal lesion volume with 1 mL cubic bolus at the center case with the electrical conductivity of 25.0 s/m is used. 
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Figure 3 The central plane cut of the lesion volume for the 1mL cubic bolus of saline injection at the center case. The electical conductivity of saline solution is 25.0 s/m. This figure showed open iso-surfaces of different temperatures formation by interally-cooled electrode during RFA.
3.4 Thermal lesion volume and electrical potential required to reach maximum tissue temperature of 100 ℃, 1 mL cubic bolus saline injection at the center of electrode
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Figure 4. Thermal lesion volume and electrical potential required to reach maximum tissue temperature of 100 ℃, when 1 mL cubic bolus saline solution injection at the center of electrode with uniform tissue electrical conductivity of 0.333 s/m. The volume is largest of calculated points set when the 1mL saline electrical conductivity is the same (and no less than) as tissue electrical conductivity. As the saline electrical conductivity increases, both volume and electrical potential required to reach maximum temperature of 100℃ decrease.
3.5 Thermal lesion volume and electrical potential required to reach maximum tissue temperature of 100 ℃, at various uniform tissue electrical conductivity.
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Figure 5 Intraparenchymal saline injection during RFA has significant impact on electrical potential required to ablate tumor with the maximum tissue temperature reaching 100 ℃. However, the lesion zone volume does not vary as tissue electrical conductivity increases. The electrical conductivity of liver tissue varied is assumed by continuously saline injection covering entire treated region during RFA treatments. 

IV. DIScussion and conclusion
The analysis presnted here a steady-state solution and illustrate higher electrical conductivity of tissue required lesser electrical potential to generate thermal lesion with maximum temperature of 100 ℃. The lesion volume did not vary much for uniform electrical conductivity case. However, when 1 mL NaCl saline injection solution is at the center as comed to tissue of 0.333 s/m, the volume decreased as electrical conductivity increased. From Figue 4 and Figure 5, one can expect givrn same potential difference, larger electrical conductivity could have enlarged thermal lesion volume. In future, the trainsient case will be analyzed and present.
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