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Numerous liver cancer oncologists suggest bridging therapies to limit cancer growth until donors are available. Interventional radiology including radiofrequency ablation (RFA) is one such bridging therapy. This locoregional therapy aims to produce an optimal amount of heat to kill cancer cells, where the heat is produced by a radiofrequency (RF) needle. Less experienced Interventional Radiologists (IRs) require a software-assisted smart solution to predict the optimal heat distribution as both overkilling and untreated cancer cells are problematic treatments. Therefore, two of the big three partial differential equations, 1) heat equation (Pennes, Journal of Applied Physiology, 1948, 1, 93–122) to predict the heat distribution and 2) Laplace equation (Prakash, Open Biomed. Eng. J., 2010, 4, 27–38) for electric potential along with different cell death models (O’Neill et al., Ann. Biomed. Eng., 2011, 39, 570–579) are widely used in the last three decades. However, solving two differential equations and a cell death model is computationally expensive when the number of finite compact coverings of a liver topological structure increases in millions. Since the heat source from the Joule losses Qr = σ|∇V|2 is obtained from Laplace equation σΔV = 0, it is called the Joule heat model. The traditional Joule heat model can be replaced by a point source model to obtain the heat source term. The idea behind this model is to solve σΔV = δ0 where δ0 is a Dirac-delta function. Therefore, using the fundamental solution of the Laplace equation (Evans, Partial Differential Equations, 2010) we represent the solution of the Joule heat model using an alternative model called the point source model which is given by the Gaussian distribution.
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where K and ci are obtained by using needle parameters. This model is employed in one of our software solutions called RFA Guardian (Voglreiter et al., Sci. Rep., 2018, 8, 787) which predicted the treatment outcome very well for more than 100 patients.
Keywords: radio frequency ablation, thermal planning, intervention support, Joule heat, point source model
INTRODUCTION
Radio Frequency Ablation (RFA) has been used for the treatment of focal primary and secondary liver malignancies as a minimally invasive, image-guided alternative to standard surgical resection (Berjano, 2006; Blachier et al., 2013). Computational simulations have been used to simulate the electrical thermal processes during the RFA and to predict the outcome of ablation treatment (Payne et al., 2010; Schumann et al., 2010). At the frequencies employed in RF ablation (300kHz − 1 MHz) and within the area of interest (the electrical power is deposited within a small radius around the active electrode), the tissues can be considered as a purely resistive medium, as the displacement currents are negligible. Using a quasi-static approach, the distributed heat source q (Joule loss) is given by (Doss, 1982)
[image: image]
where [image: image] and V denote respectively the current density, the electric field intensity, the electrical conductivity (S/m) and the voltage. In the literature, the voltage is assumed to be constant on the surface of the RF electrode probe needle and the potential field generated around the probe is solved numerically using the Laplace equation (Prakash, 2010)
[image: image]
Here σ is assumed to be spatially homogeneous (Panescu et al., 1995; Tungjiktkusolmun et al., 2002; Ahmed et al., 2008). This model has to be applied on a very thin probe tip. Therefore, for better accuracy in the numerical simulation, a finer mesh is required in turn increases the computational cost. Solving Equation 2 together with bioheat equation (Pennes, 1948), cell-death model (O’Neill et al., 2011) and appropriate initial and boundary conditions to provide infeasible prediction time. Moreover, the accurate position of the entire electrode probe is not always available in CT scan images. On contrary, the calculated Joule heat losses are very sensitive to the probe position (Khlebnikov and Muehl, 2010). Alternatively, if the analytical solution of the Joule heat model is known, then the computational cost could reduce. Since the analytical solution of the Joule heat model on the liver domain is not easy to obtain, independent of the whole electrode geometry in the tissue, estimating the Joule heat during the RF ablation is a better choice to reduce the computational cost.
In this study, an alternative model is proposed to represent the RFA heat deposition without the need for Joule heat computation because the tissue near the probe receives significant Joule heat whereas tissue far away from the probe receives a negligible amount of heat (Schramm et al., 2007; Haemmerich, 2010). The proposed Gaussian distributed point source model uses a few voxels containing the electrode probe to represent the RFA power deposition. This novel model is validated against conventional Joule heat computation. Further, this model is employed on retrospective clinical data for validation.
BIOHEAT EQUATION AND CELL DEATH MODEL
The RFA treatment requires the treatment prediction to kill a minimal amount of cancer cells. The bioheat equation predicts the temperature distribution around the tumour cells. The governing bioheat equation (Pennes, 1948) is given by
[image: image]
where ρ and ρb denote respectively density of the blood and tissue, C and Cb denote the heat capacity of tissue and blood respectively, k is thermal conductivity, ωb is the blood perfusion, Ta is the arterial temperature and Qr is the power source term generate by RF probe which can be calculated by the Joule heat model or estimated by the point source model as explained later. The boundary and initial conditions are given by.
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Upon solving the above equations, the temperature distribution around the cells is known. Based on the temperature distribution the cell death model (O’Neill et al., 2011) predicts the alive and dead cells.
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Here A is the fraction of alive cells, D is the fraction of the dead cells, kf and kb denote the forward and backward constants to describe the rate of change from alive cells to dead cells and vice versa. [image: image] is the scaling factor and Tk denotes the rate of the exponential increase with temperature.
Apart from obtaining the source term from either the Joule heat model or the point source model, the bioheat model is solved numerically using the finite element method on a finer mesh domain, whereas the cell-death model is solved using traditional finite difference method.
To provide justification for the point source model in place of the Joule heat model for the source term, needle geometry has to be explained. The next section explains the needle geometry and then followed by that the Joule heat model is explained.
NEEDLE GEOMETRY
The multi-array needle (Figure 1) comes with a different number of needles AngioDynamics (2022b,a) ranging from 3 to 9. In this study, we used nine arrays plus an active trocar tip AngioDynamics (2022a). During the treatment, the needle is inserted inside the organ for heating which used to be either the centre of the tumour or a point near the tumour. This point is known as the target point or the intersection point. For each needle in the array, the target point, another endpoint and the midpoint between these two are used as point sources for our model.
[image: Figure 1]FIGURE 1 | RFA needle geometry: RITA Starburst XL needle.
JOULE HEAT MODEL
In order to validate our point source model, it is necessary to compare the electric potential, the heat source term and the temperature obtained from both the Joule heat model and the point source model. We have tested our model in both two-dimension and three-dimensional models. In order to generate a proper point source model, let us first simulate the Joule heat model. The Joule heat model is simulated on unit circular and unit sphere geometry respectively on 2D and 3D. The needle is placed at the centre of the geometry. For the two-dimensional model, we have generated a finite element mesh on a circular disc where three array needle is placed at the centre of the disc as shown in Figure 2. For a three-dimensional model, finite element mesh on a sphere geometry with nine arrays needle at the centre of the sphere is generated as shown in Figure 3.
[image: Figure 2]FIGURE 2 | Two-dimensional needle geometry for case (2) (left) and adaptive finite element mesh used in the simulation. Mesh generated using Gmsh (Geuzaine and Remacle, 2020) (right).
[image: Figure 3]FIGURE 3 | 3D Geometry and adaptive finite element mesh used in the simulation. Mesh generated using Gmsh (Geuzaine and Remacle, 2020).
The governing equations of the Joule heat model is given by
[image: image]
The boundary conditions for the electric potential are the following.
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Upon solving these equations for V, we can obtain the source term for the bioheat model as follows:
[image: image]
where σ is the electrical conductivity.
ANALYTICAL DERIVATION
Geometry, electrical and thermal properties play an important role in the power deposition distribution of the treatment. Different manufacturers produce different kinds of probes for radiofrequency ablation. The study presented here is based on the RITA Starburst XL multi-array needle (Figure 1) and RITA 1500X RITA generator. However, the analytical results obtained here can also be applied to other types of ablation probes with proper changes.
Method of moments
The analysis starts by solving the charge distribution on a line conductor of finite length, a simplified geometry of the electric probe. Coulomb repulsion pushes the charge out towards the ends, just as the charge on a solid conductor flows to the surface. However, an explicit analytical solution to the charge distribution is an ill-posed problem in the scientific community (Griffiths and Li, 1996).
In the present study, our probe needle is modelled as a thin, conducting wire of length L and radius r oriented along the x axis as shown in Figure 4. Since the radius of the wire is very small, the electric (Coulomb) potential of the wire can be expressed using the following integral
[image: image]
where qe is the charge density and ɛ is the electric constant. The conducting wire is subdivided into N segments [image: image] each of length Δx and the charge density of each subsegment is assumed to have a value qj (j = 1, 2, …, N). Therefore, Equation 15 becomes
[image: image]
[image: Figure 4]FIGURE 4 | Thin conducting wire.
Let us fix the source points on the wire axis and the observation point on the wire’s surface (Gibson, 2008) which ensures that there is no singularity in the integrand. The denominator of the integrand becomes
[image: image]
Let us assume uniform charge density except for the endpoints (Andrews, 1997). Therefore, we assign the charge density as
[image: image]
Substituting qj values and Equation 17 into Equation 16, we obtain
[image: image]
It is easy to verify that
[image: image]
Under the following assumptions: [image: image] and [image: image], we evaluate the values of ϕe at x = x0 = 0 and [image: image]
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Let γq denote the ratio of charge density at the ends of the conductor (qb) to that at the remainder of the conductor (qa). Since the electric potential on the conductor is constant, using ϕe(x) = V, 0 ≤ x ≤ L on (20) and 21, we obtain
[image: image]
Let γP denote the ratio of power deposition at the ends of the conductor (Pb) to that at the remainder of the conductor (Pa). Since the power deposition(P) is proportional to square of the electric field and electric field (E) is proportional to the charge density(q), using P ∝ E2 and E ∝ q in (22) yields
[image: image]
The RITA Starburst needle has 14 gauges ([image: image]mm) outer diameter and length 10 cm. However, the manufacturer AngioDynamics (2022b) supplies various types of needles whose length varies from 10 to 25 cm. In this study, we considered L = 10 cm and r = 0.8 mm. As per our assumption, N must satisfy [image: image]. The power ratio γP increases when the number of points N increases as given in Figure 5. As the variation in the charge near the end of the needle is represented more accurately as the number of segments increases. Therefore, the power deposition of the probe can be represented by N point sources along the needle, whilst two point sources located at the two ends of the needle deliver much higher power than other N − 2 point sources. The power ratio delivered by the needle ends and the needle middle cannot be obtained directly from γ(P) by assuming N = 3 as N = 3 does not satisfy the inequality [image: image].
[image: Figure 5]FIGURE 5 | Ratio of power deposition [image: image].
Therefore, when the number of points known (k) is limited, k < N, then the power ratio can be modelled as:
[image: image]
Note that, when k = N, ηP = γP.
In the two-dimensional study, we considered three needles and divided them into the following three cases: 1) the number of point sources is four, three at the end of the tips and one at the intersection of three needles, 2) the number of point sources is seven, three located at the ends of the tips and 3 located at the middle of the tips and one at the intersection of three needles, k = 3, 3) the number of point sources is 13, three located at the end of the tips and the remaining 6 are located equally placed between the end tips and the intersection tips, k = 5. Figure 2 shows the two-dimensional geometry and the needle tips for case (2), k = 3.
For case (2), k = 3 and the power ratio from the endpoint to the midpoint is given by
[image: image]
Figure 6 plots the ratio ηP against the range of N. The value ηP decays as N increases and finally converges to approximately 1.76, which is the power ratio we propose in our point source model. Note that, the power ratio changes when the length and diameter of the needle change. For instance, when r = 0.25 mm and L = 5cm, the power ratio ηP = 1.5 as given in Figure 6. Similarly when k changes, the power ratio changes as given in Figure 7.
[image: Figure 6]FIGURE 6 | Power ratio [image: image].
[image: Figure 7]FIGURE 7 | Power ratio [image: image] for different k and r = 0.25mm, L = 5 cm.
POINT SOURCE MODEL
The Laplace equation is invariant under rotation (Evans, 2010) and hence the radial solution is found and later the following fundamental solution of the Laplace equation is derived
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defined for [image: image], where α(n) denotes the volume of the unit ball in [image: image]. However, the Laplace equation is sometimes written as
[image: image]
where δ0 denotes the Dirac measure on [image: image]. That is, the δ0 provides a unit mass to the point 0. In the point source model development, unit mass or desired mass is given to the tip of the needle. To solve the above equation mollifier is defined as follows (Evans, 2010):
[image: image]
where C is a constant selected so that [image: image].
Based on the above discussion, the point source model is developed which is given by the Gaussian distribution
[image: image]
where K and ci are obtained by using needle parameters. Here Ω denotes the geometry domain, in our case circular domain or spherical domain. In real patient cases, it is a topological liver domain. Due to the analytical derivation, we have classified the ci into two categories middle tips (green) and end tips (red) as shown in Figure 8.
[image: Figure 8]FIGURE 8 | Points selected at the middle and end of each needle-array.
For the two-dimensional geometry, the point source model is given by.
[image: image]
[image: image]
Where the values of ctip is obtained from γP. Further, the values of xtip and ytip are obtained using spline methods as follows: The parametric curve of the needle is given by
[image: image]
Where
[image: image]
For the three-dimensional geometry, the point source model is given by.
[image: image]
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In both cases, σP denotes the standard deviation for normal distribution with σP = 0.003 and
[image: image]
Here, k = 3 is considered. For k = 5, the ctip values differ.
NUMERICAL EVALUATION OF THE POINT SOURCE MODEL AND JOULE HEAT MODEL ON A 2D SIMPLIFIED MODEL
The Joule heat model is solved using the FEniCS(Dolfin 2019.2.0) (Alnæs et al., 2009), a finite element software tool, to obtain the electric potential and the source term Qr for a two-dimensional circle geometry with a radius of 3 cm. Here the centre of the circle is located at the needle-trocar intersection point. The circle is discretized using Gmsh (Geuzaine and Remacle, 2020). The discretized mesh contains 117650 triangular elements with 58965 nodes.
In order to achieve a direct comparison between these two different approaches, the total power of the point source model and the Joule heat model is set to be 150W in both cases. This is equivalent to set parameter a± = ±22.75V in the boundary conditions for the electric potential for the Joule heat model. For the point source model, the input power is considered as 150W. For k = 3, the input power values at the middle tips are 16.6W and the power values at the end tips are 25W. The values of all other parameters used in the bioheat equations are given in Table 1.
TABLE 1 | Model parameters.
[image: Table 1]Figure 9 shows the ParaView visualization of the electric potential and heat source distribution, where more heat is distributed near the tip of the needle and it decreases as the distance from the tip increases.
[image: Figure 9]FIGURE 9 | Electric potential (left) and the heat source term Qr (right) from the Joule heat model.
For the Point source model, using simple python code for the same mesh, the values are computed and plotted using ParaView. Since the point source model follows the Gaussian distribution, the nature of the distribution is evident from Figure 10.
[image: Figure 10]FIGURE 10 | The heat source term Qr from the point source model with 3 end points (left) and k = 3 (right).
The Qr value computation using the Joule heat model and the point source model is respectively 7.13 and 4.5s for each iteration. When the power value changes depending on the temperature, computation of Qr at each step is necessary. Therefore, for a 600s simulation with a 0.1s time step, it will take 11.8 h for the Joule heat model whereas 7.5 h for the point source model for Qr computation. Apart from Qr computation, we have to solve the bioheat equation and cell-death model at each time step. Since the matrix assembly and discretization are similar to the Joule heat model, for each time step, it takes 7.13s for the bioheat equation and 5.34s for the cell-death model. When the values of all parameters are constant, then FEniCS takes less time to compute the entire simulation. It takes approximately 1.5 h for the 600s ablation protocol which is due to the linear solvers. However, the power input is not constant in the practical application, therefore, the time required for the simulation while using the Joule heat model is approximately 13.3 h, whereas the point source model takes 9 h. With the help of graphics processing unit (GPU) parallelization (Mariappan et al., 2017; Voglreiter et al., 2018), it can be computed in minutes.
The heat distribution obtained by solving bioheat equation with Qr term from Joule heat model and point source model is given Figure 11. Since the point source model is an approximation model to the Joule heat model, approximately 3°C degree difference is obtained which is negligible when the mesh is finer. Further, good accordance has been found in the temperature distribution and lesion between models. The predicted lesion zone of the point source model (293.7 mm2) is 95% of the Joule heating model (308.51 mm2) for 100s simulation when k = 3. When k = 5, the predicted lesion zone volume decreases to 217.69 mm2, which is 70% of the Joule heat model volume, therefore, it is concluded that k = 3 provides the optimal lesion size. Figures 12, 13 provides the visual comparison between both dead cells.
[image: Figure 11]FIGURE 11 | Temperature distribution by using bioheat equation with the source term from the Joule heat (left) and the point source model with k = 3 (right) for 100s.
[image: Figure 12]FIGURE 12 | Dead cells obtained from temperature distribution where bioheat equation implemented with the source term from the Joule heat.
[image: Figure 13]FIGURE 13 | Dead cells obtained from temperature distribution where bioheat equation implemented with the source term from the point source model with k = 3 (middle) and with k = 5 (right) for 100s.
NUMERICAL EVALUATION OF THE POINT SOURCE MODEL AND JOULE HEAT MODEL ON A 3D MODEL
The point source model has shown significantly good agreement with the Joule heat model. The point source model is already implemented in our GPU accelerated software tool to predict the lesion in real-time. Initially, the results were compared for pig models on a retrospective dataset. For example, Figure 14 shows the comparison between the dead cells obtained from the Joule heat (8891.1 mm3) model and the point source model (7912.4 mm3), which has 91% accuracy. The model parameters are the same as the two-dimensional geometry, whereas the finite element mesh has 1486412 triangular and tetrahedral elements with 237725 points. Since the solvers are already GPU accelerated, solvers with the point source model took 600s to produce the dead cells and solvers with the Joule heat model took 1000s to produce the dead cells.
[image: Figure 14]FIGURE 14 | Dead cells by using Joule heat model (grey) and the point source model (red) for heat source term in the bioheat equation.
The point source model was already implemented in our ClinicIMPPACT project to simulate the temperature change during RFA and to predict the lesion zone (Mariappan et al., 2017; Voglreiter et al., 2018). Further, the real lesion and simulated lesions had good agreement while using the point source model during this project. The same model was used for clinical trials and found a good match. A good quantitative agreement has been reached between the model simulation and experimental measurements, which suggests that the point source model can be used as a substitute for the Joule heat computation in ablation treatment planning.
LIMITATIONS
This study has a few limitations on the model assumptions. Pennes bioheat equation has a few limitations (Nakayama and Kuwahara, 2008; Andreozzi et al., 2020) such as constant and uniform temperature instead of three temperature equations for three media (liver, vessels and tumour), other models are also used by researchers. This study uses only the Pennes bioheat equation. Since the aim of this study is to replace the Joule heat model with the point source model, the same point source model can be used in other modifications of the Pennes bioheat equation. Also, the haemodynamics fluid-structure interaction problems and the tissue contact force (Ana et al., 2018; Yan et al., 2020; Fang et al., 2022) on thermal lesion size are not taken into account in this study. These two studies could mainly impact the temperature distribution near larger vessels due to deformation. Further, the model parameters as given in Table 1 are treated as constant in this study. A few model parameters such as tissue-specific thermal conductivity (Trujillo and Berjano, 2013; Wu et al., 2016), the heat capacity of the tissue Yang et al. (2007, 2006), and blood perfusion (Schutt and Haemmerich, 2008; Singh and Melnik, 2019), can be included as temperature-dependent parameters.
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Where [image: image] is the baseline thermal conductivity (W/m°C), Δk is the change in k due to temperature, T0 is the reference temperature (°C) at which k0 has been measured and α is the water latent heat content. With respect to the power ratio, one can also use dimensionless number such as Pomerantsev number (Kuneš, 2012) to scale the heat sources.
CONCLUSION
In this study, we have proposed a new point source model to approximate the power delivered from the needle without the need for a full solution of the electric field obtained using the Joule heat model. Both two-dimensional and three-dimensional simulation shows that the point source power model and the Joule heat model have good accordance with the minimum deviation between them. Also, the point source model reduces the computation time significantly as one of the finite element solvers is completely replaced by the point source model.
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