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Comparison of Two Techniques for Radio-frequency Hepatic
Tumor Ablation through Numerical Simulation

N. Kosturski, S. Margenov and Y. Vutov

Institute of Information and Communication Technologies, BAS, Acad. G. Bonchev str, bl. 25A, 1113 Sofia,
Bulgaria

Abstract. We simulate the thermal and electrical processes, involved in the radio-frequency ablation procedure. In this study,
we take into account the observed fact, that the electrical conductivity of the hepatic tissue varies during the procedure. With
the increase of the tissue temperature to a certain level, a sudden drop of the electrical conductivity is observed. This variation
was neglected in some previous studies.

The mathematical model consists of two parts — electrical and thermal. The energy from the applied AC voltage is
determined first, by solving the Laplace equation to find the potential distribution. After that, the electric field intensity and the
current density are directly calculated. Finally, the heat transfer equation is solved to determine the temperature distribution.
Heat loss due to blood perfusion is also accounted for.

The simulations were performed on the IBM Blue Gene/P massively parallel computer.

Keywords: Radio-frequency ablation, Bio-heat equation, FEM, PCG
PACS: 02.60.Cb, 02.60.Dc, 02.60.Lj, 02.70.Dh

INTRODUCTION

The liver is a common location of tumors. Not all patients are suitable for surgical tumor removal. Alternative
techniques for treating such patients are sought. One such technique is the radio-frequency (RF) ablation. It is a
low invasive technique for the treatment of hepatic tumors, utilizing AC current to destroy the tumor cells by heating
([6, 7]). The RF ablation procedure destroys the unwanted tissue by heating, arising when the energy dissipated by the
electric current flowing through a conductor is converted to heat. The destruction of the cells occurs at temperatures
of 45°C-50°C. The procedure is relatively safe, as it does not require open surgery.

FIGURE 1. The structures of the two considered RF probes

An electrical probe is inserted in the liver. Here, we compare two different RF probe designs (illustrated on
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Figure 1). The first one (on the left) consists of a stainless steel trocar with four nickel-titanium retractable electrodes.
Polyurethane is used to insulate the trocar. The RF ablation procedure starts by placing the straight RF probe inside
the tumor. The surgeon performs this under computer tomography (CT) or ultrasound guidance. Once the probe is in
place, the electrodes are deployed and RF current is initiated. Both the surfaces areas of the uninsulated part of the
trocar and the electrodes conduct RF current.

The second RF probe design (on the right) has no retractable electrodes. Saline solution in injected through the
needle with a constant pressure during the procedure instead, increasing the electrical conductivity of the saturated
tissue. Some additional complexity is associated with this design, arising from the flow of the injected fluid and
it’s effects on the electrical and thermal processes. We are currently at an early stage of developing our model. We
considers a spherical bubble centered around the tip of the needle to be saturated with saline solution throughout the
whole procedure. The electrical conductivity of the saturated tissue is 50 % higher than that of the normal tissue.

THE MATHEMATICAL MODEL

The RF ablation procedure destroys the unwanted tissue by heating, arising when the energy dissipated by the electric
current flowing through a conductor is converted to heat. The bio-heat time-dependent partial differential equation
(6,71

or
chzv-kVTJrJthbl(T*Tbl) )

is used to model the heating process during the RF ablation. The term J - E in (1) represents the thermal energy arising
from the current flow and the term Ay, (T — T;;) accounts for the heat loss due to blood perfusion.
The following initial and boundary conditions are applied

T =37°C whent =0at Q, @)
T =37°C whent > 0 at Q.

The following notations are used in (1) and (2):

« Q — the entire domain of the model; + E — electric field intensity (V/m);
+ dQ — the boundary of the domain; * 1—time (s);

« T — temperature (C);

+ Tp; — blood temperature (37°C);

+ wp; — blood perfusion (1/s);

« p —density (kg/m?);
« ¢ —specific heat (J/kg K);

» k— thermal conductivity (W/m K); * hp = ppicpiwp — convective heat transfer coefficient

« J —current density (A/m); accounting for the blood perfusion in the model.

The bio-heat problem is solved in two steps. The first step is finding the potential distribution V of the current flow.
With both considered RF probe design, the current is flowing from the conducting electrodes to a dispersive electrode
on the patient’s body. The electrical flow is modeled by the Laplace equation

V-oVV =0, 3
with boundary conditions
V=0atodQ,
V =Vyat dQ,;.

The following notations are used in the above equations:

+ V — potential distribution in Q; + Vo — applied RF voltage;
+ 0 — electric conductivity (S/m); « 0Q,; — surface of the conducting part of the RF probe.

After determining the potential distribution, the electric field intensity and the current density can be computed from

E=-VV, J=0E.
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FIGURE 2. Variation of the electrical conductivity: 6(x), Gmax = 0.333, G = 107°

For the purpose of comparing the two probes, as well as following more closely the actual medical equipment, we
need to determine the potential V} for the second boundary condition of (3) that will yield a certain electrical power P.
To do this, the Laplace equation is initially solved with an arbitrary boundary condition V =V at dQ,;. Then, E* and
J* are obtained from the solution and the corresponding electrical power P* can be computed as

P* = /E* -Jrdx.
Q

Since the solution and all the components of E and J are proportional to the value of Vj we can scale the obtained
solution, instead of recomputing it, in the following way

Vo=AVy, E=AE*, J=AJ*, where A=./P/P*.

Let us note that this adjustment is performed only once in the beginning of the simulation. The obtained potential Vj
remains constant during the RF ablation procedure.

In this study, we consider an enhancement to the model, following the observation that the electrical conductivity of
the tissue suddenly drops after reaching a certain temperature. We performed some experiments with the second probe
type on a fresh pork liver. The RF equipment was constantly monitoring the electrical current. In the case, when saline
solution was not injected in the tissue, we observed a sudden increase in the electrical resistance and a corresponding
drop in the electrical power. This happened just a few seconds after the start of the procedure and is explained by
overheating of the tissue around the electrode. The exact tissue temperature could not be measured, but we currently
believe this effect to occur at 70°C—80°C. To model this behavior we chose the function

1
o(x) = 3 (Omax + Omin + (Omax — Omax) tanh(75 — Tyax (X)) 4
to associate the electrical conductivity ¢ of the liver tissue with the maximum temperature reached 7;,,, (see Figure 2).
We solve the heat transfer equation (1) using the heat source J - E.

NUMERICAL SIMULATION

For the numerical solution of both of the above discussed steps of the simulation the Finite Element Method (FEM)
in space is used ([2]). Linear conforming elements are chosen in this study. They provide a simple implementation in
combination with a guaranteed optimal convergence rate and parallel scalability of the applied algebraic multigrid
(AMG) preconditioner. To apply the linear FEM discretization to the voxel domain, each voxel is split into six
tetrahedra. To solve the bio-heat equation, after the space discretization, the time derivative is discretized via finite
differences and the backward Euler scheme is used ([3]).

Let us denote with K* the stiffness matrix coming from the FEM discretization of the Laplace equation (3). It can

be written in the form N

K= /qu)i-qujdX R
Q i,j=1

where {@i}i\’: | are the FEM basis functions.
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The system of linear algebraic equations
K*'X=0 5)

is to be solved to find the nodal values X of the potential distribution.

The electric field intensity and the current density are than expressed by the partial derivatives of the potential
distribution in each finite element. This way, the nodal values F' for the thermal energy E -J arising from the current
flow are obtained.

Let us now turn our attention to the discrete formulation of the bio-heat equation. Let us denote with K and M the
stiffness and mass matrices from the finite element discretization of (1). They can be written as

N
K= /kVCI>i-V<I>jdx ,

Q ij=1

N
M= /chI>,~<Djdx
Q i,j=1
Let us also denote with Qy; the subdomain of Q occupied by blood vessels and with Mj,; the matrix
N

My = / Opthpy ;P jdx :

Q ij=1

where

| 1forxeQy,
Opi(x) = { 0 forx € Q\ Q.

Than, the parabolic equation (1) can be written in matrix form as:

oT
M§+(K+Mb1)T:F+Mbl7ZI- (6)

If we denote with T the time-step, with T"+1 the solution at the current time level, and with 7" the solution at
the previous time level and approximate the time derivative in (6) we obtain the following system of linear algebraic
equations for the nodal values of 7" +!

AT = MT" + G, 7N

where
A:M+T(K+Mb[) and G=F+MyTy.

A vector, containing the nodal values 7, of the maximum temperature in time, is updated on each time-step.
After that, the electrical conductivity coefficients are varied according to (4) in the region of the domain representing
the liver tissue. Than, the Laplace equation (3) is discretized and solved again to reflect any eventual changes in the
electrical power and the corresponding heat source.

The matrices K* and A of the linear systems (5) and (7) are ill-conditioned and very large, having around 108 rows.
Since they are symmetric and positive definite, we use the PCG [1] method, which is the most efficient solution method
in this case.

A parallel AMG implementation — BoomerAMG [4, 8] is used to precondition the linear systems. Since the matrix
A is not varied between time steps, we only construct the algebraic multigrid, corresponding to it, once, before the
first time-step. It can be readily used after that to precondition the linear systems for all subsequent time steps. The
preconditioner corresponding to the matrix K* is also reused on each time-step, although the matrix itself is varied.
We reconstruct the AMG only when the number of PCG iterations reaches a certain limit, but it turned out to be
rarely, if ever, necessary. The number of PCG iterations remained stable most of the time, despite the matrix variation.
Additional details concerning our parallelization approach can be found in our paper [5].
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TABLE 1. Thermal and electrical properties of the materials

Material P (kg/m®) c(J/kgK) k(WmK) o (S/m)
Ni-Ti 6 450 840 18 108
Stainless steel 7013 405 71 4% 108
Liver 1 060 3 600 0.512 0.333
Saturated zone 1030 3 890 0.528 0.5
Blood 1 000 4180 0.543 0.667
Polyurethane 70 1045 0.026 103
Time (min)

30F ! 7

25F 1

20 F :

’ ™

Power (W)

FIGURE 3. Electrical power over time

NUMERICAL SIMULATION RESULTS

The results presented in this section are based on a high-resolution (512 x 512 x 512) voxel-based representation of
the computational domain. The domain consists of liver and tumor tissues, a large bifurcated blood vessel and the RF
ablation probe (see Figure 1). In the case of the second considered probe design it also contains a bubble of the tissue,
saturated with saline solution.

Table 1 lists the thermal and electrical properties of the materials, most of which are taken from [6] as well as the
blood perfusion coefficient wp; = 6.4 X 1073 1/s.

Four variants of the simulation were performed — two for each considered RF probe design. For the first type of probe
we have performed two simulations — with and without taking into account the variation of the electrical conductivity.
For the second RF probe, we simulated a dry process, to confirm it models well the experimentally observed effect.
We also simulated the process when saline solution is injected. Simulations for each variant were performed using six
different settings for the initial electrical power (5 W, 10 W, 15 W, 20 W, 25 W, and 30 W). The duration of the RF
ablation procedure was 8 minutes, and a time-step of T = 1 s was used.

Simulations for the second probe design, without injecting saline solution, indeed confirmed our observations as
the power quickly dropped to zero and the ablation process stopped. We, therefore, studied the effect of this model
enhancement on the first probe design. The electrical power during the ablation process is presented in Figure 3.
Although the power does not drop to 0 in this case, a steep drop is present. Our numerical results show that the drop
appears after a shorter duration, when higher initial electrical power is applied.

The next results, show the effect of the drop on the outcome of the RF ablation procedure. The volume of the tissue,
that reached or exceeded 50°C was computed during the simulation and is presented in Figure 4. This results clearly
indicate that higher power does not always correspond to a larger volume being ablated. For example, starting with
15 W of electrical power, the ablated volume after 5 minutes was larger, than the volume with 30 W in 8 minutes.

435

Downloaded 08 Jan 2012 to 78.90.222.205. Redistribution subject to AIP license or copyright; see http://proceedings.aip.org/about/rights_permissions



Volume (ml)

25 r — 5 W
i —_10W
20 -
[ — 5 W
15 b —_—20W
10 25W
—_30 W
ST
-+ —  Time (min)
FIGURE 4. Ablated region volume in time
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FIGURE 5. Electrical power correspondence to ablated volume

Finally, to compare the two considered designs, we show the relation between the initial electrical power and the
volume of ablated tissue in all four considered cases in Figure 5. Probe 1a corresponds to the case, where the variation
in conductivity is neglected. It is taken into account for Probe 1b. It is clearly visible that the variation has a significant
impact when high power is applied. Probe 2a corresponds to the case when saline solution is injected and 2b — to a dry
process. The ablated volume with the dry process is very small, exactly as expected. However, the results when saline
solution is injected show some possible advantage of the second RF probe design. The typical shapes of the ablated
regions for the two probe designs are shown in Figure 6. The second design leads to a much simpler oval shape, which
is arguably another possible advantage, as it may be simpler to predict when the whole tumor is ablated.
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FIGURE 6. Typical shapes of the ablated region for the considered probes

CONCLUDING REMARKS

Two RF ablation probe designs are compared through numerical simulation. An enhancement of the model of the
processes in the RF ablation procedure is presented, following some experimental observations using the second
design. It’s effect on the first design is studied and the results indicate that it is significant.

We plan to enhance the model for the second considered probe design, taking into account the actual flow.
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