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This article describes an optimization process specially designed for local and regional
hyperthermia in order to achieve the desired specific absorption rate in the patient. It is
based on a genetic algorithm coupled to a finite element formulation. The optimization
method is applied to real human organs meshes assembled from computerized tomography
scans. A 3D finite element formulation is used to calculate the electromagnetic field in the
patient, achieved by radiofrequency or microwave sources. Space discretization is performed
using incomplete first order edge elements. The sparse complex symmetric matrix equation is
solved using a conjugate gradient solver with potential projection pre-conditionning. The
formulation is validated by comparison of calculated specific absorption rate distributions
in a phantom to temperature measurements. A genetic algorithm is used to optimize the
specific absorption rate distribution to predict the phases and amplitudes of the sources lead-
ing to the best focalization. The objective function is defined as the specific absorption rate
ratio in the tumour and healthy tissues. Several constraints, regarding the specific absorption
rate in tumour and the total power in the patient, may be prescribed. Results obtained with
two types of applicators (waveguides and annular phased array) are presented and show the
faculties of the developed optimization process.

Key words: Electromagnetic heating, finite element method, genetic algorithm, hyperthermia
treatment planning, specific absorption rate, optimization

1. Introduction

Hyperthermia as a method of treating cancer has a long history. The treatment
of cancer with hyperthermia can be traced back to 3000 BC when smoldering sticks
of wood were inserted in tumours. In 1893, Coley' used bacterial toxins to raise the
temperature in patients which resulted in tumour regression. The strategy of modern
anti-cancer therapy is directed towards local control of tumour growth with maximal
possible elimination of the neoplastic cell load. Many clinical studies have esta-
blished that elevated cancer cell temperature enhances the effect of chemotherapy
and radiation therapy in the treatment of tumours in the human body” .

This local elevation of temperature in the tumour can be realized principally with
ultrasound waves®’ or electromagnetic (EM) fields. The present work is dedicated
to hyperthermia with electromagnetic fields. Hyperthermia with radiofrequency®
(RF) or microwave’ radiating devices is administered in several treatment sessions.
With this therapy, the malignant tumour is heated at temperatures between 42-44°C
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for 30-60 min'®. During treatment with RF or microwave devices, the physicians
have had difficulty adequately heating tumours while preserving surrounding healthy
tissues. Furthermore, clinical studies in hyperthermia have shown the difficulty
to measure the temperature distribution in the patient during the hyperthermia
sessions'!. The study presented in this article involves a Finite Element (FE)—
Genetic Algorithm (GA) method to improve the distribution of electromagnetic
energy deposition in the patient during hyperthermia treatment.

Hyperthermia treatment requires the generation of an appropriate temperature
distribution in the body of an individual patient. When the heating is induced by
radio waves, several antennae are used, each of which can be steered independently
in wave amplitude and phase, to achieve favourable interference patterns. The
objective of numerical simulations is to provide a-priori information for an optimal
adjustment of wave amplitude and phase of each antenna to reduce the RF energy
absorption in nearby healthy tissues while focusing into the deep-seated tumour. The
numerical simulation involves two steps: calculation of the resulting electromagnetic
fields inside the inhomogeneous body by solving Maxwell’s equations and the
optimization of the Specific Absorption Rate (SAR) distribution in the patient
during the hyperthermia sessions.

To determine numerically the electric field repartition for hyperthermia problems
with electromagnetic wave in the frequency range 1 MHz-2.5 GHz, the principal
methods used are the finite difference time domain'>'? and the finite element'*.
Several other formulations have also been reported such as the method of moments'>
or the volume surface integral equation, but their use seems to be less widespread.
For this hyperthermia treatment planning application, the FE technique was chosen
to model the SAR repartition. The FE method has shown its capability to handle
heterogeneous structures and the utilization of tetrahedral elements and is really
appropriate to model with accuracy the curved interface such as those found in
human bodies.

Prior to heating tumours, treatment planning based on an accurate prediction of
temperature distribution is essential. This prediction of temperature distribution
needs the knowledge of the optimal SAR repartition. This paper introduces a
novel individual treatment plan to achieve optimal SAR distribution combining
FE and GA and shows its possible clinical utilization. The three-dimensional FE
method based on edge elements were used for the computation of E-fields and
SAR distribution. A simulation tool for the prediction of the EM fields and SAR
due to RF or microwave fields was developed. The prediction tool has been
validated against temperature measurements performed on a phantom irradiated
with a waveguide applicator operating at 27.12 MHz and compared to computed
SAR. The segmentation of the patient is realized from computerized tomography
(CT) data sets that allow one to take into account the real shape of the patient and
the tumour. A flexible local hyperthermia treatment planning has been devised,
presented and tested on two configurations including the patient model and the
hyperthermia systems: Annular Phased Array (APA) functioning at 110 MHz and
waveguides device operating at 27.12 MHz.

2. Methods

The treatment planning tool is based on the FE method to model the SAR
distribution and on the genetic algorithm to realize the optimization of the SAR
distribution in the patient.
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2.1. Electric field computation

The dielectric materials as biological tissues have a dielectric constant €., and
loss factor &ima.. The interaction between the E field and the biological tissue is
described in terms of the complex permittivity,e:

E=¢€.8) = (8real _jgimag)go (1)

The dielectric constant, &..;, represents the ability to store electric field energy
and the loss factor, i, describes a part of energy dissipated in the dielectric
material. The loss factor gy, is given by:

o

fimg = .- e)
where o is the conductivity (Sm™'), w the angular frequency (rds™') and &, =
1/36710° (Fm™").

The interaction between the RF or microwave field applied and the tissues create
oscillation of the free charge carriers and the dipole, at the frequency of the applied
fields. The consequence is an elevation of the temperature within the material due to
the molecular friction. Hyperthermia with EM fields is based on these heating
mechanisms to raise the temperature of the tumour volume.

The Maxwell equations that dictate the propagation of the electromagnetic
waves are solved by using the finite element method. A tetrahedral mesh is used
for the discretization of the solution area to get a faithful representation of compli-
cated tissue boundaries and intricate hyperthermia applicator structures. As the
antennae of the applicator are driven with a fixed angular frequency w, one can
solve Maxwell’s equations in the frequency domain:

V x H = jweE + J, 3)
VB =0 “)
V x E = —jouH ®)
VD =0 (6)

where E is the complex electric field, H the complex magnetic field, w the angular
frequency, &, o and u the electrical permittivity, the electrical conductivity and the
magnetic permeability of the tissues, respectively, ¢ is a complex quantity defined by
equation (1). Both &, and o depend on frequency, u belng constant and equal to
the free space value. The electric current density J. (Am %) can be obtained from
Ohm’s law:

J, = oE. )

In dielectric media no free charges and surface currents are present. Then a standard
consideration shows that on interfaces between different media 1 and 2 the conti-
nuity relations for the electromagnetic field components are:

nX(El—Ez):O (8)
n x (1E; — & Ey) = 0. 9)

Since tissue interfaces can influence the electromagnetic field con-
siderably, the tetrahedral element should resolve these boundary contours well.
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Additionally, care has to be taken to enforce physically correct continuity relations

for the electromagnetic field components in numerical simulations. This requirement

is fulfilled by employing edge elements, which are also called Whitney elements'®!”.
The finite element formulation is given by:

—J VW x V x EdV—J Wk%arEdv—i—J

V

We 15 (E) ds = —jwMoJ Wi (10)
r

Sext

with ky = w./1tyey and W is the weighting function. In order to take into account
the wave propagation out of the FE domain, the FE formulation is coupled with
a first order vector Engquist Majda Absorbing Boundaries Condition (ABC)'®:

nxVxE=g,p-(E)=jkoE; (11)

with E; the tangential electric field.

Numerical discretization of equation (10) allows one to obtain a linear equation
system Ax=b. A specific difficulty arises in the solution of this equation system. The
resulting matrix A is symmetric, sparse and comprises several hundreds of thousands
degrees of freedom. An iterative method is used to solve the matrix system, a
conjugate gradient solver with a potential projection pre-conditioning technique.

Figure 1 shows the algorithm for the potential projection pre-conditioning for
the conjugate gradient solver. The algorithm of the pre-conditioning method is
classical for the 4 matrix and takes into account a second matrix A4, by specifically
dealing with the scalar potential component. The connection between first order
nodal elements (space N,) and first incomplete order edge elements (space Q)
enables one to define a transfer operator P: Ny,— Q. The matrix for the scalar
potential problem is then assembled by Galerkin product 4, = PT AP, where A is
the edge elements matrix'’.

A relevant quantity for hyperthermia treatment is not the electric field itself but
rather the SAR. The electromagnetic energy absorption rate in tissue referred to

solve Axy =r,, xg designates the potential part of x,,.

Loz, 0,25 <0

2.k descents with Gauss-Seidel algorithm on Ay x; = PTrn

3 xp s xp+Fry

4. 1 descent and ascent with Gauss-Seidel algorithm on Ax, =17,
3. xge0

=

k descents with Gauss-Seidel algorithm on dyxy = pT i, — Ax, |
Tooxp s xp+Pxg

Figure 1. One iteration of the potential projection pre-conditioning algorithm, generally
k=1or 2.
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the SAR (Specific Absorption Rate) or ARD (Absorbed Rate Density) may be
expressed as:
ARD  10|Epy|’

SAR =
2 2 p

(12)

where E,.. is the electrical field strength (maximum value) within the biological
tissue (Vm™'), o is the conductivity (Sm™") and p is the mass density (kgm ™) of
the lossy dielectric tissue. The ARD describes the absorbed power per volume
(Wm™?), this quantity is directly related to the absorbed power per mass of tissue,
which is described by SAR (Wkg™").

2.2. Genetic algorithm strategy

The aim was to determine the phase and amplitude for each antenna leading to
the optimal SAR distribution within the patient during the hyperthermia treatment.
In general, multi-applicator systems are preferred to single applicator ones.
The advantage of the array applicators resides in the ability to move the focal
point?®. With multi-applicator systems a hyperthermia treatment optimization tool
is essential.

A GA has been developed to search the optimal settings of each source. GA
methods present some great advantages over classical gradient methods: they are
able to locate the global optimum and they do not require the use of derivatives.

GA are stochastic optimization methods based on the mechanics of natural
selection and natural genetics®**>. They work with a population of individuals,
each representing a feasible solution in the search space. A fitness score (namely
the Objective Function: OF) measures the adaptation of individuals in their envi-
ronment. The convergence of the population to a global optimum of the space is
obtained by applying sequentially the three genetics operators: selection, crossover
and mutation® (figure 2).

Initial popnd ation

Operators
(Feproduction,
Crossover, ...

=+

Figure 2. Genetic algorithm procedure.
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As the AG proceeds, the selection improves the average fitness of the population
while crossovers and mutations explore the solution space. The balance between
exploration of the solution space and exploitation of the fittest individuals gives to
GA its capability for finding the global optimum.

The implemented GA uses real representation. It is based on random initializa-
tion, tournament selection, continue symmetric crossover and local mutation. The
population size is fixed to 100 individuals and crossover and mutation probabilities
are respectively fixed to 0.5 and 0.01.

The heating is achieved with a set of N antennae surrounding the patient, which
are in fixed positions and operate at the same frequency. The free parameters are the
phase ¢ and the amplitude A4,(n=1,...,N) of the emitting antennae. The electric
field expression at any point in space is given by:

E() = E(F) exp(j(M)e, + E,(7) exp (jr, (e, + E-(F) exp (jy-()e (13)

where E,, E,, E., ¥, ¥, V. represent respectively the modules and the arguments

for each components e, e, e. of the E-field.

X, ),z

E@) =Y E[®exp(iv, (M), (14)

E‘(?) represents the electric field computed when the antenna is driven by a signal
of unit amplitude and zero phase. By _taking advantage of the linearity of the
electric field, the resulting electric field E(A, ¢; ) at the location r when modifying
the amplitude by a factor 4 and the argument by a diphase ¢ is obtained by:

R X, ),z
E(4,¢;7) = Aexp(jo) Y E(F)exp(ji,(M)e, (15)

The total electric field is generated by the superposition of the basic electric fields
in equation (15) produced by each individual source, the resulting E-field at any
point in space is:

xvz N

E'(Ala ) Am P55 @ns ?) = Z ZAnEv,n(;:) exp(jwv,n(?) +j§0n)gv (16)

v n=lI
The SAR distribution was calculated by the following equations:

a(7)
2p(7)

2
SAR(AD -'~aAns§0ls-~-a(pn;;):

‘E_:(Ala -~-9Ans(/)l=~-'9§0n) (17)

SAR(Als---aAna(pla-“a(on; ;:)
G
2p(r)

The fitness function is defined as follows to express the problem in a form of maxi-
mization for GA:

E(Ala-~~7Ana§017~~-a(pn;7) X E*(Al,...,An,§01,...,(/3n;;") (18)

SAR®) d*r

OF _ .[lumour .
SAR(r)d’r

(19)

j healthy tissues
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On the other hand, several constraints are prescribed for an optimal treatment:
the SAR in the tumour has to be close to 50 Wkg ™' and the power absorbed by the
patient has to be lower than 1250 W2, To reach therapeutic temperatures of ~42°C
at least in some parts of such tumours necessitates a power density of ~20-50 Wkg ™'
in the target region®>. The GA allows one to take into account these two constraints.

2.3. Validation technique

The accuracy of the FE model is analysed in two ways. First, the model has been
validated on an experimental device (phantom). And, in a second step, the model
has been used to determine the E-field distribution for a realistic inhomogeneous
geometry of a patient stemming from CT scans for example during interstitial
hyperthermia treatment.

The E-field model has been validated on a system used in the treatment of
deep-seated tumours. The experimental device is made of a phantom and an
applicator, which is actually a waveguide (figure 3). The field is generated by an
antenna located in the waveguide and operating at 27.12 MHz, the waveguide is
filled with water. The phantom is made of a container in plexiglass containing a
polyacrilamide gel*® with electrical properties of human muscle.

Figure 4 shows in detail the phantom geometries and the implantation of the
catheters used for the temperature measurement with optical fibre temperature
detectors.

The eclectromagnetic properties of the different media of the experimental
measurement device are given in table 1. Therefore, predicted SAR and measured
temperature distributions at 10 mm depth and on the symmetry plane in a muscle
phantom were compared. The predicted SAR distribution was obtained using the FE
model and the measured temperature distribution was obtained using optical fibre

Comptet

Driver stepper
matar

27.12 MHz I
Frequency ot Y
generatar ~a !

T . Optical fiber ‘
I e  temperature f
ll: m detectars |

Figure 3. Experimental measurement system27.
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Figure 4. Dimensions of the phantom and implantation of the catheters.

Table 1. Electromagnetic properties of different media at 27.12 MHz.

Permittivity Conductivity Wavelength Skin depth Density
Ereal Eimag o(Sm™") A(m) 8 (m) p(kgm ™)
Water 72.5 1.327 0.002 1.3 22.6 1000
Phantom 82.16 431.4 0.65 0.685 0.132 1030
Air 1 0 0 11.06 — —

Plexiglass 2.5 0 0 7.0 — 1300
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temperature detectors. The experimental SAR distribution inside the phantom is
obtained by an indirect method. The length of the power pulse is 60s in order to
minimize the effects of the thermal conduction. It has been shown that, is a
first approximation, the SAR distribution may be directly related to temperature
distribution?®. If one ignores thermal conduction, the initial temperature rise 7(°C)
in tissue is related to the SAR:

aT
C—=SA4R (20)
ot
where C is the specific heat of the tissue (Jouleskg™'°C™).

2.4. Segmentation of human patients

All models presented in this paper are based on three-dimensional CT data sets
with a slice distance of 10mm and a 256 x 256 resolution. The 10 mm spacing
between each CT scans allows one to reconstruct correctly the different organs.
It leads to a fit size of the matrix system. A total of at least 60 CT scans including
the pelvic region are employed (figure 5). The relevant tissues such as blood, muscle,
fat, bone, organs (intestine, liver, bladder, kidneys, spleen) and tumour are defined
as homogeneous regions which are manually or semi-automatically segmented with
the Amira software®’. For the segmentation of the patient tetrahedral elements are
used. The relative dielectric constant g, and conductivity o are then assigned
to the various regions (tissues and organs), as described in the literature®* 2,

3. Results and discussion

In this section, the different results obtained are presented. First, these results
concern the validation of the FE model. Secondly, they concern the results obtained
with the optimization procedures on realistic problems.

3.1. Validation results and discussion
In a first step, the FE model is validated by comparison of the numerical simu-
lations with the experimental measurements on the device presented in figure 3.

(b)

Figure 5. Modelling of the human body (b) at the tissues (organs) level from CT scans (a).
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Figure 6. Modelling of the experimental device.

Table 2. Number of iterations and CPU time.

Number of
Pre-conditioning iterations CPU time* (s)
Cholesky (Gauss algorithm) 12569 36389
Cholesky (direct identification) 7551 25761
Diagonal 13561 22356
SSOR 3481 12225
Potential projection 110 3898

*on HP station J5000 PA risk processor with 1 Go of RAM.

Only half of the experimental hyperthermia system geometry (waveguide and phan-
tom) is described, due to the yOz symmetry plane (figure 6).

Table 2 presents the number of iterations and the CPU time for different
pre-conditioning techniques for the conjugate gradient solver in the case of the
validation problem shown in figure 6(b). The mesh is made of 104 165 tetrahedral
elements, 20337 nodes, leading to 130268 degrees of freedom (edges).

The potential projection pre-conditioning leads to lower CPU time to solve the
matrix system. The repartition of the CPU time between the different phases of
the E-fields calculation for the potential projection pre-conditioning is presented in
figure 7.

Figure 8 shows the normalized SAR distribution in the yOz symmetry plane
and figure 9 shows the normalized SAR distribution at 10 mm depth in the phantom
in the half xOy plane. The normalized SAR is obtained by comparison with the
maximum value of the SAR in the phantom.

SAR (7)

Normalized SAR = Maximum SA4R at 10mm depth

@1
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Figure 7. Repartition of CPU time (s) with the potential projection pre-conditioning.
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temperature measurements (») in muscle equivalent phantom.
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Figure 9. Temperature measurements at 10 mm depth on the xOy plane in muscle equivalent
phantom (b) and corresponding numerical iSoSAR distributions («).
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Comparison of predicted SAR and measured temperature shows a good global
correlation. Slight differences may be explained by the presence of the 558 catheters
(0.8 mm diameter) used for the temperature measurements. These catheters are filled
with air and they are not modelled numerically. The experimental methodology,
temperature measurement instead of field measurement, may also have some impact
on the results.

In a second step, an interstitial hyperthermia treatment is modelled to show the
ability of the model to handle several biological media and complex structures.
Interstitial hyperthermia provides a viable alternative to other regional and
local electromagnetic heating techniques and in many ways provides desirable heat-
ing characteristics®®. Interstitial hyperthermia is very effective to heat deep-
seated tumours, realizing an extremely localized temperature increase with a
minimum risk of damage to surrounding healthy tissues®. In this study, the
influence of the operating frequency of the antenna on the E-fields distribution is
analysed (figure 10). The same geometry and mesh density for the inhomo-
geneous patient model are used, only the operating frequency of the antenna and
the electromagnetic properties of these different media were modified (table 3).
A transurethral interstitial applicator is used to increase the temperature in the
bladder (figure 10(a)).

Comparison of the results for different frequencies (figure 10) shows that the
E-field distribution for 915 MHz leads to the best focalization at the bladder level.
The skin depth (8) with interstitial applicators is only 60 mm (table 4), thus by this
form of heat application the bladder would be heated sufficiently.

Inter stitial
A a

() (d)

Figure 10. E-field distribution in a transverse section of the patient for different operating
frequency of the interstitial antenna, 13.56 MHz (b), 433 MHz (¢) and 915 MHZ (d).



Optimization of sources in local hyperthermia 827

Table 3. Properties (conductivity o and permittivity £..,;) of biological tissues at the working
frequencies 13.56, 433 and 915 MHz.

13.56 MHz 433 MHz 915MHz
Ereal o (Smil) Ereal o (Smil) Ereal o (smil)
Fat 11.83 0.030 5.567 0.042 5.46 0.051
Bone 30.57 0.045 13.07 0.095 12.44 0.145
Bladder 43.09 0.268 19.62 0.330 18.92 0.385
Muscle 138.44 0.628 56.87 0.805 55.00 0.948
Liver 181.27 0.336 50.69 0.668 46.76 0.861
Blood 210.64 1.12 63.84 1.36 61.31 1.544
Spleen 333.22 0.548 62.454 1.043 57.09 1.28
Intestine 362.75 1.386 65.29 1.92 59.39 2.17
Kidney 297.11 0.542 65.42 1.12 58.56 1.40

Table 4. Bladder properties (permittivity €.,;, conductivity o, skin depth § and wavelength 7)
at the working frequencies 13.56, 433 and 915 MHz.

Frequency (MHz) Ereal o(Sm™") 8 (m) A(m)
13.56 43.09 0.268 0.280 1.56

433 19.62 0.330 0.075 0.148
915 18.92 0.385 0.061 0.074

P atient v Applicator 2
T dpplicator 1

Figure 11. RF hyperthermia waveguides device and the patient model.

3.2. Optimization of human patients: results and discussion

To show the capabilities of the simulation and optimization tool, some
computations based on a three-dimensional heterogeneous patient model have
been performed. In these studies, the amplitude and phase of each antenna can
be chosen separately. The capability of the optimization tool has been tested
by considering two distinct hyperthermia devices: the waveguides configuration
(figure 11) and the APA system (figure 12). The frequency of excitation is set to
27.12MHz for the waveguides device and to 110 MHz for the APA system. The
electrical characteristics of the biological tissues are presented in tables 5 and 6.

The optimal antenna parameters (amplitudes and phases) for the waveguides
device are presented in table 7. The SAR distribution with the non-optimized and
optimized parameters are shown in figure 13.
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1 We'l

1]

(b)

Figure 12. Patient model inside the annular phased array system.

Table 5. Properties of biological tissues at working frequency 27.12 MHz: permittivity &,
conductivity o, skin depth 8, wavelength A and density p.
Erea Fimas osm)  sm) 2(m) p(kem™)

Air 1 0 0 — 11.06 —
Fat 8.4 21.90 0.033 0.642 2.772 900
Bone 21.8 33.18 0.05 0.588 1.995 1790
Bladder 31.46 185.84 0.28 0.199 1.055 1060
Tumour 60 530.97 0.8 0.114 0.642 1177
Muscle 95.8 431.42 0.65 0.134 0.675 1020
Liver 119.68 252.12 0.38 0.197 0.783 1050
Blood 126.6 769.91 1.16 0.097 0.519 1060
Spleen 188.24 424.78 0.64 0.150 0.612 1050
Intestine 202.49 982.30 1.48 0.088 0.451 1050
Kidney 187.9 411.50 0.62 0.153 0.618 1050

Table 6. Properties of biological tissues at working frequency 110 MHz: permittivity e,

conductivity o, skin depth 8, wavelength A and density p.
Ereal 2:/‘imag o (Sm_l) é (m) 7 (m) P (kgm_s)

Air 1 0 0 — 2.727 —
Fat 6 5.97 0.0365 0.391 1.014 900
Bone 15.05 10.64 0.065 0.334 0.667 1790
Bladder 22.3 48.27 0.295 0.110 0.444 1060
Tumour 60 130.91 0.8 0.067 0.270 1177
Muscle 64.95 116.51 0.712 0.074 0.274 1020
Liver 67.06 81.16 0.496 0.099 0.294 1050
Blood 75.3 202.91 1.24 0.052 0.226 1060
Spleen 87.44 133.2 0.814 0.072 0.245 1050
Intestine 93 273.27 1.67 0.044 0.197 1050
Kidney 94.62 135.16 0.826 0.073 0.239 1050
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Table 7. Summary of optimization results.

Applicator 1 Applicator 2 Ppatient  Prumour
Configurations Ampl. o (%) Ampl. o (%) OF W) W)
Applicator 1 1 0 — — 1.305 213 1.62
Applicator 2 — — 1 0 1.746 133 1.22
Applicator 1+ 2 Default 1 0 1 0 1.522 484 431
Applicator 1+ 2 Optimized 1.304 0 2991 23546  2.297 1066 11.5

Al ar
aratem

Fatient

Figure 13. SAR distribution in the patient model. Left: manually adjusted parameters.
Right: optimized antenna parameters. Note the increased heating of the tumour and
the diminished hot spot near the frontal surface of the bone.

Table 8. Summary of optimization results.

Ppatient Plumour SARtumour
Configurations OF W) W) (Wkg™h
Source 1 0.286 2.4 0.04 0.2
Four default sources (1, 3,5,7) 0.897 8.3 0.13 0.61
Four optimal sources (1,3,5,7) 2.25 279.2 12.9 59.6
Eight default sources 1.18 53.7 0.82 3.50
Eight optimal sources 5.80 221 14.9 69.0

The second hyperthermia device is characterized by a dielectric ring and a set of
eight antennae (figure 12). The working frequency is 110 MHz, which provides
penetration and focalization compatible with clinical constraints.

The mesh of the first configuration is made of 42089 nodes, 203 989 tetrahedral
elements and 261 500 edges. For the APA system, the mesh contains 25879 nodes,
146 364 tetrahedral elements leading to 174937 degrees of freedom (edges).

Table 8 and figure 14 present the optimization results obtained with the GA
method for the hyperthermia treatment with the APA device. Figure 14 represents
the ratio between SAR in healthy tissues (fat, muscle, ...) and SAR in the tumour,
this ratio must be as small as possible.

Table 9 presents the CPU time for the optimization procedure including the
computation of the E-field for the eight antennae and the optimization process.
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Figure 14. Ratio between the SAR in healthy tissues and the SAR in the tumour.

Table 9. CPU time of the optimization procedure (APA system).

CPU time* (s)

Four sources Eight sources
Electric field computation Antenna 1 8 854 8 854
Antenna 2 4030
Antenna 3 4 043 4043
Antenna 4 4 009
Antenna 5 4 056 4 056
Antenna 6 4 068
Antenna 7 4038 4038
Antenna 8 4 086
Optimization procedure 850
(4 sources)
Optimization procedure 1208
(8 sources)
Total 21 841 38 392

* On HP station J5000 PA risk processor with 1 Go of RAM.

The 3D assemblage and the passage nodes to edges are realized only for the first
calculation (source 1) and stock, the next calculation for other sources used these
stock values. The total CPU time for the global optimization procedure approaches
10 h for the configuration with eight sources.

4. Conclusion
The main aim of the presented work was to achieve localized hyperthermia in
human tumour tissues by means of EM energy at RF or microwave frequency.
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Accurate treatment planning will contribute greatly to optimal tumour temperature
and to a successful hyperthermia treatment. An essential part of hyperthermia
treatment planning is the SAR model. A formulation combining the FE method
with GA optimization techniques has been developed to obtain the desired increased
heat in the tumour region. Comparison of experimental and numerical data has
demonstrated the ability of the FE model developed to predict the EM field
distribution.

A procedure has been proposed for determining the excitation amplitudes and
phases of the antennae of electromagnetic multi-applicator systems which yield an
improved SAR distribution around deep-seated tumours. The proposed synthesis
(FE and GA) has been demonstrated to provide a good focalization of the EM
energy within the patient. The effectiveness of the method has been demonstrated
through two studies with APA system and waveguides applicator device on realistic
patient geometries obtained with CT scans. Besides, this method could be also
extended to other kinds of applicators and other locations of the tumour. The
hyperthermia treatment planning developed has provided much insight in the local
hyperthermia treatment with electromagnetic applicators and allowed increasing the
effective heating volume.

Further development of the optimization tool to optimize the delivery of energy
and the temperature promise to significantly improve the ability of this technique to
heat the tumour volume more uniformly. The next step of this work is oriented to the
development of a numerical model to calculate the three-dimensional temperature
distribution in tissues taking into account the blood circulation. The blood vessels
such as arteries and veins will be modelled with discrete formalism and the small
vessels (arterioles and venules) with continuous formalism. Three-dimensional
models of SAR and temperature and the optimization procedure (GA) will be
coupled to additional information about the actual temperature distribution within
the patient with invasive thermometry and E-field sensors.

To summarize, the developed hyperthermia optimization tool has many fields of
application. These include:

(a) The patient-specific optimization of settings, including positioning, phases
and amplitudes.

(b) The evaluation of the clinical indications for a hyperthermia treatment.
This assumes correct classification of easy to heat and difficult to heat
tumours with hyperthermia treatment.

(c) The development of new antenna systems and applicators.

(d) The development of standard settings for some kind and location of
tumours.
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