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Transient Temperature Distribution inside Human Brain during
Interstitial Microwave Hyperthermia

Abstract. This study demonstrates computer simulation of human brain treated with interstitial microwave hyperthermia. A thin coaxial-slot antenna
emitting microwaves is the heat source. For simplification, a 2D axisymmetric model is considered. The wave equation for TM wave case and the
Pennes bioheat transfer equation for transient-state have been solved with the finite element method. The impact of the time variable on
temperature distribution was discussed and the obtained simulation results were presented.

Streszczenie. Niniejsza praca pokazuje symulacje komputerowg moézgu cztowieka leczonego przy wykorzystaniu $rédmigzszowej hipertermii
mikrofalowej. Zrédtem ciepta jest cienka wspétosiowa antena ze szczeling powietrzng emitujgca mikrofale. Réwnanie falowe dla przypadku fali TM
oraz biologiczne réwnanie przewodnictwa cieplnego okre$lone przez Pennesa dla stanu niestacjonarnego zostaty rozwigzane za pomocg metody
elementéw skonczonych. Zostat przedyskutowany wplyw zmiennej czasowej na rozktad temperatury i przedstawione wyniki symulacji. (Nieustalony
rozkiad temperatury wewnatrz mézgu czfowieka w czasie sSrédmigzszowej hipertermii mikrofalowej)
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Introduction

Interstitial heating is one of possible ways in
hyperthermia treatment, utilizing high frequency needle
electrodes, microwave antennas, ultrasound transducers,
laser fibre optic conductors, or ferromagnetic rods, seeds or
fluids to treat pathological cells located deep within the
human body [1]. Thus it can deliver localized and controlled
heat exceeding 40°C to deep-seated tumors without
overheating the surrounding normal tissues. Temperature
gradient produced by microwaves can be applied to induce
thermonecrosis in cancerous tissues at the distance of 1 to
2 cm around the heat source. It is worth noting that this
technique is suitable for tumors less than 5 c¢cm in diameter
[2]. Interstitial microwave hyperthermia is widely used
clinically in the treatment of recurrent malignancies, in
particular such as lung, brain, liver, kidney and breast
tumors as well as brain tumors, as reported in [3]. What is
more, its uses in combination with radiation therapy and
chemotherapy yield more beneficial effects. There are many
studies on the treatment of cancer using hyperthermia
which demonstrate that this aspect is still important and
more research is needed in this matter [4, 5] to make
hyperthermia a simpler, safer, more effective and available
treatment of cancer. The use of nanotechnology in
hyperthermia treatment, e.g. magnetic fluid hyperthermia,
which is currently under experimentation, seems particularly
promising [6]. The historical background of thermal therapy
can be found in [7]. Despite a long history of hyperthermia
further investigations in this matter are necessary.

Model geometry and basic equations

The analysed model of the coaxial-slot antenna is
shown in Fig. 1 and includes such elements as central
conductor, dielectric, outer conductor and a plastic catheter,
which performs the protective function for all other elements
of the antenna. The air gap with size d is located in the
outer conductor. The antenna dimensions are taken from [8]
and summarized in Table 1. In fact, the computational area
is much larger than it is presented in Fig. 1, and the
antenna width does not exceed 2 mm. Due to the axial
symmetry of the model cylindrical coordinates r, ¢, z are
used. The 2D model, which includes only half of the
antenna structure and the surrounding human brain tissue,
is sufficient for analysis.

To derive the basic formulas let us start with the
Maxwell's equations in the frequency domain defined as:
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) VxH=J+jowD
(2) VxE=-joB

where E and H are the electric and magnetic field strengths
respectively, o is the angular frequency of the electro-
magnetic field and J is the current density. Moreover, D and
B are respectively the vectors of electric displacement
density and magnetic induction.

After taking into account the Ohm's law in differential form
J = oE and material dependences D = gy ,E and B = pouH,
and making several transformations of equations (1) and
(2), we can derive the following equation describing the field
distribution in the complex domain

3) Vx[gr"Vx HJ—souO,ura)szo

where g, and y, are the permittivity and permeability of the
vacuum, respectively and y, is the relative permeability of
the medium.
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Fig.1. Schematic view of the coaxial-slot antenna located in the
human brain

Table 1. Geometrical dimensions of the antenna in [mm]

radius of the central conductor r1=0.135
inner radius of the outer conductor r,=0.470
outer radius of the outer conductor r3 = 0.595
radius of the catheter r4=0.895
size of the air slot d=1
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All the vectors mentioned above are complex. In addition, &,
is the complex relative permittivity approximated with the
Cole-Cole model [9] as follows

&, —&, o

S

(4)

ot ———— g/
1+(jor,) we,

where &, is the infinite limit of relative permittivity, & — the
static limit of relative permittivity, « — the Cole-Cole
parameter, 7, — the relaxation time constant [ps] and o, — the
static conductivity [S/m].

Due to axisymmetric model, transverse magnetic (TM)
waves are used and there are no electromagnetic field
variations of the magnetic field in the azimuthal direction.
Therefore, a magnetic field H has only the ¢ - component
and the wave equation takes the form of scalar equation as
(5) Vx[gr‘IVxHJ—aOuo,ura)zH(é =0
The full derivation of above equation can be found in [10].

The presented problem models the metallic parts of the
antenna using boundary conditions. For all metallic
surfaces, the PEC (perfect electric conductor) boundary
conditions are set as

(6)

The external boundaries of the computational domain,
which do not represent a physical boundary have the so-
called matched boundary conditions. They make the
boundary totally non-reflecting and assume the form

JEE, an—\/;H¢ :—2\/;H¢0

where Hy, is an input field incident on the antenna given by

the formula
1 ZP,
Hy=— | —
Zr\\nln(r, /1)

In the above equation P;, is the total input power in
dielectric, while r; and r, are the dielectric’s inner and outer
radii, respectively. Moreover, Z signifies the wave
impedance of the dielectric which is defined as

nxE=0

(7)

(8)
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where Z, is the wave impedance of the free space.
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The seed point is modelled using a port boundary condition
with the power level set to P;, at the low-reflection external
boundary of the coaxial dielectric cable.

Another basic formulation, the so-called bioheat
equation given by Pennes, describes the phenomenon of
transport and heat transfer in biological tissues [11]. In the
transient analysis it is expressed as

(10) pCL+V(AVT) = pC, (T, ~T)+0., + Oy
where T is the body temperature [K], k£ — the tissue thermal
conductivity [W/(m® K)], p — the tissue density [kg/m’], C —
the tissue specific heat [J/(kg K)], 7, — the blood vessel
temperature [K], p, — the blood density [kg/m’], w, — the
blood perfusion rate [1/s], C,— the blood specific heat
[J/(kg K)], ¢ — the time [s].

The described model takes into account both the metabolic
heat generation rate Q.. [W/m’] as well as the external
heat sources Q. [W/m’], which is responsible for the
changing of the temperature inside the exposed body
according to the equation

1
=—0
2

E-E*=10|E
2

(11) 0., i

The Pennes equation (11) requires the specification of both
the initial and boundary conditions to be solved. The initial
one is as follows
(12) T=T,=37C
which corresponds to the physiological temperature of the
human brain. Because the computational domain is limited
to a part of the brain tissue, it can be assumed that the heat
exchange between parts of the same tissue does not occur
and the boundary condition describing this process is

(13) n-(kVT)=0

where n is the unit vector normal to the surface.

Computional results

In the analyzed model, the brain tissue and the antenna
are considered as homogeneous media with averaged
material properties. All physical model parameters of the
model are given in Tables 2 — 3. The antenna operates at
the frequency f=2.45 GHz and the antenna’s input power
level is set to P, = 1W. What is more, the blood parameters
used in the simulation are as follows T7;,=310.15[K],
po = 1020 [kg/m®], C, = 3640 [J/(kg'K)] and w, = 0.004 [1/s].
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Fig.2. Equipotential lines of the modules of the magnetic and electric field strengths and isotherms in the computational domain after
1 and 20 minutes of microwave hyperthermia treatment, respectively in order from left to right
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Table 2. Electrical parameters of the coaxial-slot antenna [8]

Rel&] e o [S/m]
dielectric 2.03 1 0
catheter 2.60 1 0
air slot 1 1 1

Table 3. Physical parameters of human brain tissue [12, 13]

Tissue S & 7o [ps] a o, [S/m]
human brain
(white matter) 4.0 36 7.958 0.1 0.02
. k pP c Qmet
Tissue W(mK)] [kem’]  [WkgK)]  [W/m']
human brain 0.51 1046 3630 300

Equations (5) and (10) with appropriate boundary conditions
were solved using the finite element method. The simulation
results are summarized in Figures 3 — 5. Contour plots of
basic quantities are shown in Fig. 2. Next two illustrations
demonstrate the temperature distributions in human brain
along two specified paths for different moment of time
ranging from 0 to 1200 s (Figures 3 — 4). Time dependent
temperature distributions for different distances from the
antenna could be seen in Fig. 5.
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Fig.3. Temperature distribution in the human brain along the path
z =16 mm for different moments of time
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Fig.4. Temperature distribution in the human brain domain along
the path = 2.5 mm for different moments of time
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Summary

Theoretical study of the transient solution of bioheat
equation in interstitial microwave hyperthermia treatment of
human brain has been presented. As expected, the tissue
temperature decreases rapidly with the distance from the
microwave applicator and its largest values occur near the
antenna’s air gap. Of course when the exposure is longer
the temperature observed in the tissue is higher. At the
initial moment, the temperature of the human brain is 37°C
and after about 10 min it reaches a steady-state at a value
close to 44°C. Therapeutic values of the temperature are
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just 6 mm from the antenna. This range can be easily
extended by increasing the antenna’s total input power. The
described method has been successfully used in medical
practice in cancer treatment including brain tumors and its
effectiveness increases in combination with radiation and
chemotherapy.
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Fig.5. Transient temperature distribution at the points lying along
the path z = 16 mm for different distances from the antenna
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