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MULTI-FREQUENCY ANALYSIS FOR
INTERSTITIAL MICROWAVE HYPERTHERMIA
USING MULTI-SLOT COAXIAL ANTENNA

Piotr Gas

The presented paper shows a new concept of multi-slot coaxial antenna working at different frequencies to predict the
best solution for interstitial microwave hyperthermia treatment. The described method concerns a microwave heating of
unhealthy cells using a thin microwave antenna located in the human tissue. Therefore, the coupled wave equation in a
sinusoidal steady-state and the transient bioheat equation under an axial symmetrical model are considered. The 4-Cole-
Cole approximation has been used to compute the complex relative permittivity of the human tissues at different antenna
operating frequencies. At the stage of numerical simulation the finite element method (FEM) is used. Special attention has
been paid to estimate the optimal antenna parameters for thermal therapy for three microwave frequencies mainly used in
medical practice and make comparison of the obtained results in the case of single-, double- and triple-slot antennas.
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1 INTRODUCTION

Hyperthermia, besides radiotherapy and chemother-
apy, plays an important role in modern oncology [1]. The
phenomenon of this treatment is based on thermal sen-
sitivity changes of living cells. In the specific therapeutic
range of temperatures from 40°C to 45°C normal cells
remain intact while the pathological ones are destroyed by
the growing influence of necrosis and apoptosis [2]. When
the temperature of 45°C will be exceeded it may cause
irreversible changes within normal and malignant tissues,
including denaturation of proteins and tissue coagulation.
This phenomenon is exploited by so-called thermoabla-
tion [3]. Therefore, a very important problem in hyper-
thermia treatment is to predict and precisely control the
temperature in the target area to minimize the possibility
of overheating and damaging healthy tissues. A lot of pa-
pers have examined different types of interstitial applica-
tors for microwave heating purpose including the floating
sleeve dipole, triaxial, choke, and cap-choke antennas [4].
Antennas fed with coaxial cable are very popular in ther-
mal therapy because of their simple construction, small
dimensions and low costs of production [5]. Until now,
the coaxial-slot antennas have been described in many
scientific and medical papers, but most of them have in-
cluded only one [6,7,24] or two air gaps [8,9]. It should
be noted that the first publication, where the microwave
heating using a new triple-slot coaxial antenna has been
proposed, was published in 2014 [10]. What is important,
the interstitial microwave hyperthermia treatment deliv-
ers energy directly to the place of interest using a coaxial-
slot antenna invasively inserted into the tissue. This tech-
nique can be successfully applicable to a deep-seated tu-
mor. Depending on the amount of delivered power and
the antenna working frequency, microwaves heat up the

tissue and induce thermal lesions in the distance up to
6 cm from the needle applicator [11]. Moreover, type of
tumor, its location and severity, as well as the level of
therapeutic temperature affect on the duration of single
hyperthermia session, which can be maintained average
for 40-60 min. Also it has been proved that temperatures
above 42 °C can increase the sensitivity of cancerous cells
treatment comparing to radio- and chemotherapy [12].

There are currently three ISM (industrial, scientific and
medical) bands dedicated for microwave heating of tis-
sues used by medical devices, namely 433.05-434.79 MHz
utilized in Europe, 902-928 MHz applicable in the USA
and 2400-2500MHz available worldwide [13]. What is
important, they are periodically verified by the Interna-
tional Telecommunication Union (ITU) based in Geneva.
Therefore, frequencies of 434 MHz (wavelength 69 cm),
915 MHz (wavelength 33 cm) and 2450 MHz (wavelength
12 cm) are the most widely used in medical practice of hy-
perthermia treatment [7]. For this reason, the above men-
tioned frequencies have been examined in this paper. It
should be emphasized that at the moment also the high-
frequency systems for microwave heating purposes using
frequencies up to 18 GHz have been successfully tested
[4]. Higher frequencies can lead to design new intersti-
tial devices with smaller dimensions and less invasiveness.
Parallel with microwave hyperthermia techniques the uti-
lization of magnetic nanoparticles for cancer treatment
has been extensively examined [3, 14, 23].

This paper is dedicated to the multi-frequency analysis
of single-, double- and triple-slot coaxial antennas, used in
the interstitial microwave hyperthermia treatment. The
content of the following article is the continuation of the
study published earlier [10]. Special attention has been
paid to estimate of the main elevations of antenna input
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Fig. 1. Model of the multi-slot coaxial antenna including the dimensions, air gap configurations and the internal antenna structure

power for optimal thermal therapy separately for each of
the air gap configurations. This will result in maintain-
ing the temperature of the heated tissue exactly in the
range of 40-45°C and allow obtaining more comparable
simulation results. The comparative analysis for multi-
slot coaxial antennas with three microwave frequencies
typically used in medical practice and commonly treated
tissues is unique topic in modern hyperthermia therapy.

2 MODEL DEFINITION
AND BASIC EQUATIONS

The two-dimensional axisymmetric model of the multi-
slot microwave antenna is shown in Fig. 1. Described
coaxial antenna is composed of such elements as cen-
tral conductor, dielectric, outer conductor and a plastic
catheter that protect the inner elements. Antenna dimen-
sions examined in this paper are the same as in [9,10].
What is more, the microwave needle applicator has three
air slots of equal length d; = d2 = d3 = 1 mm po-
sitioned in the outer conductor at the z; = 36.0 mm,
29 = 40.2 mm and z3 = 44.4 mm. The distances between
the gaps have the same values, namely I} =lo = 4.2 mm.

The main simplifying assumption in presented simula-
tion is that the human tissue and the microwave antenna
are considered as uniform, linear and isotropic media.
In the presented model the wave equation can be solved
with respect to the complex vector of the magnetic field
strength H, as

V x [g;lv X H} —w2eopoprH=10 (1)

where €9 means the electric constant equal to 8.854 x
1072 (F m™!) and po —- the magnetic constant equal
to 47 x 1077(H m~1'). Additionally, &, and p, are the
relative permittivity and permeability, respectively, w de-
notes the electromagnetic field pulsation and j = /(—1)
is the imaginary unit.

In the above equation g, = &/ — je!/ is the frequency-
dependent complex relative permittivity. What is impor-
tant, the imaginary part of complex permittivity ¢! is as-
sociated with the energy dissipation. Therefore it is called

the dielectric loss factor and determines the energy losses
due to the phenomenon of dielectric polarization. In hu-
man tissues ¢, can be approximated by the 4-Cole-Cole
model derived from measurements conducted by Camelia
Gabriel and Sami Gabriel [15], that best fits the four dis-
persion regions («, 3,d,7) occurring in living tissues

4
Ae, . Os

ér(w) =foo Tt 7; 1+ (ijn)l_an a ngO

(2)

where n is the number of independent dielectric re-
laxation processes with dielectric increments Ae,, , whose
sum gives Ae = €5 — €4, Which is measure of the re-
laxation process intensity. It is worth knowing, that e
means the infinite limit of relative permittivity (ie when
wT > 1), e, — the static limit of relative permittivity
(ie when wr < 1), 7 — the relaxation time constant (s)
and os — the static conductivity of the material (Sm~1!).
What is more, « is so-called the Cole-Cole parameter
which is measure of broadening of the relaxation times in
biological media [16]. Therefore, this parameter is deter-
mined by the distribution of relaxation times. Theoreti-
cally, it takes values between 0 < o < 1, but for the most
biological substances it does not exceed the value of 0.5
(see Table. 1). It should be stressed that, the 4-Cole-Cole
model provide the appropriate data for spectrum extend-
ing from 10 Hz to 100 GHz.

Due to the axial symmetry of multi-slot antenna,
the presented model uses cylindrical coordinates (r, ¢, z)
with the transverse magnetic (TM) waves. For this rea-
son, the magnetic field H has only a tangential compo-
nent and the electric field E propagates in the r—z plane.
Therefore, H = Hyey, and E = FE, e, + F.e,, and equa-
tion (1) simplifies to the following scalar form

V x [gglv X H¢] — w250u0urH¢ =0. (3)
One of the basic thermal models that describe the heat
flow inside the biological systems is so-called bioheat
equation defined by Harry H. Pennes based on the clas-
sical Fourier law of heat conduction [17]. In the general
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Table 1. Fitting parameters for the 4-Cole-Cole equation [15,19]

. Aen Tn Qn Os

Tissue €oo

1 2 3 4 1(ps) 2(ns) 3(us) 4(ms) | 1 2 3 4 |(S/m)
brain 4.0 | 40 700 20x10* 45x10°|7.958 15.915 106.103 5.305 |0.10 0.15 0.22 0 0.04
breast 4.0 | 55 2500 10x10* 40x10°|7.958 159.155 159.155 159.155(0.10 0.10 0.20 0 | 0.50
kidney 4.0 | 47 3500 25%10% 30%x10°%|7.958 198.944 79.577 4.547 |0.10 0.22 0.22 0 0.05
liver 4.0 39 6000 5x10* 30x10°|8.842 530.516 22.736 15.915 [0.10 0.20 0.20 0.05| 0.02
lung 25| 18 500 25x10* 40x10%|7.958 63.662 159.155 7.958 |0.10 0.10 0.20 0 0.03

Table 2. Physical parameters for the Pennes equation [19, 20]

Tissue P ¢ F “b Qmet
W/(mK) kgm® J/kgK ml/min/kg 1/s W/m?
brain 0.51 1046 3630 559 0.009475 10642
breast 0.33 1058 2960 150 0.002645 2537
kidney  0.53 1066 3763 3795 0.067425 19428
liver 0.52 1079 3540 860 0.015466 5301
lung 0.39 394 3886 401 0.002633 2647
blood 0.52 1050 3617 - - —

case for the transient analysis this equation is governed
by

oT
pcg +V- (_/\VT) = prbWb (Tb - T) +Qext +Qmet (4)

where T' denotes the tissue temperature (K) and ¢ is the
time (s). The first term of the above equation describes
the phenomenon of heat accumulation during the time
which is determined by parameters such as the tissue
specific heat C' (Jkg 'K~!) and the tissue density p
(kgm~3). The second term relates to the phenomenon of
heat conduction in the tissue, which is determined by the
tissue thermal conductivity A (Wm™1K~!). The third
term describes the heat exchange between the tissue and
blood and specifies the heat losses caused by tissue blood
flow (perfusion) [18]. What is important, the subscript
“b” refers to the blood, such in w; which means the blood
perfusion rate (s=!). The last two terms relate to the
heat generation, and are defined by two volumetric power
densities, so-called: the metabolic heat generation rate
Quet (Wm™?) produced by cell metabolic processes and
the external heat Qexy (Wm™2) produced by sources of
electromagnetic field, in our case by the multi-slot coaxial
microwave antenna.

In the field of hyperthermia, the blood flow often is
expressed in specific units of ml/min/kg, therefore to use
it in equation (4) it is necessary to convert it into SI units
according to the equation

1 1
wp = 6F>< 10_7p( )

S

(5)

where F' is the blood flow rate in tissue (ml/min/kg).

Detailed derivation of the basic equations and specific
description of the initial-boundary conditions on the pre-
sented model may be found in similar works [7,9-10].

The following analysis of the multi-slot coaxial an-
tenna was made for three microwave working frequencies
commonly used in medical practice, namely 434 MHz,
915 MHz and 2.45 GHz [7]. The dielectric parameters of
the antenna elements have been taken from [9,10]. The
electro-thermal parameters of tissues have been retrieved
from the IT’IS foundation materials database [19]. Ta-
ble 1 contains fitting parameters appeared in the 4-Cole-
Cole equation. Thermal properties are gathered together
in Table 2. The values of the blood perfusion rate wy
have been designated from the formula (5) and levels of
the metabolic heat generation rate Q¢ have been drawn

n [20]. At the beginning of the heating, the tissue tem-
perature has had initial value of T, = 310.15 K, which
corresponds to the physiological temperature of the hu-
man body 37°C. The blood temperature T, has been
established on the same level.

The governing equations (3) and (4) with the appro-
priate initial-boundary conditions have been solved using
the finite element method. All FEM computations have
been performed using the Comsol Multiphysics software.
The model for microwave cancer therapy with coaxial-
slot antenna available in Comsol software developed by
[6] and described in [21] has been adapted for the mi-
crowave heating using multi-slot coaxial antenna shown
in this study. Moreover, the MATLAB environment has
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Fig. 2. Isotherms within the human brain tissue derived from the triple-slot coaxial microwave antenna for for various frequencies,
namely: 434 MHz (left), 915 MHz (center) and 2450 MHz (right) and the total antenna input power set at P, = 2 W in the steady-state

been used to present the simulation results. What is inter-
esting, the Comsol’s model is well known in the scientific
world and it has been validated with a large number of
numerical experiments and measurements [6, 9]. However,
it should be pointed that the multi-frequency analysis of
the microwave antenna with different active slot configu-
rations presented in this paper does not have equivalents
in similar papers. The outline of article can be found in
the conference proceedings [22].

3 SIMULATION RESULTS AND DISCUSSION

The first step in the presented simulation was to esti-
mate the exact elevations of the antenna input power in-
dividually for each of the air gap configurations such that
the goal temperature in the targeted area does not exceed
values of 40-45°C. In this way, optimum conditions for
the hyperthermia treatment are being obtained as indi-
cated in the introduction. To do this, each of the analysed
cases has been solved under P,, arbitrarily assumed as
2 W. Sample contour plots of the temperature inside the
human brain tissue under three basic microwave frequen-
cies used in simulation are shown in Fig. 2. The presented
plots demonstrate that the distributions of the isotherms
are heterogeneous and local temperature maxima may
occur in the computational area. The next step was to
identify coordinates of the points at the interface be-
tween the antenna-tissue (on the surface of the catheter
r = rq = 0.895 mm) characterized by the highest temper-
atures. These specific points (r4, z,,,) have been provided

in Table 3 and for them the further calculations have been
made.

It should be emphasized that due to the different active
slot configurations, the microwave antenna can produce
a non-uniform temperature distribution inside the tissue.
Therefore, on the path r = 0.895 mm can observe two
temperature peaks of which the first (*) or second (**)
dominates as indicated in Table 3. What is important,
they occur only for operating frequencies of 915 MHz and
2.45 GHz in the case of certain double- and triple-slot an-
tennas. Moreover, the similar values of z,, were obtained
for the frequency of 434 MHz and 915 MHz. The small
differences are due to numerical errors, different divi-
sion of the computational area into the finite elements or
choosing the temperature for a neighboring element node.
For the frequency of 2.45 GHz the local temperature max-
ima move up the z axis of approximately 4-10mm. The
next step was determining the parametric solution for the
temperature distributions depending on the total antenna
input power at all pre-selected points (see Fig. 3 left) and
establishing specific limit values of the P, for optimal in-
terstitial microwave hyperthermia treatment. All result-
ing data have been compared in Table 4 and utilized for
subsequent simulations. Figure 3 (right) also shows the
example of paired temperature distributions along prede-
fined path to confirm that the therapeutic range of tem-
perature 40—45°C have not been exceeded.

The analysis of this table leads to the conclusion that
the total input power decreases with increasing antenna
working frequency and the smallest values of P, are
required for heating of the breast tissue. For frequencies
434 MHz and 915 MHz slight power changes are observed
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Fig. 3. Temperature versus the total antenna input power at the point where the highest temperature at the interface antenna-tissue
has occurred (left) and temperature distributions along r = 0.895 mm in the brain tissue for f = 915 MHz and pre-set limit values of
Py, (right) obtained from the triple-slot antenna
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Fig. 4. Temperature distributions produced by the triple-slot antenna along the path z = z,, for various frequencies (left) and temperature
distributions along r = 0.895 mm for f = 434 MHz produced by the coaxial antennas with different active slots (right) for the brain
tissue and Pi, max in the steady-state
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Fig. 5. Examples of transient temperature distributions at points r = 0.895 mm and z = z,, for the triple-slot coaxial antennas within
the breast tissue for different frequencies and limit values of P, (left) as well as for various tissues and f = 2450 MHz (right)
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Table 3. The coordinates zm, of the points with maximum temperature elevations along the path » = 0.895 mm in the steady-state (zm
dimension is in mm)

Number of active slot

Frequency Tissue 1 1,2 1,3 2,3 1,2,3
brain 32.66 32.66 32.66 34.67 32.66
breast 32.66 32.66 32.66 34.67 32.66
434 MHz  kidney  32.66 32.66 32.66 33.67 32.66
liver 32.66 32.66 32.66 34.17 32.66
lung 32.66 32.66 32.66 34.67 32.66
brain 32.66 32.66™ 32.66" 34.17" 32.66"
breast 33.17 32.66™ 32.66" 46.73"" 32.66"
915 MHz kidney  32.66 32.16" 32.16" 33.17* 32.16"
liver 32.66 32.16" 32.16* 33.67" 32.16"
lung 32.66 32.66™ 32.16" 33.67" 32.16"
brain 37.19 40.70 43.22 43.72 39.70
breast 37.69 40.70 39.70 40.20 39.70
2450 MHz kidney  36.68 40.70 43.72 44.22** 39.70"
liver 37.19 40.70 43.72 44.22** 40.20"
lung 37.19 41.21** 44.22™" 44.72** 44.72**

*the first of the two temperature peaks is dominant,

**the second of two temperature peaks is dominant

within individual tissues (the smallest in lung tissue) and
they are growing for antennas with the following slot
configurations: 1, 1-2, 1-2-3, 1-3 as well as 2-3. In the
case of frequency 2450 MHz the power changes are larger
and the above sequence is changed as follows: 1, 1-2, 1-
3, 1-2-3 and 2-3. In addition, the biggest antenna input
powers (much greater from the other cases) are needed for
the antenna with slots 2 and 3, especially for the kidney
tissue. A further stage of the study was resolving each of
the analysed cases for the ceiling levels of antenna input
power Pimax- In this manner, the distributions for the
maximum acceptable temperatures in the hyperthermia
treatment have been obtained.

Figure 4 presents temperature variations along two
different paths z = z,, (left) and r = 0.895 mm (right)
for the predefined values of Py, max incorporating different
frequencies and active air gaps of the multi-slot coaxial
antenna. On these graphs, the therapeutic areas of heat
operation in which the temperature is above 40 °C along
each axis of the cylindrical coordinate system can be
easily identified as detailed in Table 5.

It should be noted that the local temperature peaks
experienced in distributions 7'(z) have the same pattern
as prescribed in the case of Table 3. For most of the
analyzed cases, the right-side slope of the curve T'(z)
remains the same, while its right-side slope is changed by
extending and increasing its elevation. Furthermore, A,
increases with frequency and within the single frequency
it changes in a similar sequence as the antenna input
power P, mentioned earlier. The variations of A, are

arbitrary and do not take a particular pattern similar
to z,, values listed in Table 1. However, the therapeutic
area has the largest size in the case of the antenna with
slots 2 and 3 especially in the breast tissue for frequency
915 MHz. The smallest values of A, and A, exist in the
kidney tissue for single-slot antenna working at frequency
of 434 MHz.

At the end, the time dependencies of temperature at
predefined points (7 = 0.895 mm, z,,) and for pre-set
values of the antenna input powers have been presented
to show how heat accumulation occurs in the individ-
ual tissues depending on the frequency, see Fig. 5. The
temperature reaches a steady-state most rapidly in the
case of kidney tissue and the longest inside the breast
tissue. Moreover, for a single frequency and within the
same tissue the differences in the accumulation of heat
are negligible.

4 CONCLUSIONS

The numerical simulations are usually more flexible
and often more convenient to design new solutions in
many modern technological problems. The approach pre-
sented in this paper offers a relatively simple methodol-
ogy of finding the best model parameters for the optimal
interstitial microwave hyperthermia treatment. Changing
power delivered to the antenna in each analyzed case has
allowed a better comparison of results than it took place
in [10] where the antenna input power remained on the
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Table 4. The limit values of antenna input power in (W) for optimal hyperthermia treatment

Number of active slot

Frequency Tissue 1 1,2

1,3 2,3 1,2,3

Pin min Pin max Rn min Pin max Rn min Rn max Rn min Rn max Rn min Rn max

brain 212 6.04 213 605 214 6.08 227 646 213 6.05
breast 1.40  3.93 140 394 141 397 142  4.00 1.40  3.95
434 MHz kidney  5.73 1553 575 1559 581 1574 6.93 1878 5.78 15.67
liver 3.03 823 3.03 824 3.06 831 335 910 3.04 827
lung 0.82 231 0.82 231 0.82 233 084 239 082 232
brain 1.08  3.07 1.11 3.17 1.14 3.24 147 418 1.13 3.23
breast 083 234 084 237 08 239 092 259 08 238
915 MHz kidney 3.03 8.22 3.1 8.41 3.17 860 461 1250 3.15 8.53
liver 1.69  4.60 174 474 1.78 484 237 643 1.77 481
lung 0.48 1.36  0.50 142 0.52 147  0.63 1.79  0.52 1.46
brain 0.50 143 0.56 1.60 078 223 087 248 083 235
breast 028 079 030 0.8 0.39 1.11 044 123 040 1.13
2450 MHz kidney 142 384 160 433 233 632 262 7.11 2.51 6.79
liver 0.79 214 088 239 122 3.32 1.37  3.73 1.34  3.63
lung 034 096 041 1.16  0.55 1.55 0.61 1.73  0.59 1.68

Table 5. Therapeutic areas of heat operation along r and z axes (A, A dimensions are in mm)

Number of active slot

Frequency Tissue 1 1,2 1,3 2,3 1,2,3
A, A, A, A, A, A, A, A, A, A,
brain 4.05 9.90 4.12 9.90 4.14 9.70 4.72 1470 4.14 9.70
breast 4.65 10.90 4.76 11.30 4.81 11.10 5.61 26.00 4.80 11.10
434 MHz kidney 2.86 8.00 2.89 7.80 2.90 7.70 3.12 12.00 290 7.70
liver 3.65 9.10 3.70 9.00 3.72 9.00 4.17 13.10 3.72 9.00
lung 4.73 11.10 485 11.60 4.89 11.30 5.67 18.80 4.88 11.30
brain 4.36 18.60 4.44 31.10% 4.49 40.70* 5.22 55.20" 4.48 40.50"
breast 542 32.70 5.57 45.50« 5.70 53.10° 8.82 59.30"" 5.68 53.10"
915 MHz kidney 2.97 10.50 2.98 20.30%+ 3.00 28.30" 3.27 47.90" 3.00 28.10"
liver 3.86 13.50 3.88 24.10% 3.91 33.30" 4.48 51.60" 3.91 33.10"
lung 4.99 14.50 5.01 21.60« 5.10 32.10® 5.96 50.60" 5.09 31.80"
brain 5.89 2540 6.21 25.40 6.55 23.90 6.72 25.20 7.01 25.10
breast 7.68 27.00 8.04 26.60 8.39 24.70 850 25.80 8.67 25.40
2450 MHz kidney 3.74 20.90 3.87 21.10 3.97 20.90 3.98 21.70"* 4.47 21.70*
liver 5.27 24.50 5.54 24.40 5.70 22.80 5.74 24.20"" 6.41 24.40"
lung 6.99 32.00 7.69 33.70** 7.87 30.60"* 7.93 32.10"* 8.12 33.50*"

*the first of the two temperature peaks is dominant,

**the second of two temperature peaks is dominant

same level within single frequency. The numerical simu-
lations demonstrate that reducing the antenna operating
frequency the level of total microwave power delivered
to the antenna can be increased. Moreover, adding more
air slots in the antenna structure also requires more in-
put power to maintain the temperature at 45°C. The

simulation results suggest that for the triple-slot anten-
nas, the quasi-uniform temperature distributions between
gaps are observed, and the therapeutic area increases. In
the case of the 2-3 slot antenna the therapeutic area of
the heat penetration is even greater but temperature dis-
tribution is less homogeneous than other air gap config-
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urations and local temperature maxima occur. Interest-
ingly, the greatest heterogeneity occurs at the frequency
of 915 MHz. It may affect on uneven heating of treated
tissue. What is more, the elevations of the P, directly
influence on the A, changes and the position of temper-
ature maximum z,, has impact on variations of the A, .
The temperature reaches a steady state in the slowest
way for the breast tissue and the fastest for the kidney
tissue. This all may have practical significance in finding
new solutions for better cancer treatment. Using the ap-
propriate antenna type and working frequency depends
on the individual circumstances and should be taken into
account what is planned to be exactly achieved in hyper-
thermia therapy.
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