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METHARAK JOKPUDSA : DESIGN AND IMPLEMENT
HYPERTHERMIA TREATMENT DEVICE FOR BONE CANCER USING
MAGNETIC FIELD WITH HIGH FREQUENCY. THESIS ADVISOR :

ASST. PROF. THANASET THOSDEEKORAPHAT, Ph.D., 111 PP.

HIGH-FREQUENCY MAGNETIC CORE/INDUCTION HEATING/BONE TUMOR

This thesis research presents the design and creation of bone cancer treatment
machines using heat energy from high frequency magnetic field induction to organs of
bone cancer cells detected with precision to control the location of heating. And control
the temperature of cancer cells to remain at least 42 - 45 degrees Celsius for at least 1
hour to effectively destroy cancer cells. There are several treatment methods for bone
cancer that are different from the type of cancer. Primary bone cancer treatment is treated
by amputation surgery, organ transplant surgery, surgery using prosthetic knee joints,
minimal invasive surgery, chemotherapy, radiotherapy, targeted therapy. And secondary
bone cancer treatment is treated by chemotherapy, hormone therapy, bisphosphonate,
pain-reducing medications caused by cancers spreading to the bones, radiotherapy,
hijacking of tumors heat-cold or chemical, surgical, bone-cutting surgery. Due to the
above-mentioned treatments, there are several side effects and a long period of time to
rest the floor. Therefore, the preparation offers hyperthermia treatment. It is a method of
heating inside cancer cells. It is used for primary bone cancer in the early stages without
damage to normal tissues. Heat treatment uses the principle of high frequency
transmission. Induced target tissue can increase the temperature to 42 - 45 degrees Celsius
for a period of at least 1 hour. Cancerous tumors are destroyed, causing cancer cells to

atrophy. It is not possible to grow and spread to other parts of the body. Inside primary



cancer cells, there is a large amount of blood vessel concentrate. This makes cancer cells
more susceptible to temperature changes and retains heat. Therefore, the emitter is
designed as a ferrite core in the form of an air gap C-core. There is a part that allows
magnetic forces to move through less air. This causes a loss of less magnetic force lines
as well. And the air gap is the part that directly emits the magnetic field to the simulated
tissue. This causes the C-core ferrite emitter to have very small losses. The purpose of its
use is to create a magnetic field for the human body in the organs where bone cancer is
found. Therefore, the size of the ferrite core that acts as a magnetic emitter must be the
appropriate size for the organ. The size of the ferrite core has been designed to be a form

of C-core. The size of which covers the part of the human arm or leg.
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High-frequency magnetic field has been developed pervasively. The induction of heat from
the magnetic Meld can help to treal tumor Lissue o a certain extent. Normally, treatment by
the low-frequency magnetic field needed to be combined with magnetic substances. To assist
in the induction of magnetic fields and reduce flux leakage [1]. However, there are studies
that have found that high frequencics can causc heat to tumor tissuc [2]. In this paper present,
anew magnetic application will focus on the analysis of the high-frequency magnetic nickel
core with multi-coil. In order to focus the heat energy using a high-frequency magnetic field
into the tumor tissue. The magnetic coil was excited by 915 MHz signal and the combination
of tissues used are muscle, bone, and tumor as shown in table 1. The magnetic power on the
heating predicted by the analytical model in Fig. 1, the power loss density (2.98e™ w/m™¥)
was analyzed using the CST microwave studio.

Table 1. Material properties of tissue in simulation.

EDITORIAL UNIVERSITAT POLITECNICA DEVALENCIA (@)

Tissue Density (kg/m?) Conductivity (o, Heat capacity
S/m} (kI/K/kg)
Muscle 1050 0.37 3.54
Bone 1040 0.13 1.3
Tumor 1050 2.7 3.82
il 1 '

Cutplane name:
cutplane narmal: 0,01
Cutplane position: ~~ 223.5
2D Maimum [Wime3]: 2.98e-06
Frequency: 515

[ w/ms ]
2.982-06
2.72e-06
2.458-06
2.17e-06

1.9¢06

1.63e-06
1. 36e-06
1.09e-06
8.15e-07
5.43e-07
2.72e-07
0

Fig. 1. a) Magnctic induction with multi-coil design and b) power loss density in tissuc.
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Introduction

Cancer is the leading cause of death in the world. Cancer is a genetic disease that can
be inherited from parents to children. Cancer tissue is caused by some changes in genes.
Cancer cells are divided rapidly and cannot be controlled. Causing tumors in the body. The
tumor is divided into 2 types, Is benign tumors and malignant tumors. Benign tumors will
have a mild disease that does not spread to other organs. Malignant tumors will destroy the
cells of the organ. And spread to necighboring organs and can also spread through the
bloodstream or the lymphatic system to other organs throughout the body such as lungs,
liver or bones [3.4]. Bone cancer can occur with bones in all parts of the body. Most of it
occurs in the bones that are long, such as the bones, arms, and legs. Bone cancer makes the
bones that are close to the cancer cells very strong. Causing the bones Lo break easily Bone
cancer can be divided into 2 types, Primary bone cancer and Secondary bone cancer the
primary bone cancer begins to cause abnormalities in the cells that are attached to the bone.
And sccondary bone cancer will cause abnormalitics of cells from other places Is already
another type of cancer and the spread of cancerous tissue to the bone [5].

Due to the above treatment has many side effects and use the time to rest the floor for a
long time the authors, therefore, propose methods of treatment with hyperthermia. Is a
method of heating within cancer cells used for primary bone cancer in the early stages
without damage to normal tissues. Hyperthermia therapy uses the principle of high-
frequency transmission. Induce the target tissue to increase the temperature up to 42-43 °C
[6]. For a peried of not less than 40 minutes, the cancerous tumor will be destroyed. Causing
cancer cells to atrophy cannot grow and spread to other parts of the body within the primary
cancer cells there is a large concentration of blood vessels. Causing poor blood circulation
like normal body cells which will make the cancer cells sensitive to temperature changes
and retain heat the form of cancer treatment by heat therapy has many characteristics, such
as radio frequency, microwave, or ultrasonic waves. The main components of the system of
heat treatment include Generator, Computer, Applicator, and feedback temperature to
process on the computer in order to be able to control the temperature within the cancerous
tumor [7].

Treatment of malignant tumor cells by heating with magnetic tields. In most cases,
magnetic nanoparticles arc added into the target tissuc as well to increase the induction of
heat. Can usc hyperthermia treatment in combination with other forms of treatment for better
performance [8,9]. In the past year, people have designed the magnets for magnetic
hyperthermia applications in large models. In the form of a c-core magnetic core using a
frequency of 200 kHz [10]. The selection of frequencies will affect the heating of the tissues
for the hyperthermia system at a very high frequency. It 1s necessary to have magnetic
nanoparticles. Helps to cause heat Because the normal tissue of the body has the ability to
absorb magnetic ficlds is not good. But if using high frequency, the heat generated from
eddy current can be achieved and can generate enough heat to destroy cancerous tumor cells
without having to give magnetic nanoparticles enter the body before hyperthermia heat.

Materials and Methods

For winding the coil on the ferrite core in a circular motion when a current is supplied
to the coil, where the core made from the ferromagnetic material causes the intensity of the
magnetic field Increased from zero. Which the density of this magnetic force line will
increase until the density of the magnetic force line is constant which are saturated.
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Calculations for magnetic circuits have a calculation principle similar to the calculation of
electrical circuit from Ampere’s Law. If there is no effect of the leakage line outside the
ferrite core. And the magnetic force line is constant in the ferrite core along the length of the
ferrite core, resulting in the density of the magnetic force line constant. And when the ferrite
core has air gap in Fig. 2.

[T~ —&———=
—jb | D I
|
|
. | LT T Tumor
‘« _:_ K>/ Muscle
( | N N 1, B
|
S ! e
I =g ¥ ¥ v 4
—— | < | =>4 Magnetic Lines of Force
| -
_________ |

Fig, 3. 1) The Schematic of c—core magnetic induction heating system.
b) Modeling the muscles between the air gap.

will receive the magnetic force cquation within the magnetic core and in the air gap as

o M d)
!

Z

(h

where @ is magnetic lines of force (Wb), N is number of turns (Turns), [ is current (A), #,

is permeability of free space (H/m), 4 is cross-sectional area of ferrite core (m?), and { is

the length of air gap. Therefore, the density of the magnetic force line moving through this
air gap can be obtained from equation 2, but the area where the magnetic force line moves
through this air area is uncertain. Which will vary according to the length of the air and will
change according to the pattern of the cross-sectional area of the magnetic core as well

()]
F=—o (2)
My A,

where H is magnetic flux density (Wb/m?). Induction heating is heated by the magnetic force
that moves through the ferrite core. The basic properties of human tissue are the infiltration
of the magnet near the vacuum. Causes the magnetic field to have a slight effect on the heat
gencrated by human tissue. A common method for creating magnetic stimulation models
from Ampere’s Circuital Law with the Coulomb gauge [11]. Will receive the magnetic field
produced by the coil current and modified using the equation of Laplace vector

—Vid=p xJ 3
where J is the current density vector that flows within the source coil and A is the vector

1
magnetic potential ( /7 = —V x 4 ). High frequency alternating magnetic field produces heat
fa
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inside the body. When the magnetic is present, eddy currents conductive power loses. Which
is created from the current density vector shown as [12]

J?
= ©)

e

where P is power density (W/m?), and & is conductivity of tissue (S/m).

In human body has a circulatory system, there are a lot of blood vessels in many parts
of the body. The circulatory system will maintain the body's temperature and pH. The
circulatory system will have blood as a heat carrier. In which the blood is liquid consisting
of'blood, red blood cells, white blood cells, and platelets. Which the heart functions through
the tube system when there is a part of the body that has abnormal temperature from other
parts the circulatory system will adjust the body temperature. Where the heart will pump
blood throughout the body consisting of various parts to transfer heat through the blood to
various parts of the body and make the body temperature balance. The Penne’s heat equation
is the basis of the heat diffusion equation. Which is used very well for heat transfer of various
biological tissucs [13-14]. The Penne’s cquation combincs the main factors that affect
temperature change only. Which there are some factors that are not used in the calculation
will get the equation of heat dissipation as equation [15]

oT
pPC— = V(Y T)+p,C,0,(T ~T,) + 4+ P (3)
ot

where p is tissue density (kg/m®), € is specific heat of tissue (J/kg®C), T is temperature of
tissue (°C), / is time (s), k is heat conduction of tissue (W/m°C), p, is blood density
(kg/m®), C, is specific heat blood (J/kg®C), @, is blood distribution rate (Hz), T, is

temperature of blood (°C), and A is heat from the cnergy metabolism of the body (W/m?).
For this experiment, it is not thought of as the heat from the energy metabolism of the body
fields because of the small amount compared to the results from other parts.

The design of the ferrite core in the form of a c-core with air space the c-core ferrite
core is a loop. There is a section that allows the magnetic force line to move through the
airless. Causing the loss of the magnetic force line as well and the air gap is the dircct releasce
of the magnetic field to the simulation tissue causing the c-core ferrite core to have a very
small loss. The purpose of the usc is a set of magnetic ficlds created for the human body in
the organ that found bone cancer by focusing on the bones, arms and leg bones, so the size
of the ferrite core that acts as a magnetic resonator must be the size that is appropriate for
that particular organ. Therefore, designed the size of the ferrite core to be the form of e-core,
the size that can control the part of the human arm and has the shape of the model and size
shown as Fig. 4.
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Fig. 4. The analytical model of c—core magnetic induction heating system.

Results

In this section, we investigate the magnetic flux density, which can be controlled by ¢—
core magnetic induction heating system. In order to resolve the problem of the heating region
and local heating can be controlled by varymng the air gap size of the c—core magnetic induction
system. Moreover, the investigation showed that the position of the heating region can be
rclocated by changing the position of the tumor tissuc with c—core magnctic induction system
in the x-axis direction. The construction of c—core magnetic induction heating system to verify
the field distribution on the heating model, full wave 3-D numerical simulation was performed
using the finite difference time domain method.

From these theoretical investigations, one effective method to control a heating region
in the bone was found. Hence, the temperature in the heating body can be controlled by the
size of the air gap size of the c—core magnetic. Electric loss density for the heating model
was cvaluated. The ferrite core 18 excited by 915 MHz signal. The air gap sizes in the
simulation are 5 em. Electric loss density images for heating region shown in Figure 5.
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Fig. 5. power loss density in tissue in left-position.
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Fig. 5 the simulation results show that the heating efficiency is related to the c—ore
magnetic. It can be seen that the maximum heat occurs between c—core magnetic in the
position of tumor tissue. Furthermore, the result of c—core magnetic also has a role in
reducing heat distribution in neighboring tissues of breast phantom but midpoint heating
are increasing. As mentioned, if the diameter of the tumor tissue is changed as left, right and
center. The distributions of the power absorption per volume are changed as shown in Fig.
6
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742007
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t
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Fig. 6. a) power loss density 1n tissue in right-position, b} power loss density in tissue in
center-position.

According, Fig. 5, and 6 the heating results show that the efficiency is related to the
tumor tissuc position, which the maximum hcating arca was insidc the bone.

Conclusion

In this paper, the induction heating for hyperthermia with high-frequency c—core
magnetic system was conducted to determine the heat distribution in the dielectric loads or
tumor tissue. For analyzing the process, the c—core magnetic was excited by frequency 915
MHz, Then the c—core magnetic is considered by an air gap to investigate the difference of
power loss density in the dielectric material. The simulation found that power loss density
can be increased while the heating area 1s narrowed. Nevertheless, the power loss density
changes as a function of tumor tissue diameter also. This research is believed to be
effectively applied to control the size of the heating area for hyperthermia cancer treatment.
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Abstract— This paper presents a high-frequency dielectric
heating system for breast cancer treatment. The power loss
density (W/m3) was investigated with a curved plate applicator
by 3D simulation. The dielectric constant and loss factor of
tumor tissue provides 55.25 and 19.8, respectively. This dicleetric
heating system was implemented based on the high power signal
generator 2450 MHz, which is designed by a series resonance
circuit with an L matching clement. The diclectric propertics of
breast phantom and tumor tissue were performing by open-
cnded coaxial dicleetric probe kit connected to a vector network
analyzer that can be operated in the range of 1 — 10 GHz, The
impedance matching was measured in breast phantom as a
surrogate tumor tissuc with an applicator. The heat distribution
on tumor tissue was measured using IR cameras. The
parameters of microwave DC input power 180 W, efficiency
about 30 %, and get power at 60 W (47.82 dBm) to generate a
stabilized temperature hetween 39 — 42 °C.

Keywords— Microwave technology, Heat treqtment, Dielectric
heating.

I INTRODUCIION

Non-invasive hyperthermia is prevailing in breast cancer
treatment. The primary purpose of hyperthermia is to increase
the tumor temperature up to around 42 — 43 °C for a sufficient
time more than 30 to 60 minutes while keeping the
surrounding tissues temperatures below 42 °C [1]. Typically,
this is performed in the range of (ISM) band 433 MHz, 915
MHz, and 2450 MHz. Nevertheless, the high frequency
configuration is insullicient (o penetrale enough thermal
energy to the tumor tissue. The high trequency is suitable for
the superficial performance of the tumor located penetrating
less than 3 cm 1n tissues [2]. Alternatively, dielectric heating
offers an exciting new therapeutic avenue. There is significant
research proposing methods for tissue penetration. The
dielectric systems working is significantly penetration depth
while the radiative superficial nsufficient penetration [3].
Previous studics using sample tissucs have found that breast
tumor has dielectric properties that respond to microwave
frequencies, The material fested was made using a coaxial
probe between 0.5 — 50 GHz [4]. This studies was desernibed a
tumor tissue that is measured have a dielectric loss factor (&™)
of approximately 20 at 2450 MHz. Similarly, the dielectric
properties of the breast phantom, verified by measuring the
agar phantom with open-ended coaxial probe kit (N150TA,

‘@g.sut.ac.th

Keysight Technology) between | — 10 GHz. This property
mvolves the efficiency to heat up tumors with the high power
frequency source at 2450 MHz [5]. In this work, we present
thermal treatment o (umor Ussue using dicleciric heating
system to improve the penetration depth of breast tissue. The
curved plate applicator will be modeled using a series
resonance cirewit and will be able to determine the frequency
response capability based on the dielectric properties of the
breast phantom at 2450 MHz. This demeonstrates the ability to
heat the deep inside of a realistic breast model by analyzing
matching impedance as the dielectric heating system.
1. MATERIALS AND METIIODS

A. Analvsis and Temperature Distribution

The bio-heat transfer equation can be solved for the

temperature distribution in loss media from by assuming the
loss media is a breast tissues. [t can be expressed as follows

Jr

SR VT+ar (n
at
Batn @
PCe

Where 7' is the temperature (°C), ¢ is the heating time
period (s), Ry is the distribution temperature (m2/s), & is the
thermal conductivity of tssue (W/m°C), p is the local
physical density of tissue (kg/m3), Cp is the specific heat
capacily of an object (Tkg®C), e is the correction coellicient:
(o= LipCyp), and P is the power loss density (W/m3):

P=5536x107" fE2e" (3)

The power loss densily was calculated lrom dielectric loss
factor (&), £ is the electric field V/en, and fis the frequency
(Hz). The simulated and experimental models of dielectric
heating were conducted by analyzing the power loss density of
the plate applicator.

B. Simulation setup

The analytical model of diclectiie applicator system m the
3D simulation was performed based on 2450 MHz. The
properties of the tissue was defined using the breast phantom
model consisting of fat and tumor (12 mm) tissue are provided
in Tab. 1. The analytical model of the applicator includes
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plates length (1, 60 mm), copper thickness {1 mm), plates
width (20 mm), breast phantom width (D, 60 mm} and height
(h, 25 mm), plate has a curvature of angle 8 = 60 © as shown in

calibration set frequency was between 1 — 10 GHz (see Fig. 4
for setup).

Fig. 1.

Fig. 1. Analytical model of the diglectric applicator.

Fig. 4. Measurement setup for dielectric properties

TABLE IL Ti MEASURLMLENT OL IHELLCTRIC PROPERLY AL 2430
MIIz
TABLL L SUMMARY O MATLRIAL PROPLRTILS A1 2450 ML12
P ittivity (5 ‘ ™ i 7 - Permittivity ()
crmittivity (s, ermal Property issue 5 P " - o
Spaific Dielectric constant (&) Lass fuctor ()
Tissue Diclectric Loss Conductivity Density Freat Lireast 12.04 203
constant Sacrar (7, S/im g P (Cry
{=) {e'j iy kglm3) Jhg=C) Tumor 57.75 15.44
Breast 3.60 0729 0.04 900 3500 Fig. 5 the frequency response of the curved plate
applicator has been measured using a vector network analyzer
Tunor | 5525 | 19.80 080 1050 | 3500 ApRIcalon & Y

C. Concept of applicator for dielectric heating system

In this section, the design of the curved plate appheator
was performed by a series resonance circuit models, as shown
in Fig. 2 The plate itself acts as a capacitor in the series
resonance circuit. In calculation, used for resonance frequency
al 2450 MTTz, L= 168 nIT, and C=0.025 and Fig. 3 shows the
dielectric applicator designed.

Inductor {1.)
Matching

Diclectric
Load

Curved plate ()7
Applicator |

Generator|

Fig. 3. Construction ol'the curved plate applicator,

D, Dielectric properties of breasi phantom

The dielectric properties of breast phantom and tumor
tissue samples at 2450 MHz are listed in Tab. 2, were
measured using open-ended coaxial dielectric probe kit
(N1501A, Keysight Technology) and connected to a vector
nelwork  analyzer (E5071C, Keysight Technology). The

(E5071C, Keysight Technology). Return loss (S11) is a span
from 1.8 to 3 GHz.

Tig. 5. Measurement setup of the curved plare applicator with breast
phantom.

Fig. 6 plots the return loss (S11). As shown, for a measured
return loss will respond to 2450 MHz at -22.18 dB (for air
load) and -28.19 dB (dielectric load). Similarly, it
demenstrates an impedance ol the curved plate applicator with
the dielectric load are 51.6-j0.88 € at 2450 MHz.

24

(24559, :22,19526) |

Return loss (3

(245519, 28, 19009)

— Airload J\\ \‘I
3] * = Dielectric loa ]

T T
L& 20 22

2 26 28 30
Frequeney §GiH7)

Fig. 6. Return loss in dB (S11) of the serics resonance cireuit of the curved
plate applicator with breast phantom
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TIT.  RESULTS AND IDISCUSSION

4. Evaluaie elecrric loss density

The power loss density (W/m3) in the tumor treatment
uging curved plate applicalor was examined in Tig. 7. In the
simulation results uncovered the investigation of 2D cross-
seclion maximum power loss density 3.06 = 107 Wim3. Tt
seemed that power loss density tumor tissues inside the
applicator were very high compared to the surrounding tissues.

w/m~3

5.06e17
let7
let6
letd

10000

1000
- x z 0

Lig. 7. Power loss density of the breast phantom with tumor size 12 mm.

B. The diclectric healing sysiem results

Fig. 8 the parameters of DC input power 180 W,
efficiency about 30 % and get 2450 MHz power at 60 W
(47.82 dBm) to generate a stabilized temperature between 39
— 42 °C in the experiment part, the thermal effect is measured
with the 2D cross-section in XY-plane by the thermal imaging
camera, IR camera {U3S857A True IR, Keysight 'I'echnology}.
The experiment was conducted using a tumor size 12 mm, Tt
was [bund that alier 45 minutes, the lemperature of the wmor
tissue increased from 24.7 °C to 40.1 °C (see Fig. 9).

—

LRSS RT=36.5%0

Fig. 9. Temperature distribution ol the breast phaniom with umor size
12 mm,

Fig. 9 represents the expermmental results of the
temperature distribution surrounding breast phantom. It was
found that the heating characteristic is consistent with the
theoretical, simulated resulis. The results observations using a
thermograph is consistent with the numerical simulation
results. The power loss densily 18 a part of the healing m (1)
and is directly proportional to the temperature interval of the
tumor tissue. The heat distribution relationship is likely to
occur in tumor samples with power loss density (W/m3) and
dielectric properties found i (3). However, the side tissue 18
also affected and heated. The neighboring tissue is heated to
36.4 °C, which will not affect that tissue and this experiment
does not address the cooling of the blood vessels effect of the
circulatory system and merits further study. Also, the size of
the different tumors resulted in unequal time to spend to
achieve 42 °C temperatures.

1V. CONCLUSION

‘The dielectric heating system with curved plate applicators,
excited by a 2450 MHz signal, return loss (S11) -28.19 dB,
and impedance 51.6-70.88 Q with the dicleetric load. Use the
high-frequency output power for 60 W. This energy was
selectively transferred to a focal area by way of tumor tissue.
T'hus this study demonstrates the ability to use the application
of deep hyperthermia as tumor therapy using dielectric
heating system. The disiribution of the loss medium was
analyzed. We found that the curved plate applicator vielded
the best results because the maximum power loss density is
equal to 3.06 x 107 W/m3 with tumor 12 mm in the
simulation. The resulls show that the heating location can be
penetrated deep in the breast phantom diameter 12 mm to the
inner tumor layer. The experiment value of the maximum
temperature distribution in the tumor tissue is approximately
40 °C for 45 minutes.
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