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ABSTRACT

Brain Tumors Heating by Microwave Hyperthermia

The aim of this Master’s thesis is a numerical study of the feasibility of microwave
hyperthermia of brain tumours. The study analysed the ability to achieve therapeutically
relevant constructive superposition of electromagnetic waves in treatment targets
depending on the size and position of the targets, the operating frequency of the
hyperthermic system, and the number of antenna elements forming the applicator. This
study was performed for a total of 10 anatomically realistic human head models, in which
10 tumour models with diameters of 2, 2.5, and 3 cm were considered. Applicators with
8, 12, 16, and 24 antenna elements and operating frequencies of 434, 650, 915, and
1150 MHz were analysed. For all scenarios, the distribution of electromagnetic fields
from individual antenna elements was calculated and treatment planning was performed,
and its quality was evaluated using parameters used in current clinical practice TC and
HTQ. Both parameters indicate optimal treatment for an operating frequency of
434 MHz. A sufficient number of antenna elements meeting the requirements to cover
the entire target area is 12 and increasing their number does not have a significant effect
on the quality parameters. For the resulting operating frequency of 434 MHz, an antenna
element was further designed, implemented, and tested, which proved to be able to deliver
sufficient power to the tissue in accordance with the simulations.
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ABSTRAKT

Ohiev mozkovych nadori pomoci mikrovinné hypertermie

Cilem této diplomové prace je numericka studie proveditelnosti mikrovinné hypertermie
nadorti mozku. V rdmci studie byla provedena analyza schopnosti dosahnout terapeuticky
relevantni konstruktivni superpozice elektromagnetickych vin v cilech 1é¢by v zavislosti
na velikosti a pozici cill, pracovni frekvenci hypertermického systému, poctu anténnich
element tvofici aplikator. Tato studie byla provedena pro celkem 10 anatomicky
realistickych modeli lidské hlavy, ve kterych bylo uvazovano 10 modeli nadori o
prumérech 2, 2,5 a 3 cm. Byly analyzovany aplikatory s 8, 12, 16 a 24 anténnimi elementy
a pracovni frekvence 434, 650, 915 a 1150 MHz. Pro vSechny scénafe byly vypocitany
rozlozeni elektromagnetickych poli od jednotlivych anténnich elementt a bylo provedeno
planovani 1é¢by a vyhodnocena jeho kvalita pomoci parametrii vyuzivanych v aktudlni
Klinické praxi TC a HTQ. Oba parametry indikuji optimalni Ié¢bu pro pracovni frekvenci
434 MHz. Dostate¢ny pocet anténnich elementd, splilujici pozadavky na pokryti celé
cilené plochy, je 12 a zvySenim jejich po¢tu nema na kvalitativni parametry vyrazny vliv.
Pro vyslednou pracovni frekvenci 434 MHz byl dale navrzen, realizovdn a testovan
anténni element, ktery prokazal schopen dodavat dostate¢ny vykon do tkané€ v souladu se
simulacemi.

Klicova slova

Hypertermie, mozkové nadory, dip6lové anteny
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List of Symbols
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Su dB Scattering parameter
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1 Introduction

Hyperthermia (HT), defined as an induced temperature rise of 40—44 °C, has been proven
to improve the therapeutic success of conventional treatment modalities for brain
tumours, such as radiotherapy and chemotherapy [1; 2; 3]. Microwave (MW) HT uses
applicators to provide electromagnetic (EM) energy to the body. These applicators use
antennas that primarily operate in the lower half of the ultra-high frequency band to
achieve adequate penetration. Antennas are often deployed in an annular phased array
configuration of multiple antenna elements around the patient's head. The positive wave
interference process is used to achieve localized power deposition in the tumour. In other
words, the focal point can be directed to target the tumour by using varied amplitudes and
phases at the antennas' feeding locations. The design of the antenna element is the
essential part of the HT device and should fulfil standard requirements which are
described in the quality guidelines developed by the European Society for Hyperthermic
Oncology [4]. Generally, the requirements are small dimensions, a reflection coefficient
better than -10 dB and the capability of handling the power of at least 150 W.

The aim of current studies is to find the ideal operating frequency of the HT system,
which would achieve sufficient power deposition of the target area while minimising the
delivery of power in the hotspots of healthy tissues. Lower frequencies penetrate deeper
into the tissue, but their wider wavelength causes unwanted heat deposits in surrounding
healthy tissues [5].

Another approach considered in the development of HT systems is the ideal number
of antenna elements around the head. While increasing the number of antenna elements,
EM energy coupled to the wanted target is elevated as well, the objective is to find an
ideal balance of the element number for manufacturing a financially appropriate system.

[6]
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2 Overview of the Current State

2.1 Brain Tumours

A brain tumour is an abnormal growth of cells that occurs in the brain. Like other
tumours, brain tumours can be benign or malignant. The latter grow much more rapidly
than benign tumours and frequently spreads into surrounding brain tissue. The former
tends to grow slowly and does not typically disperse. Only malignant tumours are
considered cancerous, but a benign brain tumour can still be problematic as its growth
can impact surrounding brain tissue. If a brain tumour begins in the brain, it’s called a
primary brain tumour. If it spreads to the brain from some other location, it is known as
a secondary brain tumour. [7]

The symptoms of brain tumours vary depending on what part of the brain is impacted
and thus from case to case, but some common symptoms include headache, nausea and
vomiting, sensory disturbances like blurred vision, loss of consciousness, confusion, and
cognitive changes [8]. We differentiate between adult and child tumours. Children tend
to get different tumours such as pilocytic astrocytoma, malignant gliomas,
medulloblastomas, or ependymomas while typical adult brain tumours include
glioblastoma multiforme, oligodendroglioma, and meningioma [9].

Gliomas are a category of brain tumours that begin in glial cells. The most common
glioma is an astrocytoma, which arises from the glial cells called astrocytes. One example
of an astrocytoma is a low-grade astrocytoma, which indicates a slow-growing tumour
that is usually benign [9]. Another example, however, is glioblastoma multiforme (GM),
which is a highly malignant tumour that grows rapidly and spreads aggressively. In
radiology imaging, we can see that GM crosses the midline of the corpus callosum and
creates a butterfly shape, sort of symmetrical on the midline. Cells of GM are categorised
as pseudo palisading tumour cells and are associated with necrosis [10]. Meningiomas
are the most common primary brain tumour of arachnoid shape. They form in the
meninges and are usually benign and superficially located. From a histology point of
view, their cells are prone to calcification which creates a pattern similar to rings on a
tree. Oligodendrogliomas are quite rare and appear mostly in the frontal lobe and their
cells have a typical fried egg appearance with round nuclei and clear cytoplasm. They
tend to calcify as well as meningiomas [11].

A study [12] concluded in Finland on 331 adults provided the incidence of the most
recurring tumours according to their most frequent positions in the brain. Apart from the
location analysis, the study concluded that the patients suffering from the glioma brain
tumours develop with the highest probability (47 %) a multiform glioblastoma. The
second most frequent glioma tumour is astrocytoma with the occurrence of 23 %.
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Tumours are often diagnosed in the following brain lobes:

1. Frontal lobe with the incidence of 40 %
2. Temporal lobe with the incidence of 29 %
3. Parietal and Occipital lobe with the incidence of 17 %

The mean volume of head tumours measured from the magnetic resonance (MR)
scans was 19.67 + 13.73 cm® [13]. The great variance of the values indicates that the size
of the tumours is vastly influenced by the time at which it was diagnosed and the
aggressiveness of the tumour type.

2.2 Hyperthermia

Hyperthermia is a compelling sensitiser of ionising radiation which is now a standard
way of cancer treatment. Radiative treatment is always aggressive and lowers the quality
of life for the patients suffering from cancer. It is combined with chemotherapy,
specifically for brain tumours, and temozolomide is used. [14]

A trial based on comparing of survival probability of 112 patients showed that the
combination of hyperthermia and radiotherapy tends to double the tumour response rate
(increasing 2-year survival from 15 % to 31 %). This trial was performed for patients with
recurrent head tumours, including GM, squamous cell carcinoma or melanoma. The
radiotherapy used was brachytherapy, delivering radiation directly to the target volume.
[15]

1.007
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Figure 2.1: Comparison of 2-year survival rate of patients treated with radiotherapy and patients treated
with the combination of radiotherapy and hyperthermia [15]
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During HT, tissue is heated to a temperature of 40 to 44 ° for 60 to 90 minutes. This
temperature range causes protein denaturation in cells and subsequent aggregation of
nuclear, cytoplasmic or membrane proteins. While there is certain thermotolerance
enhanced by Heat shock proteins in mammalian cells, the tumour cells are way more
sensitive to changes in temperature and therefore its low tolerance makes them vulnerable
to hyperthermia. For the progression of the tumour, it is essential to sustain a rich blood
supply which acts as a source of oxygen and nutrients. This vasculature around the tumour
is more sensitive than healthy tissue. The vascular stasis in human tissue begins at 47 °C
while in tumour cells it is induced at 4142 °C. Consequently, blood circulation is topped
and therefore the tumour loses its vital dosage of nutrients, necessary for its manifestation.
Moreover, it enhances the effectiveness of radiation in synergic interaction called heat or
thermal sensitisation. [16] When hyperthermia is applied before the radiation, tumour
cells can be sensitised for up to several hours. The aim of current research in the field of
cancer treatment is to minimise long-term side effects and rise the survival prognosis for
the patients. There are no late toxicity effects of HT found. [3]

Adding HT to standard therapy shows an overall response of 54.9 % compared with
the response of 39.8 % for the sole radiotherapy. This prognosis is based on the outcome
of 38 clinical trials in [3]. Based on the summary of complete local tumour control
reported by randomised clinical studies for various tumour locations, comparing
radiotherapy and radiotherapy with regional HT, I present the following graph, which
shows the positive outcome of adding hyperthermia to the standard process of cancer
treatment.

& & & & N~ & & &
> & & & $ & & >
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< ‘
Q\ \,\Q‘b' ) é;&\o\
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m Radiotherapy ~ m Radiotherapy + Hyperthermia

Figure 2.2: Complete response of the treatment with radiotherapy and combination of
hyperthermia and radiotherapy for chosen cancer occurrence

Based on the data from 9 clinical trials of head and neck cancer, the complete
response of RT and RT+HT treatment was 50.3 % and 75.3 % respectively.
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2.3 Microwave heating

Electromagnetic-based methods, such as radiofrequency (RF) and microwave (MW)
are now studied for their controlled heating effects on biological tissues. This thesis
summarises the positives of microwave hyperthermia, its effectiveness, and its limitations
on the treatment of brain tumours. It shows the correlation of frequency and number of
antennas used on localised heating quality. To evaluate this quality, the results of
simulations were graded according to the standards recommended by the European
Society of Hyperthermic Oncology (ESHO). The main difference between
electromagnetic-based technologies is the used frequency of the applicator. We can divide
them into three major groups: radiofrequency, operating at the frequency range from
300 Hz to 300 MHz, microwave with a range from 300 MHz to 300 GHz and infrared
technology spanning from 300 GHz to 4300 THz [17]. This covers the microwave
technologies and their heating capabilities. At the frequency range of microwaves, all
tissues in the human body behave as lossy dielectrics, which means they act as poor
conductors and insulators. Increasing the frequency of electromagnetic waves above
100 MHz causes oscillation of polar water molecules which causes mechanical friction.
These molecules oscillate 100 million cycles per second in the electric field and thus, the
heating is generated. This is characterised as a radiative mode of propagation [18].

For the effect of EM fields in biological tissues, we use describing parameters as
effective electrical conductivity o (unit S/m) and relative permittivity &r (unitless). While
the former represents all electrical losses in the tissue due to the varying currents driven
by the EM field, relative permittivity specifies the ability to polarise a tissue exposed to
the EM field. Both characteristics are varying with the tissue type (characterised by
density, amount of water, etc.), temperature and frequency. A comprehensive database,
including thermal parameters of human tissues, is accessible in the IT'IS Tissue Properties
Database. [19]

The energy which is absorbed in tissue can be expressed using the parameter of
Specific Absorption Rate (SAR) with units of W/kg, representing the EM energy
absorbed by the tissue. It is directly proportional to the specific heat capacity and there is
a direct correlation between the SAR parameter and the temperature rise in the tissue with
the thermal conduction and thermal convection being neglected. The heat which is
transported in the tissue is typically calculated with the Pennes Bioheat model. The
limitation of this equation is that it neglects the direction of blood flow or vasculature
which often change the temperature distribution in the heating region. This is why there
are currently new models being developed, such as the discrete vasculature model. [20]

2.4 ESHO directive

The aim of each treatment plan is the choice of the right hyperthermia technique as
no one size fits for all. For this purpose, the part of this thesis is the evaluation of
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techniques according to the standards of the European Society for Hyperthermic
Oncology (ESHO). Its main objective is to promote for the standard quality-assuring
parameters of each heating modality whether it is superficial or interstitial hyperthermia.
The latter, the intraluminal HT technique deals with invasive techniques, as they are
manufactured to deliver hyperthermic temperatures within a tumour mass. These include
brachytherapy or catheter implantation. In my thesis, | deal with deep-seated tumours
located in the brain, exposed by external devices which are minimally or non-invasive for
the patient. Like other heating technologies, the aim of deep hyperthermia is to couple the
energy in the target area to heat it to temperatures of 42 to 45 °C while preserving
surrounding healthy tissues. Using only one antenna element with a single adjustable
power controller would not be sufficient to deliver energy into deeper layers, that is why
phased-array applicators are used. Each element of the array has its own power control
which enables the power steering.

2.4.1 Evaluation quality indicators of treatment

There are several parameters used for describing the outcome of hyperthermia
treatment planning. Each one of the parameters is based on SAR evaluation. As the heat
is a function of temperature and time, it is also important to comprise the duration of HT
in the treatment planning.

Thermal dose parameters

CEMA43°C is the cumulative number of equivalent minutes at a temperature of 43 °C.
[21]

Target coverage (TC)

The desired coverage and THQ are regarded as quality indicators. The target
coverage has been assessed at the 25%, 50%, 75% (TC25/TC50/TC75) level, and is
defined as the volume percentage of the hyperthermia treated volume covered by a 25%,
50%, 75% iso-SAR value when the SAR distribution is normalized to the maximum SAR
in the complete patient model. For example, a TC25 of 50% means that the normalized
SAR distribution in one half of the hyperthermia treated area is 0,25. [22]

THQ

Hotspot quotient ratio is defined as the ratio of the average SAR in the first percentile
of highest SAR values in healthy tissues to the average SAR in the tumour. HTQ is used
as the goal function for PS optimisation of SAR distribution in HT treatment planning.
[22]
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2.4.2 Electromagnetic radiative heating

In radiative electromagnetic HT, the interference of waves enables the heating of
deeply localised tumours and focuses the heat delivery to a predefined volume. These
applicators operate at frequencies higher than 400 MHz, while the exact value depends
on the penetration depth. This is due to the electric properties of individual tissues, such
as electric conductivity or permittivity. Radiating heating strategy is used both for
superficial and deep-seated tumours. The depths we can reach are one to two centimetres
by infrared heating, 2 cm with 2450 MHz, and approximately 3 cm with 915 MHz, which
is standardly used in the USA. The frequency of 434 MHz is most widely used in Europe,
it can penetrate through 4 cm of tissue. For deep-seated cancer, radiofrequency waves are
used, typically from 70 to 140 MHz. For this range, it is always required to use multiple
antennas as the range does not supply the centimetre-scale spatial control [23]. But what
the antenna should fulfil? It ought to be capable of delivering a symmetrical radiation
pattern with a reflection coefficient better than -10 dB in the whole frequency band. The
best antennas are electromagnetically compatible, as it is still believed and proven that
magnetic resonance imaging and thermometry technique is the most appropriate.

Other hyperthermia systems are electromagnetic capacitive heating systems,
ultrasound, and infrared radiation. [4]

Scattering parameters

The object of developing an ideal antenna is to correctly design its parameters. The
ability of a radiating element to deliver adequate energy into the tissue is determined by
its frequency, size, and the medium in which it is placed. The aim is to minimise the
reflection of power back into the generator, which means we must adapt the impedance
of the electromagnetic wave. The ratio describing the value which is reflected into the
generator and is therefore not applied to the tissue is a Scattering Parameter or S-
parameter. Generally, it expresses how the EM wave is propagated through a medium,
therefore it characterises a part of the circuit without the knowledge of its inner
arrangement. S-parameter is a complex number often expressed in subscripts Sij where i
stands for the output port and j is for the port that is excited or the input port. Thus,
parameter Si11 which will be expressed in this thesis stands for the ratio of the signal's
amplitude that reflects from the first port to the signal's amplitude incident on this port. If
we take a two-port system, its S-parameters are written in a matrix structure, with
reflection coefficients along the diagonal and transmission coefficients are placed off-
diagonal.
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In the following picture, a two-port network is presented. Variables a; represent a
wave incident to port i and variables b;j represent reflected waves from port j. The
magnitudes of the mentioned variables may be referred to as voltage-like variables,

normalised by a specified reference impedance Zo. In the case of measuring systems, the
impedance is set to 50 Q.

— —az
rTeT Sn Su .

o gy S— SZI SZZ - —b2

Figure 2.3: A two-port network with marked waves of incidence and
reflection
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3 Aims of Thesis

The aim of this thesis is to evaluate the frequency and number of antennas used for
microwave hyperthermia of head tumours. Based on the best scenario of power
deposition, the ideal frequency and the antenna count is obtained using optimisation of
chosen parameters (amplitude, phase, SAR). From the results, the ideal antenna element
is to be designed with chosen frequency and parameters.

For the analysis there are the following steps to be taken:

1.

Development of 2D head models from ten real patient models using
segmentation of magnetic resonance images
Electromagnetic field simulations of chosen antennas
Optimisation of power deposition parameters for chosen frequencies,
localisations of tumours and number of antennas used

a.
Design of antenna array with an estimated frequency
Practical experiment in the laboratory of FBMI CTU establishing the
reflection of EM radiation of the designed antenna

18



4  Methods

In this chapter, | summarise the approaches of frequency and number of antenna analyses
for the best treatment outcome. For a more coherent narration, | present the following
graph describing the steps taken and the software used for each of them.
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After the analysis, it was necessary to design antenna with chosen parameters, based
on the calculations provided by Optimisation and the research summarised in the previous
chapters. In COMSOL Multiphysics, a bow-tie antenna was designed and later
manufactured. For the measurement we use the equipment of the school laboratory,
including cSAR3D developed by SPEAG.
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4.1 Collection of patients’ head models

To create 2D models representing slices of human head, at first it was necessary to
acquire segmented images of human brain. This was obtained using MRI images of real
patients which were later processed using Materialise Mimics for segmentation and
Materialise 3Matic for the reconstruction of head models. After this reconstruction,
simplified models with basic tissues were converted to the file format compatible with
COMSOL software. Using a Plane extractor in COMSOL we obtained the contours of
selected tissues in the human brain which were later used for the simulations in
MATLAB.

4.1.1 Segmentation

Before segmentation, | pre-processed MRI acquired images using contrast and
brightness tools. After completion of image adjustment, it was necessary to threshold a
mask, which would include the selected tissue. Using the 3D viewer tool, | treated each
selected tissue to remove redundant voxels or connect incomplete areas. For the outer
shells of the scalp (skin + fat + muscles), I chose the morphological operation of dilatation
so that after subtracting other inner tissues from this layer I would not lose its thickness.
Afterwards, with the finalisation of the scalp layer, 1 continued with the skull,
cerebrospinal fluid, and inner mass of the brain, which includes white matter and grey
matter. It was obtuse to split these two inner layers from each other as there is only a thin
and non-homogenous stratum of grey matter, that is why | chose single geometry for
them. For simulations, mean values of density and electric conductivity will be used for
grey and white matter. MIMICS offers tools of Boolean algebra operations which were
used for adding and subtracting one layer from another. | used these operations only to
estimate the thickness of tissues so that after the subtraction there would not be non-
consistent overlays.

4.1.2 3D models

After completing, individual segments were loaded into Materialise 3-Matic,
software analysis, and design, where segmented models were further edited to eliminate
surface imperfections. Wrapping was used to fill holes and create a smooth surface and
for a further level of the smooth watertight surface, Smoothing tool was used. The
domains of interest were divided into small segments using mesh. We can characterise
mesh as a discretisation of domains existing in one, two, or three dimensions. In our case,
3D meshes created for numerical analysis consist of tetrahedra, hexahedra, pyramids, and
prisms. Final mesh can be generated for finite element analysis which is used in
COMSOL Multiphysics. Other required steps for simulations include boundary
conditions and material selection.
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4.2 Electric field simulations

For the study of electric fields, our 3D models of the head were imported in
COMSOL Multiphysics and using a Plane extractor in the widest and longest part of the
head, ten 2D slices were created.

Figure 4.1: Model of the patient with marked plane for the
extraction of 2D slice

These ten patients' models alter in the size and ratio of each domain. Subsequently,
antennas were deployed around the scalp in an elliptical domain, representing an adaptive
medium. There were four scenarios of antenna layout, 24, 16, 12 and 8 dipole formations.

mm

Figure 4.2: 2D slice of head with 24-antenna HT system
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The distance between the single antenna elements varies with its number. | present
these values in the Table 4.1. Knowledge of these dimensions is important for the next
spatial arrangements of the designed antenna with the characteristics estimated from the
simulations results.

Table 4.1: Distance between 2 neighbouring antenna elements for every HT system

Number of antennas 24 16 12 8

Distance between

30 46 59 86
two antennas (mm)

For correct simulation of human tissue, it was necessary to assign every layer its
correct electromagnetic and physiological property based on the frequency used. These
properties include relative permittivity, relative permeability, and electric conductivity.
These values were obtained from the IT'IS Database for thermal and electromagnetic
parameters of biological tissues. [19]

Table 4.2: Density and dielectric parameters of the head tissues used for the simulations. Dielectric
parameters vary for each frequency. Data obtained from [19]

Dielectric Parameters

Tissue ('?(Zr/‘fr']?)’ Frequency (MHz) Electrmémt;luctlvny Perm(|-t)t|v|ty
434 0.7 46.1
Scalp 1109 650 0.78 43.1
915 0.87 41.3
1150 0.95 204
434 0.09 13.1
650 0.12 12.7
Skull 1908 S = —
1150 0.18 12.2
434 2.26 70.6
650 2.32 69.3
Sk 1007 915 2.42 68.6
1150 253 68.2
434 1.05 55.1
Brain tissue 1046 650 1.15 51.6
(GM+WM) 915 1.27 49.3
1150 1.38 48.1

22



Dielectric parameters can be as well implemented in COMSOL simulation using
Cole-Cole models from MATLAB. These models include function for relative
permittivity and conductivity based on the frequency used that can be directly imported
into COMSOL parameter settings.

Physics

For the numerical simulation in COMSOL, the Finite Element Method was used to
solve frequency domain form of Maxwell's equations. It is based on the discretisation of
models, where a geometrical model is replaced by a finite number of elements. The
physics problem is then calculated for every element separately, using method of
numerical mathematics and the resulting distribution of fields is later estimated by
combination of each element.

For calculation of SAR in the head model and further parameters involving its use,
we need to obtain the distribution of electric fields (E-fields) in human tissue from the
antenna applicator. The study chosen for computation of E-fields was the
Electromagnetic Waves, Frequency domain. This study is part of the Radiofrequency
module in COMSOL. Whenever the solution of an electromagnetic field is wave-like,
such as in radiating structures, or in other cases where the wavelength is comparable to
the objects’ sizes, the problem can be treated as a wave electromagnetic problem.

-
Vxprl (VX E) — k2 (& — 2 =0 (4.1)
Eo'(,l)

Where V is the vector differential operator, u, is the relative permeability, E
represents the electric field intensity in V/m, k, is the wave number of free space, defined
as a ratio of angular frequency and the speed of light, &, is the relative permittivity, j is
an imaginary unit of a complex number, o is the electrical conductivity in S/m, g, is the
permittivity of the vacuum in F/m. [24]

In the physics setting, we must define Initial and Boundary conditions. The Initial
conditions characterise the state of the model at the beginning. In our case it is at time
t =0 and the vector of the intensity of the electric field is set to zero. The boundary
conditions are simulations of the interaction between the model and the outer world. In
our case, Scattering Boundary Condition was used, which causes that chosen area to be
transparent for the planar scattered wave and for other types of waves there is a perfect
reflection of the boundary condition. The parameters are to be propagated from Ports,
where the EM is generated. These are surrounded by Perfect Electric Conductors or
PECs.
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4.3 Particle swarm optimisation

The distribution of electric fields in every tissue was exported into MATLAB for
further optimisation of SAR delivery to the tissue. The aim of this optimisation was to
minimalize hot spots in the healthy tissue and maximise the power delivery into the target
area of the tumour. The imported data from COMSOL included matrices of electric field
distribution for four chosen frequencies. Before optimisation, the ten positions of the
target area were set and for each position, three sizes of tumours were created. To obtain
correct results of power deposition in selected tissues, the dielectric parameters on chosen
frequency and density of each layer were defined.

For optimisation, we have chosen the particle swarm algorithm, which has been
proven to gain better results as a genetic algorithm. Particle swarm optimisation (PSO) is
a population-based search algorithm. It was based on the phenomenon of bird movement
within a flock resulting in an optimal formation after regrouping. The changes of single
element, a particle, are affected by the knowledge of its neighbours. Therefore, a particle
stochastically returns toward the regions of previous success in search space. The number
of iterations was set to 200 for each case and the optimised parameters were phase and
amplitude of every antenna for power steering of SAR delivery into the target.

SAR is calculated as:

. 2
sap = 2 IE] : (4.2)
2:°p

where ¢ is electric conductivity biological tissues in S/m, |E| is a root mean square value
of electric field strength in V/m and p is a density of the tissue in kg/m?®.

For the SAR indication, the Hotspot-to-Target Quotient (THQ) was used. THQ value
expresses the ratio between the average SAR in hotspots, characterised as 1 % of the
volume of healthy tissue where the greatest values of SAR are found, to the mean SAR
in the target volume of our tumour. [25]

SARy 1,
HTQ = —— /% (4.3)

Other SAR treatment quality indicators which are calculated from the SAR
evaluation of PSO are the target coverage values (TCX). TC is defined as the percentage
of Hyperthermia Treatment Volume (HTV) covered by 25 %, 50 %, and 75 % iso-SAR
values. The distribution of SAR was normalised to the maximum SAR in the whole
patients’ head models. The level of target coverage was evaluated at 25 %, 50 %, and
75 %.
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The aim of the optimisation is to:

1. Minimise the HTQ parameter

2. Maximise the tumour coverage (TC25, TC50, TC75)

3. Correctly cover the whole area of the tumour using power steering of
antennas

4.4 Design of antenna element

We can characterise an antenna as any device which radiates electromagnetic energy
for the purpose of power or signal transmission. One of the simplest constructions is the
dipole antenna. It is realised using two metallic arms that have a sinusoidal voltage
difference applied between them. The length of the arm is calculated using a quarter of
the wavelength of the operating frequency. Dipoles are constructed in such way that the
inner conductor of the coaxial cable is soldered on one arm while the outer conductor is
soldered to the other. This minimises the impact of the coaxial cable on the radiating
element.

The dipole antenna was chosen as the best approximation of the point source used in
the 2D simulations.

In COMSOL software Finite Element Method was used to establish the correct
dimensions of the dipole antenna to fulfil the requirements of the reflection coefficient of
the antenna element based on its operating frequency advised from the results of
simulations. For the given frequency, Parametric Sweep analysis is used to find ideal
dimensions where the estimated frequency is also the resonant frequency of the antenna,
and the return loss is at least -10 dB.

F 3
h J

Fy — ] )
2 d {
Y

Yy - i e

c

Figure 4.3: The parameters describing the dimensions of dipole antenna. Lumped port is marked with
red dot between the arms of the antenna
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4.4.1 COMSOL settings

As the result of the parametric study of antenna dimensions in COMSOL, the
following sizes were chosen for the antenna manufacture:

Table 4.3: The values of antenna dimensions from Figure 4.3

Parameter a b c d

Size (mm) 12 31.75 1 4

First and foremost is the creation of Geometry model of the dipole antenna, water
bolus, substrate in which the antenna is placed and block representing brain tissue
parameters. The next step is to set the physical properties (Materials) of each area of the
model. This means, in the hyperthermia system model, identifying the regions that
correspond to the brain tissue and setting the values of the parameters that describe that
tissue for calculations from the field of the spread of the electromagnetic field, such as
relative permittivity &r (-) and electrical conductivity o (S/m). Dielectric parameters used
for the brain tissue model are written in Table 4.4,

Then we need to set the boundary conditions (Electromagnetic Waves, Frequency
Domain), the core of the whole simulation. This means defining the areas in which
electromagnetic field propagation calculations will take place. This is primarily a
determination of the metal parts of the model (Perfect Electric Conductor), what parts
will be good conductors for a given frequency of electromagnetic waves and will
therefore be identified in the model as ideal electrical conductors. Furthermore, this
involves setting the location of the electromagnetic wave generation (Port) and setting
the area on which boundaries there will be a minimal reflection of the electromagnetic
waves (Scattering Boundary Conditions). There are other predefined Initial values which
determine the state of the model before the simulations are run, in the case of simulations
from the electromagnetic field area it is an electric field intensity vector E(x, y, z) =0.

After the boundary conditions settings, a computational net (Mesh) is generated for
the model, computed by the Finite Element Method. The method involves the
discretisation of a continuous model into a specific, finite, number of elements. The
parameters describing the distribution of the electric field are then calculated at the nodal
points of these elements. It is possible to set the shapes and sizes of these elements so that
the whole model is fully discretised and there are no areas where the model cannot be
addressed. The minimum size of the mesh elements s (mm) is dependent on the
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wavelength of the electromagnetic wave 4 (m) spreading through the material (tissue, air,
metal, etc.). For our dipole antenna, the size of the mesh elements was set to 0.02 mm.

Figure 4.4: Mesh of the designed dipole antenna, size of the elements is set to 0.02 mm

Since the dipole antenna is very well known from other publications, e.g., [26; 27],
mainly the interaction of this antenna with the biological tissue representing the head is
mainly taken into account in this work. For this purpose, the calculated SAR value is
compared with the measurement of this value on the cSAR 3D device. On the contrary,
this information regarding the validation of the SAR quantity for one dipole is new
compared to the mentioned works above.

For the manufacture of dipole antennas standard procedure was held using the
etching of the antenna shape on a dielectric substrate, consisting of three layers. The base
consists of a laminate (Cuprexit) made of glass cloth with epoxy resin. Next, there is a
layer of copper on this laminate and the surface of the substrate is made of the
photosensitive layer containing polymer. A dipole shape of our antenna was printed on
transparent foil and applied to the substrate. Thus, the substrate was placed under UV
light. Due to the UV radiation, the structure of the polymer contained in the photosensitive
layer changes in every place except for the printed dipole shape. The plate is then
immersed in a 1.5% aqueous NaOH solution. Sodium hydroxide causes the polymer to
separate at the sites where the changing of its structure occurred. In the last step, the
substrate is immersed in a bath of concentrated ferric chloride, which etches the copper
layer from the substrate in places where the photosensitive layer has been removed.

A dipole antenna combined with balun (balanced-to-unbalanced transition) is
reported to have a better response than a conventional dipole [28]. This element consists
of a microstrip line grounded to one arm of the dipole located on the other side of the
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epoxy substrate and acts aan a RF-matching network, which means it ensures a symmetric
radiation field with stable electrical performance throughout whole frequency band [29].
The negatives of the antenna design with a balun, apart from adding complexity, is the
necessity of enlarging the dimensions and decreased efficiency due to power absorption
in the structure [30].

If we want to ensure the majority of the power of the EM wave is delivered, we must
set all circuits, through which an EM wave is propagated to the same impedance. For an
EM wave propagating with characteristic impedance, Zo=50 Q, the dipole antenna in its
medium represents a load of impedance Z.. Designing an antenna involves an
approximation of Zo to Z.. That way a power loss is minimised.

The dielectric parameters of the block which represents the phantom of the human
head were set as follows:

Table 4.4: Dielectric parameters set in the COMSOL design of the antenna

Dielectric parameters of human head phantom [31]

Electric conductivity Relative permittivity
o(S/m) H()
0.87 435

The parameter which will be computed is called reflection coefficient |S;, | and represents
how much power is reflected from the antenna. When a complex electromagnetic wave
a1 (V) of a certain amplitude and phase hits a port, part of this wave is reflected back as
b1 (V). The parameter is measured as a reflected signal of a signal injected at the port.
The ratio of these two waves is represented by the Si1 parameter (unitless), the so-called
reflection coefficient, calculated as:

b
S, = 2 (4.4)

a;

4.5 Measurement of SAR distribution in ¢cSAR 3D head
phantom

The most important requirement for the antenna set for medical application is the
effectiveness of its radiation in an estimated frequency range. For the indication of the
distribution of electromagnetic energy in human tissue, a specific absorption rate is
measured. Other indirect techniques include the temperature measurements after the
phantom heating or the electromagnetic field intensity measurements.
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For the measurement of the Specific Absorption Rate of the designed antenna
element, SAR System with Novel Vector Array Technology is used, called cSAR 3D
developed by Swiss SPEAG. This system is used to evaluate wireless devices operating
on a frequency range from 300 MHz to 6 GHz, it provides high-precision SAR
measurements as required by IEEE standards. Each measurement takes less than 0.3 s for
acquisition, post-processing and display. The system is filled with a broadband head
simulating medium with the conformity of target dielectric parameters of less than 10 %
across the whole frequency range.

Our dipole antenna was connected to the power generator operating at the frequency
of 434 MHz. The power set on the generator was 140 W. An attenuator reducing power
of the signal by 30 dB (a thousand times reduced power) was connected to the generator
through coaxial cable. Therefore, the input power of the measured antenna was 0.14 W.
This power value was set in the simulation settings as well. The outcome of the laboratory
measurement in the phantom is the 3D map of SAR distribution in the tissue from the
designed antenna which is placed on the surface of cSAR 3D.
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5

Results

5.1 Electric field distribution in COMSOL

Solutions of the Electromagnetic Wave, Frequency domain study were represented
by a surface colourmap or a matrix of values of electric field strength. As an EM wave
propagates through different types of tissue with various scattering coefficients, the
resulting map differs in magnitude at every layer of the human head model based on the
frequency at which the EM wave travels. The matrices were imported to MATLAB where
the amplitude and phase of each radiating element were optimised for the best coverage
of the target volume set in the code.
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Figure 5.1: Distribution of electric fields in the HT system operating at frequency 434 MHz obtained

in COMSOL

5.2 Results of PS Optimisation

In total, 4800 simulations were held differing in:

Frequency (434 MHz, 650 MHz, 915 MHz, 1,150 MHz)

Patient model (10 anatomical structures)

Location of the target area (10 positions based on the most frequent
occurrences of brain tumours)

Size of the target area (20 mm, 25 mm, 30 mm)

Number of antennas used for the simulation of the HT system (24, 16, 12 and
8 antenna system)

In the following chapters, | present the effect of each mentioned factor on the set of
pictures depicting the distribution of SAR in the 2D slice of the head. As not only pictures
but also quality parameters were obtained from the MATLAB simulation, each of the
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examined parameters is graphically represented using the HTQ function and Target
Coverage values.

5.2.1 Effect of Frequency Used

Four frequencies based on the most common hyperthermia application devices were
compared, 434, 650, 915 and 1,150 MHz. The results were quantified with SAR quality
statistics over the tumour volume with the TC25, TC50 and TC75 values, which show the
fraction of the target area enclosed in the 25 %, 50 %, and 75 % isolines of peak SAR,
respectively.

The target region in the pictures is delineated with a thin black contour. The following
plot depicts the SAR distribution of 24 radiating antennas in the head of Patient 1 with
the tumour located in the frontal lobe, 4 cm under the outer layer of the head model. The
24-antenna model was used as a representative figure, as the results obtained from this
system show the greatest variances. The set of figures comparing frequencies of the
remaining antenna systems are part of Appendix A.
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Figure 5.2: SAR distribution in the 2D head model obtained by a 24-antenna HT system on the frequency
of a) 434 MHz, b) 650 MHz, ¢) 915 MHz and d) 1150 MHz
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The following box plot shows the mean values of target coverage of 25 % of tumour
volume by the highest SAR depositions. Minimum and maximum values are displayed
by the tails of the graph while the box shows the interquartile range with the median
(horizontal line) and mean (cross) values inside it. Values are averaged for 300 samples,
made of data from 10 patients, 10 target locations and 3 sizes of the target.
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Figure 5.3: Box plot of TC25 comparing four frequencies used for a 24-antenna HT
system. Mean values are represented by a cross

The box plots are used to compare the remaining percentages of tumour coverages.
Again, the graphs depict values for the 24-antenna hyperthermia system. The 16, 12 and
8-antenna systems are graphically presented as part of Appendix B.
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Figure 5.4: Box plot of TC50 & TC75 comparing four frequencies used for a 24-antenna
HT system. Mean values are represented by a cross.
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For a better comparison of exact values, the following table shows the mean values
of treatment planning parameters with a range of minimum and maximum values of each

target coverage by a 24, 16, 12 and 8-antenna system.

Table 5.1: Average values of TC25, TC50 & TC75 and the range of all its corresponding values for a
24antenna and 16antenna HT system

Target Coverage (%)

Frequenc
(,\jllflz) y 24-antenna 16-antenna 12-antenna 8-antenna
system system system system
100 100 97.4
434 100 (99.57-100)  (99.57-100) (3.89-100)
550 98.6 99.32 83.8 34.28
(43.33-100)  (80.49-100) (0-100) (0-97.70)
TC25
o1 78.56 41.48 11.83 0
(0-100) (0-100) (0-85.57) (0-0.66)
51.76 1.69 0
1150 (0-100) (0-100) 0 (0-0.29)
44 99.76 99.79 99.22 19.55
(85.5-100) (7532-100)  (55.67-100) (0-100)
.50 84.61 86.45 21.59 .
(0-100) (20.25-100) (0-100)
TC50
45,61 1.76
915 (0-94.43) (0-50.49) 0 0
10.99
1150 ©.77.05) 0 0 0
82.54 82.71 75.87
434 (0-100) (0-100) (0-100) 0
650 4553 42.74 0.45 .
(0-80.98) (0-84.59) (0-28.2)
TC75
12.89
15 (0-45.90) 0 0 0
1178
1150 0-37.38) 0 0 0

The analysis obtained from the graph shows us that the highest values of target
coverage are reached by the 24 and 16-antenna HT system operating on the frequency of
434 MHz (bolt). Since a smaller number of antennas is more advantageous both in terms
of finance and construction, the 16-antenna HT system is preferred over the 24-element

one.
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Another examined quality parameter for the study of the frequency impact is the
Hotspot-to-target quotient, representing a balance of power deposited within and outside
of the hyperthermia treated volume. Table 5.2 reports the results for all 4800 simulations
computed with the mean value of the quotient and the standard deviation of all the values
accounted for.

Table 5.2: Mean values and standard deviations of HTQ for 4 used frequencies of every HT system

HTQ Frequency (MHz)
Number of antennas 434 650 915 1150
24 0.88+0.11 1.06+0.28 2.27+£2.59 3.78+4.18
16 0.89+0.11 1.13+0.18 2.91+1.25 6.08+3.88
12 0.96+0.14 1.91+0.65 5.69+6.26 8.25+3.96
8 1.78+0.41 3.13+1.13 6.07+2.12 10.22+5.18

For an illustrative comparison of HTQ, | present the following bar graph showing the
increase of the quotient depending on the number of radiating antennas and the frequency
of antennas. It is visible that in every case the quotient increases with increasing frequency
and with decreasing number of radiating antennas.
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Figure 5.5: Hotspot-to-Target Quotient based on the varying frequency and number of
antennas used for HT treatment. The red line shows the ideal maximum value of HTQ
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Effect of number of antennas used

Part of the analysis was to determine and compare the number of antennas used for
the whole-tumour coverage. Logically, increasing the number of radiating bodies also
increases the energy delivery to the tissue. This may be at the expense of unwanted hot
spots created in healthy tissue. As the effort is to build an affordable hyperthermia system,
the aim is to establish how much of the SAR would be reduced, decreasing the number
of antennas.

Based on the results from the previous frequency analysis, the frequencies 915 MHz
and 1150 MHz show minimum tumour coverage by iSOSAR, that is why for the analysis
of the antenna count | use the two lowest frequencies.
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Figure 5.6: SAR distribution in the 2 D head model obtained by a) 24-antenna, b) 16-antenna,
)12 antenna and d) 8-antenna HT system on the frequency 434 MHz
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Figure 5.7: SAR distribution in the 2D head model obtained by a) 24-antenna, b) 16-antenna,
€)12 antenna and d) 8-antenna HT system on the frequency 650 MHz

For the comparison of target coverage, the following bar graph shows the mean
values of TCs for every antenna arrangement. Graph showing the comparison for every
frequency is part of Appendix C.
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Figure 5.8: Target Coverage comparison for four antenna number of the HT system operating at the
frequencies 434 MHz and 650 MHz
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5.2.2 Effect of tumour size

The application system should heat the entire target volume. To obtain full coverage
of the tumour, multiple abutting fields should be outlined. That is why not only frequency,
but the number of radiating elements should be considered in the analysis.

The next 2 figures analyse how the 24-antenna system operating on a frequency of
434 MHz & 650 MHz covers 3 different sizes of target area enclosed inside the black
circle.
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Figure 5.9: SAR distribution of 24-antenna HT system on the 434MHz frequency for three sizes of
tumours a) 20 mm, b) 25 mm, ¢) 30 mm
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Figure 5.10: SAR distribution of 24-antenna HT system on the 650MHz frequency for three sizes of
tumours a) 20 mm, b) 25 mm, ¢) 30 mm

The influence of the number of antennas on the coverage of tumours with different
diameters is shown in Figure 5.10 for two frequencies of the highest impact.
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Figure 5.11: Comparison of HTQ in 3 different sizes of target areas for two lowest
frequencies of 24, 16 & 12 antenna system
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HTQ value for every size of target area remains under the critical value of 1 for 24,
16 and 12 antenna systems operating at frequency 434 MHz.

For comparison with other operating frequencies, | present the following graph,
which contrasts the HTQ in three sizes of the target volume for the 24-antenna system.
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Figure 5.12: HTQ in the three sizes of target area compared with increasing frequency of
the 24-antenna operating system

From Figure 5.11, we can summarise that even the highest antenna number of the
HT system operating at the frequency of 650 MHz does not keep the value of HTQ
under 1 in the two largest target areas.
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5.2.3 Effect of tumour location

For the most frequent locations of head tumours, the frequency and antenna count
analysis was held. Tumours placed in the three most recurrent lobes, frontal, temporal,
and occipital were in approximately the same depth while on the contrary, the tumours in
the central part of the brain were located from 8 to10 cm beneath the skin.

Figure 5.12 compares the HTQ of various tumour locations for four different
frequencies of the 24-antenna system.
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Figure 5.73: HTQ for the tumours located in the frontal, temporal, occipital and central
part of the brain differing in the frequency of 24-antenna system

While the target area located in the central part has the highest hotspot ratio for every
frequency used, specific lobes of the brain seem to have no significant difference in the
resulting quality of HT treatment.
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From the previous analyses, it is obvious that the lowest frequency offers the best
results from every analysed parameter. The following graph compares the HTQ value at
the chosen target locations for all HT systems operating at the frequency of 434 MHz.
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Figure 5.84: HTQ for the tumours located in the frontal, temporal, occipital and central
part of the brain, differing in the number of antennas used for the HT system
Figure 5.13 confirms the presumption that the HT systems of at least 12 antenna
elements operating at the frequency of 434 MHz are capable of delivering wanted power
to the tumours located on the outer margin of the brain without depositing the majority of
SAR in undesired hotspots.

The figure on the following page depicts the SAR distribution in ten locations of the
target areas.
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Figure 5.15: Comparison of SAR distribution in 10 different locations of target area
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5.2.4 Antenna amplitude distribution

The results of the particle swarm optimisation were adequate settings of phase and
amplitude of every antenna used in the array. An interesting point of the analysis is
knowing how the power steering works based on the computed amplitudes.

The following radar graph depicts the amplitudes of twelve radiating antennas used
to heat the tumour in the frontal lobe of the brain (located at the proximity of antenna
number 10).
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Figure 5.96: Radar graph showing the amplitudes of 12 antennas focusing on the tumour
in the frontal lobe (located at the proximity of antenna 10)

The power steering used by the optimisation results in an amplitude increase of the
antennas that are located at the shortest distance from the target.
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5.3 Antenna design and measurement

Based on the simulation results described above, the frequency of 434 MHz was

chosen for the antenna design. In Figure 5.17 the current density in the dipole antenna is
zoomed.

Arrow Surface: Surface current density

cm Q0
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Figure 5.107: Dipole antenna design and its current density distribution

For these antenna parameters, the scattering coefficient does fulfil the requirement of

the return loss of less than -10 dB as is shown in the next figure

S-parameter (dB)
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Figure 5.118: S11 parameter of the antenna at the frequency of 434 MHz
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During manufacture, the balun element intended to be part of the dipole during
simulation steps, was avoided due to the obtuse soldering between the arms of the dipole.
Adding this complexity to the designed element would require change of the dimensions.
However, avoiding the balun increases the efficiency due to the power absorption in the
structure and moreover ensures the EM combability.

3

Figure 5.129: Positioning the designet dipole antenna on the cSAR 3D
phantom. Between the phantom and dipole, a water bolus is placed for coupling of
the EM energy
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5.4 Measurement of the designed antenna

The measured parameter S11 met the estimated criterion of delivering power loss of -
11 dB at the frequency of 434 MHz.

The SAR distribution obtained from the cSAR3D head phantom is depicted in the
next figure. For comparison of simulations and experiment, | present the SAR distribution
in head phantom on the left side and SAR value perpendicular to the centre of the dipole
in COMSOL simulations on the right

SAR
[W/kg]

lo. 500

0

Figure 5.20: Comparison of the SAR distribution in head phantom measured experimentally (left) and
SAR distribution of designed antenna in COMSOL (right)

In the SAR distribution from COMSOL simulations (right), the white vertical line in
3 mm is added to correctly scale the radiation pattern to the SAR distribution in phantom
model (left), which also begins in 3 mm depth of the tissue.
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6 Discussion

The simulation set-ups of 4800 possible scenarios of HT treatment were considered for
the analysis of ideal operating frequency and number of radiating antennas of the
hyperthermic system. Ten segmented patient head models with different anatomical
structures were used, as even small difference in the structure of brain can result in
different outcome of the treatment (volume of CSF, thickness of the skull, head shape)
[32]. Targets were positioned in 10 different locations of the brain tissue, all around the
5cm rim of the brain tissue. One target was located in the centre of brain for determining
the effective depth of treatment. The size of the target was 20, 25 and 30 mm for every
location. The results were evaluated using the recommended guidelines of quality
parameters of hyperthermic systems, which are standardised and regularly updated by
ESHO. The optimised parameters were the tumour coverage or areas enclosed by the
25%, 50% and 75% iso-SAR contours. The object of the optimisation was to maximise
these parameters while on the other hand, the Hotspot-to-Target Quotient was minimised.
The latter describes how much power is delivered into the healthy tissue compared to the
power delivery in the chosen target. Reasonably, this value is ideally below 1. The
localisation of the target was programmed by finding the best values of amplitude and
phase of each used antenna, in a so-called power steering. This is system is frequently
used in commercially built hyperthermic systems. For visualisation how the SAR is
distributed in the 2D head model, the figures presented in the Results are depicting how
the frequency and antenna number influences the pattern of SAR in the tissue. The highest
amount of unwanted SAR is deposited in the cerebrospinal fluid, because of its dielectric
characteristics, high permittivity, and conductivity. The skull, with lower values of
dielectric parameters has the lowest amount of SAR deposited in its tissue. In real patient
models, parameters that lower the expected heat delivery into head tissue should be
considered. These parameters are the volume of CSF, as by its circulation the cooling by
convection occurs. Other cooling conditions are respiration, evaporation and sweating, as
well as the metabolism of an individual.

Taking into account all the simulation results I conclude the following statements
concerning the hyperthermia treatment of brain tumours:

1. The ideal frequency for antenna element is 434 MHz

From the initial analysis of the frequency effect, it follows that with increasing
frequency, the coverage of the target area decreases and the distribution of SAR in the
unwanted areas appears (Figure 5.5, Table 5.1 & Table 5.2). Compared with other higher
frequencies 650 MHz, 915 MHz and 1150 MHz, the chosen frequency of 434 MHz was
capable of delivering the majority of the total SAR into the target area in every scenario.
This confirms the known fact that lower frequency electromagnetic waves penetrate
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better with anatomical structures than short-wavelength EM waves, although for more
complex tumour shape, a larger wavelength (3—4 cm) could cause damage to the
surrounding healthy tissue. Our result also verified the effectiveness of hyperthermic
systems used in Europe operating on this frequency, such as HYPER collar [33] or Alba
ON 4000 [34].

2. Twelve antennas are the optimal number for the HT phased array system

Compared with two higher antenna numbers (24 & 16) and one lower (8), the
12 antenna HT system, operating on the frequency of 434 MHz, fulfilled the requirements
of minimising the HTQ parameter below the critical value of one while keeping the target
coverage to a maximum percentage (Figure 5.5 & Figure 5.8). As expected, increasing
the number of radiating elements results in higher SAR deposition in the tissue. This trend
can be seen in Figures 5.6 and 5.7, comparing the frequencies of 434 and 650 MHz.
However, considering the financial and manufacturing approach of the system, finding
the least number of antennas capable of delivering the required heat to the treated area is
the aim of current studies. In my work, I contradict the study [35], where 8 antennas
operating on the frequency 434 MHz were sufficient in delivering the heat to head & neck
tumours. The result of this analysis inclines towards the study [36], where the minimum
number of 12 antennas was recommended.

3. The chosen combination of 434 MHz and 12 antennas is recommended for the
clinical trials of heating head tumours of size up to 30 mm, situated in the 5cm
depth of the head tissue.

By analysing the success rate of treatment for the various tumour occurrence, we can
summarize that the result of treatment depends on the depth of the tumour laid rather than
its specific area in the head. While for targets, occurring at a depth of up to 7 cm below
the surface, not even a 24-antenna HT system is sufficient, for additional targets located
less than 4 to 5 cm below the surface of the scalp the 24, 16 and 8 antenna HT system
operating at the frequency 434 MHz met the requests for SAR coverage of the
3 frequently recurring brain tumour locations.

The next part of this thesis was the design and construction of a dipole antenna which
met the conditions of the study previously conducted through simulations. Adapting the
dimensions of the dipole antenna to correctly operate on frequency 434 MHz resulted in
a successfully designed dipole with required loss power characteristics of -11 dB. In this
thesis, the design of the dipole antenna element is primarily to demonstrate that the
arrangement of antenna elements presented above (distances of individual antennas from
each other) is based on real possibilities of how to spatially arrange antenna elements. In
the case of an arrangement of 24 antennas, the distance between the individual antennas
is 46 mm. The dimensions of the dipole presented by us are less than 30 mm, including
the dielectric substrate. Avoidance of the balun has a clear advantage for clinical trials as
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it has an impact on the quality of the reconstructed images in microwave imaging and
thermometry [30; 37; 38].

When evaluating the obtained predictions of radiation characteristics of the dipole,
we faced the common problem of the inability to define the quality of the SAR
distribution in the tissue. The only evaluating parameter is a colourmap scale of SAR
values from minimum to maximum deposited energy in W/kg. cSAR 3D measures the
distribution of SAR in the plane 3 mm below the surface. For this reason, 3 curved peaks
are not visible in the measurements as they appear in the simulations. (Figure 5.20). It is
therefore necessary to compare these graphs just from the mentioned depth of 3 mm.

The results of this study may be further followed up by simulations in 3D models of
the head with detailed structures. The other parameters of this model which would
approximate real patients are perfusion caused by the circulation system of blood and
convection of cerebrospinal fluid. These two factors would lower the EM energy
deposited in the tissue and therefore would decrease the hyperthermic temperature. The
aim would be to find the optimal settings of amplitude and phase for power steering of
the antennas.
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7 Conclusion

Using COMSOL Multiphysics and MATLAB software a 2D analysis of the antenna
number and their operating frequency was held. The considered factor for the analyses
was the ability to cover the whole target area, described as the Tumour Coverage factor,
which is characterised as the percentage of the highest values of Specific Absorption Rate
deposited in the human tissue. Another evaluated factor was the Hotspot-to Target
Quotients which determines the ratio of the unwanted SAR coupling in the healthy tissue
that causes unwanted heating in a target area. As expected, the lowest operating frequency
studied met all the conditions that were required. As for the number of elements, it is
concluded that at the frequency of 434 MHz, the 12-antenna hyperthermia system is
capable of delivering sufficient power to the target area. Tested particle swarm
optimisation appropriately localised the target areas by optimising the amplitude and
phase of every antenna element of the HT system.

The ideal frequency obtained from the analyses was further used for the design of a
dipole antenna in COMSOL. The parameters were adapted to fulfil the attributes of
radiating elements used in a clinical environment. A reflection coefficient Si1 met the
requirement of delivering the power loss of -10 dB to the head tissue phantom.

The designed system can be used for tumours located in the 3cm rim of the brain
tissue regardless of the lobe of incidence. Studied target sizes were from 20 mm to
30 mm, for this size range, our tested system satisfied the coverage of whole area.
Performed analysis may be further tested for the detailed 3D models of the human head.
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Appendix A
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Figure A 1: SAR distribution in the 2D head model obtained by a 16-antenna HT system on the
frequency of a) 434 MHz, b) 650 MHz, ¢) 915 MHz and d) 1150 MHz
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Figure A 2: SAR distribution in the 2D head model obtained by a 12-antenna HT system on the
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Figure A 3: SAR distribution in the 2D head model obtained by a 8-antenna HT system on the frequency
of a) 434 MHz, b) 650 MHz, ¢) 915 MHz and d) 1150 MHz
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Appendix B
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Figure B 1: Box plot of TC25 comparing four frequencies used for a 16-antenna HT
system. Mean values are represented by a cross
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Figure B 2: Box plot of TC50 & TC75 comparing four frequencies used for a 16-antenna HT
system. Mean values are represented by a cross
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Figure B 3: Box plot of TC25 comparing four frequencies used for a 12-antenna HT
system. Mean values are represented by a cross
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Figure B 4: Box plot of TC50 & TC75 comparing four frequencies used for a 12-antenna HT system.
Mean values are represented by a cross
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8-antenna HT system. Mean values are represented by a cross
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Figure B 6: Box plot of TC50 & TC75 comparing four frequencies used for a 8-antenna HT system.
Mean values are represented by a cross
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Appendix C:
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Figure C 1: Target Coverage comparison for four antenna number of the HT system operating at the
frequencies 434 MHz, 650 MHz, 915 MHz and 1150 MHz
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Appendix D: Content of the annex

+ MATLAB codes for optimisation of HTQ parameters, phase, and amplitude
+ COMSOL file with antenna design
+ Figures of 4800 simulation results

» Excel file with the measured values of HTQ, TC25, TC50, TC75, Amplitude,
& Phase for every simulation
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