100

80t

6O |

40t

—=— Blood
—i— Muscle |7
—=— Eye

20¢

Percentage of reasonahble data [%]

U ) 1 1 1 1
10 20 30 40 50 60
Tumor object diameter [mm]

Microwave-based temperature
monitoring: Sensitivity to
temperature changes

Master of Science Thesis in the Master Program of Biomedical Engineering

YOUSEF GOUDA

Department of Signals & Systems
Biomedical Engineering

Chalmers University of Technology
Gothenburg, Sweden 2013

Report number: EX004/2014



Abstract

Microwave based temperature imaging is a non-invasive temperature measurement
method which is necessary during hyperthermia treatment for monitoring purposes
and dose evaluation. This thermometer imaging system is still a problem that must be
solved before hyperthermia can be launched as an effective tool for cancer treatment.
Some clinically available applications today such as MRI or invasive catheters have
many problems, while the advantage of microwave monitoring system is that the same
antenna array can be simultaneously used in thermal imaging and hyperthermia
treatment. However, the aim of this thesis is to determine the feasibility of using
microwave thermal imaging in order to estimate its sensitivity to temperature changes.
This thesis is based on both simulated and experimental data which were performed to
estimate the temperature changes of single heated tumor object inside the phantom.
Simulations were implemented in two configurations, first one without defining the
containers which include the phantom and the internal tumor object. Second
configuration was performed by defining the two containers which have been
implemented to verify the experimental results. Later, experimental measurements
were performed by using containers due to the liquid phantoms to find out systems
feasibility to measure temperature changes practically. The internal tumor object was
tested with different diameters, temperatures and positions. Dielectric probe was used
to determine thermal dependence of dielectric properties for eye, blood and muscle
phantoms in the frequency range 100MHz to 2GHz. Different simulations were
performed using finite difference time domain FDTD method based on the conductivity
o and permittivity € of specific phantoms. Later, twenty monopole antennas arranged
in a 200mm diameter circle were used to generate microwaves in the frequency range
0.4 to 2GHz. This system could reveal tumor’s temperature changes under certain
conditions while it still requires more improvements under some other conditions. The
results showed that the system has high potential to estimate temperature changes
without using the containers. Moreover, tumor object diameter is considered as
primarily factor that affects the results, where at 32mm diameter the results began to
demonstrate an appropriate transmission coefficient difference between two various
temperatures up to 7dB. Simulation and measurement results displayed high decline in
the temperature changes by using the containers. The results showed however a good
transmission coefficients agreement between simulation and experimental results.
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Introduction

Cancer disease is increased from one year to other in many different countries around
the world. The statistics shows that everybody has a risk more than 30% in their live to
have a cancer [1]. Incidence of cancer has increased in Sweden by an average of 2.0%
for men and 1.4% for women each year in the last two decades. In 2010, 44964 people
in Sweden were diagnosed with cancer in their first time. In the same year, 422 cancer
diagnoses cases in children and adults under 20 years old [1]. The distribution is
relatively between sexes, 52% of cancers diagnoses in men and 48% in women. Based
on these statistics, Different cancer treatment methods have to evolve in order to
protect hundreds of patients. Thus, to reduce the spread of cancer disease as well as to
achieve a cure in a comfortable and simple way [1].

Hyperthermia is one method which is used for cancer treatment. The aim of this
method is to kill the tumor by elevating the temperature to 41-45°C [2]. This thesis will
however not focus on the hyperthermia itself, but it will focus on microwave based
thermal monitoring which is necessary during hyperthermia treatment. This method
has potential to monitor three dimensional 3D temperature distributions in the treated
area. Increasing the temperature above 42°C in the healthy tissue during hyperthermia
treatment may burn the tissue [2]. Hence it’s clearly shown the importance of the
thermal distribution monitoring during the treatment in order to avoid this effect. In
this thesis the focusing will handled in determining the feasibility of using microwave
thermal imaging in order to estimate its sensitivity to temperature changes in
hyperthermia range.



The report is organized in five main chapters. Background describes in detail the
definition of hyperthermia technique and the importance of thermal monitoring
system. Methods and materials chapter covers the approaches that have been
followed to reach the desired results. This chapter also presents different equipments
which were used in the research. Later, several forms of temperature changes results
which were simulated and measured are shown in chapter four. The results are
discussed and concluded in chapter five and six respectively. Finally, further work
Suggestions are discussed separately as well in chapter seven.



Background

This chapter is a general overview which describes different cancer treatment systems
that are clinically available nowadays. This chapter will also cover the importance of
using thermal distribution monitoring, different invasive and non invasive temperature
distribution methods, previous studies of microwave based thermometry and finally
the aim of this thesis.

2.1 General Overview of cancer treatment:

Cancer is generally treated using three main modalities which are surgery,
chemotherapy or radiation therapy. Surgery is often the most effective method which
depends on the lumpectomy. The chemotherapy anti cancer drugs are delivered into
the body in order to control cancer cells spreading. Moreover, heating the tumor by
using microwaves can exploit as well in order to make the tumor tissue more sensitive
to the microwaves effect. Hyperthermia method is based on killing tumor cells by
elevating its temperature to 41-45°C. Increase the oxygenation of the tumor is one
important factor which hyperthermia depends on to kill the tumor [4]. However, using
cancer treatment methods in inaccurate way may lead to damage the human body.
Cytotoxic effect can happen either on cancer cells or healthy cells If the therapy
temperature exceed above the required degree. Also, temperature’s increasing can
corrupt the protein, prevent cellular repairing process and prevent the formation of
blood vessels (angiogenesis). Furthermore, hyperthermia may cause death of cells in
any type [2, 3, 6]. Optimal hyperthermia treatment requires heating of the cancer cells
only and to protect the surrounding healthy tissue from this heating as much as
possible.



2.1. GENERAL OVERVIEW OF CANCER TREATMENT

Local hyperthermia, Regional or part-body hyperthermia and whole body
hyperthermia are the main three types which will be explained in order to get the
general overview [2]. The most used type is local hyperthermia which using operating
frequencies between 400 MHz and 2.45 GHz. Local hyperthermia operating frequency
provides treatment for tumor which is placed at a depth of less than 3cm [2, 4].

Deep hyperthermia is using annular phased array for tumor treatment which is
located deeply in the body as shown in figure 1. Deep HT is typically applied by using
antenna arrays placed around the injured body. For example, twenty antennas in
circular shape are placed around the body section which contains the tumor.
Furthermore, the affected body will be placed inside the antenna arrays and immersed
in a water bolus. Several areas that regional HT can treat are for instance arm, leg while
deep sections can be for example prostate, cervix or bladder. This type of HT is using
different operating frequencies which depends on the cancer location. For instance,
frequency between 70 and 200 MHz are suitable for cancer in the pelvic area while
higher frequencies (e.g. 434 MHz) is recommended for head and neck therapy [2, 5].

Last technique is whole body hyperthermia which is used for metastatic or spread
cancer. Similarly to previous techniques, whole body temperature must be increased to
approximately 41°C for about one hour. High temperature in whole body helps the
tumor to be more suitable to annihilate by chemotherapy. The treatment in this
modality is performed by using different heating methods such as electromagnetic
induction or thermal conduction. The disadvantage of this method is its side effects
which include vomiting and nausea [2, 5].

Figure 1: Annular Phased Array



2.2. METHODS FOR MONITORING TEMPERATURE DISTRIBUTION

2.2 Methods for monitoring temperature distribution:

Hyperthermia monitoring technique is necessary in order to determine thermal effect
and thermal dose inside the body either on the cancer or healthy tissues. Furthermore,
3D temperature distribution monitoring ensure a hyperthermia treatment validation
for individual patient. This technique provides a relation between treatment efficiency
and thermal parameters received by the patient, figure 2. Moreover, this method
guarantees high quality assurance as well as high treatment efficiency. In general,
knowing the temperature distribution in the treated object during the treatment will
help the improvement in different areas, such as to know if the temperature of the
cancer tissue is elevated to the required temperature degree or not and to guarantee
that the cancer cells don’t exceeded above the required temperature. It will also avoid
temperature increasing in the healthy tissue which surrounds the cancer (forming hot
spots). Furthermore, it will guide the treatment evaluation by giving the possibility to
measure thermal distribution changing inside the treatment object [2, 6, 7, 8].

Non-invasive and invasive methods are two main procedures which are used in
order to measure the temperature distribution during the treatment. Moreover, it’s
reasonable to use invasive method in local hyperthermia due to its higher accuracy
while non-invasive method is more recommended for deep hyperthermia modality [2].

Water bolus

Cervical carcinoma

Figure 2: Temperature distribution example of a non-invasive measurement [12]



2.2. METHODS FOR MONITORING TEMPERATURE DISTRIBUTION

2.2.1 Invasive temperature distribution methods:

The objective of invasive methods is to measure the temperature distribution during
the treatment by using a group of 10 fiber optic probes with diameter ranging from 0.5
to 1 mm for each probe. Some points have been mentioned by many authors which
should be considered during the invasive thermometer improvements. These points
can be summarized in the probe diameter which must be lower than 1.1 mm,
thermometer change with time should be less than 0.1°C/hour, thermometer accuracy
should not be more than +0.2°C, thermometer probe should not be excited by other
heat source as well as insensitive to moisture and finally the standard deviation should
be equal to or less than +0.01°C [9]. If tumor is located in someplace near the
superficial then the probes can be placed in the surface. Catheters is recommended
procedure that should be used for invasive temperature monitoring which can be
inserted inside the patient using CT guidance. It's important to use CT for catheter
placing especially in deep locations and for critical structures. Usually, patients and
physicians prefer to use the catheters because it can be placed only once for all
different treatment periods. Moreover, it saves the time for the physicians due to the
same reason as well as it provides lower cost.

Figure 3 shows three main types of invasive catheters which are stylet insertion type
catheter, standard needle insertion catheter and splittable needle insertion catheter.
However, several devices can be used instead of the fiber optics which can similar
purpose such as thermistor. The principle idea of thermistor is based on calculating the
resistance as a function of the temperature. This computation can be performed by
transfer a small current value from one side, while other side is using for calculate the
voltage decreasing. Other low cost device which can be used are thermo-couples [2, 9].

Invasive thermometry method is no sufficient and still need improving because it
appears only few temperature points. Therefore, the new system is really
recommended and important which can shows the temperature data in more detail as
well as the three dimensional distribution.



2.2. METHODS FOR MONITORING TEMPERATURE DISTRIBUTION
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Figure 3: The three main catheters which are using in invasive temperature monitoring [10]

2.2.2 Non invasive temperature distribution methods:

Magnetic Resonance Imaging (MRI) [15], ultrasound [2] and microwave tomography
[16] are different non-invasive devices used in thermometry. MRl is the most advanced
method with drawback of high price. Therefore, the other methods are preferred due
to its lower price. Several developments are currently ongoing in order to make some
improvements [2].

MRI depends on different temperature sensitivity parameters which are currently
exploited for thermometer monitoring. These are T1 and T2 relaxation time of water
protons, proton resonance frequency shift (PRFS), diffusion coefficient and
magnetization transfer. The relation between T1 and temperature changing is almost
linear while the relation between T2 and temperature changing is nonlinear. T1 and T2
relaxation are frequency dependent. Which implies that temperature difference cause
changing in T1 and T2 relaxation time. This relaxation difference is the objective which
build up images [15]. Furthermore, T1 is preferred for low field systems due to its
higher contrast. However, this method has low accuracy and sensitivity due to its long
relaxation time, therefore it's not recommended for small T1 changes. Using T1 in
temperature monitoring can be driven in faster way by using dynamic contrast
enhanced MRI (DCE-MRI). T1 has also potential to monitor laser ablation which is a
method that depends on using temperature above 50°C to burn small tumors [15].



2.2. METHODS FOR MONITORING TEMPERATURE DISTRIBUTION

PRFS estimate the temperature change based on the proton frequency of tissues
water. The most recommended is to use PRFS method for magnetic fields >1 Tesla.
Changing water’s temperature cause change in the frequency peak. This peak
differences build up the image. This method has significant high accuracy to
temperature change except for fatty tissue. This happen due to that fat molecules alter
the PRFS and this occur temperature error. Diffusion coefficient is the method which is
not available for clinical application until now due to some technical limitations.
However, this method depends on temperature dependence of the diffusion
coefficient [11]. Magnetization transfer MT may also be perform in temperature
monitoring based on different exchange processes. However, this method doesn’t has
high sensitivity [15]. MRI monitoring technique can be more enhanced by using
injection contrast agent. Moreover, the relation between the contrast agent and the
temperature can be either linear or non linear. Linear agent such as Pr-MOE-DO3A
which provide a chemical shift of spectral line. Non linear agent transmits using
liposomal carriers in which the agents emitted from the carriers at certain temperature
[2, 10, 11, 15].

The working principle of ultrasound device in the thermometer monitoring area is
based on the relation between the temperature factors of sound speed and thermal
extension factors [2]. However, MRI and ultrasound methods still suffers from some
limitations such as organ motion artifacts like heart and breath moving [2, 10, 11].

2.2.3 Microwave based thermometry:

Microwave tomography imaging is a non invasive temperature monitoring system
which is based on using the antennas array to monitor the temperature distribution in
the treated area. However, this method require more development and researches
until it can be launched as a thermometry effective tool. Several studies have been
performed in this field at different periods of time. Starting with an old paper in 1983,
Bolomey et al. [17] showed the feasibility of using microwave imaging to remote
thermal sensing. Their imaging experiment was based on the permittivity differences of
tissues. Later in 1993, M. Miyakawa. [16] explored the possibility of using the
microwave tomography in order to measure the temperature changing in body
phantoms. The experiment was done by transmitting radiation on the body and the
scattered waves were received by antennas in the opposite side. Chirp pulse signal was
using in the frequency range between 1 and 2GHz. This method was succeed to image
parts with complicated dielectric structures but on the other hand it was not
reasonable for high contrast objects. Other previous study in 2012 by Helbig et al. [18]
showed an experiment on heterogeneous breast phantoms based on M-sequence
radar technology and small active antennas. Their results showed the possibility of this
system to be either used to image more than one tumor inside the body.



2.3. THE MAIN PURPOSE OF THIS THESIS

Meaneys group made a number of experiments efforts in microwave thermometry.
In 2003, [20] they showed, by using their log-magnitude and phase reconstruction
algorithm, the temperature distribution based on phantoms dielectric properties. The
experiments were performed by using a single heated saline tube of 5.1cm diameter.
Two monopole antenna arrays with different diameters (15 and 25cm) were utilized
individually. The results demonstrated high temperature tracking accuracy up to 0.2°C
instead of 1.6°C which was observed in the previous experiments. Later in the same
year, [21] they made a microwave tomographic imaging in the frequency range 300-
1000MHz to show heat saline object which was inserted surgically on a pig. The images
which were reconstructed in the same frequency range demonstrated different results
which changes based on the temperature values. The tube which was using for saline
injection is clearly shown. Recently in 2008, [22] they used high intensity focused
ultrasound system to arbitrarily heat different phantom zones. Three different heating
patterns have been scanned which are circle with 6.5cm diameter, 240° arc of a circle
with 4.8cm diameter and scanning a spirals of a 1.6cm diameter. These three heating
areas have been successfully monitored using microwave tomographic imaging. The
system sufficiently demonstrated the temperature differences with sensitivity higher
than 0.5°C.

Recently in 2010, Hana D. Trefna et al. [19] made a microwave tomographic imaging
experiment to show its temperature monitoring feasibility. Their study was based on
FDTD simulation of the electromagnetic problem as well as the laboratory work.
Experimental and simulation results shows the possibility of temperature estimation.
The paper shows an agreement between these results and image reconstructions
based on four different temperatures: 25, 30, 35 and 40°C. The second important
conclusion in this paper is the ability of using appropriate phantoms instead of real
tissues. From this result, we got the possibility of using several tissues equivalent
phantoms in this thesis.

2.3 The main purpose of this thesis:

The aim of this thesis is to determine the feasibility of using microwave thermal
imaging in order to estimate its sensitivity to temperature changes. The principle of
measuring the spatial temperature distribution is based on determining the
permittivity o and conductivity € values in tissue equivalent phantoms. Later, the 3D
simulation based on the dielectric properties results will be performed. Finally, the
same tests will be performed experimentally to proof the agreement between
simulated and measured results.



Materials and Methods

The work in this thesis is divided into three main parts. First, dielectric properties
measurements were performed on some tissue-equivalent phantoms. The aim of
coming two parts were to estimate the sensitivity of microwave thermal imaging to
temperature changes. Simulation part was performed by using FDTD modelling and
third part was laboratory experiments.

3.1 Thermal dependence of dielectric properties:

Tissue equivalent phantoms of head and neck have been used in the lab instead of
using tissues. The three different phantoms which were tested represents blood, eye
and muscle. Blood phantom consists of 30% sugar, 1.2% salt and water. Eye phantom
consists of 50% glycerol, 49% water and 1% salt. Muscle phantom consists of 40%
sugar, 0.6% salt and water.

The experiment was performed as follow. The phantom was heated up to
approximately 50°C by using standard electric heater. The dielectric probe (85070,
Agilent) was calibrated and kept in fixed position, while the heated phantom cup must
be stable in order to avoid any air bubble formation on the probe. The probe was set
and kept fixed in the first quarter of the heated phantom cup as shown in figure 4. The
temperature was calculated during the measurement by using luxtron thermometer
(755), which has been used in order to measure accurate phantom temperature [14].
Three thermometer channels were attached upper first quarter of the phantom as
indicated in figure 5. VNA system consists of three main units which are source unit,
receiver unit and a display unit. The probe emits a signal of a specific frequency which
then will detect the dielectric properties of the phantom and will be shown on the
display unit.

10



3.1. THERMAL DEPENDENCE OF DIELECTRIC PROPERTIES
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(a) (b)

Figure 4: (a) Vector Network Analyzer Unit during measuring the dielectric properties of a specific phantom.
Dielectric probe (85093E, Agilent) is immersed inside the phantom in the glass cup which can be shown in the
right side of the figure. (b) Prepared blood and muscle phantoms with 25°C.

VNA was measuring real and imaginary part of the permittivity every 1°C decrease in
the frequency range 100MHz to 2GHz. Dielectric properties of the phantoms, i.e.
conductivity o and permittivity €, were calculated through equations 3.1 and 3.1 using

Matlab:

o
) 3.1
weo

o=¢€"x¢e,*(2nf) 3.2

€ =¢€,(e' —je') =¢ (Er —J

Where € and €’ are imaginary and real permittivity parts respectively, while €, is
the permittivity of free space which is equal to 8.854 * 10~12 farads per meter. Finally,
dielectric properties values were plotted versus temperature range 25 to 50°C for
different frequencies.

Figure 5: Luxtron 755 thermometer during measuring temperature changes of specific phantom.

11



3.2. SENSITIVITY TO THERMAL CHANGING OF DIELECTRIC PROPERTIES

3.2 Sensitivity to thermal changing of dielectric properties:

The aim of the simulation is to determine the sensitivity of a microwave antennas
system to the dielectric properties changes measured in part 3.1. Finite difference time
domain FDTD algorithm was performed to numerically model the waves propagation
which transmit from the monopole antennas. For each measurement or simulation, a
multistatic data matrix S is obtained. S matrix describes the input/output relation
between two antennas. For instance, S1-1 antenna represents the return loss of
antenna number 1. Figure 6 illustrates an example of S1-10, where it measures power
transferred from antenna 1 to antenna 10. Figure 9a shows plot example of data matrix
S of four different antennas. Each S matrix, for instance S1-10, present real and
imaginary part of the permittivity in the frequency range 0.4 to 2GHz

Figure 6: lllustration of transmitter and receiver of multistatic matrix S1-10.

3.2.1 Implementation of FDTD modeling using C3SE:

The permittivity and conductivity values were extracted from the data given by the
dielectric properties measurements. Permittivity and conductivity values were taken at
1GHz, where it represents an average frequency (table 1). In the simulation system
twenty monopole antennas mounted above a ground plane. 3D-FDTD model type was
performed by using Gaussian pulse with 1GHz center frequency and 1GHz bandwidth.
We used 2mm spatial resolution and the resistive voltage source with 50 () impedance.
Perfect electric conductor PEC was used to model a ground plate of the antenna array.
All simulations were performed by using Chalmers cluster C3SE. Using this computer
cluster was useful due to its high speed and the ability to run many simulations in
sequential. The specific dielectric properties (i.e. conductivity and permittivity) were
changed by using different data files affiliated to the main FDTD code.

12



3.2. SENSITIVITY TO THERMAL CHANGING OF DIELECTRIC PROPERTIES

Permittivity=59.13

U Conductivity=1.8 S/m
Eye phantom —
25°C Permittivity=62.72
Conductivity=1.316 S/m
50°C Permittivity=61.79
Conductivity=2.4 S/m
Blood phantom —
25°C Permittivity=65.41
Conductivity=1.716 S/m
o Permittivity=65.01
50°C Conductivity=0.9604 S/m
Muscle phantom o
25°C Permittivity=65.57

Conductivity=0.4819 S/m

Table 1: Dielectric properties values at 1 GHz which were using for experiments and simulations.

3.2.2 Simulation setup:

Simulation work was performed in two main configurations. The first was implemented
by make a 25°C large phantom with 100mm diameter which was placed in the center
of the antenna array. Other phantom with 20mm diameter and specific tumor
conductivity or and permittivity e assumed to be the tumor object. This tumor object
was setting inside the large phantom. The different radiuses which were tested for the
tumor object are 6, 12, 16, 21 and 26mm. Each of these radiuses have been tested with
different temperatures starting with 25, 30, 35, 40, 45 and 50°C. Achieving the desired
temperature was identifying by setting its specific oy and €; according to the
description in section 3.1. The tumor spot was also tested in two different positions,
first position was at the center of the array and second position set close to the wall.
Figure 7 illustrates an example of two different simulation setups where the two tumor
spots have different temperatures and locating close to the wall (i.e. antenna number
1). The whole assembly was simulated to be immersed in a water background with
100mm height in order to provide electromagnetic coupling between the surface and
the antennas. Waters permittivity and conductivity were set as 78 and 0.1 respectively.

o ® o e ® o
o °
. gZS"C .
. .
o °
° °

Figure 7: lllustration of two different simulation setups
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3.3. EXPERIMENTAL SETUP

Second simulation configuration was performed by assuming that the large phantom
and the tumor phantom are placed inside a containers. The containers were simulated
by defining its permittivity and conductivity of 2.2 and 0.07s/m respectively. The aim of
this step is to simulate same experimental model in order to verify the measurement
results. The large phantom diameter was 100mm while the two tested diameters of the
tumor objects were 40 and 20mm. Each tumor object diameter has been tested under
25 and 50°C. Each of the tumor objects were tested first at the center of the large
phantom and the second test was performed by setting it close to the wall as
illustrated in figure 7.

3.3 Experimental setup:

The purpose of the experimental work is to estimate the sensitivity of microwave
antennas to the temperature changes practically. Based on that, the measurement
setup was kept similar to the second simulation configuration. Muscle and blood
phantoms were prepared according to the description in section 3.1. Due to the liquid
phantoms, it was necessary to have one container for the large phantom and other
small container for the tumor object as shown in figure 8a. The antennas system
consists of 20 monopole antennas, each of 19.5mm height, are arranged on a circle
with diameter 200mm as shown in figure 8a. Every antenna is operated as a receiver
and a transmitter and is coupling with the switching box through the blue wire. Vector
network analyzer VNA (Agilent E8362) was utilized to determine the multistatic matrix.
All antennas are fixed in a ground square plane with dimensions 250mm?. This plane
with the antennas are fixed inside the square black box tank with dimensions 370mm3.
The black box tank is made of Perspex sheet with 1cm thickness. Tap water of
approximately 100mm height was filling in the tank to use it as background. The
experiment was performed by made a 25°C phantom which was placed inside a
container with 100mm diameter. Later, same phantom type with 50°C was placed
inside 40 or 20mm container. Both containers were closed tightly and placed one time
in the center and other time in the side.

3.3.1 Importance of existing antennas inside a water bolus:

The antennas assembly were immersed inside a water bolus for several reasons during
the simulation and experimental work. The importance of using water bolus is to
provide electromagnetic coupling between the phantom surface and the twenty
antennas. The relative permittivity of the water is 78 while the permittivity of the
phantoms varies between 50 — 70. This convergence in the permittivity values lead to
provide the electromagnetic coupling. However, due to the significant difference of
permittivity values between phantom surface and the air, i.e. Air Permittivity=1, most
of the microwaves are reflected back when using air background instead of water.
Furthermore, water bolus is standard part of hyperthermia treatment as it provides
cooling of body surface.

14



3.4. RESULT ANALYSIS

(a) (b)

Figure 8: (a) Large container filling with phantom placed inside the tank with water background. (b) photograph
of the whole measurement system setup which shows the connection of the 20 antennas with the switching box.

3.4 Result Analysis:

The evaluator of temperature difference plots were performed by taking the difference
between reference matrix S,..r (e.g. 25°C) and the higher temperature matrix S (e.g.
50°C) as shown in figure 9b. To create a relative change plot, the difference between
two antennas should dividing by S,..r. The following are equations 3.3 and 3.4 which
describes the above steps:

20 y20 A4 _ Sij=Sijren (3.3)
ELEIELS i ref) Sij (ref)

relative change (r) =

In order to get the gain in logarithmic scale dB:
logarithmic relative change (r) = 20 * log10 (r) (3.4)

Figure 9b, shows an example of relative change plots of four different antennas. It’s
clearly shown how this type of plots are recommended for numerically evaluation.
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3.4. RESULT ANALYSIS
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Figure 9: (a) Transmission coefficients of four different data matrixes. (b) Relative change of four
different data matrixes for muscle phantom.

Due to the huge amount of data, it was unreasonable to use relative change plots.
A new method was performed which enables presenting a large number of antennas
behaviour in one figure. This types of figures were implemented by plotting the
transmission coefficients differences of two various S matrix temperatures S(50°C) —
Srer(25°C) versus signal strength of reference matrix S,..(25°C) as shown in figure 10.

3.4.1 Reasonable data:
Reasonable data refers to the percentage of a certain region R of S matrix. This R region
includes frequencies of S matrix which have temperature differences A larger than 1 dB
and reference object strength S, ¢ stronger than -80dB as indicated in equation 3.5:

_ {(aSrep)|(8,Srer)ERNAZT ASyer2—80}]

Reasonable data = R * 100 (3.5)

Reasonable data boundaries have been identified since the noise increases too
much at the signals which are weaker than -80dB. 1dB difference was identified as an
appropriate interval between two various temperatures. The percentage of the
reasonable data will be shown in each plot. In order to make the figures obvious and
easier to read, the plots are dividing into three frequency ranges 0.5 to 1 GHz, 1 to 1.5
GHz and 1.5 to 2 GHz. Figure 10 shows a specific example of twenty different antennas
from S1_1 to S1_20 with specific frequencies range 1 to 1.5 GHz. Each star in the plot
represents temperature difference for specific frequency. Different S matrixes have
been encoded with different colours as indicated in figure 13 (e.g. Blue colour
represents S1_1).
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3.4. RESULT ANALYSIS

Frequency [1GHz-1.5GHz]
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Reference object [dB]
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0 2 4 B o

Difference between two objects [dB]

Figure 10: Twenty different multistatic matrix from S1-1 to S1-20 of eye phantom with small heating object
locating close to antenna number 1.
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4

Results

This chapter encompasses all the thesis results. Thermal dependence of eye, blood and
muscle phantoms for specific frequencies are presented. Simulations and
measurements transmission coefficient results as well as the effectiveness of
implementing closer antenna array are also shown. Finally, antenna’s sensitivity to
different objects diameters as well as its ability to monitor small temperature tracking
degrees are presented.

4.1 Thermal dependence of dielectric properties:

Figure 11 demonstrates the dependence of dielectric properties versus the
temperature for blood, eye and muscle phantoms at four different frequencies.
Measurements were performed based on the description in part 3.1. The aim of these
plots were to identify phantom’s dielectric properties at each one degree in the
temperature range 21 to 51°C. These dielectric results will be utilized in the simulations
and measurements test. Both simulation and measurement tests were performed
based on the dielectric properties at 1.02GHz which represents an average frequency
value. For instance, the permittivity value at 1.02GHz for blood phantom is 61.79 at
50°C, while it increased to 65.41 at 25°C. The permittivity of blood and eye phantoms
show higher analogue in comparison with muscle phantom, where the values
decreased in all frequency ranges. However, the permittivity of muscle phantom show
less decreasing in all frequency ranges. This can be attributed to the salt concentration
in each phantom, where the blood and eye phantoms include 1.2% salt whilst there is
only 0.6% in the muscle phantom. The conductivity values of muscle and eye phantoms
increased at low frequencies and show constant values at high frequencies. The
conductivity of blood phantom increased in all frequency ranges.
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4.1. THERMAL DEPENDENCE OF DIELECTRIC PROPERTIES
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Figure 11: Dielectric properties of muscle, eye and blood phantoms versus temperature for different frequencies
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4.2. SIMULATIONS TRANSMISSION MATRIX RESULTS

4.2 Simulations transmission matrix results:

Figure 12 presents the transmission coefficients of certain S matrix versus frequency
range 0 to 2 GHz. The results were simulated without defining the dielectric properties
of the containers as described in section 3.2.2. Each plot shows the transmission
coefficient differences of 50°C and 25°C. Part a demonstrates the results of S11 and
S12 when using tumor object of 40mm diameter. Part b demonstrates the results of
S1-10 and S1-19 when using tumor object of 24mm diameter. Figure 12a shows high
transmission coefficient differences [dB] between two temperatures up to 5dB.
However, these differences become less significant by using 24mm tumor diameter to
become approximately less than 1dB as shown in figure 12b.

Eye phantom

Muscle phantom

0 -10 .
: — 25°C
= 2l — 50°C |
— -10 —
i m
= =
— 15 =
0 n
a0t
— 25°C
25+ — &0°C
_3[] 1 1 1
0.5 1 14 2 .
Frequency[Hz] «10° Frequency[Hz] % 10°
(a)
Muscle phantom Eye phantom
-30 - - - -10 " " -
— 25°C — 25°C
— 50°C |] 20 — 50°C ]
g g |
=2 2
- — 40
o ]
B0
-80 : . : 60 . L :
0.5 1 14 2 0.5 1 15 2
Frequency[Hz] «10° Frequency[Hz] % 10°
(b)

Figure 12: Transmission coefficients of various temperatures. (a) Using 40mm diameter of tumor object. (b) 24mm
diameter.
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4.3. SIMULATIONS TEMPERATURE CHANGE RESULTS

4.3 Simulations temperature changes results

This part contains simulation results for blood, eye and muscle phantoms without
defining the containers according to the description in section 3.2.2. The percentage of
reasonable data, based on the description in section 3.4.1, is shown in each figure. Each
plot represents the transmission coefficient differences of two various temperatures
§(50°C) — Sy.r(25°C) versus signal strength of the reference matrix S,..;(25°C).
Different S matrixes have been encoded with different colours as indicated in figure 13.

I T S
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Figure 13: The main legend which represents all figures.

Figure 14 shows the transmission coefficients in three phantoms by using tumor
object of 40mm diameter and is placed close to antenna number 1 as shown in figure
6. Plots a,b and c display the transmission coefficients of blood, eye and muscle
phantoms respectively in the frequency range 500MHz to 1GHz. In addition, plot d
displays muscle phantom in the frequency range 1.5 to 2GHz. The results show high
reasonable data analogue in the range 94 to 97% as shown in each figure. The
transmission coefficient demonstrates high differences between 50°C and 25°C in the
range 1 to 10dB which is considered as a measurable difference. Furthermore, the
signals are mostly placed in the range -20dB to -80dB which can also considered as a
strong signal. All antennas which are close to antenna 1 show the stronger signals in all
results due to close distance from the tumor. For instance, S11 which is shown in the
blue stars demonstrates the strongest signal in the range -5dB due to the close
reflection. Moreover, figure 14a shows S13 in the red stars which presents high
transmisson coefficient differences up to 14dB. All results which were simulated by
using 40mm tumor diameter show high percentage of reasonable data.
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(a) (b)
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4.3. SIMULATIONS TEMPERATURE CHANGE RESULTS
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Figure 14: (a and b) Results of blood and eye phantoms respectively with tumor object of 40mm diameter.
(c and d) Two muscle phantoms with tumor object of 40mm diameter.

Figures 15e and 15f show the transmission coefficients of muscle and blood
phantoms respectively in the frequency range 500MHz to 1GHz. The results were
simulated by using tumor object of 24mm diameter which was placed close to antenna
number 1. As expected, the percentage of reasonable data decreased in comparison
with figure 14 to become approximately 30% in both phantoms. The transmission
coefficient differences between 50°C and 25°C have also decreased to the range 0.2 to

3dB. However, the signals are in the range 0 to -60dB which is considered as a strong
signal.
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Figure 15: (e and f) Muscle and blood phantoms respectively with 24mm diameter tumor object.
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4.4. EXPERIMENTAL TEMPERATURE CHANGE RESUTLS AND EVALUATION

4.4 Experimental temperature change results and evaluation:

Figures in subtitles 4.4.1 to 4.4.3 highlight a comparison between simulation and
measurement results of three different phantoms. The aim is to verify the
experimental data in comparison with the simulations under the same conditions. The
simulation and measurement setups were performed by using the containers as
described in sections 3.2.2 and 3.3 respectively. As described in section 3.4.1, the plots
are dividing into three frequency ranges 0.5 to 1 GHz, 1 to 1.5 GHz and 1.5 to 2 GHz.
The shown figures in the subtitles are picked up based on the best reasonable data
percentage displayed by the three frequency ranges. Other frequency range results are
shown in the appendix.

4.4.1 Blood and muscle phantoms including large tumor object in the side:

Figure 16 and 17 show measured and simulated transmission coefficients for blood and
muscle phantoms respectively in the frequency range 500MHz to 1GHz. The diameter
of the tumor object is 40mm while the outer object is about 100mm. The tumor object
is placed in the side close to antenna 1 as shown in figure 6. Figure 16 and 17 show high
analogue in the simulation results. This analogue was occurred due to the similarity in
the tumors diameter and position. The signal strength of simulations are almost above
than -60dB. Further, the transmission coefficient differences are mostly combined in
the range 0dB to 2dB. However, S1-6 shows higher differences for blood and muscle
phantom. Muscle phantom shows higher percentage of reasonable data in the
measurement and simulation results. The percentage of the reasonable data is 12.7%
for muscle phantom and 6.8% for blood phantom in the simulation results.
Measurement results show 30% for muscle phantom and 17.6% for blood phantom.
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Figure 16: Blood phantom presents the transmission coefficient differences of 50°C and 25°C. (a) Simulation
result. (b) Measurements results.
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4.4. EXPERIMENTAL TEMPERATURE CHANGE RESUTLS AND EVALUATION
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Figure 17: Muscle phantom presents the transmission coefficient differences of 50°C and 25°C.
(a) Simulation result. (b) Experimental result.

4.4.2 Muscle phantom including small tumor object in the side:

Figure 18 shows the transmission coefficients for muscle phantom plots in the
frequency range 1.5 to 2GHz. The diameters of the tumor and outer objects are 20 and
100mm respectively. The tumor object is placed close to antenna 1. Figure 18a displays
the simulation result and figure 18b displays the measurement result. As expected, the
reasonable data decreased by reducing the tumor object diameter. The percentage of
reasonable data in the simulation result is 12.7% when using a tumor object of 40mm
diameter as shown in figure 17a. This percentage decreased to approximately 1% by
reducing the diameter to 20mm as shown in figure 18a. However, measurements
reasonable data show less decreasing in the percentage as shown in figure 18b. Where
the percentage is 28.6% when using 40mm and decreased to only 24% when using
20mm.
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Figure 18: Muscle phantom plots present the transmission coefficients differences of 50°C and 25°C.
(a) Simulation result. (b) Experimental result.
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4.4. EXPERIMENTAL TEMPERATURE CHANGE RESUTLS AND EVALUATION

4.4.3 Muscle phantom including small tumor object in the center:

Figure 19 shows the transmission coefficient of muscle phantom plots in the frequency
range 1 to 1.5GHz. The diameters of the tumor and outer objects are 20 and 100mm
respectively. The tumor object is placed in the center of the large phantom. Plot a
displays the simulation result and plot b displays the measurement result. The
reasonable data of the measurement result shows decreasing in the percentage to
become 17.2%. However, simulation’s result show a slight increasing to become 5.2%.
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Figure 19: Muscle phantom plots present the transmission coefficients differences of 50°C and 25°C. (a)
Simulation result. (b) Experimental result.

Measurement results for all three cases in the sections 4.1.1 to 4.4.3 show high
analogue among each other as well. Measurement results include more spread signals
in comparison with the simulations. Some S matrixes, i.e. S1-8 and S1-13, show weaker
signals than others. This occur due to the long distance between these antennas, i.e. 8
and 13, and the tumor object. This long distance cause attenuating in the signal
strength to reach the range -85 to -100dB which leads to the noise level. These noise
signals cause higher transmission coefficient differences in comparison with other
matrixes. Accordingly, all measurement results demonstrate higher transmission
coefficient differences in the range of -90dB. This is one reason that can attribute the
higher reasonable data in the measurement results. Furthermore, the reasonable data
decline in the simulation results can also be attributed to the 2mm weak resolution
which was performed in the simulation. This resolution meant that the containers wall
and bottom were twice as thick than they are in the lab. This double thickness resulted
in the loss of the most radiated part which lead to decreasing the reasonable data.
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4.5. MEASUREMENTS TRANSMISSION MATRIX EVALUATION

4.5 Measurements transmission matrix evaluation:

Figure 20 shows different transmission coefficient results of blood and muscle
phantoms versus frequency range 0 to 2GHz. The diameter of the tumor object which
was simulated and measured is 40mm and is placed close to antenna 1. Simulations
and measurements were carried out according to the description in part 3.2.2 and 3.3
respectively. The aim of these plots is to make a transmission coefficient comparsion
between simulation and measurement results. The plots demonstrate high
transmission coefficient agreements in all frequency ranges for different S matrixes.
However, measurement results contains higher noise than simulations especially at
frequencies that contain a weak signals around -80dB. Furhtermore, S matrixes which
are close to the tumor object, i.e. S11 and S13, demonstrate strong signals in the range
-20 to -40dB. However, S matrixes which represent antennas in the opposite side, i.e.
S$1-10 and S6-14, show weaker signals in the range -80dB.
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Figure 20: Different phantom plots demonstrate the transmission coefficient similarity between measurement
and simulation results. The temperature in the title represents the tumor object temperature.
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4.6. CLOSER ANTENNA ARRAY

4.6 Closer antenna array:

The aim of this part is to reveal the behavior of transmission coefficients by
implementing antenna array which is closer to the phantom. The idea of the closer
array came since the advent of the results which showed transmission coefficients
differences between two various temperatures less than 1dB. The simulations were
carried out according to the description setup in section 3.2.2 except the antennas
coordinates which are 30% closer than the normal array as indicated in figure 21a.
Implementing antennas array, which is closer to the phantom, provided higher energy
as well as a stronger signal. Figure 21b demonstrates the effectiveness of the closer
array on the signal strength, where it provided 20dB stronger signal.
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Figure 21: (a) Closer and normal antenna arrays coordinates. (b) Comparing between two S1_10 matrix under
same conditions for normal and closer array.

4.8 Sensitivity to tumor spot diameter:

Figure 22 represents a summary of the simulation results which highlights the relation
between the tumor diameter versus the percentage of reasonable data. For instance,
42mm diameter of tumor object shows 91.6% of reasonable data for muscle phantom.
This figure can be considered as one of the important goals in this thesis. Where it
indicates the feasibility of the antennas system to estimate the temperature changes of
five different diameters. Figure 22a demonstrates the relation without using the
containers while figure 22b shows the results by using the containers. Figure 22a shows
system’s potential to successfully estimate the temperature changes when the tumor
diameter is 32mm or larger. The figure shows that 32mm can be considered as the
boundary between the accepted and unaccepted results. Where the percentage at this
diameter is 60% which a good result, whilst at 24mm diameter the percentage
decreased to approximately 20% which is too low.
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4.9. SENSITIVITY TO TEMPERATURE TRACKING

Figure 22b demonstrates the effectiveness of the containers on the results. Where
the 42mm diameter shows only 12% of reasonable data. Which implies that the system
is unable to successfully track the temperature changes by using this type of
containers.
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Figure22: The relation between tumor object diameter and percentage of reasonable data. (a) Simulation results
without using container. (b) Simulation result when using containers.

4.9 Sensitivity to temperature tracking:

Figure 23 shows the relation between different temperature tracking degrees versus
the percentage of reasonable data. For instance, 15°C tracking means 50°C -35°C or
40°C - 25°C. The figure shows simulation result without using the containers. The
tumor object diameter is 42mm. The importance of figure 23 is to estimate the
feasibility of the antennas system to track small temperature changes. The most
important temperature tracking range is between 37°C and 43°C which represents the
range that is actually used during hyperthermia treatment. This hyperthermia range
represents 6°C tracking change. Figure 23a demonstrates systems potential to
successfully estimate 10°C where the percentage of reasonable data is about 82%.
However, a significant decline appeared at 5°C tracking where the percentage is
approximately 25%.
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4.9. SENSITIVITY TO TEMPERATURE TRACKING
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Figure 23: The relation between different temperature tracking degrees and percentage of reasonable data. (a)
Tumor spot is placed close to the wall. (b) Tumor spot is placed in the center.
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5

Discussion

The temperature dependence of the permittivity showed analogue in the slope of
blood and eye phantoms at 1.02GHz in figure 11. The permittivity of blood and eye
phantoms decreased with 0.7% and 0.67% per 1°C respectively. While the permittivity
of muscle phantom decreased with 0.42% per 1°C. This can be attributed to the salt
concentration in each phantom, where the blood and eye phantoms include 1.2% salt
whilst there is only 0.6% in the muscle phantom. However, the conductivity of muscle
and eye phantoms increased with 0.27% and 0.304% per 1°C respectively. While the
blood phantom demonstrated a larger increasing with 0.606% per 1°C.

The results generally can be divided in two main parts. The first part without using
the containers and second part with the containers according to the description in
sections 3.2.2 and 3.3 respectively. The results in the first part showed a high possibility
to monitor the temperature distribution when using tumor object diameter in the
range of 32mm and higher. Where the reasonable data reached high percentage up to
97% as indicated in figure 22a. However, the second part was simulated and measured
by using the containers. A significant decline was demonstrated in the second part
where the percentage range of the reasonable data became approximately 20% as
indicated in figure 22b. The simulation and measurement results in the second part
showed however good analogue in the reasonable data percentages.
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5.1. RELATION BETWEEN ANTENNAS AND OBJECTS POSITION

5.1 Relation between antennas and objects position:

A worthwhile issue which was generally observed in all results is the relation between
the position of the tumor object and the antennas. For instance, if the tumor object is
located close to antenna number 1, then all S matrixes in these sections (e.g. S1_2) has
the ability to show a stronger signal and higher transmission coefficient differences
[dB] between two various temperatures than the matrixes in the other side (e.g. S1_13)
as described in figure 6. This is due to the short distance between the antenna number
1 and the tumor object, which prevents the loss of the microwaves concentration and
strength. However, the antennas on the opposite side are suffering from the long
distance which leads to loss of microwaves concentration. Figure 24 demonstrates a
simulation example of this relation, where a blood phantom was used and the tumor
object was placed in the side close to antenna 1. This simulation example was
performed without using containers. Plot 24a displays the signal strength of S1_2
where the stars assembly are placed approximately at -40dB. Plot 24b demonstrates
the signal weakness of S1-13 where the stars assembly is placed at -70dB which
represents a weak signal. Moreover, the transmission coefficient differences [dB]
between two various temperatures of S1_2 are in the range 3 to 6dB while it’s lower
than 3dB in S1-13.
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Figure 24: Temperature differences of two different S matrixes. Plot (a) S1-2 which is close to the heated object.
(b) S1-13 which is far from the heated object.

Accordingly, all results which were performed with the tumor object in the center
showed a decline in the reasonable data percentage comparing with those placed close
to the wall. Figure 23b demonstrates this decreasing, where the temperature tracking
accuracy of 25°C resulted in only 25% reasonable data when the tumor object is placed
in the center. Whilst it displayed high percentage up to 95% when the tumor object is
placed close to the wall as shown in figure 23a.
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5.2. SENSITIVITY OF TUMOR SPOT DIAMETER

5.2 Sensitivity of tumor spot diameter:

The diameter of the internal tumor is the most influential factor in the results. In all
results, the percentage of the reasonable data increase when the tumor diameter
becomes larger. Which implies that the transmission coefficient difference between
two various temperatures and the signal strength become higher. This observation is
clearly shown in figure 22, where the percentage of the reasonable data is around 60%
when the tumor diameter is 32mm. Moreover, the percentage increase up to 95% at
52mm diameter. However, results at 24mm displayed a significant decline in the
reasonable data to only 20% which implies that low diameters are still a challenging
case for the microwave system.

5.3 Compatibility between simulations and experiments:

The transmission coefficients in figure 20 demonstrates high agreement between
simulation and measurement results in the frequency ranges 0 to 2GHz. Moreover, the
overall shape of plots stars in section 4.4 shows in some extent good agreement
between measurements and simulations results. For instance, the stars assembly in
figure 18 shows a triangle shape in the measurement and simulation results. However,
in all cases measurement results demonstrated approximately 13% higher reasonable
data than simulations. Which implies that the transmission coefficient differences
between two various temperatures in the measurement results are higher than
simulations. This percentage difference between simulation and measurement results
can be attributed to many reasons. The most obvious reason is that some S matrixes,
i.e. S1-8 and S1-13, show weaker signals than others. This occur due to the long
distance between these antennas, i.e. 8 and 13, and the tumor object. This long
distance cause weakness in the signal strength (-85dB) which lead to the noise signals.
These noise signals cause higher transmission coefficient differences in comparison
with other matrixes. Accordingly, all measurement results demonstrate higher
transmission coefficient differences in the range of -90dB. Other reason that can
attribute the difference is the implementing of weak resolution in the simulations
setup which was 2mm due to the scope of this study. This resolution meant that the
containers wall and bottom were twice as thick than they are in the lab. This double
thickness in the simulation resulted in the loss of the most radiated part. Thus the
reasonable data percentages become lower. Finally, the percentage difference
between simulations and measurements results can also be attributed to the
calibration error in the lab which certainly cannot happen in the simulation.

5.4 Influence of closer antenna array:

Results in figure 21b demonstrated the effectiveness of closer antenna array on the
signal strength. Where closer antenna array data showed approximately 20dB stronger
transmission coefficients signal than the normal array.
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Moreover, figure 24 displays a simulation results example of muscle phantom
including small tumor object placed in the center. Plot 24a shows normal antenna array
results while plot 24b shows closer array results. Plot 24b demonstrates the
improvement of closer array where the reasonable data increased from 21.6% to
37.2%. This percentage implies that the transmission coefficient differences [dB]
between two various temperatures become higher. Accordingly, the closer array can
be an appropriate solution to the results which displayed low [dB] differences between
various temperatures.
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Figure 24: Muscle phantom with tumor object inserted in the center. (a) Normal antenna array. (b) 30% closer
antenna array.

5.5 Influence of the containers:

The aim of performing containers simulation was to simulate the same experimental
model to verify measurement results as indicated in section 3.2.2. The containers wall
and bottom, each 1mm thick, have a significant impact on the measurement and
simulation results. Section 4.3 which was simulated without using the containers
displayed high reasonable data percentages in comparison with the results in section
4.4 which was measured and simulated by using the containers. Moreover, figure 25
displays the significant effectiveness of the containers, where it demonstrates several
tumor object diameters versus the percentage of the reasonable data. It is clearly
shown that the reasonable data decreased from 91% without using the containers to
12% with the containers when the tumor object diameter is 42mm. This dramatic
decline may be attributed to the containers type which have permittivity and
conductivity of 2.2 and 0.07s/m respectively. Whilst water’s permittivity and
conductivity are 78 and 0.1s/m respectively. This huge difference between the waters
and containers dielectric properties triggered the loss of the electromagnetic coupling
which caused the reflection of the antennas waves.
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Figure 25: The influence of the containers on the percentage of the reasonable data.

5.6 Estimate small temperature change tracking:

Sections 4.3 and 4.4 present several temperature tracking results which represent the
range between 25°C and 50°C that may be considered as an ideal range. However, the
most important temperature tracking range is between 37°Cand 43°C which
represents the range that is actually used during hyperthermia treatment. This
hyperthermia range represents 6°C tracking change. Figure 26a demonstrates systems
potential to successfully estimate temperature tracking of 10°C, where the percentage
of reasonable data reached 82%. However, a huge decline occurred in the temperature
tracking of 5°C which results only in 25%. This implies that the current simulation setup
still require more improvements in order to successfully estimate small temperature
tracking ranges such as 5°C.

However, all percentages of reasonable data in this thesis were calculated based on
two constant thresholds as described in section 3.4.1. These two thresholds have high
effectiveness on the reasonable data values. Accordingly, these thresholds have a
significant impact on the temperature tracking accuracy of 5°C as shown in figure 26a.
Where the highest percentage value for 5°C tracking reached 30%. Any modification in
the threshold values will certainly affect the reasonable data percentage. Other test
was performed by reducing one of these thresholds which is the interval value
between two various temperatures [dB]. This threshold was reduced from 1dB to
0.7dB. This threshold modification means that all frequencies (i.e. stars) which are
higher than 0.7dB are calculated within the percentage of reasonable data. Figure 26b
displays the effectiveness of this modification on the percentage of reasonable data.
Where the temperature tracking accuracy of 5°C showed accepted percentage up to
78%. It's shown how this threshold plays a significant role in the temperature tracking
accuracy.
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Figure 26: Different temperature tracking degrees versus the percentage of the reasonable data. (a) Normal
thresholds as described in section 3.4.1. (b) Reducing the threshold from 1dB to 0.7dB

Meaneys group performed number of studies which are related to this thesis [20].
Their results demonstrated the ability to track the temperature difference around
0.2°C. This is in contrast to the results presented in this thesis which showed that it is
difficult to achieve this high tracking accuracy. This can be attributed to some of their
experimental setups which provided their better results. Their tumor object diameter
was 51mm which is approximately similar to the diameter that is used in this thesis.
Further, they employed 32 monopole antennas placed in array of 15cm. Whilst in this
thesis it is 20 monopole antennas placed in array of 20cm. Moreover, their data were
collected at 9 frequencies in the range 300 to 700MHz. Whilst the data in this thesis
were extracted at wide frequency range from 500MHz to 2GHz. These setup
differences have a positive affect on their results.

However, the most crucial factor is seemingly the acceptable threshold level. In this
thesis we defined the reasonable data based on the 1dB threshold as described in
section 3.4.1. In light of results of meaneys group, this threshold seems to be too strict.
However, this 1dB value is just an assumption which was selected as an initial
appropriate value to determine the reasonable data percentages. Figure 26b
demonstrates the effectiveness of reducing this threshold from 1dB to 0.7dB. The
percentage of reasonable data increases when the threshold [dB] becomes lower.
However, the exactly appropriate threshold value can be defined as the lowest value
which results in an acceptable tracking image. The importance of this lowest threshold
value is to accurately determine the feasibility of the microwave system to estimate its
sensitivity to small temperature changes. For instance, to determine the feasibility of
the microwave system to tracking small temperature tracking changes such as 5°C.
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This lowest acceptable threshold cannot be decided before image reconstruction
implementation. If the reconstructed image shows that for instance 0.5dB is an
adequate threshold value, then it is possible to track the temperature distribution in
the image. In the case that the reconstructed image proved the possibility to track the
temperature changes when using threshold lower than 1dB, then all results which
showed low reasonable data percentages will greatly improve. Moreover, a significant
improvement will occur in the temperature tracking accuracy of 5°C as displayed in
figure 26b. Moreover, the improvement may also occur on the temperature tracking of
1°C. However, if the reconstructed image showed that it is not possible to track the
temperature changes when using threshold lower than 1dB, then the temperature
tracking of 5°C is still a challenging case of the microwave system. Accordingly, it is
necessary that the image reconstruction process should be a prioritized initial step in
future work.
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Conclusion

The aim of this thesis was to determine the feasibility of using microwave thermal
imaging to estimate its sensitivity to temperature changes. The advantage of this
system is that the same antenna array can be simultaneously used in thermal imaging
and hyperthermia treatment. Generally, some cases showed good results while others
still need improvements to give better results. For instance, tumor objects which are
existing close to the wall showed results more convincing than those existing in the
center. Moreover, tumor object diameter was one of the most important factors that
affects the results. In the sense that the larger diameter shows higher percentage of
reasonable data. The boundary between acceptable and unacceptable results is 32mm
diameter for tumor object without using the containers. Certainly, the diameters above
this boundary results in higher reasonable data up to 97%. While lower diameters such
as 24mm demonstrated approximately 20% only. In addition, the system could
successfully estimate the temperature tracking of 10°C which showed high percentage
up to 83%. However, the most important temperature range for hyperthermia
treatment is between 37°C and 43°C which still a challenging step in case of using 1dB
threshold. However, if we assumed that 0.7dB is an adequate threshold, then 5°C
temperature tracking change showed acceptable results.

Results which were obtained by using the containers demonstrated a significant
decline in the reasonable data. Certainly, the main reason of this decline is the
containers bottom and wall, where the most radiated waves are loss. The results
showed a good transmission coefficients agreement between simulations and
experimental results. However, simulation results showed lower percentage of
reasonable data than experimentals. This difference can be attributed to the 2mm
weak resolution which has been performed in the simulation.
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Future Work

Results give an incentive to work forward in this area and perform broader and more
accurate studies. Future work can be performed in different areas, whether in the
phantom or in the system itself. First issue to be inquired is the implementation of
image reconstruction in order to determine the adequate threshold [dB] value
between two various temperatures as described in section 5.6.

The temperature dependence of dielectric properties results demonstrated different
slope degrees on each frequency. The measurements and simulations in this thesis
were performed based on the dielectric properties values at 500MHz. Moreover, other
frequency values that can be implemented, e.g. 1GHz, may provide higher dielectric
properties change than 500MHz. New issue to be inquired is testing phantoms which
are more realistic. For instance, heating more than one tumor spot at different
positions. Also, heat tumor phantom type which differs from the whole object. For
instance, using muscle phantom as a tumor spot and blood phantom for the large
phantom. Moreover, using containers with appropriate dielectric properties may
provide higher electromagnetic coupling. Further, using containers with thinner wall
and bottom will probably reduce the containers adverse effect on the results. Other
tricky point is the liquid phantoms which were using in this thesis. This liquid phantoms
suffer from changing its dielectric properties suddenly. Which enforced us to perform
new phantoms continuously, thus reduced the number of measurements. Moreover,
liguid phantoms require containers which were the main reason of reasonable data
significant decline. Consequently, solid phantoms can be implemented instead of liquid
ones which don’t require containers. Thus, number of measurements can increase as
well as getting more accurate and realistic results.
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Monopole antennas which were utilized in this thesis are simplest antenna type. Any
other antenna type such as directional antennas may improve the results. The
advantage of the directional antenna is that it radiates the microwaves in a specific
direction which provides higher energy than monopole antennas that radiates
everywhere. Furthermore, using two or three antenna arrays with eight antennas in
each ring instead of using one ring with twenty antennas may results in more prevalent
waves as illustrated in figure 27.

Z
e
x

(a) (b)

Figure 27: Two different antenna arrays setups. (a) Antenna arranged in two arrays while in (b) it’s arranged in
one array like the one used in this thesis (2).
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Appendix

A.1: Simulations and measurements difference results:
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Figure A.1: Muscle phantom plots including 40mm diameter tumor object close to antenna 1. Plots represent the
difference between 50°C and 25°C. (a) Simulation results. (b) Measurements results.
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Figure A.2: Muscle phantom plots including 20mm diameter tumor object close to antenna 1. Plots represent the
difference between 50°C and 25°C. (a) Simulation results. (b) Measurements results.
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Figure A.3: Muscle phantom plots including 20mm diameter internal object in the center. Plots represent the
difference between 50°C and 25°C. (a) Simulation results. (b) Measurements results.

Reazonable data=5.4902%

Reference antenna [dB]
&
=
Reference antenna [dB]

Frequeney,r [1GHz-1.56GHz] Frequency [1GHz-1.5GHz]
0 Reazonable data=17% UT j Feazonable data=5.2941%
o -20 1 o -20 1
= =
5 404 1 w40 1
a a
= 3 ! =
= B0 B 1 = -60 1
o o
L&) I [}
E 'BU . . i E _BU i
Z T e, 2
& qo0p W { = 00 ]
-120 . : : . -12[] . :
0 5 10 15 20 25 15 20 2t
Difference between two objects [dB] D|ﬁerenee between two objects [dB]
Frequency [1.5GHz-2GHz] Frequency [1.5GHz-2GHz]
Reasonable data=159615% U* j Reasonable data=8 6275 %
) m 20
= ] =
m , 1 m 40
= =
= Y =
Lok} B 4 Lok}
= % =
@ bt @
= 2 gl R # =
z - %fﬁ * {2 400 **
T T
o 1 o 120
-140 : L : -14[] '
0 5 10 15 20 15 20
Difference between two objects [dB] D|ﬁerenee between two objects [dB]

Figure A.3: Blood phantom plots including 40mm diameter tumor object close to antenna 1. Plots represent the
difference between 50°C and 25°C. (a) Simulation results. (b) Measurements results.
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A.2 Simulations and measurements transmission coefficients matrix

results:
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Figure A.4: Different phantom plots show the compatibility between measurement and simulation results. The
temperature in the title represents the tumor object temperature with 40mm diameter located close to antenna
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