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Non-Invasive Thermometry for Microwave Hyperthermia:
Evaluation of MW-Thermometry
Masoud Shafiemehr
Department of Signals and Systems
Chalmers University of Technology

Abstract
The importance of non-invasive temperature monitoring during microwave hyper-
thermia treatment has motivated the development of non-invasive thermometry
(NIT) methods. Currently, the clinically established method for NIT is magnetic
resonance thermometry (MRT). This method has however some limitations such as
high costs, high sensitivity to patient motion and the requirement of a large instal-
lation space.
Microwave tomography became of interest for thermal monitoring during hyperther-
mia treatment recently. The work in this thesis is aimed at investigating microwave
tomography for 3D thermal mapping with the same antenna array used for heating.
MRT was used as a reference method to evaluate the accuracy of microwave ther-
mometry (MWT).
This study uses two antenna arrays developed at Chalmers University of Technol-
ogy with the aim of investigating the feasibility of MWT. Both simulations and
experiments with two antenna systems were performed on a phantom specifically
developed for this study to gain a better understanding of how these two systems
affect the results. In addition, the metric Good Data Ratio (GDR) was evaluated
and applied to the obtained data in the MWT method. Finally, experimental mea-
surements with MRT were performed to evaluate the temperature resolution and
accuracy in comparison with MWT.

Keywords: magnetic resonance thermometry (MRT), microwave thermometry (MWT),
fast 3D image reconstruction, good data ratio (GDR), PRFS α-parameter calibra-
tion.
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1
Introduction

Based on the estimates of the worldwide incidence and mortality from 26 cancers
during the past 30 years, there were 10.9 million new cases, 6.7 million deaths and
24.6 million survivors [1] . Among all the types of cancer, head and neck cancer
is in sixth place for the most common cancer worldwide with around 6% of all
tumours [2] . Thermal therapy is one of the most common ways that are used for
cancer treatment by raising the temperature in the tumor. Thermal therapy can be
divided into two types [3]:

• Hyperthermia (HT), in the tumor to therapeutic level (40-45◦C) for 60
min to induce cell death or to make it more susceptible to the effects of ioniz-
ing radiation or chemotherapy. HT treatment is also divided into two types:
regional hyperthermia and whole-body hyperthermia.

• Thermal ablation, , in this type the temperature off the tumour is above
55◦C for 4-6 min. By comparison with HT, it can directly destroy the tumour
cells.

During the last decade clinical studies have indicated the ability of microwave HT
to dramatically enhance cancer patient survival [54]. However, inadequate heating
has lead to disappointing results [38].
Invasive measurements are still considered by many clinicians as the gold standard
in monitoring temperature distributions, however it suffers from inadequate infor-
mation about highly inhomogeneous temperature distributions, for instance in the
head and neck region with such geometric complexity and stringent requirements.
Magnetic resonance thermometry (MRT) is the most clinically established method
for non-invasively temperature monitoring during hyperthermia treatments which
provides an accurate 3D temperature image [4]. However, this method has its limi-
tations:

• Motion artifacts: its sensitivity to artifacts by the patient movements.
• Speed: the low speed of data acquisition.
• Compatible HT applicators: a compatible HT applicator is needed since

the patient goes inside the MR scanner with the HT applicator and both
systems operates simultaneously which can leads to artifacts.

• Cost: the price of an MR scanner as well as system maintenance is very
expensive.

• Dimension/Size: the size of the MR scanner needs a big space to install.

There are other potential non-invasive techniques for thermal monitoring; ultra-
sound, computed tomography (CT) and microwave thermometry (MWT) [5][6][7].
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1. Introduction

The present work investigates the feasibility of using microwave imaging to monitor
the temperature distribution during hyperthermia cancer therapy.
The scope of this thesis covers the combination of simulations and experimental
measurements for both MWT methods to observe the feasibility to perform thermal
mapping with microwave tomography (MT) and MRT as the reference method to
compare the results with MWT. Also a focus was placed on the design and devel-
opment of the phantom setup to satisfy the aims of the project.
In Chapter 2, the relevant background in HT treatment, HT treatment planning,
image guidance for HT, MRT and MWT are presented. All the simulations and
experimental measurements are described in Chapter 3. Chapter 4 presents all
results of the data from simulations and measurements, also more explanation about
the results are presented and discussed in Chapter 5. Finally, Chapter 6 provides a
summary of the work and some future prospects.
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2
Background

This chapter details some of the previous studies that have been performed. In
Section 2.1, the basics hyperthermia treatment and the various methods used to
administer hyperthermia are overviewed. Section 2.2 discusses the importance of
using image guidance and different thermal measurement methods. Finally the
MRT method and some approaches in MWT are briefly reviewed.

2.1 Microwave hyperthermia

HT has been established clinically as an adjuvant therapy to both radiotherapy and
chemotherapy [8]. Microwave HT involves heating the tissue to 40-45◦C for 60-90
min [4]. The clinical use of HT was and still is subject to technical limitations and
also interdependency between physiology and biology. Therefore, some of the bio-
physical mechanisms of HT are summarized briefly as follows [9][10]:

Biological effects

• The temperatures beyond 41-42◦C have cytotoxic effects on tumour cells.
• A significant increase in sensitivity to heat exposure is observed at approxi-

mately 42-44◦C.
• The sensitivity of the normal cells to heat is less than tumour cells, for a given

cell type.
• The number of damaged cells from radiation and chemotherapy is enhanced

at elevated temperatures.

Physiological effects
Normally, in HT treatment there are two different stages. First, for 10-30 min the
blood flow to the area often doubles, with no significant cell destruction, and during
the second stage blood flow decreases, which is most likely due to localized mi-
crothrombosis in the hottest places in the tissue, and the amount of tissue necrosis
increases significantly [11]. The physiological responses that can cause important
effects to the efficacy of the treatment are noted as follows:

• The temperature distribution in normal tissue is more effective than for can-
cerous tissue, which is caused in preferred temperature in cancerous tissue and
relatively greater therapeutic effect.

3



2. Background

• The blood flow is lower in cancerous tissue than in its surrounding normal tis-
sue, therefore the raised temperature will cause a greater blood flow reduction
in cancerous tissue.

2.1.1 Combination treatments

There is clinical evidence as well as in vitro and animal studies that HT in combi-
nation with radiotherapy and/or chemotherapy provides better tumor response for
the treatment of high-staged tumors [12].
In ionizing radiation, the therapeutic effect is dependent on the heating temperature
and heating time. Typically, in higher temperatures and for longer exposure times a
greater effect is seen. In fact, cells in the hypoxic and low-pH areas have more tem-
perature sensitivity. As temperature increases, the blood flow will increase, which
results in a higher oxygen concentration in healthy tissue and limit the concentra-
tion of oxygen in hypoxic cells in tumor tissue. The maximum radio-sensitivity is
obtained during HT treatment, so the best effect is achieved when heat and radio-
therapy are delivered simultaneously [12][13].
Another area of interest is to increase the therapeutic effect by combining hyper-
thermia with chemotherapy. This method can be expressed by the ratio of cell
survival at higher temperature with normal temperature for the same drug level in
both cases. As studies show, the vascular structure of tumors are disorganized and
inefficient which leads to hypoxic regions with poor blood flow in the central part of
the tumor, which makes these zones relatively resistant to chemotherapy. As heat
decreases, the pH level of extracellular fluid, the cytotoxic effect by the drugs will
increase [14].
Although the results are convincing for combination treatments, still more research
is needed to improve the therapeutic effect [15][16][17].

2.1.2 HT treatment work flow

The first stage in the HT treatment is to generate the model of the patient by
the use of CT and/or MR imaging. The obtained images from CT/MRI are used
in hyperthermia treatment planning (HTP). HTP provides important information
about the temperature distributions and the complete 3D temperature distribution
in the treatment area, which can describe the relation between the heating system,
perfusion, discrete vasculature and anatomy [18].
The work-flow for HTP by using head and neck hyperthermia as the treated region
is provided in Figure 2.1.
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2. Background

Figure 2.1: The steps required for HTP process [19].

The first step in HTP as Figure 2.1 shows, is obtaining the patient data to estab-
lishing a set of treatment parameters with electromagnetic and thermal modeling,
which improves treatment quality. Then these data are converted into a 3D model
by characterizing the normal and cancer tissue. To generate the 3D model, typical
values for electrical, ultrasonic and thermal properties are used. Further, for better
accuracy in the treatment planning the geometry and tissue properties (thermal and
electromagnetic properties) of the patient must be obtained by segmenting tissues
where CT/MRI images use for this [19].
The simulation in HTP is a three-step process [18]:

1. Generate the patient model.
2. Calculate/optimise the distribution power deposited in the tissue
3. Calculate/optimise the temperature distribution in the tissue.

Next is to calculate the specific absorption rate (SAR). As the SAR distribution is
calculated and the related pattern established, the resulting temperature distribu-
tion in the tissue can be calculated. This step is based on the thermal distribution
within the heated region [20]. Then a model of the applicator is added to the patient
model to compute the PD and temperature distributions. The next two steps are
to optimize the obtained PD and/or thermal distributions. The most important
goal in treatment optimization is to ensure the target region receives a high thermal
dose and at the same time the healthy tissue absorbs the minimum energy [3]. Cal-
culation of the EM field can be performed by using different solvers such as finite
difference time domain (FDTD) and finite elements method (FEM) [21][22]. During
the treatment the HT applicator is placed around the patient on the tumour loca-
tion. The thermometry is also performed during the treatment for further treatment
documentation and evaluation. The importance of image guidance is highlighted in
this stage.

2.2 Role of image guidance in HT
The first image-guided therapy was a surgery in 1896, in which X-radiography was
used to help remove a needle from a woman’s hand [23]. This remarkable event
took place one year after Roentgen’s discovery of X-rays in 1895. This event is
important not only because it established the basic profit of x-radiography, but
it also improved the result of the surgery (treatment) and introduced a new type
of information source. Since then, many techniques and improvements in medical
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2. Background

science have shown that image guidance can be applied in different roles to enhance
the treatment.
The role of image guidance for hyperthermia treatment can be divided in four sep-
arate roles, and consists of [24]:

1. Pre-treatment determination of the cancer tissue volume.
2. Localization of the hyperthermia applicator or targeting of the heat-delivery

source to the cancerous tissue.
3. Real-time monitoring of the delivery of heat energy during the treatment.
4. Post-treatment evaluation of the temperature dose given in the heated tissue.

2.2.1 Thermometry
Knowing and tracking the temperature distribution in the target (tumour tissue)
and surrounding tissue may be a way of observing and determining the thermal
exposure boundary to improve the HT treatment by protecting healthy tissue from
high temperature elevations. Generally, there are two main approaches to temper-
ature monitoring in vivo [4]:

• Invasive measurements with interstitial temperature probes, also is known as
discrete measurements.

• Non-Invasive Thermometry (NIT) that allows on-line monitoring and control
of the quality of the heat treatment.

Invasive (discrete) thermometry was established as a standard method in the last
two decades, which can be obtained with EM non-distributing probes. However, the
main problem is the invasiveness and the limited information about 3D temperatures
due to the spatial resolution of temperature measurements that is limited to the
small number of probes [26]. For instance in deep heating in the head and neck
region with different biological, electromagnetic and mechanical properties [25]. In
addition, the electromagnetic non-distributing probes may lead to artifacts and may
perturb the SAR pattern in the heated tissue.
Therefore, the NIT techniques introduced and have been investigated for different
modalities; ultrasound, CT and MT are not known as clinical approaches, while
NIT by MRI has been used clinically for few decades [4]. In the following sections,
all the mentioned techniques for NIT are reviewed.

2.2.1.1 Ultrasound

Ultrasound imaging has been known as a promising modality for temperature mea-
surement for HT treatment since the mid-1970’s [27]. There are several temperature
dependent properties for ultrasound thermal mapping, which are covered in this
section such as velocity of sound, back scattered power and attenuation coefficient
[28][29][30]. These acoustic properties are highly dependent on the tissue. For ex-
ample, the temperature coefficient of the attenuation is around 1-3 % per ◦C for
soft tissue, which for waves at the speed of sound must be ten times higher and this
causes difficulties in high density areas such as bone. Also, the thermal coefficient
of ultrasound varies with tissue types, which requires calibration before treatment
and classification of the tissue [31]. There are also other limitations and technical
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2. Background

challenges have been described in [32], which are the problems to use this method
for temperature monitoring during HT treatment.

2.2.1.2 Computed tomography

In the early 1980’s CT was introduced as a modality for temperature monitoring.
The feasibility of employing a CT scanner to measure the temperature distribution
during HT treatment was obtained based on the measurements for the CT-number
shift when it is a function of temperature for different materials.
Although temperature mapping by means of CT is considered one of the simplest
methods, it is not an interesting modality to investigate because of an extremely low
signal-to-noise ratio (SNR) and temperature resolution and consequently requires
longer scanning times. Moreover, the patient in CT thermometry will receive addi-
tional dose of radiation, which causes problems together with radiotherapy treatment
as the patient would receive a high dose [27][33].

2.2.1.3 Microwave thermometry

MT has been an interesting topic for medical applications for many years. It has
been investigated in both research and clinical needs for various applications such as
cancer and stroke detection [52]. Combining MT and HT as a non-invasive way to
thermal imaging during HT treatment has a lower system cost in comparison with
other methods like MRT. Also, MWT allows the same antenna system to be used for
HT and thermal monitoring. In this method, microwave based thermometry implies
temperature mapping consisting of an antenna array to monitor the temperature
distribution in the treated region. For the first time, Bolomey et. al [5] showed that
MWT is based on the permittivity and conductivity differences for different types
of tissues. Later, Miyakawa [34] tried to solve the same problem by using a chirp
radar technique, which was not successful for human tissues, since it only works
for imaging of low contrast objects. Later a group by Meaney and Paulsen could
successfully obtain thermal images that used the Gauss-newton iterative scheme
as a reconstruction algorithm in phantoms and in the abdomen of a small piglet
[35][36][10].
The Biomedical Electromagnetics Group at Chalmers University of Technology re-
ported results of a feasibility study for microwave based thermometry, which uses
an iterative electromagnetic time-domain inversion algorithm for reconstructing the
dielectric properties of the object. The algorithm was designed to compare the mea-
sured and simulated fields based on FDTD modeling. However, a major limitation
with this algorithm is that very long computation times are needed to reconstruct
images [37]. Later in this chapter, based on the encouraging results from previous
microwave tomographic imaging studies, the accuracy for MWT is investigated and
compared with MRT.

2.2.1.4 Magnetic resonance thermometry

MRI based thermometry is known as one of the major technological improvements
that was made in the thermal therapy [4]. The temperature sensitivity of MRI and
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2. Background

non-disturbance of measurements at high resolution in MRT are two significant fac-
tors in the development of interventional MRI. Since the mid 1980’s, MRI has been
established as the most viable diagnostic modality for several capabilities such as
high-spatial resolution, excellent soft-tissue contrast, sensitivity to blood flow, abil-
ity of functional imaging, multi-parametric tissue characterization and multiplanar
images [6]. Based on the multi-parametric contrast abilities, MRI meets all roles
of image guidance for hyperthermia treatment mentioned in section 2.2. There are
three main magnetic resonance (MR) properties, which can be used to monitor the
temperature sensitivity and to perform thermal measurements [38]:

1. Spin lattice relaxation time (T1 relaxation).
2. Self-diffusion coefficient of water.
3. Proton resonance frequency shift (PRFS).

T1 relaxation
The differences in MR images are described as the image contrast, which for vari-
ous tissues have different signal intensities or brightness, and form the boundaries
between tissues. For the first time, in late the 1980’s, Parker suggested an appli-
cation to construct temperature maps based on the T1-temperature sensitivity, in
the context of HT [39]. Figure 2.2 shows an example of T1-weighted thermosensitive
gradient echo images to monitor thermal-therapy. Different MRI pulse sequences
allows us to produce a wide range of contrasts by using and controlling the timing
of these sequences.

Figure 2.2: MR images of the liver metastases from breast cancer. The
T1-weighted thermosensitive gradient echo sequence is used; (a) shows a clear drop

in signal intensity (arrows) in the heated area, (b) a contrast enhanced image
obtained immediately after 60 min treatment shows the coagulated area of the
tumor tissue, and (c) laser-induced interstitial thermo-therapy T1-weighted

thermosensitive image [7].

T1-weighted sequences are highly dependent on the type and character of the tissue,
therefore they are normally recommended in low-field systems with higher contrasts
[38]. T1 has some limitations in comparison with diffusion measurements (is not
technically demanding in terms of fast and strong gradients) and the chemical shift
of PRF (less sensitive to the changing and drifting of the PRF in the electromagnet).
However, T1 is applicable in fatty tissue, which is in contrast with the chemical shift
of PRF, which is an advantage due to heterogeneous target areas in hyperthermia
[40].
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2. Background

Self-diffusion coefficient of water
Another method of MRT is spatial mapping of the diffusion coefficient of water,
which was known by LeBihan for the first time in 1989. His experiments showed ap-
proximately linear changes of the self-diffusion coefficient in water with temperature
by 2.4 % per 1◦C [25].
The main problem with using the self-diffusion coefficient of water for thermometry
is the fact of restricted diffusion in tissues as the flux rate of the diffusing material
is controlled by the permeability of the membrane. In 1992 Cheng and Hernandez
[41], found that the restricted diffusion ranges in tissue will increase after a thermal
therapy. In their study the tissue showed a less resistive environment for the diffusion
of water after treatment. On the contrary, it was realized that the use of long
diffusion times in the nuclear magnetic resonance (NMR) experiment (eg. 150 ms)
can be effected by this restricted diffusion. But for shorter diffusion times (eg. <30
ms), water molecules cover a shorter distance, which can consequently cause errors
in showing changes in the structural resistance of tissue.
Diffusion methods still have some technical and methodical limitations that need
further investigation to improve [42].

PRFS-based MRT
One of the most promising methods for MRT compared to those previously dis-
cussed, is temperature dependence of the PRF of hydrogen protons. The PRF
variation with temperature was observed by Schneider in 1985 and later explored
and described by Hindman in 1966 [43][44]. A further description of the physical
mechanism of temperature sensitivity of the PRF is given in [27].
When the temperature increases, the hydrogen bonds in water dilate, which increases
the magnetic shielding by the water protons by the electrons of the hydrogen bond.
The change in the shielding will decrease the resonance frequency of the water pro-
tons, which decreases the phase of the water signal. This process is known as PRFS
[45]. The advantage of these frequency changes are that they vary linearly with
temperature and most tissues have a sensitivity around 0.01 ppm per ◦ C, based
on many experiments in vivo and in vitro. By using gradient echo or offset spin
echo sequences the phase sensitive images will be obtained and from that the phase
changes can be measured [46]. The following equation defines the signal from these
sequences [45],

S = Awe
−TE/T2∗

we2πiTE(αf∆T+ψ)) (2.1)

where Aw is the proton density of water, TE is the echo time (ms), the relaxation
time (ms) is T2∗ , the PRFS phase sensitivity (in parts per million per degrees Celsius
or ppm/◦C) is α, f is the imaging frequency (Hz), ∆T is temperature change (◦C)
and ψ is the magnetic field offset (Hz).
Figure 2.3 illustrates the determination of the chemical shift difference between the
water and N-acetylaspartate (NAA) which was recently used for the validation of
high resolution MRT with a new methology for PRFS thermometry [47].
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2. Background

Figure 2.3: Schematic representation of a newly proposed methodology for PRF
thermometry: where the NAA reference frequency is obtained from an initial water

suppressed spectrum and is followed by a high-temporal-resolution series of
non-water-suppressed spectra, measured against the initial NAA reference

frequency [47].

A number of studies for different tissue ablations with PRFS techniques such as
breast fibroadenomas [48] and brain tissue [49] have been performed. However, using
the PRFS method during HT treatment faces some issues not normally observed in
thermal ablation. The first challenge is the longer time of an HT treatment than
ablation. Typically an HT treatment takes at least 1 hour, which causes magnet
instability due to the drift of the main field over time. The second challenge is
the determination of the difference of the effective temperature range. Since the
temperature for HT treatment is within a small range (41-45◦C), the temperature
accuracy needs to be better than in ablation where the temperature error is less
important since the temperature is much higher than tissue damage level (55-60◦C)
[50].
Nevertheless, more studies are needed to improve this method to reliably image the
extent of the treated region in HT.
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3
Materials and methods

The first part of the thesis is focused on the development of a phantom to simu-
late the neck anatomy, which can satisfy the goals of the thesis in both MRT and
MWT. In the second part an antenna array for 3D MT is used (in simulation and
experimental setup) to investigate the feasibility of 3D MWT. Also, the developed
HT applicator, is simulated to evaluate the system for temperature measurement.
Finally, MRT is used to evaluate the temperature accuracy and resolution of the
reconstructed MWT images with those of MRT.

3.1 EM fields interaction with the body

3.1.1 Specific absorption rate
To quantify and optimize the temperature distribution, electromagnetic parameters
are common to use. The specific absorption rate (SAR) is the for temperature
increase in the tissues. SAR is defined as a measure of how much of the transmitted
RF energy is absorbed by the human body. The SAR is a function of the electrical
conductivity σ, the induced E-field from by the radiated energy and the mass density
of the tissue ρ,

SAR = σeff |
−→
E |2

2ρ , [W/kg] (3.1)

where σeff is the effective electrical conductivity in [S/m], E is the complex electric
field vector and ρ is measured in [Kg/m3].

3.1.2 Dielectric properties
When the body is exposed to EM fields, different tissues in the body response
differently, depending on the tissue properties. Dielectric properties (electrical per-
mittivity ε and conductivity σ) describe the interaction of EM fields with dielectric
materials. Permittivity ε is the polarization effect on polarized molecules due to the
field, and the conductivity σ depends on the electrical losses in the material due to
the currents induced by the field [3].
Figure 3.1 shows the Cole-Cole model by Gabriel et al. [51] and describes the vari-
ation of dielectric properties with frequency of developed tissues. As the authors
mentioned, the Cole-Cole for dispersive tissues model describes the frequency de-
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pendent parameters reliably for frequencies above 1 MHz, therefore it is appropriate
for the frequency range of this study (400 MHz to 800 MHz).

Figure 3.1: Permittivity and conductivity [S/m] of muscle by Gabriel et al., [51]
where the black filled and dotted curves are the model prediction, while the grey
filled and dashed curves are experimental data at 37◦C and the triangles and

circles are data from the literature. Both properties vary with the frequency of the
applied field.

3.1.3 Scattering parameters
To characterize a linear microwave system, the scattering matrix is typically utilized.
S-parameters describe the electrical behaviour of a linear electrical system, as shown
in Figure 3.2.

Figure 3.2: The signal flow diagram to illustrate the scattering parameters.

From observing Figure 3.2, the relationship between reflected, incident waves and
the scattering matrix is given as follows:
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(
b1
b2

)
=
(
S11 S12
S21 S22

)(
a1
a2

)
(3.2)

And expanding the matrices gives:

b1 = S11a1 + S12a2 (3.3)
b2 = S21a1 + S22a2 (3.4)

If the given impedance at the load is matched at port 2, then a2 = 0 and b2 will be
totally transmitted. Therefore:

S11 = b1

a1
(3.5)

S21 = b2

a1
(3.6)

Also, if port 1 is matched, then a1 = 0, so:

S12 = b1

a2
(3.7)

S22 = b2

a2
(3.8)

Where S11 is input port voltage reflection coefficient, S12 is reverse transmission
coefficient, S21 is forward transmission coefficient and S22 is the output reflection
coefficient. S-parameters are typically measured with a vector network analyser
(VNA) as described in section MWT.

3.2 Phantom design
In order to compare MWT and MRT, the tissue-mimicking phantom was developed.
The agar phantom composed of water (570 ml), agar (30 ml), salt (7 ml) and sugar
(400 gr) for a one liter phantom. The cylindrical phantom with diameter 150 mm
and length 400 mm contains silicone tubes of various diameters placed along the
phantom (35, 30, 12, 8 and 6 mm). The water circulation inside the tubes simulate
the heating action, as a high accuracy in of both methods needs a homogeneous
temperature distribution along the phantom. The developed phantom rig for three
wall thicknesses (1 mm, 3 mm and 5 mm) were simulated and the effects of the
(silicone) tube on E-fields was evaluated as shown in Figure 3.3.

Figure 3.3: The effects of tube wall thickness on E-field in f = 800 MHz.
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Also, the amplitude differences of S11 for various wall thicknesses are shown in Figure
3.4.

Figure 3.4: S11 amplitude differences for various wall thicknesses.

The tube with 1 mm wall thickness shows the amplitude difference less than 2 dB
while for 5 mm case the difference reach 10 dB. Therefore the thinnest tubes available
on the market were used. Figure 3.5 shows the final design with silicone tubes of
various diameters placed in the phantom.

Figure 3.5: Photographs of the designed phantom; (a) the phantom rig consisting
of three parts, (b) various tube sizes with 1mm wall placed in the phantom rig and

(3) tissue mimicking phantom, with the outer cylinder removed.

The phantom rig contains three main parts: top plate, bottom plate and a cylinder as
the main body, which were designed in SOLIDWORKS and manufactured. Figure
3.6 shows how the tubes fix into the bottom plate and the phantom inside the
cylinder. To avoid any leakage after pouring the hot phantom in the cylinder, all
the tubes were glued with silicone glue to the bottom plate.

14



3. Materials and methods

Figure 3.6: Photographs of the placement of used tubes shows; (a) top plate with
silicone tubes, (b) the big hole on top plate used to pour the phantom inside the
cylinder, (c) bottom plate containing 4 feet and tubes are also placed at the other
side, and (d) silicone glue was used to fix tubes to each hole on the bottom plate.

A water pump together with a temperature regulator was used to heat and circulate
the water through the tubes. Therefore, tubes were connected to the pump at both
sides as input (top plate) and output (bottom plate).

Figure 3.7: Photographs of the water circulation setup; (a) The pump and the
temperature regulator, (b) prepared phantom with long tubes at input and output

to connect to the pump.
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3.2.1 Temperature stability
The temperature stability inside the tubes was evaluated in order to determine
whether the temperature is homogeneous along the phantom. The relative mea-
surement were performed in two steps:

1. The temperature stability along the tube at the input and output while water
was circulating,

2. The temperature stability inside the tube when the water circulation was
stopped.

Water was heated to temperatures 25, 30, 35 and 40◦C and circulated by the pump,
while two fiber-optic probes placed inside the tube, measured the temperature at
the input (close to the top plate, Channel 1) and at the output (close to the bottom
plate, Channel 2). Each probe contained 8 thermal sensors with 1 mm distance
between each sensor.

(a) (b)

(c) (d)

Figure 3.8: Temperature stability along the tube, measured in real time.

Figure 3.8 shows the measured temperatures for 25 and 40◦C warm water. The
water was circulated for 90 s while sensors were measuring the temperature, then
the circulation was stopped while the temperature changes were measured. The
highest measured temperature in Figure 3.8a is 25.5◦C during the water circulation,
while in the same probe for another sensor it shows 24.5◦C. Also, in Figure 3.8b
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the highest and lowest recorded values are 25.4 and 25◦C respectively. Figure 3.8c
and 3.8d are for the same condition while the the temperature of the circulating
water was 40◦C. The temperature difference between each sensors in one probe and
also between two probes, provided the homogeneity inside the tube, while water was
circulating.
The second part of the experiment was to measure the temperature stability inside
the tube while the there was no water circulation and the warm water remain inside
the tube while the probes were measuring the temperature. For water temperature
T = 25◦C (Figure 3.8a and 3.8b), after 150 s there was around 1◦C reduce in the
temperature, while for T = 45◦C (Figure 3.8c and 3.8d) the temperature reduced
around 3◦C.

3.3 Microwave thermometry
MWT was evaluated in two different antenna systems as is shown in Figure 3.9:

1. MW tomography system consisting 24 monopole antennas in 3 rings.
2. Neck HT applicator consisting 10 bow-tie antennas.

Figure 3.9: Two different antenna systems used for MW-thermometry; (a) the
3D antenna array with 24 monopole antennas and (b) HT applicator with 10

Bow-tie antennas.

Both simulations and measurements were performed for evaluation. The simulated
setup was used to (i) compare the results with the laboratory experiment measure-
ments and (ii) reconstruct the 3D thermal image.

3.3.1 MWT with tomography (monopole) system
a) Simulation
Figure 3.10 presents the developed phantom setup and the microwave tomography
3D antenna array, which were simulated together in CST STUDIO 2014. The mate-
rial of the tank with antenna arrays was modeled as Plexi glass and the inside of the
tank was modeled as water and served as a matching liquid. The simulation is per-
formed for four tubes (6mm, 12mm, 30mm and 35mm) filled with muscle phantom
material.
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Figure 3.10: CST model of the whole setup; front view (right image) and
perspective view (left image).

Due to the long simulation time for each antenna (4 hours), only 2 rings (the middle
and top rings) consisting of 16 monopole antennas out of 24 were simulated. Each
of the 16 antennas were used as a transmitter and excited one by one, to obtain a 16
× 16 scattering matrix. The simulations were performed for each tube for different
muscle phantom temperatures (20, 25, 30 and 35◦C) inside that tube.
Also, a single monopole antenna was simulated separately to characterize the an-
tenna. Figure 3.11 shows the single antenna model in CST:

Figure 3.11: CST model of a single monopole antenna.

To reduce the time that was needed for simulation, the model of the antenna has
been simplified, where a discrete port with impedance Z = 50Ω was connected be-
tween the outer layer (brass) and the core (PEC), instead of the feeding coaxial
cable and matching network.

b) Measurement setup
The experimental setup used in the lab is shown in Figure 3.12. Figure 3.12b shows
the phantom placed inside the 3D microwave antenna array. All the 24-monopole
antennas are connected to the switching matrix that is connected to the VNA.
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Figure 3.12: The complete setup for measurement with antenna array.

Figure 3.12a shows the pump and the connected temperature regulator. Liquid
phantom was circulating through the selected tube with a constant flow rate, while
all other tubes were filled with stationary liquid phantom. In the measurement
four tube sizes (6, 12, 30 and 35 mm in diameter) were used as in the simulation
to generate the scattering matrix for each tube for different temperatures of liq-
uid phantom (20, 25, 30, 35, 40 and 45◦C). Smaller steps for a finer temperature
resolution were investigated for every 1◦C in the range of 20-30◦C for all tubes.
The measurement for each setup was performed twice, to ensure the stability of the
measured S-parameters.

3.3.2 MWT with HT applicator

One of the biggest advantages of MWT is the potential use of the same antenna
array for both heating and thermal monitoring. Therefore, the analogous data were
obtained with the newly developed HT applicator aimed for treating a tumour in the
neck region. Originally, the system consisted of 10 self-grounded bow-tie antennas
arranged in a ring as shown in Figure 3.13.
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Figure 3.13: Top and front view of the one-ring applicator using 10 antennas.

Between the antenna ring and the surface of the phantom a water-bolus is placed
to [55]:

1. cool down the phantom surface (patient’s skin) to protect from overheating.
2. improve impedance matching between the body and the antenna applicator.

Since the optimal thickness of the water bolus is around 20 mm, the applicator was
adapted to a setup with two rings of 5 antennas. The applicator diameter was thus
reduced for a smaller neck.

Figure 3.14: Top and front view of the two rings applicator by 10 antennas.

Figure 3.15 shows the single antenna model in CST, where a discrete port with
impedance Z = 30Ω was used instead of simulating the feeding coaxial cable and
switching network as well.
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Figure 3.15: The bow-tie microwave antenna [55].

Figure 3.16 shows schematics of the HT and MT systems for thermometry. In both
systems the central tube (φ = 30mm and 1mm wall thickness) was in the line of
sight between two antennas indicated by red arrows. For the HT applicator antenna
1 and for the MT system antenna 3 were used for transmission, while antenna 6 and
antenna 7 were chosen as receiver antennas respectively.

Figure 3.16: The CST model of (a) the microwave HT system, (b) the microwave
tomography system.

3.3.3 Effect of temperature changes on scattering data

The effects of temperature changes on scattering data for muscle phantom at dif-
ferent temperatures were evaluated. In the simulation, the scattering data were
obtained first for the phantom before the temperature was increased at the center
(Figure 3.17a) and then scattering data were obtained when the temperature was
elevated to 25, 30, 35, 40 and 45◦C, inside the 30 mm tube in diameter and wall
thickness of 1 mm (Figure 3.17b).
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Figure 3.17: The simulated muscle phantom with the new HT applicator; (a)
before temperature change and (b) after the temperature was increased at the

center, which the colour yellow indicated elevated temperature.

Based on the previous study in [57], the dielectric properties (permittivity and con-
ductivity) of the muscle tissue are varied for different temperatures at different
frequency points. In Appendix A, the values used for permittivity and conductivity
corresponding to each temperature in the simulation are given.

3.3.4 MW-thermometry evaluation
The obtained data were evaluated both quantitatively by means of data and quali-
tatively by obtaining thermal maps.

a) Good Data Ratio

The amount of obtained data in the simulation and lab experiment depends on the
number of antennas (combination of transmitter receiver pairs), and the frequency
points that can be used for the measurement. Since a microwave measurement
generates a large set of data, it is important to know the good data.
The s-parameters were measured first for the system at room temperature before the
temperature was increased for the liquid muscle phantom inside the tubes and then
s-parameters were measured when temperature elevated to 25, 30, 35, 40, 45◦C. For
the scattering measurements that have been made before any heating, it is denoted
Srefklm (the reference data) and the same measurement has been made after heating,
which is denoted as Sheatklm , where K is the number of transmitting antennas, L is
the number of receiving antennas and M is the number of frequency points and the
good data from the scattering data can be calculated as follows [52].
The difference in amplitude and phase of the scattering parameters were calculated
as:

Adiffklm = 20log10

∣∣∣Sheatklm

∣∣∣− 20log10

∣∣∣Srefklm

∣∣∣ (3.9)

θdiffklm = ∠Sheatklm − ∠Srefklm (3.10)
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The measurement accuracy of the system was defined by the amplitude error in dB,
AerrordB , and phase error, θerror. The scattering data from the reference measurement
and after heating must fit in at least one of these conditions:

Adiffklm > AreeordB (3.11)

θdiffklm > θerror (3.12)

Another condition is also considered; the measured data must be above the noise
floor of the system. The noise floor is denoted in terms of its amplitude in dB,
AfloordB . Hence, the scattering data from the reference system and that after heating
are detectable if:

20log10

∣∣∣Srefklm

∣∣∣ > AfloordB (3.13)

20log10

∣∣∣Sheatklm

∣∣∣ > AfloordB (3.14)

To derive the final relations for the GDR, Eq. (3.9) to (3.14) are combined and the
following four relations are obtained:

Aklm =
{

1, if Adiffklm > AerrordB

0 Otherwise
(3.15)

Tklm =
{

1, if θdiffklm > θerror

0 Otherwise
(3.16)

Bklm =
{

1, if 20log10

∣∣∣Sheatklm

∣∣∣ > AfloordB

0 Otherwise
(3.17)

Cklm =
{

1, if 20log10

∣∣∣Srefklm

∣∣∣ > AfloordB

0 Otherwise
(3.18)

From the given equations it can be concluded that the GDR is the ratio between
the number of good data and the total number of data when the measured data
are above the noise floor of the system and the scattering parameters have a larger
change than the system error. The definition of the GDR of the system is obtained
for the amplitude and phase system error separately, also for the amplitude and
phase when both are above the system error.
The three following equations are used to generate the GDR:

Good amplitude data ratio

ΥGDR(Aklm) =
∑
klmAklm ∩Bklm ∩ Cklm

KLM
(3.19)

Good phase data ratio
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ΥGDR(Tklm) =
∑
klm Tklm ∩Bklm ∩ Cklm

KLM
(3.20)

Good data ratio

ΥGDR =
∑
klm(Aklm ∪ Tklm) ∩Bklm ∩ Cklm

KLM
(3.21)

In the notation above ∪ denotes element-wise or-operations, and ∩ denotes element
wise and.

b) Fast 3D image reconstruction

Among the existing techniques for MW imaging, most of them are very time con-
suming and require extensive computing resources. Therefore, in the previous study
[53], a fast 2D image reconstruction algorithm was developed and in this work it is
modified for 3D.
In this algorithm the difference in dielectric properties of the phantom are estimated
from the change of the EM field (the data that are directly measured by the antennas
propagation inside the tubes). The simulation and measurement results were used in
the algorithm to calculate the conductivity and permittivity of the muscle phantom.
Based on the previous studies, the inverse scattering equation (Eq. (3.22)), is the
mathematical way that can describe the relationship between the change of the
scattering EM field and the change of the dielectric properties in this field.

δEtot
s (−→r )) = (2πf

c0
)2
∫
G(−→r −

−→
r′ )E0(

−→
r′ )δε(

−→
r′ )
−→
dr′ (3.22)

where f is the frequency and c0 is the speed of light in vacuum and δEtot
s (−→r ))

denotes the differences between the electromagnetic fields for the simulation and
measurement in each receiving antenna. On the right side of the equation, E0(

−→
r′ )

is the estimated electric field (generated by the FDTD simulation) in the imaging
domain when the nth antenna is transmitting a signal for the reference temperature
and G(−→r −

−→
r′ ) is the estimated electric field in the imaging domain when the corre-

sponding receiving antenna is used to transmit the signal. Finally, δε , the deviation
of dielectric properties from Eq. (3.22) is obtained by running the algorithm [53].
The reconstructed images were generated by using E-field from simulations for the
reference temperature (T = 20◦C) and the S-parameters for reference temperature
and heated temperatures (T = 25, 30 35◦C). The simulation were performed for
frequencies of; 400, 500, 600, 700, 800, 900, 1000, 1200 and 1400 MHz.

3.4 MR-thermometry measurement
The MR experimental setup is analogous to the MW setup. The heated spot is
represented by circulating heated water (instead of liquid phantom) through the
tubes at different temperatures while the phantom is located inside the MR scanner.
Two setups for the MR scanner are applied; the phantom placed on the MR table
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under the MR body coil, and the phantom placed on the MR table under the
MR head coil. The laser on the MR scanner was positioned in the middle of the
phantom (18.5 cm from the bottom plate of the phantom) and the direction of water
circulating through the tube was from the MR-bore towards the thermal mapping
box of the hyperthermia system (feet (MR) ⇒ head (MR)).

The measurements were performed for three size of tubes (φ = 35, 30 and 12 mm),
and the circulated water was heated to seven different temperatures (20, 23, 25, 28,
30, 33 and 35◦C). All the experimental measurements for MRT were done with a
Siemens 1.5 Tesla MR scanner at the University-Clinic of Tübingen in Germany.
Figure 3.18 shows the complete experimental setup with the phantom positioned
horizontally on the slide table of the MR scanner. For the MR data acquisition
system a 1.5 Tesla MR scanner (Siemens AG, Erlangen, Germany) was used; the
processing of MR data to map MR temperatures was done by the Sigma Hyper Plan
Viewer, a thermometry system for temperature-control with Bowman thermistors
(BSD Medical Corp.).

Figure 3.18: The complete setup for measurement with body coil MR scanner.
Phantom setup with MR scanner on the left and the water pump and temperature

regulator on the right.

The water pump and temperature regulator were placed outside the MR room to
avoid artifacts. Therefore, the tubes (already located inside the phantom for water
circulation), were connected to the long tubes (4 m each for input and output),
which were connected to the water pump outside the room.

The reference temperatures were measured with two temperature probes with an
accuracy of ±0.1◦C. Originally, the probes were located between the central water
tube (φ = 30 mm) and the muscle phantom as shown in Figure 3.19b. The second
probe was fixed outside the same water tube, due to the tube wall thickness (1 mm).
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Figure 3.19: Positioning of (a) one Bowman temperature probe placed inside the
water tube and (b) the two Bowman temperature probes outside the water tube.

Since the observed temperatures did not correspond to the temperature set on the
water pump. Therefore, one probe was inserted inside the water tube through a
T-shape connector (3.19a). With the new position for the probe, the temperature of
the circulated water inside the tube was showing the temperatures set in the pump.

Figure 3.20: (a) Oil bag for MR drift correction, (b) oil bottle for MR drift
correction, (c) phantom with oil bags positioned on the MR table under the MR

head coil and (d) oil bottles placed on both sides of the phantom for the MR body
coil.
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Water circulation during the MR acquisition causes a phase drift in the acquired
signal. In order to correct this phase drift, which also causes a reduction of signal-to-
noise ratio (SNR) and also for increase the B0 field homogeneity, oil were used. As
Figure 3.20d shows, four oil bottles (17 cm height, 12 cm width) for the measurement
with MR body coil were used, whereas for the measurement with the MR head coil,
four oil bags were used.

3.4.1 Data acquisition and processing
The first step before data acquisition is the phantom registration in the MR-computer.
Since the phantom was non moved between acquisitions, the phantom was localized
only once at the very beginning (Figure 3.21). The MR images use the magnitudes
and phases in sequences. The temperature-sensitive images were acquired with
gradient-echo (GRE) with a resolution typical of: TE1 = 4.76 ms, TE2 = 19.1 ms,
TR = 600 ms, 25 slices in 10 mm distances, 256 × 256 matrix, single measurement.
The acquisition time was 100 s. The magnitude data sets (T1-weighted) are used
for checking the correct position and a reasonable SNR.

Figure 3.21: The image of the phantom registration data with the body coil.

Figure 3.22: The image of the phantom registration data with the head coil.
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All these MR data are transferred to the other personal computer for further pro-
cessing with the software platform Sigma Hyper Plan Viewer (SHPV) [54]. The
MR temperature images are calculated in this software (PRFS method) and the
corresponding temperature image is generated.

Figure 3.23: The temperature images from SHPV with the body coil; 20◦C water
circulated through the central tube (left), 33◦C water circulated through the

central tube (right).

Figure 3.24: The temperature images from SHPV for head coil; 20◦C water is
circulated through the biggest tube on the side (left), 33◦C water is circulated

through the biggest tube on the side (right).

Figure 3.23 and 3.24 show one slice (same slice in all) of the acquired MR data
with the body coil and head coil respectively, which are processed in SHPV. The
temperature difference can clearly be seen between these images.

3.4.2 Data evaluation
In order to evaluate the resolution of MRT, the measured raw-data were analyzed
in MATLAB. In the PRFS method, the temperature change (∆T ) is calculated as
[45]:

∆T = ∆φ
γαB0TE

(3.23)
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where ∆φ is the difference between the phase of the image at one echo time (acquired
before and after temperature change), γ is the gyromagnetic ratio of a proton (42.58
MHz/Tesla), B0 is the main magnetic field strength (1.5 Tesla), TE is the echo time
in millisecond, and α denotes the PRFS thermal coefficient (the PRF change per
degree Celsius).
The α-parameter is MR specific and can greatly effect the accuracy of the tem-
perature change calculation. In other words, an incorrect α value leads to an
inaccurate temperature distribution, which would have serious consequences in a
clinical treatment. Therefore, a calibration of the α-parameter was performed. Eq.
3.23 is applied to subtract images that are calculated from the phase differences
∆φ = φref − φheat (for each pixel in a 256×256 matrix). By this process a large set
of values for α-parameter are obtained. The accurate α value can be calculated as
a function of real temperature (set on water pump) and ∆φ of each pixel.
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4
Results

This chapter consists of two parts: MWT results (Section 4.1) and MRT results
(Section 4.2). In Section 4.1 results evaluating the measured GDR values for the
MW tomography system (experimental measurements and simulation) and HT ap-
plicator (only simulation). Also, the reconstructed MW images for the 3D MW
tomography system are shown. The results of S11 and SAR for the old and new
HT applicators are presented and also the effect of temperature changes on the
transmission coefficient are evaluated.

4.1 MW-thermometry results

The results for reflection and transmission coefficients of the HT and MT systems for
thermometry are plotted in Figure 4.1. In Figure 4.1a, the transmission coefficient
for the MT system for lower frequencies in the range of 0.4 to 0.8 GHz goes down to
-60 dB, while for HT applicator it reaches -25 dB. Also, for frequencies above 1 GHz
HT applicator the transmission coefficient is around -50 dB while for MT system it
reaches -80 dB.

Figure 4.1b shows that the reflection coefficient for the HT applicator is -10 dB in
the frequency range of 0.5 to 0.8 GHz, while for MT system reaches only -5 dB.
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(a)

(b)

Figure 4.1: The (a) transmission coefficients and (b) reflection coefficient
between 2 antenna combinations for the HT and MT systems.

4.1.1 MWT with tomography (monopole) system

a) GDR results from simulation

Figure 4.2 shows the calculated GDR using Eq. (3.19) for the simulated MW to-
mography system. In the current result 16 antennas were used in the simulation
while the temperature differences were 25-35◦C.
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Figure 4.2: The GDR% as a function of the system amplitude error for the MT
simulation setup.

In the calculation the amplitude noise floor was AfloordB = −80 dB, and the results
were plotted as a function of the system amplitude error Aerrordb and the phase error,
θerror < 1 deg. The highest GDR value is 30 % obtained for the largest measured
temperature difference (∆T = 15◦C). Whereas, for the other two measured temper-
ature differences, (∆T = 10◦C and 5◦C, GDR is less than 15 %).

b) GDR results from measurement

The GDR for the obtained scattering information by 24 monopole antennas from the
experimental measurement were calculated and presented in Figure 4.3, for different
tube sizes in various temperature differences (temperature range of 25-45◦C, with
5◦C temperature steps). As in the simulation setup, the amplitude noise floor of the
measurement system was AfloordB = −80 dB, and the results were plotted as a function
of the system amplitude error Aerrordb . The error levels for a network analyzer are
AfloordB < 1 dB and phase error, θerror < 1 deg.
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(a) (b)

(c) (d)

Figure 4.3: The GDR% as a function of the system amplitude error for the MT
experimental setup; (a) heated tube with diameter 6 mm, located close to the wall
of the phantom, (b) heated tube with diameter 12 mm, located close to the wall of
the phantom, (c) heated tube with diameter 30 mm, located in the center of the
phantom and (d) heated tube with diameter 35 mm, located close to the wall of

the phantom.

From Figure 4.3 it can be noticed that the highest GDR, 72%, is obtained for the
tube with diameter D = 35 mm, located close to the wall of the phantom, and the
highest temperature difference (T = 45-20◦C). The lowest GDR, 57%, is related
to the tube with diameter D = 6 mm, located close to the wall, and the lowest
temperature difference (T = 25-20◦C). Results for different tube sizes with smaller
temperature steps (1◦C) as a function of amplitude, phase and also the amplitude-
phase system error is plotted and described in Appendix D.

Figure 4.5 shows the calculated GDR for different tube sizes to determine the cor-
relation between the GDR and the size of the heated region. Therefore, from the
plot it can be noticed that for the selected temperature difference (T = 35-20◦C),
the 6mm tube has the smaller GDR (69%) and the 35mm tube shows the highest
GDR (72%).
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Figure 4.4: The amplitude based GDR%; various tube diameters and heated
35◦C.

C) Image reconstruction

The obtained E-field from simulations for the reference temperature (T = 20◦C)
and also S-parameters for reference temperature and heated temperatures (T = 25,
30 35◦C) were used in the developed algorithm for image reconstruction. The sim-
ulation was performed for nine frequency points; 400, 500, 600, 700, 800, 900, 1000,
1200 and 1400 MHz. The smoothness of the reconstructed images is alfa, which is
defined in the algorithm. The introduced smoothness coefficient is highly sensitive
to the frequency, image pixel size and field of view (FOV) in the reconstructed im-
ages. alfa can be varied between 0 to 1, in a way that the alfa = 0 results an image
with maximum difference between its pixels. In contrast, alfa = 1 provides a very
smooth image. The best performing alfa results in an image with high contrast only
in the heated region and in other regions must show same value for entire non-heated
region.

Figure 4.5 and 4.6 show the conductivity and permittivity reconstructed images for
f = 500 MHz and 600 MHz respectively, and the temperature was increased 5◦C.
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(a) (b) (c)

(d) (e) (f)

Figure 4.5: The complete phantom reconstructed images of relative permittivity
and conductivity for f = 500 MHz and T = 25◦C and alfa = 0.01, 0.1 and 0.15.

(a) (b) (c)

(d) (e) (f)

Figure 4.6: The complete phantom reconstructed images of relative permittivity
and conductivity for f = 600 MHz and T = 25◦C and alfa = 0.01, 0.1 and 0.15.
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It can be observed that the smoothness of the reconstructed images are different for
different alfa. In addition, the images for f = 500MHz in Figure 4.5 and f= 600MHz
in Figure 4.6, are different in the same value for alfa.

Also, Figure 4.7 and 4.8 show the conductivity and permittivity reconstructed im-
ages for f = 500 MHz and 600 MHz respectively, and the temperature was increased
10◦C.

(a) (b) (c)

(d) (e) (f)

Figure 4.7: The complete phantom reconstructed images of relative permittivity
and conductivity for f = 500 MHz and T = 35◦C and alfa = 0.01, 0.1 and 0.15.
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(a) (b) (c)

(d) (e) (f)

Figure 4.8: The complete phantom reconstructed images of relative permittivity
and conductivity where f = 600 MHz, T = 35◦C and alfa = 0.01, 0.1 and 0.15.

The same scenario can be seen for more temperature difference. The important
outcome is that the temperature difference can not be recognizable in reconstructed
images for whole phantom.

Therefore, to investigate the validation of the results, the heated region inside the
tube φ = 35 mm was reconstructed for different temperatures (T = 25, 30 35◦C) as
shown in Figure 4.9.
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(a) (b) (c)

(d) (e) (f)

Figure 4.9: The heated region reconstructed images of relative permittivity and
conductivity for f = 600 MHz, alfa = 0.15 and T = 25, 30 and 35◦C.

(a) (b) (c)

(d) (e) (f)

Figure 4.10: The heated region reconstructed images of relative permittivity and
conductivity for f = 1000 MHz, alfa = 0.1 and T = 25, 30 and 35◦C.
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The Mean values for conductivity and permittivity of the heated region for temper-
atures increase of 5, 10 and 15◦C for different frequencies 400, 500, 600 and 1000
MHz were calculated and plotted as in Figure 4.11.

(a) (b)

Figure 4.11: Mean values of the reconstructed heated region as a function of
temperature differences for different frequencies. (a) Relative conductivity (b)

permittivity.

Figure 4.12 shows the experimental measurements of actual phantom temperature
from previous study [57], which were used to evaluate the obtained simulation results
in this work.

(a) (b)

Figure 4.12: The experimental measurements of the actual phantom temperature
for different frequencies [57].(a) Relative conductivity (b) permittivity.

The result in Figure 4.11a for conductivity shows the same trend as in Figure 4.12a.
However, the permittivity result in Figure 4.11b does not have same trend for all
frequencies as in Figure 4.12b.

40



4. Results

4.1.2 MWT with HT applicator

a) The effect of temperature on scattering data

Figure 4.13 shows the amplitude differences of scattering parameters for the new HT
applicator, between the reference temperature (normal muscle phantom at 20◦C)
in the center of the simulated phantom in CST and the equivalent heated muscle
phantom with 25◦C. Figure 4.7a shows the highest difference around 0.37 GHz,
which is not in the frequency range of the HT system. However, Figure 4.7b shows
the differences for the HT system frequency range.

(a)

(b)

Figure 4.13: The amplitude difference of nine transmission coefficients for the
new HT applicator; (a) the frequency range of 0-2 GHz, (b) the selected frequency

working range of 0.4-2 GHz.

To achieve a better understanding of the computed results, the amplitude difference
of S1-6, where antenna 1 is the transmitter and antenna 6 is the receiver, was chosen
for all the simulated temperature differences (25, 30, 35, 40 and 45◦C). In Figure
4.14 all the amplitude differences as a result of temperature changes, are plotted. It
can be noticed that the highest difference is 1.8 dB which occurred at 1.43 GHz.
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Figure 4.14: The amplitude difference of one transmission coefficient (S1-6).

b) HT applicator with two rings evaluation

The new HT applicator model with 10 bow-tie antennas placed in two rings, has
improved the reflection coefficient in comparison with the previous HT applicator
with one ring of 10 antennas, as shown in Figure 4.15.

Figure 4.15: Comparison between reflection coefficients for the old and new
applicator.

In order to evaluate the shape of the focus and the position of the hot spots, a qual-
itative analysis of SAR is done for the previous and the new antenna arrangement
as shown in Figure 4.16.
Four different frequencies were considered (500 MHz, 600 MHz, 700 MHz and 800
MHz), where the target is in the center of the phantom. As it can be noticed for
the old applicator (top) there is a better focus for lower frequencies (500 MHz and
600 MHz), in contrast, for the new applicator (bottom) it shows a better focus for
higher frequencies (700 MHz and 800 MHz).
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Figure 4.16: SAR distribution on an axial section for the previous applicator
(top row) and the new applicator (bottom row).

GDR results from simulation

The GDR is presented for the new HT applicator in Figure 4.17 as a function of the
system amplitude error for the tube with a diameter of 30 mm and located in the
center of the phantom. Moreover, only one antenna was excited as a transmitter
and the other 9 antennas were receiving the signal.

Figure 4.17: The amplitude-based GDR for the simulated HT applicator with
different temperatures in the center of the phantom.

From the plot it can be noticed that the highest GDR is around 33% for T = 35◦C
and the lowest GDR is close to 20% for T = 30◦C. It also can be noted that the
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largest number of data point in all the simulated temperatures are detectable with
an amplitude error less than 0.3 dB.

4.2 MR-thermometry results

4.2.1 Measurements results

The experiments were performed with the described phantom setup (Section 3.4).
The temperature-time curves were directly measured with 2 Bowman thermistors
(one inside the phantom and another inside the tube outside the phantom as shown
in Figure 3.19), and compared with the real temperature (set in the water pump).
All the MR datasets were processed with the SHPV and the obtained results are
shown in Figure 4.18 and 4.19.

1) Body coil

Figure 4.10a and 4.10b show the phase images for the reference and heated water
temperature respectively. In Figure 4.10c the phase difference for ∆T= 15◦C is
shown. Also a circle mask, in the center of the image and with the radius of r =
75 mm was used as in Figure 4.10d shown all the background phase artifacts are
removed. The highest phase difference can be seen in the center of the phantom.
However, there are some phase differences in other parts of the image that is not as
big as inside the centered tube.
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(a) (b)

(c) (d)

Figure 4.18: The phase images for the body coil for (a) the reference temperature
(T = 20◦C), (b) the elevated temperature (T = 35◦C) for the 30 mm (in diameter)
tube at the center of the phantom, (c) the phase difference from (a) and (b), and

(d) the phase difference with some artifact reduction in the background.

Head coil

The same process was performed for the datasets that were obtained for MR to-
mography with the head coil where four oil bags were used instead of oil bottles.
From Figure 4.11c and 4.11d it can clearly be observed that there is a high phase
difference in the center of the phantom.
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(a) (b)

(c) (d)

Figure 4.19: The phase images for head coil for (a) the reference temperature (T
= 20◦C), (b) the elevated temperature (T = 35◦C) for the 30 mm (in diameter)
tube at the center of the phantom, (c) the phase difference from (a) and (b), and

(d) the phase difference with some artifacts reduction in the background.

Figure 4.20 shows the phase differences for various temperature differences. In
addition, these phase differences were used to calculate the α-parameter. From the
results in Figure 4.19 the highest ∆φ = 14 rad is in the central tube where the
circulating water was heated up to 35◦C (∆T = 15◦C), and the lowest ∆φ = 2 rad
was acquired for the water temperature 25◦C (∆T = 3◦C).
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(a) (b)

(c) (d)

(e) (f)

Figure 4.20: The phase difference images, with various temperature differences
for the tube D = 30 mm.

4.2.2 PRFS accuracy and α-calibration
Eq. 3.23 was used to calculate the PRF change per degree Celsius (α-parameter),
which has a significant effect on the accuracy of the ∆T calculation. A Linear
regression line was used which provides the best-fit line with the lowest prediction
error. Figure 4.21 shows the obtained linear regression line (the red dashed line) for
all ∆φ as a function of the ground-truth temperature. It also can be noted that the
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obtained best-fit line starts from origin. It means the ∆T = 0 gives ∆φ = 0.

(a)

(b)

Figure 4.21: PRFS phase as a function of the ground-truth temperature, (a) by
use of the mean value at each temperature increase and (b) by use of the best fit

within all the data points.

In Figure 4.21a, the mean value of ∆φ for each ∆T was calculated, then the linear
regression line was obtained from the mean values and in Figure 4.21b, all ∆φ values
for all ∆T were calculated as a long vector and the best fit line was calculated within
all the data points. Finally, from the slope of the obtained line, the calibrated α
was calculated to be 0.000692 ppm/◦C.
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(a) (b)

(c) (d)

(e) (f)

Figure 4.22: The relative temperature images for the tube D = 30 mm.

The calibrated α was replaced in Eq 3.23 and the relative temperature differences
were calculated. Figure 4.22 shows the calculated temperature for each reference
temperature. To have a better observation of the obtained results, the temperature
of the central pixel in each image is labeled. The reference ∆T for each image is the
temperature that was used in the pump and the marker in the center of each image
is the calculated ∆T from Eq. 3.23. The maximum error between these two values
results in the accuracy of the measurement, which is ±1◦C.
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Discussion

5.1 MW-thermomtry

5.1.1 MWT with tomography (monopole) system
Figure 5.1 shows a comparison between simulation and measurement results of scat-
tering data. The results verify the experimental data in comparison with the simu-
lation that was performed for the same condition.
The purpose of the simulation was to determine the accuracy of the measurements
with the experimental setup. Figure 5.1 shows the simulated and measured trans-
mission coefficient (S12) and reflection coefficient (S11) between antennas number 01
and 02.

Figure 5.1: Comparison between S-parameters for simulation and measurement.

From the plot, it can be concluded that there is an excellent agreement between
measurement and simulation.

a) GDR evaluation
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The GDR for the experimental measurement indicates that for the larger tubes, and
tubes located close to the phantom wall, a greater number of useful data points is
generated. Due to the detection of less information for a small tube deep inside the
phantom is more challenging. Also a higher temperature difference provides a larger
number of data points that are detectable than a smaller temperature difference. The
same trend is observed when a smaller temperature step of 1◦C was chosen, where
in the tube φ = 6 mm the number of detectable data for the first 5 temperatures
(21, 21, 22, 23, 24 and 25◦C) is significantly lower than the last 5 temperatures (26,
27, 28, 29 and 30◦C).
It can be concluded that the larger the heated region, the greater the GDR(%), and
the GDR(%) increases if the heated region is closer to the surface of the phantom.
Certainly, the diameters above the 30 mm results in better detectable data. While
for the smaller diameters such as 12 mm results in lower amount of detectable data,
specially for placed deep location in the phantom. There is also a strong correlation
between the temperature differences in the heated region and the GDR and it can
be noted that the GDR reduces as the system amplitude error increases.
The comparison between obtained simulation results for MW and HT systems, gives
the same quality of GDR for both system, which is around 33%. However, the
obtained GDR% for simulation measurements is 50% less than the experimental
measurements. Possible reason for this difference might be for underestimation of
the real phantom dielectric properties in simulations.

b) Image reconstruction

The reconstructed images of the phantom obtained from simulations data were in-
vestigated for different frequencies and different smoothness coefficient values. The
results images did not show a high temperature resolution for different temperatures
increase. Therefore, the heated region inside the tube (φ = 35 mm) were quantita-
tively analyzed by determining the mean values of the permittivity and conductivity
over the reconstructed heated region. The obtained results were compared with the
experimental measurements from previous study [57], where the absolute values for
permittivity and conductivity were measured. The study showed the mean values for
conductivity follow the trend, i.e. the conductivity increase with increased temper-
ature. The results for permittivity are more difficult to evaluate as the experiment
increase or decrease vary for different frequencies.

5.1.2 MWT with HT applicator
a) HT applicator with two rings

For the developed HT applicator, the working frequency does not change signifi-
cantly in Figure 4.6. There is also a strong correlation between the reflection coef-
ficient and thickness of the surface water-bolus, which for the new applicator is 20
mm thick (half of the thickness in the old applicator with 40 mm). Therefore, there
is less reflection and more transmission in the working bandwidth of the antennas.
The results for SAR distribution show the delivered energy in the new applicator
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with 10 bow-tie antennas located in two rings and is concentrated in the central
region, especially at high frequencies, which in comparison with the old applicator
with the same number of antennas placed in one ring is a significant improvement.

b) The effect of temperature changes on scattering data

The aim of performing simulations was to investigate the temperature change in the
heated region of the simulated phantom and how this affects the scattering data
within the working frequency. The simulations showed small differences between
different temperatures. However, it must be considered that in all the simulations
only one antenna was excited, which can be an important reason for not seeing sig-
nificant change in the scattering data. In addition, the simulated tube in the heated
region with the wall thickness of 3 mm can effect the concentration of delivered
energy.

c) GDR evaluation

The measured GDR(%) for the simulated HT applicator in comparison with the
simulated MW tomography system showed very similar values for the highest and
lowest obtained GDR, 30% and 20% respectively. However, the obtained simulated
results are much lower than the measurement results.

5.2 MR-thermometry

5.2.1 Measurements evaluation
For MR tomography with the body coil in comparison with the head coil, the phase
images have a higher phase drift. The reason for this can be explained by the size
of the body coil that was much bigger than the size of the phantom in comparison
with the head coil. In a real clinical treatment, the head coil can not be used to
small space for fit applicator.
Although the results validate the chosen experimental setup, there are some areas
in which to improve the current setup.

5.2.2 PRFS accuracy and α calibration
From the results it can be noted that if the α-parameter is correct, the PRFS phase
change ∆φ for all the measured phases plotted as a function of reference temper-
ature (the temperature of the pump) should agree with the linear regression line.
Moreover, the slope of the linear regression provides the value of the α-parameter.
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6
Conclusion

6.1 Summary

In this work a phantom was developed to simulate the heating action by use of water
circulation inside the tubes that was suitable for both MR and MW thermometry.
Simulation and experimental measurements were performed to investigate the feasi-
bility of MW-thermometry for hyperthermia treatment with both MW tomography
and HT applicator systems. The results showed that the GDR for highest amplitude
error 1 dB is 40 for 6 mm tube and 60 for 35 mm for ∆T = 5◦C. Simulated values
for both MW systems were agreed to each other, while gave smaller number of good
data than experimental measurement. Possible reason might be underestimation of
real phantom dielectric properties in simulations.
The 3D fast reconstruction for full phantom images did not provide clear images of
temperature change especially for deep seated locations. The heated region there-
fore reconstructed and studied which it provided a comparison between dielectric
properties trends for simulated and experimental measurements.

The MR-thermometry was used as a reference method to evaluate the thermal res-
olution and accuracy. For this, two setups for the MR scanner were applied; 1) MR
body coil and 2) MR head coil. The results with head coil set showed a lower phase
drift than body coil set. However, in clinical treatment the head coil can not be
used due to small space for HT applicator, even if it causes more phase drift.
The temperature images for MR measurement then was obtained by calculating the
α parameter, as the PRFS thermal coefficient (the PRF change per degree Celsius).
The calculated α value for this work was 0.000692 ppm/oC. With this value of α,
the temperature accuracy of the measurement was ±1◦C, which it is same for the
MR temperature images with the clinical software (SHPV).

6.2 Suggestions for future work

The following work can be done to improve the current system:
• The algorithm for 3D fast reconstruction needs to improve due to the poor re-

constructed images. The possible solutions are number of antennas, in which
more antennas may need to increase the temperature accuracy. The other so-
lution is to use multiple frequency instead single frequency. Image reconstruc-
tion can be performed with different frequencies to find the best performing
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smoothness coefficient and see how the reconstructed images are affected by
this.

• Experimental measurement with HT applicator will have to be performed to
evaluated the feasibility and also accuracy of the MWT with the results from
MRT and MW tomography system.

• The temperature resolution for MRT needs to be improved to maximize the
accuracy of the measurement. The MRT measurement can be repeated for 6
mm tube. Also, the algorithm for can improve to calculate the rel temperature
in phantom and in heated region inside the tube.
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A
Basic definitions

A.1 Maxwell’s equations
The most common way to describe the theory of electromagnetics is a set of coupled
partial differential equations, known as Maxwell’s equations [3]:

∇× E = −µ∂H
∂t

, (A.1)

∇×H = −σE + ε
∂E

∂t
, (A.2)

∇ · εE = ρ, (A.3)
∇ · µH = 0. (A.4)

where E is the electric field intensity, H the magnetic field intensity, µ the per-
meability, ρ the electric charge density, the permittivity and σ the conductivity.
Maxwell’s equations can be used to explain all the classical electromagnetic phe-
nomena together with Lorentz’s force law (Eq. A.5) and the continuity equation
(Eq. A.6):

f = ∇ · σ − 1
c2
∂S

∂t
, (A.5)

∇ · J = −∂ρ
∂t
, (A.6)

The current density is denoted J and the speed of light c( 1√
εµ

), S denotes directional
energy flux density (the rate of energy transfer per unit area) of an electromagnetic
field.

A.2 The FDTD method
Maxwell’s equations are usually used as an analytical solution only for simple geome-
tries. For more complicated problems it is impossible to use this analytical solution,
therefore a well-known numerical solver method is the finite difference time-domain
(FDTD) method [58]. This method uses regular Cartesian meshes for the electric
and magnetic fields and the E- and H-field components are placed in the center of
a 3D space (Figure A.1). This model is known as Yee cell which shows a numerical
solution of initial boundary value problems.
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A. Basic definitions

Figure A.1: The Yee cell model [59].

From the equations (A.1) and (A.2) and also by considering the Yee cell method,
the following six equations can be written:

∂Hx

∂t
= 1
µ

(∂Ey
∂z
− ∂Ez

∂y
− σHx), (A.7)

∂Hy

∂t
= 1
µ

(∂Ez
∂x
− ∂Ex

∂z
− σHy), (A.8)

∂Hz

∂t
= 1
µ

(∂Ex
∂y
− ∂Ey

∂x
− σHz) (A.9)

∂Ex
∂t

= 1
ε
(∂Hz

∂y
− ∂Hy

∂z
− σEx), (A.10)

∂Ey
∂t

= 1
ε
(∂Hx

∂z
− ∂Hz

∂x
− σEy), (A.11)

∂Ez
∂t

= 1
ε
(∂Hy

∂x
− ∂Hx

∂y
− σEz) (A.12)
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B
Equivalent dielectric properties

The Table B.1 presents the dielectric properties for muscle tissue at different tem-
perature. Also, Figure B.2 shows the equivalent simulations for the given dielectric
properties at the center of the phantom. Different colors are used to indicate the
temperature differences in each simulation.

Figure B.1: Equivalent dielectric properties of muscle phantom for different
temperatures.
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B. Equivalent dielectric properties

Figure B.2: The simulated muscle phantom for different temperatures.
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C
More plots for amplitude-based

Good Data Ratio

In this section more results are plotted for: the system amplitude error for various
tube sizes (C.3), the system phase error for various temperature differences (C.1)
and the system amplitude and phase error for various temperature differences (C.2).

C.1 System phase error for various temperature
differences

a) MW tomography simulation

Figure C.1: The GDR% as a function of phase system error for the simulated
MW tomography system.
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C. More plots for amplitude-based Good Data Ratio

b) MW tomography measurement

Figure C.2: The GDR% for various tube sizes as a function of the system phase
error for the experimental MW tomography setup.
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C. More plots for amplitude-based Good Data Ratio

c) HT applicator simulation

Figure C.3: The GDR% as a function of phase system error for the simulated
HT applicator system.

C.2 System amplitude and phase-based GDR(%)
for various temperature differences

a) MW tomography simulation

Figure C.4: The GDR% as a function of phase system error for the simulated
HT applicator system.
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C. More plots for amplitude-based Good Data Ratio

b) MW tomography measurement

Figure C.5: The GDR% for various tube sizes, as a function of the system
amplitude and phase error.
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C. More plots for amplitude-based Good Data Ratio

c) HT applicator simulation

Figure C.6: The GDR% as a function of amplitude and phase system error for
the simulated HT applicator system.
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C. More plots for amplitude-based Good Data Ratio

C.3 System amplitude error for various tube sizes
for MW tomography measurement

Figure C.7: The GDR% for various tube sizes as a function of the system
amplitude error.
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C. More plots for amplitude-based Good Data Ratio

C.4 System amplitude error for smaller temper-
ature steps (1◦C)

Figure C.8: The GDR% for various temperature differences with 1◦C steps
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