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Abstract

There are various procedures for the tumor removal process, which include
surgical procedures and thermal ablation processes. The surgical method is considered
as the traditional one; however, the thermal ablation processes are conducted as well.
These thermal ablation processes require temperature change monitoring of the area of
the tissue, where the heat is applied. In this work, it is suggested to use fiber-optic
sensors for temperature change monitoring in minimally invasive thermo-therapies for
cancer care. The comparison of fiber-optic sensors, based on the 5-element FBG array,
the CFBG, and the OBR, all of which are operating in real-time and suggested to be
used for the temperature change monitoring in minimally invasive thermo-therapies
for cancer care was provided in this work. The following criteria was used to compare
these temperature sensing technologies: spatial resolution, temperature sensing range,
hardware setup, time required for temperature change reconstruction and cost. There
were experiments conducted in both the laboratory and in the clinical settings. Also,
various recommendations and improvements for future experiments were provided as
well. Considering the minimal invasiveness, low-cost and operation in real-time, all of
the previously mentioned fiber-optic sensors could be used for the given application;
however, the CFBG sensor is suggested to be the most suitable one compared to its

alternatives, which are the 5-element FBG array and the OBR-based sensors.
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Chapter 1 — Introduction

The objective of this work was to conduct a comparative study for various fiber-
optic sensing technologies, which are, in this work, are used for temperature change
monitoring in minimally invasive thermo-therapies for cancer care and to make sure
that these technologies operate in real-time. There are 3 fiber-optic sensing
technologies compared in this work, which are based on fiber Bragg grating (FBG),
chirped fiber Bragg grating (CFBG) and standard fiber connected to an optical
backscatter meter. The main criteria used to compare these technologies are spatial
resolution, temperature sensing range, hardware setup, time required for temperature
reconstruction, and cost. For the sensing technologies based on FBG and CFBG, a
system was built, called an interrogator. This system involved such components as a
light source [17], a spectrometer [18], a coupler and a fiber-optic sensor, which , in this
work, is either an FBG or a CFBG sensor. The temperature sensing technology based
on a standard fiber connected to an optical backscatter meter is also considered in this
work and compared to an FBG array and a CFBG sensors. In this work, the necessary
experimental data is gathered by conducting thermal ablation experiments, which are
either radiofrequency ablation (RFA) or high intensity focused ultrasound ablation
(HIFU). There are various applications of the fiber-optic temperature sensing
technologies, which include medical applications. In this work, considering minimal
invasiveness and thin structure of the sensors, it is suggested to use these temperature

sensing technologies for temperature change monitoring in minimally invasive thermo-
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therapies for cancer care. The work is organized in the following way. Initially, the
theoretical background is presented for the temperature sensing technologies used in
this work, starting with a 5-element FBG array sensor, as it is the simplest one and
gives the necessary foundation for explaining the working principle of a CFBG sensor,
which is described next, and, finally, the working principle of an optical backscatter
meter is explained. In addition to the fiber-optic temperature sensing technologies, the
thermal ablation technologies are presented, including radiofrequency ablation (RFA),
high intensity focused ultrasound (HIFU) ablation, laser ablation (LA), and microwave
ablation (MWA). The alternative technologies and techniques are described in this
section as well. The next chapter describes the conducted work, which involved
conducting thermal ablation (TA) experiments both in the laboratory and in the clinical
settings, primarily focusing on the results from the RFA and the HIFU ablation
experiments, which were used as a mean for comparing the fiber-optic temperature
sensing technologies and their combination with various thermal ablation techniques.
The following chapter is used to present the results and the necessary analysis of the
results. In addition, the possible improvements of the system used in the project and
the recommendations for conducting future experiments are added as well. This section
also states that based on the given criteria of spatial resolution, temperature sensing
range, hardware setup, time required for temperature reconstruction, and cost, it is
suggested that the CFBG sensors are the most suitable ones for the given application

of these sensors in minimally invasive thermo-therapies for cancer care.

10



Chapter 2 — Literature and Technology

Review

This section provides the necessary theoretical background for the technologies,
which were used in this work, as well as their alternatives. Some of the technologies
described in this section have been used by researchers for a long time, while other
technologies are considered relatively new, especially, taking into account the
application of these technologies for temperature change monitoring in minimally
invasive thermo-therapies. This section is split into 2 parts and is organized as follows.
Initially, the fiber-optic temperature sensing technologies, which were used in this
work, are described. Secondly, the thermal ablation (TA) techniques used in this work
are presented. There are also alternative approaches for conducting thermal ablation
(TA) processes that are mentioned and the technique that doctors currently use instead

of temperature change monitoring in a tumor removal process is described as well.

2.1 Fiber-Optic Sensors

As it was previously mentioned, in this work. 3 fiber-optic temperature change
monitoring technologies are compared, which are a 5-element FBG array sensor, a
CFBG sensor and a standard fiber connected to an optical backscatter meter. All of
these sensors can be used for distributed temperature change monitoring and are,

therefore, described in this section. An example of a typical fiber optic sensor is shown
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in Figure 2.1.1. As can be seen, one of the most important physical characteristics of a
typical fiber optic sensors is its thinness, which allows it to be used in minimally
invasive medical operations. The fiber-optic sensors are also immune from the
electromagnetic interference [24, 25]. The sensing region of a 5-element FBG array
and a CFBG sensors are limited to a certain portion of the total length of the optical
cable, shown in Figure 2.1.1, [23]. Typically, the sensing region of a 5-elements FBG
array sensor is 0.05 m, while for a CFBG sensor, it is either 0.015 or 0.05 m. However,
using an optical backscatter meter allows monitoring the changes in temperature along
the whole length of the fiber optic sensor, which, in this work, is a standard fiber. This

Is an advantage of the optical backscatter meter.

-y,
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Figure 2.1.1: A visual representation of a typical fiber optic sensor

In this paragraph, the working principle of an FBG array sensor is explained.
FBG array sensors are among the most popular fiber-optic sensors [4]. There are
various FBG array sensors with different characteristics. In this work, it was decided

to use an FBG array, which was comprised of 5 FBGs placed at a distance of 0.01 m
12



from each other. The total length of this sensor was 0.05 m. As a result, this sensor
could measure changes in temperature at 5 points along the sensor over the distance of
0.05 m [4], [16], [26]. Therefore, this sensor can be used as a distributed temperature
sensor (DTS). Prior to describing the working principle of an FBG array, it is useful to
explain how a single FBG operates. Initially, it is required to build a setup, which
consists of a light source, a spectrometer, a coupler, a fiber-optic sensor and a computer
[16], [23]. The light source is a vital part of the system, as it is used to pass the light
through the optical cables and, eventually, reaches the FBG array [26]. The
wavelengths satisfying the Bragg condition are then reflected and reach the
spectrometer via the optical cables. This spectrometer is used to evaluate the reflected
light, and the data is then displayed on a computer. Therefore, the first step is to connect
all these components and turn on the power supply. Once the power supply is turned
on, the light will start passing through the optical fiber and will reach a single FBG
connected at the end of the optical fiber. Considering that a single FBG is connected,
a narrow spectrum is reflected having a peak value at a certain wavelength, as shown

in Figure 2.1.2 [3].

P
i—.‘
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P
INPUT SPECTRUM
B FBG
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-

A
REFLECTED SPECTRUM

Figure 2.1.2: The working principle of a single FBG
13



This wavelength is called the Bragg wavelength and serves as the base for
temperature reconstruction [3], [26]. Once the temperature is increased, this spectrum
will move to the right. If the temperature is decreased, the whole spectrum will move
to the left. The spectrometer is used to track the variations in this spectrum, which is
then analyzed using a software on a computer. This software is called I-MON 512 USB
Evaluation Software, which allows observing the changes in the spectrum. Another I-
MON software is used to record these spectrum variations and saves them as a text file.
The data in this text file is used to reconstruct the temperature profile based on the
changes in the spectrum using a code written in MATLAB. Combining 5 of these single
FBGs will make an FBG array, which is capable of monitoring the changes in
temperature at 5 points placed at 0.01 m from each other over a distance of 0.05 m. An
example of a spectrum of an FBG array, which is subject to changes in temperature, is

shown in Figure 2.1.3.
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Figure 2.1.3: The changes in spectrum of an FBG array according to the variations in applied
temperature

As can be seen from Figure 2.1.3, there are 5 peaks that correspond to 5 points
at which the changes in temperature are observed. It can be seen that when the spectrum
moves to the right, the temperature applied at the sensor is increased, and the peak
wavelengths that moves the most is where the highest temperature was applied. It can
be seen that the first peak of the FBG array experiences minimal changes, while the
third peak wavelengths moves significantly. This indicates that the highest temperature
was applied at the center of the FBG array sensor. Once the changes in spectrum have
been recorded and saved in a text file, the temperature reconstruction process for an
FBG array is started. To accomplish this task, it is required to review several equations.

First of all, it is necessary to define the reference Bragg wavelength [2], [4].

/13’0 = ZneffA (211)
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where N is the subscript that denotes the N-th grating, n.sf is the effective refractive

index and A is the grating period, which is the length between the gratings.

Core Cladding

R(Y)

A

?x-.::.

Figure 2.1.4: A representation of the grating period for a single FBG

The next step is to review the dependency of the Bragg wavelength shift on the

temperature change [2], [4].

A N(T) = Ao + & * ATy (2.1.2)
where Az, is the reference Bragg wavelength, according to which the changes in
temperature is calculated, & is the thermal sensitivity coefficient, which is
approximately 10.2 pm/°C and AT}, is the temperature change. By rearranging Equation
2, the variation in temperature can be found. This algorithm was used to develop a
MATLAB code to reconstruct the temperature profile based on the changes in the
reflected spectrum of an FBG array. The cost of this FBG array is around $100.
However, since there are other components, which are required for using this sensor,
it is suggested to add the costs of those components as well. This cost for other
components will accumulate for around $10,000, which is the cost of an interrogator.
The primary disadvantage of this sensor is its spatial resolution, which is limited to 5

temperature change sensing points over the distance of 0.05 m. Compared to the other
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temperature change monitoring technologies, the spatial resolution is low. The other

two technologies have the spatial resolution of about 2 mm or less.

The next sensor, which is used to detect distributed temperature profile and
reviewed in this work, is a CFBG sensor. In this work, the length of the CFBG sensor
was 0.015 m. The main difference between an FBG array sensor and a CFBG sensor is
the number of points at which the temperature can be measured over the given distance
[1], [2], [21]. In the case of an FBG sensor, the temperature can be measured at 5 points
over the distance of 0.05 m, while a CFBG sensor is assumed to provide about 100
measurements over the shorter distance of 0.015 m. Therefore, a CFBG sensor can
provide a more detailed distributed temperature profile [22], [30], compared to its
alternative, an FBG sensor [1], [2], [21], which is an advantage for the CFBG sensor.
The working principle of the CFBG sensor, which was used in this work, is more
complicated compared the one of the FBG array sensor and is described further. The
setup is the same for the CFBG sensor as it is for the FBG array sensor and includes a
light source, a spectrometer, a coupler, a fiber-optic sensor and a computer. The
software, which is used to record the changes in the spectrum, is the same as well, |-
MON. The temperature reconstruction process starts with the data acquisition process
during a thermal ablation (TA) experiment. Once the changes in spectrum are saved as
a text file on a computer, the temperature reconstruction process is started and is
explained further. Initially, the length of the CFBG sensor is discretized into M gratings
[2], [27]. These gratings are assumed to behave as uniform gratings, each having the

peak wavelength that depends on the grating period and the effective refractive index,
17



as described in the previous paragraph, Equation 1. This results in a spectrum from all
of these gratings as shown in Figure 2.1.5, which is analyzed to reconstruct the

temperature profile [2], [4], [27].

@ a
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Figure 2.1.5: A model of a CFBG sensor. (A) A CFBG sensor. (B) A model of a CFBG sensor
using M uniform FBG sensors. (C) A spectrum combined from M uniform FBG sensors.
The following provides a description of a temperature reconstruction process
using a CFBG sensor [2]. In order to obtain the changes in temperature from this sensor,
the first step is to obtain a spectrum observed at room temperature, which serves as the
reference point. The second step is to simulate a spectrum, which approximates the real
one. This is an important step to find the necessary characteristics of the real spectrum.

The third step is to start applying temperature to observe changes in the reflected

18



spectrum. Forth of all, it is required to start finding spectrums, which approximate the
real ones. The next step is to find the parameters, which are needed for temperature
profile reconstruction. This is achieved by comparing the simulated spectrum to the
one, which was constructed using these parameters. Finally, these parameters are used
to construct the temperature profile. The necessary equations, in addition to the ones
presented in the previous section, are presented below. As can be seen the main idea is
to combine the spectrums from all FBGs, which are used to model the one of a CFBG
sensor. Equation 3 allows providing the reflected spectrum for each FBG [2], [4]. The
transmitted spectrums from all of these FBGs is then combined and converted back to

the reflected spectrum, which is shown by Equation 5 [2], [4].

sinh®(Lg\ ky — o)

Ry(A) = 2 213
coshZ(Lg k,%,—a,\z,)—Z—’;’ (@13)
N
(s 1 1
oy = I5neff + 27Tneff(i — m (214)
M
Rerse = 1- | |11 - Ry)] 215)
N=1

Ones the model is built, the changes observed in the spectrum are treated as
variations in temperature along the distance of the sensor. In this work, considering
that the main application of temperature sensors is to monitor the temperature change
of a tumor that undergoes a thermal ablation process, the most suitable model for
temperature profiles is a Gaussian shaped temperature gradient, which makes use of

Equation 6 [2], [4].
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AT(z) = A x exp(— %) (2.1.6)

where A, z, and s are the amplitude, central position and variance respectively. The
cost of the CFBG sensor used in this work is around $300 and the cost for other

components is the same as for an FBG sensor, which is around $10,000.

Finally, the working principle of a standard fiber connected to an optical
backscatter meter is described. In contrast to the previous technologies, this technology
provides distributed temperature change monitoring by measuring the Rayleigh
backscattering pattern from a standard fiber that is connected to an optical backscatter
meter [6], [19]. The Rayleigh backscattering pattern is measured by using the swept
wavelength interferometry (SWI1) [6]. Figure 2.1.6 shows the system, which is used to

conduct these measurements [6].

O 50/50 Coupler

E Polariz. Beam Splitter heDat
QOQ Polariz. Controller O
TLS O QO O @—]— P

g

Figure 2.1.6: An optical system used for Rayleigh backscatter measurement

In this Figure 2.1.6, a 50/50 coupler is used to split the light to allow it to pass
in both directions, a polarization controller and a polarization beam splitter split the

light evenly between 2 orthogonal polarization states [6], [19]. The Rayleigh
20



backscatter spectrum has an amplitude and a phase, which are measured using the SWI
[6]. Having changed the temperature along the sensor, there is a shift observed in the
Rayleigh backscatter spectrum [6], [19]. It is claimed that this technology is able to
provide temperature change measurements with the accuracy of approximately 0.1 °C
[7]. The spatial resolution of this technology can be as low as 0.32 mm and the
operations are performed in the 1525 — 1610 nm range [7]. However, having such
spatial resolution may affect the accuracy of the results. This technology has
advantages over the previous two in terms of sensing range, accuracy, and cost of a
sensor. However, the main disadvantage of this approach for temperature sensing is the
cost of an interrogator, which is used to analyze the data coming from the sensor
connected to it. The cost of this interrogator can be 10 times higher compared to the

one used for the FBG array and the CFBG sensors.

There are also other technologies, which may be used for distributed temperature
change monitoring. For example, Magnetic Resonance Imaging (MRI) can be applied
for the chosen application, since it is a non-invasive technology and provides
distributed temperature change monitoring. The disadvantage of this technology is its
expensiveness. There are also other technologies, such as thermocouples. However,
most of such technologies do not provide distributed temperature monitoring and only

measure temperature at one point, which is not suitable for the chosen application.
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2.2 Thermal Ablation Technologies

In this work, it is suggested to focus on one application, which is minimally
invasive thermo-therapies in cancer care. In particular, the procedures that involve
thermal ablation of liver tumor is studied. The objective of using fiber-optic sensors in
this particular application is to make sure that cancer cells are removed, while the
damage of healthy cells is minimized during a thermal ablation process. In thermal
ablation, the necrosis of cancer cells is achieved by heating them to a certain degree
for a specific period of time [28]. Consequently, it is required to consider both applied
temperature and exposure time for the successful necrosis of cancer cells. In [8], it is
claimed that by applying the temperature of 52°C for 60 seconds will result in the
necrosis of cancer cells, and at 60°C, this process is instantaneous. Therefore,
considering minimal invasiveness of the fiber-optic sensors, which are studied in this
work, it may be useful to employ them for monitoring changes in temperature of the
treated tissue in thermal ablation procedures. However, there are limitations, which
need to be considered as well for this particular application. One of the most significant
ones is that a sensor is also sensitive to strain effects, which means that if a sensing
region of an optical fiber bends or experiences pressure, the process of reconstructing
a temperature profile may be affected. Therefore, in this work, when running thermal
ablation experiments, the fiber-optic sensors were properly placed by minimizing the
effects of strain. However, in real clinical settings, a patient’s breathing may cause

unnecessary strain effects. Therefore, it is important to find a method for minimizing
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the effects of strain in real clinical settings. This issue may be solved with the help of
a catheter, which will be described in more details in the following chapters. In
addition, the fiber-optic sensors are made from glass and are fragile. Though it is
unlikely that a sensor breaks as a result of thermal ablation procedures, it is still
Important to prevent the sensors from breaking. This can also be accomplished with

the help of a catheter, which is described in the following chapters.

Some of the most popular techniques for thermal ablation include laser ablation
(LA), microwave ablation (MWA), radiofrequency ablation (RFA) and high intensity
focused ultrasound (HIFU) ablation. This work includes the experiments that involved
the RFA of a beef liver and the HIFU ablation of a fibroadenoma, both of which were
conducted ex-vivo. These two minimally invasive techniques for thermal ablation are

described in this section.

RFA is mainly used for thermal ablation of livers and kidneys, [15]. This
technology makes use of the current coupling to a tissue, where an RF probe was
placed. This probe is made from metal, most part of which is insulated, and only the
tip of this probe serves as a conductor, and it is used to transfer the heat to the tissue.
The voltage is produced between the tip of the probe and the ground; as a result, the
area between these two electrodes is where the electrical field is produced [9]. In cancer
care, it is typical to set the frequency range to less than 1 MHz, since it allows the
current to move having a velocity, the value of which is dependent on the intensity of
the electrical field [9], [10]. There are advantages of using this technology, which is

the possibility of expanding the area of ablation by using multi-probes. However, there
23



Is a limitation of using RFA, which is concerned with placing an RF probe inside a

human body; therefore, there is a change for bacteria to infect the body [9], [10].

It is also important to review another type of ablation, HIFU ablation, which is
primarily used for removing tumors in kidneys, livers, breasts, prostates and other
organs [11], [12]. The working principle of HIFU is based on the oscillatory
movements of a piezoelectric crystal, which creates ultrasound waves. The power
density delivered to a target position varies from 100 to 10000 W /cm? [12]. The tissue
that is treated using HIFU is damaged as a result of heat transfer. There is a limitation,
which needs to be carefully considered, before performing the HIFU ablation process
and that is an energy deposition. If the HIFU beam is not properly focused and the

target is moving, the procedure may not provide the necessary results.

There are other common alternative thermal ablation technologies, which are
used for tumor removal, which are LA and MWA. The LA technology is based on the
process of absorbing the laser light by a tissue, which results in the increase of the
temperature of this tissue [20]. It is common to use 980 nm and 1064 nm wavelengths
for the LA processes in cancer care [13]. At these wavelengths, an optimal absorption
of light is observed. This technology is commonly used for removing tumors in livers,
prostates and others. Another technology for thermal ablation is MWA. This
technology is based on the frictional energy, which is produced as a result of polar
water molecules interacting with the electromagnetic field. This energy is then

transferred into heat. MWA technologies commonly operate in 915 MHz - 2.45 GHz
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range and the maximum power delivered to a tissue is 100 W [14]. This technology
was used for removal of lung and liver tumors. There is also an alternative to thermal
ablation, which is to remove a tumor using surgical methods; however, it may not be

suitable for various scenarios and may result in healthy cells being damaged.
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Chapter 3 — Description of Conducted

Work

There were a number of tasks, which involved designing and conducting thermal
ablation and other experiments using fiber-optic sensors, obtaining thermal maps using
MATLAB, analyzing results and providing suggestions on how to improve the whole
process. This chapter is split into 3 sections. The first section explains the procedures
for the comparison of the temperature sensing technologies based on the CFBG, the
OBR, and the 5-element FBG array during an RFA experiment. These 3 fiber-optic
sensing technologies were compared to find the most suitable one for the given
application, which is using the temperature sensor for minimally invasive thermo-
therapies. These 3 technologies were used in one experiment at the same time to
compare and evaluate their performance. The conclusion is that, considering the
criteria listed above, all of these sensors are good candidates for temperature change
monitoring in minimally invasive thermo-therapies; however, the most suitable one is
the CFBG sensor. The next section focuses on the application of the 5-element FBG
array during a HIFU experiment conducted in clinical settings. Finally, the work

conducted to analyze the effects of catheterization is presented.
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3.1 Design and implementation of an RFA
experiment for the comparison of the
distributed temperature sensors based on

CFBG, OBR, and 5-element FBR array

Since it was required to compare 3 temperature sensing technologies, which
were based on the 5-element FBG array, the CFBG and an optical backscatter meter,
an RFA experiment was conducted. First of all, all of these 3 sensors were gathered
and checked for their operability. The 5-element FBG array was connected to the
interrogator, and the software, I-MON, was used to observe the reflected spectrum
from this sensor. The same procedure was applied for the CFBG sensor. Additionally,
the experiment was designed such that these 3 sensors are used simultaneously during
the same RFA experiment. Therefore, it was required to select suitable 5-element FBG
array and CFBG sensors, which can be used by one interrogator at the same time. This
was done with the help of a coupler, which allowed the light to be transferred from the
light source to the 5-element FBG array and CFBG sensors simultaneously, Figure
3.1.1. Also, the reflected spectrum was monitored by the same software, I-MON, which
meant that any overlapping of the reflected spectrum from these 2 sensors would have
made it indistinguishable from each other and impossible to reconstruct. Therefore,

these 2 sensors were operating at different wavelength ranges, considering their
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multiplexing capabilities [25]. The 5-element FBG array sensor was operating in 1.565
— 1.575 nm, while the CFBG sensor was operating in 1.53 — 1.56 nm. These values
indicate that there was no overlapping of the reflected spectrum of these 2 sensors. The
length of the CFBG sensor was 0.015 m, while the length of the FBG sensor was 0.05
m. Also, the standard fiber was connected to an optical backscatter meter. It was
observed that the temperature variations were recorded along the whole length of the
standard fiber and that it was suitable for running an RFA experiment. The second step
was to check the operability of the RFA machine, namely Leanfa Hybrid Generator,
and find the appropriate value of applied power, which ensures slow propagation of
heat into the tissue. After running an experiment on a piece of a beef liver, it was
decided to set the value of power to 30 W. Third of all, the experimental setup was

prepared, as shown in Figure 3.1.1.

LUNA OBR
4600 PC SLED
SMF
FBG ARRAY
50/50 || 50/50
Coupler Coupler -L
SPECTROMETER
CFBG Phantom RF
PC

Figure 3.1.1: The schematic of the experimental setup for the RFA of the liver beef with three

sensors: the FBG, the CFBG and the standard fiber connected to an optical backscatter meter
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As can be seen from Figure 3.1.1, the setup involved all 3 sensors and the
necessary equipment to record the changes in spectrum. In case of the standard fiber
connected to an optical backscatter meter, the software also showed the changes in
temperature, which means that no additional operations in MATLAB were necessary,
expect for detecting the thermal maps, which were obtained using MATLAB. For the
5-element FBG array and CFBG sensors, an additional coupler was added, so that one
interrogator could record the values from both of these sensors. The final experimental

setup is shown in Figure 3.1.2.

LUNA OBR
4600

FBG ARRAY

Figure 3.1.2: The experimental setup for the RFA of the liver beef with three sensors: the
FBG, the CFBG and the standard fiber connected to an optical backscatter meter
The forth step was to properly locate the sensors and the RF probe on a piece of
beef liver. The RF probe is used to transfer the heat to the tissue. By turning on the

RFA machine and indicating the amount of power supplied, there is a certain amount
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of heat being delivered to the tissue using the RF probe. The sensors were linked
together and placed between the two pieces of liver, while the RF probe was placed
perpendicular to these sensors. Finally, the experiment was conducted, and the
necessary data was obtained. The temperature reconstruction process was conducted
in MATLAB using the theoretical background presented in Section 2.1. The results are

shown in the next chapter, Section 4.1.

3.2 Preparation of the experimental setup
and implementation of the HIFU ablation
experiment conducted in clinical settings

using a 5-element FBG array

Also, another experiment was conducted with the 5-element FBG array, which
showed that the 5-element FBG array can be used as a distributed temperature sensor
in HIFU ablation experiments in clinical settings. The length of the sensor was 0.05 m
with the spatial resolution of 0.01 m, and it was operating in the range from 1.565 nm
to 1.575 nm. The HIFU ablation experiment was conducted on a fibroadenoma in
clinical settings. Initially, the 5-element FBG array sensor was connected to the
interrogator and placed inside the fibroadenoma, which, in turn, was placed inside the

HIFU equipment. The next step was to turn on the HIFU machine and start gathering
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the data using the interrogator. Finally, once the data was collected, the temperature
reconstruction process was conducted in MATLAB. Figure 3.2.1 (A) shows the
experimental setup for the HIFU ablation experiment, while Figure 3.2.1 (B) shows the
HIFU console, which was used to observe the changes of the tissue and the placement
of the fiber-optic sensor. The supplied powered varied from 220 to 400 W, which can

be observed in the results section, Section 4.2.

(A)
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(B)

Figure 3.2.1: (A) The experimental setup for the HIFU ablation of the fibroadenoma using the
FBG sensor that showed the effect of strain, (B) The HIFU console used in the HIFU ablation
experiment

Figure 3.2.2 shows the schematic of the experimental setup for the HIFU
ablation experiment on a fibroadenoma using the 5-element FBG array sensor. The
results showed that the 5-element FBG array sensor can be used in HIFU ablation
experiments in clinical settings. In addition, considering that in clinical settings there

may be effects of strain, as a result a patient’s breathing or slight movement, it is
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required to minimize them using a catheter. The analysis of the effects of a catheter to

for minimizing the effects of strain are provided in the next chapter, Section 4.2.

FBG ar el
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Figure 3.2.2: The schematic of the experimental setup for the HIFU ablation of the

fibroadenoma using the 5-element FBG array sensor that showed the effect of strain

3.3 Design and implementation of the
experiment to analyze the effects of

catheterization

Considering that the strain effects have negative effects on the temperature
reconstruction process, it is important to minimize them. It was proposed to conduct
the further thermal ablation experiments using a catheter. By placing a sensor inside of
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a catheter, the effects of strain, which exist as a result of a tissue expansion or a patient’s
breathing, are minimized. It was decided to use the Chiba Biopsy Needle (22 gauge)
as a catheter for this specific application. It was required to also run the experiments to
analyze the effects of a catheter on the temperature readings of a fiber-optic sensor.
There were 2 experiments conducted to analyze the effects of a catheter on the
temperature change monitoring by monitoring the differences in temperature change
readings from the sensors, one of which was placed inside of the catheter, as shown in
Figure 3.3.1. The first experiment was conducted with the help of a plastic bag, in
which warm water was poured, Figure 3.3.2. By placing the plastic bag with warm
water on top of the sensors, the temperature change was expected to be similar. The

results are presented in the next chapter, Section 4.3.

I' ™

Fiber-optic sensor with a catheter @

Fiber-optic sensor without a catheter @

Figure 3.3.1: The experimental setup with the fiber-optic sensors, one of which is placed inside

of a catheter (22 gauge), to observe the effects of a catheter on the temperature change
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Plastic bag with warm water

Figure 3.3.2: Placing a plastic bag with warm water on top of the fiber-optic sensors to
observe the effect of a catheter on the temperature change
The second experiment was conducted using a piece of a beef liver. The
experimental setup included a standard fiber, an optical backscatter meter, a coupler,
an RFA machine and a beef liver. Figure 3.3.3 shows the experimental setup for this
experiment. Once all components were connected, the sensors were placed at
approximately equal distance from the RF probe, which was used to transfer the heat
to the piece of a beef liver. It was expected to observe a similar temperature change for

both of these sensors. The results are shown in the next chapter, Section 4.3.
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Figure 3.3.3: The experimental setup for analyzing the effect of a catheter on the temperature

change
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Chapter 4 —Results and Discussion

4.1 Comparison of the distributed
temperature sensors based on CFBG,

OBR, and 5-element FBR array

The first experiment was conducted to compare 3 temperature change sensing
technologies using the RFA machine, involving the temperature sensors based on the
5-element FBG array, the CFBG and the standard fiber connected to an optical
backscatter meter. The experimental setup, as well as the schematic, were both shown
in the previous chapter, Section 3.1. The results were obtained after the data was
collected and the processing of the data to complete the temperature reconstruction
process took 10 seconds to process ~260 spectral measurements for the 5-element FBG
array sensor, while for the CFBG sensor, this process took 81 seconds for the same
amount of spectral measurements. Considering that the time it took to collect the data
was about 260 seconds, it is clear that the time required to process this data is
significantly less, which indicates that both of these sensors are operating in real-time.
The temperature reconstruction was conducted in MATLAB and the theoretical
background required for the temperature reconstruction process for both of these
sensors was provided in Section 2.1. As for the OBR technology, the OBR software is

used for the temperature reconstruction and takes ~ 1 second for each spectral
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measurement. The results showed that the increases and decreases of temperature were
precisely detected by all 3 sensors. For the first ~ 220 seconds, the temperature was
increasing, and all 3 sensors detected the changes in temperature, and, once the
temperature started decreasing, which started at ~ 220 second, the decrease was
precisely detected by all 3 temperature sensors. The area of ablation required for the
analysis was represented with the distance of 0.015 m from the peak temperature to the
lowest temperature readings, which can be seen in Figures 4.1, 4.2 and 4.3. An
additional observation is based on the fact that the length of the CFBG sensor is 1.5
cm, which does not provide the full temperature profile of the tissue that was thermally
ablated, Figure 4.1. In contrast, the sensing technologies, which are based on the 5-
element FBG array and the OBR technology, provide full temperature profile, which
is achieved as a result of having larger temperature sensing ranges. The sensing range
for the 5-element FBG array is 5 cm, while for the OBR technology, the sensing range
is limited to the length of the standard fiber connected to it, which exceeds 40 cm in
this particular experiment. For the representation of the results from the OBR, the
length of the sensing range was limited to 4 cm, which fully represents the thermally
ablated region of the tissue. The results were presented on Figures 4.1.1, 4.1.2, and
4.1.3, as the contour maps, and the value of 0 on the y-axis indicates the maximum

temperature readings observed for the given distance along the sensor.
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Figure 4.1.1: The temperature change detected in the RFA experiment on the beef liver using

the CFBG sensor
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Figure 4.1.2: The temperature change detected in the RFA experiment on the beef liver using

the FBG sensor
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Figure 4.1.3: The temperature change detected in the RFA experiment on the beef liver using
the standard fiber connected to an optical backscatter meter

These 3 fiber-optic temperature sensing technologies were compared based on
the maximum achieved temperature change over time, which is shown in Figure 4.1.4.
First of all, it should be mentioned that when conducting experiments, the data
acquisition process could have started with a delay for the OBR technology, which may
explain the fact that the temperature change observation starts slightly earlier for the 5-
element FBG array and the CFBG sensors. However, it can be seen that the peak
temperature readings achieved by the sensors based on the OBR and the 5-element
FBG array are approximately equal at ~ 90°C. Also, it can be seen that by comparing
the temperature change readings from the 5-element FBG array and the CFBG sensors,
the changes in temperature, such as increases and decreases, are in accordance to each
other, Figure 4.1.4. For example, in Figure 4.1.4, the temperature change process starts
at the same time for both sensors; at ~ 100 seconds, the temperature is constant for both

of these sensors; at ~ 225 seconds, there is a significant decrease recorded by both
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sensors. However, the temperature readings from the CFBG sensor are different in
value to the ones from the 5-element FBG array sensor, which are, in turn, are closer
to the ones from the sensor connected to the OBR. The difference in temperature
readings from the CFBG sensor can be explained by the limited temperature sensing
range, which is 1.5 cm, and, therefore, may not represent the full temperature profile,
omitting the peak temperature achieved by the sensor. Another reason is improper
placement of the sensors during the RFA experiment, the sensors could have moved
slightly during the experiment, and, considering the heterogeneity of the tissue and heat
acquisition, there could have been differences in the temperature readings. Finally, the
temperature coefficient claimed by the manufacturer of the CFBG sensor is 10.2
pm/°C; however, this value may have been altered. Considering that the temperature
coefficient is crucial in the temperature reconstruction process, it may explain the

differences in temperature readings of the CFBG sensor.
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The 3 fiber-optic temperature sensing technologies were also compared based
on the temperature variation as a function of the distance along the sensor at various
instances of time, which is shown in Figures 4.1.5, 4.1.6, 4.1.7, 4.1.8, and 4.1.9. The
time instances are at 15, 65, 115, 165, 215 seconds, which are respectively shown in
Figures 4.1.5, 4.1.6, 4.1.7, 4.1.8, and 4.1.9. It was decided to compare these sensors
having the maximum value achieved by the sensors at the center and observing the
gradual decrease of the temperature on the sides of the sensors. According to Figure
4.1.5, the temperature variation of the CFBG-based and the OBR-based sensors are
close to each other over the given distance with the maximum temperature difference
of 1°C between the two sensing technologies. The 5-element FBG array sensor was
reconstructed using a splice function, which is used as a result of having only 5

temperature sensing points over the sensing range of 5 cm of this sensor.

: =——=0BR
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Figure 4.1.5: The comparison of the temperature variation as a function of the distance along
the sensor at 15 seconds for the temperature sensors based on CFBG, 5-element FBG array,

and OBR
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The shapes of the temperature variation of the CFBG-based and the OBR-based
temperature sensors as a function of distance are similar for the time instances of 15,
65, 115, 165 and 215 seconds. However, the temperature readings of the OBR-based
sensor exceed the ones of the CFBG-based sensor. This could be explained by the
possibility of having an altered temperature coefficient of the CFBG sensor and
improper placement of the sensors during the experiment, and, since the sensors are
also subject to the changes in strain, the effects of strain could have also affected the
experimental results. Considering the heterogeneity of the tissue, which was a piece of
a beef liver, the tissue, where the sensors were placed may be subject to shrinking and
may result in tension on one of the sensors. Therefore, for the future experiments, it is
recommended to minimize the effects of strain by using a catheter. There were also a
number of experiments with a catheter conducted to analyze the effect of a catheter on
the temperature reconstruction process. For the 5-element FBG array sensor, a detailed
temperature profile cannot be achieved due to its low spatial resolution. The spline
function was used in MATLAB to approximate the temperature profile from this
sensor; as a result, the shape of the temperature variation as a function of distance does
not fully coincide with the lines observed from the other 2 sensors. The reason for this
is the spatial resolution of the 5-element FBG array, which provides only 5
measurement points over the distance of 5 cm. It is recommended for the future
experiments to increase the spatial resolution of this sensor by placing several of them
in parallel to each other considering the measurement points of each and making sure

that they do not coincide. As a result, by having 2 of 5-element FBG arrays, the spatial
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resolution is increased to 10 measurement points over the distance of 5.5 cm. In
addition, if 3 of 5-element FBG arrays are used, the spatial resolution is increased to

15 measurement points over the distance of approximately 5.75 cm.
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Figure 4.1.6: The comparison of the temperature variation as a function of the distance along
the sensor at 65 seconds for the temperature sensors based on CFBG, 5-element FBG array,

and OBR
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Figure 4.1.7: The comparison of the temperature variation as a function of the distance along
the sensor at 115 seconds for the temperature sensors based on CFBG, 5-element FBG array,

and OBR
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Figure 4.1.8: The comparison of the temperature variation as a function of the distance along
the sensor at 165 seconds for the temperature sensors based on CFBG, 5-element FBG array,

and OBR
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Figure 4.1.9: The comparison of the temperature variation as a function of the distance along
the sensor at 215 seconds for the temperature sensors based on CFBG, 5-element FBG array,

and OBR
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Considering the application of these sensors, which is minimally invasive
thermo-therapies for cancer care, it is required to achieve the temperature of 60 °C,
which corresponds to the temperature of immediate removal of cancer cells. In Figure
4.1.9, it can be seen that the extension of the tissue exposed to the 60 °C is 0.5 cm, 0.9
cm, and 1.25 cm for the sensors based on the CFBG, the OBR, and the 5-element FBR
array respectively, taking into account the room temperature of 21 °C, which adds up
to the temperature reading on the y-axis. Based on the characteristics of the sensing
technologies, it can be stated that the 5-element FBG array is lacking the necessary
spatial resolution for the given application, which can be improved given the
recommendations stated previously are fulfilled. The cost of the OBR interrogator
required can exceed the cost of the interrogator for the other 2 sensors by as much as
10 times. To summarize, there are a number of limitations in this experiment, which
include the inconsistency in the temperature coefficient values set by the manufacturer.
This value was set to 10.2 pm/°C, which in actuality may be different. In addition, the
sensors were located inside the beef liver close to each other; however, there was a
chance for these sensors to move slightly, which may have resulted in the difference of
these temperature readings. Also, the heterogeneity of the tissue could have resulted in
the strain effects. Table 4.1.1 summarizes the characteristics of the temperature sensors
used in this experiment. It can be seen that the time required to reconstruct the
temperature profile for all of the sensors is less or equal to the time needed to acquire
the data, which means that the sensors operate in real-time. The spatial resolution is

low for the 5-element FBG array, which is 1 cm, while for the CFBG sensor it is less
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than 1 mm. The spatial resolution of the CFBG sensor is more suitable for minimally
invasive thermo-therapies, since it provides more details. The spatial resolution
achieved using the OBR technology is ~ 1-2 mm, which is also suitable for the given
application of minimally invasive thermo-therapies. The hardware setup is identical for
the 5-element FBG array and the CFBG sensors, considering that the same interrogator
Is used in the data acquisition process. The OBR interrogator is similar to the one used
with the 5-element FBG array and the CFBG sensors, in a sense that it is also connected
to a fiber-optic sensor and a computer. However, a different software is used, which is
the OBR software. However, this interrogator is significantly heavier and is not as
portable as its alternative. Further improvements of the interrogator built for the 5-
element FBG array and the CFBG sensors could be made. For example, the size of the
box can be reduced and the light emitting source can be replaced with a more compact
one [29]. The temperature sensing range is the highest for the standard fiber connected
to the OBR, and it is the lowest for the CFBG sensor. The 5-element FBG array sensor
provides the sensing range of 5 cm; however, since the spatial resolution is only 1 cm,
it is more advantageous to use the CFBG-based or the OBR-based sensing
technologies. Finally, the cost of the sensor combined with the cost of the interrogator
for the OBR-based sensor is approximately 10 times more compared to the one of the
CFBG or the 5-element FBG array sensors. Therefore, taking into account the
characteristics of the sensors and the recommendations for conducting future
experiments, it is suggested that the CFBG sensor is the most advantageous compared

to the other 2 sensing technologies. For future experiments, the primary
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recommendations are to use a CFBG sensor with the length of 5 cm, which is suitable
for detecting the temperature change of the ablated region of a larger scale, and to
calibrate the CFBG sensor to get to know if the temperature coefficient has been altered
compared to the value claimed by the manufacturer. Also, it is suggested to use a

catheter to minimize the effects of strain.

Table 4.1.1: Comparison of the temperature sensors based on CFBG, OBR, and 5-element

FBG array
Standard fiber
. connected to an
Chirped FBG 5-element FBG array optical backscatter
meter
Cost of the sensor $300 $100 $35
Cost of the $10,000 $10,000 $100,000
interrogator
Time for 81 sec 10 sec 1 second for 1
reconstructing the measurement
temperature profile for
the acquired 260
spectral measurements
(260 seconds)
Spatial resolution <1lmm 1cm 1-2 mm
Sensing range 1.5cm 5cm Along the whole
distance of the
standard fiber
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4.2 HIFU ablation experiment conducted
In clinical settings using a 5-element FBG

array as a distributed temperature sensor

Another experiment was conducted using the HIFU ablation machine and the 5-
element FBG array sensor on a fibroadenoma in clinical settings. The experimental
setup was described in the previous chapter, Section 3.2. As can be seen from Figure
4.2.1, the temperature change was recorded using a 5-element FBG array sensor. The
heating process was conducting by supplying the power from 220 to 400 W. It can be
seen by observing the peaks that the heating process was not continuous, but rather
discrete, Figure 4.2.1. In Figure 4.2.2, it can be seen that during the HIFU ablation
process by applying the power of 220 and 400 W (maximum temperature peaks), the
heating is almost instantaneous, while the cooling of the tissue is exponential. In case
of the results shown in Figure 4.2.3, it can be seen that the thermally-ablated region is
the region where the change of color can be visually-observed, which means that the
heat was transferred to the tissue. Considering that this experiment was conducted in
clinical settings, there may be the effects of strain and it is important to address this
issue. The effects of strain can be minimized with the help of a catheter, which is
described in the next section, Section 4.3. Overall, it was shown that the 5-element

FBG array sensors can be applied in the HIFU ablation experiments. One of the
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recommendations may be to use several 5-element FBG arrays in the next HIFU

ablation experiment to increase the spatial resolution of the sensing region.
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Figure 4.2.1: The effects of strain detected by the FBG sensor in the HIFU ablation

experiment conducted in clinical settings
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Figure 4.2.2: The instantaneous increase in temperature and the exponential cooling of the

tissue in the HIFU ablation experiment conducted in clinical settings
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Figure 4.2.3: The thermally-ablated region of the fibroadenoma after the HIFU ablation

process

4.3 Analysis of the effects of a catheter on
the temperature reconstruction process
and minimization of the effects of strain

using this catheter

It was suggested to use a catheter in conducting thermal ablation experiments.
The main idea is that a sensor is placed inside a catheter; as a result, the effects of strain
are minimized in the sensing region area. Section 3.3 provides the detailed information
on the preparation of the experimental setup. First of all, the experiment was conducted
by placing a plastic bag with warm water poured in it on top of the fiber-optic sensors,
one of which is inside the catheter, the Chiba Biopsy Needle (22 gauge). The
experiment was conducted to analyze the effects of a catheter on the temperature

reconstruction process and, as a consequence, its possible application for the
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minimization of the effects of strain. Once the plastic bag with warm water inside of it
was placed on top of the fiber-optic sensors, the data acquisition process started. It was
observed how the temperature readings are changed when the water is cooling down.
The result of the experiment with a plastic bag with warm water is shown in Figure

4.3.1.
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Figure 4.3.1: The representation of the effect of a catheter of the temperature change readings

Considering the room temperature of 21 °C, the temperature change was not
varied between the 2 sensors after reaching 44 °C. Before reaching the temperature of
51 °C, the sensor placed inside of a catheter showed the temperature change difference,

which was 2.5 °C higher in general.

Another experiment was conducted using a beef liver, which was thermally
ablated during an RFA experiment. This experiment is considered more suitable for
the given application of minimally invasive thermo-therapies. The experimental setup

for conducting an RFA experiment with a catheter on a piece of beef liver was shown
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in Section 3.3. The results that demonstrate the thermally-ablated tissue are shown in

Figures 4.3.2 and 4.3.3.

Figure 4.3.2: The initial stages of the RFA process on a piece of a beef liver to analyze the

effect of a catheter on the temperature change readings

Figure 4.3.3: The final stages of the RFA process on a piece of a beef liver to analyze the effect

of a catheter on the temperature change readings
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As can be seen the heat propagates through the tissue approximately equally.
The results showed that the temperature readings from these 2 sensors were close to
each other; however, there were variations in the temperature readings of up to 3 °C,
Figures 4.3.4 and 4.3.5. This could be explained by not homogeneous type of the tissue
and non-ideal placement of the sensors. The maximum temperature achieved by the
sensors is identical at the value of 44.5 °C, Figure 4.3.5. Overall, the results indicate
that the changes in temperature readings of a fiber-optic sensors placed inside of a
catheter are not significant and that the catheters can be used in thermal ablation

experiments as a solution to avoid the effects of strain.
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Figure 4.3.4: The effect of a catheter on the temperature change readings of the fiber-optic

sensor
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sensor as a function of distance
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Chapter 5 — Conclusion

To summarize, a comparison of various fiber-optic sensing technologies, based
on the 5-element FBG array, the CFBG, and the OBR, operating in real-time and
suggested to be used for the temperature change monitoring in minimally invasive
thermo-therapies for cancer care was provided in this work. The sensors were
compared, considering the following criteria: spatial resolution, temperature sensing
range, hardware setup, time required for temperature change reconstruction and cost.
Also, a HIFU ablation experiment with the 5-element FBG array was conducted in
clinical settings to show that the 5-element FBG array can be used as a temperature
change monitoring sensor in conjunction with the HIFU equipment for tumor removal
in minimally invasive thermo-therapies. Finally, considering the application of the
fiber-optic sensors in clinical settings, it was proposed to use a catheter to minimize
the effects of strain during the minimally invasive thermo-therapies. The necessary
theoretical background was presented in Chapter 2. The conducted work was described
in Chapter 3, and the results were presented and discussed in Chapter 4. This chapter
allows provided the recommendations for conducting future experiments. The data was
gathered by conducting the necessary RFA, HIFU ablation and other experiments. A
specific application of these sensors was proposed and described as well. It was
suggested to use these fiber-optic sensors in minimally invasive thermo-therapies for
cancer care. Overall, considering the minimal invasiveness, low-cost and operation in

real-time, these sensors could be applied in the chosen application, with the CFBG
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sensor being the most advantageous one compared to its alternatives, which are the 5-

element FBG array and the OBR-based sensors.
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