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Abstract

Cancer is the second leading cause of death globally behind ischemic heart disease and stroke,
accounting for an estimated 9.6 million deaths in 2018 according to World Health Organization. Magnetic
hyperthermia is a promising cancer therapy which has been gaining more attention in recent years owing to
fewer side effects compared to chemotherapy and less invasive than surgical therapy. This therapy utilizes
the fact that the antitumor effect occurs when the tumor is heated continuously within the therapeutic
temperature range of 40-45°C. Heat generation in magnetic hyperthermia mainly ascribes to hysteresis

and/or relaxation loss from magnetic particles subjected to a high-frequency magnetic field.

To date, magnetic hyperthermia applications capable of heating the affected part at a constant
temperature while being minimally invasive in detecting the temperature and position of heating element
are not established, thus the development of such systems are needed. So far, we are aiming to develop an
induction heating system while monitoring the temperature and position of heating element. In previous
studies, Mitobe et al. succeeded in developing a microsize thermosensitive ferromagnetic implant with low
Curie temperature (FILCT) as a self-controlled heating element. FILCT was then coated with gold to
improve its heating efficiency (Au-FILCT). Furthermore, a wireless temperature measurement method has
been proposed to monitor the temperature of the tumor during treatment by using the implant as a thermal
probe.

The results obtained in this study are listed below.

(1) Development of hyperthermia implant with high heating efficiency and high permeability

The previously developed Au-FILCT improved significantly the heating efficiency of FILCT (8 times),
but part of the applied magnetic field was shielded ascribed to the conductive coating around FILCT. As a
result, the change in the detected voltage induced in pickup coil (hereafter pickup voltage) was reduced by
half, thereby the accuracy of our wireless thermometry was significantly lowered compared to that of
FILCT. As an alternative approach to the gold coating, we proposed to mix FILCT with a high
heating-efficient magnetic nanofluid. In the case of using a commercial nanofluid named Resovist® (MRI
contrast agent), the heating efficiency of the proposed mixture of micro/nano-magnetic particles was
improved 4.3 times, and the accuracy of the thermometry was improved 1.3 times compared to that of
FILCT under a magnetic field of 500 kHz, 4.95 kA/m. A similar tendency was obtained when using a
lab-made nanofluid.

(2) Development of localization technique of hyperthermia implant

The implant in the tumor cannot be seen from the body surface. When the implant deviates from the
central axis of the magnetic field supply and detection unit composed of drive coil and pickup coil (MFSD
unit), the magnetic flux density applied on the implant decreases, resulting in a decrease in its heating
efficiency and the thermometry accuracy. To solve this problem, we devised a position adjustment method
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in which the central axis is aligned directly above the implant by referring to three voltages induced in three
pickup coils symmetrically installed inside drive coil. Using the constructed position adjustment system, it
was possible to automatically locate the position of the implant with accuracy below 1 mm by operating
MFSD unit in two modes of coarse adjustment (rotary scanning) and fine adjustment (linear scanning).

(3) Development of rotary scanning technique of body motion artifact reduction method

It is considered that the relative position between MFSD unit and the implant is fluctuated due to the
periodic physiological motions such as respiration and heartbeat induced artifact during treatment.
Therefore, we cannot distinguish whether the change in pickup voltage is caused by the change in
temperature of the implant around the therapeutic temperature, or by the change in distance between MFSD
unit and the implant by the artifact. To overcome this problem, we proposed a body motion artifact
reduction method by using rotary scanning technique on MFSD unit in a different period cycle from the
periodic respiration and heartbeat. Using the difference in the frequency domain of spectral component of
rotary scanning (signal) and that of the artifact (noise), only the target signal is extracted. Using the
constructed verification system, we confirmed that regardless of the presence of the artifact, the change of
the extracted power around the Curie point is sufficiently large to detect whether the temperature of the
implant has reached the therapeutic temperature. In particular, in the case with the artifact the SN ratio for
temperature measurement was —3.1 dB, whereas the SN ratio after reducing the artifact using the proposed

method was enhanced significantly 38.7 dB.

The thesis is composed of six chapters. In Chapter 1, we introduced the background and purpose of the
research. Chapter 2 introduced the principle of hyperthermia such as its biological effects with respect to
temperature, and heating methods used in hyperthermia. We then introduced the heating method used in this
study named magnetic hyperthermia, and summarized the previous studies such as development of
self-controlled heating mediator, wireless temperature measurement technique, and heating system for
clinical application using the proposed wireless temperature measurement technique. In Chapter 3 to
Chapter 5, we introduced the development and the obtained results from the evaluation experiments of (1)
development of the implant of micro/nanomagnetic particles, (2) development of the automatic implant
localization technique, and (3) development of the rotary scanning technique, respectively. Finally, we
concluded the important results in this study and outlined future work in Chapter 6.
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Chapter 1

Introduction

1.1 Background

Cancer is the second leading cause of death globally behind ischemic heart disease and stroke, accounting for
an estimated 9.6 million deaths in 2018 according to World Health Organization [1]. In Japan, cancer is the
largest cause of death since 1981, and accounts for 27.8% (373,178 deaths) of all deaths in 2017 as shown in
Fig. 1 [2]. Therefore, it is of paramount importance to pursue effective cancer treatment. Currently, the most
common treatments are surgery, chemotherapy, and radiation therapy. In recent years, hyperthermia (also
called thermotherapy) has gained great interest as a possible method for cancer treatment. This therapy is less
invasive than surgery and has fewer side effects compared to chemotherapy. It utilizes the fact that cancer
cells are more sensitive to heat than healthy cells, and antitumor effect occurs when the tumor is heated within
the therapeutic temperature range of 40—45°C for 30 to 60 minutes [3]. It can also be used in combination with
chemotherapy, radiotherapy, and immunotherapy to enhance its effects.

There are several heating techniques to induce hyperthermia such as radio frequency, microwave, and
ultrasound heating method. In recent years, magnetic hyperthermia has been gaining more attention as a

Cancer
27.8%
Others ‘
34.0%

Heart

Pneumonia diseases
7.2% 15.2%
P |
Senility Cerebrovascular diseases
7.6% 8.2%

Fig. 1 Proportion of major causes of death in Japan in 2017 [2].
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promising heating method. In this method, heat generation mainly ascribes to hysteresis and/or relaxation loss
from a magnetic material subjected to a high-frequency magnetic field. Based on this method, Matsuki et al.
also proposed a soft heating method in which magnetic materials are self-controlled heating mediators with
low Curie point adjusted close to therapeutic temperature [4].

Since the pioneering work on hyperthermia by Gilchrist et al. in 1957 [5], to date clinical applications
capable of heating affected parts at a constant temperature while being minimally invasive in detecting the
temperature of heating elements are not established, thus the development of such systems are of paramount
importance. So far, we aim to develop an induction heating system while monitoring the temperature of
heating elements. In previous studies, we succeeded in developing a microsize thermosensitive ferromagnetic
implant with low Curie temperature (FILCT) as a self-controlled heating element [6]. The antitumor effect
could be enhanced and the survival rate of the rat improved in a melanoma model when using FILCT
combined with a heat shock protein 90 inhibitor [7, 8]. Then, FILCT was coated with gold to improve its
heating efficiency (Au-FILCT) [9]. Furthermore, a wireless temperature measurement method has been
proposed for monitoring the temperature of the tumor during treatment by using the implant as a thermal
probe [10].

In this study, we focus on the following three problems which are listed below.

(1) The previously developed Au-FILCT improved significantly the heating efficiency of FILCT, but part
of the applied magnetic field was shielded ascribed to the conductive coating around FILCT due to the gold
layer. As a result, the change in the detected pickup voltage induced in pickup coil (pickup voltage) was
reduced by half, thereby the accuracy of the proposed wireless temperature measurement was significantly
lowered compared to that of FILCT. Therefore, it is necessary to develop a hyperthermia implant with high
heating efficiency and high permeability.

(2) When the implant which cannot be seen from the body surface of the patient deviates from the central
axis of the magnetic field supply and detection unit composed of drive coil and pickup coil (MFSD unit), the
magnetic flux density applied on the implant decreases, resulting in a decrease in its heating efficiency as well
as the accuracy of the proposed wireless temperature measurement. Currently, to localize the position of the
implant during treatment, techniques such as X-ray CT and ultrasonography are used, but this leads to an
increase in the cost for hyperthermia treatment. Thus, it is also important to improve the cost performance by
localizing the implant with an inexpensive technique.

(3) The relative position between MFSD unit and the implant is considered to fluctuate due to the periodic
physiological motions such as respiration and heartbeat (artifact) during treatment. When the fluctuation of the
implant is large, it cannot distinguish whether the change in pickup voltage is caused by the change in the
temperature of the implant around therapeutic temperature, or by the change in distance between MFSD unit
and the implant by the artifact. It is thus of paramount importance to reduce the artifact to make the approach

of wireless temperature measurement feasible in clinical settings.
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1.2 Purpose

In this study, we solve the three problems aforementioned in the previous section. Firstly, as an alternative
approach to the gold coating, we mixed FILCT with a high heating-efficient magnetic nanofluid for
developing hyperthermia implant with high heating efficiency and high permeability. Secondly, to localize the
position of the implant we devised a position adjustment method for MFSD unit in which the central axis of
MFSD unit is aligned directly above the implant by referring to the three voltages induced in three pickup
coils symmetrically installed inside drive coil. Finally, we developed a rotary scanning technique of reducing
periodic physiological motions by using rotary scanning technique on MFSD unit in a different period cycle
from the periodic respiration and heartbeat and extracting only the target signal by utilizing the difference in
the frequency domain of spectral component of rotary scanning (signal) and that of the artifact (noise).

1.3 Thesis organization

In this thesis, (1) development of the implant of micro/nano magnetic particles with high heating efficiency
and high permeability, (2) development of the automatic localization technique of the implant, and (3)
development of the rotary scanning technique of reducing the artifact will be explained in detail.

This thesis is composed of six chapters. In Chapter 1, we introduced the background and purpose of the
research. Chapter 2 introduced the principle of hyperthermia such as its biological effects with respect to
temperature, and heating methods used in hyperthermia. We then introduced the heating method used in this
study named magnetic hyperthermia, and summarized the previous studies such as development of
self-controlled heating mediator, wireless temperature measurement technique, and heating system for clinical
application using the proposed wireless temperature measurement technique. In Chapter 3 to Chapter 5, we
introduced the development and the obtained results from the evaluation experiments of (1) development of
the implant of micro/nanomagnetic particles, (2) development of the automatic implant localization technique,
and (3) development of the rotary scanning technique, respectively. Finally, we concluded the important
results in this study and outlined some future works in Chapter 6.
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Chapter 2

Hyperthermia principle and previous research

2.1 Introduction

In this chapter, we describe the principle of hyperthermia such as its biological effects and heating methods to
induce hyperthermia. We then introduce the heating method used in this study, magnetic hyperthermia,
especially focusing on the property of magnetic materials as well as heating mechanism under magnetic field.
Later, we describe the previous studies such as development of self-controlled heating mediators, principle of
proposed wireless temperature measurement technique, and development of heating system for clinical
application using the proposed wireless temperature measurement technique.

2.2 Biological effects of hyperthermia

Cancer cells have high thermal sensitivity compared to normal cells. When cancer cells are heated up to 40—
45°C, they are shrunk whereas normal cells are not affected due to the difference in heat dissipation
mechanism between them. Figure 2-1 shows their heat dissipation mechanism against temperature rise. When
normal cells and cancer cells are heated respectively, normal cells can release heat due to an increase in blood
flow accompanying vasodilation due to temperature rise of tissues and it is possible to prevent a sudden

heat
blood vessel expands normal cells  dissipation
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Fig. 2-1 Heat dissipation mechanisms of cancer cells and normal cells [11].
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temperature rise. In contrast, cancer cells do not have a heat dissipation mechanism associated with
vasodilation like normal cells, thereby they cannot deal with temperature rise. As such, it is possible to locally
heat only cancer cells [11].

In general, the heating temperature range used in hyperthermia is set to 40-45°C at which cancer cells are
shrunk to obtain a sufficient therapeutic effect. However, more cancer cells are shrunk when temperature is
higher. Figure 2-2 shows the rate of cancer cells killed with respect to the temperature. The rate of cancer cells
killed increases exponentially with temperature. Even though normal cells have a heat dissipation mechanism
function, their function is also limited. The limit temperature for magnetic hyperthermia which can be heated
for clinical settings is below 50°C. If the temperature is exceeded, such protein denaturation also affects
normal cells.

AN

('S}

o

(when 43°C is set to 1)

[e—

Rate of cancer cells killed

41 42 43 44 45
Temperature (°C)

Fig. 2-2 Rate of cancer cells killed against temperature [11].

» Thermal tolerance

As described above, heating cancer cells to 40-45°C promotes their death. However, the therapeutic effect
obtained is decreased after heating consecutively as there is another mechanism provided to try to reduce the
damage due to heat. When cancer cells are heated, the proteins such as heat shock protein 70 which protect
and repair cancer cells from heat (thermal tolerance) are denatured. This means that when the heat shock
proteins are present, sufficient hyperthermia effect cannot be obtained even if hyperthermia is repeated
immediately. For this reason, hyperthermia is generally performed at about twice per week with 30-60
minutes at a time. Although heat shock proteins have been regarded as disadvantageous for hyperthermia in
order to have thermal tolerance to cancer cells, the importance of heat shock protein in terms of immunology
have also been reported [12].
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2.3 Heating methods of hyperthermia

It is difficult to locally heat cancer tissues at a constant temperature (40-45°C) for a certain time (30-60
minutes). At present, hyperthermia adopts various heating methods, each having advantages and
disadvantages, and to date a prominent heating method does not exist yet. Typical heating methods are
described in detail below [11].

» Radiofrequency (RF) capacitive heating
The principle of RF capacitive heating is shown in Fig. 2-3. The tumor tissues are heated by the electric
current flowing from one electrode to the other one by applying a high frequency electric field of 8 to 13 MHz.
It is the most adopted heating method in Japan and the heating systems based on this method are simple and
are also capable of heating deep-seated tumors.

However, it also has drawbacks such as hot spot and overheating near the electrodes. Thus, in clinical
settings, the boluses (flexible bags containing saline solution) are placed across the human body to cool the
body surface. Furthermore, another problem is that it cannot confirm whether the affected area is really heated

or not. Thus, the invasive temperature measurement techniques such as optical fiber thermometers is generally

‘ electrode

' * bolus

used to monitor the temperature of the tumor during treatment.

oscillator

Fig. 2-3  Principle of radiofrequency capacitive heating.

» Microwave heating

This is a heating method using microwave of 300 MHz-300 GHz. In the RF capacitive heating, at least two
electrodes are required because the tumor is heated by the electric current flowing from one electrode to the
other one. In contrast, in the microwave heating method, electromagnetic waves generated from the antenna of
heating energy sources, propagate through living tissues. Thus, it is possible to heat the tumor with one

antenna.

This method has excellent characteristics such as wide range heating, non-contact heating, and high
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heating efficiency. However, heating deep parts is difficult as the electromagnetic energy incident on living
tissue attenuates to the square of the depth. In addition, the external heating by microwave energy may cause
overheating body surface near antenna (hot spot), thereby it is required to cool the body surface. Also, it has
many risks such as high operating frequency and difficulty in measuring temperature.

» Ultrasound heating

At present, ultrasound imaging is widely known in diagnostic field to visualize internal body structures. So far,
attempts to utilize ultrasound for cancer treatment have been made since 1950s. Ultrasonic waves have been
found to have antitumor effects by converting ultrasound energy into thermal energy. The advantage of
ultrasound heating is the easiness to locally heat deep-seated tumors. However, due to the influence of
reflection in the body tissues, accurate irradiation and scanning techniques are of paramount importance.

> Inductive heating (magnetic hyperthermia)

There are two ways of heating living body by electromagnetic waves. The first one is capacitive heating
method mentioned above in which the electrical current with electromagnetic wave between 300 MHz and
300 GHz is applied to living body and heat is induced by the resistance loss of the tissue. The second one is
inductive heating method (also called magnetic hyperthermia). As shown in Fig. 2-4, heat is induced from the
loss of magnetic material such as hysteresis loss or relaxation loss occurred when the material subjected to an
applied magnetic field with electromagnetic wave of several tens of kHz to several hundreds of kHz. One of
the advantages of the inductive heating method is that it can heat selectively the tumor region without
damaging normal tissues around.

magnetic field

Fig. 2-4  Principle of inductive heating.
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2.4 Magnetic hyperthermia
2.4.1 Magnetic particle properties

Figure 2-5 shows the schematic illustrating the arrangements of magnetic dipoles for common types of
magnetic materials in the absence or presence of applied magnetic field [13]. When a magnetic field is applied
to magnetic material, magnetic moment is generated inside it. As most materials have the property of making
pairs and canceling each other out, the total spin becomes zero. Such materials are called non-magnetic

H=0 H
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(a) Diamagnetic material
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ASES S S

(c) Ferromagnetic material

Fig. 2-5 Schematic illustrating the arrangements of magnetic dipoles for common types
of magnetic materials in the absence or presence of applied magnetic field [13].



Akita University

materials. However, as shown in Fig. 2-5(a) when a magnetic field is applied, magnetization in the direction
opposite to the magnetic field is generated. Such materials are called diamagnetic materials.

As shown in Fig. 2-5(b), for the materials with unpaired electrons, the electron spins do not cancel each
other out and each atom has a magnetic moment. Generally, macroscopic magnetization by thermal motion
does not appear in the materials. However, when a magnetic field is applied, magnetic moment slightly
inclines in the direction of the applied magnetic field and macroscopic magnetization appears. Such materials
are called paramagnetic materials.

However, when the spins are ordered without the applied magnetic field, macroscopic magnetization
appears spontaneously (spontaneous magnetization) as shown in Fig. 2-5(c). Such materials are called
ferromagnetic materials. When the temperature of the ferromagnetic material rises above a certain temperature,
the fluctuation of the magnetic moments becomes larger, its spontaneous magnetization disappears and
becomes paramagnetic material. This temperature is called Curie point.

Figure 2-6 shows the typical magnetization curves for magnetic materials under applied magnetic field.
Note that the higher the area of hysteresis loop, the higher the heat generation that can be obtained from
hysteresis loss of magnetic materials. In Fig. 2-6, the maximum magnetization possible is called saturation
magnetization, whereas remanent magnetization is magnetization remaining after removing the applied
magnetic field. The coercivity is the magnetic field strength required to force the magnetization to zero.

Ferromagnetic

Superparamagnetic

Paramagnetic

—>
H

Diamagnetic

Fig. 2-6 Magnetic behavior of typical magnetic materials under applied magnetic field.
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2.4.2 Heating mechanisms of magnetic particles

Heat generation in magnetic material under applied magnetic field can be divided mainly into three different
mechanisms: (1) eddy current loss in bulk magnetic materials, (2) hysteresis loss in bulk and multi-domain
magnetic materials, and (3) relaxation loss in superparamagnetic, single-domain nanoparticles.

» Eddy current loss

Figure 2-7 shows the diagram of eddy current loss. When a magnetic material is subjected to an alternating
magnetic field, an electromotive force is induced in the material itself. As the magnetic material is conductor
material, electromotive force circulates currents within the material (eddy current), resulting in resistive
heating. Only for bulk magnetic materials (e.g. above 1 mm for magnetite), significant eddy current heating
effects are observed, whereas for iron oxide nanoparticles (below 100 nm), eddy current effects can be
neglected [14]. The eddy current loss in a magnetic material can be estimated by the following equation.

P, =K, B, f 2tV

where K. is the coefficient of eddy current depending on magnetic material, By, is the maximum of magnetic
flux density, f is the frequency of magnetic field, t is the thickness of material, and V is the volume of material.

multi-domain

Fig. 2-7 Eddy current loss in bulk magnetic materials [14].

> Hysteresis loss

Figure 2-8 shows the diagram of hysteresis loss. When ferromagnetic or ferrimagnetic material is placed in an
alternating magnetic field, it produces heat due to hysteresis loss occurring in multi domain materials.
Magnetic moments in the materials tend to align in the direction of applied magnetic field, i.e. domain walls
can move in the presence of applied magnetic field such that many single domains combine and create larger
domains. This domain displacement continues until the material reaches saturated point.

Hysteresis loss can be estimated by the following empirical formula proposed by Charles Steinmetz.

10
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P =KnBp' f

where K is the coefficient depending on the magnetic material, By, is the maximum of magnetic flux density, f
is the frequency of applied magnetic field, and n is known as Steinmetz hysteresis exponent varying from 1.5
to 2.5 depending on the material (e.g. for iron n may be taken as 1.6).

100 nm

Fig. 2-8 Hysteresis loss in magnetic materials [14].

> Relaxation loss

In superparamagnetic nanoparticles (< 10-20 nm), although remanent magnetization and hysteresis behavior
are eliminated, significant loss can still occur via magnetic moment relaxation mechanisms: Brownian
relaxation and Neel relaxation [15]. Figure 2-9 shows the diagrams of these two relaxation mechanisms.
Brownian relaxation represents the rotational friction component in a suspending medium resulting in heat
generation, when the whole particle oscillates toward the direction of applied magnetic field. On the other
hand, Neel relaxation represents the rotation of each magnetic moment towards to the magnetic field.

Neel relaxation Brownian relaxation

10 nm effective domain
‘<—>{ moment

g N N\

Fig. 2-9 Relaxation loss in nanomagnetic materials [14].

11
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2.5 Previous research

So far, we aim to develop an induction heating system while wirelessly monitoring the temperature and
position of heating element. In this section, we describe the previously-developed implant (ferromagnetic
implant with low Curie temperature and its gold coating). In addition, a wireless temperature measurement
method for monitoring the temperature of the tumor during treatment by utilizing the implant as a thermal
probe is also described. Finally, we describe our developed system for hyperthermia.

2.5.1 Development of ferromagnetic particles with low Curie point and its gold coating

The heating method used in our study is soft-heating method using self-controlled heating mediators with low
Curie point. Figure 2-10 shows the image and size distribution of ferromagnetic implant with low Curie point.
The image was captured by an optical microscopy (Eclipse L150, Nikon). The FILCT had a particle size of
50-120 pum. The red solid line represents the fitting curve constructed from log-normal function.

1 (Ind/dg)?
———eXp(- )
V2rdo 202

where d is the diameter of the particle, do is the median diameter, and o is the polydispersity index.
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Fig. 2-10 Ferromagnetic implant with Low Curie point (left) and its size distribution (right).

The FILCT was composed of Fe;03:Cu0:ZnO:MgO = 49:7:30:14 mol%. Its Curie point was adjusted by
changing the ratio of (Mg, Zn) without any surface modification on it. Figure 2-11 shows the magnetic
behavior of FILCT around its Curie point when it is subjected to magnetic field. Figure 2-12 shows the
temperature dependence and magnetic field frequency dependence of its permeability. The permeability
decreased significantly when the temperature of FILCT exceeded 45°C. This means that its Curie point was
45°C. As shown in Fig. 2-12, FILCT had low coercivity, indicating that it was a soft magnetic material.

12
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FILCT had large electrical resistivity (> 10° Q-m) and heat generation due to eddy current loss was small. In
short, in the case that FILCT is inductively heated, its temperature rise stops when its temperature reaches its
Curie point (45°C). With this characteristic, the tumor can be heated at a constant temperature.

magnetic field

N~ 7 - -

<—°—> - O s

A A -t -
I< TCurie r> TCurie

Fig. 2-11 Magnetic behavior of FILCT around its Curie point when it is subjected to magnetic field.

2500 150
2000
1500 —_ 100
- =
= =)
1000 = _
50 0 Lo
200 0 40 80
H (A/m)
0 L L L L t . L L L '*e 0 1 1 L 1 1 L 1 1 1
0 10 20 30 40 50 60 0 1 2 3 4 5
Temperature ("C) H (kA/m)

Fig. 2-12 Temperature characteristics (left) and DC magnetization (right) of FILCT provided from TDK.

» Gold coating ferromagnetic implant with low Curie point (Au-FILCT)

As can be seen from Fig. 2-12, the area of hysteresis loop is small (i.e. its heat generation is small). It was
difficult to heat up to therapeutic temperature when targeting human body, thereby the improvement of its heat
efficiency was required. Therefore, FILCT was coated with gold to improve its heating efficiency. Figure 2-13
shows the image of Au-FILCT. The thickness of gold coating layer was 80—130 nm. Figure 2-14 shows the
temporal change in temperature of Au-FILCT and FILCT when subjected them to magnetic field. Heat
generation mainly ascribes to hysteresis loss for FILCT, whereas for Au-FILCT it mainly ascribes to eddy
current loss generated by the gold, resulting in significant improvement in heating efficiency (8-fold).
However, even if the temperature of Au-FILCT exceeds therapeutic temperature, heat generation due to eddy
current loss does not stop, thereby there is also adverse effect that requires temperature monitoring and
controlling.

13
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Fig. 2-13 Image of Au-coated FILCT (the thickness of gold was 100 nm).
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Fig. 2-14 Temporal change in the temperature of Au-FILCT and FILCT.

2.5.2 Principle of wireless temperature measurement method

In magnetic hyperthermia, heat generation from heating element that continues to increase even after its
temperature exceeds therapeutic temperature may damage surrounding healthy tissue. To monitor the
temperature of heating element we proposed a wireless temperature measurement using thermosensitive
ferromagnetic implant as shown in Fig. 2-15. A ferromagnetic material with high magnetic permeability
attracts magnetic flux density around the material. If the temperature of ferromagnetic material exceeds its
Curie point, then its magnetic permeability will significantly decrease. As a result, the material cannot attract
magnetic flux density around it. The shift in the magnetic flux density vector can be measured by the induced
voltage in a pickup coil located orthogonally in drive coil.

A key advantage of this thermometry is that it can noninvasively determine whether the target temperature
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has reached the Curie point without inserting invasively the optical fiber used in the traditional method. This
approach contributes to an ability to have minimally invasive wireless temperature measurement for various
types of hyperthermia.

| -
drive | i ! i
coil { T < Te! 72 Te)
(a) Below Curie point (b) Above Curie point

Fig. 2-15 Fundamental concept of wireless temperature measurement using
thermosensitive ferromagnetic implant with low Curie point.

2.5.3 Development of wireless temperature measurement and heating system

Using the proposed wireless temperature measurement method, we are also developing a heating system
enabling the monitoring of the temperature of the implant [16-19]. Figure 2-16 shows the configuration of the
wireless temperature measurement and heating system for clinical settings. Here, a high frequency magnetic
field is applied from induction heating power supply EKOHEAT (30/100 ES CE, Ameritherm) through
solenoid drive coil (outer diameter 103.3 mm, inner diameter 95.9 mm, thickness 54.0 mm, turn to turn
distance 15.5 mm, number of turns 4). A DC inverter chiller (RKE2200B-V, Orion Machinery) is used to
maintain the temperature and pressure of cooling water inside drive coil as well as the resonance circuit of
heating power supply. To measure the signal (superimposed voltage) that depends on the temperature of the
implant, an analog circuit is used to reduce the bias as well as drift induced in pickup coils before inputting
these pickup voltages to lock-in amplifier [16]. The signal detected by the lock-in amplifier is recorded in
real-time on a PC through an automatic measurement program made by LabVIEW (National Instruments). At
the same time, the temperature of the sample is measured using a fiber optic thermometer (AMOTH FL-2000,
Anritsu Meter).

Figure 2-17 shows the results obtained using the constructed system above. The frequency of applied
magnetic field frequency was at 129 kHz, the magnetic flux density applied at 1, 2, 3, 4, 5, and 6 cm from the
surface of drive coil were 13.7, 10.9, 8.6, 6.4, 4.4, 2.2, and 1.2 mT, respectively. The sample used consisted of
1.0 g of FILCT dispersed in 1.0 mL of Resovist® which was purchased from Fuji Film Rl Pharma. The results
indicate that it was possible to heat the sample up to therapeutic temperature and monitoring its temperature
via the proposed wireless temperature measurement up to 5 cm [19].
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Fig. 2-16 Block diagram of wireless temperature measurement and induction heating system [19].
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Fig. 2-17 Sample temperature and relationship between its temperature and voltage when there was a change
in distance between the sample (FILCT mixed with Resovist®) and drive coil [19].

2.6 Summary

In this chapter, we described the principle of hyperthermia such as its biological effects, heating methods to
induce it, focusing on magnetic hyperthermia. Later, we described the previous studies such as development
of self-controlled heating mediators, principle of proposed wireless temperature measurement technique, and
development of heating system for clinical application using the wireless thermometry so far.

16



Akita University

Chapter 3

Development of hyperthermia implant with high heating efficiency and

permeability

3.1 Introduction

In previous studies, we succeeded in developing a micro-size thermosensitive ferromagnetic implant with low
Curie temperature (FILCT). We then coated the surface of FILCT with gold (Au-FILCT) to improve its
heating efficiency. Subsequently, we also developed an orientable pickup coil system for contactless
temperature measurement by using the implant as a thermal probe. Note that the larger the change in the
magnetic flux density around the Curie point resulting from the permeability of the implant detected, the
higher the accuracy that can be obtained from the proposed thermometry method. However, part of magnetic
field was shielded ascribed to the conductive coating around FILCT. As a result, the amount of change

detected decreased compared to FILCT.

In this chapter, we describe the development of micro/nanomagnetic particles as hyperthermia implant
with high heating efficiency and considerable permeability change around therapeutic temperature. Although
hyperthermia has been known for several decades, to the best of our knowledge, there have been no reports on
the mixture of magnetic micro/nanoparticles as a thermosensitive implant for hyperthermia.

3.2 Proposed materials

Among magnetic materials for biomedical applications, superparamagnetic nanoparticles have been gaining
more attention due to their potential as not only therapeutic agents for magnetic hyperthermia but also as
diagnostic agents for magnetic particle imaging [20]. In this study, we attempted to use nano-magnetic
particles with high heating efficiency instead of gold coating. In particular, we mixed FILCT with a
commercial Resovist® consisting of maghemite nanoparticles or a lab-made nanoparticles (FesO4 Nps).

Figure 3-1 shows the images and the size distributions of FILCT and nano-ferrofluids used. Resovist®, a
MRI contrast agent which is clinically approved for human use has been widely used to evaluate magnetic
hyperthermia and/or magnetic particle imaging applications [21-25]. It consists mainly of maghemite
(y-Fe203) coated with carboxydextran in which maghemite has a Curie point of 675°C. The lab-made FezO4
Nps were synthesized based on the one-pot synthesis procedure [27], and the oleic acid modified on the
surface of FesOs, Nps was then replaced with dimercaptosuccinic acid so that the surface shifts from
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hydrophobic to hydrophilic [28], FesOs Nps was finally dispersed in pure water. The concentration of
magnetic nanoparticles were 39.9 mg/mL. The size distribution histograms were constructed by counting over
200 particles. The average diameter of micro-magnetic particles (83.6 um) of FILCT was significantly
different in size compared to that of nano-magnetic particles in Resovist® (3.6 nm) and Fe3Os Nps (13.9 nm).

| dy=83.6 um FILCT
c=0.13

Frequency (%)
© P

~
T

0 50 100 150
Diameter (um)

16
. dp=3.6nm Resovist
=12 c=0.18
£ \
>‘ o ——
Q
g 8-
3
o L
o
- E.mﬂ{
. , (e .
0 2 4 6 8
Diameter (nm)
16
- dp=13.9nm Fe;04 NPs
= 12 c=0.16
X 4l i
> |
§ 8f (i
=]
o L
o Hm
w4l
o 10 20 30

Diameter (nm)

Fig. 3-1 Magnetic particles used to develop the mixture of micro/nanoparticles. Ferromagnetic implant with
low Curie point (above), commercial Resovist® (middle), and lab-made FesO4 Nps (below).
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3.3 Experimental method

Firstly, we examined its preferred volume fraction in the proposed mixture of micro/nanomagnetic particles.
Then we compared the thermal and permeability properties of the proposed mixture compared to the
traditional FILCT and Au-FILCT. Finally, we examined its magnetic field dependence of the properties under

a high frequency magnetic field.

» Experimental setup

Magnetic heating experiments under magnetic field were performed using lab-made equipment as shown in
Fig. 3-2 [29, 30]. Our measurement system was designed similar to pickup coil systems for measuring the ac
magnetization of magnetic particles in the literature [31-36]. In all the experiments below, the product of
frequency and field strength was determined under a criterion of 5x10° Ams* to prevent unwanted damage
to the surrounding healthy tissue [20]. The drive coil was connected to a high frequency power supply
(T162-5524A, Thamway) through a matching box (T020-5523B, Thamway). The drive coil had a height of

70.0 mm, an external diameter of 46.0 mm, an internal diameter of 36.0 mm, and a turn number of 14 turns.

The change in the magnetic flux density around the sample was measured by a pickup coil which was

connected to a compensation coil. These two coils had an external diameter of 12.2 mm, an internal diameter

oscilloscope
OEEFER |
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thermometer 7,
| optical fiber A
a8, - )
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PC X (GBI
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: B CP . pickup
— —t= coil
ATk compensation
i s y\; < 4 coil
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Fig. 3-2  Block diagram of the experimental setup for evaluating the thermal and permeability properties
of the material subjected to high frequency magnetic field (f = 500 kHz, H = 4.95 kA/m).
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of 12.0 mm, and a turn number of 1 turn. These upper and lower coils were wound in opposite directions and
fixed at a distance of 25 mm. Here, the voltage V4 detected from the lower coil was used to obtain the field
strength, whereas the voltage Vr (pickup voltage) was used to evaluate the permeability of the sample.
Furthermore, a probe of an optical fiber thermometer (FL-2000, Anritsu) was simultaneously inserted into the

central part of the sample during induction heating.

3.4 Results and discussion

» Examination of preferred volume fraction of magnetic nanoparticles

Firstly, we attempted to find the preferred range of the volume fraction of nanoparticles in the mixture using
the samples shown in Table 1 (without adding water to sample, that is, water only came from the added
Resovist®), assuming the density of maghemite nanoparticles was about 4.6 g/cm?®. A magnetic field from a
drive coil with a frequency of 500 kHz and strength of 4.95 kA/m was applied on the samples.

Table 1 Samples prepared for examining the preferred range of mixing rate.

S1 S2 S3 S4 S5 S6 S7

Micro-particles in FILCT (g) 1.0 0.9 0.7 0.5 0.3 0.1 0.0
Resovist® in mixture (mL) 0.0 010 03 05 07 09 1.0
Nano-particles in Resovist® (mg) 0.0 40 120 199 279 359 399
Mass rate of nano/microparticles (%) 0.0 0.4 1.7 3.8 85 264 100.0
Total sample volume (mL) 033 040 053 0.67 080 093 1.00
\Volume fraction of nanoparticles (%) 0.00 022 049 065 076 084 0.87
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Figure 3-3 shows the temporal change in the temperature of the samples when there was a change in the
mixing rate of micro/nano magnetic particles. In general, the specific absorption rate (SAR) is used for
evaluating the heating efficiency of magnetic particles [37]. Thus, the SAR in W/g was calculated based on
the calorimetric method which is most commonly adapted [38].
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Fig. 3-3 Temporal change in the sample temperature when there was a change in
mixing rate of micro/nanoparticles.
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where ¢; is the specific heat capacity (4.185 J/(g'K) for water, 0.7 J/(g'K) for FILCT or Au-FILCT), m; is the
mass of each substance (water or magnetic particles), mwe is the total mass of magnetic micro/nanoparticles
and AT/At is the initial slope of the change in temperature versus time curve (heating rate fitted with
temperature data up to 30s). In this study, the product cim; of superparamagnetic nanoparticles was
considerably small compared to that of water or microparticles, thus it was neglected. In terms of the ease of
controlling the implant around the therapeutic temperature, the SAR of the sample was calculated both in the
pre-stage regime (20-42.5°C) and in the post-stage regime (>45°C) using the temperature data presented in
Fig. 3-3. Here, the upper limits of the post-stage regime for Samples 1 and 2 were 49.5°C and 50.5°C
respectively, whereas it was 60°C for Samples 3-7.

As shown in Table 2, the SAR tended to be faster in both regimes as the volume fraction of nanoparticles
increases. Furthermore, the decrease in the SAR of the post-stage regime compared to the pre-stage regime of
Samples 2—4 was approximately equivalent to Sample 1; however, it was considerably larger than that of
Samples 5-7. This means that it is easier to control Samples 2—4 around the therapeutic temperature compared
to Samples 5-7.

Figure 3-4 shows the relationship between the magnetic flux density calculated from pickup voltage and

the temperature of the sample. Here, we calculated the change in magnetic flux density around the sample
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Fig. 3-4 Relationship between magnetic flux density calculated from voltage and the sample temperature.
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from the pickup voltage measured according to the following equation.
_ VP
Bp = —F—
27mfS

where f is the frequency of magnetic field, n is the number of turns and S is the cross-sectional area of pickup
coil.

As shown in Fig. 3-4, the magnetic flux density of sample which contained FILCT (Samples 1-6) clearly
changed around the therapeutic temperature. It was also confirmed that the green curve (Sample 1) had a shift
of several degrees Celsius compared to the others. This comes about because the liquid part of Resovist®
enables good thermal contact with the optical fiber probe compared to the air filled between FILCT particles.
In Table II, the magnetic flux density per gram of the magnetic particles at 20°C of Samples 24 is
considerably larger than that of Samples 5-7. For this reason, the change in magnetic flux density per gram of
the magnetic particles in 37-50°C of Samples 2-4 was considerably larger than that of Samples 5-7. In brief,
the above results indicate that Samples 2—4 are more superior as a thermosensitive ferromagnetic implant for
hyperthermia compared to Samples 1, 5-7.

Table 2 Change in magnetic flux density and heating efficiency depending on mixing rate.

S1 S2 S3 S4 S5 S6 S7
Volume fraction of nanoparticles (%) (0.00) (0.22) (0.49) (0.65) (0.76) (0.84) (0.87)

SAR in pre-stage regime (20—
42.5°C) (W/g)

0.25 0.16 121 1.82 3.32 6.02 16.45

SAR in post-stage regime (>45°C)
(W/g)

0.008 0.004 0.069 0145 0454 1398 5.250

Decrease rate in SAR in post-stage

. ) 96.8 97.7 94.3 92.0 86.3 76.8 68.1
regime compared to its pre-stage (%)

Magnetic flux density per gram of
) ) 4.40 4.72 4.77 4.60 3.91 2.80 3.42
magnetic particles at 20°C (mT)

Change in magnetic flux density per

) ) 2.46 3.46 3.60 3.36 2.83 166  -0.35
gram of particles in 37-50°C (mT)
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The tendency of (1) the change in magnetic flux density within 37-50°C and (2) the SAR depending on
the volume fraction of nanoparticles are plotted in Fig. 3-5 using the results in Table 2. The result suggests
that the preferred volume fraction of nanoparticles is approximately 0.5%. The mixture in this preferred range
has not only high heating efficiency and considerable permeability change around the Curie point, it is also
easily controllable around the therapeutic temperature.
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Fig. 3-5 Change in magnetic flux density within 37-50°C and the SAR within 20—42.5°C depending on the
volume fraction of nanoparticles in the mixture (using the results of the second and last rows of Table 2).
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» Proposed mixture compared to traditional implants

Next, we evaluated the thermal and permeability properties of the proposed mixture compared to the
traditional implants. The four samples prepared were (1) 1.0 g of FILCT dispersed in 0.5 mL of deionized
water; (2) 1.0 g of Au-FILCT dispersed in 0.5 mL of deionized water; (3) 1.0 g of FILCT dispersed in 0.5 mL
of Resovist® which contained 0.02 g of nanoparticles; and (4) 0.5 mL of Resovist®. The total volume in
sample (1), (2) and (3) was kept constant at about 0.83 mL (the measured density of FILCT was about 3.017
g/cm?3).

Figure 3-6 shows the temporal change in the temperature of four samples above. The SAR of FILCT,
Au-FILCT, mixture and Resovist® were 0.48 W/g, 3.71 W/g, 2.06 W/g and 21.33 W/g, respectively. The result
indicates that the heating efficiency of the mixture was considerably higher than that of FILCT (4.3 times).
More importantly, as shown in Fig. 3-6 the mixture is likely to be superior to Au-FILCT for temperature
control during treatment. Owing to the fact that the temperature rising rate after reaching the therapeutic
temperature of the mixture decreases significantly compared to that of Au-FILCT, the mixture becomes easier
to control around the therapeutic temperature. The SAR of the proposed mixture was slightly smaller
compared to that of La-Sr-Mn-Cu perovskite bulk with Curie point around 35-37°C (about 5 W/g) [39] and
that of magnetic nanoparticles (about 20-30 W/g) under a similar magnetic field [24], [29, 30].

The SAR of Resovist® was much larger than the theoretically calculated value of maghemite nanoparticles
with a similar diameter (almost does not generate heat) [15]. Since the conductivity of Resovist® measured
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Fig. 3-6 Temporal change in sample temperature measured by fiber optic probe during induction heating.
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using a water quality analyzer (LAQUAtwin, B-771, HORIBA) was smaller (2.1 mS/cm at 24°C) than for
phosphate-buffered saline (20 mS/cm at 25°C), the heating generation caused by eddy current loss was
considerably smaller than that of the relaxation and hysteresis loss of magnetic nanoparticles in it. We assume
that the superparamagnetic nanoparticles aggregated and formed nano-assemblies such as chains and clusters
under the magnetic field applied. Thus, it behaved like large particles, leading to an enhancement in heating
efficiency of the nanoparticles [37].

Figure 3-7 shows the relationship between the magnetic flux density change in pickup coil and the
temperature of the sample. It can be seen that the magnetic flux density at 20°C of the mixture (5.56 mT) was
significantly enhanced compared to that of Au-FILCT (2.88 mT) and FILCT (4.40 mT). Furthermore, the
magnetic flux density of the mixture clearly changed around the therapeutic temperature, whereas that of
AU-FILCT changed slightly. This means that it is easier to detect if the implant has reached the therapeutic
temperature when using the mixture compared to Au-FILCT and FILCT.

7 r =500 kHz, H=4.95 KA/m
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Fig. 3-7 Relationship between magnetic flux density calculated from the pickup voltage and
the measured temperature of the sample.
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» Postulated mechanism in the proposed mixture of micro/nanomagnetic particles

The ac magnetic hysteresis curves of the samples in the first series experiment were examined as shown in Fig.
3-8. Here, we used the magnetization and field strength calculated from V4 and Ve obtained at 20°C under a
magnetic field of 500 kHz and 4.95 kA/m. The results indicate that the magnetization of the proposed mixture

was larger than that of FILCT and Au-FILCT. The magnetization curve of Resovist® also shows the

superparamagnetic behavior.
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Fig. 3-8 AC hysteresis curves of the samples at 20°C under applied magnetic field frequency of 500 kHz.
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To explain the improvement in permeability of the proposed mixture, we hypothesized a mechanism
described below. Figure 3-9 shows schematic diagram illustrating the magnetic coupling of microparticles by
the capillary bridges of nanoparticles (i.e. decreasing the demagnetizing factor of microparticles). When it is
composed only of FILCT particles, there are gaps between particles filled by air, resulting in greater
demagnetizing field effect of the particles. For this reason, the permeability of FILCT is lower than that of the
original ferromagnetic material forming the FILCT particles.

In contrast, in the mixture, magnetic nanoparticles dispersed in water in Resovist® are disposed to fill the
gaps between magnetic microparticles in FILCT. The nanoparticles can make capillary bridges binding
microparticles together. The magnetic moments of micro/nanoparticles were aligned in the direction of
magnetic field. Thus, it is possible to magnetically couple FILCT particles, thereby reducing the
demagnetizing field effect of FILCT particles. As a result, the ferromagnetic material recovers its original
permeability.

Our hypothesized mechanism also agrees with the finding of Shimada et al. where they developed
electromagnetic noise absorbers using ferromagnetic particles [41]. They reported that the initial permeability
of a composite consisting of Fe (average diameter of 1 um) and FesOs (10 nm) particles was improved by
combining them at an appropriate mixing rate.

(a) With only microparticles (b) With micro/nanoparticles
Fig. 3-9 Schematic diagram illustrating the magnetic coupling of microparticles by the capillary
bridges of nanoparticles (i.e. decreasing the demagnetizing factor of microparticles).
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> Magnetic field dependence of hyperthermia implant (Resovist®)

The heating property of magnetic particles strongly depends on e.g. their magnetic properties, size, shape,
coating materials, and solvent viscosity. Next, we examined the amplitude dependence of heating property,
magnetic field with a fixed frequency f = 500 kHz and amplitudes H = 1.8-7.1 kA/m were applied to the
sample (0.3 mL of Resovist® consisting 0.012 g nanoparticles). Then, magnetic field with a fixed amplitude H
= 4.8 kA/m and frequencies f = 200-1000 kHz were applied to examine its frequency dependence. In all the
experiments, magnetic field at a desirable value was applied after the sample was stable at 19°C for more than
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Fig. 3-10 Magnetic field amplitude (above) and frequency (below) dependence of
permeability and heating properties of Resovist®.
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100s. Figure 3-10 shows the magnetic field dependence of heating property of Resovist® for hyperthermia
examined. As shown in Fig. 3-10, the SAR of Resovist® is linearly proportional to the applied magnetic field
amplitude square and frequency. Figure 3-11 shows the magnetic field square dependence of heating property
of Resovist®. Our finding matches with the results of linear response theory for superparamagnetic regime
(SAR o H?) in which heating generation mainly ascribes to relaxation loss [15].

In addition, the SAR was 44 W/g at H = 7.1 kA/m, f = 500 kHz, which was sufficient to heat the tumor for
hyperthermia (assuming the concentration of the nanoparticles in tumor is 10 mg/mL and the tumor diameter
is 15-20 mm, the SAR needed for hyperthermia is at least 10-20 W/g [24]).

The results obtained here may enable us to find the optimal conditions of the applied magnetic field or the
amount of Resovist® required for hyperthermia under the specific condition of the applied magnetic field [42].
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Fig. 3-11 Magnetic field amplitude square dependence of heating properties of Resovist®.
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» Magnetic field dependence of the proposed mixture compared to FILCT

The magnetic field dependence of the permeability and heating properties of the proposed mixture compared
to the traditional implant was also examined. The mixture used consisted of 0.7 g of FILCT which was mixed
with 0.3 mL of Resovist® at a preferred mixing rate (volume fraction of nanoparticles of 0.5%) compared to
0.7 g of FILCT. Figures 3-12 and 3-13 show magnetic field strength and frequency dependence, respectively.
Here, 1M was the intensity of magnetization resulting from the sample at 20°C. Note that the larger the
magnetization, the higher the accuracy that can be obtained from wireless temperature measurement. The
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Fig. 3-12 Magnetic field amplitude dependence of magnetization and heating properties
of the proposed mixture and traditional implant FILCT.
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result obtained indicates that with an extremely small amount of nanoparticles at 0.012 g (0.3 mL of
Resovist®) mixed, the magnetization and the SAR can be enhanced compared to FILCT.

Furthermore, the intensity of magnetization was linearly proportional to the magnetic field amplitude,
whereas it remained almost unchanged with the frequency. We confirmed that the SAR of Resovist® was
linearly proportional to the applied magnetic field amplitude square and frequency, whereas the SAR of the

mixture and FILCT do not obey the square of magnetic field amplitude.
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Fig. 3-13 Magnetic field frequency dependence of magnetization and heating properties
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of the proposed mixture and traditional implant FILCT.
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> Examination of lab-made nano-ferrofluid compared to commercial Resovist®

We examined the mixture of FILCT with the lab-made nano-ferrofluid instead of Resovist®. The samples
prepared were (1) 0.5 g of FILCT; (2) 0.5 mL of Fe;04 Nps; and (3) 0.5 g of FILCT dispersed in 0.5 mL of
FesO4 Nps (volume fraction of nanoparticles to total volume was 0.65%). To compare FesO4 Nps to Resovist®,
(2°) 0.5 mL of Resovist®, and (3”) 0.5 mL of FILCT dispersed in 0.5 mL of Resovist® were examined.

Figures 3-14 and 3-15 show the results obtained when using FesO. Nps, whereas Figs. 3-16 and 3-17 show
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Fig. 3-14 Temporal change in sample temperature and magnetic flux density in pickup

coil when using the lab-made nano-ferrofluid.
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the results when using Resovist®. We also confirmed that a similar tendency was obtained when the lab-made
nano-ferrofluid FesOs Nps was used instead of the commercial Resovist®. However, the improvement in
thermal and permeability properties of the mixture using FesO0. Nps was slightly smaller compared to that of
the mixture using Resovist®. This difference was probably due to the difference in their particle sizes,
magnetic properties and coated agents.

T (FILCT) T (Resovist)

T (FILCT@Resovist) —B (FILCT)
—B (Resovist) —B (FILCT@Resovist)
10 = 3.0
Y
jaB

1 20 &

§ 50 =
= 115 I
o]
L 40 ;9
2 41 1.0 =
s
g 30 {105
5
P 20 1 1 1 1 0

0 300 600 900 1200 1500
Time measurement (s)
Fig. 3-16 Temporal change in sample temperature and magnetic flux density in pickup
coil when using commercial nano-ferrofluid.
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3.5 Summary

As an alternative approach to the gold coating of our previously developed implant (FILCT), we attempted to
use nano-magnetic particles to improve the heating efficiency of FILCT. A commercially available
nano-ferrofluid named Resovist® consisting of maghemite particles with average diameter of 3.6 nm was used
for the examination. The results obtained indicate that the proposed mixture was more superior compared to
FILCT and Au-FILCT as a thermosensitive implant for hyperthermia. Furthermore, the results also suggest
that by mixing magnetic nanoparticles in Resovist® with FILCT at a volume fraction of nanoparticles of 0.5%,
the resulting mixture will have high heating efficiency and permeability besides being easily controllable
around the therapeutic temperature. We hypothesized that the magnetic nanoparticles in Resovist® can fill the
gaps between the magnetic microparticles in FILCT, thereby reducing the demagnetizing field of magnetic
microparticles, thus improving the permeability of FILCT in the mixture. In addition, a similar tendency was
obtained when using a lab-made nano-ferrofluid consisting of magnetite particles with average diameter of
13.9 nm. With the proposed mixture, the signal detected can be enhanced significantly compared to the
traditional implants, thereby increasing the treatable depth through our wireless temperature measurement and
heating system.
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Chapter 4

Development of localization technique of hyperthermia implant

4.1 Introduction

In clinical settings, the implant which cannot be seen from the body surface of the patient is expected to
deviate from the central axis of MFSD unit (hereinafter, referred to as ‘central axis’). When the implant
separates from the central axis, the magnetic flux density applied on the implant decreases, resulting in a
decrease in heating efficiency of the implant. Moreover, a problem arises when the signal-to-noise ratio for
detecting the temperature of the implant reduces due to a decrease in pickup voltage. Therefore, it is necessary
to localize the position of the implant and adjust the MFSD unit to be directly above the implant before the
implant is inductively heated (i.e. before applying a sufficiently high magnetic flux density to heat the implant
at therapeutic temperature).

Figure 4-1 shows the magnetic behavior of magnetic material (below its Curie point) under applied
magnetic field. Magnetic material with high magnetic permeability attracts magnetic flux density around it.
The electromotive force induced in pickup coil depends on the position of the material. By utilizing this
feature, we proposed a position adjustment method for adjusting the MFSD unit to be directly above the
implant. This is done by using three pickup voltages induced in three pickup coils symmetrically installed
inside drive coil.

In this chapter, we describe the principle of position adjustment method, and the evaluation experiment of
the constructed automatic adjustment system based on the proposed method.

pickup
coil

drive coil

Fig. 4-1 Electromotive force induced in pickup coil depending on the position of magnetic material.
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4.2 Principle of localization technique of hyperthermia implant

> Induction heating including localization method of hyperthermia implant

Figure 4-2 shows a conceptual diagram of magnetic hyperthermia including position adjustment method [43].
A patient lies in bed when injected with the implant into the affected part. A magnetic field with sufficiently
low magnetic flux density is applied to maintain the implant constant at body temperature. Under this
condition, pickup voltage changes depending on the position of the implant. Then, the MFSD unit is
automatically adjusted by scanning device such as robot arm on the upper surface of the body. Then, the
affected part is inductively heated while the temperature of the implant is simultaneously detected with the
wireless temperature measurement method. As reference information is necessary to adjust the MFSD unit,
measurement was done with the three pickup voltages induced in three pickup coils installed inside the drive
coil with the same number of turns and diameter. Specifically, the pickup coils are installed at the same

O 'MFSD unit

o/i mplant

tumor

drive

pickup :
coil

coil 2
central
axis

implant

Fig. 4-2 Induction heating including localization method of magnetic implant using three pickup coils.
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distance from the central axis and at 120° intervals. The orientation of pickup coils are adjusted in a parallel
direction to the applied magnetic field so that the initial electromotive forces are not induced in the three
pickup coils when the implant is not installed. After adjusting the position and orientation of the three pickup
coils, the drive coil and the pickup coils are integrated as an MFSD unit. As a result, when the implant is
located on the central axis, the three pickup voltages become equal. In summary, it is possible to examine
whether the implant deviates from the central axis by referring to the three pickup voltages.

> Principle of localization method

Figure 4-3 shows a conceptual diagram for position adjustment method. Figures 4-3(a) and 4-3(b) shows a
coordinate system of the top and side views of MFSD unit, respectively. Figures 4-3(c) and 4-3(d) shows a
schematic view for coarse adjustment and fine-tuned adjustment. Firstly, the MFSD unit is coarsely scanned
over the whole existence possibility area of the implant and then moved to a position close to the implant.
Next, MFSD unit is finely adjusted by moving it linearly so that the central axis penetrates the implant.

In Fig. 4-3(c), the black circle represents the relative orbit of the implant as seen from MFSD unit when
MFSD unit is circularly scanned (i.e., the orbit represented at the local coordinate system of MFSD unit,
hereinafter, referred to as ‘relative circular orbit’). At one rotation scan (one trial) during circular scanning, we
focus on the pickup coil whereby the distance from the coil to the center of relative circular orbit is the
farthest among the three pickup coils (hereinafter, referred to as ‘farthest coil’). The farthest coil may change
among pickup coils 1, 2 and 3. At one trial, the pickup voltage becomes the maximum value (V,_max) at the
position (Dmin) closest to the pickup coil, and becomes the minimum value (Vp min) at the position (Dmax)
farthest to the pickup coil. In the process of circular scanning the whole area, the maximum voltage (Vp_max) of
the farthest coil increases when the central axis approaches the implant. Therefore, by extracting only the
smallest voltage value among the maximum values (Vp1_max, Vp2_max, Vps max) OF pickup coils 1, 2 and 3 in each
trial, i.e., referring to the farthest coil, then comparing the extracted voltage values in all trials, the closest
distance between the central axis and the implant can be determined by the largest value extracted. After
moving the central axis into the relative circular orbit (the bold black circle in Fig. 4-3(c)), MFSD unit is
adjusted more precisely.

As shown in Fig. 4-3(d) for fine-tuned adjustment, firstly the movement of MFSD unit parallel to the
y-axis is repeated until the relative position of the implant is located on the symmetry xz-plane of pickup coils
2 and 3, i.e., until the difference between pickup voltages 2 and 3 becomes 0 V (see (1) of Fig. 4-3(d)). If the
sign of the difference between (Vp2, Vps) is reversed after moving the MFSD unit, i.e., the symmetry xz-plane
passes the implant, then MFSD unit is moved in the reverse direction with half of its previous movement
amount. After adjusting MFSD unit so that the implant is on the symmetry xz-plane, MFSD unit is adjusted so
that the central axis penetrates the implant, i.e., the movement of MFSD unit parallel to the x-axis is repeated
until the difference between pickup voltage 1 and the average of pickup voltages 2 and 3 becomes 0 V (see (2)
of Fig. 4-3(d)).

38



Akita University

(a) Top view (b) Side view

© relative position of implant as seen from MFSD unit
relative circular orbit e center of relative orbit

existence possibility area

(c) Coarse adjustment (d) Fine-tuned adjustment

Fig. 4-3 Conceptual diagram of position adjustment method.

39



Akita University

4.3 Construction of localization system (experimental setup)

Figure 4-4 shows the block diagram and experimental landscape of the constructed automatic localization
system of hyperthermia implant. In the following experiments, a sine wave alternating current of 2,560 Hz
was generated by a function generator (WF1944A, NF Corp.). It was then amplified to 8.0 App by a bipolar
amplifier (BP4610, NF Corp.), and was applied to the drive coil. The magnetic flux density at a position of 10
mm from the top surface of the MFSD unit (where the sample was initially placed) was 0.576 mT. The applied
magnetic flux density was sufficiently low to maintain the sample constant at a room temperature of 25°C.

The three pickup voltages, i.e. the shift in magnetic field brought about by the sample, were measured by
three lock-in amplifiers (7265DSP, AMETEK Co.) which perform synchronous detection. A voltage between
the ends of a non-inductive resistance of 0.5 Q connected in series to the drive coil was used as reference
signal required for the synchronous detection. The voltages detected by the three lock-in amplifiers via a
GPIB cable and the position information of the MFSD unit transmitted from a robot arm control PC via a
LAN cable were displayed and saved in real time on a measurement PC by using an automatic measurement
program developed with LabVIEW2012 (National Instruments).

The drive coil (pickup coil) of the MFSD unit had an external diameter of 118 mm (12.5 mm), internal
diameter of 76 mm (10 mm), thickness of 9 mm (5 mm), and a turn number of 20 turns (10 turns),
respectively.

The sample used consisted of Au-FILCT (1.0 g) dispersed in deionized water (1.0 g). When there was no
sample, under the condition of the magnetic field applied from the drive coil, the three pickup voltages were
calibrated to 0 V by the auto-offset function of the lock-in amplifiers.

In this system, we utilized a robot arm (Motoman-SIA 10F, Yasukawa, positioning accuracy + 0.1 mm) to
produce precise movement of the MFSD unit. The position information of the MFSD unit was transmitted to
LabVIEW through TCP/IP by using an automatic control program developed with Microsoft VC++ 2008. The
installation position of the MFSD unit and the sample was turned upside down in contrast to the actual
installation position in clinical settings. Here, the sample was placed in a test tube in a fixed position. Then,
the MFSD unit was moved by the robot arm below. A sample holder was used to install the tube and position
it initially on the central axis.

40



Akita University

pPC j/ GPIB cable LAN cable PC
Lock-in
(e—m.l  Amplifier 3 é EI_
Lock-in =
B E ~—+ Amplifier2 _ Controller
- Lock-in !
___.l:|l .y Amphﬁer 1 Sample
Input Signal
Reference Signal
Function
Generator
0.5¢2
ARERRRTR00 [R]
M = ©
Bipolar Amplifier

: pickup\r sample
|coil 1,2,3 b holder

Ldrive coil unit [mm]

Fig. 4-4 Block diagram (above) and experimental landscape (below) of the constructed
automatic localization system of hyperthermia implant.
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4.4 Experimental method

The validity of the proposed method when the sample deviates from the central axis was examined by several
evaluation experiments. First, to examine coarse adjustment, the sample was fixed at a position of 20 mm
above MFSD unit, then MFSD unit was circularly scanned below, and the three pickup voltages were
simultaneously measured. Here, the radius of circular scanning was 5 mm, while the distance between the
center of relative circular orbit and the central axis was changed at four settings: 0, 10, 30, and 50 mm. Next,
to examine fine-tuned adjustment, the three pickup voltages with respect to the position of the sample were
measured every 1 mm from x = —10 mm to 10 mm on symmetry xz-plane of pickup coils 2 and 3 under the
condition of treatment distance z = 10 mm and 20 mm. Subsequently, we constructed an automatic position
adjustment system based on the proposed method and evaluated experimentally the constructed system.

45 Results and discussion

Figure 4-5 shows the relationship between the average and standard deviation (n = 5) of each pickup voltage
and the position of the sample under the condition that MFSD unit is circularly scanned with a radius of 5 mm.
Figures 4-5(a), 4-5(b), 4-5(c) and 4-5(d) show the results with the distances from the center of the relative
circular orbit to the central axis being 0, 10, 30 and 50 mm, respectively. Here, the position of the sample is
expressed as an angle on the relative circular orbit (clockwise direction +). The reference angle (0°) is the
white dot on the enlarged relative circular orbit as shown in Fig. 4-5(a). When MFSD unit was circularly
scanned, the relative distance between each pickup coil and the sample fluctuated periodically, thereby, each
pickup voltage changed periodically. As the center of the relative circular orbit moved away from central axis,
the maximum voltages of pickup coils 2 and 3 (the distance from the pickup coils to the center of relative
circular orbit was the farthest among the three pickup coils) were decreasing. The absolute value of pickup
voltage 1 became the maximum value when the sample was closest to pickup coil 1 (angle 0° in Figs. 4-5(a)
and 4-5(b), and angle 180° in Fig. 4-5(d)), and the absolute value of pickup voltage 1 became the minimum
value when the sample was farthest to pickup coil 1 (angle 180° in Figs. 4-5(a) and 4-5(b), and angle 0° in Fig.
4-5(d)). In contrast, as shown in Fig. 4-5(c), the absolute value of pickup coil 1 at angle 180° (the position was
closest from pickup coil 1) was smaller than that of angle 0° (the position was farthest from pickup coil 1).

In Figs. 4-5(c) and 4-5(d), the maximum voltage of pickup coils 2 and 3 is larger than the maximum
voltage of pickup coil 1, resulting in pickup coil 1 being determined as the farthest coil from the three pickup
voltages measured (erroneous determination). However, even if the maximum voltage of pickup coil 1 was to
be extracted in the trial of Figs. 4-5(c) and 4-5(d), it will still be smaller than the maximum voltage of pickup
coils 2 and 3 extracted in the trial of Figs. 4-5(a) and 4-5(b) where the distance between MFSD unit and the
sample is shorter. This means that since the trial became the maximum of the voltage values extracted by
circular scanning on the whole area targeted, then even if an erroneous determination occurred in the trials of
Figs. 4-5(c) and 4-5(d), this would not affect the result of the coarse adjustment.
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Fig. 4-5 Relationship between pickup voltages and position of sample during circular scanning for different
distances between the center of the relative circular orbit and the central axis when treatment distance was 20
mm. (a) Distance at 0 mm, (b) distance at 10 mm, (c) distance at 30 mm, and (d) distance at 50 mm.
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Figure 4-6 shows the relationship between the average and standard deviation (n = 5) of each pickup
voltage and the position of the sample under the condition of the sample located on the symmetry xz-plane of
pickup coils 2 and 3, which was moved in parallel to the x-axis. Figures 4-6(a) and 4-6(b) show the results of
the treatment distance z = 10 mm and 20 mm, respectively. The black line passing through the center axis as
shown in Fig. 4-6(a) is the relative orbit of the sample seen from MFSD unit. Pickup voltages 2 and 3 matched
and the three pickup voltages had a tendency to match when the sample approaches the central axis (x = 0
mm). The same tendency was obtained under the condition of the treatment distance z = 20 mm, but the three
pickup voltages decreased compared to the treatment distance z = 10 mm.

Moreover, it was also confirmed that pickup voltages 2 and 3 had a tendency to match when the sample
approached their symmetry plane (e.g., Vo2 = 22.6 uV, Vpz = 14.2 uV at angle 90°, Vo = 13.8 uV, Vs = 22.5
uV at angle 270° in Fig. 4-5(a), and Vp2 = 18.8 nV, Vp3 = 18.6 1V at position x = 0 mm in Fig. 4-6(a)). The
above results confirmed that it is possible to adjust MFSD unit to be directly above Au-FILCT using the three
pickup voltages as clues.
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Fig. 4-6 Relationship between pickup voltages and position of sample during linear movement.
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The following shows evaluation of the changes in the pickup voltage with respect to the position of the
sample in the existence possibility area of the sample. Using the measurement results in Fig. 4-5 (angle 0° and
180°) and Fig. 4-6(b), the three pickup voltages are as plotted in Fig. 4-7. Here, the position of the sample
ranges from x = —10 mm to 55 mm on the symmetry xz-plane of pickup coils 2 and 3. The blue area shown in
Fig. 4-7 represents the position of pickup coil 1 as seen from the side view of MFSD unit. It was confirmed
that when the sample located in area (a) was closer to pickup coil 1, the number of magnetic flux interlinking
across pickup coil 1 increased. However, when located in area (b), the number of magnetic flux decreased
when the sample was closer to pickup coil 1. When the sample passed through pickup coil 1 as shown in area
(c), the orientation of the magnetic flux with respect to pickup coil 1 was reversed.
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Fig. 4-7 Relationship between voltages and position of sample on xz-plane (treatment distance = 20 mm).
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Figure 4-8 shows the relationship between the average and standard deviation (n = 5) of each pickup
voltage and the treatment distance between MFSD unit and the sample. When the sample was located on the
central axis, the three pickup voltages almost matched with each other and decreased as MFSD unit moved
away from the sample. Furthermore, after calculating the average of the three pickup voltages at an arbitrary
distance, a high coefficient of determination (R? = 0.998) was obtained when using an exponential
approximation of the relationship between the average voltage and the treatment distance. We also confirmed
that the average value of the three pickup voltages changes in inverse proportion to the distance between
MFSD unit and the sample located on the central axis. Therefore, it is possible to estimate the treatment
distance via the average measured value.

Since the pickup voltage depends on the mass of the sample, it is also necessary to carry out further
studies on the effect of other factors such as the mass of the sample and its distribution in the treatment area
on the approximation expression in Fig. 4-8 to improve the accuracy of the proposed method. Furthermore,
the distance estimation becomes more difficult when MFSD unit moves away from the sample. We found that
the voltage induced in the pickup coil changes greatly depending on the position of the sample even under the
same treatment distance (see Fig. 4-7). Therefore, the treatment distance can also be improved by
investigating the optimal installation position of the pickup coils inside the drive coil.
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Fig. 4-8 Relationship between pickup voltages and the distance between MFSD unit and sample.

46



Akita University

» Evaluation of the constructed automatic position adjustment system

In this section, we evaluated the constructed automatic adjustment system. In this experiment, a sine wave of
2,560 Hz was generated by a function generator, then amplified to 8.0 Ap-p by a bipolar amplifier and applied
to drive coil. The applied magnetic field at a position of 15 mm (initial setting sample) from the top surface of

MFSD unit was 0.520 mT.

Before starting adjustment, the position of the central axis of MFSD unit as seen from the implant is (i.e.,
X =-=12 mm, y = -12 mm) as shown in Fig. 4-9. In this experiment, settings for coarse adjustment, the radius
was r = 5 mm, scanning area was 25x25 mm. For fine-tuned adjustment, initial movement was d = 2 mm and

the end conditions were d <=0.5mmor 4V <=0.5 V.

scanning
area

Fig. 4-9 Position of sample and MFSD unit before adjustment.
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Figures 4-10 and 4-11 shows the position of the central axis of MFSD unit as can be seen from the sample
which was fixed, and the temporal change in pickup voltages when MFSD unit was circularly scanned,
respectively. In Fig. 4-10, the blue dot represented the initial position of central axis of MFSD unit, and the
black dot represented the position of the sample. As shown in Fig. 4-10, the radius of each circle scan (each
trial) was set with 5 mm, and the total of the trials for scanning area of 25x25 mm was 16. During circular
scanning, the pickup voltages at each position of central axis (12 points for each trial) were plotted in Fig.
4-11. The maximum voltages of pickup coils 1, 2, and 3 in each trial were plotted in Fig. 4-12. Here,
(Vp1,2,3_max)min is the minimum voltage of the three maximum voltages in each trial (i.e. referring to the
farthest coil). It was confirmed that as the central axis got close to the sample, the value of (Vp1,2,3_max)min
became larger. The sixth trial (red circle in Fig. 4-10) where the value of (Vp1,2,3_max)min was maximized,
indicates that this trial was the closet to the sample. As a result, MFSD unit was moved to the center of the
sixth trial (x =-2 mm, y =— 2 mm).
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Fig. 4-10 The position of central axis as can be seen from the fixed sample (x =0,y =
0) when MFSD unit was circularly scanned with the radius of 5 mm.
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Fig. 4-11 The temporal change in pickup voltages when MFSD unit was circularly scanned.
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Fig. 4-12 The maximum voltage of each pickup coil in each trial and the minimum of
the three maximum voltages in each trial (coarse adjustment).
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Figure 4-13 shows the result of the fine-tuned adjustment after coarse adjustment above. When pickup
voltages 2 and 3 had a tendency to match, the sample got close to the symmetry plane of pickup coils 2 and 3
as shown in (1) of Fig. 4-13, i.e. the y-coordinate of the central axis was close to 0. Subsequently, as shown in
(2) of Fig. 4-13, when pickup voltages 1 and the average of pickup voltages 2 and 3 was close to 0 V, the
x-coordinate of the central axis was close to 0. In summary, using the developed system, the adjustment time
of MFSD unit to the sample can attain an accuracy of below 1 mm.
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Fig. 4-13 The voltage of each pickup coil and the position of the central axis of
MFSD unit when MFSD unit was linearly moved (fine-tuned adjustment).
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4.6 Summary

In this study, we proposed a position adjustment method to solve the challenge of providing both accuracy in
temperature detection and maintaining the heating effectiveness of treatment, which decreases as the implant
injected into the affected part deviates from MFSD unit. MFSD unit was automatically adjusted to be directly
above the implant by using the voltages induced in three pickup coils symmetrically installed inside the drive
coil. Using the constructed position adjustment system, it was possible to automatically locate the position of
the implant with accuracy below 1 mm. The proposed methods can be used in magnetic hyperthermia using
heating elements such as in a bulk magnetic material and magnetic nanoparticles. These techniques can be
used together with existing magnetic hyperthermia.

In the future, we plan to investigate the optimal installation position of the pickup coils inside the drive
coil as well as investigate how distribution of the implant in affected part affects the accuracy of the proposed
method. Moreover, it will be better if the time required for the position adjustment is shorter. Therefore, we
are considering that the existence possibility area of the implant can be reduced from the signs and the
magnitude relationship of the three pickup voltages measured before circular scanning. Furthermore, the time
changes depending on the setting of the radius of circular scanning and the amount of linear movement can be
further considered. Therefore, it is also necessary to investigate optimal parameters for the radius and the
amount of movement.
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Chapter 5

Development of rotary scanning technique of motion artifact reduction

5.1 Introduction

Human heart rate variability includes high frequency components (0.15-0.4 Hz) synchronized with respiration,
low frequency components (0.04-0.15 Hz) due to baroreceptor reflex related to blood pressure regulator, and
very low frequency components (<0.04 Hz) [44]. Respiration is not limited to the frequency range of 0.15 to
0.4 Hz, e.g., itis as low as 0.1 Hz during rest and as high as 0.7 Hz during exercise. As a method of reducing
the artifacts, methods such as respiratory arrest method by breath holding or respiration/heart rate
synchronization method for periodic motion are performed.

In previous studies, we proposed a wireless temperature method using the thermosensitive implant as a
probe. However, during treatment the relative position between MFSD unit and the implant is considered to
fluctuate by the periodic physiological motions such as respiration and heartbeat-induced artifact. When the
fluctuation of the implant is large, it cannot distinguish whether the change in pickup voltage is caused by the
change in the temperature of the implant around therapeutic temperature, or by the change in distance between
MFSD unit and the implant by the artifact. It is thus of paramount importance to reduce the artifact to improve
the accuracy of wireless temperature measurement for clinical settings.

In this chapter, we proposed a motion artifact reduction method by rotating scanning technique of reducing
the effects of periodic physiological motions such as respiration and heartbeat.

5.2 Principle of rotary scanning technique of motion artifact reduction

We focused on the periodic physical motions artifacts. MFSD unit is circularly scanned in a different period
cycle from the motion artifacts, the spectrum component synchronized with the rotary scanning and the
spectrum components of the motion artifacts are separated by Fourier transform, and only the target
component (signal) is extracted for temperature measurement [45, 46].

Figure 5-1 shows an image of therapeutic system by rotary scanning. Figure 5-2 shows a conceptual of
motion artifact reduction method. Here, Fig. 5-2(a) shows the results of power spectrum analysis in the case
where there is no artifact, whereas Fig. 5-2(b) shows the case of artifact, and Fig. 5-2(c) shows the result of
power spectrum analysis in the case of artifact. The left side of the figure shows the case where the
temperature of the implant is below the Curie point, whereas the right shows the case where the temperature is
above the Curie point. Since the relative distance between the pickup coil and the magnetic material
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periodically varies by rotational scanning, the pickup voltage periodically varies in synchronization with the
rotation period. When the temperature rise of the implant is above the Curie point, the permeability of the
implant significantly decrease, thereby the amplitude value of the pickup voltage also decreases. As a result, it
is possible to detect whether or not the implant has reached the Curie point from the change in the power of
the spectral component synchronized with the rotary scanning, even if there is a motion artifact.

MFSD unit rotary scanning

Pickup coil

Drive coil

Lock-in [i]’
Amplifier

Robot arm

Fig. 5-1 Image of a therapeutic system by rotational scanning.
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Fig. 5-2 Concept of motion artifact reduction method by rotating scanning technique. The left side of the
figure shows the case below Curie point, whereas the right side shows the case above Curie point.
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5.3 Construction of rotary scanning system (experimental setup)

Figure 5-3 shows the block diagram of the constructed system to verify the validity of the proposed artifact
reduction method. Figure 5-4 shows the top and side view of the experimental landscape. In clinical settings, a
large capacity of induction heating power supply is used to generate a high frequency and strength of
magnetic field enough to heat magnetic particles up to therapeutic temperature. To verify the validity of the
proposed method, a small capacity of bipolar amplifier (BP4610, NF Corp.) was used to generate a magnetic
field, so the sample was not inductively heated. In this system, a sinusoidal current was generated by a
function generator (WF1944A, NF Corp.) which was amplified by bipolar amplifier and applied to drive coil,
and a magnetic field (8 Ap-p, 2560 Hz) was generated around it. The magnetic flux density at the position of
the sample was 0.55 mT. Pickup voltage which varies depending on the permeability of the sample was
synchronously detected by a lock-in amplifier (7265DSP, AMETEK Co.). For the reference signal of lock-in
amplifier, the voltage across the resistor of 0.39 Q connected in series with drive coil was used. The real time
voltage waveform was displayed and the voltage value was saved by automatic measurement program
developed with LabVIEW 2012 to the computer via the GPIB interface. With low magnetic field applied by
the bipolar amplifier, sample (1.0 g of Au-FILCT dispersed in 1.0 g of deionized water) cannot be inductively
heated. Therefore, a sample heated to 70°C with a hot plate was then placed at a position 10 mm away from
MFSD unit, naturally cooled until it decreased below the Curie point, and pickup voltage at that time was
measured. At the same time, as reference data for evaluating the validity of this method, the center
temperature of sample was measured by optical fiber thermometer (FL-2000, Anritsu-meter) and recorded on
PC.

Before scanning MFSD unit, the pickup voltage was calibrated to 0 V by the offset function of lock-in
amplifier in a state where a magnetic field was applied from drive coil without setting sample so that pickup
voltage was minimized. MFSD unit was composed of drive coil and pickup coil which had an outer diameter
of 118 mm and 12.5 mm, an inner diameter of 76 mm and 10 mm, a thickness of 9 mm and 5 mm, and turn
number of 20 and 20 turns, respectively.

In the clinical setting, MFSD unit is assumed to rotationally scan on the body surface closest to the
implant. In this experiment, the sample was fixed upward in the test tube and MFSD unit was rotationally
scanned by a robot arm (Motoman-SIA 10F, Yasukawa) below the sample. In this experiment, the motion
artifact was simulated by the vertical movement of MFSD unit by the robot arm. In particular, in the condition
where there is no artifact, MFSD unit was circularly rotated with the robot arm. On the other hand, in the
condition with periodic physiological motion artifact, MFSD unit was spirally rotated in which the vertical
movement simulating the artifact was added to the circular rotation when there was no the artifact.
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Fig. 5-3 Configuration diagram of experimental setup of motion artifact reduction method.
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Fig. 5-4 The top view (a) and (b) side view of experimental landscape.
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5.4 Experimental method

In the condition when there was no artifact, MFSD unit was circularly rotated with a period of 2s and a radius
of 13 mm. In the condition with artifact, MFSD unit was expressed by spiral scan in which the vertical
movement simulating the artifact was added to the circular scan when there was no the artifact. The amplitude
of vertical movement of the simulated artifact was fixed at 10 mm and the periods were 5, 11 and 19s which
were generated randomly so that they corresponded to the high, low frequency component and ultra-low
frequency component of the human heart rate variability. The change in pickup voltage around the Curie point
was measured.

5.5 Results and discussion

Figure 5-5 shows the temporal change in pickup voltage and the temperature of the sample when the MFSD
unit was circularly scanned on the plane 1 cm from the sample. Here, the horizontal axis represents the
measurement time, the first vertical axis represents pickup voltage, and the second vertical axis represents the
temperature of the sample. As the temperature of the sample which was heated to 70°C beforehand decreased
below the Curie point, the amplitude value of pickup voltage synchronized with the period of rotary scanning
increased. Furthermore, the amplitude value did not change and became constant when the temperature of the
sample decreased below Curie point. Figure 5-6 shows the partial waveform in the range from 350 to 385s of
Fig. 5-5. It was confirmed that pickup voltage with an accurate period (2s) synchronized with the cycle of
MFSD unit. Here, the amplitude value of each period of the induced electromotive force generated in pickup
coil was at the position where pickup coil was closest to the sample, and the minimum value was at the
position where pickup coil was farthest to the sample. The change in the permeability of the sample due to the
change in its temperature could be expressed as the amplitude value of pickup voltage. The amplitude value of
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Fig. 5-5 Temporal change in pickup voltage and temperature of sample (without artifact).
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Fig. 5-6 A partial waveform (Fig. 5-5) of the temporal change of pickup voltage.

pickup voltage obtained changed clearly around the Curie point, and it is possible to detect whether the

temperature of the implant has reached Curie point from the change in the amplitude value of pickup voltage.

Figure 5-7 shows the temporal change in pickup voltage and the temperature of the sample when MFSD

unit was spirally rotated. It was confirmed that when the temperature of the sample heated to 70°C beforehand

decreased below the Curie point, pickup voltage synchronized with the period of rotational scanning was

influenced by the artifacts, resulting in the high disturbance in the amplitude value. Figure 5-8 shows the

partial waveform in the range from 350s to 385s of Figure 5-7. It was confirmed that the signal synchronized

with the rotary scan was buried in the noise due to the artifact when vertical motion simulating the artifact was

added.
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Fig. 5-7 Temporal change in pickup voltage and temperature of sample (with artifact).
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Fig. 5-8 A partial waveform (Fig. 5-7) of the temporal change of pickup voltage.
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Fig. 5-9 Relationship between pickup voltage and the temperature without rotary scanning.

The relationship between pickup voltage which was extracted from the result in Figs. 5-5 and 5-7 at
intervals of rotary scan cycle (2s) and the temperature of the sample are plotted in Figure 5-9. In the case
without the artifact, pickup voltage obtained changed clearly around Curie point, and it was possible to detect
whether or not the implant has reached Curie point from the change in the voltage around Curie point. On the
other hand, the voltage was greatly disturbed in the case with the artifact, and it was not possible to detect the
temperature of the implant. Therefore, an analysis method to extract only spectrum component synchronized
with rotary scanning is necessary to reduce the effect of the artifact.
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» Power spectrum analysis

In order to investigate the change in the power of the spectrum synchronized with the rotary scanning with
respect to the temperature of the sample, pickup voltage obtained was divided into frame lengths of N = 2"
points for Fast Fourier Transform while shifting at M points interval (M < N), the power spectrum was
analyzed. Figure 5-10 shows a conceptual diagram of frame movement for power spectrum analysis using the
waveform in the case with the artifact. The overlap amount between adjacent frames was given by the
following equation.

overlap= % x100%

Before the implement of Fast Fourier Transform, each frame was applied with moving average (L = 5
points), then the frame was applied by Hanning window to suppress the harmonic components due to sudden
changes near both ends of the frame. The frequency characteristic (cut-off frequency) of simple moving
average is given by the following equation.

fc=0.443x s
L

where f¢ is cut-off frequency, L is moving average point and fs is the sampling frequency.
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Fig. 5-10 Conceptual diagram of power spectrum analysis.
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Figure 5-11 shows the relationship between the power of the frequency of 0 to 1 Hz and the temperature of
the sample in the case of each frame N = 2° = 512 points (51.2s) and M = 32 points (3.2s, overlap 93.75%).
Fig. 5-11(a) shows the case without the artifact, whereas Fig. 5-11(b) shows the case with artifact. The
horizontal axis represents the frequency, the vertical axis represents the power of each frequency, and the
depth axis represents the temperature of the sample. The direct-current component (0 Hz), the harmonic
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Fig. 5-11 Change in the power of each frequency component due to the temperature of the
sample (black solid line shows the relationship between the power of 0.5 Hz and the temperature).
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component (0.5 Hz x 2 = 1 Hz), and the 0.5 Hz component (black solid line) synchronized with the rotary
scanning were confirmed. Also, it was confirmed that the superimposition of the frequency component
simulating the artifact as shown in Fig. 5-11(b).

Figure 5-12 shows the relationship between the power spectrum synchronized with rotary scanning (0.5
Hz) and the temperature of the sample which was extracted from Fig. 5-11. The result indicates that regardless
of the presence or absence of the artifact, it was confirmed that the power greatly changed around Curie point.
However, the change in the power around Curie point decreased due to the influence of the artifact compared
to that of the case without the artifact. It was considered that it is possible to detect whether the implant has
reached Curie point from the change in the power synchronized with rotary scanning. Therefore, even if the
periodic physiological motion artifacts such as respiration or heartbeat occur, by focusing on only spectrum
component synchronized with rotary scanning the influence of the artifacts can be reduced.
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Fig. 5-12 Relationship between the power spectrum of rotary scanning and the temperature of the sample.
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» Quantitative evaluation method

Next, we quantitatively evaluated the conventional method (Fig. 5-9) and the proposed method (Fig. 5-12)
using signal to noise ratio index. Here, signal was the change in the maximum value and the minimum value
of the cubic approximation curve of the voltage versus temperature in the range of 40-50°C, noise was the
maximum value of the absolute value of the difference between the measured value and the approximate value,
the SN ratio of the pickup voltage in the conventional method was represented by the following equation.

SignaF
Noise?

Similarly, the SN ratio by the proposed method of the power versus temperature (Fig. 5-12) was calculated.

SNR=10xlogg

Figure 5-13 shows the average value of SN ratios in the conventional method and the proposed method (n = 5).
Here, the frame length for fast Fourier transform was set to 6.4 s, 12.8 s, 25.6 s, 51.2 s, and 102.4 s (overlap
93.75% in all frames) to examine the influence of frame length on the power versus temperature. It was
confirmed that the SN ratio improves with the proposed method compared to the conventional method,
regardless of presence or absence of the artifact. In particular, in the case of the artifact the SN ratio was —3.1
dB in the conventional method, whereas in the proposed method the SN ratios were 7.7, 9.2, 18.5, 30.4 and
38.7 dB which were improved by increasing the frame length, thereby the influence of body movement could
be also reduced. The longer the measured waveform (frame length) was from the period of the target signal in
Fourier transform, the higher the frequency resolution (sampling frequency/N) can be improved, and the
spectrum can be extracted with high accuracy. However, the disadvantage was that the longer time required
for collection and calculation of the data. In our system that needs real time detection for temperature control,
the delay time should be as short as possible.
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Fig. 5-13 The SN ratio of traditional method and rotary scanning method (n=5).
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5.6 Summary

In this chapter, in order to reduce the effects of periodic physiological motion artifact such as respiration and
heartbeat, we proposed the rotary scanning technique and validated the proposed method using the constructed
system. In this method, MFSD unit is circularly scanned in a different period cycle from the motion artifacts,
the spectrum component synchronized with the rotary scanning and the spectrum components of the motion
artifacts are separated by Fourier transform, and only the target component (signal) is extracted for
temperature measurement. From the result obtained, a clear change in the amplitude of pickup voltage around
Curie point that it was possible to detect whether or not the temperature of the implant has reached Curie point.
On the other hand, in the case with the artifact, pickup voltage was greatly disturbed, and it was not possible
to detect the temperature. After extracting only the target signal (i.e. power spectrum synchronized with the
rotary scanning), it was possible to detect the temperature even if the periodic physiological motion artifacts
such as respiration or heartbeat occurred. Furthermore, it was confirmed that the SN ratio for temperature
measurement was significantly improved with the proposed method compared to the conventional method,
regardless of presence or absence of the artifact. Also, the SN ratio improved as the frame length increased.
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Chapter 6

Conclusions and future works

6.1 Conclusions

Magnetic hyperthermia is a promising cancer therapy which has been gaining more attention in recent years
owing to fewer side effects compared to chemotherapy and less invasive than surgical therapy. In previous
studies, we succeeded in developing a microsize thermosensitive ferromagnetic implant with low Curie
temperature (FILCT) as a self-controlled heating element and coating it for improving its heating efficiency
(Au-FILCT). Furthermore, a wireless temperature measurement method has been proposed for monitoring
the temperature of the tumor by using the thermosensitive implant as a thermal probe.

There are still challenges remaining to make our system feasible in clinical settings. Firstly, due to the gold
coating layer a part of the applied magnetic field was shielded ascribed to the conductive coating around
FILCT. As a result, the change in the detected pickup voltage induced in pickup coil was reduced by half,
thereby the accuracy of the proposed wireless temperature measurement was significantly lowered compared
to that of FILCT. Secondly, in the case that the implant deviates from the central axis of the magnetic field
supply and detection unit composed of drive coil and pickup coil the magnetic flux density applied on the
implant decreases, it results in a decrease in its heating efficiency as well as the accuracy of the proposed
wireless temperature measurement. Thirdly, due to the periodic physiological motions such as respiration and
heartbeat during treatment, it could not distinguish whether the change in pickup voltage was caused by the
change in the temperature of the implant around therapeutic temperature, or by the change in distance between
MFSD unit and the implant by the artifact.

In this study, we proposed solutions for the three problems above as below.

(1) Development of hyperthermia implant with high heating efficiency and high permeability

As an alternative approach to the gold coating, we proposed to mix FILCT with a high heating-efficient
magnetic nanofluid. In the case of using a commercial nanofluid named Resovist® (MRI contrast agent)
consisting of maghemite particles with average diameter of 3.6 nm, the heating efficiency of the proposed
mixture of micro/nano-magnetic particles was improved 4.3 times, and the accuracy of the thermometry was
improved 1.3 times compared to that of FILCT under a magnetic field of 500 kHz, 4.95 kA/m. A similar
tendency was obtained when using a lab-made nanofluid consisting of magnetite particles with average
diameter of 13.9 nm. Furthermore, the results also suggest that by mixing magnetic nanoparticles in
Resovist® with FILCT at a volume fraction of nanoparticles of 0.5%, the resulting mixture will have high
heating efficiency and permeability besides being easily controllable around the therapeutic temperature. We
hypothesized that the magnetic nanoparticles in Resovist® can fill the gaps between the magnetic
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microparticles in FILCT, thereby reducing the demagnetizing field of magnetic microparticles, thus
improving the permeability of FILCT in the mixture.

(2) Development of localization technique of hyperthermia implant

To localize the position of the implant, we devised a position adjustment method in which the central axis
is aligned directly above the implant by referring to three voltages induced in three pickup coils
symmetrically installed inside drive coil. Using the constructed position adjustment system, it was possible
to automatically locate the position of the implant with accuracy below 1 mm by operating MFSD unit in
two modes of coarse adjustment (rotary scanning) and fine adjustment (linear scanning).

(3) Development of rotary scanning technique of body motion artifact reduction method

To overcome the periodic physiological motions such as respiration and heartbeat induced artifact during
treatment, we proposed an artifact reduction method by using rotary scanning technique on MFSD unit in a
different period cycle from the periodic respiration and heartbeat. We utilized the difference in the frequency
domain of spectral component of rotary scanning (signal) and that of the artifact (noise), and extracted only
the target signal needed for temperature measurement. Using the constructed verification system, we
confirmed that regardless of the presence of the artifact, the change of the extracted power around the Curie
point is sufficiently large to detect whether the temperature of the implant has reached the therapeutic
temperature. In particular, in the case with the artifact the SN for temperature measurement was —3.1 dB,
whereas the SN after reducing the artifact using the proposed method was enhanced significantly 38.7 dB,
which was sufficient to estimate the temperature of the implant.

With the proposed implant and techniques above, the signal detected from pickup coil can be enhanced
significantly, thereby increasing the treatable depth through our treatment system.

6.2 Future work

At present, using our constructed treatment system, it is possible to treat the tumor up to 5 cm from the body
surface. However, to extend the treatable distance for deeper tumor, the optimal design of pickup coils and
drive coil, the clarification of heating mechanism in micro/nanomagnetic particles, and the construction of
automatic temperature control technique are needed.
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