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Abstract

Radio frequency (RF) hyperthermia, for which cell temperatures are increased to
41-45 <C, is a well-recognized method for treatment of malignant tumors. However, it
suffers from the lack of spatial selectivity towards the target when non-invasive external
sources are used. An optimized hyperthermia method, time reversal (TR) technique, is
introduced to enhance specific heating on the target while reducing the non-specific heating
elsewhere.

TR is applied to electromagnetics (EM) recently due to its intrinsic temporal and
spatial focusing properties coming from the linear reciprocity of the Maxwell’s equations.
It utilizes the time reversal mirror (TRM) to record the EM waves emitted from a source
and reemit the time-reversed version back to the source. By collecting the scrambled
information dispersed in the reflection and scattering, the original source signal is rebuilt
and a high-intensity focusing is observed at the source location. Owing to its focusing
properties, EM TR has been applied in areas such as wireless communication and
geophysics. In this dissertation the possible application of TR in hyperthermia is assessed
and investigated.

A simple analytical model is proposed to analyze the TR problem in a pure EM
way. The model converts the spatial focusing problem into a constrained optimization
based on an asymptotic study and provides information for the choices of signal types,
frequencies, bandwidths, and number of antennas.

In addition, two non-invasive focusing methods are discussed. The first approach
is to mark the target with an active virtual source. The real signals used for selective heating

are obtained from the simulation on the personalized permittivity map generated from MRI
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and CT. The other way is to place one or more passive nonlinear element, such as a
ferromagnetic material, instead of an active source to spatially encode the tumor location.
The feasibility of these two methods is evaluated by simulations in CST MICROWAVE
STUDIO® for a reverberating system. The follow-up experiments conducted in the same
environment clearly demonstrates the intensity and selectivity of the heating effects from

the EM TR techniques.
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Chapter 1 Introduction

The World Health Organization (WHO) reports that cancer caused 8.8 million
death in 2015 and predicts that in 2035 the death number will increase to more than 14
million [1]. Cancer is the second major cause of death worldwide, surpassed only by
ischemic heart disease and stroke. The research reported by the International Agency for
Research on Cancer (IARC) shows that, in 2012, the total number of cancer incidents was
more than 14 million [2], among which the most common cases in males were lung cancers.
Lung cancer is the biggest killer among all cancer. Approximately 25 percent cancer deaths
are from lung cancer, more than the sum of deaths caused by colon, breast, and prostate
cancers [3]. The diagnosis rate for lung cancer at an early stage is only 16 percent [4].
Given the fact that the lung is too sophisticated to undergo frequent surgeries, it is
indispensable to innovate non-invasive methods in cancer diagnosis and therapeutics.

The traditional cancer treatment offers a combination of surgery, radiotherapy and
chemotherapy, which aims to cure or prolong life, while reducing suffering of cancer
patients. However, these therapeutic modalities barely increase the survival rate [5].
Instead, the patients probably suffer from the painful side effects. The low survival rate of
cancers results from the following: (i) the difficulties in diagnosis and prognosis for
neoplasms. Mostly the malignant tumor cells are seated deep from the skin, which are hard
to be spotted and targeted; (ii) the genetic diversity of cancers. The therapeutic modality
should be specific and feasible to each individual even with the same cancer; (iii) The drug
resistance properties of the cancer stem cells [6], which means they can prevent themselves
from anticancer agents, at the same time the anticancer drugs are able to potentially damage

the healthy cells.



The last couple of decades have witnessed the rapid development of cancer
treatment. Thermal therapy, specifically hyperthermia, is generally combined with
radiation therapy and chemotherapy to treat cancer [7, 8]. In this method, the stem cancer
cells are heated by external sources over a threshold temperature for a period of time. The
purpose of hyperthermia is to kill or damage cancer cells and sensitize the survival cancer
cells to radiation or other cancer therapies. There are three primary types based on different
kinds of cancers: local, regional, and whole-body hyperthermia [9]. Several research results
illustrate that applying hyperthermia as an adjuvant therapy can effectively reduce the size
of tumors and improve the effect of other combined treatments [10-12]. One of the most
popular thermal therapies is radio frequency (RF) hyperthermia, taking the advantage that
RF waves can penetrate the human tissues to heat the malignant tumors. However, there
comes a drawback that RF hyperthermia lacks of selectivity toward the cancer tissue. In
this case, several focusing strategies for hyperthermia are introduced to enhance specific
heating on the target while reducing the non-specific heating elsewhere.

Either RF or microwave thermal ablation are techniques in which EM energy is
applied locally directly targeting cancer tissue. The ablation therapy is aiming at the
eradication or substantial destruction of the tumor in a minimally invasive fashion without
damaging adjacent vital structures [13]. The RF or microwave energy is guided through an
electrically conducting probe inserted into the tumor, usually with a catheter. When the
EM energy is deposited, the heating is only induced locally in a small area around the tip
of the probe. The mechanism of heating with ablation is the resistive loss from the Joule’s
first law. However, the major disadvantages are that it is an invasive method, and it cannot

be combined with drug delivery.



Currently the adaptive phased array [14] is the most well-developed approach to
optimizing hyperthermia non-invasively using external sources. By adjusting the
magnitude and phase of each element in the array, selective heating can be delivered after
optimization. The method requires an adaptive optimization algorithm and takes several
iterative runs to reach the final state that the heating is focused at the target location
satisfying certain constraints. The parameters that used in the optimization criteria could
be the specific absorption rate (SAR) [15-19], the temperature [20-24], or the energy [25].

Another approach is able to attain good focusing in hyperthermia is the Ultra-
wideband (UWB) method. It is originated from a communication technology for the high-
speed data transfer [26]. The focusing properties of the UWB method comes from the
compensation of the propagation effects, including the delay in the time domain and the
dispersion in the frequency domain. The system is implemented by passing the UWB pulse
through designed finite-impulse response (FIR) filters [27, 28].

The time reversal (TR) technique, which was first proposed in late 1980s [29],
achieved its focusing properties from the linear reciprocity, in time, of the wave equation.
It takes advantage of the scrambled information of the complex media, which is included
in the receiving signal, or the acoustic term “sona”, of each time reversal mirror (TRM) to
achieve focusing at the target location. Compared to the traditional phased array or UWB
method, TR requires neither calculation of the E-fields of each individual antenna of the
array, nor a FIR filter design process.

In the past few decades, focusing with TR has been studied for acoustic and

ultrasonic waves, e.g., in underwater communication [30] and lithotripsy [31]. More



recently, EM TR applications have been investigated in areas such as wireless
communications [32, 33], imaging [34], and biomedical engineering [35, 36].
1.1 Research Objectives and Original Contribution

The main goal of this research project is to assess the focusing properties of
electromagnetic TR methods in RF focused hyperthermia. It is analyzed from two
perspectives: temporal and spatial focusing. The temporal focusing is about how well the
original signal is reconstructed after the TR process, hence the similarity between the
original and reconstructed signal is to be quantified. Moreover, the objective in the spatial
focusing analysis is to calculate and improve the spatial resolution. To apply hyperthermia
in cancer treatment, the heating effects of TR need to be investigated in both homogeneous
and inhomogeneous media. Finally, a comparison between TR and existing focusing
strategies are discussed. Original contributions in this dissertation are as follows.

e Based on the real clinical scenarios in the treatment of the head and neck tumor,
an analytical model resembling the human neck tissue is proposed. The neck is
modelled as an infinite length dielectric cylinder and the TR process is
converted into a 2D line current source scattering problem. Both the time-
forward and time-reverse Green’s function could be solved analytically by
applying basic electromagnetic theories.

e The spatial focusing limit is investigated from an asymptotic study featuring a
closed time-reversal cavity (TRC). From the results of the asymptotic energy
distribution, the focal spot size is defined and spatial resolution is hence

calculated.



The parametric study, such as carrier frequency, bandwidth and the shape of the
TR source signal, is converted into an optimization problem with several energy
constraints summarized from the clinical concerns. The carrier frequency is
optimized by solving the constrained optimization problem. The effect of a
broadband signal compared to a single frequency one is qualitatively discussed.
From the energy distribution results contributed from a finite number of TRMs,
the quality of the spatial focusing is analyzed. The position of the focal point is
confirmed to be determined by the phase of each TRM, while the magnitude of
that regulates the shape of the spot. Keeping the phase information the same to
fix the target location, a magnitude correction of each TRM is introduced to
optimize the hot spot under certain energy constraints.

Full-wave simulations are carried out regarding the TR process in a two-channel
reverberating and a multi-channel ballistic system using the time-domain solver
in CST MICROWAVE STUDIO®. The temporal and spatial focusing is
assessed from TR with an active source. The feasibility of focusing from TR
with a passive nonlinear circuit is evaluated in combination with CST DESIGN
STUDIO™,

The experiments are designed and conducted to test the temperature change and
the selectivity of the heating effects from EM TR. A gelled phantom, which has
similar permittivity, conductivity and thermal conductivity properties to human
tissues, is employed to build a temperature profile over the focusing area. The
1D and 2D temperature distribution are measured and analyzed in the gelled

phantom.



1.2 Dissertation Overview

This dissertation is focused on the assessment of TR techniques for RF
hyperthermia in cancer treatment. It is further extended into 7 chapters from theoretical,
simulating and experimental points of view. Chapter 1 gives a general introduction to the
RF hyperthermia as an adjuvant therapy in cancer treatment, followed by the state-of-the-
art focusing strategies listed. Served as an innovative tool for focused hyperthermia, TR is
thereafter presented.

Chapter 2 is a review of the EM theories related to the energy flow and thermal
effects in biomatters. From the Maxwell’s equation, EM waves behave differently
depending on the material properties, leading to the difference in penetration depth and
specific absorption rate (SAR). The fundamental model for the thermal effects is further
explained in the bioheat equation. At the end of the chapter, the definition, development,
methods and challenges of hyperthermia as a clinical application in cancer treatment are
elaborated.

Chapter 3 provides an overview of the existing focusing strategies, including RF
ablation, phased array, and Ultra-wideband (UWB), followed by an introduction to the TR
techniques. It illustrates the TR technique in detail from its history, theory, methods and
applications.

In Chapter 4, a simple analytical model is proposed to inspect the TR problem from
the EM perspective. Simulating the clinical situation that a tumor is located in the neck
region, the model quantifies the focusing properties of TR, provides the information about
the spatial resolution, and further guides us for the choices of signal types, frequencies,

bandwidths, and the number of antennas.



Chapter 5 discusses two methods to focus the EM energy non-invasively with TR.
The first method is to utilize the full-wave simulation data over a personalized permittivity
map to control the amplitude and phase of the practical antennas. The permittivity map
could be created from the existing biological models incorporating the computed
tomography (CT) and magnetic resonance imaging (MRI) data. The other approach is to
spatially encoding the tumor site with a nonlinear beacon that emits new frequency
components when an EM waveform is incident. The related simulations prove the
feasibility of the two methods.

Chapter 6 describes the experiments in a wave-chaotic system to test the thermal
effects of EM TR. It is designed to measure temperature not only at the source location,
but also several other points near the target, so as to build a temperature distribution profile
around the target area. Such profile is used to evaluate the selectivity of the heating effect
from TR technique. The clinical prospects are also explored at the end of the chapter.

Chapter 7 concludes the assessment of TR from three perspectives. In theory, an
analytical model is developed to guide the TR focusing procedure. Simulations show the
feasibility of two non-invasive focusing methods. And experimentally the thermal effect
and its selectiveness of TR are further proved. A brief discussion including the comparison
between TR and phased array is illustrated afterwards, followed by the proposed future

work of developing a clinical RF hyperthermia system featuring TR.



Chapter 2 EM Interaction with Human Tissues

2.1 Properties of Materials

The propagation of electromagnetic waves in human tissues is described by the

time-harmonic steady state Maxwell’s equations,

VXH:J+8_ (21)

V-D=p
V-B=0,

with properties of materials in the constitutive relationships as follows:

B=uH
D=c¢E (2.2)
J=0oE.

So the permittivity, conductivity and permeability of human tissues play important roles in
the interaction with EM waves. These properties of materials will be illustrated accordingly
to help better understand the EM applications in cancer diagnostics and therapy.
2.1.1 Permittivity and Conductivity

The permittivity shows the resistance when developing an electric field. To be more
exact, it indicates how much charge is needed to form one unit of electric flux in a particular
medium. The relative permittivity &, or dielectric constant, is defined as the ratio of the
material’s absolute permittivity to the permittivity of the free space &o

& =¢lg,, (2.3)

where & is approximately 8.85 <1012 F/m.



The permittivity demonstrates the response of material to the electric field, which
normally depends on the frequency of the externally applied field. There will be a loss
introduced as polarization of material cannot pace up with the alternating field due to the
frequency dependence. Hence the permittivity becomes complex

e=¢g'-je". (2.4)
The real part stands for the dielectric constant, which is proportional to the stored energy
within the medium. The imaginary part comes from the polarization loss, which is related

to the dissipation of energy. The loss tangent is the ratio between these two parts
tans =< (2.5)
&

The dielectric permittivity spectrum [37] from RF to UV is shown in Figure 2-1.
The main source of polarization loss are from ionic and dipolar relaxation, atomic friction,

and electronic resonances respectively as the frequency increases.

g=¢g'+ie" (A
A
g' dipolar T @

electronic

+

atomic

I |
10° 10° 10° 10t 10"
'microwave |infrared|vis|uv |

Frequency in Hz

Figure 2-1 Frequency response of various dielectric mechanisms



The Debye model, introduced by Peter Debye in 1913, explains both the molecule
and atom effects. So in RF and microwave region, it can be used to describe the complex
permittivity, including dielectric constant and polarization loss, as a function of frequency

Ll (2.6)
1+ jor

e(w)=¢, +
where &, is the permittivity at frequency infinity, & is the static, low frequency permittivity,
and 7 is the delay constant. Here is an example modeling the complex relative permittivity
of distilled water and human skin [38] using the Debye model as shown in Figure 2-2.
Generally, for a dielectric material, the real part decreases and the imaginary part increases

as the frequency goes up. Most of the human tissues have similar dielectric properties to

water.
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Figure 2-2 Modelling the real and imaginary part of the relative permittivity for
distilled water and human skin using the Debye model

Cole-Cole model is a modification of the Debye model [39] and the complex

permittivity is expressed now as
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clo)=¢, +— 2% 2.7)
1+(jor)

The correction parameter a, is taken from 0 to 1. When o = 0, the Cole-Cole model reduces
to the Debye model. This model has often been used to describe the permittivity in
polymers, as well as biological tissues [40].

Conductivity shows the degree to which a specified material conducts an electric
current. The materials can be classified into insulators, semiconductors, and conductors
based on the conductivity. A list of dielectric constant and conductivity values of human
hand and head tissues at 930 MHz [41] are shown in Table 2-1. Most of the conductivity
values are within the range between 107 to 10° S/m, except for blood, which is above 1
S/m.

Table 2-1 Dielectric constant & and conductivity ¢ of human tissues at 930 MHz

Tissue Type Dielectric Constant & Conductivity ¢ [S/m]
Skin 48.0980 0.6657
Bone 13.2700 0.0869
Muscle 57.5960 0.7834
Fat 5.6000 0.0403
Blood 64.8200 1.3320
Cartilage 46.0430 0.5690
Cerebr?épsig;’" Fluid 36.0650 0.4329
White Matter 42.8100 0.4290
Grey Matter 58.5500 0.7150

If we take a look back at the Maxwell’s equations, both permittivity and

conductivity appears in the Ampere’s Law,
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VxH=0cE+ joeE. (2.8)

Consider it in a homogeneous source-free region in the frequency domain, the effective

permittivity can be defined as

g =c—j2. (2.9)
w

The real part of & represents the dielectric constant and the imaginary part of effective
permittivity now includes both polarization and conductive losses. This allows us to solve
a problem involving a lossy material using the exact same approach as the corresponding
free-space problem, by simply substituting the material properties.
2.1.2 Permeability

In electromagnetism, permeability is the property of a material, which shows the
ability of it to be permeated by magnetic flux. Specifically, permeability is the level of
magnetization of a particular material in a magnetic field. The relative permeability &, is
the ratio of the permeability of a specific medium to the permeability of free space b

e =l g, (2.10)

where b has the exact value 4z <107 H/m.

Depending on the permeability, materials are divided into four categories. Their B-
H curves, which shows the relationship between magnetic flux density (B) and magnetic
field strength (H), are shown in Figure 2-3. Nonmagnetic materials has 1= b, such as air
and most of the biological tissues [42]. The permeability of diamagnetic materials is less
b, while that of paramagnetic materials is larger than b, as one is opposing to the
externally applied magnetic field, the other is strengthening, relatively. Different from

these three types that has linear B-H relation, ferromagnetic materials are strongly
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nonlinear. For smaller H-field, the above relation is almost linear with the permeability far
greater than Lb.

A

B

Y

Figure 2-3 Schematic B-H curves of the following materials: ferromagnetic (|,
paramagnetic (|b), free space (Lb) and diamagnetic ()

2.2 Propagation and Energy Flow
2.2.1 EM Wave Propagation
For guided waves in transmission line structures, the propagation constant vy is
defined by the ratio of the field Ao at the source of the wave to the field A, after wave
propagating to some distance. For example, the E-field of a plane wave propagating along
the z-axis can be found as
E(z) = E.e . (2.11)

It is commonly expressed as

y=a+jf=jofu, = jwﬂ/u(s—jg), (2.12)

where o is the attenuation constant in nepers/m, f is the phase constant in radians/m, which
describes the magnitude and phase changes respectively as the wave propagates over the

space.
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Taking the square on both sides of (2.12) and equating the real and imaginary part,

we expand the « and £ as follows [43]:

a= a)\/’u—g(‘ /1+ (22 —1]
2 wE

B= w\/ﬁ[ e (2 +1J.
2 we

The wavelength 1 in the lossy media should be always real, calculated from the phase

(2.13)

constant, the imaginary part of the propagation constant

2

B

) (2.14)

In a travelling plane wave, the vector Helmholtz equation in a source-free homogeneous
region for electric and magnetic fields is derived from the Faraday’s Law and Ampere’s

Law in (2.1) as

V’E+Kk*E=0

(2.15)
V*H+k’H =0,

where k is the wavenumber given by

k=k'—jk"=a)\/E=a)/y(g—j5). (2.16)
w

It is the spatial frequency of a wave, showing the number of waves in radians per unit
length. The real part denotes the wave propagation and the imaginary part accounts for the
loss.

The wavenumber k is often confused with the propagation phase constant 5. They

are equivalent to each other for TEM wave (transverse EM wave) which travels in
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transmission lines such as coaxial cable or twin leads. However, it is not valid for non-
TEM wave or in a lossy media.
2.2.2 Penetration Depth

Penetration depth is the depth below the surface of the material, where the intensity
of radiation reduces to 1/e (about 0.37) of the value at the surface, which is given by the

reciprocal value of the attenuation constant in (2.13)

5:1:(1 \/ZJ( e (2 —1]_2. 2.17)
a | o\ ue e

It is related to the energy of EM radiation that can reach the deep seated tumor in cancer
therapy. The penetration depth of some typical human tissues, such as skin, fat and blood
are shown in Figure 2-4. The dielectric constant & and conductivity ¢ data is from Table

2-1 and considered constant over the frequency range.
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Figure 2-4 Penetration depth in typical human tissues
First the penetration depth decreases linearly as the frequency increases. After a

certain point, it becomes a constant in the higher frequency ranges. So it is a good choice
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to apply hyperthermia in RF because the EM waves in this frequency range can penetrate
through the human tissues. The slope of these curves are identical, roughly -1/2 as it occurs
in the power term of (2.17). However, the offsets of these curves depend on the
conductivity and dielectric constant. Since the human tissues are generally non-conductive,
the conductivity o will determine the low frequency penetration depth, while the dielectric
constant & will have more influence on the high frequency behavior [44].

When the conductivity of the material is high enough, the dielectric part is
negligible compare to the conductive part. The penetration depth will become the so-called
skin depth, because the electric current flows mainly at the “skin” of the conductor. The

skin depth is inversely proportional to the square root of the frequency shown as

P (2.18)

(0]
2.2.3 Specific Absorption Rate

In a source-free homogeneous region, the conservation of energy for EM waves is

described in the integral form of Poynting’s theorem
1 —2 1 —
95 v-ndS = —Ia( dv —— (Eg;rz +§,U://'2j dv (2.19)

where the instantaneous Poynting vector in the time domain is defined as

=X (2.20)
and it indicates the power flow density in W/m? at a single temporal and spatial point on
the surface S. Hence in (2.19), the left hand side denotes the total instantaneous power
flowing out of surface S. The first integration term on the right-hand side shows the

instantaneous energy dissipated from ohmic loss within the volume V enclosed by surface
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S. The integral in the second term represents the stored electric and magnetic energy in
volume V.

In the biomedical applications, we are concerned about the thermal and heating
effects of EM waves, which is seen under the RF exposure after a period of time. Therefore
it is important to check the time-averaging power delivered to and dissipated in the tissues.

The complex Poynting’s theorem is given by
$s-nds = —J.(10|E|2J v —2jw_[(£,u|H|2 —15|E|2j av. (2.21)
: v\ 2 v\4 4

The left hand side shows the total complex power, which is equivalent to the time-
averaging power flowing out of S. On the right-hand side, the first term is the time-average
power dissipated in watts due to conductive losses, in addition to the second term that
determines the reactive power consumed in VARs related the stored energy in volume V.
The specific absorption rate (SAR) [45] is hereby defined as the dissipated power

per unit mass (W/kg) as follow

SAR =-Z|Ef, (2.22)
2p

where ¢ is the conductivity in S/m, and p is the density of the medium in kg/m3. As SAR
is used to measure the energy absorption rate by the human body with exposure to an EM
field. Depending on the region where power absorption takes place, SAR concept can be
applied to whole-body and to small localized volumes, defined as average and peak SAR,
respectively. The whole-body SAR is related to the elevations of the body temperature,
overall heating, and possible tissue damage, while the local peak SAR represents the power
absorbed in a confined body region. The local SAR is averaged over a specific tissue mass,

typically 1g or 10g, in a small sample volume cube. In United States, FCC regulates that
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the local SAR averaged over 1g is below 1.6 W/kg averaged. And in Europe, Australia,
Japan, and other parts of the world, the SAR averaged over 10 g is limited to 2 W/kg
developed by the IEC [46]. In order to successfully heat the tumors, the local SAR must be
controlled within the range of about 50 to 350 W/kg [47].

SAR is the key feature to analyze when validating potential health hazards, such as
the use of mobile phone [41, 48-51], the EM field exposure [52, 53] and the induced heating
in MRI [54]. It is also commonly applied to optimize the innovative therapeutic approaches

[16, 19, 55] and regulate safety standards [46, 56], etc.
2.3 Bioheat Equation

In order to localize heating in biomedical procedures, the accurate knowledge of
heat distribution is highly demanded. However, such knowledge can be acquired by
measuring the temperatures in vivo during the heating process, which is risky and
inaccurate because it is an invasive method on limited number of discrete locations.
Therefore, the modelling of bioheat transfer, which enables the simulation of human
tissues’ interaction with the EM waves without extensive human test, is essential to study
the thermal therapy in cancer treatment.

A famous study in the modelling of heat transportation is done by Pennes [57] for
the perfused tissue. The bioheat equation that takes into account heat production in
biological tissue due to metabolic processes and heat flow due to perfusion of blood is
expressed in the following form

pc%:v(k-w)mbcb(r—Tb)+Qm+a|E|2, (2.23)

where T is the temperature of the tissue (<), p the density of the tissue (kg/m®), ¢ the
specific heat of the tissue (J/kg/<C), k the thermal conductivity of the tissue (W/m<C), wp
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the blood volumetric perfusion rate (kg/m?/s), cy the specific heat of blood (J/kg/<C), and
Tp the average temperature of blood (<C). Qm is the mechanism for basal metabolic heat
generation (W/m?), ¢ the conductivity of the tissue (S/m) and E the vector electric field
(V/m) acting as the heating source.

Generally, the total heating on the left hand side of the equation consists of the heat
loss from thermal conduction, the heat loss from blood flow, the metabolic heating, and
the Joule’s heating due to the EM source representing each term on the right-hand side,
respectively. So the rate of temperature change is related to the SAR as

AT _(SAR+P -P.-R)
At '

(2.24)

where AT/At denotes the temperature change over time, P the metabolic heating rate, Pc
the rate of heat loss due to thermal conduction, Py, the rate of heat loss due to blood flow,
and c the specific heat. At the initial state of the EM exposure, the steady-state condition
satisfies that

P=P+P,. (2.25)
Hence SAR can be related to slope of temperature versus time curve as

SAR =cAT (2.26)
At

Accordingly SAR can be determined from the ratio of the initial increase in the tissue
temperature to a short period of time right after the EM source is applied.

2.4 Hyperthermia in Cancer Treatment

2.4.1 Introduction

Generally, hyperthermia is a symptom when human body generates or absorbs

much more heat than dissipates, body’s thermoregulation system fails to handle the extra
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heat, which leads to an elevation of body temperature. However, hyperthermia can be used
to treat cancer as well. With cautiously controlled part of or whole body temperature, the
aim to damage or kill the stem cancer cells can be achieved. Hyperthermia was studied to
be applied as therapy from 1970s. Over decades of studies on cell cultures in vitro and
clinical trials on tumors in vivo, the results show a significant improvement of response,

which convinces the clinical application of hyperthermia [8].
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Figure 2-5 Tumor destruction temperature range

Normally, during hyperthermia treatment, the tumor area is exposed to the
temperature between 41<C to 45<C for a period of time [58]. Figure 2-5 shows the
temperature range of the tumor destruction [59]. Protein in cells is aggregated and unfolded
under this high temperature environment. Because great amount of DNA is packed within
protein and there is plenty of different functional protein in stem cancer cells, abnormal
aggregation and unfolding of protein leads to cell damage or even necrosis [60].
Temperature, dose of heat treatment and the characteristics of cancer tissue have great
influence on the effectiveness of hyperthermia treatment [61]. During the treatment, the

temperature of the cancer and surrounding tissues needs to be monitored and confirmed
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among the desired range [8]. The heat of hyperthermia therapy is transferred from external
devices with different techniques, such as ultrasound, radiofrequency or microwaves [62].

In today’s cancer treatment, hyperthermia is always applied with other cancer
therapies, such as radiotherapy, chemotherapy, surgery, immunotherapy, and so on. There
are several biological rationales explaining why combining hyperthermia with other
therapies is able to give better performance than using hyperthermia alone. The survival
rate of cells is dependent on the environment temperature and the exposed period to the
high temperature, which means with higher temperature and longer hyperthermia period,
the survival rate becomes lower. With hyperthermia therapy, the microenvironmental
factors of cancer cells, such as oxygen content, pH level and nutrition, are changed to be
detrimental [58]. Moreover, the aggregation and unfolding of protein in nucleus because
of high fever significantly reduces the drug resistance of cancer cells and increase the
sensitivity to radiation. In this case, hyperthermia therapy is able to sensitize tumor cells to
response to other treatments like radiotherapy and chemotherapy.
2.4.2 Types

Depending on the size, location and depth of the tumor, hyperthermia therapy can
be divided into three types, local, regional and whole-body hyperthermia (WBH). The heat
of the three hyperthermia types can come from systems with different external sources,
such as microwaves, radiofrequency, ultrasound, hot water perfusion and so on [9].

In local hyperthermia, heat is specifically delivered to the tumor area with various
techniques. This kind of hyperthermia treatment is well studied due to an uncomplicated
principle that when the temperature of the tumor area is elevated to 42<C for one hour and

there are reports that the cancer cells are directly killed [58]. In addition, cancer cells are
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more sensitive to temperature change than normal cells because of poor blood circulation.
There are three parts in a system for local hyperthermia system, such as a generator, a
superficial and interstitial applicator, and a miniature temperature sensor in the tumor. In
general, microwaves, radio waves or ultrasound are utilized in this system to generate heat.
Through the local hyperthermia procedure, it is indispensable to build cooling systems in
order to prevent skin and healthy tissues nearby from burning or blistering. Water bolus is
frequently used in local hyperthermia, because it is able to keep the temperature of skin at
normal body temperature without blocking EM waves applied on targeted tumor area [61].

Regional hyperthermia is far more complicated compared with local hyperthermia.
It is used to deal with deep-seated tumor in abdominal cavity or pelvis. As the heat is
delivered to a larger part of body, applying regional hyperemia is supposed to conduct
preliminary investigation, propose detailed plan and carefully monitor temperature change.
There exist three major methods of regional hyperthermia, deep regional hyperthermia,
thermal perfusion and continuous hyperthermic peritoneal perfusion (CHPP) [9]. The
energy of EM waves can be absorbed by other tissues when the tumor is deep-seated, hence
external applicators such as radiofrequency capacitive heating apparatus are required in
deep regional hyperthermia. Thermal perfusion therapy is always used in cancer of arms
and limbs (e.g. melanoma) or liver and lung. In this treatment, blood from tumor area is
drained, heated in an extracorporeal way and commonly perfused back with anticancer
drugs. CHPP is frequently used with surgery to treat peritoneal carcinomatosis, colorectal
metastases or stomach cancer. Through CHPP procedures, the anticancer drug fluid from

a heated device is delivered to flow through the cancer area [63].
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WBH is mostly applicable in metastatic cancer with conventional chemotherapy or
radiotherapy. There lists three primary methods of WBH, which are surface heating,
extracorporeal induction and radiant or electromagnetic induction [64]. In the process of
WBH, patient’s body temperature is heated up to 42°C by thermal chambers, heated
blankets or infrared radiators. Before applying WBH, it is essential to assure that the patient
IS in good condition, because of serious side effects such as influences on tissue metabolism
and blood pressure.

2.4.3 Challenges

As an adjuvant therapy, hyperthermia gives outstanding performance in cancer
treatment. However, there exist a large quantity of challenges which need to be overcome
by more clinical trials and experimental research. In the existing literature, although some
methods of local hyperthermia can reach deep-seated tumor, the results do not meet the
expectation. It is still necessary to look for technology of depth-heating to deep-seated
tumor. Moreover, the existing methods suffer from a lack of focusing and selectivity of
energy as well. In order to control heated system parameters, there needs plenty of
experiments and calculations. In addition, the heating process of hyperthermia is not
capable of repeating. Owing to different patients and cancer types, hyperthermia therapies
show high level of personalization. Furthermore, because of interdependency between

technology, physiology, and biology, it is complicated when processing the treatment.
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Chapter 3 Focusing Strategies in Hyperthermia

3.1 Thermal Ablation

As a cancer treatment, ablation therapy is the removal or destruction of tumor tissue
by applying chemical or thermal methods. In thermal ablation, tumor is exposed to extreme
temperatures in order to irreversibly damage the cancer cells. Compared with surgery,
thermal ablation is less invasive and has less influences on the surrounding tissues. In
addition, for patients that are risky to conduct surgery or other conventional therapies,
thermal ablation is used alternatively and even can increase the possibility to carry out
these conventional therapies.

Thermal ablation is a minimally invasive tumor therapy, because of the advanced
imaging technologies and accurately focusing heat on the targeted tumor tissue. Multiple
energy sources are used to heat tumor to more than 50<C, which leads to irreversible
injuries [65]. There are several thermal technologies frequently used, lasers, RF,
microwave and high-intensity focused ultrasound (HIFU). Different from hyperthermia
therapies, each ablation technique has an “applicator”, which is inserted into the tumor
tissue in a minimally invasive way and monitored by imaging devices. The heat is
transferred by thermal conduction from the surrounding region of the applicator to the
overall tumor [66], which means the heating from the ablation techniques are localized.
Typically, thermal ablation is used to treat inoperable cancer, such as liver, prostate or
uterus, because it has capability of preserving the nearby organ function. However, it is
barely used for a tumor with large volume. Nowadays, RF and microwave ablation are
gaining increasingly research and clinical interests as they have been proved as reliable

treatment modalities that enables tissue heating and coagulation necrosis [67, 68].
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3.1.1 RF Ablation

Most RF devices used in RF ablation are operated in the range of 460-480 kHz [69]
with output energy around 200W. The applicator of RF ablation is small probe shown in
Figure 3-1, which can deposit RF energy and heat the tumor area to a high temperature,
usually more than 60<C, during a short period of time in order to kill and destruct the stem
cancer cells. There are various types of probes are designed, such as multi-prong

electrodes, expandable electrode, bipolar electrode and etc. [58]

Figure 3-1 RF ablation probes (a) multi-prong electrodes from RITA medical systems
(b) straight trigeminal RF electrode from COSMAN

During RF ablation, the healthy tissues around tumor are probably damaged by RF
energy. The procedures of RF ablation are shown in Figure 3-2 [70]. The first step is to
place the RF probe into the tumor tissue. The prongs are extended and the RF energy is
exposed. Then, the stem cancer cells are heated and got damaged. Through the procedures,
it is obvious that surrounding tissues are heated by the probe as well. Therefore, imaging
devices such as ultrasound and CT scanner are supposed to be used to monitor the probes
injected into the tumor so as to make sure that the size of surrounding healthy tissue

damaged by RF ablation is adequate.
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(a)

Figure 3-2 Procedures of RF ablation: (a) probe insertion; (b) extension of prongs; (c)
RF current applied

3.1.2 Microwave Ablation

Compared to RF ablation, microwave ablation (MWA) has the advantage of
applying on larger and deeper tumor during a much shorter period of time. Therefore, it
has witnessed a rapid development of MWA on percutaneous, laparoscopic, and open
surgical access [71]. In MWA, antennas are used as applicator, which is connected with a
coax cable, to emit microwaves with frequency of 915 MHz or 2.45 GHz. Because of the
shorter wavelength, it only needs a small antenna to transmit and directly focus the energy
to the tumor tissues. The microwave antenna is places by the guidance of CT scanner or
ultrasound as well. As shown in Figure 3-3, the antenna is connected to the microwave

generator by a coaxial cable and placed in the tumor deep-seated in the liver [72].

Antenna
PEEDCTRCNN

Ablation Zone

Figure 3-3 MWA application of liver cancer
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3.1.3 Limitations

As illustrated before, in RF ablation, healthy tissues close to the tumor issue may
got damaged or killed as well. With inappropriate use of RF ablation, it has a high
probability to cause induced necrosis. Therefore, when applying the RF method, it needs
assist from physicist with knowledge of RF principles in clinical trials to ensure the safety
of the treatment while achieving the best performance. In addition, the RF ablation is not
able to treat tumors with larger size or deep-seated because heat is only conducted to a
limited size of area. Consequently, it may easily lead to the high recurrence rate of cancer
cells. Another limitation of RF ablation comes from the electrical current path. Since the
current omnidirectionally flow from the probe to the grounding pad, it may generate
heterogeneous energy and cause collateral damage. Moreover, because of the current flow,
skin near the grounding pad may get burns, bubbling or charring.

Although MWA has more benefits than RF ablation, there still exist several
limitations. One of the major limitations is the energy lost. Due to the dielectric and
impedance mismatching, thermal energy may dissipate and reflect during the transfer [73].
As the antenna is attached to a coax cable, when delivering energy, the cable gets heated
as well. Hence, this energy lost results in melt of the inner dielectric insulator and the outer
plastic sheath. Furthermore, there is a lack of unidirectional antenna which is able to focus
the thermal energy directly to the tumor tissue instead of blood pool surrounding. For
example, if the tumor is close to large vessels, most of the thermal energy may transfer to
the circulating blood pool. Therefore, it is difficult to eradicate that tumor. Under these

circumstances, MWA is not suitable for tumor near vessels or heart tissue. Additionally, it
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is complex to design specific antennas for different kinds of tumors. Until now, more
researches and experiments need to be done to make thermal conduction more efficient.
In conclusion, there are several major limitations of thermal ablation. As illustrated
before, all kinds of thermal ablation consist of applicators, which means thermal ablation
IS an invasive treatment. Also, with thermal ablation, there occurs heterogeneous heating
which may cause tissue bubbling or charring, even other collateral damage. Plus the
performance is poor near the blood vessels due to the heat loss from the perfusion.
Additionally, there is a significant energy lost because of the impedance mismatch, which

reduces the efficiency of thermal ablation.
3.2 Phased Array

The adaptive phased array approach was introduced to apply hyperthermia non-
invasively by Fenn in 1991 [74]. A phased array consists of multiple antenna elements that
typically transmit or receive signals in a certain phased delay between the elements.
Theoretically, the desired field distribution in the human tissue could be generated by
adjusting the magnitude and phase of each element in an adaptive phased array. In order to
deliver as much power as possible into the tumor site, the receiving sensors are positioned
as close as possible to the human body. At the same time fillers are placed between the
antennas and the skin of the body is to lower the heating effect from the antenna contact.
Figure 3-4 shows a clinical RF hyperthermia system, BSD-2000 annular phased array,
developed by Pyrexar® Medical Inc. [70] It uses an annular phased array configuration of
up to 8 dipole antennas operating at 75 — 140 MHz to shape and focus thermal energy on

targeted treatment area deep inside the pelvis, abdomen, limbs or chest.
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Figure 3-4 Pyrexar® BSD-2000 annular phased array for RF hyperthermia

To avoid undesired hot spots, it is necessary to optimize the field distribution to
thermally heat a deep-seated tumor with a focused EM field while nullifying the EM field
on the surface of the body under specific energy constraints. The flow chart of the

optimization process is shown in Figure 3-5.

Optimization algorithm;
Adjust source settings

Precompute E-field Solve finite element

L T L Evaluate optimal
distribution for each Initialize source model for optimizing [— P
. condition
antenna factor distribution

Figure 3-5 The optimization process of an adaptive phased array

First the field distribution in the interested region from each antenna is precomputed
S0 as to come up with an initial source configuration. With the initial guess, the total field
is solved from the finite element model to get the optimizing factor distribution, followed
by an optimal condition check. If the condition is satisfied, the optimization process is
finished. If not, the source settings are adjusted by performing optimization algorithms.
Most optimization algorithms are aiming at maximizing the ratio of SAR in the tumor to

the SAR in normal tissues [15-19]. More intuitively, temperature-based optimization is
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directly evaluated from the bioheat equation [57] that takes into account the heat loss
during the exposure, e.g. from thermal conduction and blood perfusion. It is required that
the temperature in the tumor should be set to the hyperthermia level while the healthy tissue

temperature should stay below 42 <C [20-24].

3.3 Ultra-wideband (UWB)

Ultra-wideband (UWB) is a communication technology for the short-range high-
data application [26]. It utilizes low power ultra-narrow pulses in the time domain which
results in an ultra-wide bandwidth in the frequency domain. UWB has been employed in
the human body imaging of particular organs, such heart, lung, breast, and organs involved
in the speech and the respiratory system [75]. Compared to the other narrowband systems,
UWB systems have the advantages of reduced fading, low power and small interference.

UWB systems use an antenna array to focus the energy. The magnitude and phase
is determined by compensating the propagation effects, including the delay in the time
domain and the dispersion in the frequency domain, from each antenna to the target
location. The system is implemented by passing the UWB pulse through designed finite-

impulse response (FIR) filters [27, 28] as shown in Figure 3-6.
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Figure 3-6 FIR design of a UWB system: (a) time domain; (b) frequency domain
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3.4 Time Reversal (TR)

3.4.1 History

In 1989, the first work regarding the time reversal (TR) technique was found in
acoustics by Fink et al. [29] Time-reversal mirrors (TRM) are utilized to obtain self-
focusing for an acoustic source in an inhomogeneous media. In 1992, TR is introduced as
a new focusing technique for hyperthermia by Fink et al. [76], Wu et al. [77], and
Cassereau et al. [78] after the research and experiments in ultrasonics. These three papers
are often referred as the fundamentals of TR concepts. The biomedical application of
ultrasonic TR is further illustrated in lithotripsy [31] and transskull therapy [79] by Thomas
et al. at the year of 1996. Since then, methods based on time-reversal have attracted a
considerable attention in acoustics and ultrasonics. Until very recently, the first TR
experiment in EM was conducted by Lerosey et al. [80] in 2004. It shows the temporal and
spatial focusing of EM waves in a reverberating cavity. It opens up a wider application area
for TR in RF and microwave frequency. The systematic theory of time-reversal cavity
(TRC) in EM was proposed by Carminati et al. [81] in 2007. Up to today, TR is a promising
technique that has not been fully developed yet and there is much room for further research.
3.4.2 Methods

The procedure of TR is shown in Figure 3-7. First, an original pulse is transmitted
from Port 1. Next, after it goes through multiple paths of reflection and scattering in the
complex media, the receiving signal, noted as “sona” from the first TR study in acoustics,
is recorded at Port 2. The “sona” contains all the information of the complex media
regardless of the loss. The “sona” signal is then time-reversed and transmitted from Port 2.

Finally, back at Port 1, there should be a time-reversed version of the original signal fully
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reconstructed. Also most of the transmitted power will concentrate in exactly the same

location at where the original source was launched.
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Figure 3-7 The procedure of TR

3.4.3 Theory

As for the focusing in the complex media, any kind of wave sent to the target is
reflected and scattered during the propagation. The waves is dissipated in the lossy media
and even if there is no loss it gets dispersed, which is generally considered as the loss of
the information. However, the information is not irretrievably lost, instead it is scrambled
into the disordered interference patterns [82]. TR offers a way to make the use of these
scrambled information and is further illustrated in detail as the following. Starting from the
wave equation, the time-forward step in the TR process in a TRC that encloses a

homogeneous medium is described as

(V? —Cizgr ;—Z)E(r,t) =O(t)o(r—r’, (3.1)

where r’ is the source position located in the volume V surrounded by cavity surface S, r

the observation point, ¢ the speed of light in the vacuum, &, the relative permittivity. The
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right-hand side represents the Dirac distribution at the source point and ®(t) is the source
function.

Assuming the observation point r is on the surface of the TRC in the far-field
region, the field from the source propagation in the time domain, namely the “sona” signal,

is deduced from the Green’s function

). (3.2)

E(r,t)=4;CDt
Tir—r

The time-reverse step of the TR process is to transmit the fields measured during
the time-forward step on the surface of the cavity in a time-reversed order. The TR
operation is performed by the transform t to T — t, where T represents the total measured
time after which the “sona” field vanishes. Since E(r, t) is a real function, E(r, —t) is
equivalent to complex conjugation of E*(r, ) in the frequency domain. Following the
proposals of the existing TR theory [78, 81], the solution of the time-reversed electric field
Ew(r, t) is calculated from the temporal convolution between the transformed excitation
waveform @(T — t) and the difference between reverse Green’s function G(r, r’, —t) and
the forward Green function G(r, r’, t)

E, (r,t)=®(T -t) ®[G(r,r',-t)-G(r,r",t)]. (3.3
The kernel distribution K(r — r’, —t), regardless of the source function, is defined as
K(r—r',-t)=G(r,r',-t)-G(r,r',t), (3.4)
which has a simple form in the homogeneous medium

Ir=riy|

K(r—r't) = §(t+| |) S(t— (3.5)

1
4r|r—r
This equation implies that the focusing of TR comes from two impulse spherical waves

that converge to and diverge from the source location respectively, with an arrival time
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. 2Ir—r' L . T
difference of M This is directly related to the theoretical limitations of the TR
C

process. Taking the Fourier transform of kernel distribution over time, we obtain

Sir\(27z|r—r'|

—)
- A "
K(r-r',w) i 27z|r—r‘|

A

, (3.6)

where 4 is the wavelength. The spatial focusing resolution from a self-focusing process in
a homogeneous medium is /2, which is consistent with the classical diffraction limit in
optics. However, the results are derived based on the far-field assumption. A remarkable
2130 spatial resolution has been demonstrated by Lerosey et al. [83] in the near-field.
3.4.4 Applications

Owing to its intrinsic spatio-temporal focusing property, TR has been applied in a
variety of areas. In the early-stage study in acoustics and ultrasonics, TR is involved in
sonar for underwater communication [30]. It also gains acceptance in the non-destructive
evaluation (NDE) [84], such as flaw detection [85], nonlinear damage detection[86], and
structural health monitoring [87]. As the research of TR acoustics develops, it has attracted
a considerable attention in biomedical engineering [88], including lithotripsy [31] and
high-intensity focused ultrasound (HIFU) [89]. More recently, TR finds its place in high
frequency ranges such as wireless communications [32, 33, 90], geophysics [91, 92], and
imaging [34]. Furthermore, simulation results have shown that TR is a promising method

in cancer detection [93] and hyperthermia [35, 36, 94].
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Chapter 4 TR Analytical Model

4.1  Existing Analytical Methods

The acoustic theory of TR was first proposed by Cassereau and Fink [78] following
their ultrasonic TR experiments [77]. The authors discuss the basic theory of the closed
time-reversal cavity (TRC) from the wave equation. In a homogeneous medium, as long as
the field is enclosed inside of the cavity, the reconstructed result does not depend on the
enclosure shape. Within the cavity, the field distribution has the spherical symmetry and
the maximum spatial resolution is A/2 limited by diffraction. Also the self-focusing is
discussed in an inhomogeneous medium, showing that the focusing will be dependent on
the time domain signal properties. A theoretical model in the weakly inhomogeneous
medium is also described, indicating that time-reversal improves the focusing quality due
to a correction term.

In a later development, a few another publications were specifically devoted to the
TR theory of EM waves. In optics, Carminati et al. [81], developed a theory about the self-
focusing TRC model in EM based on vector diffraction theory in frequency domain. The
time-reversed electric field is related to the imaginary part of the outgoing dyadic Green
function in the same medium. With microwaves, the TR operator, along with the
decomposition of was explained in detail by Prada et al. [95]

Recently, a mutual impedance model was presented by Rosny et al. [96], claiming
that the coupling between antennas would modify the focal spot. It starts with the
relationship between TR and phase conjugate, clarifying that time reversing the odd

monochromatic field is not equivalent to phase conjugate it. Then a six-dimension Green’s
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function is defined, with which impedance matrices related to TR are built. The far-field

TR and TR by only electrical dipoles are discussed as examples.
4.2  Motivation

For biomedical application more specialized model is needed when body parts such
as torso, neck or breast has to be described. In first approximation for such parts a
cylindrical symmetry can be assumed what makes any calculations simpler. In general, we
searched for a model, which could allow performing the TR process step by step, and, in
addition, such model should provide analytical solutions when using only basic EM theory.
In order to analyze and discuss the TR technique for biomedical application spatial
focusing profile needs to be built from the field distribution calculated results, and, the
most important figure of merit should be defined to quantify spatial and temporal focusing.
Optimization study should be also conducted regarding the carrier frequency and the time
domain signal shape. A set of parameters, such as loss, number of antennas, and bandwidth,

is open for parametric studies.
4.3 EM Modelling of TR Process

4.3.1 Neck Model

To get a complete form analytical solution using the model, human tissues that have
cylindrical symmetry, such as neck, breast, or torso, will be preferably considered. In this
dissertation the neck model will be discussed in details as an example. The goal of our
proposed model is to focus EM energy onto the tumor underneath the skin of the neck by
using a set of time-reversal mirrors (TRM) outside around the neck. A torus consists of
multiple antenna served as TRM is placed around the neck to apply TR in a real clinical

therapy as shown in Figure 4-1 [97].
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Figure 4-1 Clinical system for deep-seated tumors in head and neck region

Tumor inside the neck, the neck tissue, and torus surrounding the neck are creating
a system, which needs to be analyzed. Following the configuration, the neck is modelled
as a cylinder, with the tumor inside as a dipole antenna. Additionally, the torus outside is
represented by dipole antennas as well, forming a ring concentric with the cylinder as

shown in Figure 4-2.

Dipole
Antennas T
umor
Neck  Tumor /\ Port (B)
o ° o €0s Mo
(a) (b) Neck
' o Boundary
Dipole Antennas

Figure 4-2 Neck modelled by a cylinder: (a) perspective view; (b) top view

The dipole inside the cylinder is denoted as Port (A), which acts as the original
source. On the other side, the dipoles outside the cylinder, functioning as the TRMs, are

tagged as Port (B). The cylinder has a radius of a, filled with homogeneous materials that
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has permittivity 1 and permeability x1. The TRMs are put along a ring with radius d (d >
a), i.e., the distance between the center of cylinder and each TRM is d. We assume outside
of the cylinder the free space with permittivity eo and conductivity uo.

The process of TR is performed in the following way: the original signal is
transmitted at Port (A). The received signal which contains all the information from the
reflection and scattering, called the “sona”, is received at Port (B). The sona signal is then
time-reversed and transmitted back at Port (B). According to the time-reversal
characteristics of the Maxwell’s equations, there should be focusing seen at Port (A) [98].

Based on the anthropometric data, the mean value of the neck circumference at the
cricothyroid is 38 cm for male and 33 cm for female [99]. Therefore the radius of the
cylinder is set to be 6 cm accordingly. The TRMs are positioned 1 cm away from the
boundary of the cylinder. So the dimension of the neck model is that the cylinder has a
radius of a = 6 [cm], surrounded by a ring of TRMs with a radius of d =7 [cm].

From the work of Paulides et al. [100], a muscle-equivalent material [101] was
employed to represent the neck. Hereby we are able to treat the homogeneous material
inside the cylinder as muscle. To take into account its dispersion over frequency, the
complex permittivity, including the dielectric constant and the polarization loss, is
described by the 2" order Cole-Cole model, plus the conductive loss

Ag, Ag, o
1-a,

ew)y=¢,+ 4.2)

L (jor) “ 1+(jor,) * (o5
The parameters in (4.1) are selected from the muscle dielectric properties by Gabriel et al.
[102, 103] shown in Table 4-1. The values of real and imaginary parts of the neck complex
permittivity from 0 — 5 GHz are shown in Figure 4-3. The imaginary part is comparable to

the real part at low frequencies as the conductive loss dominates. The loss reaches its
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minimum at around 2 GHz. The cylinder is generally low loss at the frequency range from

1 GHz and up.

Table 4-1 Parameters of the 2" order Cole-Cole model for the muscle in the neck

Material & der n[ps] a ez wlps] @ [S;Tm]

Muscle 4.0 50.0 7.23 0.10 7000 353.68 0.10 0.2

60 : ‘ | |
50 7 \
= '
= 1
40 .
o “ —Real Part
% ' - = ~Imaginary Part
=30
© \
© \
o \
20+ '
A Y
10‘ L e J |
0 1 5 3 A 5
Frequency [GHZ]

Figure 4-3 Complex permittivity of neck based on 2" order Cole-Cole model

4.3.2 Dipole Scattering by a Dielectric Cylinder

If the length of the cylinder is extended to infinity, the field inside the cylinder
could be solved analytically by turning it into a basic EM problem of that the incident wave
from an electric dipole radiating in the free space is scattered by an infinite length dielectric

cylinder as shown in Figure 4-4. The goal is to solve for the E-field E(p, ¢, z) inside the

cylinder (p < a).
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€0, Ho

Figure 4-4 Dipole scattering by a dielectric cylinder

The A; from a dipole radiating in free space at the origin is given by

Ky = 8“°J [THP (K op)e *dk, 4.2)

If the dipole is at (d, 0, 0), the magnetic vector potential is

A, = = Lo [T HP (K, |p—d] ek, (4.3)

Using addition theorem (p < d), we have

i luo (2) jng jk,z
A, = o] £ [ (ZH (kod) J, (k o0)e je dk, . (4.4)

There will be a scattered field when the incident field hits the boundary of the
cylinder. Because it is a dielectric cylinder, the scattered field will have both A; and F;

components,

Ay =§°j j_ff[ Y. A (k) H (ko) e™ e ek,

2] £ B ()R e Jo ek,

87 ) 7 i

N——

(4.5)
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Outside the dielectric cylinder, the total field is the incident plus the scattered field,

— i + S
A= Ao+ Ay (4.6)
I:zO = FZSO
Inside the dielectric cylinder, we consider the total field as follows:
n k,z
A, 87”LO(ZC )3 (kplp)ewjel dk,
R 4.7)

]n¢ 7ijZ
F, 87”j_w(_zD J(klp)ej dk,.

Applying TE; - TM, decomposition results shown in (A.6) and (A.8), we can get the fields

inside and outside the cylinder from (4.6) and (4.7) accordingly,

1 az 1 az
E,o=- ( ]Azo E,=- ( jAzl
Jophg, oz’ Jory g oz’
1 oA, 1 0FR, 1 0°A, 1 oF,
0~ 1=
" Joue, 0por  gp Of " jowe 0por  &p 0
1 & AZ0 1 0F, £ 1 o AZ1 10F,
0~ 1=
“© " omep 0dr & ap T jouep 0gr 4 ap “8)
2 2 '
HZO: H 1 a_2+k02 I:zO H21: - 1 a_2+kl2 le
Jou,e, \ 0z Jowe, \ oz
0:_1 8ZZO+16AZO le_l O°F a, 1 OA
" Jopye, 0por pop Of " jowe 5/?62 thp Of
H,, = 1 F, 10A, - 1 o°F, 1 A,
’ joug,p 0goz p, op ’ Jowep 0¢oz . Op
Match the boundary condition, we get 4 equations as follows:
Ezo(p = a+) = Ezl(p = ai)
E¢o(p:a+):E¢1(p:ai) (4.9)

Hzo(p:a+) = Hzl(p= a_)
H¢0(p =a’)= H¢1(p =a).

The 4 unknowns An, By, Cn, and Dy, can be solved with the 4 equations in (4.9).
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4.3.3 2D Simplification — Scattering from a Line Current

The problem can be simplified by substituting the dipole with an infinite length
constant line current source. It becomes a 2D line current source scattering problem with
no z variation as shown in Figure 4-5. There will be no F;, only A, component after

scattering.

€0, Mo

(d, 0)

Top View

Figure 4-5 Line current source scattering by a dielectric cylinder

Similarly, the A; from a constant line current source radiating at origin in free space

is given by

i I
Ao = Z_J Hy? (kop), (4.10)

where lo is the magnitude of current per unit length in A/m flowing on the line source,
which remains constant in the calculation.

Using addition theorem (p < d), the incident A, from a line current at (d, 0, 0) is

i I, < jn,
Ao = 2 H (), (kop)e™ (4.10)

Scattered field can be found with only A; component,
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Ko Z AH® (kp)e™ . (4.12)
Total field outside cylinder is

Azo = Aio + Azso : (4.13)

Total field inside cylinder is
oy Z B,J, (k,p)e™. (4.14)

From the vector potential we can get the E and H field,

1 82 1 0?
E20: . ( jAZO E21: . (_2+k12jAzl

joue, \ 07 Jowe, \ oz
1 °A, . 1 oA
o joue, 0poz " jome, opoz
E 1 0°A, £ 1 0 A,
0 0 o 0 (4.15)
Jopye,p 0¢oz jome,p 0goz
H,,=0 H, =0
_ 1 oA Lo 1o
PO pl
Hop 09 mp 09
10 10
o L O oo 2
My Op My Op

It is given that tangential E and H field are continuous by matching the boundary condition,

Ezo(p = a+) = Ezl(p: a_)

N B (4.16)
H¢0(p=a ):H¢1(p:a )
or
Ao=A,
1A, _1aa, (@17
Ho Op 14 Op

So we get 2 equations as follows:
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i H® (k,d)J, (k,a)e™ + Z AH® (ka)e™ = Z B,J, (ka)e™
" - S (4.18)
{Z H®? (k,d)J, (k,a e‘”¢+ZA1H(2) ka)e‘”q ZBJ (ka)e™.
lLlO N=- —00 /IJ’_[I’] —o0

Matching each term in the Fourier series, we have

H® (k,d)J, (ka)+AH? (ka)=BJ,(ka)

ﬁ[Hn(z)(kod)J;(koaﬁAHH;‘Z’(kOa)]:ﬁBnJ;(kla). (4.19)
Hy H
From (4.19) we get the solution for A, and Bn,
_%J'n(ka)H“)(k d)J, (ka)-md, (ka)H? (k,d)J,(k.a)
3, (k@) H.? (kea) ~mid, (ka) H. (k) w20
. :anr'fZ)(k a)H(Z)(k d)J, (ka)- an<2>( kea)H® (kd)J: (k)
“ 3, (@) H® (k) =3, (k) H.® (ka) |

According to the Green’s function, i.e., the E-field inside the cylinder (p <a) duetoal A

current source, as a function of space and frequency can be written as

6o f)=-2210 3 B3, (kple™. (a.21)

—
Therefore, the Green’s function can be used to solve for the E-field inside the cylinder in
the 2D neck model.
4.3.4 Validation of the Model

If we set relative permittivity and permeability inside the cylinder equal to 1, the
line current source radiating at (d, 0) will be “scattered” by a “free space” cylinder as shown
in Figure 4-6(a). Another way to describe such problem is to consider a line current source
radiating in the free space as shown in Figure 4-6(b). By reciprocity, the two methods, line

current source scattering and radiating, should yield the same results. Therefore it is a very
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good way to validate the analytical model by solving the same problem from two different

perspectives.
Yy Yy
/_—-Jr--.\ €05 Mo €ps Mo
Ve : ~
/ i N
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\ Source / TRM Source TRM
\ (0, 0) // (d, 0) (0, 0) (d, 0)
AN
/
@ So_ - (b)

Figure 4-6 Free space problem: (a) line current source scattering by a free space
cylinder; (b) line current source radiating in free space

The vector potential from a line current source radiating at the origin in the free

space is shown in (4.10), therefore we can get the E-field from the radiation,
£ =200 H (k). (4.22)
The E-field at the observation point (d, 0) is
E (d,0) = —“’%'0 H (kod).- (4.23)

We will look at the problem in the other way using the line current source scattering

model. From (4.21), E-field at the origin due to the source at (d, 0) is

1L, n=0 ) )
We know that J, (0) = {0 120 so we can modify the equation as:
, N#

E*(0,0) = — “"; lop,. (4.25)
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Set &1 = &0, u1 = o, then k1 = ko, 771 = 5o, the results in (4.20) now becomes

RH (k) HE (kd )3, (ko) - H (kia) H (kd ) 3 (o)

B . .
0 mJ, (ka)H? (koa) =753, (k) He? (ko)

, , (4.26)
_ 770H0(2) (koa)Jo (koa)_noHéZ) (kOa)JO(kOa) H@(kd)=H®(k.d
_ o LI 1 (1) = He® (et
1030 (K@) Ho'? (Koa) =75, (ko) Hg? (Ko2)
Hence the E-field from the scattering at the origin is
E*2(0,0) = —“’%'0 H (ko )- (4.27)

The line current source scattering model has been validated since the two methods give the
same results in (4.23) and (4.27).
4.4  Temporal Focusing Analysis
4.4.1 TR Process in Analytical Model
The TR process can be divided into two problems in the analytical model: the time-

forward step and the time-reverse step.

(a) (b)

Solve the fieldin a
certain range.

0> Yos Z0) 0> Yo Zo)

Figure 4-7 TR process in the analytical model: (a) the time-forward step; (b) the time-
reverse step
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In the forward step as shown in Figure 4-7(a), the antenna at Port (A) is transmitting
the original signal. The goal is to find the received sona signal at Port (B). Instead of solving
the problem directly in time domain, it is much easier to solve it in the frequency domain
with the Green’s function. The Green’s function in the forward step is the E-field at Port
(B) produced by a 1A current source applied at the transmitting antenna at Port (A).

On the other way, by changing the roles of the antennas, the backward step consists
of transmitting the time-reversed sona signal back from Port (B) to Port (A) as it is shown
in Figure 4-7(b). This time our aim is to find the reconstructed signal over the observation
space at and around Port (A). In other words, we need to find the Green’s function, or the
E-field distribution of the receiving antenna at Port (A). The figure of merit can be defined
to quantify how well the spatial focusing is correlated on the field distribution. Also the
temporal focusing can be quantified by calculating the cross-correlation between the time
domain reconstructed signal at Port (A) and the original signal sent from Port (A) in the
forward step.

From reciprocity, the field at Port (B) due to the source at Port (A) is the same as
the field at Port (A) due to the source at Port (B). So the Green’s function from (A) to (B)
is the same as the Green’s function from (B) to (A). Hence the forward step problem
becomes part of the backward step problem, which is a dipole scattering problem. The
solution of the Green’s function is shown in (4.21).

A flow chart in Figure 4-8 shows how the Green’s function in the frequency domain

is utilized to solve the time domain reconstructed signal back at the Port (A).
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Figure 4-8 Flow chart of solving time domain reconstructed signal back at the source
point

By taking the fast Fourier transform (FFT), the time domain signal x(t) at Port (A)
is transformed into the frequency domain signal X(f). The sona signal at Port (B) in the
frequency domain, Y(f), is obtained by multiplying X(f) by the forward Green’s function
Gag(f). The forward problem is solved by taking the inverse fast Fourier transform (IFFT)
of Y(f) to get the sona signal y(t) in the time domain. Then the time-reversed sona yi(t),
transformed into Yr(f) in the frequency domain by FFT, is transmitted from Port (B). The
reconstructed signal R(f) in the frequency domain can be calculated from the product of
Yr(f) and Gga(f), the reverse Green’s function from Port (B) to Port (A). After the IFFT,
the final result r(t) shows the reconstructed signal in the time domain at Port (A). The time
domain reconstructed signal r(t) is then compared to the original signal x(t) to confirm the
temporal focusing property of TR.

4.4.2 Properties of the Reconstruction

To evaluate the temporal focusing quality from TR in the 2D analytical model, a
28 ns Gaussian pulse at 2.4 GHz, with bandwidth 100 MHz is transmitted from the antenna
at center of the cylinder. First a single antenna is placed on the x-axis 7 cm away from the

source, working as a TRM. The forward step is done as shown in Figure 4-9.
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Figure 4-9 The forward step: the sona signal is solved from the forward Green’s
function in frequency domain
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Figure 4-10 The backward step: the reconstructed signal is solved from the backward
Green’s function in frequency domain

The sona signal acts like the direct propagation of the source signal from Port (A)
to Port (B), since the Green’s function does not have much influence on the source signal

spectrum. The received sona is in voltage because it is calculated from the electric field.
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Considering the fact that the temporal focusing quality is determined by the resemblance
of the shape in a relative sense, the amplitude of the signal is not necessarily to be
quantified. Hereby the sona is time-reversed, normalized and converted back as a current
source to be utilized in the backward step, which is shown in Figure 4-10.

By reciprocity, the backward Green’s function is identical to the forward Green’s
function, again making neglegible modification to the TR sona during the backward step.
After the entire TR process, it is seen that the time-revered version of the reconstructed
signal has the similar shape to the original signal. To quantify the temporal focusing, the
cross-correlation [76] between the original signal and the time-reversed reconstructed

signal is calculated as shown in Figure 4-11.
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Figure 4-11 The original signal, the time-reversed reconstructed signal, and the
normalized cross-correlation between them for a Gaussian shape pulse
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The cross-correlation shows the peak at = = 0, which means the two signals are best
correlated with no delay. Furthermore, the symmetry is recognized with respect to the y-
axis, featuring the same correlation behavior on both sides. The temporal focusing property
of TR is by this means proved assuming the results that the reconstructed signal has the
similar shape to the original signal.

To better illustrate the temporal focusing of TR, an asymmetric signal, a damped
sine wave

x(t) = sin(2x ft)e ™ (4.28)
at 2.4 GHz is used as the source signal. The reconstruction process is shown in Figure 4-12,
It can be clearly seen that the reconstructed signal is the time-reversed version of the

original signal even if it is asymmetric.
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Figure 4-12 The reconstruction process of an asymmetric damped sine shape signal
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4.5 Spatial Focusing Analysis

45.1 Build Spatial Focusing Profile

The temporal focusing of TR has been quantified by comparing the reconstructed
signal and the original signal at the source point following the flow chart in Figure 4-8.
Besides the temporal focusing analysis at a single point, we are more concerned about
targeting the energy selectively over the space. As mentioned in the backward step
description, the E-field needs to be solved not only at the original source point, but also
within a certain range of interest. In the neck model, we are interested in energy or SAR
distribution inside the entire neck region, i.e., the area inside the 2D cylinder.

So the spatial focusing profile can be built by calculating the time domain
reconstructed signals at each point inside the 2D cylinder following the flow chart in Figure
4-13. The original signal x(t) is transformed into the frequency domain X(f) by FFT,
followed by going through the forward Green’s function G™4(f) for each receiving antenna.
Similarly, the sona signal received at each TRM is time-reversed, then reemitted back
though the reverse Green’s function. Different from the temporal focusing analysis, the
reverse Green’s function G™(p, ¢, f) is now a function of space and frequency. So the
reconstructed signal contributed from each TRM obtained is also a function of space and
time. Adding these signals together in time domain, we can get the total reconstructed

signal over the entire 2D cylinder.

52



x(1)
| FFT

Y,(7) Y,(f)

IFFT| | IFFT
»i(?) V()
TR | | TR
yri(?) yro(?)
FFT| | FFT
YR,(f) YR.(/)
Gi(p, 6./) 1 G(p, 4./)
Ri(p, ./) Ry(p, 9. 1)
IFFT | | TFFT
ri(p, ¢, 1) o(p, 9, 1)
(p, ¢, 1)

Figure 4-13 Flow chart of solving the time domain reconstructed signal over space
from multiple antennas

The total energy as a function of space can be found by integrating the square of

time domain reconstructed signal over time,

2
dt. (4.29)

E(p.4)=[|r(p.g.0)] dt= ‘Zrn (p. 1)

If we define the density of the neck as D, the SAR over space inside the neck can be

calculated from the reconstructed signal R(p, ¢, f) in the frequency domain as
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- 2
o
>y R.(p.¢, ) df
2D D
The results (4.29) and (4.30) can be connected by Parseval’s theorem,
j Ir(v)|" dt = j IR(F)[*df . (4.31)

Since the neck is taken as a homogeneous material with constant conductivity and density
in the analytical model, the SAR and energy results will be differed by merely a
normalization coefficient. So in the rest of this chapter, only the energy distribution will be
further discussed.
4.5.2 Focusing at the Cylinder Center

If the original source is put at the center of the cylinder, and the TRMs are equally
distributed in phase surrounding the cylinder, the 2D scattering problem will be
downgraded to a 1D problem with no ¢-variation. The Green’s function between the source
and each TRM will be the same, thus reducing the degree of freedom and giving us a way
to conduct asymptotic study. Taking the advantage of the symmetry, the energy distribution
from a closed TRC could be expressed in a closed form. Based on the asymptotic results,
we could then discuss how to define the hot spot size and what kind of energy ratio
constraints to follow in the clinical situation.
4.5.2a Asymptotic Study

The goal of the asymptotic study is to solve the limit of the energy distribution

derived in (4.29) analytically as the number of TRMs n approaches infinity,

E (0 ) =lim | ‘Zrn(p,qﬁ,t) dt (4.32)
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or in the frequency domain from the Parseval’s theorem in (4.31),

E (0 ¢) = 1im | ‘Z R,(pd, )| df . (4.33)

It represents the spatial focusing limit as the TRMs are now distributed continuously

around the cylinder to form a closed TRC as shown in Figure 4-14.
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Figure 4-14 Focusing at the center with a closed TRC

Since the TRMs are placed equally around the cylinder, the field distribution will
be centrosymmetric. The field can be expressed in terms of only p with no ¢-variation.
From the equivalence principle, we can always replace the actual sources in a region by
equivalent sources at the boundary of a closed surface [104]. Therefore the radius of the
closed TRC can be selected arbitrarily. If the TRC reduces to a point source at the center,
the E-field inside the cylinder due to the continuous TRM can be converted into solving
the Dirac Green’s function of Helmholtz equation in the cylindrical coordinates,

VZG(p) +K*G(p) = —5(p) (4.34)
The solution can be written in the closed form as

G(p)=Jo(kp)- (4.35)
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So if the radius of the TRC is d, then G(d, ) is the forward Green’s function, and G(p, f) is
the reverse Green’s function. Following the flow chart in Figure 4-13, the asymptotic

energy point density on the radial direction inside the cylinder is

U(p.¢) = [|X(1)G(d, -)G(p, f)'df

) ) (4.36)
= [[X(£)35 (k(F)-d)[ 35 (k(F)- p)| df.

It proves that the radius of the TRC does not affect the normalized energy because r stays
in the coefficient and the reverse Green’s function is independent of r. Let X(f) be a single

frequency signal at 2.4 GHz, the asymptotic energy as a function of p is shown in Figure

4-15.
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Figure 4-15 Normalized energy distribution along the radial direction
The function has the oscillating property like the Bessel function. If the cylinder is

lossless, the wavenumber k is a real number, the energy will decay towards zero as the

56



wave propagating. However, the energy distribution will behave differently as k become
complex because of the lossy cylinder, the values in the tail would rise up [105].
4.5.2b Focal Spot Size and Energy Ratio Constraints

In hyperthermia we are concerned about targeting the energy precisely on the tumor.
Therefore the focal area is an important parameter to consider as it indicates how well the
spatial focusing is. From Figure 4-15 we define the focal spot radius rspot as the first local
minimum of the energy distribution function. Based on this definition, the focal spot radius

per wavelength versus frequency up to 5 GHz is plotted in Figure 4-16.
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Figure 4-16 Focal spot radius per wavelength vs frequency
At lower frequency, the energy decreases monotonically within the cylinder range
before it reaches its minimum, so the spot radius is equal to the cylinder radius. As the
frequency increases, the wavelength is getting shorter. As a result, the ratio between spot
size and wavelength keeps increasing to the point where the cylinder radius is equal to the
first zero of the Bessel Jo(x) function. After the point, the focal spot radius per wavelength
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remains constant. The reason is that the spot radius rspet We defined is the first local
minimum of the energy distribution function, which corresponds to the first zero xo of the
Bessel Jo(X) function as it appears in the reverse Green’s function. The reverse Green’s
function is in terms of kp, therefore the first zero can be represented as

X, = Kr,,, =2.4048. (4.37)

spot
We can make the assumption that k is equal to 27/ in a low loss cylinder, hence the spatial
resolution from TR in the model is

_2.4048

spot

4 =0.381. (4.38)
T

It is beyond the diffraction limit because the focusing is due to the near-field EM waves.
Besides increasing the spatial resolution, there are certain energy constraints that
needs to follow in the real clinical applications. The desired way to conduct hyperthermia
is to maximize the applied total power deposited into the tumor, at the same minimizing
spurious hot spots outside of the tumor. So it gives us two perspectives to define the
possible energy constraints. One way is to take a look at the proportion of energy inside
the spot. Following the definition of focal spot radius shown in Figure 4-15, the total energy
inside the focal spot can be expressed by an integration calculated over the rspot. The total
energy inside the cylinder can be found in similar way. Therefore the spot energy ratio,
which is the energy inside the spot over the total energy inside the cylinder, should be

higher than a certain threshold 6sp,

Tspot

I U(p)pdp
Pt -0 >0, . (4.39)

rcyl sp
cyl

[Up)pdp

0
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The other way is to reduce the peak energy outside the spot. Then the peak energy ratio

between the maximum energy outside the focal spot radius and the energy at the source

point should be less than a clinically specified threshold 6,

peak < H

’ . (4.40)

S

Now the TR spatial focusing analysis becomes a constrained optimization problem.

The goal is to minimize the spot size under energy ratio constraints in (4.39) and (4.40) by

optimizing the center frequency and bandwidth.

4.5.2c Optimizing the Frequency and

Bandwidth

The operation frequency is the decisive factor of the spot size and energy ratio.

Considering the problem in the frequency domain, the asymptotic energy at a single

frequency is calculated from (4.36). A family of curves demonstrating normalized energy

as a function of position at different frequ

encies are shown in Figure 4-17.
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Figure 4-17 Normalized energy distribution at different frequencies
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Generally all the energy distribution curves are following the oscillating properties
of the Bessel Jo(x) function. At lower frequencies, the loss in the neck is relatively small,
consequently the curves are diminishing from the center to the boundary of the cylinder.
When the frequency gets higher, the first local minimum, which is defined as the spot size
following the 0.384 spatial resolution, drops from 3 cm, nearly half the neck radius to less
than 0.5 cm. On the other side, the energy in the tail is soaring as the loss starts to increase
with the frequency. At approximately 3 GHz, the peak energy in the tail surpasses the hot
spot in the center, which indicates the disappearance of the spatial focusing.

The ratio of spot size to cylinder radius rspot / reyi, the spot energy to the total energy
inside the cylinder Espot / Ecyi, and the peak energy to the source point energy Upeak / Us

over frequency are shown in Figure 4-18.
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Figure 4-18 Spot size and energy ratio constraints as a function of frequency
With these three curves from the asymptotic study, the choice of frequency now

turns into a constrained optimization problem. The spot size is monotonically decreasing,
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hence we want to choose the largest possible frequency that satisfies the energy constraints
to minimize the spot size. The spot energy ratio drops very quickly as the energy in the tail
grows rapidly with frequency. The peak energy ratio starts from zero at first because there
IS no secondary peak in the cylinder area. Then it goes up and down before a completely
shoot up at around 2 GHz which outruns the desired hot spot.

An example for the constrained optimization is shown in Figure 4-19. The spot
energy ratio threshold 6 is set to be larger 50%, while peak energy ratio should be smaller

than 6, = 25%.

—— Spot Energy Ratio Espot / EcyI

08! Peak Energy Ratio Upeak / US
" 0.6 satisfy spot ener.
e «— . ) ko
§ O . - = = = = = = = = = = = = 0,,= 50%
0.4+ . |
satisfy peak energy
ratio constraint D
ek T e ] 0,=25%
0 | 1 Al 1 -
0 0.5 1 1.5 2

Frequency [GHz]

Figure 4-19 Optimizing frequency under energy constraints

The shaded area on the left colored in light brown shows a range of frequencies that
satisfy the spot energy ratio greater than 50%, additionally the frequencies in grey area on
the right comply with the peak energy ratio below 25%. Thus the brown area in the center
highlighted the solution, which meets the requirements of both energy constraints.

Furthermore, the constrained optimization should be completed by choose the optimized
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frequency at the upper boundary of the solution to reduce the hot spot size. Thereby the
optimized frequency is picked at 1.26 GHz.

After the optimized frequency is locked, it sets up a standard explaining the best
scenario that TR could behave with a single frequency. Now it’s time to step into the time
domain, shape the spectrum of a time domain signal, and compare it with the standard to

see if a broadband signal can achieve better results.
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Figure 4-20 Normalized energy distribution of different bandwidths: (a) Gaussian
pulses in the time domain; (b) spectrums of Gaussian pulses; (c)
normalized energy distribution

To start with, we will keep the shape of the original signal a Gaussian pulse since

it has a simple closed form Fourier transform. The carrier frequency of the pulse is reserved

62



at the optimized frequency 1.26 GHz. The 3dB bandwidth of the spectrum is considered as
a variable. The asymptotic energy is hereby calculated for three different bandwidths as
shown in Figure 4-20. The studied signals has 3dB bandwidths of 0.1 GHz, 0.3 GHz and
0.6 GHz, corresponding to 28 ns, 9 ns, and 5 ns Gaussian pulse width in the time domain
respectively. While the bandwidth is small, the normalized energy distributions are almost
identical to the single frequency one. As the bandwidth grows larger, it is observed that the
peak energy outside the hot spot becomes smaller, shaping the energy distribution outside
the cylinder smoother.

Similarly, to get the energy ratio constraints for further optimization, the spot size

ratio, the spot energy ratio and the peak energy ratio are shown in Figure 4-21.
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Figure 4-21 Spot size and energy ratio constraints as a function of bandwidth

Unfortunately, increasing the bandwidth does not effectively influence the spot size
or spot energy ratio. Nevertheless, it is able to slightly lower the peak energy ratio, which
could be useful in the removal of the spurious spots. It is safe to conclude that the

broadband Gaussian pulse signal does not have a better performance than a single
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frequency signal. However, there exist other time domain signal types, which are able to
accomplish a better spatial focusing under the same energy constraints. For example, a
spectrum with damping amplitudes at higher frequencies would improve the focusing by
compensating the rising energy in the tail.

4.5.2d Approaching the Spatial Focusing Limit

The asymptotic study is based on the existence of a close TRC. However, it is not
practical to build a continuous boundary using infinite number of antennas. Therefore a
finite number of antennas is placed in-phase at the same radius to simulate the closed cavity
configuration. The energy distribution profile is then developed following the steps in
Figure 4-13. It is also a good way to evaluate how number of antennas will affect the spatial
focusing profile by comparing it to the asymptotic study results.

First of all, the spatial focusing profile from a two-channel system is measured. It
is the simplest TR system with the one source and the other TRM respectively put inside
and outside of the cylinder. The original signal is a Gaussian pulse at the optimized
frequency 1.26 GHz, with a 3dB bandwidth of 0.1 GHz. The spatial focusing after the TR

process is illustrated in Figure 4-22.
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Figure 4-22 Spatial focusing from a single TRM: (a) schematic drawing of the source-
TRM configuration; (b) energy distribution result
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The energy is stronger on the side closer to the TRM. It is recognized that there is
no hot spot at the center, meaning no spatial focusing is seen from a two-channel system
in the neck model. The reason is that in a highly symmetric, homogenous, non-
reverberating system, the information in the sona signal from a single antenna is not enough
to record the source location.

The number of antennas n is increased to gather more information from the
environment. The original signal is kept as a Gaussian pulse at the optimized frequency

1.26 GHz, with a 3dB bandwidth of 100 MHz. The spatial focusing from multiple TRMs

are shown in Figure 4-23.

° o
n=4 n=8
0 - 0
-

5 5 - T
‘ ‘\ 5 r 1 \ 5

- » i
>
‘ | ~ = I ' -10 )
-5 -5

= B - B .
(a) 5 0 5  Energy (b) 5 0 5  Energy (¢) -5 0

ylem]

5 Energy
X [em] [dB] X [em] [dB] x [em] [dB]

Figure 4-23 Spatial focusing profile from n TRMs: (a) n = 4; (b) n =8; (c) n = 16; the
figure above shows the source-TRM configurations

At n = 4, the hot spot at the source location is recognized, whereas the magnitude
gets even higher at the position close to the TRMs. When the number of antennas is doubled
to eight, the spatial focusing profile shows a more distinguished spot at the center, with the

energy far greater than the spurious spots near the TRMs. With the configuration of 16
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TRMs, the undesired hot spots on the boundary are completely removed. The energy
distribution is following the oscillating while delaying trend of the Bessel function,
approaching the spatial focusing limit. To further study the effects of the number of

antennas, the normalized energy over the cylinder radius on x-axis is shown in Figure 4-24.
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Figure 4-24 Approaching the spatial focusing limit by increasing number of antennas

All three curves behave quite similar to the theoretical one at the range close to the
center. The spot size, defined by the first local minimum, are given approximately the same
value from them. The energy distribution starts to diverge for 4 and 8 antennas when
approaching the boundary of the cylinder. The result from 16 antennas matches the
asymptotic result pretty well, illustrating that by increase the number of antennas, the
spatial focusing profile is approaching the limit from the asymptotic study. We could

choose n = 16 as a good approximation to the theoretical results.
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4.5.3 Focusing at an Arbitrary Location

When the original source is placed at an arbitrary location inside the 2D cylinder
surrounded by a closed time-reversal cavity, the Green’s function could be found in a 2D
Helmholtz equation

VZG(r,r)+k*G(r,r)=-5(r-r’), (4.41)
where r is the observation point, r’ is the source point. k denotes the wavenumber inside
the cylinder, ¢ is the Dirac delta function.

The solution of (4.41) is a summation of higher order Bessel functions. It is not
easy to study the asymptotic energy distribution as elucidated for the center focusing case.
However, we could use multiple antennas to approach the theoretical results.

To start with, keeping the problem in the frequency domain, the reconstructed

signal over space at a single frequency is obtained following Figure 4-25.
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Figure 4-25 Flow chart of solving the frequency domain reconstructed signal over
space from multiple antennas by phase conjugation
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The procedure is similar to getting a reconstructed signal in the time domain shown
in Figure 4-13, except that the phase conjugation is applied on the sona which is equivalent
to a TR operator as for the electric field. The source is placed half way between the center
and boundary of the cylinder on x-axis with the frequency set at 1.26 GHz. The spatial

focusing profile is shown in Figure 4-26 after the TR process by 16 TRMs.
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Figure 4-26 Focusing at an arbitrary location: (a) source-TRM configuration; (b)
energy distribution in the cylinder; (c) normalized energy on x-axis

Spatial focusing is spotted at the source location, but the energy near the boundary
is comparable to the focal point, with the peak power ratio as high as 0.9 on the x-axis. Due
to the lack of selectivity, it is not applicable in the biomedical use by assigning the
magnitude and phase directly from the Green’s function for each element. Therefore the
improvement on the selectivity from EM TR is required.

From the antenna design point of view, in a phased array, the phase of each element

governs the beam direction, i.e., the where the most EM energy would propagate, and the
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magnitude of them determines the shape of the beam, in other word, the weighting factor
of energy in each direction [106]. Likewise, in the TR process, the phase information from
forward Green’s function has encoded the focusing location, while the magnitude will be
shaping the spot. So the magnitude correction on the sona signal needs to be done to
enhance discriminating focusing.

Intuitively thinking, there are two ways to carry out the magnitude correction: one
is to set all the TRMs as having equal magnitude, since the equal magnitude configuration
in the phased array gives the narrowest beam. The other method is to assign the magnitude
of each element the value that is reciprocal to the magnitude from the Green’s function.
Since the antenna closer to the source receives stronger signals, it compensates the loss
during the propagation by setting reciprocally the magnitude, thus allowing each antenna
to make equal contribution to the reconstruction. The spatial focusing profile and

normalized energy on x-axis after magnitude correction is shown in Figure 4-27.
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Figure 4-27 The energy distribution after magnitude correction: (a) equal magnitude;
(b) magnitude reciprocal to Green’s function. The plots below show the
normalized energy on x-axis

It is generalized that the correction is done by adding a correction factor p in the

power of the magnitude from the Green’s function, which is described by

(A AL T (4.42)
where Yr is the time-reversed sona in the frequency domain and Yr®" is the signal after
correction. If p = 1, no correction is done, the magnitude of the signal maintains what is
gets from the Green’s function; p = 0, the magnitude of each element is changed equally to
1; p = —1, the magnitude is set to be its reciprocal.

The peak energy ratio and the spot energy ratio are plotted in Figure 4-28 versus

the correction factor p.
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Figure 4-28 Peak energy ratio as a function of correction factor p

The peak power ratio reaches its minimum at approximately p = 0, which follows
our observation from Figure 4-26 and Figure 4-27. There is a hot spot comparable to the
center spot on either left or right side of the cylinder in p =1 or p = —1 case, which makes
the peak energy ratio the highest on each side. It also correlates with the antenna theory
that the equal magnitude in each element would accomplish the best focusing. In this
particular scenario in the neck model, the selectivity of focusing could be best enhanced
by choose the correction factor p equal to —0.07. The spot energy ratio remains constant as

p changes.
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Chapter 5 Focusing with TR

5.1 Non-invasive Focusing Methods

In cancer therapies, we are facing a much more complicated inhomogeneous media,
including both cancer and healthy tissues. According to the above discussed TR process,
an EM source is required to be placed at a tumor site so as to generate waveform. It then
leads to rather complex waveforms received by each of an array of antennas surrounding
the body due to interactions with intervening tissues. However, such internal source could
be deposited through an invasive surgery, which is costly and risky in the treatment. In
order to apply TR non-invasively, it is necessary to develop methods other than open
surgeries to spatially encode the target location.

One intuitive approach is to incorporate the computer-based simulations in clinical
therapies [36]. For each patient, a personalized permittivity map over the lesions is
established based on the existing biomedical models, such as Virtual Population (ViP) by
It’Is Foundation [107], in combination with the individual computed tomography (CT) and
magnetic resonance imaging (MRI)data. The permittivity map enables the full-wave EM
simulation on complex during the treatment, the results of which can be utilized to
manipulate the signals of the antennas in clinical therapies.

The detailed process of performing TR with a permittivity map is the following:
First, the customized permittivity map is generated as shown in Figure 5-1(a). In the map
there exists the cancer tissue where our heating aims at, along with the healthy tissues
where the heating should be avoided. The forward step in the TR process is completed in
the simulation by putting an active source, usually modelled as an electric dipole, at the

tumor location. The sona signal is received by the antennas located outside the human body
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acting as TRMs after the source signal travelling through the complex media as shown in
Figure 5-1(b). The recorded sona signal is then time-reversed, amplified and transmitted
from the real antennas in the phased array of a clinical hyperthermia system. From the time
invariance property of the Maxwell’s equation, the selective heating is delivered to where

the active source is located.
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Figure 5-1 Focusing with an internal source: (a) generated permittivity map; (b) time-
forward step; (c) time-reverse step
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However, the placement of internal source is essential in the simulation process. It
is preferable if a “beacon” is exploited to spatially encode the target location. If a passive
nonlinear element is planted at the tumor site in a linear system, then the new frequency
components in the system is only produced by the nonlinear element [108]. So the sona
that contains the additional frequencies has encrypted the location of the nonlinear element.
In this way the tumor is successfully marked by a nonlinear beacon. The nonlinear beacon
method for TR has been discussed in subwavelength position sensing [109] and damage

detection in solids [110].
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Figure 5-2 Focusing with a nonlinear beacon
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The process of nonlinear TR heating in the human tissues is shown in Figure 5-2.
At first, a passive nonlinear beacon, which has the property of doubling the original
frequency, is implanted in the cancer tissue to tag the tumor site. After that an external
interrogation signal, such as a Gaussian-modulated pulse at the carrier frequency f, is
transmitted towards the lesion. When the EM waves go through the nonlinear beacon, the
new frequency component is generated at twice the carrier frequency 2f. Afterwards, the
sona signal, including both f and 2f components, is received at the surrounding TRMs.
After passing it through a band-pass filter, the filtered sona now has only the doubled
frequency. Since there is no other nonlinearity in the tissue, it can be considered as the
filtered sona is generated from the nonlinear beacon, which acts exactly the same as an
internal active source. The focusing should be seen at where the nonlinear beacon locates,
if the time-reversed BP filtered sona that has only the 2f part is used during the
reconstruction. Hong et al. develops a way to isolate the 2f sona using pulse inversion for
EM waves [111]. This offers us a new way to focus non-invasively with no internal, only
external sources needed.

5.2 Reverberating Environment

Ideally a closed time-reversal cavity (TRC) should be built in order to confine all
the EM energy for better focusing quality. This would require a multi-antenna system.
However, when the system is enclosed in environment with highly reflecting and scattering
boundaries, it is considered to be equally effective. Such reverberating cavity could reduce
the time and meshing complexity in the simulation process. Hence a ray-chaotic metallic
box [112], usually called 3D Gigabox, is introduced as a start for the assessment of the TR

focusing properties.
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Figure 5-3 3D Gigabox with strong reverberating: (a) overview; (b) scatters inside the
box; (c) schematic drawing with dimensions

The exterior dimension of the Gigabox is shown in Figure 5-3(c). Inside the box
there are two scatters stirring the modes to create a reverberating environment. The walls
and scatters of the box is made from high conductive metals with good reflection to EM
waves. There are two antennas are located on the adjacent walls of the enclosure. When
TR is performed, one antenna is used to transmit the source signal, whereas the other one
functions as a TRM.

5.2.1 Focusing with Active Internal Sources

The Gigabox was drawn and imported into CST MICROWAVE STUDIO® as

shown in Figure 5-4 so as to perform full-wave simulation of the TR process in a two-

channel reverberating system. The transient solver, which is Finite Integration Technique
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(FIT) based, is used in the following simulations to compare the reconstructed signal to the

original source in the time domain.
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Figure 5-4 3D Gigabox in CST MICROWAVE STUDIO®

The enclosure and the scatters have a thickness of 3 mm, and are treated as perfect
electric conductors (PEC) in the simulation. The box is air-filled. Port 1 and 2 are modelled
as discrete ports with characteristic impedance of 50 ohms.

Figure 5-5 shows the simulation process of focusing with an active internal source.
In the time-forward step, the original source signal, a 70 ns width Gaussian-modulated
sinusoidal pulse, with carrier frequency of 2.4 GHz and 3dB bandwidth of 400 MHz, is
transmitted from Port 1. The sona signal is recorded at Port 2. Changing the role of the
antennas, the time-reversed sona is then sent from Port 2 after a 20dB amplification in the
time-reverse step. The original discrete port is replaced by a voltage monitor to check the

temporal reconstruction. Additionally, a 20 cm by 20 cm 2D field monitor is centered at

77



the Port 1 to investigate the spatial focusing. The time domain signals during the

reconstruction are also shown in Figure 5-5.
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Figure 5-5 TR process of focusing with an internal active source

The maximum of the reconstruction is spotted at t = 364.3 ns, with a peak-to-peak
voltage of 0.68 V. The power to noise ratio (P/N) is defined as the peak-to-peak voltage
ratio of the reconstructed pulse to the largest noise pulse outside the reconstruction. In this
particular configuration, the P/N is approximately 11.5 dB. It is considered as a good
reconstruction of the original signal. Furthermore, the reconstructed signal is time-reversed
and enlarged at the range where the original signal has non-zero values in Figure 5-6(a)(b).
It is seen that the reconstructed signal has the same Gaussian modulated shape and the same
width compared with the original signal. The normalized cross-correlation is also
calculated between the two signals to quantify the temporal focusing as shown in Figure
5-6(c). The maximum occurs at r = 0, which means the reconstructed signal largely

resembles the original signal. The temporal focusing property of TR is hence proved.
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Figure 5-6 Temporal focusing analysis of the linear TR in the reverberating cavity:
(a) the original signal; (b) the time-reversed reconstructed signal; (c) the

normalized cross-correlation

The normalized energy distribution calculated from |E| at the time point where the
sona tops its value is shown in Figure 5-7. The highest energy which shows the spatial
focusing from TR is clearly seen at the center of the field monitor, exactly where the
original source locates. The half power (3 dB) focal spot size is about 4.6 cm by 4.6 cm. In
the area of observation, the spurious spots are also found, but the amplitude of them is no
larger than half of the amplitude in the center. It is concluded that the TR has the ability to

focus selectively over the space, which is beneficial in the modern cancer therapy.
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Figure 5-7 Spatial focusing analysis of the linear TR

The focusing property of TR should persist even with the presence of loss due to
the time-reversal symmetry of the Maxwell’s equations. To study the focusing quality from
TR in a lossy and inhomogeneous environment, the material of the enclosure and the
scatters are changed from PEC to copper with conductivity 5.8 <107 S/m, followed by a
10 cm < 10 cm > 10 cm cube of tap water, which has relative permittivity of 78 and
conductivity of 1.59 S/m, placed on the ground plane 20 cm away from the scatters along
the x-axis inside the box as a perturbation to the system. The reconstruction results are
shown in Figure 5-8. The same 2.4 GHz Gaussian-modulated pulse is transmitted from
Port 1. The sona signal has a decaying trend in its envelope shape due to the loss in the
environment. The amplitude of the sona is about 100 times weaker than the lossless case.
Despite the low power, the reconstruction signal shows a similar Gaussian shape as to the
original signal, with a peak-to-peak voltage of 0.0186 V. Compared to the lossless
environment, the P/N is slightly better at about 12.9 dB, which indicates that the focusing

is enhance from the information provided by the loss and inhomogeneity. The inset is the
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E-field distribution at the peak voltage time point t = 364.6 ns in the field monitor region,

a 60 cm long, 10 cm wide rectangular, showing a half power focal area of 8 cm by 8 cm.

The field through the center line is plotted versus distance along the x-axis as shown in

Figure 5-9. It follows the shape of a sinc(x) function.
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5.2.2 Focusing with Passive Nonlinear Beacons

The spatial encoding usage of passive nonlinear elements in a wave chaotic system
has been described [111, 113]. It would be more beneficial to extend this method into a
clinical system design. To further test the focusing property of TR with nonlinear beacons,
a nonlinear port is added to the current 2-port linear system. In the simulation, the
nonlinearity is introduced by connecting a rectifying circuit to the additional Port 3 as
shown in Figure 5-10. An 18 ns broadband Gaussian pulse with carrier frequency 2.2 GHz
first go through a 3dB power splitter. Half of the signal maintains its original form and
frequency, entering the Gigabox from the linear Port 1 as the previous simulations. The
other half goes into the system from the nonlinear Port 3 after passing through a rectifying
circuit that generates the higher frequency. The circuit part is simulated in CST DESIGN
STUDIO™, employing the S-parameters of the 3D Gigabox calculated from the

simulations in CST MICROWAVE STUDIOQ®.

Figure 5-10 Schematic diagram of nonlinear TR simulations
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The sona signal received at Port 2 contains both the original carrier frequency at
2.2 GHz and generated frequency at 4.4 GHz and higher as shown in Figure 5-11. Hence
the nonlinear port can be considered as a beacon where the frequency components besides

the original carrier frequency is generated.
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Figure 5-11 Time-forward step of the nonlinear TR

The next step is to pass the raw sona signal through a high-pass filter to get a filtered
sona that keeps only the newly generated frequency components. The 9™ order Butterworth
high-pass filter is implemented with a MATLAB program and is considered ideal. The 2.2
GHz original carrier frequency is wiped out in the filtered sona, which is then transmitted
back into the system from Port 2. These emitted new frequencies follows exactly the same
way as that an active source is placed, which leads to a perfectly reconstructed signal at the
nonlinear port after the TR process shown in Figure 5-12. The P/N of the reconstructed

signal is about 10.9 dB. As expected, no focusing is seen at the original linear port.

83



0.02;

= 0.01]
e 0.02
8 0
2.0.01|
' Reconstructed signal s 0.01
-0.02}  at nonlinear port ©
L ‘ . . 2 0
0 100 200 300 400 B
) >
Time [ns] ) 0.01
No reconstruction k- 0.02 Filtered TR Sona J
0.01 at linear port _ 0 100 200 300 400
- Time [ns]
= 0.005 I “@ 25/
()]
5 1 (Antenna 1) ' 2
G ‘ 2
= ‘ 15 f

[Y{l

Onlynew —
1 frequencies

100 200 300 400 05 included
Time [ns]

0 ;
0 2 4 6
Frequency [GHz]

Figure 5-12 Temporal focusing analysis of the nonlinear TR

The spatial focusing is also observed as shown in Figure 5-13. The half power focal
spot area is about 2.2 cm by 2.2 cm, which is highly reduced compared to the linear case
because of the shorter wavelength. It is concluded that the passive nonlinear object can be

successfully exploited as a beacon to spatially encode the target location.
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Figure 5-13 Spatial focusing analysis of the nonlinear TR
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5.3 Ballistic Approach

After validating the temporal and spatial focusing properties of TR in a two-channel
reverberating cavity, a more complex multi-antenna system with inhomogeneous media
that simulates the human tissues should be considered next. Such system, often referred as
the “ballistic” TR, utilizes the ballistic waves from each antenna without much scattering
and reverberating to achieve focusing at the target location. It requires a ring of antennas
surrounding the human body to form a closed TRC. The prototype of a ballistic multi-
antenna TR system is shown in Figure 5-14. A multi-channel digital oscilloscope and an
arbitrary wave generator is connected to several antennas around the human body to

perform nonlinear TR.

Tissues

Impedance
Matching
Liquid

RF Antennas

Figure 5-14 A multi-antenna TR hyperthermia system prototype

Ballistic configuration, in principle, takes place when there will be no scattering
between RF source and receiver antenna. This not exactly the case shown in Figure 5-14
where we have several antennas surrounding lossy neck model and some scattering will
take place on different permittivity objects. However, we wanted to stress that in contrary

to the case of reverberating cavity where signal is reflected many times, here most of energy
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is exchanged without major reflections. Such “ballistic” configuration should allow in
future for applying similar techniques as proposed recently in optics to improve TR
focusing [114]. For example, it was already reported an approach for dynamic cancellation
of diffuse background in the case of focused inside of deep biological tissue high-resolution
fluorescence imaging [115].

To assess the focusing quality in a ballistic TR system, the TR process with an
active source placed at the tumor site is tested. As a follow-up study of the 2D neck model
discussed in Chapter 4, the model is constructed and simulated in CST MICROWAVE
STUDIO®. The permittivity map is built as a simplified version of the neck anatomy [116]
with a variety of tissue configurations as shown in Figure 5-15. The picture on the left
shows the real CT data of a young female adult, while on the right the rough area of
different tissue types are marked with elliptical shapes in the simplified permittivity map
used in the simulations. A malignant tumor is added to the normal anatomy to mark the
focusing target.

Malignant
Tumor

Skin

Bone

Muscle
Air

Spinal Cord
(Nerve)

Figure 5-15 Simplified permittivity map from a normal CT of the neck
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The dielectric properties of tissues are modelled by the 2" order Cole-Cole model

as shown in (4.1). In this study, we use the parameters of first two terms in the 4™ order

Cole-Cole model developed by Gabriel et al. [103] shown in Table 5-1. The real and

imaginary part of the neck complex permittivity from 0 — 5 GHz is plotted in Figure 5-16.

Table 5-1 Parameters of the 2"d order Cole-Cole model for tissues in the neck

Tissue c
Type &n A& 71 [ps] ai Ag2 72 [ps] az [S/m
Skin 4 32 7.23 0 1100 32480 0.2 0.0002
Bone 2.5 10 13.26 0.2 180 79580 0.2 0.02

Muscle 4 50 7.23 0.1 7000 353.68 0.1 0.2
Nerve 4 26 7.96 0.1 500 106100 0.15 0.006

Tumor 6.75 25.61 7.22 1 23.91 15.3 1 0.79
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Figure 5-16 Relative permittivity of tissues in the neck model: (a) real part; (b)

imaginary part

In the simulation, the radius of the round shape neck is 6 cm, surrounded by eight

antennas as TRMs equally distributed in phase, each of which are placed 7 cm away from

the shape center. The energy distribution is shown in Figure 5-17 after the TR is applied.

A 7 ns Gaussian pulse at 2.4 GHz is used as the original signal.
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Figure 5-17 Energy distribution of the neck model after the TR process, tumor is the
elliptical shape inside the circle, the other tissues are omitted

Energy
[dB]

Figure 5-18 Energy distribution of the neck model after equal magnitude correction
in TR

The distinctive focusing occurs at the malignant tumor site which is marked by an

ellipse inside. The half power focal area size is about 1 cm by 2 cm. However, the spurious

88



hot spot is seen at the top left corner. Following the proposed scheme from Chapter 4, the
correction is performed by setting each antenna to equal magnitude (the correction factor
p = 0). The energy distribution after the magnitude correction is shown in Figure 5-18.
Compare to p = 1 case, it is seen that the focal area is reduced to 1 cm by 1 cm. However,
the unwanted hot spots is increased. The possible reason could be that the original pulse in
the simulation is not centered at the optimum frequency. Also the wider bandwidth from

broadband signal may introduce other losses to induce the spurious hot spots.
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Chapter 6 Thermal Effects of TR

According to the intrinsic focusing properties of TR, the EM energy is selectively
focused at the targeted location, which is proportionally converted to heat due to the loss
in the tissue, resulting in an increase in local temperature. The hyperthermia requires the
tissues to be heated to a certain temperature, namely 41-45 <C. At the same time the heating
on the healthy tissues should be avoided. Therefore it is important to evaluate the elevated
temperature and the selectivity of the heating effect from the EM TR.

Preliminary simulation results demonstrate that the electric field is discriminatively
focused at the original source location in a wave-chaotic system, such as the 3D Gigabox
shown in Figure 5-3. From the bioheat equation in (2.23), the temperature should rise
accordingly with respect to the spatial focusing profile. To further study the heating effect
in a two-channel reverberating environment, the experiments are designed and conducted
to test the actual amount of the temperature rise, as well as the distribution of thermal
effects.

6.1 Experimental Setup

The TR process is controlled by a MATLAB program written by the University of
Maryland Gemstone TESLA team. Microwave switch assemblies are employed to shift the
system between the forward and backward step. The TR system in the 3D Gigabox is set

up as shown in Figure 6-1.
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Figure 6-1 Control of TR process in the 3D Gigabox

The system performs the forward step of TR process when the switches are at
position 1. The source signal read from the computer with controlled shape, duration,
carrier frequency and input power, is then generated from a Tektronics AWG7052 arbitrary
waveform generator and an Agilent E8267D PSG vector signal generator. The generated
waveform is transmitted into the system from Port 1. After the source signal propagating
through the reverberating environment, the sona signal is received at Port 2, which is
connected to an Agilent Infinilum DSO91304A digital storage oscilloscope. The received
sona is filtered and time-reversed through the connected computer.

The backward step is a symmetric process by changing the switches to position 2.
The time-reversed sona is sent from Port 2 by the signal generator, followed by the

reconstructed signal recorded by the oscilloscope at Port 1.
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6.2 Water Heating

A preliminary test of the heating effect from the EM TR in the Gigabox was done
to measure the temperature rise of water placed at the source location. The antennas

operated in the experiment are shown in Figure 6-2.

— 1812
=21

2 4 6 8
Frequency (GHz)

Figure 6-2 The antenna configurations for the heating experiment: (a) a 2.4GHz
monopole antenna in the tube with water; (b) a 2.4 / 5GHz dual band Wi-

Fi antenna; (c) transmission coefficients between these two antennas
through the Gigabox

The 2.4 GHz monopole antenna depicted in Figure 6-2(a) is loaded in a 50mm long
glass tube filled with tap water and mounted on the Gigabox as the original source. A tube
sealing compound is used to close the open end of the tube without disturbing the EM
fields. On the opposite side of the Gigabox, a 2.4 GHz and 5 GHz dual band Wi-Fi antenna
in Figure 6-2(b) is installed, functioning as a TRM. The S»: of the Gigabox is displayed in
Figure 6-2(c), showing a good transmission at the operating frequency 2.4 GHz between
the two antennas.

Then the TR is performed with the water tube inside the Gigabox, transmitting a 50
ns wide Gaussian pulse at 2.4 GHz from the monopole antenna in the water. The forward
incident power of the source signal is 0 dBm, while the backward incident power on the

PSG to transform the time-reversed sona is increased to 25 dBm. After the TR process, the
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reconstructed signal has the similar Gaussian shape as the original pulse, with an amplitude

of approximately 1.1V, as shown in Figure 6-3.

Emitted Intemogation Pulse, PulseWidth=50.0 ns,fc=2.4GHz Reconstructions, Power=25dBm
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Figure 6-3 The original source and reconstructed signal in the 2.4 GHz water heating
TR process

In order to measure the temperature rise, the 2.4 GHz monopole antenna inside the
water is replaced by a temperature sensor. The filtered time-reversed sona recorded from
the reconstruction process is sent continuously from the dual band Wi-Fi antenna in a 15
us period, which is a 100% duty cycle. A Hewlett Packard 83020A power amplifier is
utilized to boost the input power by 30 dB. The signal is turned off after it reached the
equilibrium for cooling. The temperature in the water is thereby measured by an Opsense
fiber optical sensor. The temperature change over time is shown in Figure 6-4. At first, the
heating effect overwhelms the cooling, showing a slope AT/At of 5.88 x 10 <T/s. After
about 15 minutes the equilibrium is reached. It is seen that the temperature has raised for
approximately 2 degrees. After the signal is turned off, the temperature starts to drop
immediately. It takes about another 15 minutes to go back to the room temperature,

completing the full heating and cooling curve.
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Figure 6-4 The temperature vs time for water heating at 2.4 GHz

The temperature rise clearly demonstrate the heating effect of the EM TR. It further
proves the heating comes merely from the TR since the temperature drops immediately

when the source is turned off.
6.3 Temperature Distribution

The hyperthermia for cancer treatment requires not only the elevation of
temperature, but also the selectivity of heating. The former has been proved by the
preliminary experiment in watering heating. Hence it is necessary to show that the heating
happens the most significantly at the target location. To go one step further from the water
heating experiment, temperature sensor is placed at multiple locations to build a heating
profile.

A gelled phantom [117] is introduced to help establish a temperature map as it has
similar permittivity and thermal conductivity properties to human tissues. The gelled
phantom used in the experiment consists of 8 g/L Polyacrylic Acid partial sodium salt

(PAA, part 43 636-4 from Aldrich Chemical) and 0.70 g/L Sodium Chloride (NaCl). The
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2.4 GHz monopole antenna is inserted in the center of a 50mm long glass test tube filled
with the gelled phantom which has a conductivity of 0.26 S/m. The material is viscous, yet
stable in the test tube. The tube sealing compound is employed to fix the tube position. The
TR was performed for the gelled phantom at 2.4 GHz with the reconstructed signal shown

in Figure 6-5.
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Figure 6-5 The original source and reconstructed signal in the 2.4 GHz gelled
phantom heating TR process

The reconstructed signal has an amplitude of approximately 1.8V, which is better
than the reconstruction in the water at the same frequency. The temperature was measured
following the same procedure as the water heating experiment. A reference sensor in air
was placed inside the Gigabox 2 cm to the left of the glass tube filled with gelled phantom.

The temperature versus time plot is shown in Figure 6-6.
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Figure 6-6 The temperature vs time for gelled phantom heating at 2.4 GHz

The gelled phantom has a maximum temperature rise of 2.8 <C, at the same time
the background air temperature remains stable with no change during the measurement. It
again proves the heating is originated from the EM TR source. The heating curve reaches
the equilibrium after approximately 900 s with the slope AT/At about 6.5 x 102 <T/s
Compared to tap water it has a more rapid heating performance.

We propose two ways to build a temperature map: one is to measure while moving
the temperature sensor with the tube along one direction, the other is to measure
temperatures at multiple positions in a broader area.

6.3.1 1D Distribution

Instead of getting the temperature at a stationary point, the temperature map could
be built by moving the temperature sensor together with the glass tube. A Physik
Instrumente C842 motor controller is employed to shift the tube position externally-
mounted on a Pl MikroMove M-415.DG translation stage as shown in Figure 6-7(a), using

a program written by the University of Maryland Gemstone TESLA team. The moving

96



stage controls the altitude of a sliding panel which is a part of the Gigabox wall and the
enclosure remains sealed during the translation.

The moving stage was initially centered at the target point where the TR
reconstruction was done in Figure 6-5, marked as the reference zero point. The experiment
covers an 11 cm length along y-axis as the stage moves from —5.5 cm to 5.5 cm as shown
in Figure 6-7(b). The temperature was measured every 1 cm, so there are 12 positions in
total, plus the one at the center. The stage is stabilized during the temperature measurement
as the synchronization between the moving stage and the TR procedure is taken care of by

another MATLAB program.

(b)

Figure 6-7 Experimental setup for measuring the temperature distribution along an
axis: (a) a sliding panel controlled by the moving stage; (b) schematic
drawing of the move along y-axis

Before the temperature measurement, the peak-to-peak reconstruction amplitude
was measured as shown in Figure 6-8, following the same procedure in Cangialosi et al.
[118] The peak-to-peak voltage tops its value at the center point, indicating the strongest

reconstruction at the target location.
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Figure 6-8 Spatial profile of peak-to-peak voltage along a line at 2.4 GHz

The build a heating profile along the y-axis, the experiment was done in the
following steps: First, the 2.4 GHz monopole antenna was loaded into the test tube with
gelled phantom and mounted on the stage, which is centered at the reference zero point.
Then we performed the TR and recorded the filtered sona signal. After the TR process, the
antenna was taken out from the gelled phantom and the temperature sensor was put in,
keeping the environment unvarying. The filtered time-reversed sona was continually
broadcast into the cavity once every 15 us and the temperature at the center was measured.
The stage was moved to the lower limit, i.e., —5.5cm, afterwards, scanning along the y-axis
and measuring the temperature every 1 cm till it reaches the upper limit 5.5 cm. The
temperature was measured by turning on the signal for 30 minutes and then shut down the
signal for another 30 minutes. There was 12 temperature curves measured in total. The

maximum AT at these measured points are shown in Figure 6-9.
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Figure 6-9 The maximum temperature rise versus distance

The temperature distribution does not quite follow the peak-to-peak voltage
distribution. The reason could be the move of the tube perturbs the environment, resulting
in the sona signal no longer adaptive to the new atmosphere. It could be also some
background heating happened at around —5.5 cm from the temperature gradient of the
Gigabox. Additionally, unlike the voltage in Figure 6-8, the temperature change depends
on the total energy in the reconstructed signal, which is related to the integration over time.
Therefore the experiment should be repeated with controlled variables and corrections.
6.3.2 2D Distribution

A major drawback of the experiment on the translating stage is that a large amount
of dielectric is moving during the experiment. The environment is varying at each point,
thus leading to the inaccuracy of the temperature measurement results. Hence an improved
experiment is designed by keeping the gelled phantom fixed in the environment. The gelled
phantom is now put inside a 2 inch by 2 inch square plastic box with 1 inch height as shown
in Figure 6-10(a). The box was then taped on the wall of the Gigabox in Figure 6-10(b).
On the top surface of the box, several holes were drilled with the dimension marked in

Figure 6-10(c) which allows the antenna and the temperature sensor to go through.
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Figure 6-10 Experimental setup for measuring the temperature distribution within
an area: (a) a box filled with gelled phantom; (b) the box taped on the
wall of the Gigabox; (c) schematic drawing of the holes on the surface

Multiple temperature sensors are needed in building a temperature map over the
box area. Ideally the temperature change over time could be accomplished by putting one
sensor at the center to monitor the expected reconstruction, together with other sensors
placed around for comparison. In this particular experiment, one sensor at the center and
the other sensor positioned 1” to the right of the center were used to qualitatively compare
the difference. Because of the large volume of the gelled phantom, it takes longer to reach
equilibrium, so the temperature is measured with the sona signal turned on for 2 hours and

off for another 2 hours. The temperature versus time dependence are shown in Figure 6-11.
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Figure 6-11 Temperature vs time for two sensors at different place

The result shows that the temperature rise at the center is approximately 0.5 <C
larger than on the side. This experiment proves both the intensity and selectivity of the

heating effects from EM TR, proposing a promising application of TR in hyperthermia.

6.4  Clinical Prospects

By employing more antennas, a complete EM TR system will ultimately be able to
focus RF power instantaneously and precisely at each tumor location. The two non-
invasive focusing methods proposed in this dissertation, would both lead to encouraging
future clinical prospects. The MRI-guided TR will be developed in order to generate
customized permittivity maps. Depending on the simulation of real-time MRI data, it
allows TR to instantaneously adjust the phase and amplitude of the antennas, which is
improvement in personalized treatment. At the same time, the nonlinear beacon candidates,
such as ferromagnetic materials or nanoparticles, could be placed during biopsy or injected.

It opens a promising way to spatially encode the internal tumor site. A key step forward is
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to test the in vivo performance of TR in animal tumor models before the system is applied
clinically for non-invasive ablation, thermal drug delivery, and permeability control of
blood brain barrier (BBB). Thanks to its advantages of noninvasiveness, low ionizing
radiation, and selectivity in destroying cancer cells, the development of larger-scale clinical
TR systems will likely improve survival rates and quality of life for cancer patients,

especially those afflicted by late-stage cancers.
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Chapter 7 Conclusions and Future Work

7.1 Conclusions

Time reversal (TR) is a promising method for targeted thermal cancer treatment
due to its intrinsic focusing concept. This dissertation presents a thorough assessment of
TR techniques to-be-used for RF hyperthermia using the analytical model, full-wave EM
simulations and experimental approaches.

First, a simple analytical model was developed for the neck tumor. The neck is
modeled as an infinite length dielectric cylinder filled with muscle as a homogeneous
medium. The TR process is converted into a 2D line current source scattering problem.
Both the time-forward and time-reversed Green’s function were solved analytically from
the Helmholtz equation. Temporal focusing was quantified by calculating the cross-
correlation between the reconstructed signal and the original signal. It is proved that the
quality of the reconstruction is good, given that the maximum cross-correlation occurs at
zero delayed time.

The spatial focusing issue was converted into an optimization problem of basic
parameters with several energy constraints compiled from clinically relevant criteria.
Based on an asymptotic study in a closed time-reversal cavity (TRC), the focal spot size is
defined and spatial resolution is hence calculated. The best possible spatial resolution,
found here for the cylinder shape, is 0.38 wavelength, which is beyond the diffraction limit
because the focusing is achieved at near-field. The influence of the center frequency of the
source signal was investigated, indicating that higher frequency leads to smaller focal spot
size, however, it was also found that some of the energy constraints might not be satisfied.

The optimization process was elaborated to find the optimum frequency and 1.26 GHz was
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selected. Moreover, it was concluded that for a source signal with Gaussian-modulated
shape, the spatial focusing from a broadband signal cannot triumph that from a single
frequency signal.

Additionally, the spatial focusing profile from a finite number of TRMs is analyzed.
The position of the focal point was found as dependent on the phase of each TRM, while
the magnitude as controlling the shape of the spot. By multiplying a correction factor in
the power of the magnitude, the quality of spatial focusing is improved.

Secondly, simulation tools such as CST MICROWAVE STUDIO® have been used
to study the feasibility of TR in hyperthermia. Dimensions and parameters of the
reverberating cavity (GigaBox) system [112] were used for simulations. Two approaches
on how to avoid insertion of the real transmit signal antenna into the tumor were proposed
and analyzed. The first method was to put into a tumor location an internal virtual source,
which could provide a signal. Both the temporal and spatial focusing from TR was
observed when carrying out full-wave simulations in a two-channel reverberating system.
The second approach was to place a nonlinear beacon into the tumor to spatially encode its
site. A nonlinear port with rectifying circuit was added to the linear cavity as a beacon. It
is proved that the spatial focusing is spotted at the nonlinear beacon without using any
internal sources. Furthermore, a simplified neck model that consists of different tissue
types is built to test the ballistic TR. The results show that the EM energy is focused at the
tumor site. The focusing is further improved by setting an equal magnitude on each TRM.

Finally, experiments with a reverberating cavity system were designed and
conducted to test the temperature change and the selectivity of the heating effects from EM

TR. First, heating of a water-filled quartz tube placed at the original source location was
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tested in the GigaBox. The temperature rise of about 2 degrees clearly demonstrate the
heating effect of the EM TR technique. To go one step further, a gelled phantom, which
has similar permittivity, conductivity and thermal conductivity properties to human tissues,
is employed to build a temperature profile over the original source location. The 1D and
2D temperature distribution is measured and analyzed in the gelled phantom. The
temperature at the original source location is about a half degree higher than the
temperature on the edge, which confirms the selectivity of TR based heating.

Spatio-temporal focusing of TR has been demonstrated by employing the
theoretical model analysis and finite element method simulation. It was also confirmed by
experimental results. Experiments carried out in a wave-chaotic cavity have clearly
demonstrated the thermal effects initiated by TR technique, as well as RF focusing effects.

TR introduced RF focusing seems to be very well suited for thermally released drug
delivery technique. There is no need for high RF power when using this modality because
only 1 or 2 degrees increase of temperature is needed what makes requirements for
suppression of spurious hot spots not that strict. Drug delivery process should maximize
both delivered dosage and toxicity to the cancer, but at the same time normal cells should
not be affected. Required selectivity of such process depends on delivery of local heat to
the tumor, which requires heat source to be focused onto the tumor side only. Such
technique in most of cases relies on thermally responsive liposomes [119] or nanoparticles
working as heat enhancers [120, 121].

It is concluded that time reversal is a reliable method to apply focused RF

hyperthermia in the cancer treatment.
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7.2 Comparison

There are similarities between the TR technique and the traditional adaptive phased
array as they both make adjustments to the magnitude and phase of antenna signals to
achieve focusing. However, the TR technique has the following advantages: (i) TR
calculates the field distribution based on only the information of the source location and
the complex media. It does not require the iterative runs of an optimization procedure, in
which individual field distribution for each antenna of the array is computed. So the TR
technique significantly accelerates the speed of adapting to environmental changes, which
is important in the case of complex tumor shapes or movement of the patient; (ii) Compared
to the narrowband excitation in the traditional phased array, TR is applicable for both
continuous and pulsed, broadband and narrowband waves due to its intrinsic focusing
property. The extra degree of freedom in the source signal type allows the focusing profile
to be manually built. The spectrum of the source signal could be manipulated based on the
Green’s function of the media to achieve better focusing, which is beneficial to develop

cancer type specific and patient specific therapies.
7.3  Future Work

As for the analytical model, based on the Green’s function from the asymptotic
study, the source signal spectrum should be manipulated to get better focusing in this
particular configuration. The magnitude correction methods should be better studied by
employing the generalized Rayleigh quotient to optimize the energy distribution.
Additionally, another energy constraint, the tumor energy ratio, should be considered. It is
defined as the energy deposited in a given region, e.g., the tumor region acquired from the

pretherapeutic MRI or CT scan, relative to the total energy inside the cylinder. Using this
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energy constraint, the optimum frequency would depend on the tumor size. Finally, the 3D
model can be solved similarly to better guide the choice of the TR source signal.

Thermal simulations, showing the temperature rise or SAR, can be carried out for
the 3D Gigabox as a verification to the experimental results. The nonlinear beacon methods
can be simulated in the ballistic TR. More specific performance indicators can be defined
to quantify the spatial focusing in the ballistic approach. Corresponding experiments
should also be conducted.

The ultimate goal for this research is to build a multi-antenna prototype of the TR
hyperthermia system. It would likely be combined with MRI to get instantaneous and
personalized focusing. The in vivo performance should first be tested on animal tumor
models. Finally, the system could be employed for selected applications, such as
permeability control of blood brain barrier (BBB), thermally induced drug delivery,

hyperthermia, and non-invasive ablation.
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Appendix: TE; - TM, Decomposition

In a homogeneous source-free region, the field satisfies the Maxwell’s equation,

VxE=-jouH
VxH = jocE
V-E=0
V-H=0.

(A1)

Assume we express part of the field in terms of a magnetic vector potential A and the rest

of the field in terms of an electric vector potential F, the general equation of the vector

potentials are derived as

E:iVXKEVxAj—EVxF
Joe y7, &

H :leA—_LVx(—EVxF].
H Jou €

Choose Lorenz Gauge, the equations reduce to

VZA+k?A=0
V2F+k?F=0.

Each rectangular components satisfy the scalar Helmholtz equation,
Vi +k%y =0.
If we take F =0 and
y=A.

The fields can be found in the cylindrical coordinates shown as
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(A2)

(A.3)

(A4)

(A5)
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The fields have no H; component, which is called transverse magnetic to z (TM,).
According to duality, if we choose A =0 and
w=F,. (A.7)
The fields in the cylindrical coordinates are expressed as
2
H =t (a—2+k2]y/ E, =0
Joue\ oz
2
_1 E__Lloy (A8)
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__ 1 3y g _lov
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The fields have no E; component, which is called transverse electric to z (TE;).

An arbitrary field in a homogeneous source-free region can be expressed as the
combination of a TM field and a TE field. Hence by choosing wisely the z direction, any
EM problem in a source-free region reduces to solving two scalar Helmholtz equations,
one for TMg, the other for TE,. The decomposition gives us a systematic way to solve the

EM fields in a homogeneous source-free region.
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