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ABSTRACT

DESIGN AND REALIZATION OF A HYBRID MEDICAL IMAGING
SYSTEM: HARMONIC MOTION MICROWAVE DOPPLER IMAGING

Tafreshi, Azadeh Kamali
Ph.D., Department of Electrical and Electronics Engineering

Supervisor : Prof. Dr. Nevzat Giineri Genger

February 2016, pages

Harmonic Motion Microwave Doppler Imaging (HMMDI) is a novel imaging
modality to image electrical and mechanical properties of body tissues. This
modality is recently proposed by the researchers in the METU EEE depart-
ment for early-stage diagnosis of cancerous tissues. The main goal of this thesis
study is to contribute various stages of the HMMDTI’s development processes.
Specifically, phantom development, dielectric and elastic characterization of the
phantoms, experimental system realization, phantom experiments, and system

performance evaluation, are in the scope of this thesis study.

In the earlier stages, different phantoms that mimic the mechanical and electrical
properties of the body tissues are developed and characterized. In parallel to
the phantom studies, experimental system design and realization studies are
performed and the performance of the designed system is tested using phantom

materials.

The developed phantoms are scanned using the HMMDI method and the ex-



tracted information is used to generate HMMDI data profiles of the phantoms.
The potential of detecting different tissues phantoms from the generated data
profiles is explored. Effect of different vibration frequencies in HMMDI is dis-
cussed. In the acquired 2-D HMMDI data profiles, the potential of this imaging
method in detecting 1) 5 mm tumor inside the fat, 2) 14 mm tumor phantom
inside 25 mm fibro-glandular phantom in the middle of the fat phantom, 14 mm
fibro-glandular phantom inside the fat phantom, and 14 mm tumor inside the
fat phantom, at the depth of 20 mm depths are observed. The experimental
system limitations are clarified and the possible solutions to improve the system

are presented.

Keywords: Harmonic Motion Microwave Doppler Imaging, Breast cancer de-
tection, Microwave imaging, Acoustic radiation force, Doppler signal, Focused

ultrasound transducer
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oY/

HIBRIT BIR TIBBI GORUNTULEME SISTEMININ TASARIMI VE
GERCEKLENMESI: HARMONIK HAREKET MIKRODALGA DOPPLER
GORUNTULEME

Tafreshi, Azadeh Kamali
Doktora, Elektrik ve Elektronik Miihendisligi Boliimii

Tez Yoneticisi : Prof. Dr. Nevzat Giineri Genger

Subat 2016, sayfa

Harmonik Hareket Mikrodalga Doppler Goriintiileme (HHMDG) viicut dokula-
rinin elektriksel ve mekanik o6zelliklerini gériintiilemek i¢in kullanilan yeni bir
yontemdir. Bu yontem ODTU Elektrik-Elektronik miihendisligi boliimiindeki
aragtirmacilar tarafindan kanserli dokularin erken tanisi icin yakin ge¢miste 6ne-
rilmigtir. Bu tez caligmasinin temel amacit HHMDG nin geligtirme siirecinin farkh
agsamalarina katk: saglamaktir. Ozellikle, doku benzeri malzeme (fantom) gelis-
tirilmesi, fantomlarin elektriksel ve elastiklik karakterizasyonlari, deneysel siste-
min gerceklesimi, fantom deneyleri ve sistemin performans degerlendirmesi bu

tezin kapsamindadir.

Bu calismada ilk olarak, viicut dokusunun elektriksel ve mekanik 6zelliklerini
taklit eden fantomlar geligtirilmis ve karakterize edilmistir. Bu fantom calis-
malarina paralel olarak, deneysel sistem tasarim ve gerceklestirme calismalar:

yapilmig ve tasarlanan sistemin performans: farkh fantomlarla test edilmigtir.
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Geligtirilen fantomlarin HHMDG yoOntemiyle taramasi yapildiktan sonra top-
lanan bilgiler fantomlarin HHMDG veri profilini ¢ikarmak icin kullanilmigtir.
Olugturulan goriintiilerde farkli dokularin ayrigtirilabilme potansiyeli aragtiril-
migtir. Ayrica HHMDG’de kullanilan titregim frekansinin etkisi tartigilmigtir.
Elde edilen iki boyutlu HHMDG verileriyle, 1) yag fantomunda 20 mm derin-
likte 5 mm ¢apinda tiimor fantomu, 2) yag fantomunda 25 mm bag fantomu
icinde 14 mm tiimor fantomu, 3) yag fantomunda 14 mm c¢apinda bag fantomu,
ve 4) yag fantomunda 14 mm tiimor fantomu saptanmig, yontemin goriintii-
leme potansiyeli gozlenmigtir. Deneysel sistemin kisitlamalar1 belirginlegtirilmis

ve sistemin iyilestirilmesi icin olasi ¢éziimler sunulmugtur.

Anahtar Kelimeler: Harmonik Hareket Mikrodalga Doppler Gériintiileme, Meme
kanseri tanisi, Mikrodalga goriintiilleme, Akustik 1s1ma kuvveti, Doppler isareti,

Odakl ultrason doniistiiriicii
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CHAPTER 1

INTRODUCTION

Breast cancer is known as one of the most common types of cancer among
women [13]|. Developing methods to assess the early-stage diagnosis and treat-
ment of the breast cancer is the subject of many studies in the last decades.
The primary imaging technique for breast cancer detection is Mammography.
However, this technique suffers from false negative and false positive, difficulty
in imaging of dense breasts, inconclusive results and patient discomfort [14]. In
addition, in mamography ionizing radiation is used which increases the risk of
cancer occurrence. Consequently, there is a need for an alternative, low-cost
and safe diagnostic imaging method. Microwave imaging has been proposed
as an alternative method in which the dielectric properties of the tissue is im-
aged [15-19]. This method provides means to image human body by utilizing
nonionizing electromagnetic waves. The long wavelength of the microwaves,
gives them the ability to penetrate into living tissues. In microwave imaging,
the electromagnetic waves illuminate the breast tissue and scattered field pro-
vides information about the conductivity and permittivity distribution inside

the tissues.

It has been reported that the electrical properties of the healthy and malignant
breast tissues are different [4,9,20]. The contrast between dielectric properties
of benign and malign breast tissues is demonstrated in Figure [1.1}  In that
sense, microwave imaging method focuses on the differentiating tissues based
on their dielectric properties [20]. It must be noted that, the literature on

the dielectric properties of normal and cancerous breast tissues at microwave
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Figure 1.1: Measured dielectric constant data of normal (black) and malignant
(red) breast tissue [4].

frequencies is limited. In a series of studies, dielectric properties of biological
tissues were investigated for frequencies of 10 Hz up to 20 GHz were evaluated
[21-23]. In an other study, a multiprobe radiometer working at 3 GHz was
employed for breast tumor detection. In that study, some features were extracted
for characterizing benign and malignant tissues [24]. A tomographic approach
has been proposed to create 3D microwave images of a woman’s breast [16]. In
this method, the dielectric properties of tissues in the microwave range were
used to develop a dielectrical model of the breast. In several other studies,
the efficiency of ultra-wide band microwave imaging method in breast tumor
detection was evaluated using simple homogeneous [17,|18] and inhomogeneous

tissue mimicking phantoms [25].

In another study, the ultra-wideband microwave imaging method was investi-
gated for detecting, localizing and focusing the microwave energy at the breast
cancerous tissue for for both detection and treatment of the tumor [19]. The
potential of ultra-wideband microwave imaging for breast cancer detection was
evaluated utilizing phantoms which mimick the dielectric properties of the breast
tissues [17,/18,126,127]. In one of these studies, the proper frequency range to
discriminate the difference between normal and malignant breast tissues was

reported to be between 600 MHz -1 GHz [20]. A new planar 2.45 GHz mi-



crowave camera was assessed for the breast cancer detection [28]. However,
several studies show the limitation of distinguishing dielectric properties of the
normal and the malign tissues [9]. Last but not least, the obtained resolution in
the microwave imaging methods is high, about a few millimeters. The microwave
frequency, is penetrable to biological tissues such as breast tissue. However, as
the frequency increases the skin depth decreases. In microwave based methods,
distinguishing the breast tumor inside the healthy fibro-glandular tissue still
remains as a problem. Besides microwave imaging techniques, several studies
have been proposed for cancer detection based on mechanical properties of nor-
mal and cancerous tissues [29-33|. In these methods, the possibility of detecting
tumors from healthy breast tissues are explored similar to manual palpation
test in which the physician tries to realize the hard lumps, possible to be tumors
by the sense of touch. These methods are based on the difference between the
Young’s constant (Elastic constant) of the malign tissues and the normal breast
tissues by a factor of 3 to 13 [34]. Therefore, these have been a subject of several

studies in the recent years.

In [5], a review on imaging the soft tissue strain and elasticity is presented. In
this study, the results of breast tissues Young Modulus measurement for two
loading frequencies of 0.1 and 4 Hz with 5% static loading are summarized
in Figure (a). It has been shown that Young’s modulus does not have a
considerable change due to the loading frequency up to 4 Hz. In addition, they
have reported the changes of Young Modulus value due to static pre-loading
change from 5% to 20% percent (b)). The measured values show that
Young’s modulus changes as the static loading changes and the contrast between
the Young’s moduli of different types of tissues becomes higher by increasing the
static loading. They have concluded, the level of static pre-loading should be as

small as practicable for obtaining reproducible Young’s modulus measurements.

An ultrasound (US) method based on acoustic radiation force imaging was pro-
posed to image the acoustic response of the tissues to mechanical stimuli [29-32].
Force which is exerted to the object in the propagation path of the acoustic
waves as a result of momentum transfer from the acoustic wave to the object

is called acoustic radiation force. This applied radiation force due to the ultra-
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Figure 1.2: Young’s moduli of different types of breast tissues, (a) measured for
two loading frequencies of 0.1 Hz, (black bars) and 4 Hz (white bars) when static
pre-loading was 5%. (b) Measured Young’s moduli values for static preloading
of 5% (black bars) and 20% (white bars) when when the (quasi-static) loading
frequency was 0.1 Hz. Ductal carcinoma in situ (DCIS) is considered as the
most common type of non-invasive breast cancer [5].

sound energy induces bulk displacement in the object, which can be measured

to reconstruct elastic properties of tissues [33].

One of these methods is ultrasound-stimulated vibroacoustography (USVA) which
utilize ultrasound to produce a low-frequency radiation force on the object (Fig-
ure [6]. In this method, two beams with slightly different frequencies is used
to induce the oscillatory radiation force. The resultant acoustic field due to the
vibration of the object in response to the radiation force provides information
about the mechanical properties of the object. In this technique, localized de-
formation is produced as a result of the applied radiation force. The average
of ultrasound energy density over a short time period was used to obtain the
amplitude of radiation force on the target. In addition, by means of ultrasound
Doppler technique, the transient deformation as a result of this force can be

measured as a function of time.

In Acoustic Radiation Force Impulse (ARFI) imaging method, the short dura-
tion acoustic radiation forces are applied to create localized displacements in
the tissue [31]. The correlation based methods were applied to measure the

displacements. Only one transducer was used for applying radiation force and
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Figure 1.3: Ultrasound-stimulated vibroacoustography set up [6].

evaluating the displacement. In a latter study, the finite-element method (FEM)
model was used to simulate the dynamic response of homogeneous tissues with
different stiffness [35]. Another study was done to improve the data acquisi-
tion for real-time ARFI imaging and reducing the transducer heating due to the
acoustic exposure [36]. A parallel receive beamforming method was proposed to
evaluate displacements for several beam locations which are separated laterally.
This is a common technique in B-mode imaging for increasing the frame rate

without that much decrease in resolution.

In another method, the propagation speed of the shear waves has been used
to measure the tissue elasticity [37]. In this method, calculated shear wave
speed from the measured displacement using the Doppler ultrasound, was used
to determine the tissue characteristics. In magnetic resonant elastography, MRI
was used to measure the displacement in shear wave speed calculation [38]. A
short pulse of ultrasound radiation force was used to create the broadband shear
waves. The speed of the shear wave was estimated from the propagation of the

wavefront [29).

In another study, narrow band, monochromatic shear waves were introduced
inside the medium using an ultrasound radiation force [39]. The propagation
speed of the shear waves are related to the frequency and elasticity and viscosity

of the exposed tissue. For a known motion frequency and monochromatic wave,



the shear wave, wave number can be calculated from the ratio of phase delay
over distance traveled by shear wave. The propagation speed can be determined
from the calculated wave number. In another study, Kalman filter was used to
estimate the small harmonic motion resulted by ultrasonic radiation force [40].
In this method, amplitude and phase of the displacement was calculated by
means of the least mean squared error by Kalman filter. The speed of the shear
wave can be calculated from its phase. The measured speed can be used to find

the viscoelastic properties of the tissues [40].

The harmonic motion imaging (HMI) technique was proposed as another tool
for evaluating the mechanical properties of tissues based on the exerted localized
radiation force. In this method, two transducers can be used to produce two ul-
trasonic beams with slightly different frequencies (Figure [7] or one focused
ultrasound (FUS) transducer may be used to generate Amplitude- Modulated
(AM) focused beam (Figure [8]. The resulted displacement in the tissue
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Figure 1.4: Harmonic motion imaging system set up [7].

was measured using a cross correlation method, from which mechanical proper-
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Figure 1.5: Harmonic motion imaging system set up [8|.

ties of the target tissues were obtained. A mechanical model was developed to
measure the displacement in amplitude modulated HMI [41]. In addition, the
harmonic motion imaging utilizing focused ultrasound (HMIFU) which drives
the focused ultrasound transducer at a higher energy acoustic beam for real time
monitoring was investigated [42]. The 2D nonlinear wave propagation model and
the finite-element method (FEM) were employed in HMIFU system for local-
ization and size estimation of the lesions. The elastic contrast imaging methods
are successful for distinguishing the malign and benign tissues but the studies

are still continuing to develop an imaging device for clinical applications.

It is reported that the elastic contrast can be evaluated to gain the informa-
tion from the elastic properties of different tissues in addition to their dielectric
properties ( [43-45]). In [44], and [45], the tissue was excited by up to a few kHz
acoustic or mechanical compression /expansion and 2-D FDTD simulations were
used to compute the scattered microwave signal due to boundary perturbation
of the tumor. The use of elastic properties resulted in additional information

about the malignancy of the tissue.

Recently, Harmonic Motion Microwave Doppler Imaging (HMMDI) has been

proposed for the diagnosis of breast tumors |[L1,46]. As it was mentioned and
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shown in Figures and [I.1] the dielectric and elastic properties of malign and
benign breast tissues are different. HMMDI method is a hybrid method that
gives information about electrical and mechanical properties of the breast tissues.
In this method, a local harmonic vibration is induced in the tissue using a focused
ultrasound radiation force similar to the HMI system. The information about
the vibration is measured by a microwave transceiver antenna. The microwave
signal is transmitted to the vibrating tissue and the scattered signal is sensed
by the receiver antenna. The induced vibration creates a Doppler shift which is
changing in time since the speed of the vibrating tissue is changing sinusoidally.
Therefore, the received data is frequency modulated due to this varying Doppler
shift. In the frequency domain, this corresponds to infinite number of harmonics
of the vibration frequency. In fact the first harmonic of the varying Doppler
shift that contains the information of both electrical and elastic properties of
the exposed tissue is detected. Therefore, the acquired data is induced by the
Doppler effect, which is actually a frequency modulation due to the motion.
The volume, maximum displacement, and dielectric properties of the vibrating
region are the factors which determine the amplitude and phase of the received
signal. Dimensions of the transducer(s) and ultrasound frequency define the
focal volume of the transducer which determines the vibrating region volume.
Frequency and intensity of the ultrasound in addition to elasticity determine
the maximum displacement in vibrating region. In this method, 3-D images
can be obtained. In addition, both mechanical and electrical properties of the
tissue are explored which is superior to the usage of just mechanical properties
in elastography, and electrical properties in microwave imaging technique. The
localized radiation force is applied to the tissue by a single amplitude modulated
focused ultrasound transducer, which increases the resolution of the obtained

image.

1.1 Scope of the thesis

In this thesis study, for the first time the potential of such a hybrid method

for breast cancer detection is investigated on tissue mimicking phantoms in



the large-scale experimental studies. The method had been evaluated semi-
analytically and numerically for breast tumor detection in [11]. In this thesis
study, this method is implemented extensively on several phantoms, experimen-

tally.

The goals in this thesis studies are listed as,

e To assess various stages of the HMMDI system development:

The HMMDI system development consists of developing tissue mimicking
phantoms, designing laboratory experimental set up, experimental studies
on the developed phantoms, observing the practical problem related to
this novel method, evaluating the performance of this method and finding

its limitations.

e To design HMMDI experimental set up:

Optimum transceiver microwave antenna location is investigated through
several experiments. Coupling medium studies are done in simulation and
practice. In this hybrid method, the coupling medium should have both

appropriate acoustic and dielectric properties.

e To find the optimum operating microwave frequency and acoustic excita-

tion frequency:

The optimum microwave operating frequency that we can have the best
coupling between the antennas and the phantom in addition to acoustic vi-
bration frequency for receiving highest Doppler signal are investigated. In
addition, the effect of different vibration frequencies on detecting different

tissue phantoms are studied.

e To evaluate the performance of the designed HMMDI set up using spec-

trum analyzer as a receiver:

In HMMDI method, a small induced vibration frequency (a few Hz) is
so close to the microwave frequency (a few GHz). Therefore, the data is
acquired with a high resolution spectrum analyzer. For the first time, a
large scale experimental studies are done on the developed phantoms for

evaluating the performance of the designed set up.
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e To design the receiver system for real time data acquisition:

for the first time a receiver system is designed for HMMDI system. In this
method, the operating frequency is a few GHz while the applied acoustic
ration force (vibration) has a frequency of a few Hz. Therefore, a receiver
system is designed to bring the received signal to the base band and acquire

the signal of interest at the vibration frequency.

e To evaluate the designed receiver system performance in experiments:

The designed receiver system was evaluated on the developed tissue mim-
icking phantoms and the results were compared with the obtained results

from the spectrum analyzer.

e To scan the phantoms in two dimensions (2-D)

The developed inhomogeneous breast phantoms are scanned both in 1-D
and 2-D. The obtained data is processed to evaluate the potential of this

method in distinguishing malign from the benign breast tissues.

e To find the limitations of the HMMDI method

It is the first time this method is implemented in practice for imaging
different breast tissue phantoms. Therefore, by experimentally evaluating
the HMMDI method, the problem and limitations of it was evaluated.
Possible solutions to improve the performance of this novel imaging method

are discussed.

1.2 Thesis organization

This thesis consists of 8 chapters as follows:
In chapter 2, HMMDI method and its basic principles are explained.

In chapter 3, different stages of tissue mimicking phantoms are given. In addi-
tion, the dielectric, elastic and acoustic properties measurement methods and

measured results are presented.

10



In chapter 4, first generation of HMMDI in laboratory scale and the experi-
mental results are given. The designed homodyne receiver system for the data
acquisition through the designed system rather than spectrum analyzer is intro-
duced. The obtained results of implementing the receiver system are discussed.
It is shown that this method has a potential in discriminating tumor from fibro-

glandular and fat phantoms.

In chapter 5, the second generation of HMMDI is proposed to solve the observed
problem of the first generation. The scan results of the phantoms using a new
set up are presented. 2-D HMMDI data profiles are shown. The observed system

limitations and possible solutions are discussed.

In chapter 6, a new HMMDI set up with new antenna configuration is proposed
to overcome the limitations of introduced set up in chapter 5. The experimental
results are presented. The effect of different vibration frequencies in ultrasound
excitation is evaluated. 2-D data profiles of various inhomogeneous phantoms
are given. The limitation and the possible solutions for the future studies are
presented. The receiver system to acquire HMMDI data is introduced. The
acquired data is processed using different processing tools. The results show the

feasibility of this method for detecting breast tumors.

In chapter 7, the safety aspect of HMMDI as an imaging technique is presented.
The temperature rise due to microwave and ultrasound exposure is dicussed.

The temperature measurement results during HMMDI scan are given.

In chapter 8, conclusions and future work to realize this imaging technique are

presented.

The block diagram of the outline of the thesis is shown in Figure [1.6

11
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CHAPTER 2

HARMONIC MOTION MICROWAVE DOPPLER
IMAGING (HMMDI)

2.1 Introduction

This thesis study is based on a recently proposed hybrid method, Harmonic
Motion Microwave Doppler Imaging (HMMDI) [11]. This method provides in-
formation about electrical and mechanical properties of the breast tissues. In
this chapter, the theoretical principles of this imaging method for breast cancer

detection is presented.

A simplified HMMDI system set up is shown in Figure In this method, a
local vibration is induced in the tissue using a focused ultrasound radiation force
similar to the Harmonic Motion Imaging (HMI) system. The microwave signal
is transmitted to the vibrating tissue. The microwave signal scattered from
the vibrating tissue is phase and amplitude modulated due to this vibration.
The first spectral component of the received signal, is detected. Amplitude and
phase of the detected signal depends on the maximum displacement, volume,
and dielectric properties of the vibrating tissue. Focal volume of the transducer
depends on the dimensions of the transducer and ultrasound frequency. Fre-
quency and intensity of the ultrasound, in addition to elasticity of the vibrating

tissue, determine the maximum displacement in the vibrating region.

In this method, both mechanical and electrical properties of the tissue are ex-
plored. This is the privilege of HMMDI over elastography which explores just

the mechanical properties, and microwave imaging technique which is based on
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Figure 2.1: Simple HMMDI system set up.

the electrical properties of breast tissues.

2.2 Radiation force

In HMMDI, a localized radiation force is generated in the tissue by a single
amplitude modulated ultrasound transducer [11]. The radiation force is a unidi-
rectional force in the direction of propagation which is applied to the tissue due
to transferring momentum from acoustic signal to the exposed tissue [6]. The
amplitude of the radiation force is proportional to the acoustic beam intensity,

and absorption [47]:

B 2a]

Cs

F (2.1)

where a (1/m), I (W/cm?) are the absorption constant and intensity of the
acoustic beam, respectively. ¢, (%) is the speed of the sound in the medium. F
is the force per unit volume (kg/s*cm?) In HMMDI, an amplitude modulated

(AM) waveform is used to drive the focused ultrasound (FUS) transducer [11].
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Therefore, the acoustic pressure P(t) of the AM waveform at the focus can be

written as:

P(t) = Py(1 + cos(Awt))cos(w,t) (2.2)

where Py, Aw, and w, are the maximum instantaneous acoustic pressure, modu-
lation frequency, and carrier frequency, respectively. The carrier frequency is the
center frequency of the single element focused ultrasound transducer. In Figure

the resulting acoustic pressure P(t) from the AM waveform is illustrated.

1 + COS(Awt) COS(UJCt)

(1 4 cos(Awt)) cos(wct)

Figure 2.2: A sinusoidal waveform with a modulation frequency Aw is multiplied
by a sinusoidal waveform with a carrier frequency w, and yielding in an acoustic
pressure P(t).

The acoustic intensity is defined as the rate, at which the ultrasound energy
is applied to a specific tissue location. The acoustic exposure is expressed by
spatial-peak-temporal-average intensity (Is,) and spatial peak-pulse-average
intensity (Lsppa). Ispta defines the ability of the transmitted wave to heat the
tissue and cause bio-effects. I, describes the intensity of the transmitted
acoustic waveform. In Figure the acoustic pulses with duration ¢oy, and

pulse repetition time 7" are shown. The I, is calculated as:

Toppa X
Ispta = T oN (23)
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Isppa
A

time

Figure 2.3: Tllustration of acoustic intensity profile. The acoustic pulse duration,
pulse repetition time, and spatial peak-pulse-average intensity are shown as toy,
T, and Iy, respectively.

In the AM case, the average acoustic intensity I(t), is characterized by the Ig,,,.

The average acoustic intensity I of the acoustic beam can be calculated as [48]:

I(t) = /Ot de (2.4)

pc
I(t) :%/0 {(1 4 cos(AwrT)) COS(wcT)}2 dr —

%/g {cos® (wer) + 2 cos®(weT) cos(Awr) + (cos(w.) cos(Awr))* } dr
(2.5)

where ¢ is the exposure time, p is the density, and c is the sound speed.

By evaluating the integral one obtains,

P [t N sin(2w.t) N sin(Awt)  sin((2w, + Aw)t)  sin((2w, — Aw)t)}

Itt) = pe |2 4w, Aw 22w, + Aw) 22w, — Aw)
N P F N sin(2w.t) N sin(2Awt) N sin(2(we + Aw)t)  sin(2(w. — Aw)t)]
pc |4 8w 8Aw 16(w,. + Aw) 16(w, — Aw)
(2.6)

The sinusoidal function with a high carrier frequency component w, is assumed

to be negligible. Therefore, the intensity can be approximated as:

P} in(2A
sin(Awt) + sin(2Awt) 3 wt)

I(t) = —2
(t) pcAw
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In a case where the pressure wave is in the form of double-sideband suppressed-
carrier [48] as

P(t) = Py cos(Awt).cos(w.t) (2.8)

The the intensity is:

P2 sin(2A
1) = 1o sin(2Awt)

- peAw 8 (29)

The Young’s Modulus as an elasticity parameter (E), Poisson’s ratio of the tissue
(v), and displacement are related to each other according to [11]:

2(1 — v)%*Fry

Jo
XA

(2.10)

where F', r,, A, X, are the acoustic radiation force, radius of the beam at
the focus, cross sectional area of the beam at the focus, and the maximum
displacement. When the excitation is sinusoidal (F'(t) = Fysin(Awt)), it can be
assumed that the vibrating tissue has a circular cross-section and vibrates like
a piston, uniformly. So the displacement can be determined as [6]:

_ Fysin(Awt)

X() AwZ

= X sin(Awt + ¢) (2.11)

where Z as the mechanical impedance of the tissue.

2.3 Effects of ultrasound radiation force on received microwave sig-

nal

In HMMDI, the tissue is exposed by an ultrasound radiation force. It is as-
sumed that where there is an electrically small spherical tumor in the exposed
tissue(Figure [2.4). Therefore, tissue has a local harmonic motion at the re-
gion of the focused ultrasound. From the other hand, a continuous-wave mi-
crowave signal is transmitted to this tissue with local harmonic motion. In
such a case, the received signal due to the output of the transmitter antenna

(Srx(t) = Acos(wpt)) has the following form [11]:

Srx(t) =ACiear cos(wmt + 1) + ACcicos(wmt + ¢2)+

P (2.12)
ACycos(wmt + WTR + K sin(Awt) + ¢5)
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where the first term in the argument of the right hand side is related to the
received signal from the transmitter antenna (leakage Cjeq), second term shows
the received signal from the clutter (Cgyy), and the last term is the received
signal due to the vibrating region (C;). Here, R is the distance from antennas
to locally vibrating tissue (it is assumed that the locally moving region is on the
mid-plane of transmitting and receiving antennas), wy, is the operating frequency
of the antenna, Aw is the vibration frequency of the tissue. ¢ is a constant phase
which depends on the total path length. K is the phase change (in radians) of
the signal, which depends on the elastic properties of the focal region. B is the
magnitude of the received signal for the case that there is no vibration, which
depends on the electrical properties of the focal region and the background

tissue. The received signal due to vibrating dipole can be written as [11]:

AT R
Spx (t) = Beos(wpnt + WT + K sin(Awt) + ¢) (2.13)
Signal Baseband Signal
Generator - >
wm } Homodyne

Receiver

Figure 2.4: Simple geometry of the problem.
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The cosine term in the right hand side of equation can be expressed as [11]

4
cos(wpt + WTR + K sin(Awt) + ¢) =

cos(wpt + ¢ + @) cos(K sin(Awt))— (2.14)

sin(wpt + ¢ + @) sin(K sin(Awt))

Since Xy is very small compared to wavelength of electromagnetic wave, K << 1,

cosine and sine terms can be simplified as:

cos(K sin(Awt)) ~ 1 (2.15)

sin( K sin(Awt)) ~ K sin(Awt) (2.16)
Equation 2.14] can be written as:

cos(wpt + ? + K sin(Awt) 4+ ¢) =

4R

R (2.17)
cos(wmt + ¢ + T) — sin(wpt + ¢ + T)K sin(Awt)

The received signal has a component at the operating frequency w,, and also at
the two different main frequency components at w,, + Aw and w,, — Aw (Figure
2.5). Since the vibration frequency Aw is known, the received signal can be
down converted to the baseband and through the proper receiver system the

Doppler component of the received signal can be detected.

A ACclut

XACleak

1
B Aic,  pme
1
A : A
| 1 1
: : : - w
Wi — Aw Wi, W+ Aw

Figure 2.5: The frequency components of the received signal.
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Consequently the received signal can be written as [11]:

4 K
Sgx(t) = Bcos(wpnt + ¢ + 7T—R) + Bg[sin(wmt + Awt + ¢1)+

A (2.18)

sin(wpyt — Awt + ¢9)]

By means of mixer, signal can be down converted to the base-band. The Doppler

frequency component of the received signal is the DC component multiplied by

K.

20



CHAPTER 3

TISSUE MIMICKING PHANTOMS

3.1 Introduction

To evaluate the performance of HMMDI as a breast imaging method, realistic
breast phantoms are required. These phantoms should exhibit similar dielectri-
cal and mechanical properties, as the living breast tissues. Several studies have
been done on the development of tissue mimicking phantoms which show similar
dielectric properties (permittivity, and conductivity) in the microwave frequency
range [1,2,25,49-51]. In addition, a number of investigations have been con-
ducted for developing breast phantom suitable for radiation force imaging and
elastography [3/52-55]. Some phantoms were studied to mimic the ultrasonic
properties [56]. Referring to a number of studies, oil-in-gelatin emulsion phan-
toms are proper for elastography [54,55] and microwave imaging [1}[2}49,51].
These type of phantoms contain gelatin, kerosene, saflower oil, p-toluic acid,
n-propanol, deionized water, formaldehyde, and surfactant. It was shown that

their mechanical and electrical properties are stable over a time.

In this chapter, different instructions for developing breast tissue mimicking

phantoms are implemented. Three different breast tissue phantoms, fibro-glandular,

fat, and tumor phantoms which are produced for HMMDI experimental studies
are shown. The dielectric and elastic measurement methods for testing these
phantoms are presented. The results of elasticity and dielectric measurements
for the developed phantoms are given. The developed phantoms are compared

to find the optimum breast tissue phantom production instruction.
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3.2 Development of Tissue Mimicking Phantoms

As mentioned above, oil in gelatin solutions are the proper choice for phantoms
which mimick both elastic and dielectric properties of the breast tissues. By
using p-toluic acid and n-propanol as preservatives, they can last long [9,55].
Formaldehyde is used for cross-linking of the gelatin, and could be a proper
choice for developing stable phantoms [9]. Variation of oil and gelatin percent-
ages gives us the opportunity to change the electrical and mechanical properties.
In addition, the amount of surfactant plays an important role for homogeneity

and solidity of the phantom solution.

Fat tissue as a high-adipose content tissue could be made by adding high rates
of oil [9]. From the other hand, since the dielectric and elastic constants of
the tumor are high it is developed using low amount of oil. In addition, the
amount of gelatin and water can be another factor for setting the dielectric and
mechanical properties of the fibro-glandular tissue with high dielectric constant
but low elastic constant. By decreasing the amount of gelatin mixed in water, the
stiffness can be decreased without changing the dielectric constant. In addition,
it has been proposed that the Young modulus of the phantom can be decreased

if it is baked at 50 °C' [57].

In this study, three different type of phantoms (breast fat, fibro-glandular, and
tumor) are produced. The composition of materials to prepare about 1 liter
phantom volume is given in Table Two methods are evaluated for making
fibro-glandular phantoms. In one of them the fibro-glandular tissue phantoms
are obtained by baking tumor phantom at 50 °C' for 4 days. In the other, the
instruction given in |2] where 35% of phantom materials is oil, is implemented.

phantom development steps are as follows (3.1]) [1]:

i) The p-toluic acid is mixed with n-propanol in a small beaker. In order to

dissolve the p-toluic acid, the mixture is heated and stirred.
ii) The deionized water is mixed with the obtained solution in a beaker.

iii) The gelatin is mixed with the solution. The mixture should be kept at the
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Table3.1: Composition of 1 liter realistic phantoms [1|. Abbreviations: TM:
Tumor, FG: Fibro-glandular, p-tol: p-toluic acid, n-prop: n-propanol, formald.:
Formaldehyde, surf.: Surfactant.

Tissue  Kerosene Oil p-tol n-prop water gelatin formald surf

type (m)  (mh) (gr) (mh) (m) (gr)  (ml) (ml)
fat 330 330 167 83 158 286 167 140
TM/FG 495 495 800 39.6 7535 135 79 101

room temperature.

iv) The beaker is covered and heated. In order to uniformly heat the solution,

it is completely kept in water while heating.

v) The procedure is continued until obtaining a transparent mixture with no

air bubbles at about 90 °C.

vi) The mixture is stirred to produce the uniform solution and then the air

bubbles on the surface are removed.

vii) The solution is put inside a water bath and stirred until its temperature is

50°C.

viii) The oil mixture containing the safflower oil and kerosene, is heated to reach

50 °C.

ix) The oil is added to the transparent uniform gelatin solution at 50°C'. If the
oil percentage is above 50 % oil, some part of oil is added and the solution
is stirred until the oil drops becomes so small. After that the rest of the
oil mixture is added, partially and stirred continuously to minimize the oil
drops. If the oil percentage is below 50% oil, whole oil mixture is added

at the first time.
x) While mixing the surfactant is added by a syringe with a needle.
xi) The mixture is stirred when the baker is in cool water bath to reach 40 °C.
xii) The formaldehyde (37%) is added using needle and syringe.

xiii) The mixture is cooled to 34°C and poured into the mold to become cool

and solid. The cross-linking of gelatin is completed in about 5 days.
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Table3.2: Composition of 1 Liter realistic Phantoms [2]. Abbreviations: FG:
Fibro-glandular, p-tol: p-toluic Acid, n-prop: n-propanol, formald.: Formalde-
hyde, surf: Surfactant.

Tissue Kerosene Oil p-tol n-prop water gelatin formald surf
type  (m)  (m) (g) (m) (ml) (gr)  (m) (m)

Tumor 44.6 44.6 787 39.7  753.5  134.8 2.93 8
FG 248.9 248.9 787 39.7  753.5  134.8 2.93 25.7

The produced phantoms is shown in Figure The developed fat and tumor
phantoms are homogeneous while gelatin is settled down in the fibro-glandular
phantoms. The elastic and dielectric properties of the developed phantoms are
measured. These measurement techniques are presented in the following sec-

tions.

The elasticity of the developed tumor phantoms is measured and found higher
than the reference values [3|. As the tumor phantoms gets stiffer, more ultra-
sound radiation force is needed to introduce a detectable displacement. As a
consequence, the induced heat increases, which is not desirable from the patient

safety perspective.

Therefore, other phantom development instructions are investigated. It is ob-
served that the formaldehyde amount has a critical role in the stiffness of the
phantoms. So, less amount of formaldehyde [2]| is used to produce the tumor
and fibro-glandular phantoms. The amount of materials in these new phantoms

are given in Table [3.2]

The phantoms are developed and poured into the falcon tubes (Figure. After
7 days when the cross linking of the gelatin is completed and the phantoms are
solidified, the dielectric and elastic property measurements are done. The elastic
property of the new developed tumor phantom [2] is decreased to 50 kPa which
is close to the reference value given in Table 3.3 In order to develop the fibro-
glandular phantom, the developed tumor phantom is baked for 5 days. During
the baking period, the phantom is melted. After 2 days keeping the melted

fibro-glandular phantom in the room temperature, it is again solidified.
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Figure 3.1: Gelatin in oil based tissue mimicking breast phantom development
stages according to [1] given instruction.
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Figure 3.2: The produced phantoms, from left to right: Breast Fat,
Fibroglandular-1, Fibroglandular-2, Tumor-1, Tumor-2.

In addition, the fibro-glandular with the ingredient given in Table is pro-
duced. But, this phantom does not become homogeneous and the oil part comes
on top of the phantom and the gelatin part is settled down (Figure right).
Therefore, the fibro-glandular phantoms which are made by baking the tumor
phantoms (developed according to [12]) are used in the HMMDI experimental
studies. In the following sections, the measurement techniques for calculating
the dielectric and elastic properties of the developed phantoms and results are

provided.

33).

Figure 3.3: Developed fibroglandular (left) and the tumor (right) phantoms with
the ingredients given in Table [3.2]
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3.2.1 Measuring the dielectric and elastic properties of the tissue

mimicking phantoms

Phantom development is essential for investigating the performance of HMMDI
method. To obtain accurate experimental results, phantoms should mimic the
electrical and elastic properties of biological breast tissue. Therefore, they should

satisfy the following characteristics:

They should be stable over a time.

They should be made from nonpoisonous materials.

They should be easy to develop.

They should mimic dielectric and elastic properties of the biological tissues.

In the following sections, both dielectric and the elastic measurement methods
which are selected for evaluating the properties of the developed phantoms are

discussed.

3.2.2 Measurement of dielectric properties

The virtual line method is used to measure the dielectric properties of the phan-
toms [11,/58]. In this method, when the coaxial probe is inside the material, it
is assumed that it is extended inside the material, virtually. It can be assumed
that dielectric constant of the material under the test is the dielectric constant
of this virtual section of the coaxial probe. The radiation loss of the probe is
ignored, and the virtual line is terminated with open circuit. The probe model in
the virtual line method is shown in Figure 3.4, The parameters in this method

are as follow:

Y,;: Characteristic admittance of the virtual line.
gq: Complex dielectric constant of the sample material.
Bq: Propagation constant of the virtual line.

Y;: Characteristic admittance of the coaxial probe.

27



Material Under Test

B Air
Vi, Bis 4 Yo, Ba,ea
+ I Y=
T " Virtual Line :
m: Y1 :
: 1D} L
B

Figure 3.4: Virtual line method and the coaxial probe model for dielectric con-
stant measurement. Yy is the characteristic admittance of the virtual line, 4 is
the complex dielectric constant of the sample. (4 is the propagation constant
of the virtual line and Y; is the characteristic admittance of the coaxial probe.
Complex dielectric constant of the dielectric material used in the probe is ;. 3,
is propagation constant of the probe and Y7, is the admittance at the probe’s
open end. The reflection coefficient at B-B’ section is shown by I',,,. D and L
are physical length of the probe and length of the virtual line, respectively

g, Complex dielectric constant of the dielectric material used in the probe.
[:: Propagation constant of the probe.

Y.: The admittance at the probe’s open end

I',,: The reflection coefficient at B-B’ section.

D: Physical length of the probe.

L: Length of the virtual line.

The admittance at the probe’s open end can be written as:
YL = ij tan(ﬁdL) (31)

The characteristic admittance of the virtual line is:

JEd
T 60In? (3.2)

Yo

Relationship between I',,, Y; and Y, is given as:

1-— FmezjﬁtD

=N, e

where

Va
T 60Int (34

t

28



By using above relations, complex dielectric constant of the material is given by:

_ jey/E 1 = TpeD (27 fL/Za)
f4= 9nfL 13T, ) (3.5)

D and L at each measuring frequency are unknown. D and L can be calculated

using two standard dielectric mediums. Substituting[3.1]into [3.3] one can obtain

QJBtD _ p + 6_2deL

Lme 1 + pe—2iBal

(3.6)

where
Et — A\/Ed
p= Ve~V (3.7)
VEr +V/€d
Air (g4 = 1) and deionized water are used as standard dielectric mediums for

probe calibration procedure. The dielectric constant of pure water is defined by

the Cole-Cole equation [58]:

1A (jwr)te (58)
783 —4.6 ’
=46+

1+ (jw8.08 x 10—12)1—0.014

where €, and e, are the static and infinite frequency dielectric constants, w is
the angular frequency, and 7 is a time constant. Therefore, the cost functions

in our problem are defined as:

Fm air€2jﬁtD _ Pairte*Pairk

. e29Bairl
F(D,L) = S (3:9)
. e ﬁwa ETL
Fm,watere%ﬁtD - ff;ie;-;e;jﬁw:mrL
—jey/E 1 —T,,e28:D 2 fL\/eq
F =g, — , h(————— 1
>(8a) = &a 2nfL 14 T,,e%8D coth( c ) (3.10)

To find the three unknowns, D, L, and ¢4, optimization methods can be used.
In this study, the system of nonlinear equations is solved by MATLAB built-in

function, fsolve.

3.2.2.1 Solving systems of nonlinear equations

A system of nonlinear equations can be solved by MATLAB built-in func-
tion, fsolve. In this function, two algorithms of Trust-Region Reflective and

Levenberg-Marquardt are used to solve the problem [59]. However, it is not
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accept any constraints, such as bound constraints. It solves a the following ex-
pression: F(z) = 0 for x, where F'(x) is a function that returns a vector value,
and z is a vector or a matrix. Limitations of this method are: It handles con-
tinuous functions. fsolve gives one root if the algorithm is successful. fsolve
may converge to a nonzero point. In this case, different initial values should be
applied. fsolve accept real variables. In a case where x has complex variables,

the variables should be written as real and imaginary parts.

Assuming a set of n nonlinear functions F;(x), where n is the number of compo-
nents of the vector z, the equation solver find a vector = that makes all F;(x) = 0.
By minimizing the sum of squares of the components, fsolve algorithm solves a
system of nonlinear equations. The system of equations is solved if the sum of

the squares becomes zero [59].

fsolve optimization algorithm is based on trust regions concept [59]. Assuming
minimizing f(x), that function accept vector arguments and gives scalars. For
going from an initial point x in n-space to a point with a lower function value,
a simpler function ¢ can be considered which behaves similar to f function in a
neighborhood N around the point x. This neighborhood is called as trust region.
The trust-region subproblem is a trial step s which is computed by minimizing
around N.

mins{q(s),s € N} (3.11)

If f(x+s) < f(x), z is updated to x + s. Otherwise, the z is not changed and
the region of trust N, is shrunk and the trial stage computation is repeated.
The questions are how to choose ¢, how to choose and update the trust region
N, and how to solve the trust-region subproblem. There are three algorithms in
fsolve to define the trust region [59):

e Trust-region-reflective

e Trust-region dogleg

e Levenberg-Marquardt

The default algorithm of fsolve for trust region definition is Levenberg-Marquardt
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[59]. This algorithm, uses a search direction which is a solution of the following

linear set of equations.

where the scalar A\; controls both the magnitude and direction of dx. When )\ is
zero, the direction dj, is the Gauss-Newton method. As )\, increases to infinity,
dj tends towards the steepest descent direction, with magnitude tending to zero.
Therefore, the term F(xy + di) < F(xy) holds true for large A;. In Levenberg-
Marquardt method, the search direction is first the Gauss-Newton direction and

then the steepest descent direction.

3.2.2.2 Genetic Algorithms

The results of dielectric measurement using nonlinear optimization algorithms
are highly dependent on the initial values of L and D. Therefore, the Genetic
Algorithms (GAs) which do not require initial values, could be a proper method

to find the initial value for system of nonlinear equation solver.

GGAs are adaptive stochastic search algorithm based on the evolutionary natural
selection and survival phenomenon [60]. Firstly, some candidates are generated,
randomly. Then, these candidates are evolve and compete to reach the better
solutions by using genetic operators. In each generation, the most successful
individuals produce more offspring comparing the others. An evaluation function

which has the environment role, is used to realize good from bad solutions.

The main differences between genetic algorithm and a classical, derivative-based,

optimization algorithm are as follows:
e In the classical algorithm, a single point is generated at each iteration and
a sequence of points evolves to an optimal solution.

e In GA, a number of points is generated at each iteration and the best of

them reaches the best solution.

e In classical algorithm, the next point in the sequence is selected by a

deterministic algorithms.
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e In GA, the next population is selected through algorithms that uses ran-

dom number generators.

3.2.2.3 Dielectric property measurement algorithm

The convergence of nonlinear optimization algorithms in dielectric property cal-
culations based on virtual line method, depends on the initial values of L and
D. Therefore, the genetic algorithm is used for finding initial values of D and L.
Since the problem is 2-D, the complexity of the genetic algorithm is low. For
calculating the dielectric constant of the tissue mimicking phantoms, MATLAB
tool provided by [11] is modified as the following algorithm,

Dielectric Property Measurement Virtual Line Method
Measurement: Obtain reflection parameters I'y, 4ir, I'imwater, I'm for air,

deionized water and medium.
Reference material properties :

78.3—4.6
gwater(w) = 4.6 + 100145 Cair — 17 and calculate Pairs Pwater

1+ (jw8.08x 10-12)
from B.71

Finding Initial Value of D and L: Define # = [D L]*, and set lower and

upper bound as:

Tp = [0.1 0.0002]7, Z = [0.15 0.001]"

[ e2iBia(l) _ pairte?Pair®®
£ <f) - e 14paire2Pair=(2)
1 F €2jﬁz$(1) _ pwater+62j6u7ate'r'1(2)
water 1+pwate'r€2jﬂwater1’(2)

1 = GeneticAlgorithm(F(Z), Ngim = 2, T, Tuwp)

3.2.2.4 Experimental results

For calculating the dielectric constant of the tissue mimicking phantoms, the
modified MATLAB tool provided by [L1] is used. KEYSIGHT, FieldFox Mi-
crowave Analyzer N9915A is used for the measurements (Figure 3.5). A semi-
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Finding Exact Value of D and L: Use Trust-Region Dogleg based fsolve
function of MATLAB
T = fsolve(F,(Z), Initial value = 7,) D = (1) and L = z(2)

Calculate ¢4:

o —jc\/€t 1—T,,e23PtD 2 fL\/eq
F2(€d) =&~ /L Hp;emm Oth(T)

eq = [solve(Fy(gg4), Initial value = 3)

rigid L-shaped coaxial cable with 130 mm length is used as the probe. In these
measurements, air and de-ionized water are used for calibration references. The
accuracy of the measurements is verified by measuring oil’s dielectric constant.
Frequency range of the measurements are considered as 1 - 9 GHz. Time domain

gating is applied.

The fat and fibro-glandular phantoms inside the falcon tubes are cut into three
pieces. The measurements are taken from top and bottom surfaces of each piece.
The average of 6 measurements for each phantom is reported as the dielectric

constant of the phantoms.

Finding proper initial value in the fsolve optimization function in dielectric
constant measurement is critical. This problem is solved by using the genetic
algorithm with constrains to find the initial value of the D and L in the optimiza-
tion problem solved by fsolve function. In the implemented genetic algorithm,
lower and upper bound are selected as [0.1;0.0002] and [0.15;0.001], respec-
tively. The phantoms are developed according to the instructions given in [3|
but since Young modulus of the developed fibro-glandular and tumor phantoms
is high, more elastic phantoms are developed based on [2]. The fat phantom is
developed just according to [3|, because the elastic property of this phantom is
consistent with the reference value |3]. The measured relative permittivity of
the developed phantoms according to [3] are given in Figure [3.6] As it can be
seen, the dielectric properties of these phantoms are in a good agreement with
the reference values related to the biological breast tissues [9]. In Figure [3.7,
the dielectric properties of the developed phantoms according to [2] is shown.

As it can be seen, the dielectric properties of phantoms is consistent with the
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Figure 3.5: The system set up for the dielectric measurements.

dielectric properties of human breast tissues.

3.2.3 Measurement of elastic properties

The elastic properties of the phantoms are measured through dynamic and static
measurements. Dynamic elastic tests are done using Perkin Elmer Pyris Dia-
mond Dynamic Measurement Analyzer (DMA) in METU Central Laboratory
(Figure . The fat and tumor phantoms are cut in a cylindrical shape with
5 mm diameter and height. Two samples from each type of the phantoms are
sent for the tests. Fifteen measurements are done at 25°C, for 0.1 Hz, 1 Hz,
and 10 Hz frequencies. For more accuracy, 10 measurements are conducted in
each frequency. The average of storage and loss moduli of the samples are pre-
sented in Table Using the ingredients given in Table the elasticity of
the developed tumor phantoms are higher than the reference values . To in-
duce detectable displacement in these phantoms, stronger ultrasound radiation
force is required. Therefore, the risk of induced heat and tissue damage becomes

more. However, the measurements for the same type of phantoms are consistent.

Same measurements are done for the phantoms developed according to [2]. The
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X Sample
holder plates

Figure 3.8: Perkin Elmer Pyris Diamond Dynamic Measurement Analyzer
(DMA) in METU Central Laboratory. The phantom samples are placed be-
tween two sample holder plates and a sinusoidal mechanical force is introduced
in the samples

measured storage modulus of these phantoms are given in Table It can be
seen that elastic constant of the tumor phantom is successfully decreased from
114.47 kPa to around 55 kPa in newly developed tumor phantoms. The results,
are in good agreement with the values presented in . So, it is expected that for
the same amount of US excitation, higher Doppler signal can be received in these
phantoms. Results also show that elastic modulus increases as the frequency
increases. Due to the softness of the developed fibro-glandular phantoms, they
are damaged by applying the dynamic force on them. So, the fibro-glandular

phantoms elasticity are measured in static measurement tests.

In addition to dynamic elastic measurement test, the static elastic measurement
is done. The static compression measurements are performed for the fat, tumor
and fibro-glandular phantoms, as well. The stress versus strain curve of the
phantom samples is obtained using Lloyd LRX 5K materials testing machine

in METU BIOMATEN laboratory (Figure . The measurements are done in
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Table3.3: Measured Storage (¢') modulus of the new phantom samples (DMA).

Measurement frequency (Hz) ¢ (kPa)
Fat  Tumor ﬂ§|| Tumor ﬂ§||
0.1 11.15 45.39 76.97
1 12.76 48.68 89.18
10 15.98 55.69 114.47
Reference 3.25 10.40-42.52

room temperature. Samples for this test obtained from are cylinders with
diameter of 15 mm and height of 10 mm. The compression plate’s diameter is
60 mm. In these measurement the stress-strain curve is obtained and the initial

linear part of this curve is considered in Young’s moduli calculation as:

e=kS (3.13)

where € is the Young’s (elastic) modulus, k is a constant, and S is the slope of
the stress-strain relation. The measured Young’s modulus of the tumor phantom
(at 0.1 Hz) is used as the reference for calculation of k& value. The measured
Young modulus values of the phantom samples and the reference values related

to biological tissues are given in Table

Sample

E 3

holder plates

PN

Figure 3.9: Lloyd LRX 5K materials testing machine in METU BIOMATEN
laboratory used for static elastic property measurement of the developed tissue
mimicking phantoms
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Table3.4: Measured Young’s modulus of the phantom samples developed as
given in [3] (Static compression measurements).

Phantom Type Measured € (kPa) Reference ¢’ (kPa)

Fat 4.32 3.25
Tumor 76.96 10.40-42.52
Fibro-glandular 19.7 3.24

Table3.5: Measured Young’s modulus of the phantom samples developed as
given in [2] (Static compression measurements)

Phantom Type Measured € (kPa) Reference ¢ (kPa)
Tumor 42 10.40-42.52
Fibro-glandular 10.15 3.24

The elasticity of the fat phantom is similar to the reference value. But, similar
to the obtained results from the dynamic elastic measurement, the tumor and
fibro-glandular phantoms are quite stiffer. This can be due to the amount of
formaldehyde and also extra addition of surfactant for making the phantoms
more homogeneous. As it is mentioned, this affects the experimental results,
negatively. Comparing the real tissues, the produced displacement in these

phantoms will be smaller for the same amount of mechanical force.

The instruction given in [2] is followed to develop softer tumor and fibro-glandular
phantoms. The developed tumor phantom is baked for 3 days. During the bak-
ing period, the phantom is melted. The melted phantom was left for two days
in the room temperature for solidification. Similar static elastic measurement
is done for these phantoms. The measured young modulus of the developed tu-
mor and fibro-glandular phantoms according to [2] are given in Table The

measurement results of static and dynamic tests are consistent.

From both measurement results, it can be seen that elasticity of the developed
fibro-glandular and tumor phantoms are higher than the previously developed
phantoms and closer to the ones related to biological breast tissue. It is expected
to receive higher signal level using these developed phantoms in the experiments.
In HMMDI laboratory experiments, both of these phantoms are used in making

inhomogeneous phantoms and the results are compared.
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Table3.6: Acoustic properties of the developed tissue mimicking phantoms.

Speed of Sound Attennuation Attennuation

at 1 MHz at 2 MHz
Fat Phantom 1625 m/s 0.36 dB/cm  0.46 dB/cm
Tumor Phantom 1655 m/s 0.49 dB/em  0.88 dB/cm

3.2.4 Ultrasonic properties of the phantoms

The speed of the sound in the phantoms and the acoustic attenuation in the
phantoms are measured in METU Non-Destructive Testing laboratory for 1 MHz
and 2 MHz frequencies. The prepared samples from fat and tumor phantoms
were 10 cm in height and 8 cm in diameter. The tone burst reflection tests
are done to find the attenuation and speed of the sound in the phantoms. The

calculated values are given in Table [3.6

40



CHAPTER 4

FIRST GENERATION OF HMMDI EXPERIMENTAL
SET UP

4.1 Introduction

In Harmonic Motion Microwave Doppler Imaging, microwave signal is transmit-
ted to the tissue while the tissue is vibrated locally using a focused ultrasound
transducer. The received signal at the vibration frequency (Doppler signal)
contains information about both elastic and dielectric properties of the tissue.
Using the Doppler signal information, fat, fibro-glandular and tumor tissues can
be distinguished. In the following sections, the first generation HMMDI system
set up (microwave transmitter/receiver set up and ultrasonic excitation system)
is introduced. The system performance is assessed with experimental studies

conducted using the custom made phantoms mimicking tissue properties.

4.2 First generation HMMDI system experimental setup

In this thesis study, the feasibility of the HMMDI method is evaluated exper-
imentally using realistic breast phantoms. The block diagram of the setup is
shown in Figure [{.1] Two waveform generators are used to produce an Am-
plitude Modulated (AM) RF signal. A burst signal waveform is used not to
damage the transducer and the phantom due to the excessive exposure. The
generated AM burst signal is given to the high power RF amplifier (Amplifier
Research 150A100B). The gain of this amplifier is 52 dB gain. This signal feeds
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a single element focused ultrasound transducer (Sonic Concepts H-102). Devel-
oped ultrasonic waves, creates a vibration inside the phantom. The transmitting
antenna is fed by a microwave signal generator (Agilent E8257C). In order to
monitor the received signal, the frequency spectrum Analyzer (Agilent E4446a)
is used. Waveform Generator 1 triggers the spectrum analyzer to start sweep

with the burst signal.

Power Amplifier o
Generator 2
EXT AM
Modulation| Waveform
Manual Scanner o —
Microwave
— Signal
Generator
EXT Trigger
10 MHz
Spectrum
Analyzer

Tumor

Phantom ibroglandujar

Water > TX ‘ RX

Figure 4.1: Block diagram of first generation HMMDI system.

4.2.1 Focused Ultrasound Transducer

To generate vibration inside the tissue, a single element focused ultrasound
(FUS) transducer (Sonic Concepts H-102) is used. The properties of this trans-
ducer are given in Table [{.I] The pressure profile of this US transducer in its

first and third harmonics in different XY and XZ planes are shown in Figure
i)

The needle hydrophone (Onda Corporation, CA, USA) in the METU ULTRA-
MEMS laboratory in Electrical and Electronics Engineering Department is used

to investigate the pressure pattern of the FUS transducer. As a result of 1 V
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Figure 4.2: The pressure profile of the Sonic Concepts H-102, US transducer (a)
in its first harmonic in XY plane, (b) in its first harmonic in XZ plane, (¢) in its
third harmonic in XY plane, and (d) in its third harmonic in XZ plane [10].
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Table4.1: Properties of the FUS transducer Sonic Concepts H-102.

Frequency

1.1 MHz (Fundamental),
3.3 MHz (3" Harmonic)

Active Diameter

64 mm (Outer) x 22.6 mm (Inner)

Thru Opening

20 mm diameter central opening

Geometric Focus

63.2 mm

Focal Depth

53.5 mm (measured from transducer
housing rim to geometric focus)

Power Handling

150 Watts (CW), 400 Watts (Pulsed)

Axial Half Intensity Beamwidth

15 mm (1.1 MHz), 5 mm (3.3 MHz)

Lateral Half Intensity Beamwidth 1.8 mm (1.1 MHz), 0.6 mm (3.3 MHz)

peak to peak excitation of the transducer the obtained axial and lateral pressure

beams are plotted in figure [4.3] [11].
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Figure 4.3: The measured (a) axial and (b) lateral beam patterns of the FUS
transducer. In these measurements 1 V peak to peak excitation was used [11].

4.2.2 Antenna Design and configuration

Two different experimental setup are designed for the HMMDI system evalua-

tion. In the first experimental setup, called as first generation set up, open-ended

waveguide antennas are used for both transmitting and receiving microwave sig-
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nals. These types of antennas are wide bandwidth, low loss and the design of

them is simple [11]. The properties of these antennas are as follows:

The antennas operation frequency band: 5 GHz to 8 GHz

The dielectric material of the antenna: vegetable oil (g, =~ 2.5,0 = 0.05)

Broad-wall dimension of the waveguide: 22.86 mm

Narrow-wall dimension of the waveguide: 10.16 mm

The cut-off frequency for T'E;y mode: 4.07 GHz

The next propagating mode: T Fyy with cut-off frequency of 8.1 GHz

The antenna is fed using a coaxial probe having inner conductor radius of 0.69
mm, and outer conductor radius of 2.3 mm [11]. The dielectric material in the
coaxial adapter is TeflonTM with relative permittivity 2.1, and dielectric loss
tangent 0.001. Antenna has been modeled in Ansys HFSS (Ansys, Inc., PA,
USA) [11]. The design parameters of p, d, and h are the length of the inner
conductor inside the waveguide, the distance between the center point of coaxial
probe to the short circuit, and the total length of the antenna, respectively. It
has been reported that -10 dB bandwidth of 50% can be obtained when d =
8 mm, p = 5.6 mm, and h = 15 mm [11]. The antennas are produced in the

ASELSAN REWIS Machine Shop.
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Figure 4.4: Waveguide antenna in the HMMDI system.

Vegetable oil is used inside the antenna and the waveguide antenna opening
is closed using a plastic layer. This plastic layer is fixed to the antenna body
using a waterproof adhesive glue. Bubbles appear when oil is poured inside the
antenna. The resulting bubbles are extracted by injecting extra amount of oil

with syringe into the antenna after closing the surface of it with the plastic layer.

In this setup (Figure [1.5), both transmitter (TX) and receiver (RX) antennas
are fixed at the bottom of the phantom container and the ultrasound transducer
is located on the phantom’s upper surface. In this configuration, the phantom
is scanned via transducer while the antennas are fixed at the bottom of the
phantom container. The steps of preparing the antennas for the experiment are

shown in Figure 4.6|

4.2.3 Phase Noise of the Transmitter

In HMMDI, the microwave frequency is in the order of a few GHz while the
vibration frequency is in the order of Hz. Therefore, Doppler frequency is close
to the carrier frequency. So, the phase noise of the transmitter is an important

parameter which affect the Doppler signal detection. As the phase noise gets
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Transmitter and receiver
antennas

(a) (b)

Figure 4.5: The antenna configuration in the first HMMDI experimental set up.
(a) The location of the transmitter and receiver antennas at the bottom of the
phantom container and (b) location of the US transducer on top of the phantom
container.

Figure 4.6: The transmitter/receiver waveguide antennas in the first generation
of HMMDI set up. From left to right the antennas before pouring oil inside of
them, antennas after filling and closing the open surface of them, injecting extra
oil with syringe to remove the bubble from them and the last version of used
antennas in the experiments.

higher, it will be more difficult to observe the small Doppler signal. In HM-
MDI experiments, the microwave signal generator Agilent E8257C was used. To
measure the phase noise of this signal generator, its output is connected to the
Spectrum Analyzer (Agilent E4446a) for 0 dBm output power. 10 MHz refer-
ence signal of the Spectrum Analyzer is used as 10 MHz reference for the Signal
Generator. The spectrum analyzer resolution bandwidth, span, and the number
of averaging are selected as 6.8 Hz, 500 Hz, and 20, respectively. Figure [4.7
shows the phase noise of the signal generator for various operation frequencies

between 2 GHz to 8 GHz.
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Figure 4.7: Measured phase noise of the microwave signal generator. In this
measurement the signal generator is directly connected to the spectrum analyzer.
The frequency span is 500 Hz.

4.3 Experimental studies on the first tissue mimicking phantom

In these experimental studies different inhomogeneous phantoms are tested for
the HMMDI system evaluation. The first phantom contains fibro-glandular
phantom with 25 mm diameter and 12 mm height inside the fat phantom. A
tumor phantom with 5 mm diameter and 7 mm height is placed inside the fibro-
glandular. This phantom is prepared inside a plastic bowl with 11 cm diameter
and 5 cm height (Figure . The phantom development consists of two stages.
Firstly, the fat phantom is prepared, and poured into the container up to a
height of 2 cm from the bottom of the mold. The phantom is left for one day to
solidify. As it can be seen in Figure [4.8 the prepared fibro-glandular phantom
with the tumor phantom in the middle is located on top of the fat phantom.
Another fat phantom material is prepared and poured in the same mold until
the surface level reaches a height of 2.5 cm. The phantom is left for 7 days at

room temperature for solidification.

The antennas are placed in H-plane format and the distance between their edges
is set to 15 mm. The antennas are placed at the bottom of the phantom container
(Figure[4.5]). The area between the antennas and the glass is filled with a rubber

layer. The transmitting antenna is fed by the signal generator with the output
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Figure 4.8: Stages of in homogeneous phantom preparation including fibro-
glandular and tumor phantoms inside the fat phantom. Tumor has 5 mm di-
ameter, and 7 mm height, and Fibroglandular has 25 mm diameter, and 12 mm
height.

power of 15 dBm. The Spectrum Analyzer is connected to the receiving antenna.
Distilled water is used as a coupling medium. Phantom with the antennas at

the bottom of the phantom container is placed at the bottom of the water tank.

The ultrasound transducer is inserted inside the water tank on top of the phan-
tom. The FUS transducer is fed with 367 V,, voltage, which produces 6.4 MPa
peak pressure at the focus. Various vibration frequencies are tested, but the
highest SNR is observed at 15 Hz. Above 30 Hz vibration frequency, the Doppler
frequency component of the signal is masked by the coupled phase noise of the
signal generator. In addition, for vibration frequencies below 10 Hz, the Doppler
signal is not detectable from the fundamental frequency component. The focus
of the US transducer is placed on the fibro-glandular phantom. The spatial peak
pulse average intensity of the ultrasound beam is 630.2 Cmﬂg The US duration

is set to 200 ms for 3 cycles of excitation.

In microwave measurements, the resolution bandwidth, span, sweep time, and
averaging number are selected as 6.8 Hz, 200 Hz, 280 ms, and 20, respectively.
The measured main component to Doppler component and the Doppler signal
to noise level at Doppler frequency (SNR) are shown in Figure [£.9] In this
experiment the SNR is more than 20 dB for 2 - 6 GHz applied frequencies. The
Doppler component in comparison with the main frequency component has the
highest value at 6 GHz due to the low direct coupling between the antennas in

this frequency.
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The phase noise level is dependent on the direct coupling level. Therefore, as
the main component decreases, the phase noise decreases and the Doppler signal
becomes more clear. It seems that coupled signal components from water/glass
interface and glass/phantom interface cancels each other at this frequency. The
interaction between surface waves and the scattered signal at 6 GHz may causes
this results. The surface waves propagate along dielectric/dielectric or dielec-
tric/metal interfaces such as water-rubber/glass and glass/phantom in our case.
The interaction of the surface waves and the scattered signal affects the ampli-
tude and phase of the received signal [61]. As a result, the received signal level
at the center frequency is decreased but not the signal of interest at Doppler
frequency. As it was observed in this experiment, the interaction or the out
of phase addition of the surface waves and the scattered signal, is frequency

dependent.
1-D scan results

In this experiment, microwave operating frequency is 6 GHz. The manual scan-
ner is designed for 31 mm scan length. The scan steps are 1 mm. By changing
the place of the scanner, 54 mm is scanned (Figure [4.10). In some areas the
two scanned area overlapped each other. In order to keep the safety limit, the
measurements are performed for 4.2 MPa maximum pressure at the focus point.
In this experiment, I,,, of the ultrasound beam is 271.4 Cm% For lower values
the SNR is poor. Although this intensity is higher than the safety limits, it
is acceptable in these experimental studies because the elastic constants of the
developed fibro-glandular and tumor phantoms are higher than the biological
breast tissues. It is expected to receive higher signal with inducing lower radia-
tion force in a real case. In addition, improving the transmitter and receiver will
decrease the need for high ultrasound power. The microwave power could be
increased using an amplifier, to decrease the requirement for ultrasound power

and duration.

Another factor which can be the reason of receiving low Doppler signal level is
the coupling medium. In these experimental studies, water is used as a coupling

medium. Water is highly lossy in the microwave frequency range. Therefore,
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Figure 4.9: The measured (a) SNR and Doppler frequency component to fun-
damental frequency component. AM burst signal of 15 Hz is applied to induce
vibration inside tissue.
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an alternative coupling medium which has the proper acoustic and dielectric
properties should be investigated to improve the received signal level at Doppler

frequency.

Figure 4.10: FUS probe scanning the breast phantom in a line passing between
the antennas.

The measurement results are presented in Figure As it can be seen, the
signal level is about -127 to -125 dBm in fat phantom areas and whereas it is
around -121 dBm when the focus is on the fibro-glandular phantom. The signal
level on the tumor phantom is around -123 dBm. The results clarify that signal
level on the tumor is about 3 dB less than the fibro-glandular and it is 2-3
dB higher than the fat. When the focus is on both fat and tumor phantoms,
the Doppler signal is higher than the noise level. By using different vibration
frequencies the difference between received signal level from fat and tumor can

be distinguished.

Another 40 mm scan is done for the same phantom (Figure[d.12)). It seems that in
this scan the coupling to the phantom is better. This result is in agreement with
the previous measurement results and shows the potential of HMMDI method

for tumor detection in an inhomogeneous tissue phantom.
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Figure 4.12: Measured signal level at the Doppler frequency for 40 mm scan
which covers fibro-glandular phantom, and the inside tumor.
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4.4 Experimental studies on the second tissue mimicking phantom

In this case, phantom is prepared inside a glass bowl with 11 cm diameter and
5 cm height (Figure [4.13)). Three tumors with different sizes are located in 30
mm depth from the top surface on the pre-prepared fat phantom. Diameter and
height of these three tumor phantoms are 3 x 2.5 mm, 10 x 5 mm, and 25 x 4.5
mm. The pre-prepared tumor phantoms are placed at the surface of the fat
phantom in the center line of the container. Again, the fat phantom is poured
on top of the tumor phantoms in a way that the surface level became 3 c¢m in
height. In order to distinguish tumor phantom inside the fat phantom, the peak
pressure is increased to 7.5 MPa. In this experiment, Iy,,, of the ultrasound

beam is 865.4 Cm%

Since the scanning tool has a scan length limit, three scans are done to cover the
whole tumors line. By means of these three scans, 78 mm is covered. Similar to
the previous case, the scan step size is 1 mm. The microwave operating frequency
is 3.7 GHz with +16 dBm output power. In this case, 30 Hz is considered as a
the vibration frequency. In this case, the frequency sweep test for finding the
best frequency according to the SNR is not done. In this experiment, the small
and middle sized tumor phantoms are detectable but the Doppler signal
level on the big tumor region is weak. The results suggest that the induced
displacement in the larger sized tumor is less comparing smaller sized tumor

inclusion.

Figure 4.13: Stages of inhomogeneous phantom preparation including three dif-
ferent sizes of tumor phantom samples.
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4.5 Data acquisition system in the first generation HMMDI set-up

Performance of the HMMDI method has been investigated with simulations
in [62]. Also, phantom experiments using a spectrum analyzer as a receiver
was mentioned in the previous sections. In this section, the designed homo-
dyne receiver system for HMMDI system to receive the data without using the
spectrum analyzer is presented. The experimental studies are performed on the

breast phantom materials to test the performance of the designed system.

4.5.1 Tissue mimicking phantoms in experimental studies on de-

signed HMMDI receiver system

For this experiment the phantom is prepared inside the same sized glass bowl.
The fibro-glandular tissue phantom of 25 mm diameter and 16 mm height is
placed at the center of the fat phantom. The tumor phantom of 13 mm diameter
and 7 mm height is inserted in the fat phantom 30 mm away from the middle of

the fat phantom container. Another fat phantom is prepared and poured in the
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same mold until the surface level reached a 3 cm in height. The phantom is left

for 7 days at room temperature for solidification. Different stages of phantom

development in addition to its MRI image are shown in Figure

Figure 4.15: Inhomogeneous breast phantom including fibro-glandular and tu-
mor phantoms. Left: MRI image of Phantom taken by 3 Tesla MRI System,
UMRAM Research Institute in Bilkent University. Middle: Fibro-glandular and
Tumor phantoms placed on the fat phantom at the first stage. Right: Final
condition of the breast phantom after the second stage.

4.5.2 Experimental studies and results

A data acquisition system in the HMMDI method is designed and its efficiency
is evaluated experimentally using the developed phantom materials. The block
diagram of this receiver system is shown in Figure Similar to the previous
experiments, the focused US transducer is used in its third harmonic frequency
(3.32 MHz). A 2-cycle 10 Hz sinusoidal burst signal (with 1 Hz pulse repeti-
tion frequency) is generated from waveform generator 1 and used to amplitude
modulate the 3.32 MHz signal generated by the waveform generator 2. The
AM signal is amplified with a high power RF amplifier (150A100B, Amplifier
Research, WA, USA) of 52 dB gain. Spatial peak pulse average intensity (Ispq)
of the ultrasound beam is 271.4 cm% Since Youngs Modulus of the developed
fibro-glandular and tumor phantoms are higher comparing the biological breast

tissue, higher radiation force is required to induce detectable displacement inside

phantoms.

Simulation studies showed that for biological tissues lower intensities below the

safety limit would be sufficient to observe the Doppler signal [62]. Similar to
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Figure 4.16: Block diagram of HMMDI data acquisition setup.

the previous case, open-ended waveguide antennas with the same configuration
at the bottom of the phantom container are used. Glass is used as a mold for
the breast phantoms. The focus of the FUS transducer is adjusted manually to
point at 30 mm depth from the top surface of the phantom mold.

The transmitting microwave antenna is fed by the Agilent E8257C Signal Gen-
erator with an output power of +15 dBm at 3.7 GHz frequency. For data acqui-
sition purpose, the signal should be down-converted to the baseband. As a con-
sequence, the receiver antenna is filtered by a band pass filter (K&L Microwave
5C50-3700/U100-O/0), low noise amplifier (Mini Circuit ZX60-3800LN-S+),
and wide-band amplifier (Mini Circuit ZX60-V83-S+), respectively (Figure[£.16)).
The output signal is given to the mixer (MITEQ DM0204 LA1). The output sig-
nal of signal generator is split using power divider (Mini Circuit ZFRSC-42-S+)
and is fed to the mixer’s other input as the local oscillator. The mixer output

is given to a low-pass filter (Mini Circuit NLP-50).

Since the signal is small and noisy, further amplification and filtering sections are

necessary. It is believe that the signal at the Doppler frequency (10 Hz) contains
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information about phantom elastic and dielectric characteristics. Consequently,
the signal is filtered by the low-pass filter to eliminate the unwanted frequency
components. The output of this filter is given to the commercial instrumentation
amplifier (LT1167). To eliminate the DC offset, the amplified signal is fed to
a high-pass filter. Furthermore, a notch filter is used to remove the 50 Hz line
noise. The signal is filtered by a low-pass filter (cut-off frequency at 40 Hz).
Additionally, the output is amplified more by an amplifier with 40 dB gain. The

frequency response of the designed receiver system circuitry is shown in Figure

417
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Figure 4.17: The designed receiver system frequency response.

The output signal of the RF receiver section, which is amplified by total 80
dB gain, is acquired by the data acquisition card. In this experiment, CM
series 2004 model data acquisition card of ACQUITEK is utilized. This data
acquisition card, supports up to 1 MS/s maximum sampling rate, and has 16 bit
A/D resolution. The signal at each point is collected for 4 second. The sampling
frequency is 15 kHz. In the data acquisition duration, there are at least three
US excitation pulses (trigger pulses). The signal in the trigger duration contains
information about coupled elastic and dielectric properties of the tissue in the

focal region. Knowing the vibration frequency, the acquired data is filtered by
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band-pass IIR Butterworth digital filter (f., = 1 Hz, f., = 25 Hz) to obtain the
signal in the interested frequency range. The received data in the absence of US
excitation, during US excitation on the fat, fibro-glandular and tumor phantom
regions, is illustrated in Figure The US excitation duration or the so called
trigger pulses are shown in red dashed lines. There is an unwanted noise even

when there is no ultrasound excitation.
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Figure 4.18: The received signal (a) without FUS transducer excitation, (b)
with FUS transducer excitation from the fat region (c) from the fibro-glandular
region, and (d) from the tumor area. The trigger signal from the waveform
generator is shown in red dashed line.

However, the received signal due to the US excitation is observable in all cases.
As it is very close to the glass phantom container edges, the signal from the
tumor phantom region is distorted by the reflected signal from the glass. Con-

sequently, just the first peak of the received signal from tumor is observed to be
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in the trigger pulse duration. A bigger phantom mold should be used for future
studies to prevent the reflection. The average of the first peak values (ie. the re-
ceived signal amplitude for the first excitation cycle) of the three received pulses
are averaged to get the HMMDI data. The maximum signal is achieved when
the focus is on the fibro-glandular phantom. The signal amplitude decreases
about 3 dB in the tumor phantom. In the fat phantom, the signal level further
decreases by an amount of 4 dB. These results are in a good agreement with
the results obtained by directly connecting the receiver antenna to a spectrum
analyzer given in the previous section. Even though the results are from specific
points of the phantom, they prove the efficiency of the designed data acquisition
system. It is shown that a low level displacement signal at Doppler frequency
can be acquired for further processing steps. To detect the tumor inside the
fibro-glandular in the fat phantom and to distinguish them from each other the

phantom must be fully scanned.

4.6 Conclusion

In this part of the study, experimental studies show that it is possible to de-
tect the tumor phantom inside the fibro-glandular phantom using the HMMDI
method. But, the signal level in the tumor phantom was so close to the sig-
nal level in the fat region. Therefore, multiple vibration frequencies should be
tested for solving this problem. Also, the data obtained from microwave imag-
ing can be used in addition to the information given from HMMDI method to
detect fat phantom from tumor phantom. The optimum microwave operating
frequency range was detected as 2-6 GHz. The penetration depth inside the
tissue is higher for lower frequencies but the phase modulation effect is better in
higher frequencies with smaller wavelengths. The optimum vibration frequen-
cies were measured as 10-30 Hz. Lower frequencies were masked by the main
frequency component whereas the higher frequencies above 30 Hz were masked

by the phase noise of the oscillator.

In addition, a receiver system was proposed for HMMDI method and its perfor-

mance was investigated using the developed phantom materials. The local vibra-
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tion was induced inside the phantom materials using a FUS probe. Microwave
signals were transmitted to the vibrating tissue phantom. The amplitude of the
received signal at the Doppler (vibration) frequency was down-converted to the
base-band using the designed base-band circuit. Furthermore, the signal was
amplified and filtered to receive the detectable Doppler signal. The results show
that the received Doppler data from different phantom regions are detectable

using the proposed receiver system.

Results obtained by using spectrum analyzer as a receiver and the ones obtained
from the designed receiver system show that HMMDI method has a potential of
detecting tumor inside the fibro-glandular tissue. More studies should be done
for differentiating fat phantom from tumor phantom. The performance of the
HMMDI set up should be investigated for a range of phantoms containing fat,
fibro-glandular and tumor phantoms. In addition, better signal processing meth-
ods should be implemented for eliminating unwanted artifacts in the detected
signals. Two dimensional scan of phantoms should be performed to obtain more
information for imaging the dielectric and elastic characteristics of the tissue

phantoms.
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CHAPTER 5

SECOND GENERATION OF HMMDI
EXPERIMENTAL SET UP WITH SCANNING
ANTENNAS

5.1 Introduction

In the first generation of the HMMDI experimental set up, transducer, phantom,
and the antennas were located in a container filled with distilled water. Since,
water is lossy in the microwave frequency range, an alternative liquid which has
proper acoustic and dielectric characteristic is required as a coupling medium.
In the first generation set up, to inhibit the water leakage between the antennas
and the phantom, the antennas were fixed to the phantom container. In this
chapter the experimental set up is improved to address these problems. This
configuration is referred as second generation set up. In the second generation
set up, water is substituted by oil. By changing the coupling medium to oil, the
antennas are separated from the phantom mold and they are placed on the top

of the phantom together with the US transducer.

In the new configuration, the transmitter antenna is located in the middle hole
of the US transducer and the receiver antenna is fixed on the outer edge of it
(Figure . Therefore, it is possible to scan the phantoms with both ultrasound
transducer and antennas, simultaneously. The performance of this set up con-
figuration is examined on tissue mimicking phantoms. In this part of the study,
different inhomogeneous phantoms (homogeneous tumor, homogeneous fat, fat

including three different sized tumors, and fat phantom including fibro-glandular
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with the tumor inside) are developed using different types of phantoms given
in Chapter 3. The phantoms are scanned mechanically and a data are acquired
using spectrum analyzer. The effects of MW and vibration frequency, antenna
coupling in the Doppler signal, and tumor and fibro-glandular inclusion on the
HMMDI data profile are investigated, experimentally. The problem encoun-
tered in the experiments such as antenna movement, elasticity contrast of the

phantoms, and size of them, are reported and possible solutions are discussed.

5.2 HMMDI experimental set up

A single element focused ultrasound transducer H-102 (Sonic Concepts, WA,
USA) is used for generating vibrations inside the tissue. The transducer is used
in its third harmonic frequency (3.32 MHz). As it can be seen from the block
diagram of the HMMDI method in Figure a sinusoidal burst signal (with
1 Hz pulse repetition frequency) is generated from the first waveform generator
and used to amplitude modulate the 3.32 MHz signal generated by the second
waveform generator. The AM signal is amplified with a high power RF amplifier
(150A100B, Amplifier Research, WA, USA) of 52 dB gain.

7 (Axial)

Ultrasound Waveform
Power Amplifier Generator 2

]

y (Lateral)
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Modulation\_ Waveform
| Generator 1
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Computer Controlled NerOT e
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FUS Transducer 10 MHz|
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Figure 5.1: Second generation of HMMDI set up block diagram.
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In this set up, oil is selected as the coupling medium. Both antennas and the US
transducer are located on the top side of the phantom inside oil. the antennas
and the US transducer are connected to the scanner. The transmitter antenna
is placed inside the US transducer probe and the receiver antenna is fixed on
its outer edge. The coupling medium selection and antenna configuration are

discussed with more details in the following sections.

5.2.1 Coupling medium selection

The ultrasound probe used in the experiments is an immersion type that can
operate in the water medium, properly. However, the microwave signal is atten-
uated considerably due to the dielectric loss of the water in microwave range.
Considerable signal level reduction was observed as a result of water leakage
between antennas and the phantom container. To prevent this problem, the
antennas were fixed at the bottom of the phantom container with silicon ad-
hesive glue. However, the same procedure should be done in each experiment
and a number of phantoms and antenna pairs were required for the tests. This
procedure is time consuming and might not be practical in a clinical setting. In
addition, when the antennas were fixed, they were more sensitive to the middle

area of the phantom and their sensitivity degraded toward the edges.

Substituting water with a different liquid gives the opportunity of having dif-
ferent scan configurations. The dielectric loss of this liquid in the microwave
frequency range should be low to inhibit signal attenuation, and its acoustic
properties should be similar to the water for ultrasound wave propagation pur-

poses. Any oil type of liquids may satisfy the mentioned properties.

Dielectric and acoustic parameters of oil and water are given in Table [5.1).
Note that, the speed of sound, mass density and acoustic impedance in these
two mediums are close to each other while the microwave loss is nearly 10 times

less in oil.

Due to its availability and low cost, sunflower oil is used in our experiments. To

analyze the effect of sunflower oil on the acoustic field intensity, the intensity
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Table5.1: Dielectric and acoustic properties of oil in compare with water.

Material Water Oil
Relative dielectric constant 77.15-j15.86  3-j0.16
Speed of sound () 1482 1470
Mass density (%) 1000 920
Acoustic impedance (MegaRayls) 1.482 1.352

distribution inside the tissue, is calculated by the HIFU simulator tool developed
by U.S Food and Drug Administration (FDA) [63]. This MATLAB tool solves
axis-symmetric Khokhlov-Zabolotskaya-Kuznetsov (KZK) equation [64] in the

frequency domain.

In this simulation, a transducer outer radius is 2.1 cm, its inner radius is 1
cm and the focal depth at 3.3 MHz is considered as 6 cm. In this simulation,
150 harmonics are considered. Oil layer (3.5 cm) is assumed between fat tissue
(5.5 ¢cm) and the transducer. It is assumed that the focus of the transducer is
2.5 cm inside the tissue. The simulation is repeated by replacing the oil layer
with distilled water. The parameters that are considered in the simulations to

calculate the acoustic intensity, pressure, and heat are given in Table

Table5.2: Parameters used for pressure, intensity, and heat calculations with
HIFU Simulator.

Material Parameter Oil  Breast
Speed of sound (') 1470 1479
Mass density (%) 920 1000
Attenuation (dB/m/MHz) 7 34
Power of attenuation vs. frequency curve 2 1
Material transition distance (cm) 3.5 -
Transducer Parameter Value
Outer radius (cm) 2.1

Inner radius (cm) 1

Focusing Depth (cm) 6
Frequency (MHz) 3.3

Power (W) and 3.35

No. of Harmonics 150
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From the simulations, the axial and lateral intensity resolutions are calculated
as 6.75 mm and 0.48 mm, respectively (Figure [5.2] (a) and (b)). The maximum

intensity at the focus is around 345 % in the water medium and it is around 192
W

-z in the oil. The intensity maps for cases that oil or water layer is between the

transducer and the tissue, are shown in Figure The calculated intensity is
used to calculate the mechanical force distribution inside the tissue. Resultant
pressure waveform, heat, peak positive and negative pressure are plotted in
Figure (Figure for both cases of using water and oil as a coupling medium.
Although the intensity of the acoustic wave in oil is a bit lower than water, their

intensity, heat and pressure profiles are found to be similar to each other.

5.2.2 Phantom development

Similar to previous studies oil in gelatin emulsion type phantoms, which are
suitable for elastography and microwave studies [1-3,25,49-55] are developed.
Three different types of phantoms; normal breast fat, normal fibro-glandular,
and tumor are produced. In the previous experiments, the tumor and fibro-
glandular phantoms were developed according to the instructions given in [3|.
The elastic constant of these phantoms comparing the biological breast tissues
are high. As the phantoms get stiffer, more acoustic radiation force is neces-
sary to introduce displacement yielding increased heat and damage inside the

phantom.

In the following sections, the developed phantoms containing fibro-glandular /fat,
tumor/fat, and tumor/fibro-glandular/fat are introduced. These phantoms are
scanned and the 2-D scan results are presented to evaluated the performance of

HMMDI method in distinguishing breast tissues.

5.2.3 Antenna Configuration

In the second experimental setup studies, a cylindrical waveguide transmitter an-
tenna which is placed inside the central hole of the transducer probe, is used (Fig-

ure 5.4). This antenna is filled with the high permittivity material, Rogers 3210
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Figure 5.2: Ultrasound beam (a) axial and lateral intensity assuming 3.5 cm
water (dashed red) or oil (blue) between antenna and the fat phantom. In
this simulation, 150 harmonics are included. (c) lateral (a) peak positive and
negative pressure, (b) pressure in time (e) axial heating (z = 6 cm), (f) lateral
heating for water and oil medium.

(RO3210) (e, = 10.2). The geometry of antenna is shown in Figure 5.5 The
measured resonance frequency of the transmitter antenna using the KEYSIGHT,
FieldFox Microwave Analyzer N9915A is about 3.5 GHz. A rectangular open
ended waveguide antenna is used as the receiver antenna. This antenna is fixed

at the edge of the ultrasound transducer. The dielectric material used in the
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Figure 5.3: Axially symmetric ultrasound intensity map inside the tissue for (a)
water and for (b) oil medium).

receiver antennas is sunflower oil (g, = 2.5,0 = 0.05 S/m [62,/65]). The steps of

preparing the antennas for the experiment are shown in Figure [5.6

In previous studies, since the antennas were fixed to the mold, it was not possible
to scan the phantom with both ultrasound probe and the antennas. Therefore,
the received signal was dependent on the position of the antenna. In addition,
the glass mold could have caused ultrasound reflection which might have affected
the Doppler signal. Also, the water leakage between the antennas and the phan-
tom container caused too much microwave loss and as a result the received signal

level was decreased. In the second generation set up, water is replaced by oil
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Middle hole of the US
transducer probe

(a) (b)

Figure 5.4: The antenna and ultrasound transducer configuration in the second
generation of HMMDI setup. (a) The US transducer probe with the open circular
hole in the middle. (b) The location of the TX in the middle of the US transducer
and the RX antenna on the outer edge of the transducer.

Figure 5.5: Cylindrical waveguide antenna in HMMDI.

as a coupling medium, glass phantom container is replaced by plastic mold to

reduce ultrasound reflection, and antennas are attached to the transducer.

The optimum position of the receiver antenna that provides highest amount of
scattered signal from the phantom is studied. For this purpose, a rectangular
transmitting antenna is placed at the bottom of the oil container (where we will
locate phantom) and the received microwave signal is measured from the other
antenna on top side of the container. This measurement is done both in the
presence and in the absence of the US transducer. The measurement is done

using KEYSIGHT, FieldFox Microwave Analyzer N9915A. For the case that US
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Figure 5.6: Steps of preparing the antennas for the HMMDI experiment. (a) The
transmitter antenna in the second HMMDI set up studies before and after filling
with the high permitivity material. (b) The rectangular waveguide antennas
before and after filling with oil.

Table5.3: The measured S5; between two rectangular antennas in cases with and
without the US transducer. When the transducer does not exist, the distance
between the antennas is 4.5 cm.

Antenna 4.5 cm away from the center 6 Sy (dB)

E-plane 0 -23.13
E-plane 180 -26
E-plane 30 -24.22
E-plane 45 -23.21
E-plane 60 -24.26
Antenna around the transducer

H- plane 45 -26.70
E- plane 45 -30.37
H-plane 0 -31.34

transducer is not present, the distance between the top side antenna and the
center of the container is kept at 45 mm (figure (a)). The received signal
for various antenna direction with respect to the transducer plane (Figure
is given in Table [5.3

As it can be seen in the results, at 45 degree and H-plane configuration the
signal level is highest. Although receiving a higher signal from the phantom is
important, direct coupling between the transmitter (TX) and receiver antennas
(RX) should be kept at minimum to increase the SNR level. To measure the TX-
RX direct coupling signal, the rectangular antennas (at 45 degree with respect

to US transducer) are fixed around the transducer using silicon adhesive glue,
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(b)

Figure 5.7: The set up for finding the optimum configuration to receive the
highest scattered signal from the phantom (a) without US transducer and (b)
with US transducer

Scanner |

Transducer R@le

L e CEE LR

Figure 5.8: The transmitter (TX) and receiver (RX) antenna location with
respect to the transducer plane for Sy; measurement.
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and the transmitter antenna is placed in the middle hole of the US transducer
(Figure . The measured Sy; from each pair of the antenna is given in Table
It is observed that S5; in H-plane in different configurations is lower in
comparison with the E-plane which is more desirable for HMMDI analysis. As
the direct coupling between the antennas gets higher, the phase noise level gets

higher and the Doppler signal observation becomes more difficult.

Receiver

anten

Figure 5.9: From right to left, position of the receiver antennas around the US
transducer, (b) different antenna pairs for Sy, and (c) experimental set up for
measuring the Sp;.

The S;; and the Sy of the transmitter and receiver antennas are measured inside

the oil (Figure [5.10)).

5.2.4 Phase Noise of the Transmitter

The Doppler frequency in the HMMDI is around few Hz which is very close
to the carrier frequency. Therefore, as the phase noise of the transmitter gets
higher the detection of the Doppler signal becomes more difficult. The microwave
signal generator that is used in this studies is Agilent E8267D Signal Generator
(250 kHz - 20 GHz). To measure its phase noise, its output is connected to
Agilent N9010A EXTA Signal Analyzer for 0 dBm output power. 10 MHz
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Tableb.4: The measured Sy, between each pair of the antennas.

Antenna Pair (E-plane) Sy (dB)
A-TX (with and without 50 load on B -29.60
B-TX -30.4
C-TX -30.04
D-TX -30
A-B -31.6
A-C -33
A-D -32
Antenna Pair (H-plane) Sy (dB)
A-TX -33.85
B-TX -35.06

reference signal of the Signal Analyzer is used as 10 MHz reference for the Signal
Generator. The Signal Analyzer resolution bandwidth, span, and the number
of averages is selected as 6.8 Hz, 500 Hz, and 20, respectively. The phase noise
plots of the signal generator for different operation frequencies from (2-8 GHz)
is given in Figure As the frequency is increased, the phase noise of the
transmitter gets higher. The results suggest that, the Doppler signal may be

better realized in lower MW operating frequencies.

5.3 Microwave and vibration frequency test using homogeneous tu-

mor phantom

To test the effect of microwave and vibration frequency on the received signal,
a homogeneous tumor phantom [2| was developed. This phantom is prepared
in the plastic molds of 60 mm diameter and 45 mm height(Figure . A 3-
cycle 15 Hz AM burst signal induce the localized vibration inside the phantom.

Spatial peak pulse average intensity (Iyy,,) of the ultrasound beam is 271.4 cm%

The focus of the US transducer is at the homogeneous tumor phantom (Fig-
ure [5.13)). The transmitter microwave antenna is fed by the Agilent E8267D

Microwave Signal Generator with an output power of 10 dBm. The received
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Figure 5.12: Homogeneous fat and tumor phantom of 60 mm diameter and 45
mm height.

microwave signal is connected to the Agilent (N9010A) EXA Signal Analyzer.
10 MHz reference signal of the spectrum analyzer comes from the microwave
signal generator. The spectrum analyzer parameters for the measurement are:
resolution bandwidth = 6.8 Hz, span = 200 Hz, number of samples for averaging

= 20.

Transmitter antenna

US transducer

Receiver antenna

Homogeneous phantom
under the US transducer

Figure 5.13: The HMMDI experimental set up. The transducer is fed with the
amplified AM burst signal. The transmitter antenna is fed by the microwave
signal generator. The receiver antenna is connected to the spectrum analyzer.
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The measured signals from the homogeneous tumor phantom at center frequency,
Doppler frequency and the noise level at Doppler frequency are measured for
different microwave frequencies. The results for 3.5-6 GHz microwave signal for
10 dBm power is given in Figure [5.14] Considering the SNR and the ratio of the
signal at Doppler signal to signal level at center frequency [.15)), 3.5 GHz and 6

GHz are selected as the optimum vibration frequencies.

Similar to previous experimental results reported in Chapter 4, the signal level
reduction in the main frequency, 6 GHz, could be due to scattered wave inter-
action or its out of phase summation with the surface waves. This causes a
decrease in the signal level at the center frequency but not the signal at Doppler
frequency. Consequently, the Doppler signal can be better detected compared

to the main component.
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Figure 5.14: Received Doppler signal around the center frequency, noise level at
Doppler frequency and the signal at center frequency when the focus is on the
tumor phantom. 15 Hz vibration with 3 cycles is applied with 1 second PRI.

Since the SNR and the ratio of Doppler signal to the signal at main frequency
(Doppler/main signal) are higher at 3.5 and 6 GHz, different mechanical vibra-

tion frequencies are tested at these microwave operating frequencies. 10, 15, 30,
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Figure 5.15: The measured (a) SNR and the ratio of the signal at Doppler
frequency to the signal at center frequency when 15 Hz vibration with 3 cycles
is applied with 1 second PRI.
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and 70 Hz with 2, 3, 6 and 14 cycles are employed to produce the vibration.
The duration of the US pulse is 200 ms in each case. The best result is obtained
when 30 Hz vibration is applied to the phantom. Doppler signal at 10 Hz is not

detectable from the main component.

The received signal spectrum at 30 Hz vibration frequency is given Figure [5.16
for 3.5 GHz and 6 GHz microwave frequency. The signal at vibration frequency
on the right and left side of the center frequency, are not equal. This asym-
metry could be due to the position of the US transducer or the reflection from
the phantom container edges. This phenomenon is discussed further in section

5.4.4.6.

Realizing the Doppler signal is dependent on the coupled signal level. As the
coupling at fundamental frequency decreases, the phase noise gets lower and the
Doppler signal becomes more distinguishable. Since the microwave loss in water
is high, blocking the path between the transmitter and receiver antenna with
water can be helpful to decrease the direct coupling between the transmitter and
receiver antennas. A 15 ml falcon tube of 15 mm diameter and 117 mm height
filled with water is inserted between the US transducer and the receiver antenna
(Figure [5.17)). Since the transmitter antenna is in the middle of the transducer,
this water container, blocks the TX-RX path. As it is can be seen in Figure
[b.18] the direct coupling between the TX and RX, and the phase noise level are
decreased about 15 dB. As a result, the SNR at Doppler frequency is increased
about 8 dB.

5.4 Experimental studies on inhomogeneous phantoms

In order to automatize the scanning procedure, a FUS probe with the TX an-
tenna in the middle and the RX antenna on the outer edge are mounted on the
3D scanner (Figure [5.19). A MATLAB program is written to control the scan
procedure and set the parameters of the microwave signal generator, waveform
generator, and the spectrum analyzer. The block diagram of this program is

shown in Figure [5.20] The FUS starts to induce vibration inside the phantom.
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Figure 5.16: The measured signal at (a) 3.5 GHz and (b) 6 GHz microwave
frequency in the homogeneous tumor phantom when the vibration frequency is
30 Hz.
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US transducer

AN ater falcon tube

Figure 5.17: Blocking the path between the transmitter and receiver antenna
with 15 ml falcon tube of 15 mm diameter and 117 mm height which is filled with
water to decrease the direct coupling between transmitter and receiver antennas.

The data is recorded after averaging (with 8 samples) period of the spectrum
analyzer. Then, the mechanical excitation is ceased and the scanner moves to
the next step through the predefined scan path. At the new position, the US
excitation is applied and the data is recorded, similarly. By this way, the data

profiles of the developed inhomogeneous phantoms are acquired.

5.4.1 Experimental results on phantom-1 (fat phantom including

three different sized tumors)

For this experiment, a layer of fat phantom is prepared an poured into the plastic
container of 11 mm diameter and 50 mm height. Three different sized tumor
phantoms with diameter and height of 9 mm x 5 mm, 5 mm x 4 mm, and 4.5
mm X 4 mm are placed on top of the solidified fat phantom in the middle line of
the container. Another fat phantom is prepared and poured into the container.

The developed phantom and its MRI image, are shown in Figure [5.21

The experimental system set up is similar to the one shown in Figure 5.1, The
focused US transducer is used in its third harmonic frequency (3.32 MHz). To
create the US excitation, a 5-cycle 25 Hz sinusoidal burst signal (with 1 Hz pulse
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Figure 5.18: The measured signal while the transmitted microwave frequency is
3.5 GHz in the (a) presence of water blockage and (b) in the absence of water
blockage. The signal is taken from the homogeneous tumor phantom when the
vibration frequency is 30 Hz.
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Figure 5.19: The experimental HMMDI scan set up with the (a) 3D scanner and
mounted FUS probe and (b) mounted FUS and the TX-RX antennas.
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Figure 5.21: (a) Prepared inhomogeneous phantom containing three different
sized tumors inside the fat phantom and (b) MRI image of it taken by 3 Tesla
MRI System, UMRAM Research Institute in Bilkent University.
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repetition frequency) is used to amplitude modulate the 3.32 MHz signal. The
AM signal is amplified with gain of 52 dB gain. Spatial peak pulse average in-
tensity (/sppe) of the ultrasound beam is 271.4 . The transmitting microwave
antenna in the middle of the transducer is fed by +10 dBm microwave signal.
In order to find the optimum MW operating frequency, the MW frequency is
applied in the frequency range 3.4-7 GHz. At 5.7 GHz, the ratio of the signal at
the center frequency to the Doppler signal is low and SNR is high (Figure .

Therefore, this frequency is selected as the optimum frequency.
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Figure 5.22: MW operating frequency test when a 5-cycle 25 Hz sinusoidal burst
signal (with 1 Hz pulse repetition frequency) is used and the spatial peak pulse
average intensity (Iype) of the ultrasound beam is 271.4 2% The (a) SNR and
(b) the ratio of the signal at center frequency to signal at Doppler frequency are
presented.
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5.4.1.1 1-D scan results

A linear scan (1-D) is applied to evaluate the system’s performance in detecting
the tumors. The scan lines and the results related to different paths in the
phantom container is shown in Figure [5.23] The scan lines are selected with
respect to the center line of the phantom container where three tumors are
located. It is observed that, the Doppler component of the received signal level
increases about 3 to 10 dB in the tumor area for different line scans. Three
peaks in the received signal are related to the three tumor phantoms. As the
distance to the center line is increased, the signal level is decreased. The signal
level decreases about 7 dBm (specially in the first and last tumor region) when

the scan line is 18 mm away from the central line.

5.4.1.2 2-D scan results

To obtain a data profile on a 2D area, the same antenna/transducer configuration
is used to scan the phantom. The scan step size is 2 mm. The scan path
and results (signal level at vibration frequency around the center frequency)
are shown in Figure [5.24] It is observed that, the Doppler signal level nearby
the tumors, is around -86 dBm to -82 dBm which is about 10 dB higher than
the received Doppler signal from the fat phantom. Although there is a shift
in the detected tumor location (red dashed circles), the tumors can be clearly
distinguished from the fat phantom. The shift could be related to manually
locating the phantom under the scanner. That is, the x and y scan paths may

not be exactly vertical and parallel to the center line passing from the tumors.

It is observed that, the Doppler signal at right and left side of the center fre-
quency are not equal. This may be due to position of the US transducer which
is not completely parallel to the phantom, or it can be due to the microwave and
acoustic reflections. Although the right and left Doppler signals are asymmetric,
the place of three tumors can be seen in the obtained images. More studies are

done to find the reason of this phenomenon.

The signal level at the center frequency to signal level at the Doppler frequency
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Figure 5.23: The 1-D scan (a) paths and (b) obtained results in each scan line.
The signal rises in the tumor regions and decreases in the fat area.
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Figure 5.24: A 2-D (a) scan path and (b) obtained image of three tumors from
right Doppler signal, (c¢) from left Doppler signal, and (d) average of right and
left Doppler signal. Tumor phantoms are located at the depth of 2.5 cm inside
the fat phantom. From left to right they are 9 mm x 5 mm, 5 mm x 4 mm, and
4.5 mm x 4 mm. The real place of the tumors are shown by red rash circles.
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is calculated from the received data (Figure |5.25). The main component to
Doppler component signal decrease around 10 dB in the tumor area comparing
the fat region. From the obtained result, the existence of three tumor phantoms

is realizable, but it does not provide information about the size of the tumors.
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Figure 5.25: Main component to Doppler component Image of the phantom
containing three tumors.

5.4.2 Experimental results on phantom-2 (homogeneous fat phan-

tom)

In order to obtain HMMDI data profile without a tumor inclusion, a homoge-
neous fat phantom is developed. Doppler component of the received signal and
the signal at center frequency to signal at Doppler frequency (main/Doppler
signal) obtained from 30 mm X 30 mm scan area are shown in Figure m
No specific pattern is observed that shows the existence of an inhomogeneity
inside the phantom. In this case, the Doppler signal level is embedded in noise.
Therefore, an increase in the Doppler component of the received signal level as

in the previous experiment, is just due to the existence of tumors.
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Figure 5.26: The 2-D image obtained from 30 mm x 30 mm scan of homogeneous
fat phantom from both (a) signal at Doppler frequency and (b) the main/Doppler
signal.
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5.4.3 Experimental results on phantom-3 (fibro-glandular with tu-

mor inside in the middle of fat)

Another experiment is conducted to detect tumor inside the fibro-glandular tis-
sue which has high dielectric constant. Due to similar dielectric properties, these
tissues cannot be distinguished in microwave imaging. However, the Young mod-
ulus of the tumor is about 3-13 times greater than the Young modulus of the
fibro-glandular [34]. In this study, the possibility of distinguishing these tis-
sues based on their elastic contrast and separating them from the fat tissue is

evaluated.

A fat phantom containing 5.5 mm diameter and 7 mm height tumor inside the
25 mm diameter and 7 mm height fibro-glandular phantom is developed (Figure
. These phantoms are located in a layer 25 mm below the surface level of
the fat phantom and 20 mm above the bottom layer.

Figure 5.27: Fat phantom containing 5.5 mm x 7 mm height tumor (red dashed
circle in the right figure) inside the 25 mm x 7 mm height fibro-glandular phan-
tom (yellow dashed circle in the right figure). The fibro-glandular and tumor
phantoms are 25 mm inside the fat phantom from the top surface. A yellow
dashed circle in the middle figure shows a damage in the phantom while prepar-
ing it.

5.4.3.1 1-D scan results

Set up is prepared for a linear scan of the phantom. A 5-cycle 25 Hz sinusoidal
burst signal (with 1 Hz pulse repetition frequency) is used for inducing the US

excitation. Similar to the previous studies, spatial peak pulse average intensity
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(Zsppa) of the ultrasound beam is 271.4 225, The transmitting microwave antenna
is fed by +10 dBm microwave signal. The optimum MW operating frequency is
selected by sweeping the MW frequency from 3.4-7 GHz. At 7.5 GHz the SNR
is higher and the signal level at the main/Doppler signal is low. The scan line is
assumed as a line in the middle of the phantom container which passes through
all three different phantoms; fat, fibro-glandular and tumor phantoms (Figure

5.28).

In the first experiment antennas and the transducer are immersed in a small oil
tank (Figure (a)), it is observed that the reflection from the edges, at the
beginning and end of the scan path is high. Since at the beginning and at the
end of the scan line, the transducer is so close to the border of the oil container.
Sudden change in material properties from oil to the air, caused a considerable
reflection. This reflection perturbs the received signal. Therefore, a larger oil

tank is selected to solve this problem (Figure [5.28] (b)).

Figure 5.28: US transducer and antenna configuration in the experimental stud-
ies. Ultrasound transducer, antennas, and the phantom are located in the (a)
small or (b) larger oil tank.

The scan is done for both cases when the acoustic excitation is induced inside
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the phantom (Doppler signal evaluation) and when the traducer is off (noise
level evaluation). The resulted data are plotted in Figure . It is expected
to receive the maximum Doppler signal level in the fibro-glandular phantom
region. The Doppler signal level in tumor should be above the one in the fat.
This phenomenon is observable in the SNR and main/Doppler signal, as shown
in Figure [5.29 (b) and (d). But, it is quite difficult to visualize it in the Doppler
signal plot (Figure [5.29 (a)).
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Figure 5.29: Experimental results on the fat phantom containing fibro-glandular
and tumor phantoms. (a) Doppler component of the received signal and noise
level at Doppler frequency, (b) SNR, (c¢) signal at main frequency, and (d)
main/Doppler signal. The region that the signal rises (larger circle) or falls
(smaller circle) are shown with dashed circles

This can be due to the stiffness of the phantoms. Therefore, the elasticity and
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Table5.5: Elastic properties of the tumor and fibro-glandular phantoms.

Young Modulus (kPa)
Measurements 44.5 19.7
Reference 10.40-42.52 3.32

dielectric properties of the phantoms are measured. The measured dielectric
properties of the tumor and fibro-glandular phantoms (Figure are consis-
tent with the reference values [9]. The measured Young modulus of the utilized
fibro-glandular phantom (Table , is higher than previously used phantom in
the first generation of the HMMDI system evaluation given in chapter 4. There-
fore, the received Doppler signal from the fibro-glandular region comparing the

one on the fat and tumor, is not high.

In addition, the Doppler signal level at the beginning and at the end of the scan
path increases sharply even higher than the Doppler signal level in the fibro-
glandular area. This can be related to the location of the receiver antenna. At
the beginning of the scan path, the receiver antenna is located completely out the
phantom container (US transducer diameter is 64 mm). So the material under
the antenna, is oil and plastic phantom container. During the scan procedure,
the antenna passes the plastic mold and travels through the phantom. This
change in the material under the antenna, may affect the direct coupling between

the transmitter and receiver and as a result reflection occurs.

The signal is affected by the huge sized fibro-glandular tissue as the antennas
move with the transducer. So, the "B’ component in the received signal is
affected by movement of the antennas and a combined response from vibration
and microwave reflection. This effect of the antenna movement was much less
for the phantom with 3 tumors since their sizes were relatively small. For the
softer fibro-glandular phantom, the effect of antenna movement comparing the
Doppler signal may be less. The reflection from the phantom container edges

counts as another parameter which can cause the signal rise close to the edges.

As it can seen in the figure[5.29] after 70 mm, a rapid rise is observed in the signal
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at Doppler frequency. A damage in the phantom (Figure [5.27] (vellow dashed
area in the middle figure)) may be the reason of this signal rise. In the first
generation of HMMDI set up, antennas were fixed so that this problem was not
observed. Fixing the antennas can eliminate the changes of the main component
and microwave reflections. Therefore, the system should be evaluated for the

case where the antennas are fixed at the bottom of the phantom baker.

5.4.3.2 2-D scan results

Since the microwave reflection occurs while antenna is traveling from oil to the
phantom container and then through the phantom, 2-D scan (area of 40 mm X
10 mm) is done around the fibro-glandular phantom in the middle of the mold.
Signal level at vibration frequency around the center frequency is recorded for

each scan point. The obtained results are shown in Figure [5.31}

As it can be seen, the signal level at Doppler frequency is around -95 dBm to
-90 dBm in the fibro-glandular region but it is around -100 dBm in the middle
of it where we expect to see the tumor. But, the received signal from the fibro-
glandular phantom is too much affected by the unwanted reflection rather than
tissue characteristics. This can be understood by looking at the huge size of area
that Doppler signal is increased. The fibro-glandular diameter is 25 mm while
the high Doppler signal level (-95 dBm to -90 dBm) is seen in an area about
5 cm. Therefore, it is difficult to conclude the system is able to discriminate
tumor from fibro-glandular with respect to these results. More experiments are
necessary to evaluated the potential of HMMDI method in distinguishing these
tissues. As it was mentioned above, the artifact may be a result of antenna
movement. To evaluate this hypothesis, the antennas are fixed to the phantom.

This set up configuration is discussed in the next chapter.

5.5 Conclusion

In this chapter, the water coupling medium in the first generation of HMMDI

experimental set up was replaced by oil. The microwave loss in the oil is around
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Figure 5.31: The received signal when the MW operating frequency was 7 GHz
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10 times less in oil compared to water. It has been shown the pressure, intensity
and heat profile of the acoustic wave inside tissue in the presence of these two

coupling medium is similar.

The transmitter and antennas were moved to the top surface of the phantom,
together with the transducer. In this configuration, it was possible to scan the
phantom with US transducer and antennas. Three phantoms were developed
and the performance of the second HMMDI experimental set up with scan-
ning antennas was evaluated on the developed phantoms. The HMMDI scan
procedure and the data acquisition was automatize to be controlled through
MATLAB program. The received data from the phantoms were acquired by

spectrum analyzer.

In the received 1-D and 2-D HMMDI data from phantom containing three dif-
ferent sized tumor inclusion, the Doppler signal on the tumor regions were about
10 dB higher than the one on the fat phantom. From the results, 4.5 mm tumor
phantom was detectable inside the surrounding fat phantom. The 2-D HMMDI
data acquired from homogeneous fat phantom suggested that the Doppler signal

is embedded in noise when there is no tumor or fibro-glandular inclusions.

A phantom containing three types of breast tissue phantoms was developed. It
was expected to receive Doppler signal rise in the fibro-glandular region. But,
the artifact in the acquired data in the phantom edges was high. The high
Doppler signal was recorded from an area, around 2 times bigger than the fibro-
glandular inclusion. Therefore, the signal from different regions of phantom was
not distinguishable. This artifact may be due to the antenna movement from
outside of the phantom container to the inner regions. It was suggested to solve
this problem by fixing the antenna at the bottom of the phantom container,

similar to first generation of HMMDI experimental set up.
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CHAPTER 6

SECOND GENERATION OF HMMDI
EXPERIMENTAL SET UP WITH FIXED ANTENNAS

6.1 Introduction

In the second generation of HMMDI experimental set up with scanning antennas
configuration, TX antenna was in the middle of the FUS transducer and the RX
antenna was on its edge. Consequently, the antennas were traveling with the
FUS transducer through the scan path. Since the RX antenna was on the side
edge of the FUS transducer and the FUS transducer diameter is 64 mm, the
material under the antenna changes from surrounding oil to phantom throughout
the scan. As a consequence, the direct coupling between TX and RX, and as
a result, the phase noise level was changed. Due to these changes, the received

signal level at Doppler frequency changes at the phantom edges.

In this chapter, the TX-RX antennas are fixed at the bottom of the oil container
to solve this problem. To evaluate the performance of this system set up, several
phantoms are developed. A fat phantom, containing a fibro-glandular inclusion
inside, is developed and scanned in lateral plane (xy) to evaluate the effect
of multiple vibration frequency, the number of samples use in averaging, and
repeatability of the measurements. Different vibration frequencies are tested on
a the fat phantom including a tumor inside. The phantoms are scanned using

HMMDI and 2-D data is acquired using a spectrum analyzer.

Later, the performance of the HMMDI system is analyzed using tumor, fibro-

glandular and fat phantoms. In one of these phantoms, the tumor is placed
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inside the fibro-glandular, and in the other one, fibro-glandular and tumor are
placed separately in the middle of fat phantom. The HMMDI scan results are
compared with the simulation results in [12|. The observations on the Doppler
signal component on the right and left side of the fundamental component, are

discussed. The possible reasons of this behavior are shown with simulations.

A receiver system is designed for the HMMDI experimental set up and its perfor-
mance is evaluated on the phantoms. The phantoms are scanned mechanically
and the 2-D data is acquired using the receiver system. Three different features;
peak to peak value of the signal, power of the signal at Doppler frequency and the
correlation based feature are extracted from the received signal to distinguish
different phantoms from each other. 2-D scan results of the phantoms using
these features are illustrated. The results obtained using spectrum analyzer and
the designed receiver system show the capability of this imaging technique in

differentiating different breast tissue phantoms from each other.

6.2 HMMDI system set up

The block diagram of new set up is shown in Figure 6.1 The focused US
transducer is used in its third harmonic frequency (3.32 MHz). An AM burst
signal (generated using waveform generator 1 and 2) is used to induce vibration
inside the phantom. The AM signal is amplified with a high power RF amplifier
of 52 dB gain. In these experiments, spatial peak pulse average intensity (/sppa)

of the ultrasound beam is 271.4 cm%

6.2.1 Antenna configuration

To eliminate the effect of antenna position on the received signal level, the
TX-RX antennas are fixed at the bottom of the oil container using the silicon
adhesive glue (Figure . Similar to the antenna configuration in the first
generation of the HMMDI system set up, open ended waveguide antennas are
used as TX and RX. They are located along their H-Plane and the distance

between their edges are 15 mm. The phantom container is located on top of the
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Figure 6.1: Second generation HMMDI set up with fixed antennas block dia-

gram.

antennas as it is shown in Figure [6.2] The ultrasound transducer is located on

top side of the phantom and it is connected to the 3-D scanner.

(b)

Figure 6.2: The new (a) antenna configuration and (b) the location of the phan-
tom container for the scan procedure.
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6.2.2 Experimental results on phantom-1 (fibro-glandular inclusion

inside fat)

For experimental studies, an inhomogeneous phantom containing a fibro-glandular
inclusion of 14 mm diameter and 9 mm height inside the fat phantom (Figure
6.3) is developed. The fibro-glandular is located inside the fat phantom 20 mm
above the bottom of the phantom container and 20 mm below the top surface

of it.

Figure 6.3: Inhomogeneous phantom. 14 mm X 9 mm height fibro-glandular
phantom is placed inside the fat phantom 20 mm above the bottom surface of
the container.

6.2.2.1 Optimum MW and vibration frequency selection

To find the optimum MW frequency, a 25 Hz, 5 cycles sinusoidal burst signal
(with 1 Hz pulse repetition frequency) is used to amplitude modulate the 3.32
MHz signal. The transmitting microwave antenna is fed by +10 dBm microwave
signal. Falcon tube of 11.5 mm diameter full of water is located between the
antennas to decrease the direct coupling between the TX-RX antennas. In order
to find the optimum MW operating frequency the SNR and the ratio of the signal
at Doppler frequency to the signal at center frequency (Doppler/main signal) is

measured for 3.4 - 7 GHz frequency range. In this measurement, the focus of the
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transducer is located in the middle of the fat phantom where the fibro-glandular

is located. The highest SNR and Doppler/main signal is observed at 4.75 GHz

(Figure [6.4)).
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Figure 6.4: (a) SNR and (b) Doppler/main signal for the frequency sweep of
3.5-7 GHz. 25 Hz, 5 cycles burst signal is used for creating the vibration. Both
TX and RX are located at the bottom of the oil tank.

After selecting the optimum microwave frequency, different vibration frequencies

are tested. To find the optimum vibration frequency, an US transducer is used
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to induce 15 Hz, 20 Hz, 25 Hz, and 30 Hz with 3, 4, 5, and 6 cycles, respectively.
The SNR and the Doppler/main signal are plotted in Figure As it can be
seen, the SNR is highest at 25 Hz. Therefore, the scan is done at this vibration

frequency.
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Figure 6.5: (a) SNR and (b) Doppler/main value for the RF frequency sweep of
15-30 Hz. The Microwave frequency is 4.75 GHz. Both TX and RX are located
at the bottom of the oil container.
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6.2.2.2 2-D scan results for a 25 Hz vibration frequency

An area of 42 mm to 35 mm around the fibro-glandular is scanned at 4.75 GHz
MW operating frequency and 25 Hz, 5 cycles vibration pulse is applied to in-
duce to the phantom with 1 s pulse repetition interval. A total of 11 pulses are
applied at each position. The scan area size is selected to be as small as possible
due to the long scan duration of about 3 hours. The transducer is located 5
cm above the plane that the fibro-glandular is located, z = 0 (Figure . The

scan step size is 2 mm both in x and y directions. The received Doppler signal

Scanner

Focused Transducer

20 mm

Oil,, il Phantom

L |

Figure 6.6: Inhomogeneous phantom. 14 mm X 9 mm height fibro-glandular
phantom is placed inside the fat phantom 20 mm above the bottom surface of
the container.

level at left Doppler frequency (fuw frequency-25 Hz), right Doppler frequency
(fruw frequency+25 Hz), and their average, are shown in Figure . The location
of the fibro-glandular phantom is shown inside the dashed red circle of 14 mm
diameter. The fibro-glandular location is detectable in the resultant data pro-
files. The signal level rises up to -112 dBm in the fibro-glandular phantom and
it drops up to -116 dBm in the fat region.
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The Doppler signal level at right and left side of the center frequency are differ-
ent. If mechanical alignment of the transducer is not flat, the induced vibrations
are not perfectly vertical. It may be the reason for the difference in the left and
right Doppler components. Microwave and acoustic reflections may also be the
other reason of this asymmetry. A 4 dB (-112 dBm to -116 dBm) width may be
used as a metric to compare the inclusion size in the data profile. similar results
can be seen in the Doppler/main signal plots (Figure[6.8). These plots show that
fibro-glandular inclusion (diameter of 14 mm) inside the fat phantom in 25 mm
depth from the surface of the phantom is detectable using HMMDI method. The
approximate size of the fibro-glandular inclusion in the left Doppler component,
in the right Doppler component and in the average of right and left Doppler

component plots is about 13 mm, 9 mm and 10 mm, respectively.

6.2.2.3 Repeatability of 2-D scan measurement

A 2-D scan is performed in 2 consequent experiments using same microwave
operating frequency and vibration frequencies as 4.75 GHz and 25 Hz, respec-
tively. The focus of the transducer is on the layer where the fibro-glandular is
located. The results are given in Figure The Doppler signal received from
the fibro-glandular phantom is nearly same for two measurements. The only
differences in the signal level in two consequent measurements is observed in the

fat area where the signal level randomly changes.

6.2.2.4  2-D scan results in different depths in z direction

To investigate the performance of HMMDI in detecting the location of the fibro-
glandular inclusion in the axial (z) direction, 2-D scans are repeated at different
depths inside the phantom. 42 mm x 35 mm area around the fibro-glandular
phantom is scanned when MW operating frequency is 4.75 GHz, and vibration
frequency is 25 Hz. The scan steps are 2 mm. The received Doppler signal
level from each point of the phantom is shown in Figure [6.10] As it can be
seen, the detected Doppler signal level increases when the focus is on the plane

where the fibro-glandular is located (6.10] (first row)). In these measurements,

106



Right Doppler (dBm)

=
o

y axes scan (mm)
N
o

w
o

0 10 20 30 40
X axes scan (mm)

(a)

Left Doppler (dBm)

=
o

y axes scan (mm)
N
o

w
o

0 10 20 30 40
X axes scan (mm)

(b)

Average Doppler (dBm)

=
o

N
o

y axes scan (mm)

w
o

0 10 20 30 40
X axes scan (mm)

(©)

107

-112
-113
-114
-115

-116

-112
-113
-114
-115

-116

-112
-113
-114
-115

-116

Figure 6.7: The constructed data profile from the Doppler signal (a) at right
side of the main component, (b) at left side of the main component, and (c)
the average of right and left Doppler signals.
for ultrasound excitation and the microwave operating frequency is 4.75 GHz.
Yellow color shows the higher Doppler signal which we expect to receive from
fibro-glandular phantom. Location of the fibro-glandular phantom is shown in
red dashed circle
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Figure 6.9: The obtained data profiles from the Doppler signal. (a) Doppler sig-
nal at right side of the main component, (b) at left side of the main component,
and (c) the average of both right and left Doppler signal in the first measure-
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the reference scan plane (z—0) is the plane that the focus of the transducer is
on the fibro-glandular phantom (Figure . In this plane, the signal level in
the fibro-glandular phantom is around -112 dBm while it is around -116 dBm in
the fat area. Even the error in the detected fibro-glandular size is around 2 mm

compared to its real size.

When the transducer focus distance to the fibro-glandular layer increases from 5
to 15 mm, the received signal level at Doppler frequency decreases. But, even in
the layers where the fibro-glandular does not exist, the signal from the vibration

of this inhomogeneity is sensible.

6.2.2.5 2D scan results for different vibration frequencies

In this section, 2-D scans are performed for different vibration frequencies to
investigate the effect of vibration frequency on the HMMDI data profile. In the
simulation studies [12], it has been shown that response from fibro-glandular
and tumor region might be different in different vibration frequencies. This can
be used as a feature to differentiate these tissues from each other. To test this
hypothesis, 15-35 Hz (5-7 cycles) amplitude modulated burst signals are applied
to the transducer to create vibrations with related frequencies. The scan plane
is the plane which the fibro-glandular is located, i.e, 5 cm below the transducer

rim. The spectrum analyzer averaging number is 11.

The Doppler component of the received signal at different vibration frequencies
for each scan point is shown in Figure [6.11} The larger area is detected as fibro-
glandular in lower frequencies. The inserted fibro-glandular diameter is 14 mm
while it is estimated around 25 mm in the 15 Hz vibration frequency HMMDI
data profile. By increasing the vibration frequency, the detected place of the
inclusion become more localized. When the vibration frequency is smaller, the
wavelength is larger. Therefore, Doppler component is coming from a larger

area. By increasing the frequency, the resolution is increased.

In 25 Hz, the estimated fibro-glandular diameter is around 14-15 mm and in

30 Hz it is estimated smaller (11 mm) than its real size. For the vibration
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Figure 6.10: The obtained data profiles from the Doppler signal in different
depths. From top to bottom each row is related to the received signal when the
focus of the transducer is on the plane where the fibro-glandular is located as a
reference plane (z=0), 5 mm above that plane (z=5), 10 mm above the reference
plane (z=10), and 15 mm above the reference plane (z—15), respectively. A 25
Hz, 5 cycles is applied for ultrasound excitation and the microwave operating
frequency is 4.75 GHz. The received signal from fibro-glandular region is shown
in yellow and the one received from fat is dark blue. Yellow color shows the
higher Doppler signal which we expect to receive from fibro-glandular phantom.
Location of the fibro-glandular phantom is shown in red dashed circles.
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Figure 6.11: The obtained data profiles from the Doppler signal. From top to
bottom, each row is related to the received signal at 15 Hz to 35 Hz vibration
frequencies, respectively. Microwave operating frequency is 4.75 GHz. Location
of the fibro-glandular phantom is shown in red dashed circles.
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frequencies below 15 Hz, the Doppler component of the received signal is not
realizable from the fundamental frequency component. The circular shape of
the inclusion is lost at 15 Hz vibration frequency. On the other hand, in higher
frequencies above 35 Hz, the signal is masked by phase noise. At 35 Hz vibration
frequency, the signal level at right side of the center frequency, received from

the fibro-glandular area is weak comparing the other vibration frequencies.

As the vibration frequency increases, the induced displacement and as a result
Doppler signal level, decreases. Therefore, the vibration frequency should be
increased to increase the resolution but it should be kept as low as possible to

induce detectable displacement in the tissue.

6.2.2.6 Evaluating the effect of averaging number on the HMMDI
data profile

The effect of averaging number N set for the spectrum analyzer is evaluated by
changing it from 11 to 7, in two consequent measurements. By decreasing the
averaging number, the scan time decreases. As scan duration increase, the heat
and the induced damage due to the acoustic exposure increase. Figure[6.12] (a-c)
shows the data profile when N = 11 and Figure (d-f) shows the results when
N=7.

The results show that 7 times averaging the data in each scan point is enough
to detect the fibro-glandular inside fat phantom. In the homogeneous fat re-
gion, Doppler signal level changes randomly as it was seen in Figure So,
the difference of the two data profiles are high mostly in the fat area. In the
fibro-glandular region the received Doppler signal level in two measurements are

consistent.

6.2.3 Experimental results on phantom-2 (tumor inclusion inside fat)

In this experiment, the inhomogeneous phantom containing a tumor phantom
of 14 mm diameter and 9 mm height inside the fat phantom is used (Figure

6.13). Tumor phantom is located at a depth 20 mm above the bottom surface
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Figure 6.12: The obtained data profiles from the Doppler signal. (a)-(c) Doppler
signal at right side of the main component, left side of it and the average of both
right and left Doppler signal for averaging number of 11. (d)-(f) Doppler signal at
right side of the main component, left side of it and the average of both right and
left Doppler signal for averaging number of 8. (g)-(i) The difference between the
data obtained from Doppler signals and their averages in two measurements. A
25 Hz, 5 cycles is applied for ultrasound excitation and the microwave operating
frequency is 4.75 GHz. Yellow color shows the higher Doppler signal which we
expect to receive from fibro-glandular phantom.
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of the fat phantom. After locating this phantom, another layer of fat phantom

is poured on it.

Figure 6.13: Inhomogeneous phantom containing 14 mm x 10 mm height tumor
phantom inside the fat phantom 2 mm above the bottom surface of the container.

6.2.3.1 2-D scan results for 25 Hz vibration frequency

An area of 42 mm to 35 mm sized around the tumor phantom is scanned while
the MW operating frequency is 4.75 GHz and the 25 Hz, 5 cycles is used to
apply the vibration. The transducer is located 5 cm (focal depth) above the
plane that the tumor is located. Scan steps are 2 mm in x and y directions.
The obtained results are shown in Figure The actual place of the tumor is
shown in dashed red circle of 14 mm diameter. The existence of the tumor is
detectable using HMMDI method. Although the tumor inclusion shape is not
circular in the plots, the signal level at Doppler frequency is around -90 dBm in
the tumor area while it is around -98 dBm in the fat phantom. Similar to the
previous experimental results, the Doppler signal level at right and left side of

the center frequency are different.

Same results can be seen in the obtained plots from Doppler signal to main
component signal plots (Figure 6.15)). In this experiment, the coupling between

the antennas is around -52 dBm, but in the previous experiment (fibro-glandular
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Figure 6.14: The obtained data profiles from the Doppler signal (a) at right
side of the main component, (b) at left side of the main component, and (c)
the average of both right and left Doppler signal. A 25 Hz, 5 cycles is applied
for ultrasound excitation and the microwave operating frequency is 4.75 GHz.
Yellow color shows the higher Doppler signal which we expect to receive from
tumor phantom. Location of the tumor phantom is shown in red dashed circle.

inside the fat phantom) it was about -68 dBm . Consequently, the signal level at
Doppler frequency is also higher. In order to compare the received signal from
fibro-glandular and tumor phantoms, these inhomogeneities should be inserted

inside a single phantom. In the following section, the results of scanning a
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phantom containing these breast tissue phantoms are presented.
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Figure 6.15: The obtained data profiles from the ratio of the Doppler signal to
main frequency. (a) Doppler signal at right side of the main component, (b)
at left side of the main component, and (¢) the average of both right and left
Doppler signal to main component of the received signal. A 25 Hz, 5 cycles is
applied for ultrasound excitation and the microwave operating frequency is 4.75
GHz. Yellow color shows the higher Doppler signal which we expect to receive
from tumor phantom. Location of the tumor phantom is shown in red dashed
circle.

117



6.2.3.2 2-D scan results for different vibration frequencies

2-D scans are performed for different vibration frequencies and HMMDI data
profiles are obtained for vibration frequencies between 15 Hz to 35 Hz in 5 Hz
steps. vibrations are introduced inside the phantom. The scan plane is the
transducer focal plane, i.e, 5 cm below the transducer rim where the tumor is
placed. Similarly, the spectrum analyzer averaging is 11. The results are shown
in Figures and [6.17] At 15 Hz, the Doppler signal level is increased in the
boundary of tumor up to -90 dBm but it decreases inside the tumor zone up to
-98 dBm. By applying the low vibration frequency such as 20 Hz, high Doppler
signal around -90 dBm is received from an area 2 times bigger than the real
size of the tumor. As the vibration frequency is increased, the detected tumor
region size is decreased. At 25 Hz and 30 Hz, the estimated tumor diameter is
around 14-15 mm in the obtained plots of right Doppler and average Doppler
signals. But, the left Doppler signal level is high in an area two times larger
that tumor’s size. At 35 Hz, the right Doppler and as a result the average of
the right and left Doppler signals are low. At 15 Hz, tumor is not detected. In
the previous experiment (fibro-glandular inside the fat), the fibro-glandular was
detected at 15 Hz vibration frequency. Different behavior of tumor and fibro-
glandular in different vibration frequencies has been reported in [12| simulation
studies. These results suggest that changing the vibration frequency may be a

tool to distinguish these phantoms from each other.

6.2.4 Experimental results on phantom-3 (fibro-glandular with tu-

mor inclusion inside in the middle of the fat)

In the previous experiments, the performance of the HMMDI system set up was
evaluated on the phantoms with fibro-glandular or tumor. In this section, 14
mm X 8 mm tumor tumor inside the 25 mm x 8 mm fibro-glandular that is
placed inside in the fat phantom (Figure is scanned. After pouring the
first layer of fat phantom and its solidification, these phantoms are located in

the middle of the phantom and another layer of fat is poured on the top side.
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Figure 6.16: The obtained data profiles from the Doppler signal at right side
of the main component, (first columns) at left side of the main component
(second columns), and (c) the average of both right and left Doppler signal (third
columns). From top to bottom, each row is related to the received signal at 15
Hz, 20 Hz, and 25 Hz vibration frequencies, respectively. Microwave operating
frequency is 4.75 GHz. Location of the tumor phantom is shown in red dashed
circle.
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Figure 6.17: The obtained data profiles from the Doppler signal at right side
of the main component, (first columns) at left side of the main component
(second columns), and (c) the average of both right and left Doppler signal (third
columns). From top to bottom, first row is related to the received signal at 30
Hz and the second row is related to 35 Hz vibration frequencies, respectively.
Microwave operating frequency is 4.75 GHz. Location of the tumor phantom is
shown in red dashed circle.
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Figure 6.18: Inhomogeneous phantom containing tumor of 14 mm diameter
inside the fibro-glandular of 24 mm diameter in the middle of fat phantom.
These phantoms are located 25 mm below the surface of the fat phantom. MRI

images are taken by 3 Tesla MRI System, UMRAM Research Institute in Bilkent
University.
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6.2.4.1 Operation frequency optimization

The US transducer is driven by 25 Hz and 5 cycle amplitude modulated burst
signal and the microwave frequency is increased from 3.5-7.5 GHz to find the
optimum microwave operating frequency. SNR and the Doppler/main signal is

higher at 4.75 GHz (Figure [6.19). So, this frequency is used for feeding TX

antenna during the scan.
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Figure 6.19: (a) SNR and (b) received signal level at Doppler frequency to signal
at center frequency for the frequency sweep of 3.5-7 GHz. A 25 Hz, 5 cycles burst
signal is used for creating the vibration. Both TX and RX are located at the
bottom of the oil container.
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6.2.4.2  2-D scan results for 25 Hz vibration frequency

The scan results for different depths are shown in Figure [6.20l The first top row
plots are related to the received signal at Doppler frequency around the center
frequency, when the focus of the transducer is on the layer that fibro-glandular
and tumor phantoms are located (z=0). The second row plots were obtained
when the focus of the transducer is 5 mm above the z=0 line. Since the height
of the fibro-glandular and tumor phantoms are about 8 mm, still the existence
of them is detectable in this layer. The last row shows the result when the US
transducer is 10 mm above z=0 line. The smaller size of the detected fibro-
glandular and tumor inclusion in the last row plots, implies that the scan plane
is away from the inclusions. Since the axial resolution of the transducer is low
comparing its lateral resolution, the HMMDI data profile resolution is also low
in axial direction. On the other hand, the transducer focus is manually placed

on the phantom, so there may be an error in setting the reference plane (z=0).

Same problem in the preceding sections about the left and right Doppler signal
level is observed in the measurements. This can be due to the shear wave
reflection and shear waves propagation inside the phantom. In the following

section, this effect is discussed in more details.

However, the existence of the fibro-glandular and tumor phantoms is observable
in the data profiles constructed from the left Doppler signal. It is observed that
left Doppler signal is increased up to -117 dBm in tumor phantoms while it is
around -121 dBm to -119 dBm in fibro-glandular, and below -123 dBm in the fat
region. Because of the lower stiffness of the fibro-glandular phantom comparing
the tumor phantom, a higher signal level is expected in the fibro-glandular re-
gion, but this results is not observed in this experiment. It is hypothesized that

huge size of the fibro-glandular (25 mm x 8 mm) can cause this results.

The effect of the size the fibro-glandular on the Doppler signal level was analyzed
with numerical simulations (Figure [6.21](a)) [12]. Simulations were done when
the vibration frequency was 15 Hz. The fibro-glandular phantom diameter was

changed in a range between 10 mm to 30 mm in 5 mm steps. When the size
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Figure 6.20: The obtained data profile from the Doppler signal in different
depths. From top to bottom each row is related to the received signal when
the focus of the transducer was on the layer that fibro-glandular was located
as a reference level(z=0), 5 mm above that layer (z=5), and 10 mm above
the reference layer (z=10), respectively. A 25 Hz, 5 is applied for ultrasound
excitation and the microwave operating frequency is 4.75 GHz. In left Doppler
and average Doppler data profiles, yellow color shows the signal level at tumor

phantoms and orange color is related to the fibro-glandular region.

In right

Doppler data profile, it is not possible to see the place of them specially tumor
phantom. Low signal level in fat region is shown by blue color.
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of the fibro-glandular was less than 25 mm, the Doppler signal level on the
tumor region was lower than the signal level in fibro-glandular region. But, the
signal level increased at the tumor center. However, as the fibro-glandular size

was increased above 25 mm, abrupt signal level change in the tumor region was

disappeared.
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Figure 6.21: Simulation results for the received signal level at the Doppler fre-
quency as a function of scan distance for (a) for various fibro-glandular sizes
and (b) for different vibration frequencies. The tumor region is shown in red
color [12].

In these simulation studies [12| the effect of vibration frequency was also eval-
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uated. It was observed that, signal level on the tumor region increases with
increasing vibration frequency from 15 Hz to 30 Hz while the changes in the
signal level on fibro-glandular phantom was not significant (Figure [6.21] (b)).
But, the signal characteristic was different for 10 Hz vibration. In this fre-
quency, the Doppler signal level in the middle of the tumor was even higher

than fibro-glandular.

These simulation results suggest that size of the fibro-glandular and the vibration
frequency may be the reason why higher signal level was received from 14 mm

tumor comparing 25 mm fibro-glandular phantom.

6.2.5 Experimental results on phantom-4 (same sized fibro-glandular

and tumor inclusions inside the fat)

As it was mentioned in the previous section, the size of the fibro-glandular may
be effective in the received signal level at Doppler frequency. For example, in the
experiment with phantom-3, the signal level in tumor was 2 dB higher than the
one received from the fibro-glandular phantom region. Therefore, a phantom
including nearly same sized fibro-glandular and tumor phantom inclusions is
developed (Figure [6.22). 13 mm X 9 mm fibro-glandular and 15 mm x 9 mm
tumor phantoms are located 25 mm separate from each other inside the fat
phantom. Since the fibro-glandular is softer than tumor phantom, it is difficult
to cut it in the cylindrical shape exactly as tumor phantom. First one layer of
fat phantom is poured in the phantom container up to 20 mm. One day later
when it is solidified, fibro-glandular and tumor phantoms are located on top of

it. Another layer of fat phantom is prepared and poured on them.

Similar to previous experiments, the microwave operating frequency sweep test
is done to find the optimum microwave frequency according to the coupling
between antennas and the phantom. In these experimental set up configurations,
antennas are not fixed to the phantom container with adhesive glue. So, the
coupling between antennas and phantom container may change from phantom
to phantom and we have to check the optimum microwave frequency. A 25

Hz, 5 cycles AM burst signal (with 1 Hz pulse repetition frequency) is given
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(15 mm x 9 mm)
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Fibro-glandular

{13 mm x 9 mm)

Figure 6.22: Fat phantom contains fibro-glandular (13 mm x 9 mm) and tumor
(15 mm x 9 mm) phantoms 25 mm distant from each other. They are located at
depth of 20 mm inside the fat phantom from the top surface and 20 mm above
the bottom surface.

to US transducer after amplification. The SNR and received signal at Doppler
frequency to the signal at center frequency are measured when the focus of the

transducer is at fibro-glandular phantom (Figure [6.23)).

Because of the coupling between antennas and antenna phantom, SNR was
highest at 4.25 GHz microwave frequency. In addition, the ratio of the signal
at Doppler frequency to signal at center frequency found to be highest at in
this frequency. An area of 60 mm x 30 mm is scanned. The fibro-glandular and
tumor phantoms are on the line passing between the antennas as shown in Figure
[6.24] The focus of the transducer is placed on the layer that these phantoms are
located. The scan step size is 2 mm. The results are demonstrated in Figure
6.25. Doppler signal level in fibro-glandular and tumor region is increased up to

-112 dBm while it is below -115 dBm in the fat region.

Similar to previous experiments, the measured signal level at Doppler frequency
in the right and left side of the center frequency is different. The difference
between right and left Doppler signals is higher compared to the previous exper-
iments in which fibro-glandular and tumor phantoms were in the middle of the
two antennas. This is presumably cause by the location of the phantoms with
respect to the antennas (Figure[6.24))). Existence of the tumor is not detectable
from the right Doppler signal (Figure [6.25](a)). However, the signal at right side
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Figure 6.23: (a) SNR and (b) Doppler to main component of the received signal

for the frequency sweep of 3.5-7 GHz.

A 25 Hz, 5 cycles burst signal is used for

creating the vibration. Both TX and RX are located at the bottom of the oil

container.

Fibro-glandular

Left side of the
antenna

Right side of the
antenna

Figure 6.24: Position of fibro-glandular and tumor phantoms with respect to
the antennas which are located at the bottom of the phantom container. The
Ultrasound transducer is located on top surface of the phantom.
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of the center frequency in the fibro-glandular region is about 3 dB higher than
the one in the fat area (below -115 dBm). The real place of the fibro-glandular
is shown by red dashed circle. A real fibro-glandular inclusion is about 13 mm
in diameter but the approximate size in the data profile is around 10 mm in x

direction and 18 mm in y direction.

In the information received from the left Doppler signal, the fibro-glandular
inclusion is not resolved (Figure [6.25] (b)), but the tumor is detectable. The
signal level is increased up to around -112 dBm in the tumor while it is lower
than -114 dBm in fat region. The detected area of the tumor inclusion is 12
mm in x direction and 20 mm in y direction in the data profile, while the real

diameter of it is around 15 mm.

The fibro-glandular is not distinguishable from tumor phantom in the obtained
results, which can be due to the low contrast between the elastic constant of
the developed phantoms. In biological tissues, the Young modulus of tumor is
between 20-40 kPa while it is around 3 kPa in fibro-glandular. But the measured
Young modulus of our developed fibro-glandular phantom is about 10 kPa. Even
during the long experimental studies over a week, the phantom may get stiffer

54].

As it is observed in all experiments with all antenna configurations, the Doppler
signal level at right and left side of the center frequency are different. This
phenomenon can be due to the mechanical problem, such as location of the
transducer on top of the phantom, antenna location, coupling between antenna
and the phantoms, location of inhomogeneities with respect to antennas, mi-
crowave and ultrasound reflections. In the following section, the effect of the
reflection on the signal level at Doppler frequency around the center frequency

is discussed.

6.3 Doppler signal level at right and left side of the center frequency

Due to the shear wave propagation or shear wave reflection from the edges,

the received signal from scatterers as a result of vibration can have different
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Figure 6.25: The obtained data profiles from the Doppler signal (a) at right
side of the main component, (b) at left side of the main component, and (c)
the average of both right and left Doppler signal. The phantom includes nearly
same sized tumor and fibro-glandular phantoms inside the fat phantom. A 25
Hz, 5 cycles is applied for ultrasound excitation and the microwave operating
frequency is 4.75 GHz. Yellow color shows the higher Doppler signal which we
expect to receive from tumor phantom. Location of the tumor phantom is shown
in red dashed circle.
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amplitude and phase. In the following section, the effect of two scatterers on

the received Doppler signal is analyzed.

6.3.1 Interference of two signals vibrating at the same frequency but

with different phase and amplitude

The received microwave signals from two vibrating scatters can be written as:

Skrx, (t) = Bi[1 + M1sin(Awt)] cos(wpt + K1Sin(Awt + ¢1) + ¢1) (6.1
Srx,(t) = Bo[l + M2sin(Awt)] cos(wpt + K2Sin(Awt + ¢s) + ¢2) .

where B; and B, are scattered signal from the undisplaced scatterers. K; and
K5, ¢1 and @y are the vibration amplitude and phase of the scatterers, respec-
tively. ¢; and ¢, are the phases of the scattered EM signal for the undisplaced
scatterers. Neglecting the amplitude modulation term and using trigonometric

identities:

Srx, (t) =By (cos (wnt + ¢1) + % cos (W — Aw) t — @1 + ¢1)

_ %COS ((wm + Aw) t + @1 + ¢1))

i (6.2)
Srx,(t) =By cos (Wt + ¢9) + 72 cos (W — Aw) t — o + @)
K
— 72003 (W + Aw) t + o + Po)
Total signal at (w,, — Aw) frequency is:
K,
(Srx, + SEX)wm—Aw 2317 cos (W, — Aw)t — @1 + ¢1)
i (6.3)
+ 32(72 cos (W — Aw) t — o + ¢9))
Total signal at (w,, + Aw) frequency is:
K,
(Srx, + SRX, )wmt Aw 2317 08 (W + Aw)t + o1 — T+ ¢1) 6.4
6.4

K
+ 8272 o8 ((wWm + Aw) t + @2 — T + ¢2)
Minus sign is replaced by adding —7 to the phase here.

130



There is a phase difference between the right and left Doppler components for
each scatterer: 2 — for the first scatterer, and 2o —7 for the second scatterer.
There is also a phase difference of ¢ — ¢; = A¢ between the received signals

from two scatterer.

It can be shown that depending on the phases 1, s, @1, ¢, left and right
Doppler component amplitudes can be different (See the example below). Tt can
also be shown that if the phase difference A¢ = 0, the right and left Doppler
component magnitudes will be the same. Therefore, there must be phase differ-
ence in the received electromagnetic signal for the two undisplaced scatterers to
have different left and right Doppler component amplitudes. This means that

the scattering points should be at separate points.

Example: In phasor notation left e/“m=2<)t and right e/ +t29)t Doppler com-

ponents are:

K, . Ko .
(SRXl + SRX2)(wm—Aw) :Bl_lej(ﬂpﬁrd)l) + B2_26](7<p2+¢2)
2 2 (6.5)
Ky - Ky (0.
lpilpr—mten) _|_BQ_6J(<P2 T+¢2)

2

Let Ay = Bif, A2= Bof2, 61 =0, o1 = 0, o = §, and ¢ = 5

(Srxy + SEX,) (wmtAw) =B1

In phasor representation, left and right Doppler components are given in Figure
6.26f The asymmetry in left and right Doppler signal is recognizable even in

this simple example.

901:¢1:07902:7T/27¢2:7T/2

Apepr = A1 — Ay Avight = A1 + A
—_ 5

A 1 ; A 1
Left Right

Figure 6.26: Left and right Doppler components of the received signal from two
scatterers vibrating at the same frequency but different phase and amplitude.

For better visualization, left and right Doppler component difference are calcu-
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lated from equation for different A; and Ay amplitudes (Figure For a
case when A;=1 and Ay=0.5, the peak difference is huge (about 9 dB). These
simulations shows that if there is no vibration phase or electromagnetic phase
difference, the left and right Doppler component levels are equal. This is also

the case the when the reflection has 180 degrees phase difference.
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Figure 6.27: Ratio of the left Doppler signal to right Doppler signal for different
reflection amplitudes.

In the studies with phantom-4, it is possible that there is a reflection from
the mold boundary causing a vibration phase difference on fibro-glandular (or
tumor phantom). Even in the last experiment, if the tumor and fibro-glandular

are symmetric with respect to phantom container boundaries, they may not
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be symmetric with respect to antennas, which may cause a phase difference in
the electromagnetic signal resulting in a difference in the right and left Doppler
signals. The wavelength of electromagnetic wave at 4 GHz in fat is about 20
mm, and in tumor or fibro-glandular it is about 10 mm. Therefore, only spatial

distance of about 2.5 mm in fat is sufficient to have 90 degree phase difference

(using £ = 7).

6.4 Data acquisition system for the second generation HMMDI set

up

HMMDI method was evaluated using the spectrum analyzer as a receiver in
the previous sections. In chapter 4, the data acquisition system in the first
generation HMMDI set-up was discussed. In this section, the modified version of
the previously designed homodyne receiver system is presented. In addition, the
experimental results of using this receiver system on different tissue mimicking

phantoms are provided.

6.4.1 Tissue mimicking phantoms in experimental studies on de-

signed HMMDI receiver system

In order to test the performance of the receiver system, the phantom containing
fibro-glandular inclusion of 14 diameter and 9 mm height (phantom-1 in section
5.3.1) is used. After evaluating the performance of the receiver system using
the simple phantom, different signal processing methods are used to compare
the data received from fibro-glandular and the one obtained from the fat phan-
tom. Then, the receiver system and the processing tools are evaluated on the
phantom consisting separately located fibro-glandular and tumor phantoms in-
side fat phantom (phantom-4 in section 5.3.4). The experimental results show
the efficiency of the designed receiver system in acquiring the low level signal at
Doppler frequency (around a few V). The experimental studies and the results

are presented in the following section.
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6.4.2 Experimental studies and results

The block diagram of the designed receiver system is shown in Figure Sim-
ilar to the previous experiments, the focused US transducer is used in its third
harmonic frequency (3.32 MHz). An AM burst signal at multiple frequencies is
used to induce vibration inside the phantom. The AM signal is amplified with a
high power RF amplifier of 52 dB gain. In these experiments, spatial peak pulse

average intensity () of the ultrasound beam is 271.4 1.

Ext AM
Modulation Signal

MW Signal generator 1
uUs Amplifier

‘ Ult d < | ‘ i Ext
rasoun Signal Trig
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Generator
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Data Acguisition
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oil Recgiver
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Mixe . .
RF HP filter LP filter Non-inverting Amﬂ-/_" E
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Figure 6.28: Block diagram of HMMDI data acquisition setup.

Open-ended waveguide transmitter and receiver antennas are placed in H-plane
configuration and 15 mm away from each other. The transmitting microwave
antenna is fed by the Agilent E8267D Vector Signal Generator (250 kHz - 20
GHz) with an output power of +15 dBm at 4.75 GHz frequency. For data
acquisition in time domain, the signal is down-converted to baseband. For this
purpose, the receiver antenna is connected to a low pass filter (minicircuit VLF-
5000+, f. =5 GHz), a high pass filter (minicircuit VHF-3500+, f. =4 GHz), and
a low noise amplifier (AML0120L3401 Microsemi), respectively. The filtered and
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amplified signal is fed to the mixer (Mini Circuit ZMX-7GLHR). The signal from
signal generator is divided by two using power divider (Mini Circuit ZX10-2-71-
S+) and one of the branches is used as the local oscillator for down-conversion.
The output from the mixer is filtered using a low-pass filter (Mini Circuit NLP-
50). Further amplification and filtering sections are used on the base-band signal
to amplify the received low level noisy signal. The signal is amplified and passed
through a high-pass filter (f.=1.6 Hz) to eliminate DC offset. Furthermore, the
notch filter is used to eliminate the 50 Hz line noise. After passing the signal
through a high pass filter (f.=1.6 Hz), the signal is amplified further. The
output is fed to the band-pass filter (f.1=1.6 Hz, f=54 Hz) and the filtered
signal is amplified using another non-inverting amplifier. The total gain of this
system after the RF receiver section is around 73 dB. The frequency response of

the presented circuitry is given in Figure The amplified data is collected
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Figure 6.29: The designed receiver system frequency response.

using data acquisition card (National Instruments PCI-6281, M Series with 16
analog inputs at 18 bits, and 625 kS/s sampling rate).
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6.4.2.1 Experimental results on the phantom-1 (fibro-glandular in-

clusion in fat)

In the first experiment, the phantom with fibro-glandular inclusion (14 mm X
9 mm) in the fat phantom is scanned. The scan step size is 2 mm. The signal
at each point is recorded for 7 second with 10 kHz sampling frequency. In this
duration, there are at least 6 trigger pulses which induce vibration. The signal
received during the existence of the ultrasound pulse contains information about

coupled elastic and dielectric properties of the focal region.

The acquired data is further processed by passing through digital band-pass
ITIR Elliptic filters with cut off frequencies around the applied vibration frequen-
cies (15 - 35 Hz) to obtain the signal in the interested frequency range. The
magnitude and phase of the applied digital filters for two different vibration
frequencies, 15 Hz and 35 Hz, are illustrated in Figure The filtered data
in the trigger duration for these two vibration frequencies are given in Figure
6.30 (¢) and (d). The duration of the burst signal is 200 ms and pulse repetition
interval is 1 s. The received signals have the frequency as the applied vibration

frequency.

i) 2-D HMMDI data profile generation using the peak to peak value

of the received signal

In this section, HMMDI data profiles are generated using the digitally filtered
data in the trigger duration. At each scan point, there are 7 trigger pulses (7
s). Therefore, the average of the peak to peak value of the filtered data during
seven trigger pulses is obtained. The calculated values at each scan point (in
dBm) are plotted in Figure The real place of the fibro-glandular where the
signal level is expected to be high is shown in red dashed circle in the figures.
In all frequencies, the peak to peak value of the received signal at the fibro-
glandular region is about 5 dB higher than the one at the fat region. In low
frequencies (15 Hz and 20 Hz), in the right side of the phantom (fat) a high
signal level was received. This increase is not observed in higher than 20 Hz

frequencies. The signal rise in low frequencies can be due to the reflections from
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Figure 6.30: Implemented bandpass IIR Elliptic filters around (a) 15 Hz and
(b) 35 Hz vibration frequencies. Digitally filtered received signal during the
excitation for the case when (c) 15 Hz 3 cycles AM burst signal is used to create
hen(d) 35 Hz 7 cycles AM burst signal is used. The burst
00 ms and the pulse repetition interval is 1 s.
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Figure 6.31: The peak to peak value of the received and filtered data during the
phantom scan. The phantom contains 14 mm x 9 mm fibro-glandular inside
fat background phantom. The obtained data profiles are plotted in (a) to (e)
figures for vibration frequencies of 15 Hz to 35 Hz, respectively. The color bar
values are in dBm. The burst signal duration is 200 ms and the pulse repetition
interval is 1 s. Sampling frequency in these experiments is 10000.
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the phantom container edge. The artifacts in the data profiles decreased with

increasing vibration frequency.

In order evaluate the repeatability of the measurements, the standard deviation
of the seven peak to peak value in 7 trigger pulses is calculated. The obtained
standard deviations (in dBm) in each scan point are plotted in Figure[6.32] The
highest standard deviation of the 7 samples (around -20 to -15 dBm) is seen in
the fat region. As it was observed in the previous experiments, the data in the
fat region randomly changes. Therefore, we expect to have the higher standard
deviation in those regions. The standard deviation in the fibro-glandular region

is between -30 dBm to -20 dBm.

ii) 2-D HMMDI data profile generation using the signal power at the

vibration frequency

Another type of metric that can be extracted from the received signal to create
data profile of the phantom is the power of the received signal. This is what the
spectrum analyzer does. Therefore, the power of the received signal from the
analog receiver system is calculated (using Fourier transform of the data) and
the Doppler component of the power is used as a feature to construct the 2-D
data profile of the scanned phantom. The obtained results are shown in Figure
6.33] The real place of the fibro-glandular is shown in red dashed circle in the
figures. The power of the signal at Doppler frequency is about 4 dB higher in
fibro-glandular comparing the fat phantom. However, the obtained results are
not good for the cases that 15 Hz and 25 Hz acoustic excitation frequencies are
applied. Looking at the related plots, one can realize that power of the signal is

distributed around the fibro-glandular at 25 Hz vibration.

In order to check the repeatability of the measurements, the standard deviation
of the power of the signal at Doppler frequency in 7 trigger pulses is calculated.
The obtained standard deviations (in dBm) in each scan point are plotted in
Figure The standard deviation of the received signal samples at 15 Hz to
35 Hz is around -15 dBm to -25 dBm, respectively. This value is about 25 dB

lower than the average signal value.
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Figure 6.32: The standard deviation of the seven peak to peak value of the data
(during seven trigger pulses) in each scan point. The obtained data profiles
are plotted in (a) to (e) figures for vibration frequencies of 15 Hz to 35 Hz,
respectively. The color bar values are in dBm.
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Figure 6.33: The obtained data profiles of the phantom from the power of the re-
ceived signal at Doppler frequency (vibration frequency). The phantom contains
14 mm x 9 mm fibro-glandular inside fat background phantom. The constructed
data profiles are plotted in (a) to (e) figures for vibration frequencies of 15 Hz to
35 Hz, respectively. The color bar values are in dBm. The burst signal duration

was 200 ms and the pulse repetition interval is 1 s. Sampling frequency in these
experiments is 10000 Hz.
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Figure 6.34: The standard deviation of the power of the signal at Doppler fre-
quency (during seven trigger pulses) in each scan point. The constructed data

profiles are plotted in (a) to (e) figures for vibration frequencies of 15 Hz to 35
Hz, respectively. The color bar values are in dBm.
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iii) 2-D HMMDI data profile generation using correlation based method

It is observed that frequency of the received signal after digital filtering is same
as the acoustic excitation frequency (Figure . It is expected to receive a
sinusoidal signal at the vibration frequency. So, a correlation based method is
proposed to extract a feature from the received signal that can be used for char-
acterizing the data obtained from each point in the phantom. In this method,
a pure sinusoidal at applied Doppler frequencies is used as a reference signal.
A correlation of this signal with the received filtered data is calculated. This
value at each scan point is normalized by the maximum of the correlation. The
results are plotted in Figure The results can be interpreted as the image of
the scanned phantom. The information that can be extracted in these plots and
the results obtained from the peak to peak value of the received signal are quite
similar. The fibro-glandular region is not localized when the induced vibration
frequency is 25 Hz. Similar problem was observed in the obtained results from

power measurement method.

Same as other measurements, the standard deviation of the seven sample data is
calculated. In this method, the correlation values at each point are normalized
by the maximum of the correlation. Therefore, the standard deviation of the
correlation is also divided by this value to be able to compare the results. The
obtained standard deviations of 7 sample data in each scan point are plotted in
Figure [6.36] As it can be seen, the standard deviation of the measurement is
below 0.1.

From the standard deviation values in all cases, we can conclude that number of
averaging can be decreased without considerable change in the constructed data
profile. Therefore, the scan time and as a result induced heat in the phantom
or tissue will be less. Therefore, the risk of possible damages as a result of

temperature rise in the tissue will be decreased.
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Figure 6.35: The obtained data profiles of the phantom from the correlation
based feature. The phantom contains 14 mm X 9 mm fibro-glandular inside
fat background phantom. The constructed data profiles are plotted in (a) to (e)
figures for vibration frequencies of 15 Hz to 35 Hz, respectively. The burst signal
duration is 200 ms and the pulse repetition interval is 1 s. Sampling frequency
in these experiments is 10000 Hz.
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Figure 6.36: The standard deviation of the power of the signal at Doppler fre-
quency (during seven trigger pulses) in each scan point. The obtained data
profiles are plotted in (a) to (e) figures for vibration frequencies of 15 Hz to 35
Hz, respectively. The color bar values are in dBm.
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6.4.2.2 Experimental results on phantom-4 separate (fibro-glandular

and tumor inclusions in fat)

The phantom containing nearly same sized fibro-glandular (13 mm x 9 mm)and
tumor (15 mm x 9 mm) phantoms, is scanned. The scan results of this phantom
using the spectrum analyzer as the receiver is given in section 5.4.4.4. The three

mentioned methods are used for processing the data.

i) 2-D HMMDI data profile generation using peak to peak value of

the received signal

In order to generate an HMMDI data profile, the peak to peak value of the
digitally filtered data is calculated. The obtained results are illustrated in Figure
6.37. The real place of the fibro-glandular that we expect to receive a high
signal is shown in red dashed circle. In all frequencies, the peak to peak value of
the received signals from the fibro-glandular and tumor is about 2-4 dB higher
than the one received from fat region. At 15 Hz vibration frequency, we see a
larger inclusion area, this may be caused by larger shear wave wavelength. By

increasing the frequency to 35 Hz, the inclusion detected size becomes less.

Since the elasticity contrast between fibro-glandular and tumor phantoms is low
in the developed phantoms, the Doppler signal level in these two phantoms is
close to each other. However, comparing all five cases, one can see that the signal
level in tumor becomes 0.5-1 dB lower than fibro-glandular in all cases except
15 Hz. In simulation studies on the fibro-glandular containing tumor phantom
|[12], it has been observed that signal level received from the tumor increases as
frequency increases from 15 hz to 30 Hz while it was relatively unchanged in
the surrounding fibro-glandular phantom (Figure [6.21] (b)). However, the signal
characteristic was different for 10 Hz vibration frequency. In this frequency, the
signal amplitude in the middle of the tumor was even relatively higher than
fibro-glandular region. Similarly, in this experiment we observed higher signal

level in the tumor comparing the signal level at fibro-glandular.

On the other hand, in the simulation study [12|, the Doppler signal level in the

fibro-glandular and in the middle of the tumor regions were close to each other
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Figure 6.37: The peak to peak value of the received and filtered data during the
phantom scan. The phantom contains 13 mm x 9 mm fibro-glandular and 15
mm X 9 mm tumor phantoms inside fat phantom. The obtained data profiles
are plotted in (a) to (e) figures for vibration frequencies of 15 Hz to 35 Hz,
respectively. The color bar values are in dBm. The burst signal duration is

200 ms and the pulse repetition interval is 1 s. Sampling frequency in these
experiments is 10000 Hz.
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for the fibro-glandular sizes of 10 mm to 20 mm (Figure [6.21] (a)). In these cases,
the signal just at the boundaries of the tumor drops up to 15 dB comparing the
signal level at the fibro-glandular region. In our experimental studies, since these
two tissue phantoms are separately located in the fat phantom, it is not possible

to see the signal level changes at the boundaries.

The measurements suggest that, although the signal level in tumor and fibro-
glandular are close to each other due to their similar dielectric properties, they do
not show same behavior in different vibration frequencies presumably due to the
difference in their elastic characteristics. Therefore, differentiation of tumor and
fibro-glandular may be be possible by acquiring multi-vibration frequency data.
It was observed that size of the fibro-glandular tissue is effective on the received
Doppler signal level. More experimental studies should be done for evaluating

different sizes of the fibro-glandular phantom on the received Doppler signal.

To check the repeatabilty of the measurement, the standard deviation of peak to
peak value for seven data samples (7 trigger pulses) is calculated. The obtained
standard deviations of 7 sample data (in dBm) in each scan point are plotted
in Figure [6.38] The standard deviation of the measurement is approximately
between -15 dBm to -25 dBm. So, we are able to decrease the data acquisition
(less number of excitation) time and as a result the induced heat in the phan-
tom or tissue. This consideration, decreases the risk of possible harm or tissue

damage in HMMDI method as a result of ultrasound radiation.

ii) 2-D HMMDI data profile generation using the signal power at
Doppler frequency

Another feature that can be used to create the data profile of the phantom from is
the power of the received signal. In this section, the power of the received signal
is calculated and the Doppler component of the power is used to construct 2-D
data profile of the phantom. The obtained results are shown in Figure[6.39] The
power of the signal in tumor and fibro-glandular is about 2-4 dB higher than fat
region. The tumor and fibro-glandular inclusions are not distinguishable from
the results. Larger inclusion areas is seen at 15 Hz vibration frequency. The size

of the inclusions in the plots are decreased by increasing the vibration frequency
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Figure 6.38: The standard deviation of the power of the signal at Doppler fre-
quency (during seven trigger pulses) in each scan point. The obtained data

profiles are plotted in (a) to (e) figures for vibration frequencies of 15 Hz to 35
Hz, respectively. The color bar values are in dBm.
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to 35 Hz. These results are consistent with the generated data profiles using the

peak to peak value.
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Figure 6.39: The obtained data profiles of the phantom from the power of the
received signal at Doppler frequency (vibration frequency). The phantom con-
tains 13 mm x 9 mm fibro-glandular and 15 mm X 9 mm tumor phantoms
inside fat phantom. The obtained data profiles are plotted in (a) to (e) figures
for vibration frequencies of 15 Hz to 35 Hz, respectively. The color bar values are
in dBm. The burst signal duration is 200 ms and the pulse repetition interval
is 1 s. Sampling frequency in these experiments is 10000 Hz.

iii) 2-D HMMDI data profile generation using correlation based method

The introduced correlation based method in the phantom-1 studies, is used

to analyze the scan data. The correlation between the received signal from
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the phantom at US pulse duration and the reference signals for each vibration
frequency (Figure is calculated. The normalized correlation values for
whole scan area are plotted in Figure [5.15] Different behaviors of fibro-glandular
and tumor phantoms are more detectable in these data profiles comparing the
one obtained from peak to peak value of the signal. At 15 Hz, the correlation
value at tumor is around 0.9-1 in tumor while it is around 0.6-0.7 in the fibro-

glandular and it is below 0.4 in fat region.

On the other hand, the correlation value in fibro-glandular is around 0.9-1 but
it is around 0.8-0.85 in tumor region at 25 Hz vibration. The correlation values
in these two inclusion regions are similar when 30 Hz vibration is applied. Such
signal characteristics was also observed in [12| simulation studies. The results
suggest that by sweeping the vibration frequency, the HMMDI has the potential
of differentiating these tissues from each other. This observation should be

further investigated in more phantoms.

6.5 Conclusion

In this chapter, the HMMDI set up with fixed transmitter and receiver anten-
nas was evaluated. Several phantoms were developed and HMMDI data were
acquired using spectrum analyzer. 14 mm fibro-glandular and tumor inclusions
in fat phantom were detectable. At 25 Hz vibration, the marked area as a fibro-
glandular in HMMDI data profiles, was around 11 mm. The Doppler signal in
the detected region was 4 dB higher than the Doppler signal level on the sur-
rounding fat phantom. The Doppler signal at detected region as tumor was 3
dB to 8 dB higher than the one on the fat region. It was difficult to obtain infor-
mation about the size and shape of the tumor phantom from obtained HMMDI
data profiles.

The possibility of distinguishing tumor from fibro-glandular tissue in HMMDI
method, was evaluated on phantoms containing tumor, fibro-glandular, and fat
phantoms. In the phantom with fibro-glandular containing tumor inside in the

middle of fat, the Doppler signal on the tumor region was 2 to 4 dB higher
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Figure 6.40: The obtained data profiles of the phantom from the correlation
based feature. The phantom contains 13 mm x 9 mm fibro-glandular and 15
mm X 9 mm tumor phantoms inside fat phantom. The obtained data profiles
are plotted in (a) to (e) figures for vibration frequencies of 15 Hz to 35 Hz,
respectively. The burst signal duration is 200 ms and the pulse repetition interval
is 1 s. Sampling frequency in these experiments is 10000 Hz.
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than the one obtained from the fibro-glandular and 6 dB higher than the one
in the fat region. This results was expected to be a result of the fibro-glandular
phantom size (25 mm). This hypothesis was evaluated by comparing the results
with the simulation studies in [12]. In the phantom containing separate fibro-
glandular and tumor inclusions, the Doppler signal level on these phantoms were
not separable. However, they could be distinguished from the surrounding fat

phantom.

The designed receiver system and the acquired HMMDI data were presented.
The acquired data was processed and three different features; peak to peak
value of the signal during US excitation duration, power of the signal at Doppler
frequency, and correlation base method were extracted from the obtained data.
The HMMDI data profiles were generated using these features. Using 4 dB
width as a metric, the fibro-glandular of 14 mm diameter was detectable from

the HMMDI data profiles.

The phantom containing separate fibro-glandular and tumor phantoms inside
fat, was scanned using the designed receiver system. Applying multiple vibration
frequencies between 15 Hz to 35 Hz, different behaviors were observed from fibro-
glandular and tumor phantoms. In low frequencies such az 15 Hz, the correlation
value on the fibro-glandular was around 0.6-0.7 while it was 0.9 to 1 in the tumor
region. In higher vibration frequency as 35 Hz, the correlation value in the tumor
was 0.5 lower than this value in the fibro-glandular region. In all cases, these

phantoms were distinguishable from the fat region.

The provided results using the data acquired by spectrum analyzer and designed
receiver system, showed the potential of HMMDI method in distinguishing these
tissues in different vibration frequencies. In order to have better contrast be-
tween fibro-glandular and tumor phantoms, the contrast between the elasticity
of these tissue phantoms should be increased. In addition, more studies are
required to evaluate the effect of the size of the inclusions in Doppler signal

level.
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CHAPTER 7

TISSUE TEMPERATURE RISE IN HMMDI SCAN

7.1 Introduction

As all other biomedical systems, the patient safety is also important beside the
system performance. Therefore, all possible harms of medical devices that are
in contact with the human body should be taken into account. In HMMDI, the
patient body is exposed by both microwave waves and acoustic waves. Although
the amount of the exposure power should be high enough to receive the proper
data, it should be under the safety limits. The temperature rises as a result of
US and microwave illumination. If the temperature rises over the safety limits,

the exposed tissue may be damaged.

In the following sections, the temperature rise due to the microwave and US
excitation is discussed. The temperature measurement measurement procedure
is presented. The results are discussed and the temperature rise profile is com-
pared with similar observed profiles in the literature. The results suggest that

more studies are necessary for assessing the HMMDI safe insonation threshold.

7.2 Temperature rise in HMMDI due to microwave exposure

In microwave applications, the specific absorption rate (SAR) is used to define
the microwave safety limit in healthy tissues. In 30 minutes microwave exposure
inside the tissue, when SAR range 1-4 %, the temperature rise is lower than

1 °C |11]. Since, in the HMMDI experiments applied microwave power is less
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than 0.04 Watt, the microwave exposure may not harm the tissue.

7.3 Temperature rise due to ultrasound exposure

In ultrasound exposure, the temperature rise in the tissue is a critical issue
for patient safety. Ultrasound radiation results in both predictable temper-

ature increase and unpredictable temperature rise due to acoustic cavitation

phenomenon. The U.S Food and Drug Administration (FDA) defined the limit
for ultrasound field intensity as 190 Cm% spatial peak pulse-average intensity
(Isppa) [63]. The ultrasound intensity that is used in the experimental studies of
this thesis is 271 cm% which is higher than the FDA limit. As it was mentioned,
due to the high elastic constant of the developed phantoms, stronger ultrasound
excitation is applied to receive the detectable signal level. In biological tissue
which are softer than the phantoms, it is expected to receive adequate signal

level with less amount of ultrasonic exposure intensity.

Another safety issue for the clinical ultrasound applications, is the cavitation
phenomenon. In the existence of high rarefactional ultrasound pressure bubbles
can be formed [66]. Due to the acoustic pressure, these bubbles may grow and
collapse volently that produces high amount of energy on the order of ionizing
radiation in a short time. This phenomenon is called inertial cavitation [66].
Several precautions can be taken to minimize this risk of cavitation in ultrasound
applications [67-70]. Due to the highly nonlinear behavior of the bubbles in
converting the acoustic energy to mechanical motion, the mechanical index (MI)
has been introduced which is the ratio of the peak negative pressure of the
ultrasound beam in MPa to frequency of the ultrasound beam in MHz’s. The

FDA limit for MI is 1.9 [63]

7.3.1 Experimental studies on temperature rise

In order to measure the temperature rise during the HMMDI scan procedure
using single element focused ultrasound transducer (Sonic Concept, H-102),

an Omega Engineering HH82A digital thermometer is used. The thermometer
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probe is inserted into the middle of the fat phantom where the fibro-glandular is
located. The focus of the US transducer is placed on the phantom (Figure [7.1).

Figure 7.1: The temperature measurement set up using the Omega Engineering
HHS82A digital thermometer. The line scans are 2 cm in y direction. Several
line scan are done in different x and z values while the US is introducing the
mechanical vibration inside the phantom

Similar to the experimental studies, 25 Hz, 5 cycles AM burst signal is used
to introduce mechanical vibration in the phantom. This causes 4.2 MPa and
Isppa of about 271 % at the focal zone. A line scan of 2 cm (one cm below the
center up to 1 cm above the center) length is done. In each point for 8 s, the US
excitation is applied to the phantom. After 4 s keeping the US off, the scanner
is moved to the next point in the scan line. The scan steps size is 1.5 mm.
Several 1-D scan in the y direction, in different depths (Az: distance between
US transducer and thermometer probe head) is done. When the thermometer
is exactly in the focus point (Az = 64 mm), the temperature rise is about 24-
26°C (Figure . Temperature was increased dramatically only after the first
excitation pulse. For the remaining 7 pulses, this increase is not observed. The
temperature rise is too high and it happens in a short time which shows that it

is a result of cavitation in the focal zone.

The cavitation and sudden increase in the temperature has been reported in
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Figure 7.2: The temperature rise during in different depths ultrasound excitation
for the scan length of 20 mm. The 25 Hz, 5 cycles AM burst signal is used to
create the vibration in the phantom. The thermometer is in the middle of the
phantom inside the fibro-glandular phantom

several studies during insonation [71-73]. In an study using 0.75-5 MHz ultra-
sound, a pressure threshold for sudden increase in the temperature measured
via termocouple due to cavitation at 1 MHz was obtained as 5.3 MPa [72]|. In
another study, bubbles were introduced in a gel artificially to test their effect on
the temperature while using 0.75 MHz transducer with I, of 104% [74]. The
maximum temperature in the existence of the bubbles was 6 times higher com-
paring a case when there was no bubble. In |75, during insonation of beef after
contrast agent injection using 1.5 MHz and 9 x 103% continuous ultrasound

wave for 3 minutes, double temperature elevation has been reported. In the

absence of the contrast agent, they observed similar temperature at 1.8 x 104%.

In [66], several experiments were conducted on insonation of the tissue mimicking
phantoms with 1 MHz single element focused pulsed ultrasound transducer.
They used a few MPa pressures. In their studies, the temperature and the
pressure of the ultrasound were measured using an array of thermocouples and
hydrophone. They used deionized and degassed water as a coupling medium.
The agar based phantoms were developed as tissue mimicking phantoms. At 1.36

MPa pressure and 1.2 s exposure, they observed just about 3 °C. By increasing

158



the pressure to 1.62 MPa for the same exposure duration, the temperature was
increased to 15 °C. They repeated the experiments for different exposure periods.
For a 10 s insonation, a sudden onset of enhanced heating was observed when
pressure was increased from 1.39 MPa (just below the threshold pressure) to
1.42 MPa (just above the threshold pressure). A dramatic temperature rise was
consistently observed above some insonation pressure, called cavitaion threshold.
In these experiments, although the degassed water was used the cavitation was

observed in different laboratory experiments.

Similar localized temperature rise profile is seen in our measurements, during
HMMDI scan procedure. In HMMDI studies, the deionized water is used. Also,
the oil that is used as a coupling medium is not degassed. On the hand, the
bubbles may be created during the HMMDI scan procedure. In addition, while
locating the thermometer inside the phantom, an air bubble may be produced
inside the probe hole. Another immersion ultrasound transducer can be located
inside the oil tank to detect the acoustic signal created from the bubble collapse
while the US wave pressure is changing. More studies should be done for finding
the cavitation threshold in HMMDI method application on tissue mimicking
phantoms. In the experiment, the temperature increases above 10 degrees even
up to some mm far from the focus. This can be due to large beamwidth of the

FUS in the axial direction. So, the heat elevated in a larger area.

In continue, the line scan is shifted laterally when the depth is fixed. So, the
scan line is shifted 2 mm to the right and left side of the first scan line (middle
line). Therefore, five line scans are run by changing the scanner position in the
x direction. Figure [7.3|shows that, a high temperature rise can be seen just in
one line. This is due to the fact that the bandwidth of the transducer is much
smaller in the lateral direction (lateral resolution higher than axial resolution).
So, the temperature is increased just in the focal zone where the thermometer is
located and around 1 mm far from the focus, the temperature does not elevated,

considerably.

More studies are required to measure the cavitation pressure threshold in HM-

MDI method. However the measured cavitation pressure threshold for 1.7 MHz
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Figure 7.3: The temperature rise during ultrasound excitation for the scan paths
in the y direction around the center line. A 25 Hz, 5 cycles AM burst signal is
used to create the vibration in the phantom. The thermometer is in the middle
of the phantom inside the fibro-glandular phantom.

insonation was 10 MPa [72]|, which is higher than the applied pressure in these

measurements.

7.4 Conclusion

In this chapter, the temperature rise in HMMDI scan, due to microwave and
acoustic excitation was discussed. In the HMMDI experimental studies, the ap-
plied microwave power was about 0.04 Watt which does not induce considerable
heat (below 1 °C) inside the tissue. The phantom temperature was measured
during HMMDI scan using a thermometer. Around the focus of the US trans-
ducer, a sudden heat rise (around 25 °C to 30 °C) was observed. The sudden,
short duration temperature rise behavior, suggest that there exist a cavitation
phenomenon. A literature survey was done and it was realized that similar tem-
perature profiles have been observed in ultrasound applications. More studies
are required to find the cavitation threshold in HMMDI for preventing unpre-

dictable temperature rise.
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CHAPTER 8

CONCLUSIONS AND FUTURE WORK

In this thesis, the potential of Harmonic Motion Microwave Doppler Imaging

(HMMDI), was evaluated in large scale experimental studies. The method is

based on distinguishing different tissues using their elastic and dielectric prop-

erties. In this method, a local harmonic vibration is induced inside the tissue

while the microwave signals are illuminating the locally vibrating tissue. As a

result of induced motion, the back scattered microwave signal is phase modu-

lated. The first spectral frequency component of this signal (Doppler signal)

contains information about the elastic and dielectric properties of the exposed

tissue. HMMDI method,

Expose the tissue to non-ionizing microwave and ultrasound waves, while

in the conventional mammography the ionizing x-rays illuminate the tissue.

Provides a patient friendly imaging method without a need for tissue com-

pression as conventional mammography.

Provides information on elastic and dielectric properties of the tissues.
Conventional elasticity measurements methods for breast cancer detection,
use only the elasticity information of the tissues. On the other hand, the
conventional microwave imaging methods, give information on dielectric

properties of the tissues.

Has a potential of detecting high dielectric characteristics breast tissues,
fibro-glandular and tumor. Although they have high dielectric properties,
the fibro-glandular is softer than cancerous tissue. The hybrid HMMDI
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method can be used to differentiate these tissues by adding the elasticity

information.

e Provide high resolution by inducing the localized harmonic motion inside

the tissue.

e HMMDI imaging can be used as a complementary imaging method beside
microwave imaging. So, the dielectric and elastic properties can be both

reconstructed for having better sensitivity and specificity.

The main goal of this thesis study was to contribute various stages of the HM-

MDJI’s development processes that can be listed as follows:

e Phantom development,
e Experimental system realization,

e Phantom experiments (obtaining 2-D GHMMDI data profile of the phan-

toms),
e Experimental problem observation,
e Finding the possible solutions,

e Designing a receiver system for HMMDI experimental set up,

e Analyzing the received HMMDI data.

In this thesis, fat, fibro-glandular, and tumor phantoms that mimic dielectric
and elastic properties of the biological breast tissues were developed according
to [3] and |2]. The measured dielectric properties of the developed phantoms
were consistent with the reference values [20]. The developed tumor (around 77
KPa) and fibro-glandular (around 20 KPa) phantom material from 3] were stiffer
than the tumor (around 43 KPa) and fibro-glandular (around 10 KPa) phantom
material from |2]. Both phantom materials were used to produce experimental

inhomogeneous phantoms.

The HMMDI experimental studies were classified in three different categories,

experimental studies on the first generation of the HMMDI set up, on the second
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generation with scanning antennas and on the second generation with fixed an-
tennas. In the first generation of HMMDI experimental set up, transmitter and
receiver antennas were fixed at the bottom side of the glass phantom container,
and the coupling medium was distilled water. In these studies, two different
phantoms, fat including fibro-glandular with tumor inside, and fat including
three different sized tumors were scanned. Through a linear scan (1-D) the po-
tential of HMMDI for detecting the tumor inside the fibro-glandular phantom

was observed.

A proposed data acquisition setup for HMMDI method that down-convert the
received signal to the base-band and amplified and filtered it, was evaluated
using the developed phantoms. Using this receiver system, the Doppler signal
was observed in time-domain. The received Doppler signal in the tumor was
about 4 dB higher than the one in fibro-glandular region and it was about 4 dB

higher than the signal from the surrounding fat.

After evaluating the acoustic characteristics of the sunflower oil in simulation
studies using HIFU simulator tool, the distilled water was replaced by this oil in
the second generation of HMMDI set up. Considering oil as a coupling medium,
two different antennas configuration was proposed for HMMDI set up. In the
first configuration, second generation of HMMDI with scanning antennas, the
transmitter and receiver antennas were placed on the top side of the phantom
together with the US transducer. The antennas and the US transducer were
connected to the scanner to scan the phantoms. 1-D and 2-D scan results were
obtained. Three different sized tumors for which the smallest one had 4.5 mm x
4 mm size, were detected inside the fat phantom in the 2-D HMMDI results. In
the experiment using the phantom including the fibro-glandular with the tumor
inside, in the middle of the fat phantom, a huge artifact due to the antenna
movement was observed. This artifact was dominant on the Doppler signal, so
that it was not possible to interpret the data received from different regions. It
is possible that the Doppler signal in the experiment with three different size
tumors in the fat phantom was resolvable without a considerable artifact because
the size of tumors were much smaller compared to the fibro-glandular phantom

size (25 mm) in the second phantom.
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The second generation of HMMDI with fixed antennas was suggested to solve
the above mentioned problems of the set up with scanning antennas. 14 mm
diameter fibro-glandular and 14 mm diameter tumor phantoms, in two different
fat phantoms, were detected in HMMDI scan results. Using these phantoms,
dependency of the Doppler signal on vibration frequencies, and averaging num-
ber was evaluated. As the scan time decreases, it is expected that the induced
heat and tissue damages is decreased. The results suggested that, the number
of ultrasonic excitation pulses can be decreased from 11 to 7. Since the PRI was
1 s, the scan time at each position can be decreased from at least 11 seconds to

7 seconds. In scanning the large area, this parameter is critical.

In the 2-D scan results, acquired from a 14 mm tumor inside 25 mm fibro-
glandular phantom, the received Doppler signal from the tumor was about 0.5
dB to 1 dB higher than the signal level on the fibro-glandular. This unexpected
behavior was discussed comparing the results with the simulation results in [12].
The results suggested that Doppler signal level is dependent on the size of the
inclusion in addition to their elastic characteristics. This hypothesis should be
evaluated with more phantom studies. However both fibro-glandular and tumor

phantoms were detectable from the surrounding fat phantom.

A receiver system was designed to acquire the HMMDI data. Applying differ-
ent vibration frequencies, the data was recorded. Three different features; peak
to peak value, power of the signal at Doppler frequency, and correlation based
feature were extracted from the data. HMMDI data profiles of 14 mm diameter
fibro-glandular phantom inside the fat phantom, and nearly same sized fibro-
glandular and tumor phantoms (around 14 mm diameter) inside the fat phantom
was constructed using the extracted features. Considering 5 dB (in constructed
data profiles from peak to peak and Doppler component of power features) and
0.4 width (in constructed data profiles from correlation based feature) as a met-
ric, the fibro-glandular (nearly same as original size) was detectable inside the
fat phantom. In the fat phantom with tumor and fibro-glandular phantom inclu-
sions, different behavior of these phantoms were observed in different frequencies.
At 15 Hz, the correlation value in the fibro-glandular region was 0.2-0.4 lower

than the one in the tumor region. At 35 Hz, this value in the tumor was 0.5
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lower than the one in the fibro-glandular region. In all cases, these phantoms

were distinguishable from the fat region.

In the fat phantom including two same sized tumor and fibro-glandular, and in
all other experiments, the Doppler signal component on the right and left side
of the fundamental frequency, were different. This observation was evaluated
using simulations. It was realized that if the back scattered signal comes from
two vibrating scatteres that are vibrating with different amplitude and phase, the
right and left Doppler signals may not be equal. The possible factors that could
cause this phase difference, are shear wave propagation, shear wave reflection,

and location of phantom with respect to antenna location.

The temperature rise in the HMMDI scan procedure was measured using the
phantom materials. An unpredictable temperature rise up to around 30 °C
was observed around the US transducer focus. This phenomenon was assessed
comparing similar behaviors in other insonation applications in literature. The
cavitation was noted to be the source of this results. More studies are necessary
to verify this hypothesis and find the cavitation pressure threshold in HMMDI
method.

This thesis is an initial experimental studies on realizing the potential of HMMDI
method in detecting breast tumor using tissue mimicking phantom materials. As
a consequence, there are a number of concerns that should be made in the future

studies, as:
e Finding methods to increase the elasticity contrast in the experimental
phantoms,
e Measuring the dielectric and elastic properties of the phantoms over a time,

e Eliminating the sensitivity to antenna position by using an array of receiver

antennas,

e Receiving the information from the phase of the received signal in addition

to the amplitude information by using a quadrature receiver system,
e Evaluating the effect of antenna position and movement in the electromag-
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netic simulations,

Evaluating the effect of size of the inclusion in the received Doppler signal

through various phantom experiments,

3-D scan of the phantoms to obtain information on the location of the

tumor,

Decreasing the coupling between the transmitter and receiver antennas to

increase the SNR,

Scanning while multi-frequency vibrations are induced inside the phantoms

for better tissue discrimination,

Using the HMMDI information together with the microwave imaging in-

formation to increase the sensitivity and specifity in differentiating tissue,

Evaluating a HMMDI data profile using a single excitation pulse to de-

crease the scan time,

Evaluating the possibility of using this method for cancer detection in

other soft tissues,
Developing a clinical prototype of HMMDI system,

Implementing better signal processing methods for de-noising and remov-

ing unwanted artifacts in the detected signals,

Developing reconstruction algorithms for obtaining the elasticity and di-

electric properties of the tissues from the HMMDI data,
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