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ABSTRACT

Tomographic imaging is a technique for exploring a cross-section of an inspected object
without destruction it. Raw data of this process, known as the projections, are normally achieved
by repeatedly radiating coherent waveforms through the object in a number of viewpoints, and
receiving them using an array of corresponding detector in the same direction. In this thesis of
tissue reconstruction can be reconstructed by using its projections resolved from the ultrasonic
broadband wave which is passed through the tissue. While a data from ultrasonic transmission-
mode tomography can not be used to image the character of tissue where shadowed by a bone, an
ultrasonic reflection-mode tomography is realized to be a solution for this. There are many ways
to extract the projections by using the integrated attenuation coefficients of the tissue from the
pulse wave. Almost all of these methods were proved to implement with the transmission-mode
signals, but however, some adaptation may takes benefit from those methods to implement with
the reflection-mode. We have chosen the frequency-shifted method to be analyzed because of its
advantage in a computational viewpoint. This simple filtered backprojection algorithm was
implemented to reconstruct the tomographic images of the tissue suffered by bone. The results are
shown the successful of this method over the transmission-mode tomography. Also the

simulations for noisy data were analyzed.
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Chapter 1

Introduction

1.1 Significance of the Problem

Ultrasound is a mechanical disturbance that moves as a pressure wave through a medium.
When the medium is a patient, the wavelike disturbance is the basis for use of ultrasound as a
diagnostic tool. Appreciation of the characteristics of ultrasound waves and their behavior in
various media is essential to understanding the use of diagnostic ultrasound in clinical medicine.

Just on the horizon there is yet another tomographic imaging mode currently undergoing
clinical trials. This is the technique of ultrasonic computed tomography (UCT). The basic goal
here is the same as with X-rays, namely, to obtain quantitative cross-sectional images depicting
morphological detail of the human body. However, in contrast with X-rays, CT imaging with
ultrasound is made difficult by the fact that rays of sound’s energy do not necessarily travel along
straight lines in tissue, and may undergo serious refraction at interfaces between soft and hard
tissues. On account of this, applications of ultrasound CT appear to be limited for the foreseeable
future to those parts of human body that are free of hard tissues such as bone. Thus most of the
current effort in this area is focused on the clinically important problem of tumor detection in the
female breast.

Ultrasound has a potentially many important technological applications. These include
medical imaging [1], nondestructive testing [2], geophysics [3], and robotic vision [2]. The
advantages of microwave and/or ultrasound imaging offered over more conventional imaging are
numerous. They include the relatively low health hazard of non-ionizing, low power of sources,
such as microwave, ultrasound, etc., its ability to image physiological properties of a tissue or
organ, and the likely cost competitiveness of the imaging equipment.

In ultrasound imaging, conventional B-scan image use pulse echo ultrasound reflected from
tissue interface to form image as tomography. Pulse-echo B-scan image is not quantitative
imaging. Work is now progress on methods of correlating (quantitatively) these scattered returns

with local properties of tissue [4-5]. This is made difficult by the fact that the scattered returns are



modified every time they pass through an interface; hence the interest in computed ultrasonic
tomography as an alternative strategy for quantitative imaging with sound. This is mainly due to
the fact that ultrasonic computed tomography (UCT) may generate cross-sectional images
(tomograms) of three different material properties: (I) an attenuation tomogram representing the
ultrasonic energy loss due to scatter and absorption in the material; (ii). a speed-of-sound
tomogram representing a measure of the elastic constants in the material [6]; and, (iii) a reflection
tomogram representing a map of ultrasonic impedance mismatch from boundaries and in
homogeneities. As a result, ultrasonic computed tomography now receives an intensive attention
from many researchers.

Ultrasonic mode can be classified into 2 modes; reflection mode and transmission mode.
Reflection mode is the technique that uses one ultrasonic transducer head which set opposite the
object and functioned as transmitter and receiver in one head. .But in transmission mode; two .
ultrasonic transducer heads work separately as two functions; one is functioned as transmitter and
the other one is functioned as receiver*. Both of transmitter and receiver are set at opposite sites;
one is forward site (transmitter), other one is backward site (receiver) objects respectively.

In addition, both of two sources for ultrasonic tomography are non-diffraction ultrasonic
tomography and diffraction ultrasonic tomography; but in our research only first source is used.
Diffraction ultrasonic tomography is a tomography that needs to compensate an ultrasonic
diffractive index values. In addition, this tomography is used for compensating the diffractive
indexes passed through the objects during reconstruction procedure. Moreover, nondiffraction
ultrasonic tomography is a tomography that does not need to cémpensate an ultrasonic diffractive
index values; this tomography is used for noncompensating the diffractive indexes passed through
the objects during reconstruction procedure. Finally, reflection/transmission  mode
diffraction/nondiffraction ultrasonic tomography can be introduced as following:

- Reflection / t'ransmission mode diffraction ultrasonic tomography

- Reflection / transmission mode nondiffraction ultrasonic tomography'

Firstly, reflection/transmission mode diffraction ultrasonic tomography is a tomography
that needs to compensate an ultrasonic diffractive index values. This tomography is used for
compensating the diffractive indexes objects during the reconstruction procedure. Diffraction
tomography reviewed by Dr.Chuchart Pintavirooj [20]. Diffraction tomography is a technique for
imaging with acoustic fields-in which parameter, such as reflective index, sound velocity, etc.,

can be mapped from scatter wave resulting from insonifying the object with ultrasonic pulse wave



at a single temporal frequency (3.5 MHz for simulation and 5 MHz for experimental processes).
By solving the direct scattering problem, the scattered field can be presented in term of scattering
parameters. Different inversion techniques can be applied to take advantage of the linearization
process of the non-linear wave equation describing wave propagation in heterogeneous media
under for limited class of scattering. Specifically, when the scattering effect is weak, one can
invoke the Born or Rytov approximation and thus derive the generalized Fourier slice theorem to
reconstruct the cross-section of the insonified object.

Secondly, reflection/transmission mode nondiffraction ultrasonic tomography is a
tomography that does not need to compensate an ultrasonic diffractive index values. This
tomography is used for noncompensating the diffractive indexes objects during the reconstruction
procedure. Nondiffraction tomography reviewed by [20]. Nondiffraction tomography is a
tomography which the diffraction effect of scattered filed is disregarded [8], an object is
insonified with ultrasonic pulse waves, the Fourier transform of the forward scattering fields
measured in a line perpendicular to the direction of propagation of the wave gives the values of
the 2D Fourier Transform [19] of the object along a straight line. This is in fact the well-known
Fourier slice theory and can be implemented using filtered backprojection.

Recall, transmission mode tomography is a tomography that needs two transducers to be
aligned in optimum-position*. In addition, the transmission mode tomography system is more
complex and it is not clinical practice because the object is needed to submerge in the water.

In this research we attempted to develop reflection mode tomography; it is superior to the
transmission mode in the following reasons: (i) we use only one transducer (transmitter/receiver
are contained in one element), (ii) the system of transmission is more complex, because they need
two transducers aligned in the optimal position, (iii) the price of the equipments of transmission
mode is higher than the equipments of reflection mode. In addition, two ultrasonic transducers of
transmission mode tomography system; one (transmitter) is used for transmitting ultrasonic pulse
waves. The other one (receiver**) is used for receiving ultrasonic pulse waves; the received
ultrasonic pulse waves are obtained from insonifying an object.

In addition, we also concentrate about ultrasonic tomographic imaging for non-diffracting source
which uses frequency-shifted method for extracting the projections. - Ultrasonic reflection mode
tomography using frequency-shifted method. The frequency shifting method, firstly purposed by

[18] for the transmission mode tomography, is employed to extract the integrated attenuation



coefficient from the reflected ultrasonic pulse wave. This method assumes the linear frequency

dependent model of the attenuation coefficient.
Note: * = the centre of transducer heads must be matched altogether.

*#» = (the receiver can be call hydrophone).

1.2 Objective

The objectives of this research can be shown as following,
1. The advantages of reflection mode ultrasonic computed tomography is introduced.
2. Cross-sectional image/object reconstruction by reflection mode ultrasonic computed
tomography is introduced.
3. A frequer_xcy-shiﬁed method is introduced and applied for “reflection mode ultrasonic
computed tomography uses frequency-shifted method” for obtaining the projection data.

4, All simulation and experiment results are displayed (in chapter 5).

1.3 Hypothesis

Reflection mode of UCT is valid, if an object has small changes in refractive index. In
addition, if we calculate the exact spattered pulse wave for a small and weakly scattering object
we can assume that the obtained projections from a small changes in refractive index is exact. The
obtained cross-sectional image results are acceptable from this method.

In a process of reflection mode ultrasonic computed tomography can be ranked as
following:

1. In ultrasonic computed tomography, if there is a small change in diffractive index of
the object we can assume the wave traveling as a direct wave and we take the data to reconstruct a
cross section of the object. This method is known as nondiffraction source.

2. Any objects that we want to scan can be tested by measuring the reflected ultrasonic
wave pulses displayed on oscilloscope.

2. Projections can be obtained by computing the different spectral frequency values
between the incident wave pulses and the latest wave pulses and dividing them by invariance
values.

3. For the acceptable reconstructed image requirement, the angles of collecting the

projections should be sufficient angular.



4. Simple homogenous object model are required for testing the system and reconstructed

object modes.

1.4 Research Limits

The limitations of our research are shown as following reasons:

1. Nondiffraction data shows only acceptable reconstructed results

2. The object size is limited by transducer scanning length.

3. Cross-sectional object imaging from ultrasonic reflection mode using frequency-
shifted method is satisfactory results

4, The reconstructed results from simulation and experiment are shown in the different
of objects.

5. A filtered Backprojection algorithm [7] is applied to reconstruct the projections from
both data of ultrasonic simulation and experiment.

6. A small detail of object information is necessary for high diffractive index soft tissue.

To solve this problem a diffraction projections are realized to study in the future.



Chapter 2

The Ultrasonic General Information

This chapter exactly contains the principle of ultrasound (ultrasonic wave) and other
topics such as: what is ultrasound (ultrasonic wave), why we use an ultrasonic wave, how does an
ultrasonic wave work. Other related topics to the previous existed topics are following: the
ultrasonic transducer and its applications, the principles of ultrasonic transducer, piezoelectric
effect basics, impulse echo method. In addition, this chapter would include the acoustic properties
of biological tissue, some examples of ultrasound application and medical diagnostic applications.

For more information about ultrasonic principle see [9].

2.1 About Ultrasound

2.1.1 What is ultrasound?

Ultrasonic waves are unlike light and radio waves, sound waves require a medium for
their transmission. The normal range of human hearing is approximately 20Hz - 20KHz.
Ultrasonic wave is any sound with higher frequency. For more information about ultrasound in

medical see [10].

Consider a sinusoidal sound wave in air with frequency f and wavelength A. The speed v

is related to fand A by

v=f/1 2.1

To see where this relation comes from equation 2.2.

change in distance
speed = 22
change in time




The time it takes for one wavelength of the sound to go by is the period T, so v = A/T. But =T
sov = /1f. Note that as f increases, A goes down, but the speed v stays the same. The frequency
range of human hearing is about 20 Hz to 20,000 Hz. (The upper end drops as we age; for people

over 60*, it is about 12 kHz, while dogs can hear up to about 35 kHz.)

Note: * Are people; for over 60 persons/people is equal 12 kHz because a person can hear 5 kHz.

2.1.2  Why do we use an ultrasonic wave? '

Ultrasonic wave is very safe. There is no firm evidence that it does any harm to the body
or tissue that is issued by it. X-rays are potentially dangerous; particularly to young children and
pregnant women (they damage the unbom baby). For more information about ultrasound in
medical see [10].

We use ultrasonic waves because the wavelength is easily measured with an ordinary
meter stick. Further more, the frequency of ultrasound is above the range of human hearing, so
the experiment does not create an audible sound. The experiment also illustrates the interference
of waves

2.1.2  How does an ultrasonic wave work?

Medical ultrasound systems use high frequencies - several megahertz (mega means

million or 106). A sound is a wave which has all the usual wave properties (reflection, refraction,
diffraction). Ultrasound imaging makes use of the fact that sound can be reflected. The idea is just
like that used in radar and sonar. For more information about ultrasound in medical see [10].

In general, however, we speak of ultrasound whenever the sound frequency exceeds 20
kHz. Of course, the definition is in no way justified from a physical point of view, since the
physical of sound production and propagation do not depend on frequency. Thus, practical
methods of sound generation and sound detection substantially differ in general from those

employed in the audible range.

2.2 An Ultrasonic Immersion Transducer

An immersion transducer is a single element longitudinal wave transducer acoustically
matched to water [11]. It is specifically designed to transmit ultrasound in situations where the

test part is partially or wholly immersed.



V306-SU

V317-SU

V309-SU-F

A312S-SU-NK-CF

Fig. 2.1 Example of ultrasonic transducers

The figure 2.1 shows an example of various immersion ultrasonic transducers. Their
shapes are depended on their applications. In our experimental system, an immersion ultrasonic

transducers (v309-su-f) is applied. The model is listed in above figure.

2.21 Applications

** Automated scanning

% On-line thickness gagging

X8 High speed flaw detection in pipe, bar, tube, plate and other similar components
<> Time-of-flight and amplitude based imaging

% Thru-transmission testing

/ 8 . "
%* Material analysis and velocity measurements

2.2.2 Large diameter case style

X Large element diameters increase near field length allowing for longer focal lengths

K/ & . . .
%°* Larger diameters can increase scanning index



% Low frequency, large aperture designs available for challenging applications

2.3 About Ultrasonic Transducer
2.3.1 Piezoelectric effect basics

A piezoelectric substance is one that produces an electric charge when a mechanical
stress is applied (the substance is squeezed or stretched). Conversely, a mechanical deformation
(the substance shrinks or expands) is produced when an electric field is applied. This effect is
formed in crystals that have no center of symmetry. To explain this, we have to look at the
individual molecules that make up the crystal. Each molecule has a polarization, one end is more
negatively charged and the other end is positively charged, and is called a dipole. This is a result
of the atoms that make up the molecule and the way the molecules are shaped. The polar axis is
an imaginary line that runs through the center of both charges on the molecule. In a monocrystal
the polar axes of all of the dipoles lie in one direction. The crystal is said to be symmetrical
because if you were to cut the crystal at any point, the resultant polar axes of the two pieces
would lie in the same direction as the original. In a polycrystal, there are different regions within
the material that have a different polar axis. It is asymmetrical because there is no point at which
the crystal could be cut that would leave the two remaining pieces with the same resultant polar

axis. Figure 2.2 illustrates this concept.

TTTA;‘AATAPA T \v\ l /
TTT;T‘M;TAA — &)

(a) Monocrystal with single polar axis (b) Polycrystal with random polar axis

Fig. 2.2 (a) Mono Vs. (b) Poly Crystals

In order to produce the piezoelectric effect, the polycrystal is heated under the

application of a strong electric field. The heat allows the molecules to move more freely and the
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electric field forces all of the dipoles in the crystal to line up and face in nearly the same direction

(Figure 2.3)

Electrode

(c) Surviving Polarity

Fig. 2.3 Polarization  of  Ceramic ~ Material to Generate

Piezoelectric Effect

The piezoelectric effect can now be observed in the crystal. Figure 2.3 illustrates the piezoelectric

effect.
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()

d (e ®
Fig. 2.4 Example of Piezoelectric Effect

Figure 2.4 (a) shows the piezoelectric material without a stress or charge. If the material
is compressed, then a voltage of the same polarity as the poling voltage will appear between the
electrodes (b). If stretched, a voltage of opposite polarity will appear (c). Conversely,
if a voltage is applied the material will deform. A voltage with the opposité polarity as the poling
voltage will cause the material to expand, (d), and a voltage with the same polarity will cause the
material to compress (e). If an AC signal is applied then the material will vibrate at the same

frequency as the signal (f).

2.3.2 Construction and function of the ultrasound

The construction and function of the ultrasound transducers used for the sonographic
examination of patients are not very different from the testing units employed in non-destructive
testing of materials. Acoustically, it is to be considered as a rigid piston oscillating with constant
surface velocity. Hence, a rough idea of the geometry of the sound field produced by it can be

obtained from figure 2.5.
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Fig. 2.5 Approximate extension of the sound field in front of a circular piston With ka>>1 (r, =

far field distance)

the far field distance 7,is approximately give by equation 2.3

%]

(2.3)

~
r,~

“o
A

Where field distance 7, is equal to the area § 0 is divided by the wavelength A respectively.

It has to be remembered, however, that for distances substantially smaller than r,, i.e. in the
near field of the transducer, considerable local fluctuations of the sound intensity are to be
expected when the transducer if fed with a sine signal. If short impulses are p roduced the
mentioned intensity fluctuations correspond to local differences of the impulse’s shape. Since the
impulse echo method generally employs one transducer both for the generation of the test signal
and for its detection, the complicated spatial dependence of intensity for signal shape affects the
signals twice. As in material testing, these near field effects can be avoided, at least in principle,
by using a delay line, for instance a water layer between the transducer and the test object. In
most cases, however, the number of different probing beams is chosen to be sufficiently high so

as to ensure complete coverage of the region of interest.

2.4 Acoustic Properties of Biological Tissue

The inhomogeneities in the human body which are to be displayed with the aid of

sonography are mostly the boundaries between different biological tissues and internal structures
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of tissues, in particular, of course, any pathological imperfections in them. Table 2.1 summarizes
acoustical properties of some body tissues [7]. The data presented are the sound velocity, the
characteristic impedance and the acoustical attenuation of various tissues at a frequency [12]
which is typical for sonographic examination. As may be seen from this table, the characteristic
impedances of soft biological tissues differs, only slightly form the characteristic impedance of
water. Therefore, in contrast to what happens in the ultrasonic inspection of technical materials,
only a very small fraction of a sound beam traversing an interface between such tissues will be

reflected according to the equation followed,

ZoCOSS — Zocos9
R=

: ; (2.4%)
Zocos9 + Zocoss

The “wall” under consideration is the boundary interface against another gaseous or

liquid medium with sound velocity c' and characteristic impedance Zo , a third wave appear, the

‘refracted’ wave. For the angle v of refraction the following law holds

\ !

sinv

C
= — 2.5%)
sinv c

Table 2.1** Acoustic Properties of Some Biological Tissues (after Bamber, 1986; Wells, 1969)

Kind of Sound Characteristic Attenuation
tissue Velocity ¢ impedance 0,¢ constant D at 1 MHz
(m/s) (10°Ns/m’) - (dB/cm)
Blood 1530 1.62 0.2
Spleen 1550 1.6 0.4
Liver 1560 1.65 0.7
Fat 1450 1.38 0.8
Brain 1560 1.60 0.8
Muscle 1545-1630 1.65-1.74 1.5-2.5
Bone 2700-4100 3.2-74 11
Lung 650-1160 0.26-0.46 40
(Water) 1492 1.49 0.002
Note:  *=equation 2.4 is from “Snell Law”

*#* = the acoustical properties of biological tissues are subject to strong differences. Therefore the data presented in this

table should be considered as approximate only.
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2.5 Impulse Echo Method and Its Usages

2.5.1 Impulse echo method

The principle of the impulse echo method which is encountered in the discussions on the
measurement of sound velocity and sound absorption is explained in figure 2.6 reversible
ultrasonic transducer emits a sound impulse or a short wave train into the work piece under test.
At the same time the horizontal deflection of a cathode ray oscilloscope is triggered and the
transducer is switched to the receiving circuit. If the test piece has a flat rear face, it will reflect
the sound signal towards the transducer. The received signal is amplified, rectified and finally
represented on the screen of the oscilloscope; it presents itself as a short peak (2). Another peak (0)
is caused by electrical cross-talk between the transmitting and the receiving circuit. It marks, in
effect, the beginning of the time axis. From the distance of both peaks, the transit time of the rear
face signal and hence the thickness of the test piece may be determined if the sound velocity in
the material is known. If there is an obstacle in the range covered by the emitted sound wave it
will cause a scattered wave, part of which will also reach the transducer. Hence, an additional
peak (1) will appear on the screen between both other peaks; its position indicates immediately
the position of the defect in the test specimen.

It is one of the major advantages of the impulse echo method over transmission methods
or testing procedures employing stationary signals that it indicates not only the existence of a
defect but also its position. The same statement applies to transmission methods using other sorts

of rays, for instance X-ray or gamma rays.

Monitor

AR .l___l_l.*

(%)
-
N
| S

Trigger

IG

Fig. 2.6 Impulse echo method (IG, impulse generator; S, separating circuit; AR, amplifier and

rectifier).
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2.5.2 The uses of impulse echo method

The basic principle of the method is depicted in figure 2.6. In medical sonography, the
impulse repetition rate is typically of the order of 1000/s. In most applications, the transducer is
brought into direct contact with the surface of the body, only occasionally is the acoustical contact
affected by means of a water bath. All the other processes—the excitation of the transducer with
an electrical impulse, the transmission of a short wave train or acoustical irnpulse into the object
of examination, which is the humans body in the present case, the detection of echoes and their
display—are similar to those described earlier. Likewise, the discussions of Section 2.5.1
concerning the strength of echo signals apply to our present subject, although they have to be

concluded by taking attenuation into account, which was neglected in Section 2.5.1.

2.6 Some Examples of Ultrasound Application

All of the sections present us about meaning and definition of ultrasound and also its
application by material such piezoelectric transducers; another ultrasound application in industrial
which are ultrasonic cleaning process which are up to date technique than the conventional
techniques that we have to use solvent to clean the dirt particles.

Several example of ultrasound applications are will be represented in this sections which

are following:

- 8
PROFILE 35 0~ Fra 4.0MMa
Gn 40

(@ (b)

Fig. 2.7 B-scan images of fetus; (a) transducers application, (b) fetus displaying
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Another important applications, are the ultrasonic diagnostic applications such to check
gall bladder, liver cancer, which can be able to known from the gray level of ultrasonic brightness.
Other application of ultrasound is about fetus analysis before born, which is great technique to

know firstly birth.

(a) (b)
Fig. 2.8 Image processing technique of fetus visualization (a) image model of ultrasound

transducer (6" month of pregnancy), (b) a child image (after real birth 6 months )

Normal
gallbladder, .
- 2 .,-i\

- \

Gallstone

(a) (b)
Fig. 2.9 Ultrasound shows sector image of the gall bladder containing a stone;(a) Normal

gallbladder, (b) Gallstone
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Fig. 2.10 Ultrasonic application to checks and images glandule cancer
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Fig. 2.11 Ultrasonic application to check ovary

Furthermore, there are also the applications of ultrasound in cleaning process which is
ultrasonic cleaning as follow. In any kind of cleaning with a liquid solvent the process is
substantially promoted by application of mechanical stresses; dirt particles which are already

partially dissolved will be loosened and eventually torn away as a whole by them.

50169
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Fig. 2.12 Mechanism for ultrasonic cleaning

The arrows on figure 2.12 show the direction of ultrasonic power’s movement. When
ultrasonic energy is occurred, this energy will shake the molecule of water to make the quake,
when the quake is occurred the clean system is also happened.

It is particularly advantageous for this process that there are always numerous cavitation
nuclei on the surface to be cleaned. Therefore, cavitation will occur mainly where it is actually
needed. This hold not only for smooth and plane surfaces but also for irregularly shaped surfaces,
for parts with impressions or dips of all kinds.

In conventional cleaning these forces are produced by external or internal friction, for
instance by treating the contaminated surfaces with brushes, or by squirting them with cleaning
solvent. Furthermore, vigorous motion and mixing of the liquid enhances the cleaning process
considerably since it continuously removes the used solvent, i.e. that part of it which his already
saturated with the contamination, and replaces it with fresh liquid.

And there are also any kinds of cleaning processes by using ultrasonic usefulness which

are arrangements of piezoelectric composite transducers for the operation of cleaning as below

—th P o—

- t,f/\u/%/%/ = \u/u
HYYEYY

(b)
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Fig. 2.13 Arrangements of piezoelectric composite transducers for the operation of cleaning
tanks; (a) Removable arrangement, (b) immersion arrangement

Figure 2.13 shows an industrial ultrasound application in cleaning processes. In working

of the arrangements of piezoelectric composite transducers for the operation of cleaning tanks; (a)

Removable arrangement (figure 2.13(a)), immersion arrangement (figure 2.13(b)).



Chapter 3

Tomographic Processes and Reconstruction Algorithms

The rays of audible sound pass through the object by using some medium which has low
diffractive index; the assumption of the non-diffracting source is valid because the refractive
index of the traveling path is homogeneous. As a result, the conventional theorem for direct ray
can be applied to the computed tomography with a few changes.

Integrations being along straight lines through the object and being referred to as line
integrals. We will show that is the key to tomographic imaging

In this chapter, the introduction to the meaning of cross sectional image, tomographic
imaging for non-diffracting source, including a parallel-beam tomography and algebraic

reconstruction technique, is described concisely.

3.1 Cross-Sectional Image Meaning

In natural, human visible is caused from the incident light at the object. The incident light
is reflected to retina of human’s eyes and finally displayed on human’s eyes as image. Which
opaque incident light object will show only the image external surface to human’s eyes; not
display the internal surface of objects image.

From this limitation, the conventional researcher invented a high electromagnetic energy
machine such as X-ray for issuing the object. In the x-ray case, the measured data only
approximately correspond to a line integral. The attenuation of an x-ray beam is dependent on the
energy of each photon and since the x-rays used for imaging normally contain a range of energies
the total attenuation is a more complicated sum of the attenuation at each point along the line.
Moreover, there is the other case else; in the ultrasound case; the errors are caused by the fact that
sound waves almost never travel through an object in a straight line and thus the measured time
corresponds to some unknown curved path through the object. Fortunately, for many important
practical applications, approximation of these curved paths by straight lines is acceptable.

Nowadays, fundamental considerations of the projections are used for cross-sectional

imaging. There are also the reflection mode and emission tomography beside the existing
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transmission mode tomography; which each sources will be used in different conditions such as
magnetic resonance imaging: MRI or called as nuclear magnetic resonance imaging: NMRI;
Magnetic resonance imaging is based on the measurement of radio frequency electromagnetic
‘waves as a spinning nucleus returns to its equilibrium state. Any nucleus with an odd number of
particles (protons and neutrons) has a magnetic moment, and, when the atom is'placed in a strong
magnetic field, the moment of the nucleus tends to line up with the field. If the atom is then
excited by another magnetic field it emits a radio frequency signal as the nucleus returns to its
equilibrium position. Since the frequency of the signal is dependent on not only the type of atom
but also the magnetic fields present, the position and type of each nucleus can be detected by
appropriate signal processing.

Both of positron emission tomography: PET and single photon emission tomography:
SPECT use a method of gamma-ray photons distribution by injection; a cross section of a body
can be shown by a distributed source emitting gamma-ray photons. For the purpose of imaging,
any very small, nevertheless macroscopic, element of this source may be considered to be an
isotropic source of gamma-rays. Which injecting the gamma-rays to blood vessel causes a body
distributed source emitting gamma-ray photons; an emitting quantity is depended on a collection
quantity of organs in body. This technique is mostly used for cancer diagnostic because a cancer
can be absorbed the gamma-ray photons greater than normal organs. These gamma-ray photons
absorptions are depended on the gamma-ray; normally, sugar is mostly used to mix with the
gamma-ray photons. Because a high absorption of cancers is caused by higher distribution of
gamma-ray photons in those areas than the other then we can notice clearly the position of the

cancer.

3.2 Parallel Beam Tomography

When array of sources and array of detectors are arranged correspondingly, the rays are
considered as parallel beams since all the rays® paths are parallel to one another. This is the key
property of the parallel-beam tomography, the theories of which include parallel-beam projection,

Fourier slice theorem, and parallel-beam backprojection.
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3.2.1 Parallel Beam Projection Data

Parallel-beam projection, or the Radon transform, of function f{x,), denoted by Pg(1), is
defined as its line integral along the line AB, which makes perpendicular to another line inclined
at angleefrom the x-axis, at the distance ¢ from the origin. Practically, function f{x, y) is the
cross-sectional image and function Pg(?) is the projection at specific angle.
If the rotated coordinates (¢, s) from (x, y) with angle O was given by equation 3.1. Then the

equation of line AB in Figure 3.1 would become an equation 3.2.

b cos@ sind | x -
s| |-sinf cosf| y '

xcosf@+ ysinf =t 32
From Figure 3.1, the projection of function f{x, y) can be expressed by line integral as the

equation 3.3. By changing coordinates to normal and using delta function.

P = ‘] f(t,s)ds 33

Equation 3.3 is rewritten as equation 3.4 respectively,

B,(t)= u]?f(x,y)é‘(xcos&+ysin9—t)dxdy 3.4

——0

Fig. 3.1 Parallel-beam projection of function f{x, y) at angle 0
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3.2.2 Fourier Slice Theorem

Figure 3.2 shows proving of the Fourier slice theorem relates one-dimensional Fourier
transform of the projection to two-dimensional Fourier transform of the cross-section. This
relation is the principle which leads to the filtered-backprojection algorithm. One-dimensional
Fourier transform of the projection at angle 0 is given by equation 3.5.

Where (0 is the frequency axis; substituting equation 3.3 into equation 3.5 yields as

follow

Sy(@)= [P, (H)e ™ dt 3.5

—0 |~

S,(w) = G]‘Ii °]. f (t,s)ds]e‘j 2mot gy 3.6

Then change the coordinates to (x, y) by using equation 3.3 and equation 3.4 becomes an equation
3.7. After that the Two-dimensional Fourier transform of the cross-section can be written as

equation 3.8

Sa(a)) = J' If(x,y)e-j2m(xcosa+ysin0)dxdy 3.7
F@y)= | [fGy)e " duy 38

Fourier Transform

P <

Space Domain Frequency Domain
Fig. 3.2 The relationship between the projection of the object and the Fourier transform of the

object function
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From equation 3.7 and equation 3.8, it is obviously seen that the one-dimensional Fourier

transform of the projection SG (D) is related to the two-dimensional Fourier transform of the

cross section F (u, v) when the polar coordinates ( co,G ) is changed to the Cartesian coordinates

(u, v), or

S,(®) = F(@,0) = F(wcos8,wsinf) = F(u,v) 3.9

This relation is the Fourier slice theorem which is stated by [6] as the following:
The Fourier transform of a parallel projection of an image f{x, y) taken at angle
0 gives a slice of the two-dimensional transform, F (u, v), subtending an angle

O with the u-axis. In other words, the Fourier transform of projection data p9 @

gives the value of F (i, v) along line AB in figure 3.2.

3.2.3 Filtered-Backprojection Algorithm

From the Fourier slice theorem, the filtered-backprojection algorithm [20] is derived to
reconstruct the cross section from a series of projections. Practically, the backprojection can be
thought as smearing all the filtered projections across a 2D-plane as shown in figure 3.3.

Two-dimensional inverse Fourier transform of the F (i, v) is given by

f@y)= [ [Faune = dudy 3.10

—0—®0

Change from the Cartesian coordinates (1, v) to the polar coordinate ( 0),9 ) by using

u=wmcosé
v=wsind 3.11

dudv = wdwdd
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Fig. 3.3 The concept of reconstruction by backprojection

From above equations 3.10 and 3.11, two-dimensional inverse Fourier transform of the
F(C(),H) is given by equation 3.12. Then expanding the outermost integration to two parts

(equation 3.12), from 0 to 7U and from 7T to 27U as equation 3.13

2me0

f(x,y) e J‘J'F(w’g)eﬂim)(xcos0+ysim9)wdwd0 312
00

f(x,y) = IIF(a), e)ej27tm(xc050+ysin0)wdwd6
00

oo
+ IIF(CO,@ +180° )ej2mz)[xcos(0+l80')+ysin(0+180')]a)da)d0 313
00

Using property in equation 3.14 to equation 3.13 then we can rewrite as equation 3.15

F(,8+180°) = F(-0,6) 3.14

F3) = | [F(@.6)™oldad6 3.15
0 —c0
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From the Fourier slice theorem in equation 3.9; the projections are related with the cross section

by this expression
f@&y) = [ [Sy@ole* ™ dod6 3.16
0 -

An equation 3.16 is the filtered-backprojection algorithm, in which |@)] is the ramp filter
and so ((0) is the Fourier transformation of the projection P g(2). The algorithm can be separated

into two parts; the backprojection and the filtration, as equation 3.17 and equation 3.18

fx%,y)= [Q,(xcos0 + ysin6)de 3.17
0
0,) = [S,(@)ple’*™do 3.18

3.3 Ultrasonic Computed Tomography

Ultrasound computed tomography (UCT) is very similar to x-ray tomography. In both
cases a transmitter illuminates the object and a line integral of the attenuation can be estimated by
measuring the energy on the far side of the object. Ultrasound differs from x-rays because the
propagation -speed is much lower and thus it is possible to measure the exact pressure of the
ultrasonic wave as a function of time. From the pressure waveform it is possible, for example, to
measure not only the attenuation of the pressure field but also the delay in the signal induced by
the object. From these two measurements it is possible to estimate the attenuation coefficient and
the refractive index of the object.

Ultrasonic computed tomography (UCT) can be classified into two mode. Those are
transmission-mode UCT and reflection-mode UCT. The first one will be discussed in section

3.4.1 and the other one will be discussed in section 3.4.2.
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3.3.1 Fundamental Transmission-Mode UCT

Transmission-mode UCT like the x-ray case, first consider ultrasonic waves propagating

from a transmitting transducer through a single layer of tissue and measured by a receiver on the

far side of the tissue, as diagram in figure 3.4.

)
Receiver T,
water L =1+,
Transmitta 7

x(1)
Fig. 34 the beam undergoes a phase shift as it goes through the water

Figure 3.4 shows as an ultrasonic beam travels between two transducers in the case of the

beam undergoes a phase shift as it goes through the water which has an internal intensity value

which shown equation 3.19

Y, () =X(NH,(NH,(f)explHe, (/) + JB., (L +L,)] 3.19

Where

Y (f) is the Fourier transform of y,, (f)

X(f) is the Fourier transform of x(¢)

H,(f) is the transfer function of the transmitter

H,(f) isthe transfer function of the receiver

a, is the frequency-dependent attenuation coefficient of the water.

:Bw is the frequency-dependent phase coefficient of water.
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In addition, because ultrasonic waves in the range 1 to 10 MHz are highly attenuated by
air, the tissue layer is immersed in water or another fluid. Water serves to couple the energy of the
transducer into the object and provides a good refractive index match with the tissue. Ignoring the
effects of refraction, here we will model the received waveform by considering only the direct
path (or ray) between the two transducers.

Furthermore, the related equation of this figure can be shown as equation 3.19 where a
received signal is directly related to a transmitted signal, the transfer function of transmitter and

receiver especially related to the attenuation of ultrasound in water.

¥(r)

x(1)

Fig. 3.5 As an ultrasonic beam travels between two transducers through water and object.

Figure 3.5 shows as an ultrasonic beam travels between two transducers in the case of the
beam undergoes a phase shift as it goes through the water which has an internal intensity value
which shown equation 3.20.

The related equation of this figure can be shown as equation 3.20 where an ultrasonic
beam travels between two transducers through water and object; where a received signal is
directly related to a transmitted signal, the transfer function of transmitter and receiver especially

related to the attenuation of ultrasound in water.
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Y(f) = X(NHH,(NHH, ()4,
exp[-{a(f)+ jB(f)exp[-e, () + B, (NH).] 3.20

Where

Y(f) is the Fourier transform of over all of medium y(#)

A, are the transmittances of the front and the back faces of the layer.
(4, =1,1,)

a(f) is the attenuation coefficient of the tissue layer

B(f) is the phase coefficient of the tissue layer

L is the thickness of the object

Z, is the water path lengths on two sides of tissue layer (£, = £, + £ ;)

Now we mention about the using re a'relationship of equation 3.19 and equation 3.20

then we can rewrite as equation 3.21

Y(f) =Y, (N4, exp[-(a(f) - &, (NN + (B - B, (D] 3.21

When we consider the ultrasonic attenuation for the water mediuma,,( f) from (table

A.1 in appendix A) the ultrasonic attenuation for the water medium &, (f) is much smaller than

the ultrasonic attenuation for the tissue medium and the ultrasonic attenuation for the water

medium may simply be neglected.

Y(f) =Y, (N4, exp[-{(a( ) + (B - L. N 3.22
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»(f)
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Fig. 3.6 As an ultrasonic beam travels through both the water and a multilayered object.

Extending this rationale to multilayered objects such as the one shown in figure 3.6, we

get for the Fourier transform Y(#) of the received signal:

Y() = X(H ; OH ; YA exp [— Jf (05,9 + P f)]de
ep[—iP,, 08,1 3.23

Where

a(x, ) is the attenuation coefficient of the tissue layer atx

B(x, f) is the phase coefficient of the tissue layer atx

Now, they are functions of position along the path of propagation.

An equation expresses the relation between an ultrasonic beam travels through the water
and a multilayered object can be shown as equation 3.24.

Where a received signal is directly related to a transmitted signal, the transfer function of
transmitter and receiver especially related to the attenuation of ultrasound in water. In addition,

the attenuation of ultrasound is depended on the specific medium that ultrasound has passed.



31

Equation 3.23, we may consider size effect depended on attenuation and phase-shifted
effect depended on phase changing. Using a relation between equation 3.24 and equation 3.25

then we can rewrite as equation 3.26,

Bx, f)=2af 1V(x) 3.24

BN =217, 325

Y() = AgY,, (Pexpl— LZ Ol(x, Hdx]

exp[—j2Tf L)K(I/V(x) - 1/V,, )dx] 3.26

Where

V(x)  is propagation velocity in the layer at x

v, is propagation velocity in the water

Equation 3.26, we may consider y(1) = y,w (t —tz) to be an “attenuated” water path
signal. This is the assumed signal that would be received if it underwent the same loss as the
actual signal going through tissue. By the shift property, the relationship depicted in equation 3.26

may be expressed as

LI
;= (—=—)d& 3.27
V) -V,

In equation 3.27, we can imply our discussion on refraction; a comparison of actual

signal goes through tissue and water in equation 3.28 can be rewritten as

Yy
V(x)

3.28

n(x) =

10
Ty =— L (1= n)ax 3.29
VW
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In equation 3.27 and 3.29 shows the time data during an ultrasonic pulse wave’s traveling
passed through tissue. These projections data are used to reconstruct the cross-sectional object
which called as “sound velocity tomography.”

In addition, if we adjust an existing sound velocity data of equation 3.15 to be refractive
index data we will call this tomography as the “refractive index tomography.” which shown as

equation 3.30 will be discussed next section.

3.3.2 Projection Data Estimation for Transmission-Mode UCT

The refractive index of the object calculation method is depended on delay time during
ultrasonic pulse wave travels. The differences between delay time of ultrasonic pulse wave travels
of water path and object path in one round of linear scan.

Ultrasonic Refractive Index Tomography on Transmission-Mode UCT: is related to the

phase shift and the attenuation of an ultrasonic signal, x(?), as it travels through water,

y,(0), and is attenuated, yw'(t), and then phase shifted by the object, y(%), are shown on

figure 3.7. The diffractive index of water is related to water used to compare sound

velocity while neither there is object nor there is not object. When we considerate the

equation 3.30, we will see the object diffractive index estimation.

3.30

S
Il
< |°<

When

n, denotes for the refractive index of object

v,  denotes for the object sound velocity

v, denotes for the sound velocity in water, normally it contains 1500 m/s sound
velocity

from the equation 3.31, we saw that it does not express a sound velocity. But the sound

velocity in water at any temperature is always expressed.

3.31

o~ | e~
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When

! represents to the total path length at time £

t  represents to the time at distance [

Suppose that, we replace the sound velocity as equation 3.32 into equation 3.33. Then we
can rewrite them as below.

1/t

o o

/t

w w

n,=

3.32

P

& |°<

Equation 3.32 shows a consideration of water path length (/,,) and object path length
(1,); which water path length is equal to object path length or (I,=1,) then give us a
results of a period that ultrasound used for traveling. We can use the ultrasonic traveling

period to find the diffractive index shown as equation 3.34

n,=— 3.33

The diffractive index equation is shown as equation 3.33 is used to find the diffractive
index in our experiment. In addition, the measured signals are achieved from
oscilloscope can give us only the data in time domain (delay-timed data). Furthermore,
equation 3.33 is the diffractive index solution which gives us directly the position of
ultrasound. On that equation, we can use the time of ultrasound’s traveling to find the

diffractive index.

Ultrasonic Transducer

Hydrophone

Ultrasonic Transducer Hydrophone

Fig. 3.7 Basic schematic model of object diffractive index estimation
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Figure 3.7 shows a signal. An ultrasound passes through the same distance in different
time. The time of ultrasound’s traveling is depended on the object density where area has
high density object can absorb more ultrasound as well then give us more time

consumption of ultrasonic’s traveling in water.

Fig. 3.8 A graph of calculation of the time of the ultrasound; above model represents a water

path length signal while a bottom model represents an object path length signal.

This limitation of the ultrasonic diffractive index tomography is the diffractive index
measurement. The phantom model must be measured before scanning by ultrasonic transducer.
This technique can measure only the specific objects that connected to a transducer. The specific
objects should be only the rectangular shape that invented by the mould.

The diffractive index of phantom will not be measured in necessary value, if there is an

interior gap or other density in specific phantoms.
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Fig. 3.9 A rectangular homogenous phantom diffractive index measurement

Figure 3.9 shows a rectangular homogenous phantom is measured a refractive index by a

refractive index measurement.

Practical Concept of Projection Data Estimation for Transmission-Mode

A procedure of projection data estimation for transmission-mode UCT [8] is used to
calculate the object projections at specific angles (i.e. 2,4, 6,10 degree angle interval).
In the procedure of collecting the projections, the objects were issued on parallel linear
scan direction. In addition, the obtained specific signals are displayed on the

oscilloscope can be shown as figure 3.13. In addition, the obtained projections at each

scanning point are transmitted to the PC by using a GPIB card.

Tok Run: 500M5/78 Sample
: t

SRS * I 17 3¢ 1) I A X
=8 200mv 230ns D 100ns

Fig. 3.10 A obtained signals is recorded on an oscilloscope
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In addition, of a procedure of projection data estimation for transmission-mode UCT [8];
here our aim is making the cross-sectional images from the refractive index coefficient of soft

tissue projections where the acquisition system can be shown as figure 3.11.

Je Mz Amplitude Data  Phase Data

Ultrasonic Scattered Field Hydrophone Projection Data
Transducer

Fig.3.11 A schematic of projections estimation from delay time in transmission-mode UCT

In the transmission-mode UCT (8], ultrasound image sequence transmission experiment
was performed using 3.5MHz ultrasound frequency to evaluate this system. The experiment
showed projection data results. Resolution preference method enables to display an ultrasound
image in the resolution of 128 x 128 pixels of the image.. Furthermore transmission delay [8] was
less than 1 second in this method. This system is expected to be useful for breast cancer
diagnostic basis having high resolution and frame rate.

Transmission- mode Ultrasonic Tomographic System

The transmission-mode UCT system can be expressed as the acquisition figure 3.12. The
system consists of a 3.5SMHz ultrasonic transducer and the wide-band ultrasonic hydrophone
submerged in the water tank lining with anti-reflective material. The transducer and the
hydrophone are connected to a computer-controlled linear scanning system which is capable of

moving 1mm/step. In the transmission mode UCT, similar to the x-ray CT,
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Rotate and

Transmitter ~ *¢ o Receiver

32 x 2 Vertical Array

(transmitt & receive)

Fig.3.12  Basic schematic of transmission-mode ultrasonic tomography

the transducer and the hydrophone are aligned on the opposite site of the phantom. In each
position, the integrated refractive index of the phantom, i.e. the projection data, is measured from
the difference between the transit time of ultrasound through the phantom and the transit time
through the direct water path. After completing linear scan, the phantom is rotated and a

projection collection process is repeated.

3.3.3 Fundamental Reflection-Mode UCT

In this thesis, we aim into the reflection-mode tomography. The basic aim of reflection-
mode UCT is to construct a quantitative cross-sectional image from reflective data. One nice
aspect of this form of imaging, especially in comparison with transmission tomography, is that it
is not necessary to encircle the object with transmitters and receivers for gathering the
“projection” data; transmission and reception are now done from the same side.

Projections data estimation, this thesis focuses on frequency-shifted method to estimate
the projection data by using the shifting of power spectrum.

Finding the projections from the frequency-shifted method [23-24] is the algorithm
used for projection estimating the projections data. The procedure is used in calculating the

projections data from the attenuation coefficient values shown as figure 3.14.
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Fig.3.13  The waveform of incident and reflected pulse. Where the reflections occur at the

tissue interfaces.

Figure 3.13 shows the principle of the reflection-mode ultrasonic tomography. when the
tissues is issued by an incident ultrasonic pulse wave then the ultrasonic pulse wave will pass a
multilayer of the tested tissue next give us reflected ultrasonic pulse wave but in this method
integrated linear slope we focused on the only the latest ultrasonic pulse wave which issued the
last layer of the object.

Firstly, the basic principle of reflection mode UCT mentioned; the above mathematical
procedure illustrates an ultrasonic computed tomography in reflection mode which contains
transmitted/received signals on the same transducer. A collection of the projection data can be
obtained from the attenuation coefficient values while the attenuation coefficient G/(x, y) is then
able to be computed from the differences of logarithm of power spectrums of the incident pulses
and the reflected pulses because Ol(x, y) is the distribution of the spectrum analysis of the
attenuation coefficients.

Figure 3.13; the object is insonified by a pulse beam wave pr(t) and a reflected
signal p,. (t,X : 9), where  is a function of the insonifying angle and ¢ is time; both of these
signals are measured on the same transducer. This system in figure 3.13 is roughly the same as

the pulse-echo ultrasonic imaging system. Therefore, technology transfer from the conventional



39

system is easy. Also, figure 3.13 proves that is possible to measure the data even though there is
bone together with a scanning line.

Secondly, we mentioned about the projection data estimation which derived from
extracting integrated attenuation coefficient from the reflected ultrasonic pulse wave which
assumed as the linear frequency independent model of the attenuation coefficient; this method
will be known as the process of proposed method shown in figure 3.14.

Bring to mind again that p,. (t,X : 9), or simple p,. (t) , is a time-varying signal which
consists of pulses reflected at tissue-tissue and object-water interfaces as exposed in figure 3.13.
The transmittance and the reflectance at the " interface; then, considering that the attenuation
coefficient is proportionate to frequency under the assumptions that ultrasound travels in straight
lines through the media and that the attenuation of absorption is the only attenuation, pr(t) is

expressed as

N
OIS0 -

n=
I
n
~2 [ols y)say
N n—1 II
ren(t)—— zrn,n+1 IT tk,k+]'tk+],k xpi(t—’lin)e +n(t)
n=1 k=1
l b
n
—2 [0x, y)fd¥
N n—1 )
ren(t): Z“/EN HTk xpi(t—’tn)e I +n(t)
n=1 k=1
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Where N is the number of tissue-tissue and object-water interfaces, T , is the delay time matching
with the distance from the transducer to the n ™ interface, f'is frequency, n(?) is white noise and
Ol(x,y) is the distribution of the slope of the attenuation coefficient.

Here, recall that p,. (t) has its bandwidth in the frequency domain. In this equation, we
record the last echo pulse, 7,y (t) Then, by the temporal Fourier transform, equation 3.36 is

shown as
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3.36

Where R,y ( f ) » B ( f ) is the temporal Fourier transform of rgp (t) and p; ( t) . This
equation demonstrates for that the center frequency of R, ( f ) is shifted to a low frequency
than that of Pl( f ) . As a result, the waveform of r,y, (t) happens to be slower than that of
pi(t) since the higher the frequency is, the larger the value of the attenuation coefficient is.
Where ,B(ﬁ is the phase shift of the tissue.

The frequency shifting method firstly purposed for the reflection mode tomography. It is
employed to extract the integrated attenuation coefficient from the reflected waveform, as shown
in equation 3.37. This method assumes the linear frequency dependent model of the attenuation

coefficient, or G(f) = QOIf].

Jero (x, y)ds = QG_Tf— 337

The value f,and f, are the frequency where the amplitude of the incident pulse and the
latest reflected pulse are maximum value, and o2 is the variance of the power spectrum. In the
case of reflection mode, half must be divided from the right hand side of the formula by the fact
that the received pulse travel forth and back through the tissue. The flowchart of this method can

be show as figure 3.14.

pi® reN(®)

F i o g
l FFT lvn
! T | Ren(p) |
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Fig. 3.14  The processes of deriving the projection data
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Figure 3.14 is the processes of deriving the projections data. This process shows how to
find the projections data from calculating the attenuation by using the frequency-shifted method.
An estimation of the projections data from the frequency-shifted method is the way to extract the
projection data by the different peaks of the first incident ultrasonic pulse wave p; (t) and the
latest reflected ultrasonic pulse wave rg, (t) . Firstly, we take Fourier transform of the first
incident ultrasonic pulse wave F; ( f ) and the latest ultrasonic pulse wave Ry ( S )to find the
power spectrum. The power spectrums give us the peak of the incident ultrasonic pulse wave and
the latest reflective ultrasonic pulse wave. Finally, we can calculate the different peaks values
between the incident ultrasonic pulse wave and the latest reflective ultrasonic pulse wave as
shown in figure 3.14 then the results give us a value that related to a projection data.

To provide numerical evidence, we opt to use the Mean Square Error (MSE) for deriving
the error between the reconstructed image and the original image. The formula of. MSE is given

by equation 3.38

[ [lote.3)=0'x,»)-T axdy
_[ I[o(x, y )]2 dxdy

MSE = x100 3.38

In equation 3.38, the mean square error can be calculated from the integral 2D data of the
original object and the reconstructed object with power 2 then divided by the integral 2D data of
the original object, final MSE results (the error results) give us in percentage error by multiplying
the 100 percent.

The object attenuation coefficient value is mainly calculated for deriving the projection
data in reflection-mode UCT.

This thesis introduces the attenuation coefficients estimations in a way of the frequency-
shifted methods which is discussed as followed.

Using the referred table A.2 (appendix A) is expressed about the ultrasonic attenuation in
specific medium such as soft tissue. We then can find the object thickness. In object thickness
measurement can be done by the sound velocities and sound distances passed through the objects

shown as below equation 3.39

S=vxt 3.39
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Where

S is the ultrasonic traveling path length (m).

v is the ultrasonic velocity passed through the water (m/s).
t is the pulse period.

The above equation can be applied to calculate the reflected pulse position.

Rotate and Repeat
Linear Scan

Linear Scan

Receiver

Transmitter

32 x 2 Vertical ;
(transmitt & r

Fig. 3.15  Basic schematic of reflection-mode UCT

Reflection-mode Ultrasonic Computed Tomographic system

Reflection mode UCT shown as figure 3.15 is the system that used for investigating
where the transmission and reception are now done from the same side and also submerged in the
water tank lining with anti-reflective material. The ultrasonic transducer is connected to a
computer-controlled linear scanning system which is capable of moving lmm/step. In the
reflection mode UCT, similar to the x-ray CT, the ultrasonic transducer is aligned on the opposite
site of the phantom. After completing linear scan, the phantom is rotated and a projection
collection process is repeated. From these two measurements it is possible to estimate the

refractive index and the attenuation coefficient of the object.



Chapter 4

Experiments and its Results

An introduction about the reflection-mode UCT with integrated linear slop and
frequency-shifted method was applied and practiced in chapter 3 is a basic principle for the real
simulation and experiment that will be introduced and expressed in this chapter. This chapter
mentions about the simulated system and experimental system including their reconstructed
results on various tested models and objects. In addition, the chapter will be systematically
organized as listed follow: (i) simulated system, its results, (ii) experimental system, ultrasonic
transducer (reflection mode), pulse generator (Pulser), water tank, translator + rotating platform,

oscilloscope, personal computer, projection estimation from obtained data, reconstructed results.

4.1 Experimental System

The experimental system is a system that is used to collect the projections data from
various objects such as: metals (a cylinder metal, a non-cylinder), phantom (homogenous, in-
homogenous). The experimental system operation can be demonstrated as following: the SMHz
ultrasonic pulse is generated from pulse generator to a transducer. The generated pulse will be
transmitted to the test objects (called phantoms) and reflected from them; the test objects must be
submerged in the water tank with around 30cm high + 60cm length to avoid a multi-reflection
case. The medium for this experiment is the water. Because the ultrasonic signal has a bit changes
(0.0025 dB/cm referred from table 3.1) in water. The transducer is mounted on the cylinder
aluminum which attached to motors. It will be translated 1 mm step by motor controlling. The
transducer will be translated from left-to-right (or right-to-left) till projections data are achieved
in sufficient views.

Signal-to-Noise Ratios (SNR), the Signal-to-Noise ratios in experimental system are
ignored because the ready phantom (tested object) used in the experiment. The tested objects are

symmetry and homogenous properties.
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Rotating platform
Proiection Data

Fig. 4.1 A schematic of an acquisition system

The obtained projections data from each view of linear scans are recorded by personal
computer (whenever obtaining the every one projection data along one linear scan is achieved) by
using a GPIB card interface worked as a connector to the PC. After altogether sufficient view
along linear scan line are completed. We then take those of projections data in sufficient views to
reconstruction algorithms such as: simple backprojection and/or filtered backprojection for
reconstructing the cross-sectional image/object resﬁlts.

Note that, the rotating platform will be rotated whenever one projection data is achieved.
It is rotated to allow the ultrasonic transducer to scan in other angles till finishing altogether
projections data; the rotating platform will be controlled by adjusting angle toll while the
adjusting angle tool will be again controlled by user.

In addition, the components of the experimental system can be listed as following: an
ultrasonic transducer, an ultrasonic impulse generator, a water tank, a translator part and rotating

platform. All detail and model for those components can be introduced as the next section.
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4.1.1 Ultrasonic Transducer

Ultrasonic transducer is a main component in our experimental system which used to

scan and receive the data from insonifying the object.

V309-SU-F

Fig. 4.2 Ultrasonic transducer used in experimental system

An ultrasonic transducer (figure 4.2) is used in system works as a plane-wave function
with resonance frequency at SMHz. it will transmit every 5MHz to the test object and reflects
whenever it sees the different diffractive index of tissue; it transmits/reflects SMHz ultrasonic
frequency, but the frequency shifting is ocecurred because of the attenuation of the ultrasound after
reflecting occurred.

The cylinder transducer can scan ina wide length of linear scan and saving a time for
scanning. In addition, the advantage of this ultrasonic transducer can be listed as: the immersion
technique provides a means of uniform coupling; Quarter wavelength matching layer increases

sound energy output.

4.1.2 Ultrasonic Impulse Generator

Ultrasonic impulse generator works as generating the ultrasonic impulse for ultrasonic

transducer. An Ultrasonic Impulse Generator is manufactured by Panametrics Company Limited.
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The ultrasonic impulse generator also works in two mode; the transmission-mode and the

reflection-mode.

Fig. 4.3 Ultrasonic Impulse Generator, Panametrics Model : SOOPR

4.1.3 A Water Tank

This water tank is used for containing the medium water, sized as 35cm high x 70 cm
length area. It is not used for containing the medium water but it is also used for allowing other
experimental equipments such as: translator part, rotating platform, and etc, shown as below
figures 4.4 and 4.5. As noticing at the water tank’s wall, we can see signals absorber components
attached around it for defending multi-reflection of ultrasound. Ultrasoni¢ test systems can take
several forms, but the most common for automated test is immersion testing. To have good
acoustical impedance matching between the couplet and the UUT and free range over the entire

surface of the UUT, many test systems use an immersion tank filled with water.

4.1.4 Translator Part and Rotating Platform

This stage consists two parts: a translator stage that is controlled by step motor to
translate a translator stage step by step on projections collection procedure while a rotating
platform is controlled by user. It will support a rotation of objects for adjusting angles by a user
whenever a collecting the projections data are achieved at a time of linear scanning. A rotating

platform can be shown as figure 4.4.
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(b) Over View

Fig. 4.4 A water tank in our experimental system

4.1.5 Oscilloscope

An oscilloscope is mainly component in our experimental system. It works as a function
of monitoring the signals such as: a trigger signal (shown as channel 2), received signal (shown as
channel 1). After monitoring the signal, scope will transmits the obtained signals to the personal
computer which connected by GPIB card works as connecter between pc and scope.

Recall, the oscilloscope is used for transmitting the data to personal computer for

procession besides measurement and records any signals. In this experimental system a Tektronix
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Model: TDS 360 oscilloscope, a GPIB card (IEEE-488 GPIB: General Purpose Interface Bus) is
used for displaying the signals and being medium between transferring the signal to the PC.

In any period, a 1000 points ultrasonic pulse signal is transmitted to the PC sampled by
high sampling frequency (at 25SMHz) which the obtained data has probability as 256 values and

transmitted as 8 bit ASCII which are 0x00 till OxFF.

Fig. 4.5 An oscilloscope is used in our experimental system

The oscilloscope’s operation; in an ultrasonic pulse measurement is mainly read as wide
length time axis so it reason that an oscilloscope give us a data in period. The general
measurement of the oscilloscope is in period of time. So the users can adjust a time bottom to

display any period of the displayed pulses.

4.1.6 Personal Computer (PC)

One main important in this experimental system is a Personal Computer (PC) used for
signals processing including the receiving the signals form oscilloscope. The PC’s components
are as listed follow: central processing unit: CPU Intel® Pentium3 733 MHz, with Random access

memory: RAM 512 MB memory size.



Fig. 4.6 An overview of personal computer is used in our experimental system

4.2 Experimental Estimation of Projections Data from Reflected Data

One main important in this research is the experimental system which concludes the PC
used for signals processing including the receiving the signals form oscilloscope. The overview of

the experimental system can be show as figure 4.7.

Fig. 4.7 The components in a water tank in our experimental system
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This stage consists four main parts:

1. A tested object (phantoms, metals, etc.) is scanned by an ultrasonic transducer
mounted on the connecting tools.

2. A section of position displacements (translator stage) works as a holder while a
transducer is scanning the tested objects. In addition, a translator shifted 1 mm
per every movement of a step motor*.

3. a section of adjusting the angles is used for rotating the object till altogether
sufficient angle ie. 180, 360, or the object characteristic (homogenous or
in- homogenous ).

4. A section of rotating platform works as a plate for support base of the tested

objects. This part is connected to the (3).

4.2.1 Finding the Position of the Ultrasonic Pulse on the Oscilloscope

An estimation of projection data by attenuation measurement can be done by take Fourier
transform of the attenuation of the objects which can be obtained from an incident ultrasonic
pulse and the latest ultrasonic pulse. Where the incident ultrasonic and the latest ultrasonic pulse
can be determined as followed.

The incident ultrasonic pulse can be measured by calculating the distance of ultrasonic
pulse from ultrasonic transducer’s surface to the first object’s layer. The incident ultrasonic pulse
can be calculated by referring the sound velocity (appendix A) and the time of ultrasonic pulse

from an ultrasonic transducer’s surface to the first object’s layer. Suppose we know the length
from the ultrasonic transducer’s surface to the first object’s layer 1 cm length, sound velocity of
water 15.00 mm/[1s. To calculate the position of the wave, we can do as following formula.

Step: v=_ 1500 mm/Hs.

s= lcm=>10mm

2s= vaxt=>t=2xs/v

2 x 10 mm/ 15.00 mm/}1s.

t=13.33 Hs. Isthe time where the incident pulse.

The reflected ultrasonic pulse can be calculated by referring the sound velocity (from
appendix A) and the time of ultrasonic pulse from ultrasonic transducer’s surface to the first

object’s layer plus the sound velocity of ultrasonic passed that metal. For example, s =V xt, then
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suppose we know the lcm length from the ultrasonic transducer’s surface to the first object’s
layer, sound velocity of water is 15.00 mm/[ds.

4.2.2 Procedure of Projection Estimation from Obtained Data on Simulation

The procedure for estimating the test objects, the incident ultrasonic pulse wave on the
simulation can be demonstrated (figure 4.8, figure 4.10). We firstly created the data such as a
human’s abdomen, an incident ultrasonic pulse wave. After simulating the tested object and the
incident ultrasonic pulse wave signal, we then can do a scans. The obtained data can be simulated
the results by a purposed method. A frequency-shifted method is applied to the simulated data
before applying the purposed method to the .experimental data.

A step to the obtained data estimation can be introduced as follow. The simulation of an
incident uitrasonic pulse wave and a phantom image as human’s abdomen characteristic. The
simulated ultrasonic pulse wave is initially synthesized for insonifying the object.

The computer-generated model served as a human’s abdomen is shown in figure 4.9,
sized 256 by 256 pixels, sampled 1 millimeter per pixel. Each parameters of phantom has the

attenuation coefficient of specific value per meter per megahertz (m.MHz)'l respectively.

Table 4.2 Mean Square Error of Reconstruction Images

Center Radius Gray level Alpha
x,y) (pixels) (0-255)

(0,0) 55.95 255 Bone
(0.,-1.27) 53.39 -127 Muscle
(15.29, 0) 14.6 -50 Liver
(-15.29,0) 19.81 79 Liver
(0.,24.32) 15.95 155 Fat
(0., 6.95) 3.20 124 Spleen
(0., -6.95) 3.20 124 Spleen
(-5.56,-42.05) 3.20 159 Spinal
(0., -42.05) 1.60 159 Spinal
(4.17,-42.05) 240 159 Spinal
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The table 4.2, data and parameters in table 4.2 are put into C++ programming for creating
the phantom model. A procedure of tomographic model designed to simulate the abdomen of the

human can be shown as figure 4.8.

Fig. 4.8 The procedure of tomographic model designed to simulate the abdomen of the

human.

After creating the phantom model, the created phantom model is contained as raw data as

shown in figure 4.9

Fig. 4.9 The tomographic model designed to simulate the abdomen of the human.
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Figure 4.9, the tomographic model created by using the parameters in Table 1, while it is
summary of center coordinate of image (x,y), radius in unit (mm), gray level (p) is expressed
begin from 0 to 1, respectively.

Estimation of incident ultrasonic pulse wave: in the simulation process, the model was
issued by the 5 MHz broadband ultrasonic pulse (figure 4.10), sampled at 20 MHz, along the
vertical axis. Its latest reflected pulse were then calculated and resolved by the frequency-shifted
method to get the value of the integrated attenuation coefficient. We do this repeatedly on the
horizontal axis from left to right, we got the array of attenuation coefficients, or called as the
projection at the zero angle. Next, the model was rotated by the degrees of two to simulate and
obtain the second projection. The process keeps going until we got 90 projections from the half-
plane stepping rotation. Subsequently, the model was reconstructed from all of the projections

using the simple filtered backprojection algorithm.

08} 1

04} 1

02

SNR (dB)

02 1

06 1

Fig. 4.10  The ultrasonic incident pulse (at 5 MHz frequency)
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Figure 4.10 is the incident ultrasonic pulse wave at SMHz centre frequency, with 20MHz
sampling frequency. The X-axis of the figure show frequency in hertz and the Y-axis is the signal
to noise ratio in decibel unit.

The Reconstructed Results of a Human’s Abdomen

From the results of tested phantom (with signal-to-noise ratio and with noise free)
reconstruction, the intersection profiles seems useless because of the absence of details inside the
images which are totally blurred from every viewpoint. (see figure. 4.11 (a), (c) for the original

images and see figure. 4.11 (b), (d) for the reconstructed images).

(a) 40 dB (b) 40 dB

(c) 30.45 dB (d) 30.45dB

Fig. 4.11 Reconstructed image models; (b), (d) are denoted as the reconstructed models;

(a), (c) are denoted as the objects with noise models
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(e)33.97dB (f) 33.97dB

(g)27.95dB (h) 27.95 dB

Fig. 4.12 Reconstructed image models; (f), (hg) are denoted as the reconstructed models;

(e), (g) are denoted as the objects with noise models

To proof whether hat our reconstruction results are accuracy or not, the mean square error

formula can help us to provide quantitative of the reconstructed results as shown in figure 4.10

and figure 4.11. The formula can be shown as equation 4.1.

Jj i
ZZ[O('X,Y) - Ol(x,J’)]z
MSE = 2=03=2_ x100 4.1)

3 Y lo(x, )P

y=0x=0

In additionally, the MSE values that is used to find the quality and the error of the cross-

sectional reconstructed image is shown in Table 4.1
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Table 4.1 Mean Square Error of Reconstruction Images

MSE /0

46.0206 17.9672 86.0206 15.9672

40 18.2638 80 16.2638
33.9794 19.2539 73.9794 17.2539
30.4576 20.9578 70.4576 18.9578
27.9588 22.9211 67.9588 19.9211

4.2.3 Procedure of Projection Estimation from Obtained Data on Experiments

UCT using integrated linear slope and the frequency-shifted method initially collect the
projections data from sufficient views of the object. The obtained projections data will be
calculated by assuming them as linear data.

A Procedure of Projection Estimation from Obtained Data on Experiments: To
estimate the projections data from an experimental system, we firstly find the ultrasonic position
(an incident ultrasonic pulse wave and the latest reflected ultrasonic pulse wave from the reflected
signals from the test object on the oscilloscope). A method is applied to estimate the projection is
a frequency-shifted method. An algorithm for finding the specific projections will be purposed as
following.

profile of image
0.6 v

05} 4

03¢ _
02F E
01¢f e

| |
01 . L

0 50 100 150 200 250 300
Number of projection data point [point(s)]

Normalized gray level [0-1)]

Fig. 4.13 A profile of aluminum data is measured from a aluminum reconstructed result
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Figure 4.13 express the aluminum reconstructed detail by showing the profile of
reconstructed results. On the left of profile, the amplitude is nearly smoothed because a
transmitted signal did not see any object so the gray scale of image assumed as zero while the
amplitude of profile is slowly increased when the transmitted signal see the first object interface.

The various data from oscilloscope were transmitted to the PC by using GPiB card

interface. Which obtained can be shown as figure 4.13.
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'8.24us  A: S0.0mV
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Fig.4.14  an example of reflected signal of aluminum measured from oscilloscope

Figure 4.14 shows an example of reflected ultrasonic signal from canning the aluminum
submerged in water. On a reflected ultrasonic signal, firstly, we take Fourier transform of an
incident ultrasonic pulse, a reflected ultrasonic pulse to convert them into frequency domain. Next
we take Logarithm both of them. Finally, we can find the attenuation coefficient of the ultrasonic

pulse from the object to find the projection data.
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4.3.1 The Reconstructed Results of Various Metals

In the reconstructed results of various metals, we see that the reconstructed image details

which are not totally blurred from every viewpoint (figure 416, figure 4.17, figure 4.18). This is

exactly right since the outer and inner pixels of the reconstructed models are still improved.
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Fig.4.15  an example of reflected signal of aluminum measured from oscilloscope

There are reconstructed results of various objects such as a rolled steel (with hole), a
rolled steel (with non-hole), rolled aluminum (multilayer, with hole) in figure 4.18, figure 4.19,

figure 4.20.



Fig. 4.16

Original rolled steel (with hole)

Fig. 4.17

Original rolled steel (with non-hole)
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Fig.4.18 Reconstructed result of rolled steel: steel (with hole)
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Fig. 4.19  Reconstructed result of rolled steel: steel (with non-hole)
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80 100 180 200 260

Fig. 420  Reconstructed result of rolled aluminum (multilayer, with hole)

In additionally, the MSE values that is used to find the quality and the error of the cross-

sectional reconstructed results is shown in Table 4.2

Table 4.2 Mean Square Error of Reconstruction Images

Rolled steel (with hole) 17.8105

Rolled steel (with non-
hole) 18.0972

Rolled aluminum

(multilayer, with hole) 19.2902




Chapter 5

Conclusion and Discussion

This thesis, we provide various insights into the knowledge gaps identified in Chapter 1.
We focus specifically on how an ultrasonic computed tomography works, especially the
ultrasonic reflection-mode tomography using frequency-shifted method. Chapter 2 deals with
introducing the ultrasonic general information. Chapter 3 explains about tomographic processes
and reconstruction algorithms, starts with the cross-sectional image meaning, parallel beam
tomography with parallel beam projection data, filtered backprojection data; ultrasonic computed
tomography on two modes concluding transmission-mode and reflection-mode. Chapter 4 shows
how a simulation is created and resulted; how to implement with an experimental system.

From the present knowledge it seems, that ultrasound computerized tomography is not
useful for imaging of the whole body, but it is suitable for imaging small organs such as mamma
infant.

We provide various insights of the related method into the researchto achieve the
ultrasonic reflection-mode computed tomography using frequency-shifted method. In this
attention, the used method was adapted to various types of objects. showing the satisfactory
results. In the other hand, we also can assume a linear line scanning as a directed ray and call as
the non-diffraction source. Because we assume a ray as a linear scanning line so the scanning line
works an x-ray.

Moreover, the system has to be capable of producing images with high resolution and of
performing the attenuation measurements. Some clinical measurements will be planed with the
combined UTCT/pulse echo scanner that after improvement might find wide clinical utility with
mamma and infant imaging in the near future.

In reflection-mode a conventional real-time ﬁ-scanner yields B-images with only one
linear array. Using ultrasound transmission computed tomography (UTCT) quantitative images of
acoustic attention, attenuation slope and acoustic velocity cén be obtained by means of two linear

arrays in opposition, that are rotated in a plan of the organ. In transmission-mode the transmitted
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pulses are acquired via a synchronizing and control unit developed by us. The measured

projections data are then fed into a personal computer, which calculates the appropriate images.
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Appendix A

Some Properties of the Objects

66

In consideration of ultrasonic attenuation @, in the water we can see that, the uitrasonic

erenuation is very low when we compare the ultrasonic attenuation in water to ultrasonic

aftenuation in other medium.

To show some of ultrasonic attenuation in some specific objects in a tabie A.1 [3] as below;

fhe atzenuated ultrasound of water can be ignored.

Table A.1 Sound velocity and objects attenuation coefficients

atior costficient
i PN m - £
Air 343 1.38
Water 1484 0.00025
Blood* 1550 0.02
Myocardium* 1550 0.35
Fat* 1450 0.06
Liver* 1570 0.11
Kidney* 1560 0.09
Bone 3360 1.3

Note: * = soft tissue

Table A.2 the tissue characteristic impedance and attenuation at 1 MHz

Blood*
Spleen 1-6 04
Liver* 1.65 0.7
Fat* 1-38 0.8
Brain* 1-60 0.8
Muscle* 1.65-1.74 1.5-2.5
Bene 32-74 1§
Lung* 0.26-0.46 40
Waitcr 1.49 0.0025

Note: * = soft tissue
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Table A.2 introduces the characteristic impedance and attenuation of the tissues for the
specific frequency at 1 MHz.
Note that, in calculating the characteristic impedance and the uvltrasonic attenuation, the

useful units are introduced. The units for the characteristic impedance and the ultrasonic

3
attenuation are O c(] 06 Ns/m ) and dB/cm), respectively.

In addition, when an ultrasonic wave travels through the specific object then results a
longitudinal velocity. That is a longitudinal velocity of ultrasound which used to find the time of
ultrasonic pulse wave position. One important component in finding the position of the ultrasontc

pulse on the oscilloscope is longitudinal velocity.

Table A.3 Sound velocity in materials

Aluminum 6.350 6350
Brass 4.430 4430
Copper 4,700 4700
Plexiglas 2.680 2680
Stainless 5.610 5610
Steel 5.940 5940
Water 1.494 1494

In object thickness measurement can be done by the sound velocities and sound distances

passed through the objects shown as below equation 4.8

S=vxt
Where
S is the ultrasonic traveling path length (m).
v is the ultrasonic velocity passed through the water (m/s).

t is the ultrasonic periods (s).
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