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A three-dimensional (3D) physical property imaging using ultrasound is proposed. A focused transducer
scans the layered object along x and y direction and the cross-sectional view of the object is obtained. The
reflection coefficient is then calculated by deconvoluting all the reflected waveforms. Unlike the conventional
B-mode echography where each region (layers) of the object was only indicated by the intensity of the reflected
signal (brightness), this study proposes a quantitative observation by converting each time-dependent reflection
coefficient into its physical property such as acoustic impedance.

Conventionally, deconvolution is performed by division in frequency domain. However, in practice, the
deconvoluted waveform suffers from the instability of baseline. This can be caused by improper spectrum
division (noise divided by noise) which will create a spurious in low-frequency components, resulting in a wavy
waveform when the result is brought back into time domain. Since the process of acoustic impedance conversion
is similar to the integration along time axis, any instability in baseline will lead to the accumulation of error as
integration goes deeper, which will appear as an artifact in acoustic impedance image. In addition, as the depth
of measurement target gets deeper, the instability in baseline after deconvolution will also become stronger. It
can be concluded that deconvolution process becomes an essential aspect in acoustic impedance imaging.

In conjunction with the above problems, this study proposes an improvement in the deconvolution
process. Instead of performing deconvolution only in frequency domain, the calculation is also performed in
time domain because spectral division is not required and the generation of spurious in low-frequency parts after
deconvolution can be avoided. However, since the calculation speed of time domain deconvolution is directly
proportional to the number of samples in the waveform, a down-sampling is performed to speed up the
calculation process, with the consequence of the waveform having its high-frequency components reduced. The
spurious in low-frequency components as the result of frequency domain deconvolution is then replaced by that
calculated by time domain deconvolution by specifying a threshold value. This way of calculation will retain the
stability of low-frequency components in the spectrum, resulting in a waveform with stable baseline.

The first chapter of this study will discuss about the background and history of microscopic imaging by
using ultrasound. The target and motivation as well as the contribution of the thesis will also be described.

The second chapter will discuss about the theoretical preparation of the proposed quantitative acoustic
imaging method including the process of acoustic impedance interpretation and the concept of conventional and
the proposed time-frequency (dual) domain deconvolution method.

The third chapter will discuss about the application of the proposed signal processing method to human
cheek skin observation. As the result, each layer of human cheek skin was visible and could be contrasted by its
acoustic parameters, which can be correlated to elasticity.

The fourth chapter will discuss about the requirement to perform a 3D calculation (by performing many
times of deconvolution process) so that the calculated acoustic impedance data can be sliced in all cross-sectional
direction.




The improvement and optimal condition of dual domain deconvolution when calculating a stack of acoustic
impedance images in order to increase the robustness and quickness of the calculation will be discussed. As a
result, 3D reconstruction of human cheek skin and a quantitative skin observation based on the difference of
ages and its correlation with the generation of wrinkles will be discussed.

The fifth chapter of this study will discuss about the proposed signal processing for observing the
dynamism of cultured cells (Glial cells and Fibroblast cells). As a result, the area of culture liquid, cell and
substrate could be distinguished based on its acoustic impedance value. In addition, by stacking all the calculated
cross-sectional acoustic impedance images, the dynamism of the cell such as the change in height and shape
before and after the treatment (fixation by aldehyde) could be tracked.

The sixth chapter of this study will discuss about the application of the proposed acoustic imaging
method for coating film monitoring in automotive industry, as an alternative to the conventional observation by
using Terahertz light which is expensive. As a result, not only the thickness but the uniformity of each layer
could also be assessed by means of its acoustic impedance distribution. In another section of the chapter, the
application of the proposed signal processing to the space charge measurement in cross-linked polyethylene
(XLPE) cable by using pulsed electro-acoustic (PEA) device will also be discussed. Since the stability of each
waveform can be maintained by dual domain deconvolution, the charge intensity, electric field and potential
distribution could then be calculated by integrating all the calculated waveform.

It can be concluded that from the above-mentioned applications, the proposed signal processing method
is believed to be advantageous and applicable to many ultrasound-based research fields because many of the
applications require an integration process along time axis and when stability and quickness of the calculation
can be maintained, the analysis result can be interpreted into something more informative and quantitative.
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Chapter |

Introduction

Chapter | will discuss about the background of this research. The chapter starts with the
history of ultrasound imaging including its application to observe smaller object (microscopic
purpose). In addition, the motivation of the study, the objective of the research and the
contribution of the thesis will also be discussed, followed by the thesis organization at the end of
the chapter.

1.1. Background

Most of the parts about the history of ultrasound written in this study was taken and revised
from some references?2). The application of ultrasound has covered many aspects in our life.
Ultrasound observation for non-destructive inspection has been widely used these days because
of its safety (as long as it is used properly), compared with the diagnosis by using X-ray. Table
1.1. shows several ways of performing non-destructive inspection (imaging) using conventional
method such as X-ray, optical light, Terahertz, Microwave and ultrasound.

As shown by Table 1.1, X-ray may have a good spatial resolution, however its radiation to
biological tissue is destructive so periodical observation is not possible. Optical observation may
be safe but it becomes difficult if the target is deep because it requires the light to propagates
through the target in order to be visible (transparent). Terahertz (THz) imaging may provide a
good spatial resolution, however, some studies showed that Terahertz imaging will cause some
changes in DNA®%), Microwave imaging, on the other hand, may not cause any change in tissue
structure®, however, the cost of the hardware may be expensive.

Non-destructive observation by using ultrasound is probably the most flexible among all.
Not only that it is practically safe, but the spatial resolution can also be improved by increasing
the transducer frequency and performing some modifications in the hardware. In addition, the
image can be contrasted by parameters related to the elasticity such as sound speed and acoustic
impedance. Several advantages of ultrasound that it is suitable for medical and biological
purposes are as follow?-37-10);

a. Low-risk Radiation. Ultrasound is considered safe as long as high intensities are not used,
which is also becoming the reason why ultrasound medical examination is popular during
pregnancy test. The ultrasound observation also allows the repeated examinations of the
same patient with minimum risk (according to the declaration and restrictions published by
the American Institute for Ultrasound in Medicine (AIUM)).

b. High sampling rate. Since the average speed of sound c in most tissue is approximately 1540
m/s and the common range used in medical examinations is short (0.1 — 25 cm), it required
a pretty much short time (microseconds order) to cover that range.

c. A single transceiver (transmitter and receiver) transducer can be used. Because most of
ultrasound transducers are compact in shape, a single transducer that can transmit and receive
ultrasonic waves can be built. This will increase our flexibility in order to detect many
regions.
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d. Many parameters are measurable. Since the propagating ultrasound is mainly related to the
properties of medium which its travel, many parameters become measurable, such as speed
of sound, attenuation, acoustic impedance, dispersion, elasticity, and many more.

e. Cheap. Because of its safety, ultrasound does not require a RF shielded room (such as MRI)
or film for imaging (such as X-ray). This makes the observation by using ultrasound is cost-
effective.

Table 1.1. Several ways of performing non-destructive evaluation and their corresponding
characteristics

Contrast Frequency Spat".il Acquisition Remarks
resolution
X-ray*V) Biologically
>10" - invasive
< 20 <pum -
: 10 Hz Optical
transparency
Optical®? | = Electro- 10" nc?r?lci/egr'lglclg\?\}’
. i > -
> § magnetic 19 <Hm Spectral inspection
i *  Permittivity 10 Hz ilabl
- Conductivity avariavle
Terahertz | * Electrotj
(THZ)® magnetic
impedance > 10" Hz <mm Long de?.th of
. Electro- inspection
magnetic
absorbance
Spectral
S 1010 Hy <mm I time L(_)ng dep_th of
; inspection
domain
. Large depth
£ e Spectral Available to
Sound speed | 40 kHz ~ pm ~ : .
Acoustic 1 GH / time optically non-
impedance z mm domain transparent
P objects

In the past, before many scientists discover the benefit of ultrasound in the field of
medicine, most of the application at that time focused on the measurement of speed of sound in
water for the purpose of SONAR (SOund Navigation And Ranging), started in early 1826 by Jean-
Daniel Colladon and Charles Sturm'®. In order to support his data about compressibility of
liquids, Colladon determined the speed of sound in water by striking an underwater bell in Lake
Geneva and igniting gunpowder. By measuring the interval between these two events from
different location at 10 miles away, he calculated the speed of sound in Lake Geneva to be 1435
m/s, which is 3 m/s difference from current calculations!”. Colladon experiment then became the
birth of modern acoustic in underwater. Later in 1877, The Theory of Sound, which became the

2
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foundation for ultrasound science was published by John William Strutt (or better known as Lord
Rayleigh).

In 1880, an important discovery that contributed in the development of ultrasound
transducer these days was found by Pierre and Jacques Curie. In their experiment, they found that
electric charge was generated when pressure was applied to crystals of quartz. This charge was
also directly proportional to the force applied to it. The phenomenon was then called
“piezoelectricity”.

In the late 1937, Karl Theodore Dussik who was a psychiatrist and neurologist utilized 1.5
MHz and scanned a human brain. The variations in amplitude of the detected energy were then
recorded. The generated images which corresponded to the attenuated area was called “hyper
phonograms” and was thought to be the lateral ventricles. By looking at the difference in the wave
transmission between normal tissue and tumor, Dussik then stated that the existence of brain
tumor may be detected by using ultrasound. However, this statement was then revised by Guttner
in 1952 who stated that the images created by Dussik were variations in bone thickness. Following
that finding, the United States Atomic Energy Commision reported that ultrasound had no role in
detecting the brain tumors®.

In 1944, Lynn and Putnam tried to apply the ultrasound in order to test the destruction of
brain tissue in animals. They then found that ultrasound caused some tissue damage to the scalp
and brain, causing some symptoms such as blindness and death. Other similar studies also caused
the destruction in tissue, which then led to the decline of ultrasound application as neurosurgical
tool®).

The first investigators who report the application of ultrasound (pulse-echo technique) in
biological tissue were Ludwig and Struthers. They investigated the speed of sound in beef and
extremities of human, which then resulted to the average speed of sound in soft tissue that is
around 1540 m/s. They also reported that ultrasound could visualize implanted gallstones in the
gallbladders and muscles of dogs. This then became the pioneer for the research conducted by
John Julian Wild and Douglas Howry, which then became the most important figures in the
history of ultrasound. In 1949, Howry, by working together with W. Roderic Bliss, they build
what claimed to be the first B-mode scanner. After several years, Howry attempted to eliminate
the extraneous echo and shadows that affect the quality of the ultrasound images. He found that
B-mode images only displayed the reflection from the interfaces of tissue that is perpendicular to
the ultrasound beam. He also found that highly reflective part in the body such as bone would
create shadows that disturbed the deeper structures.

In 1955, lan Donald, by utilizing A-mode ultrasound machine was able to differentiate
various types of tissues in recently excised fibroids and ovarian cysts. In 1958, he then published
“Investigation of Abdominal Masses by Pulsed Ultrasound”. Donald contributes in many aspects
in ultrasound field, especially in obstetrics and gynecology. He also the first to introduce the
biparietal diameter of the fetus and utilized it as an index for the fetal growth, and his contributions
were well accepted in the medicine field which then became the pioneer that ultrasound would
have a major role in medical diagnostic imaging.

In 1970s and 1980s, the various improvements of ultrasound transducers and machines
contributed to the improvement of the ultrasound imaging and helped to expanded the use of the
technology. The application of ultrasound for localizing intra-abdominal abscessed was
popularized by Leopold and Doust, Kobayashi, Wagai, Cole-Beuglet, Stuber, and
Miskin®19202D) - In addition, other division of general surgery such as trauma relied on the
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portability of ultrasound for the sake of their patients. in 1971 for the first time, Kristensen
reported the application of ultrasound to assess the patient with blunt injury. Asher, then followed
by examining the use of ultrasound as a screening modality for suspected splenic rupture. In the
middle of 1980, Tiling from Cologne University evaluated the application of ultrasound for
thorax, retroperitoneum, and other intra-abdominal organs. Even though most of the ultrasound
application and technology were performed in Asia and Europe, currently, the application of
ultrasound especially for surgeons became more popular in North America.

By increasing the frequency of the ultrasound by several hundreds of MHz, any object with
the size of micrometers can be observed because the resolution will increase, however this is
under condition that any other parameters such as attenuation, diffraction and scatterer are
considered. In addition, by mechanically move the transducer along x and y direction (scanning),
a three-dimensional observation (imaging) can be performed. This way of measurement became
the main concept of ultrasound microscope. Recently, by using the reflection coming from the
target and the reference material, a two-dimensional view (often called C-mode image) can be
obtained and interpreted into something more quantitative such as sound speed, attenuation,
thickness and also acoustic impedance®22-2®, In biological cell observation, the change in
properties of the target (cultured cell) after some treatment such as the addition of drugs can be
monitored and assessed quantitatively?-3b. In industrial application, ultrasound is normally used
for locating the faults in a product, such as semiconductor devices®?:?),

1.2. History of microscopic imaging (by ultrasound microscope)

In this study, the physical property of the object will be interpreted into acoustic impedance
distribution. Most of acoustic impedance observation utilizes an acoustic impedance microscope.
The history of microscopic imaging (by using ultrasound) for observing and visualizing biological
matters such as tissues non-invasively, had been started in early 1971 by A. Korpel et al. with 100
MHz transducer and resolution of 25 um®3¥. In 1973, Lemons et al. improved the hardware by
employing a 400 MHz transducer with a resolution of 3 pum®. Figure 1.1 illustrates the
measurement system proposed by Lemons et al.
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Figure 1.1. The proposed scanning acoustic microscope system and (b) the acoustic image of
polystyrene particles (black bar indicates 100 um) by Lemons et al in early 1971.

In 1979, Johnston et al. reported successfully observing the intracellular features of fixed
cells such as nuclei and nucleoli, mitochondria, and actin cables with a resolution that was
comparable to light microscope®®, as shown by Figure 1.2. In 1980, Hildebrand et al. reported
successfully observing living cell in vitro. Since then, many researchers had attempted to improve
many aspects ultrasound microscope, including its quantitativeness®”.
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Figure 1.2. The acoustic image of binucleate fibroblastic cell (bar indicates 10 um) by Johnston
etal.

In 1991, Saijo et al. proposed a transmission and reflection mode by utilizing 200 MHz
transducer and the attenuation and sound speed of the specimen was successfully obtained®®, as
shown by Figure 1.3. However, a frequency scan which is performed by switching the frequency
resulted in a long measurement time (it took approximately one hour for single measurement). In
addition, the device used to maintain the frequency stability tended to complicate the system and
also quite expensive.

Attenuation

Sound speed

Figure 1.3. The attenuation and sound speed image by Saijo et al.

In 2003, Hozumi et al. proposed an ultrasound sound speed microscope by utilizing a sharp
pulse with wide spectrum?”, instead of frequency switching as previously proposed by Saijo et
al. This also simplified the system and lead to a faster measurement time, with approximately 2 —
3 minutes required for one observation. Then not long after that, in 2005, by using the similar
system, Hozumi et al. proposed acoustic impedance mode observation by using acoustic
microscope and acoustic impedance view of the cell was successfully obtained®®. The acoustic
impedance mode was carried out by scanning the object from the bottom of substrate dish which
parameters is known, as illustrated by Figure 1.4.

/\Specimen slice

—

Substrate

(@)

Figure 1.4. The layout of the proposed system and (b). the acoustic impedance result proposed
by Hozumi et al. in 2005.
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The acoustic impedance mode reduced contaminants in the object because the coupling
medium and the transducer were separated by the substrate dish (compared with the sound speed
mode). In addition, by referring to the acoustic impedance value of the substrate, the result could
be made more quantitative as it is contrasted by an acoustic parameter such as acoustic impedance.

Later in 2014, Kobayashi et al. reported the application of ultrasound microscope with 300
MHz of focused transducer and the acoustic impedance view of cultured cell was successfully
obtained*?. It was also found that the application of drugs such as anti-cancerous drugs to the cell
caused some reduction and changes in the trend of acoustic impedance3?-149),

It also possible to observe the internal parts of the biological target (such as cell) along the
depth direction of the beam (B-Mode) by using ultrasound microscope. However, conventional
B-mode echography does not provide sufficient information related to the intracellular properties
except that it displays only the intensity of the reflected signal. In recent study (2018), Hozumi et
al. reported the success of converting the reflection intensity from the internal part of Glial cell
into the distribution of acoustic impedance by converting each frame of reflection coefficient into
the distribution of acoustic impedance, and a three-dimensional (3D) cross-sectional view of the
cell was successfully obtained*?43,

1.3. Types of conventional ultrasound imaging

Figure 1.5. shows several types of ultrasound imaging applications based on its variation
in frequency. Normally there are two types of imaging that can be produced by looking at the
reflected waveform from the target, that is C-mode and B-mode imaging. The axial resolution of
both imaging technique is directly proportional to frequency of the transducer. By simply taking
the root mean square (RMS) of each scanning point, the C-mode (intensity) view of the target can
be obtained. As shown by Figure 1.5, for larger scale of C-mode imaging such as uterus, around
10 MHz frequency is normally employed in the system. As for smaller scale such as the
observation of faults in semiconductor devices, around 20 — 45 MHz of frequency is required. As
for microscale C-mode imaging such as the cellular observation, the frequency higher than 50
MHz (up to several GHz in current application) is required. For microscopic purpose, normally a
focused transducer combined with an XY scanning system are utilized in the system (this system
is better known as ultrasonic microscope).

On the other hand, the reflection from layers along the depth direction can be observed by
looking at the B-mode (brightness-contrasted) image?=)71044.45) |n conventional B-mode
imaging, the reflected waveform is firstly rectified and its envelope is then detected. This
envelope image will display the strength of the reflected signal that comes from the tissue
(intensity-contrasted image). The application of B-mode imaging is determined based on its range
of frequency. For imaging the surface organ or carotid scan, frequency range up to 10 MHz is
normally employed in the system. For smaller object such as intravascular imaging (IVUS)
frequency range in between 20 — 45 MHz is required. Recently, the imaging of human skin layers
with micrometer scale is performed by using ultrasonic transducer which frequency is higher than
50 MHz. Since human body, semiconductor devices and biological cell basically consists of
several layers, they have a three-dimensional (3D) structure*®-5. This will make B-mode imaging
suitable for depth observation because it provides more information related to the structure of the
object compared with C-mode imaging.
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Conventional B-mode ultrasound imaging
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Figure 1.5. Several types of ultrasound imaging methods and their corresponding frequency for
specific imaging applications®2-5%,

However, the conventional C-mode and B-mode imaging as shown in Figure 1.5 does not
contain much information except the intensity of the reflected signal either in the beam direction
(B-mode) or in the interface between the object and the substrate (C-mode). In addition, the
conventional measurement device had a low sampling rate and analog display was usually
employed for displaying the measurement result which make a further processing is difficult to
perform.

1.4. Recent wideband RF acquisition and imaging

Figure 1.6 illustrates the recent application of ultrasound imaging by means of RF signal.
Utilizing the current technology, a data acquisition module with frequency sampling up to Giga
sampling/s has been available in the market. This will lead to a faster acquisition (measurement)
time with sampling rate up to ns of interval and since the waveform is digitized, the acquired data
can be stored for further signal processing process.

Recently, various method for improving the quality of B-mode imaging such as noise
reduction, contrast enhancement and beam forming have been proposed by some researchers®®-
%) In this study, we focus on the quantitative B-mode imaging by using the RF signal obtained
from the measurement. The reflection coefficient is then obtained by deconvoluting the signal
reflected from the target with the signal reflected from reference material (such as water).
However, the conventional frequency domain deconvolution often leads to the instability of the
baseline in the deconvoluted signal that is caused by low-frequency spurious in the spectrum. This
will create an artifact when the waveform is integrated into the acoustic impedance distribution.
Hence, we proposed a solution by performing deconvolution in both time and frequency domain.
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The spurious in low-frequency spectrum is then replaced with the spectrum components
calculated by time domain deconvolution.
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Figure 1.6. The recent application of RF signal acquisition and imaging®®64-69),

As a result, a cross-sectional image that is contrasted by acoustic impedance can be
obtained. Each reflection is now corresponded to the change in acoustic property along the
direction of the beam. In addition, the deconvoluted signal will have a better axial resolution
(appear as a sharper image) compared with the enveloped one. The improvement of calculation
and the analysis based on the result will be briefly discussed in the next chapter of this study.

1.5. Some industrial applications using acoustic imaging

Other examples of acoustic imaging using ultrasound in industrial field are the fault
detection in semiconductor devices and the space charge measurement for insulation material. In
case of fault localization in semiconductor devices, ultrasound has an advantage that it can
propagates through the object (such as integrated circuit/ 1C) without decapsulation (removing
the mold resin so that it can reach the chip), compared with the conventional measurement by
using laser where decapsulation is one of the requirements, as illustrated by Figure 1.7%2:33), By
scanning the object, the location of fault can be detected in two-dimensional plane (C-mode
image).

This becomes the background of performing ultrasound assessment to other layered
structure in industrial field such as the coating film monitoring in automotive industry. Since
coating film is composed of several layers with different thickness and materials, the assessment
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by using ultrasound will enable us to observe not only the thickness of each layer, but also the
uniformity of the distribution in each layer.

Laser (1.3 pm) Ultrasound
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required decapsulation of
the sample.
« Ultrasound can penetrate
through the sample
without decapsulation

Figure 1.7. Localization of fault in semiconductor devices using ultrasound.

On the other hand, in space charge measurement for insulation material, cross-linked
polyethylene is commonly used material in extra high voltage transmission cables and it may
generate a significant space charge when exposed to a high DC voltage. The distribution of space
charge has a relation with the degradation of insulation material. Normally, a sample which
thickness is approximately 500 um is employed and several kV of high voltage is applied to the
sample. The layout of the measurement system is shown by Figure 1.8. The deconvolution process
is then applied to the acquired waveform in order to assess the space charge distribution inside
the sample. Moreover, by integrating the waveform, the electric field and potential distribution
can then be calculated®®,

Measurement setup Acquired waveform
10) -

~ o * The samplethicknessis

s X

s s acquired approximately 500 pm.

> e

o1 7 » Charge distributionis

£ o f . obtained by deconvolution.
|

01 | Decpnvolved signal
0 | Time [ng] 700

| |

Integration
|

1}
|
100 kQ Ov « Electric field and potential

T Electtic field [kV/i i i i
ég(r)nsﬂ\}_ Pulse generator .2.? ectic field [kV/mm] distribution are then

Function
generator

|
;
140 pF i calculated by integrating the
—h 05_‘:/_— waveform(2].
i | Potential [kV]

Oscilloscope

0 1
x=0pm  x=500pm
Position [pm]

Figure 1.8. The measurement setup of space charge measurement in insulation material.

Since the space charge measurement in insulation material can be carried out with thin
sample, it is also possible to apply the similar measurement system for much thicker sample, such
as cross-linked polyethylene (XLPE) cable by using the Pulse Electro-acoustic (PEA) device®®)-
%) In this study, the space measurement in XLPE cable by using PEA device will be carried out
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and by using the proposed signal processing method, the charge distribution, electric field and
potential distribution will then be calculated.

1.6. Target of research

Several targets for cross-sectional acoustic imaging (by using ultrasound) that is classified
as biological and industrial applications are chosen in this study, as illustrated by Figure 1.9. The
observation targets are cultured cell, human skin, coating film and power cable. Since the
conventional B-mode imaging is reconstructed from the enveloped signal, the axial resolution is
poor. In contrast, in the proposed method, the signal is subjected into a deconvolution process so
the image is contrasted by the reflection coefficient that comes only from the object, eliminating
all the interfering reflections from the system. This will also increase the axial resolution because
the detail along the depth direction will be maintained.
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Figure 1.9. Target of quantitative acoustic imaging in this study*5579,

As shown by Figure 1.9, for the purpose of cell imaging, a frequency up to 1 GHz is
required. This will result in spatial resolution up to 1 um and since the target is thin and the
conventional B-mode imaging is reconstructed from the enveloped signal, the resolution
(sharpness) of the image will be reduced. On the other hand, by deconvoluting the signal, the axial
resolution can be improved and in addition, the reflection coefficient can be interpreted based on
the elastic property of the target (such as acoustic impedance) so the image will be more
informative. For skin observation, the applied frequency for the observation is up to 80 MHz
which will result in approximately 10 um of spatial resolution. Similar with the proposed
technique for cell observation, the axial resolution of the skin is also improved by deconvolution
process and the generated image is also contrasted by elastic parameter.
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As for coating film monitoring, since the depth of the target is almost similar with the
skin observation, the applied frequency is also 80 MHz. Since coating film is consisted of layered
structure, not only the thickness but also the uniformity of each layer can be assessed. In addition,
similar with cell and skin observation, by using the reflection coefficient after deconvolution
process, the distribution of each layer in the coating is also displayed by acoustic impedance.

The observation of charge (space charge) distribution inside a cable has a frequency range
of 10 — 20 MHz because the depth of the target is long. By scanning process, the reflection along
the cable joint can be obtained while applying a high voltage (up to 50 kV) into the cable. By
deconvolution process, a two-dimensional (2D) space charge distribution along the cable joint
can be observed. In addition, by integrating the waveform, the distribution of electric field, charge
and the applied voltage can be obtained and will be discussed more in another chapter of this
study.

Unlike the industrial target where the most of the properties of the sample has already been
known, the biological target is more difficult because the properties of the sample along the depth
direction is unknown. In addition, a thin object such as cultured cell required a high frequency of
transducer in order to obtain a good spatial resolution. The spatial resolution is reduced as a lower
frequency of transducer is employed (deeper measurement target). Moreover, high frequency
measurement required a complicated hardware with high accuracy, which will increase the cost
of measurement. However, since the target is very thin, the calculation (signal processing) is quite
simple because it has a limited range of depth. In contrast, lower frequency measurement (such
as human skin, coating film and power cable) does not require a complicated hardware so the
measurement cost tend to be cheaper. However, since the observation target is deep, the signal
processing will be more difficult especially when it comes to maintaining the stability of the
baseline in the signal. This problem will be discussed in detail in the next chapter of this study.

1.7. Motivation and research objective

The cross-sectional acoustic property imaging will provide more information related to the
internal structure of the target (that can be correlated with its elastic parameter, such as acoustic
impedance) compared with the conventional C-mode imaging. In addition, by stacking all the
calculated cross-sectional images, a three-dimensional observation can be carried out, which
enables us to analyze the observed target from any direction.

However, the quality of the image is determined by the stability of the baseline in the
deconvoluted waveform because quantitative conversion (such as acoustic impedance and
electrical field calculation) requires an integration along the time axis. As the measurement target
is deeper, the instability of baseline in the deconvoluted signal will also become stronger and lead
to the accumulation of error which will appear as an artifact in the generated image. This makes
deconvolution becomes the most essential process in acoustic property imaging.

Deconvolution process is carried out in order to reconstruct/ estimate the reflection
coefficient that comes only from the target because it is naturally convoluted with the component
of the system transfer function (that is assumed to be the impulse response of the system).
Deconvolution process may be pretty complicated to be carried out in time domain, but it is pretty
straightforward when the calculation is brought in frequency domain since it is equal to the
division process of spectrum components. The conventional deconvolution method is performed
by division process of signal coming from the target (target signal) and the signal coming from
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the reference material (reference signal) after the waveforms are Fourier transformed. However,
division in frequency domain often becomes a problem when the intensity of denominator in the
spectrum is less than the noise, which will lead to the process called “noise divided by noise” or
“division by zero”. This will make the resulting spectrum becomes really noisy in both low and
high frequency parts. The noisy high frequency part of the spectrum may be smoothened by a
low-pass filter, however, the noise in low-frequency parts cannot be rejected by simply applying
a filter to it. This problem often led to a waveform with a wavy baseline when the result is
converted back into the time domain. If this kind of waveform is interpreted into other physical
properties (such as acoustic impedance or charge distribution, that is normally done by
integration), an accumulation of error will occur especially as the integration goes deeper, which
will appear as an artifact in two-dimensional image.

In order to deal with this problem, this study proposes a solution by performing “another”
deconvolution in time domain. Since deconvolution in time domain does not take account each
component of the spectrum, the instability after deconvolution process can be avoided. The low-
frequency part from time domain deconvolution is then combined with the high frequency part
from the frequency domain deconvolution, resulting a waveform with maintained both low and
high-frequency components.

After the stability of the waveform is maintained, the accumulation of error during the
interpretation process (such as acoustic impedance) can be minimized. In addition, the by stacking
all the calculated cross-sectional images, the 3D observation can be performed. In this study, the
proposed signal processing was also applied to other ultrasound-based (industrial) research fields,
such as the coating film monitoring in automotive industry and the observation of space charge
on XLPE cable by using Pulse-Electroacoustic (PEA) method and both showed a good result.

1.8. Thesis contributions

This study is expected to be able to contribute to the development process of acoustic
property imaging (especially in terms of quantitative cross-sectional B-mode observation by
means of acoustic impedance) in both biological and industrial applications. The proposed signal
processing method has a contribution in several applications of ultrasound and all of them will be
described below.

1. Acoustic impedance mapping for human cheek skin observation:

¢ Non-invasive, fast and free-contaminant of observation can be performed.

¢ In vivo observation can be performed.

e The calculated cross-sectional image is more quantitative because it is displayed by its
physical properties such as acoustic impedance.

e The effect of applying skin product to the outer layer of skin such as horny layer can be
observed.

e The observation of each layer of the skin can be performed by means of its acoustic
impedance value, which can be correlated with elasticity.

e By calculating all the cross-sectional acoustic impedance images, the 3D reconstruction of
skin layers can be performed. In addition, the change of acoustic impedance in the layers

12
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2.

4.

of the skin and its correlation with the change of ages (young and old) and the generation
of wrinkles can be carried out.

Precise cellular-sized observation by acoustic impedance microscope:

Non-invasive, free contaminants and living observation can all be performed.

The cross-sectional image is quantitative because it is contrasted by acoustic impedance.
The cell morphology and structure along the beam direction can be observed.

Some parts of the cell such as cytoskeleton, nucleus, cytoplasm and its distribution along
the beam direction is visible.

The cell dynamism can be observed by monitoring the change in cell properties such as
height and shape after a treatment is carried out to the cell (fixation by aldehyde).

By stacking all the calculated images, the height of the cell can be mapped and the analysis
from all cross-sectional direction can be performed.

Coating film monitoring by acoustic microscope:

The alternative low-cost monitoring method for coating film is carried out.

The thickness of each layer can be calculated directly after the deconvolution process.
The uniformity distribution of each layer that is contrasted by acoustic impedance can be
evaluated.

By scanning the coating film, two-dimensional view of the result can be obtained.

Space charge measurement by means of ultrasound propagation:

Even with the signal taken with low voltage, the distribution of charge inside the XLPE
cable can be assessed by using dual domain deconvolution.

By scanning the cable, the 2D distribution of the charge inside the cable can be obtained.
Since the baseline is stable after deconvolution process, the field distribution could then be
calculated by integrating the deconvoluted waveform.

1.9. Thesis organization

This thesis is divided into seven chapters as follows:
Chapter One describes the introduction and the state of art in this thesis.
Chapter Two describes the theoretical preparation of this thesis.

Chapter Three describes the acoustic impedance mapping for human skin observation.

The chapter starts with the system setup and the application of dual domain deconvolution for
calculating the reflection coefficient from the skin. The result is then converted into the
distribution of acoustic impedance and single cross-sectional layer of human cheek skin is
successfully obtained.

Chapter Four describes the optimal condition for dual domain deconvolution in order to

improve the speed and the preciseness of the analysis. The optimal condition for improving the
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quickness and precision of the analysis which includes the discussion about the down-sampling,
the compensation by subjecting DC component in the time domain calculation and the border
frequency between time and frequency domain will be discussed. As a result, a stack of cross-
sectional acoustic impedance images (3D) was successfully calculated.

Chapter Five describes the application of ultrasound microscope for biological cell
observation. The signal from cell is deconvoluted by using the signal coming from the reference
material (water). The purpose is to observe the dynamism of cultured cell (Glial cell and
Fibroblast cell) under ultrasound microscope. The deconvoluted signal is then converted into the
distribution of acoustic impedance. Since 3D analysis can be performed, some parts of the cell
along the beam direction such as nucleus and cytoskeleton became visible. In addition, the change
in cell properties (that is correlated with the dynamism of the cell) such as height and shape after
a specific treatment such as aldehyde fixation that was not visible under the light microscope,
could be evaluated.

Chapter Six describes about the application of the proposed signal processing method to
other ultrasound-based measurement system such as coating film monitoring in automotive
industry and space charge measurement by using the pulse electroacoustic (PEA) method. The
proposed signal processing is applied to evaluate the thickness and uniformity of each layer in
coating film and to monitor the existence of space charge in the acquired signal from XLPE cable.
As a result, in terms of coating film monitoring, the parameters such as thickness and uniformity
distribution of each layer that is contrasted by acoustic impedance could be obtained. As for the
space charge measurement, the distribution of charge intensity, electric field and potential could
then be calculated from the deconvoluted space charge signal.

Chapter Seven describes the conclusion for this thesis and the possibility for future study
and applications.
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Chapter 11

Theoretical Preparation of the Proposed Acoustic
Imaging Method

This chapter will discuss about the theoretical background and literature used in this study.
The chapter begins with the concept of acoustic impedance interpretation, its correlation with
elasticity, waveform integration along time axis and the concept of dual domain deconvolution.

2.1. Acoustic impedance interpretation

When the reflection coefficient is obtained by deconvolution, each fragment of the
reflection coefficient is interpreted into the distribution of the acoustic impedance. Normally, for
acoustic impedance interpretation, the reflection coefficient is assumed to be a lossless
transmission line, and an algorithm inspired by Time Domain Reflectometry (TDR) had
previously been applied to calculate the acoustic impedance distribution of a cultured cell and
human cheek skin along the depth direction*?43:79:72 |n the previous study, this algorithm took
account the multiple reflections inside the object in order to calculate the acoustic impedance of
each frame along the assumed transmission line.
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Figure 2.1. The process of interpreting each fragment of reflection coefficient into the acoustic
impedance.

In the proposed method, since the multiple reflections inside the tissue is really small,
which only contributes to less than 0.01% of the main signal intensity, neglecting them will make
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the calculation simpler. Figure 2.1 shows the concept of the calculation when the multiple
reflections are neglected by using human skin as the reference. The calculation is started by
calculating the first impedance of the frame Z; based on the acoustic impedance value of the
substrate (Zo) which is already known and the value of the signal component q(to), as expressed

by

7z ) 2.1)

tl-q(t) °
the next step is calculating the transmittance of the echo signal To, expressed by

477, 22
ECAYA |

as the signal component q(ty) is reflected at the interface between Z; and Z, and is detected after
being subjected to the round-trip transmittance To, the reflection coefficient /1 can be represented
as

I, = (2.3)

by using the value of the calculated Z; and I, the acoustic impedance of the next frame Z, can be
calculated by

1+T
Z = 1.z 2.4
=il (24)

similarly, the value of Ty, 7> and the acoustic impedance on the third frame which is Z; can be
calculated as

47,7,

ey @)

= (2.6)

Z,= -z, (2.7)

repeating the process, the acoustic impedance of the whole frame Z;.+; can be calculated as
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Since the acoustic impedance interpretation process is similar to the integration along time
axis, any instability in the deconvoluted waveform will cause an accumulation of error that
propagates from front to rear. This is the main reason why the result of the deconvolution will
determine the quality of the acoustic impedance image.

2.2. Elasticity and acoustic impedance

In human skin measurement, the relation between the sound speed in tissues and bulk
modulus (normally defined as ‘elastic property’) is described as

c=\(E/p) (2.11)

with c is the speed of sound and E is the elastic modulus. p is the density of the measured object
and normally assumed to be constant in the biological tissues such as skin. This will lead to the
speed of sound is directly depend on the elastic property in the skin™.

On the other hand, the relation between acoustic impedance and the elastic property is
described as

Z=\/(E*p) (2.12)

almost similar with the equation 2.11, here E and p represent the elastic modulus and the density
of the specific area in the skin, respectively. Since the density p is assumed to be constant in all
regions in the skin, this will make the acoustic impedance directly depends on the elastic property
E of the skin.

2.3. Integration along time axis

During the interpretation process into the acoustic impedance, each fragment of the
reflection coefficient after deconvolution process is converted into the distribution of acoustic
impedance. The conversion process is similar to the integration along the time axis because the
previous fragment is used in order to calculate the next fragment (chain process). However, if the
baseline in the deconvoluted signal is unstable, this integration process will cause in an
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accumulation of error that increase as the calculation goes deeper, as illustrated by Figure 2.2 with
human skin data as the measurement target.
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Deconvoluted Deconvoluted

Error accumulates

as area gets
/ deeper.
Ac. Impedance
Ac. Impedance

Acoustic impedance image Acoustic impedance image

Figure 2.2. The waveform integration and the problem that commonly occur during acoustic
impedance interpretation.

As previously described in the previous chapter, the conventional frequency domain will
result in the instability of the baseline in the deconvoluted signal. If this unstable (normally
appears as a wavy waveform) is integrated, it will cause an error integration and result in the
generation of artifact in the acoustic impedance image.

2.4. Frequency domain deconvolution

In cross-sectional acoustic impedance imaging, deconvolution is a crucial process that is
performed to reconstruct the reflection coefficient of the target that is naturally convolved with
the components from the system transfer function. By assuming that the impulse response of the
system is known, deconvolution can be performed. Deconvolution may be too complicated to be
performed in time domain, however, it becomes much simpler if the operation is brought into
frequency domain because it is equal to the division process of each spectrum components. The
process of frequency domain deconvolution is illustrated by Figure 2.3, with measurement target
is human cheek skin.

The frequency deconvolution process is started by convolving the target and the reference
signal with a window function. The windowed signals are then subjected to Fourier transform and
in Fourier domain, the target signal is divided by the reference signal. If the result is directly
brought back into time domain, the resulting signal will often be really noisy, with some unwanted
DC components that appear as a wavy baseline. A Gaussian filter is normally applied to the result
of the deconvolved signal in order to reduce the amount of unwanted high-frequency components,
however, another problem will still exist in the low-frequency part of the resulting signal. This
problem can be caused by several factors, such as the improper spectral division in the frequency
domain which is caused by the frequency components of the reference signal that is often really
small (often called ‘noise divided by noise’ or ‘division by zero’). It will lead to the missing of
the necessary low-frequency components or even the creation of the unnecessary ones when the
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waveforms are deconvoluted. As a result, the baseline in the deconvoluted signal is often unstable
(curvy). This instability will lead to the accumulation of error when the waveform is converted
into the acoustic impedance distribution.

Time domain signal
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(ideal) ¢

Intensity
~

Intensity

Resulted spectrum
Target spectrum ‘

Without low-pass
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|
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_____________ <
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Figure 2.3. The workflow of frequency domain deconvolution.

The concept of the deconvolution in the frequency domain is similar to the application of
Wiener filter which works by minimizing the mean square error between the desired input and
the known output by using the Linear Time-Invariant (LTI) filtering. However, in order to apply
the Wiener filter into the calculation, the estimation of the noise power in the system must be
known and taken into account. In the measurement system, the exact estimation of the noise that
exists in the waveforms is hard to obtain, so the application of Wiener filter to estimate the
reflection coefficient from the skin becomes difficult to perform. Moreover, the problem of the
missing or generation of the low-frequency components in the reconstructed signal can never be
solved because the exact amount of the affected low-frequency components in the signal is
unpredictable, which is why another method of deconvolution that can retain the low-frequency
components of the signal is required.

2.5. Time domain deconvolution

Since it is almost impossible to predict the amount of the affected low-frequency
components in frequency domain deconvolution, another way of calculation that can maintain the
proportion of low-frequency components of the signal is proposed. Instead of performing a
calculation in the frequency domain, the deconvolution of both signals is also performed in time
domain. Figure 2.4 shows the concept of time domain deconvolution.

The target signal is the convolution between the signal that comes from the substrate and
the signal that comes from the skin, and by assuming that the reference signal that comes from
water is the impulse response of the system, the output si: can be expressed as

stgt = Hsinput (213)
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Figure 2.4. The generation of transfer matrix from the reference signal.

where Sig: and Sinput are the target and input signal, respectively and H is a template matrix that is
obtained by shifting the reference signal with the appropriate interval on the time axis, with m and
n is the number of shifting interval and the number of impulses, respectively. The form of the
templates can be expressed by

ho(to) ho(ti) hO(tm)
H Ehj(‘to) hj&ti) hn(‘tm) (2.14)
hn(to) hn(tl) hn(tm)

and by weighting each component of the matrix with g;, the combination of the templates can be
expressed by

S’ = 6=y () (2.15)

then each impulse that has a distribution similar with the original signal can be determined by
minimizing the square of the error between the target and the templates, as expressed by

2 m n 2

(w05 0] =S{sa0)-Sn(0)a 215)
i=0 j=0

m
i=0 i

the output will be the distribution of impulse g; on the time axis that represents the original signal,
as expressed by
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qO Stgt(to)
a; [=(HTH) " HT| s, (t) (2.17)
qn Stgt (tm)

the final output of this time domain deconvolution is a signal with a maintained low-frequency
component but poor in the resolution of high frequency components. The signal is also free from
unwanted DC components and tend to be more stable.

2.6. Time and frequency (dual) domain deconvolution

The result of frequency domain deconvolution is a signal that is disturbed by a low-
frequency spurious but has a good high frequency resolution. On the other hand, performing a
down sampling to the signal in the time domain deconvolution will reject the high-frequency
components and miss the fine structure of the signal, but the output of the calculation is free from
disturbance of the low-frequency spurious.
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High resolution.
High LF spurious.

! Reference Spectrum |

Threshold

! Time Domain Deconvolution level
3

DS: down-sampling
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Figure 2.5. The stream of dual domain deconvolution.

Since the two methods still have their own advantages and disadvantages, combining the
result of both methods will solve the problem in both domains. Figure 2.5 shows the stream of
the time and frequency domain deconvolution. Firstly, the target and the reference signal are
deconvolved by the frequency domain deconvolution. The output of the division in the frequency
domain is subjected to a low-pass filter in order to reduce the unwanted high-frequency
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components. Some spurious, however, still appear in the low-frequency part of the spectrum. If
this result is brought back into the time domain, the output will be a signal with high-frequency
resolution and a high amount of low frequency spurious. Time domain deconvolution is also
performed to both target and reference signals. In terms of time domain deconvolution, the signals
are firstly down-sampled by the factor of n in order to increase the calculation speed as well as
reducing the amount of unwanted high-frequency components. The templates matrix is then
constructed by shifting the reference signal in the time axis by some interval of n. Both the target
signal and the templates are then subjected to the least square deconvolution to reconstruct the
input signal while minimizing the square of the error. The output of this process is a signal that
has a small amount of low-frequency spurious and has a low resolution.

After both calculations in time and frequency domain are done, both results are combined
in the frequency domain by a threshold value that determines the amount of low and high-
frequency compositions of the signal. The low-frequency part of the signal is obtained from the
time domain calculation which is then combined with the high-frequency components from the
frequency domain calculation. The final output will be a reconstructed signal with a maintained
high-frequency resolution and free from low-frequency spurious.
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Chapter 111

Acoustic Impedance Mapping for Human Cheek
Skin Observation

This chapter will discuss about the application of ultrasound microscope for human cheek
skin observation. The chapter begins with the system setup used in the measurement. The
supporting components such as the specification of transducer, substrate and the result of analysis
will be described. The comparison between the result of the conventional and the proposed
method will also be discussed.

3.1. Human cheek skin

The observation of human cheek skin has become popular especially for manufacturer of
skin-related products and one of the concerns is the condition of skin face. This is because a
healthy skin face contributes in the appearance and confidence of a person, especially for women.
There are many produced skin care products that are dedicated to slow-down the aging process
of the skin. They normally contain moisturizer in order to plump the skin and conceal the visibility
of wrinkles. It has also been a fact that aging process of the skin cannot be stopped but many
believes that it can be slowed down by the use of cosmetic products.

The sign that skin has become older is the increasing number of wrinkles and sagging skin.
It is also indicated by the change of hair color (normally turns to white). Human skin consists of
many layers; however, layers that normally visible after observation by using ultrasound are:

1. Horny layers
Horny layer or stratum corneum is the outermost part of the skin containing dead cells that
slough off. This layer is considered to be the hardest layer in the skin.

2. Epidermis
Epidermis contains pigment, skin cells and proteins. It is a waterproof layer which acts like
a barrier and determines the skin tone. It also protects the skin from bacteria or infection and
regulates the amount of water that is released from the body.

Horny layer | “/7
Epidermis L 7.+

Dermis | = R

Figure 3.1. Layers of the skin™.
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3. Dermis
Dermis is the layer located beneath the papillary layer. It contains blood vessels and some
other structures such as sweat glands and hair follicles. Figure 3.1 shows the skin structure
that consists of Horny layer, epidermis and dermis.

3.2. Skin property measurement

Most of researchers are trying to see the effect of applying skin product into the layers of
the skin in order to see the phenomenon behind skin structure and produce the most suitable
product for different skin conditions. In order to achieve that, several way of skin studies by
utilizing devices such as Optical Coherent Tomography (OCT) and cutometer for assessing the
skin parameters such as thickness and elasticity had been proposed*”. As for skin layer
measurement, OCT utilizes an infrared light with approximately 1310 nm of length that is emitted
to the skin. the scattered light from the tissue is then captured and filtered by interferometer. The
result of OCT measurement is shown by Figure 3.2. As a result, some layers of the skin such as
epidermis, dermis dan subcutis becomes visible. By using this result, the shape and the thickness
of the observed skin layer can be calculated. However, the quantitativeness of the result is low
because the image is only contrasted by intensity of the reflected signal.

*A: Epidermis

=8 Dermal Epidermal Junction (DEJ)
+C: Papillary Dermis

+D: Reticular Dermis

Figure 3.2. The skin measurement by using OCT™).

On the other hand, the elasticity measurement of the skin is normally performed by using
cutometer, as illustrated by Figure 3.3. Cutometer works by applying negative pressure to the skin
(suction) and after some specified time, the skin is released. During the suction process, a light is
emitted and the elasticity of each layer are measured at the same time. This will lead to the
difficulties of evaluating each layer in the skin because the pressure will affect the properties of
the skin during measurement. In addition, the evaluation parameter that can be obtained is limited.

The application of scanning acoustic microscope for observing human skin was carried out
by some researchers?)4®:50:50  However, most of them required a sliced skin sample which is
invasive. Chean et al. proposed the cross-sectional skin measurement by using ultrasound
microscope’. The subject placed their skin on top of a substrate dish and by mechanical scanning,
the cross-sectional view of the skin along the beam direction could be obtained. This enabled us
to perform an assessment of skin layers non-invasively and the requirement to slice the object
was no longer necessary (living observation is possible). The generated cross-sectional image was
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called RF imaging, because the RF signals were displayed as it were. However, this image did
not provide sufficient information related to the skin structure because it contained the reflection
coefficient from the skin that was overlapped (convoluted) naturally with the components from
the transfer function of the system.

Light

- _negative air-
source

pressure

stratum corneum

Snideiiis T %
dermic [ |

Figure 3.3. Elasticity measurement by using cutometer’®-"",

The reflection that comes only from the skin was then reconstructed by a deconvolution
process and by utilizing algorithm similar to Time Domain Reflectometry™, each fragment of
reflection coefficient was then converted into the distribution of acoustic impedance. This
acoustic impedance representation was much more meaningful compared to the conventional B-
mode imaging because each part of the skin is now contrasted by acoustic parameter which is
related to the elasticity of the skin.

3.3. Measurement system
Figure 3.4 illustrates the measurement system for human cheek skin observation. The

subject places their face on top of a substrate dish (polystyrene). In order to avoid interference of
the air, a distilled water is applied between the skin and the substrate.

Actual measurement Cheek skin

Size of dataset: 4800 x Human Cheek Skin

2400 pm. B
300 x 150 x 400 S Ml -j;/,?]
(X, y, z resolution). Substrate = = 1
Water—~
l[e} . -
<::> A/D Signal - * B  Transducer
/0 Trigger - Pulser receiver
2 <:>| Controller Piezo-Stage |
c—
Computer

Figure 3.4. The measurement system for human cheek skin observation.
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An 80 MHz focused transducer then scans the skin area from the bottom of the substrate,
with the scan area of 4.8 x 2.4 mm2 The transducer is moved by a mechanical stage that is
controlled by a personal computer (PC). A distilled water is used as the coupling medium between
the bottom of the substrate and the top of the transducer. The reflection from the object is then
captured by the same transducer and the waveform is sent to the PC by an analog to digital (A/D)
converter. The waveform contains 400 samples with the sampling interval of 1 ns. A signal comes
back from well-defined reference material (water droplet) is used as the reference signal.

3.4. Transducer specification
In human cheek skin measurement, a transducer that generates a focused ultrasonic beam

is employed in the measurement. The transducer has a central frequency of 80 MHz with radius
of approximately 1.2 mm. The focal length of the transducer is estimated to be 4 mm.

80 MHZ beam Spectrum of the received signal
o-2in i [\
1]
=
2
Focal point = 0
. 0 100 200
‘ Frequency (MHz)

"
%

Intensity

Figure 3.5. The properties of the transducer.

Figure 3.5 shows the transducer employed in the measurement and its acoustic field
calculated by sound field analysis?¥:?).7®), The simulation shows that the transducer has an axial
and lateral resolution of approximately 300 um and 30 pm, respectively. In addition, it shows that
the highest intensity is located on the focal point.

3.5. Interpretation into apparent reflection coefficient

Reference (water) SOE>
N Seral
3 Zref
—NAN—
Sref (w)
Substrate
Target (skin) Se»
Sy ] i ngt<:|| T,
—/\/\_ &
90 Zigiw)
—AMA— [ S
Sglw) | Dt

Substratc;..
Figure 3.6. The relation between the target and reference signal.
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Normally, the reflection coefficient of the target in touch with the same substrate can be
determined by deconvolving the target signal Si(w) (signal reflected from the interface between
the substrate and the skin) with the reference signal Srer (signal reflected from the interface
between the substrate and water) in the frequency domain, as illustrated by Figure 3.6.

As the reference signal comes back from a well-defined flat interface it can be recognized
as proportional to the impulse response of the measurement system. The relation between target
signal Si(w) and reference signal Sy can be expressed by

S (6!)) _ Ztgt (a)) - Zsub
tgt - 0
’ Ztgt (a)) + Zsub (2.18)
Z —7Z
S — ref sub S ’
o Zref + Zsub °

where Zg(w), Zrefr, Zsub and So are the acoustic impedance of the target, acoustic impedance of
reference, acoustic impedance of the substrate and the transmitted signal, respectively. However,
Sp cannot be obtained by measurement, so it is converted from Sier as expressed by

Z.+7Z

SO — Tref sub o (2.19)
Zref - Zsub

The reflection coefficient at the surface of the substrate is then performed by deconvolving

Sigi(w) With Ser as one-dimensional signal. The reflection coefficient 75(w) at the substrate surface
is expressed by

— S ((U) _ Zref _Zsub . Stgt (a))

= 2.20
Zref + Zsub S ( )

ref

As many reflections are involved in the target signal, the reflection coefficient is time-
dependent. As the fluctuation in acoustic impedance in the soft biological tissue is small compared
with its absolute value of acoustic impedance, the reflection coefficient at each reflection point
would be small as well. Therefore, the existence of multiple reflections can be neglected.

In the interpretation into acoustic impedance profile, the tissue is divided along the depth
into many fragments; the thickness of each corresponds to the round traveling time within the
sampling interval. In this series of analyses, the sound speed was assumed as 1600 m/s. As the
exact sound speed through each fragment cannot be determined, the acoustic impedance profile
may be slightly deformed like a regular ultrasound echography.

3.6. Acoustic impedance mapping by the proposed dual domain deconvolution
Figure 3.7 shows the result of the proposed dual domain deconvolution to the human cheek
skin dataset. Since time domain calculation does not take account the spectral components in the

signal, the generation of unnecessary low frequency components caused by improper spectral
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division can be avoided. In addition, since the baseline is free from fluctuation, the accumulation
of error that often occur during acoustic impedance interpretation can be avoided. As shown by
the acoustic impedance result, the structure of the skin becomes visible and in addition, the layers
of the skin such as stratum corneum, epidermis and dermis are each represented by different
acoustic impedance value.
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Figure 3.7. The acoustic impedance distribution of human cheek skin as the result of the
proposed time and frequency (dual) domain deconvolution.

3.7. The comparison results between the conventional frequency domain
deconvolution and the proposed dual domain deconvolution method

Figure 3.8 shows the comparison of the time-dependent reflection coefficient along the
beam as well as the result when it is converted into the acoustic impedance distribution. As shown
by Figure 3.8 (a), a strong reflection comes back from the interface between the substrate and the
Horny layer, the waveform is disturbed by the low-frequency components which appear as a wavy
baseline. This disturbance gives a strong influence when the result is converted into the acoustic
impedance profile, as shown by Figure 3.8 (b). The proposed method, as shown in Figure 3.8 (c),
has a profile that is free from the low-frequency components, in addition, the detail of the skin
structure can also still be maintained. When this profile is converted into the distribution of
acoustic impedance, as shown by Figure 3.8 (d), the difference of acoustic impedance value
between the dermis and the area below the Papillary layer can be seen. The waveform also has a
stable shape and a good distribution without any interference of unwanted DC components.
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Figure 3.8. The comparison of the deconvoluted waveform calculated by conventional
frequency domain and proposed dual domain deconvolution method.

Figure 3.9 shows the comparison between the result of the conventional frequency
deconvolution and the proposed time and frequency deconvolution method, when applied to the

same data of the human cheek skin.
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Figure 3.9. The comparison of the cross-sectional acoustic impedance result calculated by
conventional frequency domain deconvolution and proposed dual domain deconvolution.

On the result calculated by frequency domain deconvolution method, the structure of the
skin cannot clearly be seen since the image contains a lot of artifacts and high-frequency
components that are caused by the improper frequency deconvolution process. The difference of
acoustic impedance value between the area under the Papillary layer and the dermis also cannot
be distinguished from the resulting image. This condition is completely different compared with
the result of the time and frequency (dual) domain deconvolution method, where the structure of
the skin can clearly be seen and the image is almost free from strong artifacts and high-frequency

components.
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3.8. Discussion

As shown by cross-sectional result of dual domain deconvolution, the detail and some
layers of the skin structure especially on the dermis area can clearly be seen by using the proposed
method. It also shows that the area between the Horny layer (Stratum Corneum) and the papillary
layer has a lower acoustic impedance value compared to the area of dermis. This has a good
agreement with the fact that the area under the dermis is filled with cells such as keratinocytes,
while the dermis area which has a higher acoustic impedance value consists of elastin and
collagen, which is harder in terms of structure*)"7989_|n the previous research’™, in order to
make the structure of the skin from the acoustic impedance image clearer, a differential type of
edge-detect filter is applied along the y-axis of the image, with the consequences of the image
losing its quantitativeness. However, by using the proposed method, this kind of operation is no
longer necessary since the structure of the skin can directly be observed from the result of the
acoustic impedance image.

When the reflection coefficient of the skin is interpreted into the acoustic impedance, the
trend of the acoustic impedance distribution sometimes tends to increase or decrease from its
normal value. This phenomenon may appear as a form of stripes in the image. In order to deal
with this, the average along the scan area (x-axis) is taken on the dermis and the epidermis area,
these values are then used as the reference to align some stripes that appear in the image back to
their normal distribution value.

Since the transducer used transmits a high-focused ultrasound beam, during the
propagation of the ultrasound beam through the substrate, the direction of the beam will not
completely be a plane wave and tend to be slanted to the direction of the skin surface. An angle
compensation obtained from the numerical sound field analysis is then used to correct the oblique
incidence of the beam?9:89,

3.9. Conclusion

A deconvolution in both time and frequency domain was applied to determine the cross-
sectional acoustic impedance profile. The low and high-frequency components were obtained
from the result of calculation in the time and frequency domain, respectively. The multiple
reflections inside the human skin were also neglected in the calculation since they only contribute
by less than 0.01% of the direct reflections in signal intensity. An angle compensation to correct
the slanting angle of the ultrasound beam propagation is also applied to the result of the acoustic
impedance. As a result, a clear view of the human cheek skin structure was obtained, compared
to the result when the deconvolution was performed only in the frequency domain. Unlike the
conventional method, the proposed one could maintain the detail of the skin structure in the
waveform, as well as the waveform being free from unwanted DC and low-frequency
components.
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Chapter IV

Optimal Condition for Dual Domain Calculation
(Speed and Preciseness Improvement) Applied to
Human Skin Observation

Since a single slice of cross-sectional acoustic impedance image does not provide enough
information related to the skin properties, three-dimensional analysis becomes a requirement to
be carried out. Nevertheless, by performing three-dimensional observation, some optimal
conditions in the calculation needs to be taken into account, in order to increase the speed and
preciseness of the calculation. This chapter will discuss about the optimum condition for dual
domain deconvolution, such as the reduction of samples by down-sampling, the border frequency
between time and frequency domain and the compensation by subjecting a DC offset into the
calculation. As a result, the calculated images are then correlated with ages to clarify the
mechanisms of wrinkle in different generation’. Moreover, the 3D reconstruction of layers in
human cheek skin as well as the correlation between the change in acoustic impedance along with
ages (young and old) will also be described.

4.1. 3D acoustic impedance observation

In the previous chapter, the cross-sectional acoustic impedance image of the human cheek
skin by using dual domain deconvolution had successfully been obtained. However, a single
cross-sectional acoustic impedance image does not provide much information because human
cheek skin is wide and its structure is not uniform (almost rough). In addition, each cross-sectional
image contains different information about the skin properties.

3D observation enables
us to slice the dataset in
all direction

0 }’“/\ o

0.3 mm

3D reconstruction process of human cheek skin 3D acoustic impedance dataset
Size of dataset: 4800 x 2400 pm.
300 x 150 x 400 (x, y, z resolution).

Figure 4.1. The skin dataset that is created by stacking all calculated cross-sectional acoustic
impedance images.
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In conjunction with that, a three-dimensional acoustic impedance observation is proposed
because three-dimensional acoustic impedance data will enable us to observe the human cheek
skin from all cross-sectional direction. All the cross-sectional slices along the scan direction will
be converted into the acoustic impedance distribution and three-dimensional analysis will be
performed. As much as 50 slices of cross-sectional acoustic impedance images will be stacked
together. This will create a 3D acoustic impedance data with area measurement of 300 x 150 x
400 (x, y, and z resolution), with area size of 4800 x 2400 pm, as illustrated by Figure 4.1.

By performing 3D analysis, the reconstruction of some layers in the skin can be carried out
by utilizing its calculated acoustic impedance value. Moreover, the quantitative observation based
on the skin condition and its correlation with ages (young/ old) can be carried out.

4.2. Down-sampling and its effect to calculation time

During time domain deconvolution, the target signal is deconvoluted by a transfer matrix
generated from the shifted reference signal. Because time-domain calculation does not take into
account all the frequency components of the signal, the resulting waveform will have a maintained
low-frequency component. The calculated spectrum in both time and frequency domain are then
combined by using a threshold value. However, the computation speed in time domain
deconvolution will strongly dependent on the size of the transfer matrix used in the calculation.
In order to deal with this, both signals are reduced by down-sampling before the time domain
deconvolution in order to speed up the calculation time.

Down-sampling vs calculation time Down-sampling vs generated error
1
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T 06 | = o4 L 22(n=100) 29 (n=400)
£ £
S 04 | S 02 21 (n=200)
02 0 L tted
0 100 200 300 400 0 100 200 300 400
t-resolution t-resolution
(@) (b)

Figure 4.2. The down-sampling operation and its effect to (a). Calculation time and (b).
calculation error.

Figure 4.2 (a) shows the result of performing several levels of down-sampling and its
consequence to the calculation time. Since the number of samples is always the same for each
dataset (400 samples), only one dataset is used for this assessment of calculation time. Firstly, the
dual-domain deconvolution is performed without down-sampling (400 samples) and the time
required for calculating one slice of image is taken. It takes approximately 0.14 seconds to
calculate a single slice of image without down-sampling. The down-sampling with different taps
number (levels) is then performed and result is shown in Table 4.1. As shown in Figure 4.2 (a)
and Table 4.1, the required time for calculation reduces to almost half when the level of down-
sampling is increased. This may suggest that the sample reduction by down-sampling in
calculation does help to speed up the calculation time. There is almost no significant difference
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in the calculation time for the down-sampling level of 2, 3 and 4, which is caused the number of
samples in the signal that has become small. If the selected taps number (down-sampling level)
is too high, the signal will lose most of its high-frequency components and aliasing will occur. In
addition to that, the signal will also lose its original profile because the number of samples is
limited.

Table 4.1. The calculation time required for each down-sampling level

Down-sampling Number All 50 slices Single slice
level of Execution Normalized  Execution Normalized
samples  time (s) time (s) time (s) time (s)
0 (no down- 400 7.30 1 0.145 1
sampling)

1 200 4.13 0.560 0.082 0.561
2 100 3.23 0.430 0.064 0.438
3 50 3.05 0.410 0.061 0.417
4 25 3.03 0.401 0.060 0.410

4.3. Down-sampling and its effect to calculation error

Figure 4.2 (b) shows the different levels of down-sampling and the generated error
calculated from several slices of acoustic impedance image. Firstly, the calculation is performed
without down-sampling (full resolution signal; 400 samples) and the calculated acoustic
impedance image is used as the reference (ideal condition). Secondly, several levels of down-
sampling are performed and the difference (error) between the calculated image before and after
down-sampling is calculated, as expressed by

Ae = | Pigear — pdown»sampled (41)

With Ae is the absolute difference or error between the ideal condition (pigea) and after
down-sampling (Pdown-sampled). The average of error for each down-sampling level (Eoim)) is taken
from 15 different slices (N) of B-mode image in the same dataset, as shown by equation 4.2.
AepLm,n) is absolute difference at down-sampling level m and number of slices n, with m =0, 1,
2,3, 4

N
ZAeDL(m,N)
=1

E =n
DL(m) N

(4.2)

with m and N are the level of down-sampling and the number of averaged slices, respectively. All
the calculated error are then normalized and the result is shown by Figure 4.2 (b). As the level of
down-sampling is increased (smaller number of samples), the difference (error) of the image
before and after down-sampling also increases. There is almost no significant error when 2! of
down-sampling level (m = 1; 200 samples) is applied to the signal. In other words, in this study,
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reducing half of the sample number in the dual-domain calculation is considered to be acceptable
and this will result in approximately 3.5 seconds when calculating all the 50 slices.

4.4. Frequency border of dual domain

Figure 4.3 shows the result of appending some number of low-frequency components from
the result of time-domain deconvolution into the dual-domain calculation. The high-frequency
components of the frequency domain deconvolution were reduced by a lowpass filter while the
high-frequency components of the time-domain deconvolution depends on the level of down-
sampling.
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components between this range
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Figure 4.3. The amount of appended low-frequency components into the dual domain
calculation.

As shown by Figure 4.3, the fluctuation in low-frequency parts of frequency domain
deconvolution appears up to the frequency of approximately 15 MHz. This value is used as
minimum threshold limit for low-frequency components of time domain deconvolution to be
appended into the spectrum of frequency domain deconvolution. The frequency range of 15 — 55
MHz is the safe zone, which means that the spectrum generated by both time and frequency
domain is similar and appending low-frequency components inside this range of frequency will
not result any significant change in the signal. The frequency limit of 55 MHz is considered as
critical threshold limit, since the high-frequency components of time domain deconvolution will
be reduced because of down-sampling. Appending frequency components from time domain
deconvolution exceeding this critical threshold limit will cause an error similar to aliasing.

If down-sampling operation (with the level indicated by m) is applied to the signal during
time-domain deconvolution, the sampling frequency will be reduced by a factor of m. In time
domain deconvolution with 1 ns of sampling interval and full resolution signal (400 samples), the
folding frequency (Nyquist) of the spectrum can be calculated by equation 4.3.
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f,= i =1GHz
1ns
¢ (4.3)
frog = ?s =500 MHz

With f; is sampling frequency and fiua is the Nyquist frequency. If the signal is down-
sampled by factor of 1 (m = 1, 200 samples), the new Nyquist frequency of the spectrum will be
decreased m times, as shown by equation 4.4, with m is the level of down-sampling:

(/2=
2.2" s
~1OHZ _ 250 MHz
2:2

Since the transducer has a central frequency of approximately 70 MHz, the aliasing will
not occur. However, if the selected down-sampling level is too high, aliasing will occur because

the number of samples are too limited and this will cause an error in the acoustic impedance
calculation.

4.5. The appearance of offset in the signal

In practice, the baseline of the raw-signal (as acquired) suffers from a small offset that is
caused by some factors during the measurement, such as the movement of the subject, the
vibration caused by the scanning motor, or even the offset that comes from the measurement
system itself. Figure 4.4 illustrates the view of the scanned area.

B-Mode image
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Figure 4.4. The measurement area of the skin and the existence of offset in the signal.
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The C-Mode image represents the intensity of the signal by means of root mean square
(RMS) on the interface between the surface and the skin, with an area size of 4.8 x 2.4 mm?. The
C-Mode image contains as many as 50 cross-sectional slices where the view of the slice is
represented by the B-Mode image. When the intensity in the C-Mode image is plotted into a
surface graph (right image), it appears that the intensity of the reflected waveform varies, and
some area with a high intensity also appears in the image that is caused by several factors, such
as air bubble that gets trapped on the interface between the substrate and the skin or because the
surface of the human skin itself is originally rough.

The area marked by 1 and 2 in Figure 4.4 shows the reflection coming from the skin and
the reflection coming from the area with high intensity, respectively. The signals from these areas
are plotted in the time domain graph on the upper right image. When the signal is zoomed in, it
appears that there is a drift of offset in the signal which becomes stronger as it moves to the area
with high intensity (shown by number 2 on the time domain graph). When the signal that contains
offset is deconvoluted, the deconvolution result will be unreliable. In order to deal with this
problem, a small amount of DC component is added into the transfer matrix in the time domain

calculation.
M Target
| Shifted |

i Subjected DC

i component

:
, Reference

Figure 4.5. The transfer matrix with DC component subjected.
A small constant (DC component) with the same length of the reference signal is then

appended to the two-dimensional transfer matrix, as illustrated by Figure 4.5. The relation
between the appended offset and the transfer matrix is expressed by equation 4.5.

) - M) - ho(t,)
thj(.to) hj(.ti) hn(.tm)’

hn(to) hn(tl) hn(tm)
§=[sl,32,...sn] (4.5)

[l
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With § is a row vector with the same element and its intensity is equivalent to the root mean
square (RMS) of the reference signal. H’ is the concatenation between H and §. The intensity of
the appended DC component into the transfer matrix was chosen to be equivalent to the RMS of
the reference signal in order to maintain the weight of all components inside the matrix to be the
same. In general, time domain deconvolution is performed so that the output waveform can be
reproduced by the linear combination of the elements of the transfer matrix. As long as the
appended DC component has a finite value, the appropriate coefficient g, can be obtained by
Least square method. Changing the intensity of the appended DC component is equivalent to
changing the weight of each element in the transfer matrix. In fact, the result was not sensitive to
the intensity of the DC component unless the difference from the strength of the reference signal
was in many orders of magnitude.

4.6. The comparison of the deconvoluted signal

Figure 4.6 shows the result of the deconvolution performed in the frequency domain and
dual-domain deconvolution (with and without the addition of DC components in the transfer
matrix). The red dotted line indicates the area shown in time domain graph on the right side of
the intensity image.
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Figure 4.6. (Intensity image) The effect of adding a DC component to the result of the
deconvoluted waveform.
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A strong drift appears in the result of the frequency domain deconvolution because most of
the low-frequency components are disturbed. This drift appears as an area with strong and low
intensity in the intensity image.

On the other hand, the result of the dual-domain without the addition of DC component in
the transfer matrix is much more stable compared with the result of the frequency domain
deconvolution. However, there is still some drift left in the signal. When a small number of DC
component is added into the calculation, it will stabilize the trend of the deconvoluted signal as it
appears straight without any influence of drift in the waveform.

4.7. Kurtosis calculation

In order to validate the stability of the waveforms generated from different types of
deconvolutions, a kurtosis calculation is applied to the baseline area of each waveform. Kurtosis
is a statistical parameter that indicate how the distribution (histogram) is concentrated at a certain
value of variable.
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Figure 4.7. The result of the kurtosis calculation on each deconvoluted waveform.
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As the intensity distribution is considered to be concentrated at the baseline, this parameter
will be suitable to indicate the stability of the baseline, where a small number of kurtosis indicates
a flatter histogram distribution or when the signal distribution is not centered at zero line
(indicating the existence of strong drift in the waveform). On the other hand, when the distribution
is perfectly centered at zero, it will result in a high kurtosis value. Figure 4.7 shows the result of
the kurtosis calculation of each waveform started from the substrate interface (marked by the
vertical dotted line).

Table 4.2. The kurtosis calculation of 10 different skin datasets with different types of
deconvolutions.

Kurtosis
Dual-Domain Dual-Domain
Subject | Frequency Domain Decgnvolution Decor_lvolution
. (Without DC (With DC
Deconvolution ) .
component in component in
transfer matrix) transfer matrix)
1 4,92 21.2 34.4
2 2.89 18.8 31.6
3 5.78 24.9 28.9
4 9.64 19.9 31.9
5 5.78 28.7 35.9
6 10.0 12.6 40.9
7 12.8 21.9 41.1
8 11.0 23.8 25.1
9 12.9 28.0 32.9
10 14.8 25.9 30.0
Mean 9.06 22.6 33.3

On frequency domain deconvolution, since the baseline is unstable, the histogram
distribution of the waveform tends to be flat and it has the smallest kurtosis value, that is 4.92.
On the other hand, the dual-domain deconvolution without the addition of DC component in the
transfer matrix has a narrower histogram distribution, however, since there is still some DC
components in the baseline, its distribution is still not well centered on zero line, with the kurtosis
value of 21.2. On the result of dual-domain deconvolution with added DC component in the
transfer matrix, the waveform has a distribution that is centered at zero. In addition to that, it has
the highest kurtosis value among all, which is 34.4.

In order to test the robustness of the addition of DC component in the dual-domain
deconvolution, the kurtosis calculation was performed on 10 different datasets that were taken
from 10 different person and the result is shown in Table 4.2. Based on the calculated result on
the table, it shows that the dual-domain deconvolution with the addition of DC component has
the highest kurtosis value among all, with the mean value of 33.3.

Figure 4.8 shows the result of several types of deconvolutions when being converted into
the acoustic impedance distribution. Since the drift in the frequency domain deconvolution is
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strong, it will generate a strong artifact in the acoustic impedance image. This is because the drift
that appears in the signal will cause an instability when the waveform is integrated by using the
TDR algorithm.
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Figure 4.8. The effect of adding DC component and its improvement to the acoustic impedance
image.

On the other hand, on the result of dual-domain algorithm without the addition of DC
component in the transfer matrix, the waveform becomes much stable compared with the result
of the frequency domain deconvolution, however, it still contains a high acoustic impedance value,
especially on epidermis and dermis area. Moreover, there are two additional peaks on the dermis
area, shown by the area 1 and 2 on the image. These peaks appear as strong stripes on the acoustic
impedance image.

In contrast, the result of the dual-domain deconvolution with the added DC component in
the transfer matrix has a much more stable and flatter trend. The difference between the dermis
and the epidermis can also clearly be seen in the acoustic impedance image. It can be concluded
that the addition of small amount of DC component into the time domain calculation could
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stabilize the trend of the deconvoluted signal.

In this calculation, the existence of multiple reflections inside the tissue are not taken into
the calculation because its intensity will be really small. An angle compensation calculated from
numerical sound field analysis is also applied to compensate the oblique incidence of the
ultrasonic beam when propagating through the substrate?*8),

4.8. 3D skin reconstruction from the calculated acoustic impedance images

Figure 4.9 (a) shows the 3D reconstruction of the human cheek skin calculated from as
much as 50 cross-sectional slices. Figure 4.9 (b) shows the process of reconstructing the horny
and papillary layers from the acoustic impedance image.
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Young Old

Thickness :
8.38 um

Thickness :
6.97 um

(©)

Figure 4.9. (a). The 3D reconstruction of human cheek skin (the shown result was taken from a
woman at her 20s); (b). The process of detecting the horny and papillary layer; (c). The horny
layer reconstructed from young and old women.

Normally, the horny and papillary layers are detected by specifying a threshold value on
the acoustic impedance image before the reconstruction process. In this study, the detection is
performed by using a neural network with pixel location and acoustic impedance value used as
the input of the network with three hidden layers. Figure 4.9 (b) (right) shows the reconstruction
process of the horny and papillary layers.

Figure 4.9 (c) shows the difference of horny layer calculated from the young subject (a 20
years old woman) and old subject (50 years old woman). It appears that the horny layer calculated
from the older woman is slightly thicker and rougher than the younger one. This is confirmed
with the result of the thickness calculation, with older woman has an average thickness of 8.38
um while the younger one has an average thickness of 6.97 um. However, at this moment, only
two data from different subjects (person) were reconstructed. In order to increase the confidence
of this result, a lot of skin data from a lot of people are required for further observation.

4.9. The relation between the depth-specific elastic properties and the generation of
wrinkles in the skin
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Figure 4.10. The depth of fixed wrinkles correlated with the gap coefficient value™.

As stack of cross-sectional acoustic impedance images could successfully be obtained, the
correlation between the age and formation of wrinkle in the skin in different generation was
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performed”. The wrinkles easily appear during the facial expressions and based on the simulation
result; it also shows that the viable epidermis only contributes a little in the formation of wrinkles.
On the other hand, the stratum corneum and the dermis affect wrinkle formation as they become
stiffer and softer, respectively. The gap coefficient between the relative elastic properties of the
stratum corneum (K ’sc) and dermis (K 'per) Which is defined as K ’sc / K 'per. As the coefficient gets
larger, the wrinkles will easily to appear.

Figure 4.10 shows the significant correlation between the depth of the wrinkles and the gap
coefficient value (K’sc / K ber). The wrinkles whose depth is less than 100 um which is almost
invisible is defined as pre-wrinkles with gap coefficient value that is less than 0.75.

4.10. Discussion

Since the error remains stable when increasing the level of frequency bin (number of
subjected low-frequency components) above the threshold limit in the dual-domain calculation,
this means that the deconvolution in the frequency domain is actually not necessary and that the
calculation can all be performed only in the time domain. This is equivalent to setting the border
frequency at the Nyquist frequency. However, in such a case, the time of calculation increases
and the processing time becomes long, so down-sampling is performed prior to the time-domain
deconvolution in order to reduce calculation time. This (down-sampling) will limit the frequency
band after time domain deconvolution. The reduced frequency components can be recovered by
performing the calculation of the frequency band higher than the limit frequency (in the frequency
domain) and then complementing the result. When the S/N ratio of the low-frequency component
of the signal becomes small, low-frequency spurious (artifact) occurs after the deconvolution
process, but in the pulse response measured here, the frequency at which this occurs is far from
the center frequency (70 MHz, in this particular experiment), and is equivalent to a few cycles
along the time window. In this experiment, this criterion was as low as 15 MHz. If the threshold
frequency is set slightly higher or lower than the above-mentioned limit frequency, almost the
same result will be obtained. Therefore, the result is very insensitive to the threshold frequency
and does not require critical tuning.

During the process of acoustic impedance conversion, the sound speed inside the tissue is
assumed to be uniform, that is 1600 m/s*?497)_ This assumption will not significantly affect the
acoustic impedance value because it will only affect the scale of the pixel along the beam direction
by around 10%. On the generated acoustic impedance image, only 65% area of the dermis is
reliable, in terms of its acoustic impedance value. The precision of the acoustic impedance will
be less reliable when it goes deeper from the dermis. This phenomenon can be caused by the
integration of error when the calculation goes deeper. However, since the difference between the
horny layer, papillary layer, and some part of the dermis could successfully be seen, at this
moment, this condition is considered to be acceptable.

On the reconstructed horny layer from two different subjects (young and old), it is shown
that the older subject has a slightly thicker and rougher horny layer compared with the younger
ones. In order to support this statement, many datasets from many subjects with various ages
(from 20 — 50 years) need to be observed. In addition to that, the parameters such as the application
of cosmetics and the living area of the subjects need to be taken into account, which can be the
continuation of this study in the future.
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4.11. Conclusions

Three-dimensional acoustic impedance microscopy was proposed and applied to human
cheek skin. A newly proposed dual-domain deconvolution was applied for estimating the
reflection coefficient in time domain that comes back from each internal layer in skin structure.
In order to perform the 3D analysis, all the cross-sectional slices in the measurement area need to
be calculated. In that case, the parameters such as the calculation time and the number of appended
low-frequency components into the calculation was discussed.

There was an optimal condition in the down-sampling level that is corresponded to the
border between time-domain and frequency-domain deconvolution. If the border frequency is
high, it may need a long calculation time. On the other hand, if the border frequency is low, the
baseline may be unstable because of low-frequency spurious that derives from the frequency
domain deconvolution.

In addition to that, in order to improve the robustness of the dual-domain algorithm when
calculating the stack of acoustic impedance images, a small number of DC component is subjected
into the transfer matrix that is created from the reference signal. This insertion of DC component
in reference signal will cancel the offset that originally exists in the target signal, which can be
caused by several factors during the measurement, such as the movement of the subject or the
vibration generated by the scanning motor. As the result, the stability of the reconstructed
waveform could be maintained. Statistical analysis using the kurtosis calculation of the reflection
coefficient waveform was performed in order to evaluate the stability of the baseline. It was found
that the dual-domain deconvolution process with subjected DC component in the transfer matrix
led to the best result in comparison with two different ways of deconvolution processes.

As the result, a 3D reconstruction of the human cheek skin could be generated, and the
shape estimation of the horny and papillary layer, as well as the thickness estimation of the horny
layer could be estimated. This series of studies is believed to be useful for skin observation and
analysis through its acoustic parameters, although in the future, the quantitativeness of the result
may need to be improved.
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Chapter V

Precise Cellular-sized Observation by Acoustic
Impedance Microscope

This chapter of the study will discuss about the application of the proposed dual domain
deconvolution to observe the dynamism of cultured cell. The observation target are Glial cell and
Fibroblast cell. The chapter begins with the discussion about the system setup, the additional
components for the measurement and the signal processing. As the result, the comparison between
the conventional frequency domain deconvolution method and the proposed time and frequency
(dual) domain deconvolution in terms of cross-sectional view of the cell will be presented.
Moreover, the position of nucleus and the change in the properties of the cell such as height and
shape after some treatment (fixation) will also be discussed.

5.1. Ultrasound imaging for cultured cell observation

In terms of biological cell observation, the acoustic microscope had been utilized to extract
some acoustic parameters of the cell such as sound speed, thickness, attenuation and also acoustic
impedance®2729%¥)_ The change of those parameters after some treatment performed to the cell
such the addition of drugs became the main concern of why this field of study is becoming
popular®-2D, Most of the observation utilized the C-mode view of the cell which normally
provides information such as shape and also the position of some specific parts of the cell such as
nucleus or cytoskeleton.

The number of researches that utilizes ultrasound microscope to observe the cross-sectional
view of the cell along the beam direction (B-mode) is still very limited. This is mainly because
the structure of the cell that is too thin and this will complicate the signal processing process.
However, although the cell is thin, it still has a three-dimensional structure. The evaluation is
normally terminated at displaying the RF signals along the scanning direction. This view does not
provide meaningful information except the position of the cell. In addition, the image is only
contrasted by the intensity of the reflected waveform (not quantitative). It is similar with the
problem in skin observation where the reflected waveform captured from the measurement system
is a natural convolution between the reflection coefficient coming from the cell and the signal
components that comes from the system transfer function. In order to extract the cell information
from the naturally convoluted waveform, the deconvolution process is required. In 2018, Hozumi
et al. proposed a three-dimensional observation of Glial cell*?*, The internal reflection of the
cell is reconstructed by deconvoluting the target signal (signal coming from the interface between
the substrate and the cell) by reference signal (signal coming from the interface between the
substrate and water) in frequency domain. The result was then quantified by converting each
reflection coefficient into the distribution of acoustic impedance and cross-sectional acoustic
impedance image of the cell could be obtained, as shown by Figure 5.2.
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Figure 5.1. The cross-sectional acoustic impedance image of Glial cell; Hozumi et al.

However, as previously described in the skin observation, frequency domain deconvolution
will result in an unstable waveform and lead to the generation of artifact when it is converted into
the acoustic impedance distribution. As shown by Figure 5.1, some artifact still appears in the
upper left and right of the image. This study will propose the solution to above problem by
performing deconvolution in both time and frequency (dual domain). In addition, since the
stability of the calculation is improved, the three-dimensional analysis of the cell can be
performed and the change in cell properties after some treatment (cell fixation) such as the change
in height and morphology of the cell will also be provided.

5.2. The objective of cell observation

During the cell monitoring process, some specific drugs are introduced into the cell. These
drugs have various purpose such as to stimulate the cell to be more active so that it can easily be
tracked or even to slow down the internal process inside the cell (cell becomes inactive). In
addition, some cells will die after the addition of specific drugs. The observation by using light
microscope cannot track the change in the cell properties after a drug is added. Normally, it can
only be used to see the condition of the cell before and after the drug is added.

Dynamic intracellular changes after drug administration
(Non-invasive continuous observation by ultrasonic waves)

Actlve ‘ .' Inactive \ Died

Irreversible cell death after drug administration
(Conventional observation with an optical microscope)

Figure 5.2. The change in cell after the addition of drug.

As illustrated by Figure 5.2, the condition of the cell as it will become more active,
inactive or die depends on the types of drugs that is added. The transition phase of the cell from
active to inactive (and vice versa) or from inactive to die cannot be tracked by using light
microscope. On the other hand, by using ultrasound imaging, this transition phase can be tracked
by means of the change in its acoustic properties (such as acoustic impedance). In addition, by
performing cross-sectional observation, the change in height and shape of the cell after the
addition of drug can also be tracked. This type of observation will help us to understand more
about the dynamism of cultured cell.
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5.3. System setup

Figure 5.3 shows the system setup for the cultured cell observation. The cultured cells were
placed on a thin polypropylene film substrate with a thickness of approximately 75 um. Pure
water (with speed of sound of 1480 m/s) was employed as coupling medium between transducer
and the substrate. The transducer transmits a focused ultrasound beam with the frequency of 320
MHz. The reflection from the object was then received by the same transducer. The transducer
was controlled by the piezoelectric stage to scan the object along the x- and y-axes. The size of
the scanned area was approximately 65 pm and consisted of 200 x 200 points (x and y resolution)
with a waveform size (t resolution) of 200 samples with a sampling interval of 200 ps.

Cultured
cells

Water -

Substrate 4 (
Vo — (=75 um) ) Transducer
<;’> Digitizer Signai P4

Pulsar / receiver

XY-Stage

o) Trigger

Controller

control

Figure 5.3. The setup of the system for cultured cell observation.

Since cultured cell is very thin, normal mechanical stage will not provide a good lateral
resolution during the scanning process. In order to solve that problem, a high-resolution stage
(Piezosystem PXY200SG) is employed in the system, as shown by Figure 5.5 (a). Piezo stage
provides scanning resolution up to 4 nm and it also has high dynamic range. Moreover, since it
does not rely on mechanical action, the scanning process can be made much smoother compared
to the normal mechanical stage.

(b)

Figure 5.4. (a). Piezo stage for high accuracy scanning and (b). the culture dish.

As a media to culture the cell, a culture dish made of polypropylene film substrate is
employed in the measurement. The substrate dish has a center thickness of approximately 75 pm
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and the diameter of 2 cm, as shown by Figure 5.5 (b). There are two types of cells that are used
for the observation. Glial cell and Fibroblast cell are chosen to be the experiment target because
they have a rigid cytoskeleton and they also attach well on the film substrate. The Glial cells were
cultivated from the neonatal rat cerebellum. In brief, anesthetized neonatal rats were dissected,
and the cerebellum was removed. Approximately 100-150-um-thick slices of the cerebellum
were placed into a polypropylene dish.

On the other hand, the Fibroblast cells were purchased commercially (DS Pharma
Biomedical, Japan). The cells are then placed into a polystyrene dish and cultured with phosphate
buffered saline (PBS) solution. After the first observation by using the ultrasound microscope,
the cells are then fixed by using Formaldehyde solution and the second observation is performed.
The experimental procedures had been approved by the committees for the use of animals in
Toyohashi University of Technology, Japan.

5.4. Transducer specification

Figure 5.4 shows the transducer employed in the ultrasonic microscope for cell observation.
The transducer transmits a focused ultrasound beam with a center frequency of approximately
320 MHz. A sapphire lens of half curvature of approximately 60° is attached to the transducer,
with radius and aperture diameter of 0.25 mm and 0.41 mm, respectively.

Simulation (sound field)
o

0.22 mm

Ajisuayu|

Received signal
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Spectrum of the received signal

Transducer specification:

« Central frequency: approx. 320 MHz.
« Radius: 0.25 mm.

500 «  Apperture diameter: 0.41 mm.

Intensity

o

250
Frequency (MHz)

Figure 5.5. The specification of the transducer.

In the calculated sound field distribution of the transducer, the axial and lateral resolution
of the transducer are calculated as approximately 14 um and 2.3 um, respectively.

5.5. Acoustic impedance interpretation

In order to interpret the obtained impulses (as a result of deconvolution) into the distribution
of acoustic impedance, the reflection coefficient was assumed to be a lossless transmission line,
and a time-domain algorithm inspired by the method to analyze the reflection waveforms in a
transmission line, i.e., Time Domain Reflectometry, was applied and the border of the
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transmission line is assumed to be water*?-43:7:72_The algorithm works by calculating each frame
of the impulses signal into the acoustic impedance by making use of its previous frame value.

T; Echo transmittance
I; Reflectance

| g() * Reflection ‘
normalized by the !
f; incidence. ‘

| sensqnsg

Figure 5.6. The acoustic impedance interpretation when multiple reflections are neglected.

In this study, the calculation for the acoustic impedance interpretation is simplified by
neglecting the multiple reflections that occur inside the cell, since their intensity is <1% of the
second strongest signal or the signal coming from the interface between the outer part of the cell
and water Ii.1. As illustrated by Figure 5.6, the cell is located between the substrate and the water,
where t; represents the sampling interval between each sample and 77 represents each fragment of
the reflection coefficient previously calculated by using time and frequency domain
deconvolution.

5.6. Dual domain deconvolution (cell)

The theoretical explanation and the calculation sequence for dual domain is similar to that
in skin observation. After performing both calculations in the different domains, a specific
threshold is used as a splitting value for both results of deconvolution in the frequency domain.
The high-frequency components of the frequency domain deconvolution are combined with the
low-frequency components of the time domain deconvolution, as expressed by equation 5.1, with

Saeronv(w)r Sdeconv(w) @A Sieconv(w) are the Fourier transform of the signal calculated by time

domain deconvolution (Sjzony(r)). the result of the frequency domain deconvolution and the
combined signal, respectively. Where @ and wc is the spectrum components and boundary limit
(threshold).

TD TD
Sdeconv(w) = FT (Sdeconv(t))
S
FD _ “lgt(w)
Sdeconv(w) - S (51)
ref (o)
TD
STFD _ Sdeconv(m) —> W< a)c
deconv(w) — FD
Sdeconv(oo) w0 a)c
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Since the disturbed low-frequency components are replaced with the ones calculated from
time domain deconvolution, this will generate an output signal that has a maintained low and
high-frequency component without any interference of unwanted DC components.

5.7. The signal processing result (Glial cell)

5.7.1. Waveform comparison between frequency domain deconvolution and dual
domain deconvolution

Figure 5.7 shows the waveform calculated by using the frequency domain and time-
frequency domain deconvolution method. Figure 5.7 (a) displays the result of the full frequency
domain deconvolution method. An unnecessary DC component appears in the signal as the result
of improper division in the frequency domain, forming an unstable baseline that disturbs the
resulting signal. Figure 5.7 (b) displays the result of the proposed time and frequency
deconvolution method. Since the disturbed low-frequency components from the frequency
domain deconvolution are restored by the ones from the time domain deconvolution, the resulting
signal does not contain unnecessary DC components.
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Figure 5.7. The comparison of waveforms as the result of both deconvolution methods.

Figure 5.7 (c) is the result of the waveform after being converted into the distribution of
the acoustic impedance. As the frequency domain deconvolution also generates unnecessary DC
components in the resulting signal, this creates a significant drift into the acoustic impedance
distribution. As shown in Figure 5.7 (c), the value of acoustic impedance increases as more
samples are calculated because the next acoustic impedance value depends on the acoustic
impedance value of the previous sample, especially in the area outside the cell, i.e., the culture
liquid, which should have an acoustic impedance value of approximately 1.52 MNs/m?. Figure
5.8 (d) is the result of the proposed time-frequency domain deconvolution after being converted
into the acoustic impedance distribution. Since the output waveform of the calculation is free from
unwanted DC components, no drift in the acoustic impedance result caused by error integration
appears in the waveform. In addition, since the acoustic impedance calculation is simplified by
ignoring the multiple reflections inside the cell, the resulting waveform exhibits a stable
distribution of acoustic impedance. The acoustic impedance of culture liquid, as shown in the
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graph of Figure 5.7 (d), also has a similar value with the acoustic impedance of water taken from
the reference??7®8Y, The distribution starts with the acoustic impedance of the substrate dish
(approximately 2.46 MNs/m®) and culture liquid, which has a similar value as that of water
(approximately 1.5 MNs/m?3).

5.7.2. Acoustic impedance comparison between frequency domain deconvolution
and dual domain deconvolution
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Figure 5.8. The top view of the cell being measured, shown in acoustic impedance and its cross-
sectional view on the area sliced by the white cursor.

Figure 5.8 shows the C-mode acoustic impedance image of the scanning area with a size
of 65 x 65 um that consists of 200 x 200 scanning points. As the result can only display the cell
shape and the corresponding acoustic impedance value, it does not provide much information
related to the internal structure of the cell. The field of view captured four cells, and the analysis
focused on three cells (humbers 1 — 3 in Figure 5.8) because only a small part of the fourth cell is
visible.
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Figure 5.9. The comparison results of the deconvolution and acoustic impedance image. 5.9 (a)
and 5.9 (b) are the resulting image from the frequency domain and time-frequency domain
deconvolution, respectively. Figure 5.9 (c) and 5.9 (d) are the result of the acoustic impedance
image from the frequency domain and time-frequency domain deconvolution, respectively.
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Figure 5.9 (a) is a deconvolution image resulting from full frequency domain
deconvolution. Since the waveform is disturbed by the baseline, it appears as a strong intensity
shown by the wavy green color in the culture liquid area in the image. Figure 5.9 (b) is a
deconvolution image resulting from the proposed time-frequency deconvolution method. Some
artifacts caused by the DC components in the signal do not appear in this result, as the area above
the cell is represented by almost a uniform distribution.

Figure 5.9 (c) shows the result of the frequency domain deconvolution after conversion
into an acoustic impedance image. The baseline that appears in the signal (the green color in the
deconvoluted image) becomes a very robust artifact in the acoustic impedance image, especially
in the area of the culture liquid. This result also shows that the value of acoustic impedance
becomes less reliable with increasing distances from the substrate, and is mainly caused by the
error integration during the calculation. In contrast, Figure 5.9 (d) is the result of the proposed
time-frequency deconvolution after conversion into an acoustic impedance image. Since the
deconvolution result is free from unwanted DC components, the acoustic impedance value is well
distributed. Unlike the result of the full frequency domain deconvolution method, the area above
the cell is free from artifacts and corresponds to the acoustic impedance of the culture liquid,
which is approximately 1.52 MNs/m?3, In addition, the proposed method can also maintain a stable
acoustic impedance distribution along the distance from the substrate.

5.7.3. Analysis of cell structure based on the acoustic impedance image

Although three cells were observed in the scanning area (Figure 5.8), the clearest view of
the nucleus position in terms of depth was located on cell number 2, which was thus selected for
further analysis. Cell number 2 was cropped into an area of 25 x 25 um (Figure 5.10).
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Figure 5.10. The result of acoustic impedance profile as well as the estimation of the Nucleus
position based on the cross-sectional view of the cell by using the frequency domain and time-
frequency domain deconvolution.
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The radius of the cell was approximately 10 um, and since the sound speed inside the tissue
is assumed to be constant (at 1600 m/s), the height of the cell was estimated at ~2 um. Cursors A
and B correspond to the vertical and horizontal view of the cell, respectively. The plus sign
between the two cursors represents the estimated location of the nucleus. Examination of the Al
slice as the result of the full frequency domain deconvolution revealed that the bottom of the cell,
especially at the substrate, exhibits a wavy pattern and that the relief of the substrate is not flat.
The artifact on the top of the cell can also still be seen with an acoustic impedance value higher
than that of the culture medium. The white square represents the estimated location of the nucleus.
The nucleus exhibits a similar value of acoustic impedance as other parts of the cell, i.e., the
cytoskeleton.

Unlike the result of full frequency domain deconvolution, the A2 slice calculated by using
the proposed time-frequency domain deconvolution exhibited a different structure. The cell was
rounder and the substrate appeared smoother; thus, the cell appeared to be in perfect contact with
the substrate. In addition, the artifact on top of the cell was not as visible and strong as the one
from frequency domain deconvolution (Al slice). The area inside the white square (estimation of
the nucleus position) exhibited a lower acoustic impedance distribution (at 1.5-1.6 MNs/mq)
compared to that of the other parts of the cell. This suggests that the proposed method can
distinguish between the nucleus and other parts of the cell, not only in terms of acoustic
impedance value but also in terms of cell shape. The B1 and B2 slices calculated by using the full
frequency domain and proposed time-frequency deconvolution, respectively, however, do not
exhibit significant difference in terms of the shape or acoustic impedance distribution. The
similarity of both results is that there appears to be a gap with low acoustic impedance on the
bottom part of the cell. However, unlike the B2 slice, the B1 slice calculated by full frequency
domain deconvolution still exhibits clear artifacts on the top of the cell that disturbs the
distribution of the culture liquid area.

Cell view (65 pm X 65 pm) Frequency Domain Deconvolution

C1 Slice .
1 7

Posntlon (Mm)

-I
~
v
Height (pm)
gW/SNW
aouepaduw "oy

- -
o N
vl ©

1.58 Time — Frequency Domain Deconvolution

>

5 =38 R F19 z

3 = 25

3 E 1T

B2 18

2 = 15 a
o

o Posmon (um)

Figure 5.11. The cross-sectional view of the cell 3 sliced at vertical direction and its
corresponding result calculated by the fully frequency domain and the time-frequency domain
deconvolution.

Cell number 3 was also sliced in the vertical direction (Figure 5.11). The C1 slice reveals
that the frequency domain deconvolution is unable to retain the shape of the cell as it gradually
spread and mixed with the area of culture medium. The artifact on the top of the cell can also still
be seen (light blue color). Unlike the C1 slice, the C2 slice resulting from the proposed time-
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frequency deconvolution can maintain the shape of the cell without any artifacts on the top of the
cell. Furthermore, a substance with a low acoustic impedance on the top of the cell was observed
with properties that were very similar to the nucleus, as previously discussed (Figure 5.10).

5.8. The signal processing result (Fibroblast cell)
5.8.1. 3D analysis of Fibroblast cell

Figure 5.12 shows the result of the proposed dual domain deconvolution to the dataset of
Fibroblast cell. The area marked by yellow-dashed line is shown on the one-dimensional graph
on the right. On the RF b-mode image, the position of the cell is hardly recognizable. This is
because the reflection coming from the cell is convoluted naturally with the reflection coming
from the system transfer function.
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Figure 5.12. The signal processing result (dual domain deconvolution) of Fibroblast cell.

By deconvoluting each signal in the RF b-mode image with the reference signal (signal
coming from the interface between substrate and water), the location and shape of the cell
becomes visible, as shown by the deconvoluted image. Since the baseline is stable the distribution
of acoustic impedance between substrate, cell and culture liquid becomes distinguishable. Since
the cell is located between substrate and culture liquid which acoustic impedance are known, its
acoustic impedance can be verified.
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Figure 5.13. Three-dimensional analysis of Fibroblast cell (fresh).
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Figure 5.14. Another three-dimensional analysis of Fibroblast cell (fresh).
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Figure 5.13 shows the result of performing 3D analysis to the Fibroblast cell. Since the
proposed acoustic impedance microscope can perform a measurement without introducing any
contaminants, a living observation of the cell could be performed. As all cross-sectional acoustic
impedance images is stacked, the view of the cell that is reconstructed from calculated acoustic
impedance distribution in the 3D plane can be observed. In addition, the cell can also be sliced
from all cross-sectional direction, enables us to see some specific part of the cell.

In the calculated cross-sectional acoustic impedance image, there is an area with low
acoustic impedance on the center part of the cell that is believed to be where the nucleus is located
(indicated by white arrow). Although it is not easy to locate the position of the nucleus in the
cross-sectional image, the corresponding area in light microscope image (as indicated by black-
rectangle) and C-mode acoustic impedance image shows where the nucleus is located.

Figure 5.14 shows another 3D observation for another Fibroblast dataset. This view
captured as many as two Fibroblast cells in the measurement area. Similar with the result shown
by Figure 5.14, there is an area that is believed to be the nucleus that is indicated with low acoustic
impedance (shown by white arrow).

In addition, by using the 3D analysis, specific parts of the cell can freely be observed
because we have the freedom to slice the cell in all direction. However, since the resolution of the
image taken by light microscope is poor, it is quite difficult to locate the precise location of some
specific parts of the cell and in conjunction with that, it may be required to stain the cell by staining
solution such as DAPI, which process will be described in the next sub-chapter.

5.8.2. Cell dyeing (staining by DAPI)

Dyeing or staining cell is a process to contrast the internal structure of the cell such as
nucleus to be visible by injecting a dyeing solution DAPI (4°,6-diamidino-2-phenylindole) which
is a fluorescent stain that binds strongly to adenine—thymine-rich regions in DNA into the cell, as
the process is shown by Figure 5.15. Because even after 3D acoustic impedance analysis was
successfully performed, it is still hard to compare the position of the nucleus inside the cell
because the resolution of the image taken by light microscope is poor.
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b

Cell is ready for
observation

Figure 5.15. The difference between the cell before and after dyeing process.
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Figure 5.16. Three-dimensional analysis of Fibroblast cell after staining is performed; The
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As shown by Figure 5.15, the nucleus and other parts of the cell in the light microscope
image becomes clearly visible after staining is performed. However, since staining process will
kill the cell, it will make a living observation of the cell is no longer possible to carry out.

However, this process is done in order to confirm the parameter that had previously been
found in the 3D analysis, such as if the area that is believed to be the nucleus really is located near
the center part of the cell. Figure 5.16 shows the Fibroblast cell after staining process is carried
out. When all the calculated cross-sectional acoustic impedance images are stacked, the 3D
analysis of the cell could be performed. The cell shown in Figure 5.16 is the same cell used in the
observation in the Figure 5.13, however, this time, the cell is dead because of the staining process.
As shown by Figure 5.16, the position and shape of the nucleus in the optical image becomes
clearly possible after staining process. The result of another stained cell is also shown in Figure
5.17.

Since the cell is dead during observation (because of DAPI injection into the cell) some
acoustic parameters inside the cell may slightly change. However, this method is at least able to
help to confirm the position of some specific parts of the cell such as nucleus when observed by
both light microscope and acoustic impedance microscope.

5.8.3. The change in properties of the cell (height and shape) after some treatment
to the cell (fixation)

5.8.3.1. The change in height

Since the stability of the calculation has been retained by the proposed method, the change
in properties of the cell after some treatment such as fixation is carried out to the cell can also be
monitored. Generally, fixation is performed in order to lock the position of the cell during
observation. This enables us to move the cell during observation by using various microscopes.
4% of Paraformaldehyde or better known as PFA solution is normally used as the fixation
medium. However, similar with the staining process, the cell will no longer live after fixation
process is performed. The procedure for cell fixation is described as follows:

a. The fresh cell is observed by using acoustic impedance microscope and at the same time,
same position of the cell is also captured by using light microscope. Extra care may be
required because when the cell is fresh, a strong movement when moving the dish by hand
may change the position of the cell.

b. The cell is then fixed by using the PFA solution. It may be required to wait for some time
(approximately 40 minutes — up to 1 hour) until the cell is perfectly fixed.

c. The cell is observed again by using ultrasound microscope and light microscope. The image
and data and then analyzed and compared.

Figure 5.18 shows the process of estimating the height of the cell from the deconvoluted
signal. After the deconvolution process, two peaks appear in the deconvoluted waveform. One
indicates the reflection from the substrate (shown by strongest peak) and the other indicates the
reflection coming from the cell. Sometimes, the gap between these two peaks is not clearly
indicated, so peak strengthening method is sometimes required. Conventional peak detection is
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then performed to the waveform and since the goal is to extract the shape of the cell, only the
second peak is taken into account (first peak is neglected). The comparison of height in the graph
shows that there is some reduction in the cell after fixation is carried out. Based on the reference,
the cell will lose its mass density by 10% after 17 mins of fixation in 4% of PFA solution™, this
may become the reason of the reduction in the height of the cell after fixation. When the height
in all cross-sectional images along the scan direction are calculated, the result is shown in the 2D
mapping of the height (bottom graph). It shows that the height after fixation undergoes a reduction
by approximately 0.1 — 0.2 pum.
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Figure 5.18. The height analysis of the cell calculated from the deconvoluted image.
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Figure 5.19. The surface graph created from the 2D mapping of the calculated height.

Figure 5.19 shows the surface graph created from the calculated 2D maps of height. As
shown by the Figure, the fresh cell tends to have a round shape whereas the cell after fixation
tends to have a flatter shape. This may suggest that the track in the cell height can be monitored
by using the calculated deconvolution image.

In addition to the change in height, the change in the shape of the cell after fixation can
also be monitored. The analysis procedure is similar to the one described in the previous sub-
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chapter. Figure 5.20 shows the Fibroblast cell from another measurement dataset. The C-mode
and light microscope view capture as much as two cells in the measurement area, as shown by
Figure 5.20 (a). The white-dashed line (marked by number 1 and 2) on the C-mode image
indicates the location of the cross-section.

Figure 5.20 (b) and (c) show the cross-section acoustic impedance images marked by each
white-dashed line before and after the fixation process is carried out. The comparison between
the outline of each cell is shown by the bottom graph in Figure 5.20 (b) and (c). Some reduction
and changes appear in terms of height and shape of the cells. The cells after fixation also tend to
be flatter and their height also decreased.
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Figure 5.20. The change in Fibroblast cell before and after the fixation process in another
dataset: (a). Light microscope image and (b). The comparison of cross-sectional acoustic
impedance image and its change in shape.

5.9. Discussion
5.9.1. Dual domain deconvolution for cultured cell observation

During the calculation, the sound speed inside the cell is assumed to be constant at 1600
m/s. In reality, the sound speed inside soft tissue is in the range of 1500-1800 m/s, although this
variation of sound speed will not drastically affect the result of the image, it may be considered
that the length of each pixel in the acoustic impedance image will be distorted by approximately
10 — 15% because the length of each pixel corresponds to different sound speed c.

Before time-domain deconvolution, both target and reference signals are down-sampled by
a factor of n. This process reduces the amount of high frequency components in the signal. If the
down-sampling operation is not performed, it is probably not necessary to perform deconvolution
in the frequency domain. However, the calculation will take a long time, especially if the sample
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length of the signal is large, because the size of the transfer matrix (H) will become large. In this
study, the sample length of the signal was not more than 200 samples; thus, the effect of dual
domain deconvolution in terms of calculation speed was insignificant. However, the number of
samples should be increased in the future to increase the resolution of the signal.
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Figure 5. 21. The generation of reflection inside the cell.

Figure 5.21 illustrates the generation of reflections coming from the interfaces between the
substrate, cell and culture liquid. I is the reflection coefficient coming from the interface between
the substrate and the cell. Since the difference of acoustic impedance between the substrate and
the cell is high, it will make 7 has the strongest reflection intensity. On the other hand, there are
two types of reflections coming from the cell. The first reflection is the one coming from the
internal part of the cell (/1) while the second reflection is the one coming from the interface
between the outer part of the cell and the culture liquid (77%). The reflection exists in the top of the
cell is considered as multiple reflection which intensity is really small (13). By assuming that the
acoustic impedance of the cell is constant, that is 1.8 MNs/m3 and by using the acoustic
impedance of substrate and water (2.46 MNs/m? and 1.52 MNs/m?, respectively), the strongest
intensity of the multiple reflection (73) can be calculated by equation 5.2.
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r — ZceII B Zwater . Zsubstrate B ZceII
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cell water substrate cell

1.8-15Y (24-18
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The maximum dynamic range of the multiple reflection in the acoustic impedance image
can thus be calculated by utilizing the intensity of the reflection coming from the interface
between the outer part of the cell and water (/>), as expressed by equation 5.3. In the result of
acoustic impedance image, the acoustic impedance of the cell spreads from the range of 1.5 - 1.8
MNs/m?, which means that the required dynamic range is approximately 0.3 MNs/m?, as shown
by Figure 5.22, while the multiple reflection itself is estimated as 0.004.
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This means that the intensity of the multiple reflection is really small compared with the
reflection coming from the interface between the cell and culture liquid (73) and its existence can
be neglected. In addition to that, even if multiple reflection appears in time domain after the
deconvolution process, it will appear as a sequence of gaussian pulse located on the top area of
the cell that can be rejected by a window function.
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Figure 5.22. The estimation of dynamic range between the cell and culture liquid.

In the acoustic impedance image, it is considered that cytoplasm (indicated with its acoustic
impedance that is slightly higher than culture liquid) fills up the whole parts of the cell. The
nucleus appears to have a higher acoustic impedance than the cytoplasm is probably because the
nucleus has a higher mass density. The acoustic impedance of the nucleus appears to be lower
than cytoskeleton is probably because of the high elasticity of the fibres occupying the
cytoskeleton (although the boundary between the nucleus and cytoskeleton is not as clear as the
optical image after staining).

At the moment, the use of a phantom is considered in order to validate the result of the
proposed method. However, since the cell is very thin, it was not easy to produce a well-controlled
phantom. Instead, the validity was verified by using the buffer liquid that exists on the top of the
cell. After the periodical acoustic impedance conversion along the depth that starts from the
substrate, the estimated acoustic impedance should finally reach 1.52 MNs/m? that is for the buffer
liquid (that was verified by the measurement on different content of saline solution?9%?) as the
result of the repetitive calculation.

In this paper, the internal observation of the cell could be performed because the axial
resolution was as thin as 0.2 um. However, because of the diffraction limit, the lateral resolution
was slightly longer than 1 um. In order to increase the lateral resolution, a transducer with a higher
frequency is required, followed by a thinner polystyrene substrate as the focal distance will
become shorter. Since a focused high-frequency beam is generated by the transducer, the direction
of the beam will no longer be a plane wave and the beam will spread as it propagates through the
specimen. In fact, some reflections from the area around the measured point will also be
generated. If these reflections are taken into the calculation, and by using an algorithm similar to
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a Synthetic-aperture radar (SAR)®, the spatial resolution of the image can be improved. In order
to realize it, a robust error correction and precise acoustic field analysis®? are required.

5.9.2. 3D analysis and the change in cell properties

In the assessment of the cell properties by means of its acoustic impedance distribution, the
cell tends to become flatter and has some reduction on its height after the fixation is done. This is
because during the fixation process, the culture medium is extracted from the dish and at this
stage, the dehydrated cell will lose most of water content inside its body including the cytoplasm
and slowly dies. The fixation liquid is then injected into the dish and some penetrates through the
cell membrane and at this stage, the cell is already dead, causing the cell to be flatter in shape.

5.10. Conclusion
5.10.1. Dual domain deconvolution for cultured cell observation

A method of deconvolution in the time and frequency domain is proposed to estimate the
reflection coefficient that comes only from the cell by using the target and reference signal. Glial
cells that were cultured on a substrate dish were the object of measurement. The low-frequency
components that were disturbed during deconvolution in the frequency domain were restored and
replaced by using the low-frequency components obtained from time domain deconvolution. The
combination of the high-frequency components from frequency domain deconvolution and the
low-frequency components from time domain deconvolution resulted in a signal with good
resolution and without unnecessary low-frequency components. The obtained reflection
coefficient was then interpreted into the distribution of the acoustic impedance by using the
algorithm inspired by Time Domain Reflectometry. However, in this study, the existence of
multiple reflections inside the cells was neglected, and the calculation was simplified.

The results of both frequency domain deconvolution and proposed time-frequency
deconvolution were compared and discussed. The distribution of acoustic impedance calculated
from the reflection coefficient of the proposed time-frequency deconvolution method remained
stable with the distance from the substrate, especially on the area of the cultured liquid, whereas
the full frequency deconvolution method generated artifacts on the acoustic impedance image that
were caused by error integration during the calculation. Furthermore, the proposed time-
frequency deconvolution method could distinguish between the nucleus and other parts of the
cell, not only in terms of shape but also in terms of acoustic impedance distribution. The nucleus
calculated by the proposed method exhibited a lower acoustic impedance value than other parts
inside the cell and is estimated to be located toward the center of the cell.

As the internal structure of the cell has been successfully interpreted regarding its acoustic
properties, which may be related to elasticity, this study may be useful to see a large or small
relationship of adjacent parts inside the cultured cell.
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5.10.2. 3D analysis and the change in cell properties

Since stability of the calculation in dual domain deconvolution could be maintained, a 3D
analysis of the cell could be performed and by using the 3D data, the properties of the cell by
means of its acoustic properties in the plane direction could be observed. This will enable us to
assess the parameter that relates to the cell dynamism, such as the change in height and shape
after a specific treatment is performed to the cell (in this study is fixation process).

In addition, by using the 3D acoustic impedance analysis, the position of the nucleus could
be confirmed. The result of analysis showed that the nucleus was located near the center of the
cell. This was confirmed with the result after staining because the internal parts of the cell became
clearly visible (in the light microscope image).

It also shows that the cell underwent some reduction in height by approximately 0.1 — 0.2
pum after fixation process. The cell also tended to be flatter in shape after fixation process was
performed. This may suggest that the proposed method is useful to track the change in the cell
properties after some specific treatment is carried out and to locate some parts in the cell internal
structure such as nucleus and its position along the depth direction.
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Chapter VI

The Application of Acoustic Property Imaging
for Industrial Applications

This chapter of study will discuss about the application of the proposed dual domain
deconvolution signal processing to other ultrasound-based measurement (non-biomedical related
research field) such as the coating film monitoring in the automotive industry and the observation
of the existence of space charge in the XLPE cable by means of pulse electroacoustic (PEA)
method. This chapter will be divided into two independent sub-chapter, started with the coating
film monitoring and followed by the space charge measurement.

6.1. Coating film monitoring

The proposed signal processing in this study is also applied to other ultrasound-based
measurement system. In the coating film (paint protection) monitoring especially in automotive
industry, in order to prevent corrosion and scratches in the car’s body. The coating normally
consists of several layers, as shown by Figure 6.1. The outermost layer is normally a clear coat
which thickness is around 38 — 102 um and followed by base coat and primer coat.

Coating layers structure

Clear coat (38 — 102 pm)

_ } Base color coat (13 — 38 pm)
}

Primer coat (13 — 38 uym)
Metal (13 — 38 um)

Figure 6.1. The structure of coating film in car.

The conventional method to assess these layers was carried out by emitting a terahertz light
into the layers and the reflection from each layer will then be detected. The peaks generated from
the interfaces between each layer are then separated and parameter such as thickness of each layer
can be calculated, as illustrated by Figure 6.2.

Sample At Sample
Single THz Returning
pulse pulses

Figure 6.2. The coating film assessment by using terahertz light.
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However, this way of measurement has a deficiency that it is quite expensive because
terahertz light which requires a laser with high voltage is used. In conjunction with that, this study
proposes another alternative method for coating film monitoring by using ultrasound microscope.
By emitting ultrasound into the coating layers, the reflection from each layer can be obtained
similar to the measurement by using terahertz light. Each individual peak is then separated by
performing deconvolution in time and frequency (dual) domain and the parameter such as
thickness of each layer can be calculated. Moreover, the result can be quantified by converting
each reflection coefficient into the distribution of acoustic impedance and by scanning the object,
the two-dimensional view (cross-section) of the layers that is contrasted by acoustic parameter
can be obtained. This proposed alternative measurement is believed to be more guantitative and
cheaper compared with the conventional one.

6.1.1. System setup

Figure 6.3 shows the system for coating film monitoring in our laboratory. The sample is
placed under a mechanical stage. An 80 MHz transducer then transmits a focused ultrasonic beam
through the sample and the reflection is captured by the same transducer and by scanning the
object, the two-dimensional view of the object can be obtained.

Figure 6.3. The system setup of the coating film monitoring.
6.1.2. Sample

The sample for the measurement is created from layer of several materials such as
Acrylonitrile Butadiene Styrene (ABS) as the substrate and coated with several layers of acrylic
with colors on it, as shown by Figure 6.4. The created sample imitates the coating layers used in
the automotive industry.

Sample Sample

| Substrate(ABS)‘
(i IO st layer

i | }an layer

Water

1S £
3 3
o ©
< -

80 MHz
Transducer

Figure 6.4. The created sample for the purpose of measurement.
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The difference in impedance between each layer will create reflections that will be acquired
by the transducer. The specification of the transducer is similar with that used in the skin
observation (80 MHz focused transducer).

6.1.3. Dual domain deconvolution (coating film)

Since several peaks that comes from the interface between each layer are obtained during
the measurement, the deconvolution process can then be performed. The deconvolution is
necessary because sometimes the reflection coming from the interface of one layer is overlapped
(natural convolution) with other reflections especially if the sample thickness is so thin. In
addition, since the depth of the measurement area is deeper than that from the skin measurement,
the baseline will be more likely to be unstable if the deconvolution process is carried out in
frequency domain. In conjunction with that, the dual domain deconvolution method is proposed
for deconvoluting the signal received from the coating layers. The reference signal for the
calculation is taken from the interface between the substrate and the first layer and by using a
specific window function the reflection from other interfaces is rejected.

In order to increase the quantitativeness of the result, each calculated reflection coefficient
is converted into the distribution of acoustic impedance and by aligning all the calculated acoustic
impedance waveforms, the 2D acoustic impedance mapping of each layer can be obtained.

6.1.4. The calculation of time-dependent reflection coefficient

The result of waveform after deconvolution process is shown by Figure 6.4. When the
waveforms (target and reference) are deconvoluted by using conventional frequency domain
deconvolution, the instability of the baseline appears in the result of the deconvoluted signal. This
instability in the baseline will become stronger as the measurement area is deeper. In addition,
the peaks that appears after deconvolution are still distorted by the instability of the baseline.
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Figure 6.5. The time dependent reflection coefficient calculated by dual domain deconvolution.
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When this wavy waveform is converted into the acoustic impedance distribution, the
accumulation of error occurs during the integration process. This will lead to the resulting acoustic
impedance distribution having an unreliable result (wavy).

On the other hand, the reflection coefficient calculated by the proposed dual domain
deconvolution shows better result. Since the fluctuation in low frequency component is restored
by the time domain calculation, the resulting waveform becomes free from the instability of the
baseline. In addition, the peaks that comes from the reflection between interfaces of the layers
can clearly be distinguished. The thickness of each layer can then be calculated by measuring the
distance between these peaks. When the waveform is converted into the acoustic impedance, the
distribution of acoustic impedance in each layer becomes clearly visible.

In this acoustic impedance calculation, the sound speed along the fragment is assumed to
be uniform in all layers. This assumption may deform the scale of the calculated acoustic
impedance image and needs to be revised in the future, however, at this moment, this assumption
is considered to be acceptable.

6.1.5. The deconvoluted waveform and layers distribution

Figure 6.6 shows the result when all the waveforms along the scan direction is converted
into the distribution of acoustic impedance. By looking at the B-mode image, the border between
each layer is almost undistinguishable, this is because the reflection that comes from the interfaces
of the layers is overlapped with the components from the system transfer function.
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Figure 6.6. The calculated 2D acoustic impedance image of the layers.

The distribution of acoustic impedance in the result of frequency domain deconvolution is
almost unreliable, mainly because the distribution of acoustic impedance of each layer cannot be
distinguished, which may be caused by the improper deconvolution that leads to the accumulation
of error during acoustic impedance conversion. On the other hand, in the result of dual domain
deconvolution, the distribution of acoustic impedance in each layer is visible and well distributed.
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6.1.6. Discussion

During the interpretation into the acoustic impedance distribution, the sound speed of each
layer is assumed to be constant (uniform) in all along the fragments. This assumption may lead
to the deformation in the scale of the calculated acoustic impedance image. However, since it will
not affect the calculated acoustic impedance value of each layer and that the thickness parameter
could directly be calculated from the deconvolution result, this condition is considered to be
acceptable because at the moment, the goal is to quantify the result by calculating the acoustic
impedance of each layer. It may be required to perform the acoustic impedance calculation by
taking account the difference value of sound speed of the layers and this will be the continuation
of this research in the future.

6.1.7. Conclusion

The application of dual domain deconvolution signal processing to evaluate the coating
film which consists of several layers was performed. Since the observation depth is deeper than
that from the skin observation, the baseline will likely be more unstable if the deconvolution
process is carried out in the frequency domain, which will result in the accumulation of error
when the waveform is integrated in order to calculate the acoustic impedance distribution. As a
result, the waveform after the deconvolution by using dual domain can retain the stability of the
baseline, resulting in the acoustic impedance distribution of each layer becomes visible. From this
observation, two parameters of the coating film (sample) could be obtained: first is the thickness
of each layer that can be calculated directly from the deconvolution result and the second is the
uniformity of each layer that can be observed by means of their acoustic impedance distribution.

6.2. Space charge measurement by means of pulse electroacoustic (PEA) method

The proposed signal processing can also be applied to detect the existence of space charge
in the XLPE cable. In the recent years, the technique to measure the space charge in the solid
dielectric materials has been improved not only in terms of measurement technique but also in
the way of data analysis. Such improvements will give a better understanding about the
phenomena that occurs in the dielectrics in order to minimize the risk of breakdown in high
voltage applications®®4-86),

However, since a natural convolution occurs between the space charge that exists inside
the insulation and the system transfer function, a reverse process in order to separate the space
charge from the system transfer function or normally called deconvolution is required. Since the
separation process is equal to the division in the frequency domain, the conventional
deconvolution process is done thoroughly in frequency domain.

The PEA measurement was conducted with several level of high-DC voltage applied to the
insulation. The lock-in calibration process is done by means of subtracting two signals, in order
to calculate the initial space charge condition. There are two signals that are used as the input of
the deconvolution process, target signal or the signal acquired from the insulation as it is and the
reference signal that is obtained after the subtraction of the main signal.
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In the conventional method to calculate the space charge distribution, both target and
reference signals are brought into the frequency domain after being multiplied by a proper
window function. In some applications, the spectrum of the window function especially on its
low-frequency part will disturb the low-frequency of the main signal. The target signal is then
divided by the reference signal and the output is directly converted back into the time domain by
making use of the inverse Fourier transform.

However, since the target signal originally has a disturbed low-frequency component, the
spectrum division in the frequency domain sometimes leads to the uncontrolled result, especially
when the low-frequency components of the reference signal is really small. This will lead to a
noisy waveform accompanied with a strong DC component in the form of a baseline if the result
is brought back to the time domain.

In conjunction with that, another type of deconvolution that is performed in both time and
frequency domain is proposed. The disturbed low-frequency components will be replaced with
the ones from time-domain deconvolution by specifying a threshold value. The result is a signal
that is free from the generation of unnecessary DC components.

As the stability of the waveform is improved, the distributions of charge and field intensity,
and also potential can be calculated based on the deconvolution result. In addition, by scanning
the cable (joint) the distribution of charge along the cable can be obtained.

6.2.1. System setup

Figure 6.7. illustrates the space charge measurement system on the cross-linked
polyethylene (XLPE) cable by using the new proposed Pulses Electro-Acoustic (PEA) device
which is able to capture the space charge signal on a 6 mm thick model cable with a good

sensitivity58)-84.87.88),
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Figure 6.7. The measurement system and the PEA measurement cell.

The inner and outer radius of the cable are 27.5 mm and 47.5 mm, respectively. The DC
voltage is applied with 4 ps of sampling interval, where each waveform consists of 500 samples.
The space charge signal acquired from the DC 10 kV is used as subtractor in the lock-in
calibration process. The resulting signal is then used as the reference signal for the deconvolution
process.
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6.2.2. Acquired signal

The stream of the signal processing begins with the target signal or the signal acquired from
the 40 kV and 50 kV of applied DC voltage, whereas the reference signal is obtained after
subtracting the target signals with the 10 kV signal as the assumption of initial space charge
condition, this process is called lock-in calibration process. After the signal is subtracted, the
waveform is convolved with a time-domain Tukey window. During this process, only the first
peak of the signal is used while the rest of the signal samples are set to zero with a small amount
of noise because the original waveform contains a low amount of noise.

6.2.3. Dual domain deconvolution (space charge measurement by PEA)

In order to be able to evaluate the charge distribution inside the cable, the dual domain
deconvolution is proposed to obtain the reflection coefficient containing space charge. In addition,
since the deconvoluted waveform will be utilized as a parameter to calculate the charge
distribution, the stability of the waveform especially baseline needs to be maintained, because the
calculation for calculating the charge distribution is similar to the integration along the time axis
and any instability in the deconvoluted waveform will lead to the accumulation of error. The
stream and the sequence of the dual domain deconvolution is similar as previously described in
the previous chapter.

6.2.4. The result of time dependent reflection coefficient by dual domain
deconvolution
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Figure 6.8. The comparison of the calculated time dependent reflection coefficient.

Figure 6.8 shows the result of the proposed time and frequency deconvolution method after
being applied to the 40 kV and 50 kV space charge signal. As shown in the figure, on the 50 kV
result, a slope appears on the second peak of the full frequency domain deconvolution result. The
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baseline is also wavy and some offset exist in the waveform. Unlike the frequency domain
deconvolution, the waveform generated by the time-frequency domain deconvolution method is
free from unnecessary DC components. The shape of the waveform is also clear and flat.

As the voltage applied to the cable is smaller, that is 40 kV, the baseline that distorts the
waveform is also stronger, as shown by the result calculated by using frequency domain
deconvolution. This appearance of baseline will lead to the misinterpretation when evaluating the
existence of space charge in the deconvoluted signal because the unstable baseline in the signal
appears as if space charge signal exists in the waveform. On the other hand, the dual domain
deconvolution could still retain the stability of the waveform, as shown by baseline in the
deconvoluted waveform which remains stable even when smaller voltage is applied to the cable.

6.2.5. 2D charge distribution along the cable
When the stability of the deconvoluted waveform was successfully retained, the
distribution of charge along the cable can be obtained by performing a scanning process along the

length of the cable. Figure 6.9 shows the result of charge distribution at cable joint. The response
is obtained by scanning the cable by using array scanner device®?.
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Figure 6.9. The comparison of the calculated time dependent reflection coefficient.
From this result, it can be concluded that the proposed method can be extended to two-

dimensional observation, in terms of space charge measurement by using the newly created PEA
device.

6.2.6. Field analysis
Figure 6.10 shows the result of the distribution of charge intensity, electric field and

potential calculated from the 50 kV result of time and frequency deconvolution after some
adjustment. In this particular case, there was no significant space charge, as shown by Figure 6.10,
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However, by using the new PEA device®"®, even with a small voltage, a good proportion of
waveform could be acquired.

Outer Inner
r=47.5mm r=27.5mm
I I

0.2 = " By integrating the waveform,
Ch Intensity (nC/mm?3
A argein ensn?z (nC/mm?) the charge intensity, electric
0 I I field and potential distribution
| v can be calculated.
02— :
215 " Electric Field (kV/mm) Electic fiold
I I ectric field :
—~——— /\\_ -
J 1
| I
0.25 ! ! E(r) = ;f rp(r)dr
| 1 Ty
8 ! Pdtential (kV) Potential :
1 P T .
1 - 1 .
JI,/ ' V(T) - _f E(T’) dr Outer Inner
- 1 T
10— 06 | 12 °
time (ms)

Figure 6. 10. The field calculated by using the result of the proposed method.

6.2.7. Discussion

By examining the deconvoluted result, it shows that good proportion of signal could be
obtained even when the applied voltage was small (around 50 kV). This may suggest that the
newly created PEA device could acquire a signal with good proportion. In addition, by combining
it with the analysis by using dual domain deconvolution, the distribution of charge and also field
distribution could be calculated.

6.2.8. Conclusion

The deconvolution process in both time and frequency domain for space charge signals are
proposed. By using the new created PEA device, even with low voltage applied in the system, a
good waveform could still be acquired. The reference signal is obtained by subtracting the
acquired signal by 10 kV signal. The result shows that the distribution of space charge calculated
by the proposed time and frequency domain deconvolution method could maintain the proportion
such as the shape and the trend of the waveform while the waveform itself is free from
unnecessary low-frequency DC components, compared with the result of the full frequency
domain deconvolution with its deficiency in terms of maintaining the low-frequency components
that is disturbed after an improper division in frequency domain. In addition, by scanning the
cable using the PEA array scanner, the distribution of charge along the cable could be obtained.
This may suggest that the time-frequency deconvolution method is quite robust and suitable to be
applied to the cable measurement. Since a good waveform is obtained by the proposed method,
the distribution of charge intensity, electric field and potential could be calculated.
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Chapter VII

Conclusion and Future Applications

The application of the proposed signal processing to several field of ultrasound-related
study had previously described in the previous chapter of this thesis and as much as four
achievements had been achieved. This chapter of study will describe about the conclusion of each
achievement, which is as follow:

7.1. Conclusion
7.1.1. Acoustic impedance mapping for human cheek skin observation

The first achievement of this study was previously described in chapter I11. We proposed
the application of deconvolution performed in both time and frequency (dual) domain in order to
reconstruct the reflection coefficient that comes from the skin because normally, the acquired
signal contains reflection from the target and the system transfer function that are convoluted
naturally. The conventional frequency domain deconvolution will lead to the instability in the
baseline of the signal because of the improper spectral division that will distort the low frequency
part of the resulting spectrum. By using the proposed method, this distorted spectrum will be
replaced by that calculated from time domain deconvolution. However, since the calculation
speed of time domain deconvolution is directly proportional to the number of samples in the
signal, down-sampling operation is performed, which will result in the reduction of high
frequency components in the signal. By specifying a threshold value, the result of time domain
deconvolution is combined with that from frequency deconvolution, resulting in a signal with
maintained both low and high frequency components. In terms of human cheek skin observation,
the following is the result of the achievements:

1. We proposed the human cheek skin observation by means of acoustic impedance
microscope. Since the human cheek skin consists of several layers along the depth direction,
performing assessment based on the cross-sectional (B-mode) view will provide more
information related to the skin properties. In addition, by using the proposed acoustic
impedance microscope, a non-invasive (living) skin observation could be performed, without
the need to slice the specimen.

2. Deconvolution process is essential because the reflection that comes from the skin is
overlapped (convoluted) naturally with the components from the system transfer function.
By utilizing the proposed dual domain deconvolution method, a good proportion of signal
with stable baseline could successfully be obtained, representing the reflection coefficient
from the human cheek skin.

3. Unlike the conventional B-mode imaging, the result is quantified by converting each
calculated reflection coefficient into the distribution of acoustic impedance. This will add
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more information to the skin evaluation because now each layer of the skin is contrasted by
elastic parameters (acoustic impedance), which related to the elasticity.

4.  After calculating all the cross-sectional acoustic impedance images, the 3D reconstruction of
skin layers could successfully be performed. Moreover, by observing the distribution of
acoustic impedance in the layers of the skin, the correlation between ages (young and old)
and the generation process of wrinkles (wrinkle parameters) could be calculated.

7.1.2.0ptimal condition for dual domain calculation (speed and preciseness
improvement) applied to human skin observation

The second achievement of this study was previously described in chapter IV. Since a
single cross-sectional acoustic impedance view of the skin was successfully obtained, the
requirement increases from 2D to 3D skin analysis. This is because human skin is wide and its
surface is not uniform, so a single cross-sectional acoustic impedance image will not provide
sufficient information. In addition, performing 3D calculation will increase our freedom to
observe the skin from all cross-sectional directions. In conjunction with that, the optimal condition
of dual domain deconvolution for calculating all cross-sectional slices in the scan direction was
performed in order to increase the speed and preciseness of the calculation. The optimal condition
includes the discussion about reduction of samples by down-sampling; the addition of DC offset
in the transfer matrix during time domain calculation; and the frequency border between two
domains. The achievements are as follows:

1. The optimal condition for dual domain deconvolution had been performed, which means that
the stability and preciseness of the calculation when generating all cross-sectional slices was
also improved and that calculation could be made as efficient as possible.

2. Since the stack of cross-sectional acoustic impedance images had been obtained, various
guantitative skin analysis can be performed, such as the change of acoustic impedance and
its correlation with ages (young, old); the generation of wrinkles in the layers of the skin;
and the effect of applying some cosmetics to the layers of the skin in order to prevent aging
can all be performed. These attempts can be useful for cosmetics manufacturer in order to
produce the most suitable skin product for different skin condition, because the observation
is non-invasive and does not require much time.

7.1.3. Precise cellular-sized observation by acoustic impedance microscope

The third achievement of this study was described previously in chapter V. Biological cell
observation by using ultrasound microscope was carried out. Since the cultured cell is very thin,
the number of cross-sectional cell observation-related research by means of acoustic microscope
was still very limited. Even if B-mode view of the cell is available, it still does not represent any
useful meaning because the displayed RF signal still contains the components from a system
transfer function and still not quantitative. In conjunction with that, the signal processing for
cultured cell analysis was performed. The target signal was deconvoluted by using reference
signal (water) in order to reconstruct the reflection coefficient from the interface of cell. However,
since frequency domain deconvolution would cause instability in the deconvoluted waveform
(similar to skin observation), the dual domain deconvolution is then proposed. Since the baseline
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in the deconvoluted waveform could be stabilized, each reflection coefficient is then quantified

by converting it into the distribution of acoustic impedance. After the analysis, several

achievements could be achieved, which are as follows:

1.  We proposed acoustic impedance microscope which enable us to perform a cultured cell
observation without introducing any contaminants and in addition, the living observation of
cell can be performed. This will enable us to see and track some changes (stages) in the
property of cell after some treatment is done, such as addition of medicine, etc.

2. Since a cross-sectional view of the cell was successfully produced, some parts of the cell
such as nucleus, cytoskeleton and also their position and size along the beam direction could
be estimated. In addition, since the image is contrasted by acoustic parameters such as
acoustic impedance which is related to the elasticity, more quantitative result could be
obtained.

3. After the 3D observation was done by calculating all the cross-sectional slices along the scan
direction, the flexibility of the calculation increased because now the cell can be observed
by slicing it from all cross-sectional direction. The position of the cell in the three-
dimensional plane could also be observed.

4. After the stability of each calculated cross-sectional slices were retained, the change in the
morphology of the cell such as height and shape after a specific treatment was done such as
fixation could be assessed and reconstructed in 2D view, which will provide us a more
interactive way to assess the dynamism of the biological cell.

7.1.4.The application of the proposed signal processing to other ultrasound-based
measurements (industrial applications)

Other than biological and medical field, the application of ultrasound microscope combined
with the proposed signal processing technique can broadly applied to other ultrasound-based
measurement field such as coating film monitoring and the evaluation of space charge in the
XLPE cable by using pulse electroacoustic device. This is because these applications required an
integration process along the time axis after the deconvolution process in order to quantify the
result. In addition, in one of the applications (space charge in the cable), the observation ranges
are much deeper than previously described application (skin and cell), which means that the
instability of the baseline will become stronger. In order to deal with that, the dual domain
deconvolution is performed to each signal and the result is then quantified by deeper calculation.
From these applications, several achievements could successfully be achieved, which are as
described below:

7.1.5. Coating film monitoring

1. We proposed a measurement method to evaluate the layers in the coating film similar to the
one utilized in the automotive industry. Since the coating film consists of several layers with
different thickness and material properties, assessing them by means of ultrasound
microscope will provide us a cheaper and more quantitative result because the way of
observation is similar to the conventional method by using high intensity (Terahertz) light
(laser). However, the conventional observation tends to be expensive because a high intensity
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laser is utilized in the system. Our proposed method can then be a cheaper (but quantitative)
alternative for coating film evaluation.

2. After the deconvolution, the peaks from all interface of the layers became visible, the
thickness could then be calculated by measuring the distance of each peak.

3. The uniformity distribution of each layer in the coating film could also be assessed by
looking at the generated reflection coefficient image (after deconvolution).

4. Moreover, by converting each reflection coefficient into the acoustic impedance distribution,
each property of the layers could then be assessed by means of their acoustic properties,
which is more quantitative than a normal B-mode image acquired by the conventional
measurement.

7.1.6. Space charge measurement by means of pulse electroacoustic (PEA) method

1. By utilizing the pulse electroacoustic (PEA) device, the signal acquired from the XLPE cable
was successfully obtained. A deconvolution is then performed in order to reconstruct the
space charge distribution because normally the space charge signal is convoluted naturally
with the transfer function of the system. Misinterpretation may occur if frequency domain
deconvolution is performed, because an instable baseline may appear as if space charge
exists in the cable. In conjunction with that, the deconvolution by dual domain was
performed because it will retain the stability of the baseline because the observation target
(cable) is deeper than that in biological observation.

2. When the stability of the baseline in the signal is maintained, the distribution of charge
intensity, electric field and potential could then be calculated. In addition, by scanning the
cable, two-dimensional map of the charge distribution along the cable could be obtained
which will provide us much information about the space charge phenomenon inside the
cable.

7.2. Future application

Figure 7.1. shows the target of acoustic property imaging that has been proposed in this
study and also the plan for future application, in both biological and industrial field. Starting from
cultured cell observation as the smallest target (Glial cell and Fibroblast cell), the 3D acoustic
property imaging of single cell had been carried out. Since each image was contrasted by elastic
parameter (acoustic impedance), the change in cell acoustic property after addition of drug (which
is corresponded to the dynamism of the cell) that cannot be seen under the light microscope could
be observed. As for the future application, the observation will be expanded to the group of cells
(colonized cells) in order to assess more parameters about cultured cell such as the interaction of
one cell with another.

As for the human skin observation, by observing the generated 3D cross-sectional acoustic
impedance image of the skin, the acoustic property of skin layer such as horny layer and papillary
layer could be assessed. In addition, the generation process of wrinkle in the skin layer and its
correlation to ages could also be monitored. As the quantitativeness will reduce when the target
gets deeper, at this moment (as this thesis book is written), only some parts of skin layers that can
quantitatively be observed such as horny and papillary layer and little part of dermis. For future
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applications, our plan is to perform an assessment of deeper part of human skin (especially in
dermis area). This needs to be followed by robust error correction and some modifications in
terms of hardware.

Cross-sectional acoustic imaging (future plan)
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Figure 7.1. The achieved and the future plan of the quantitative acoustic imaging
applications®-0),

In power cable measurement, the space charge distribution in model cable (XLPE) and
scaled joint cable could successfully be calculated. As for the future plan, the observation of full-
size cable will be carried out in order to assess the space charge distribution under the actual
condition.

In addition of the already mentioned measurement target above, we also plan to carry out
an observation of human body. Since the previous target (cell and skin) shows an improvement
in both quantitativeness and axial resolution after signal processing, we believe that human skin
observation is also possible to be performed. However, since human skin is much deeper than cell
or skin, it will become more challenging to maintained the stability of the baseline as well as
minimized the error of calculation when the target gets deeper. However, since lower frequency
of ultrasound is used, we may have a benefit because the hardware of the measurement will not
be as complicated as those observation for thin object (such as cell).
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