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Elasticity of biological tissues is a variable for understanding their properties,
which play an important role in medical diagnosis and treatments. Optical Coherence
Elastography (OCE) has been intensively developed to map the elastic contrast of
various biological tissue. One of the popular methods is tracking shear wave
propagation while applied the vibrational force to the surface of the sample. Concept of
reverberant shear wave field has been applied to OCE recently, called Rev3D-OCE. In
this study, the Rev3D-OCE experimentally was performed to differentiate the slightly
different concentrations of gelatin phantom. Rev3D-OCE can differentiate the different
shear wave speeds (SWS) that propagated on different 3 wt% and 4 wt% gelatin
phantoms with average SWS as vg39% = 1.3 + 0.1 m/s and vss% = 1.5 + 0.2 m/s,
respectively with < 13% of error as compared to standard measurement results. The -
spatial elastic resolution of Rev3D-OCE determined from edge response at the interface

of 3 wt% and 4 wt% phantoms was measured to be 0.3 millimeters.
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CHAPTER I

INTRODUCTION

1.1 Background

Observations and characterizations of the mechanical properties of biological
tissues can tell us about its disease’s existence, and for understanding its healthy and
pathophysiology, which can aid medical diagnosis and treatments. The elastic property
is one of the mechanical properties that can be acquired and used as a diagnostic
parameter of healthy biological tissues.

Medical imaging is one of the advancements in technology, which is the
technique and process to create the visual representation of tissue for clinical analysis
and treatments. Nowadays, advancements in optical technologies have an important role
in medical imaging and diagnostics. Optical imaging provides higher resolution and
accuracy as compared with X-ray imaging, magnetic resonance imaging (MRI), and
Ultrasound imaging (Ul). Optical techniques can also explore and investigate some new
regions that are not possible with the other methods. Optical technologies allow for the
analysis and diagnosis of the existence of diseases for a better understanding of the
mechanics of tissue and human bodies (Rogowska et al., 2004). The medical imaging
based on mapping the elastic information of the tissue called “elastography” was
developed for ultrasonic imaging in late 1980s and had been proven to be useful

technique for cancer diagnostic. MRI also applied the elastography for in vivo cancer



detection in the early 2000s. However, the limitations of these techniques cause the
elastography still remain in organ-size diagnostic (Wang and Larin, 2015). Optical
coherence tomography (OCT) is one kind of optical imaging technique that provides a
cross-section image of the living tissue (Huang et al., 1991). OCT is typically built on
Michelson interferometer, which works in a similar manner to the ultrasound but uses
light instead of the sound wave. Therefore, it can provide a higher resolution than MRI
and Ul (Schmitt, 1999; Wang and Larin, 2015).

Optical coherence elastography (OCE) is an extension of OCT, which provides
information about the elastic property of the sample by using internal or external
excitation to create tissue displacement. OCE has the potential for diagnostic and
monitoring diseases in the medical field. For example, OCE was used to measure the
elastic property of facial skin, which was used as an age factor to indicate healthy facial
skin (Cartigliani et al., 2014), which would help the doctor to improve skin diagnostics.

There are main three groups to obtain the elastic information from OCE imaging
(Wang and Larin, 2015). Firstly, measuring strain, by applying known input stress and
measuring the strain of the tissue. Secondly, measuring the resonance frequency, by
applying loading function with driving frequency corresponding to the resonance
frequency of the tissue, which causes the maximum tissue displacement and the strain
was measured. The last group is tracking wave propagation, the elastic properties can
be obtained by measuring the speed of wave propagation caused by the external
excitation, which we focused to use this excitation technique. Waves propagation
occurred when some position of the medium was disturbed by external stimulation and
transmitted to other parts of that medium (Graff, 2012). Typically, the wave travels

faster in stiffer/healthy tissue, compared to normal/healthy tissue. The type of waves



that we focused on in our study is shear waves (S-waves). S-wave occurred when the
excitation was applied in perpendicular direction to the surface of the tissue, which
caused the tissue displacement when the waves passed. The relationship of tissue
displacement and phase is analyzed in the process of OCE imaging and related to the
elastic information (Crecea et al., 2009; Kennedy et al., 2009; Manapuram et al., 2009;
Mulligan et al., 2016).

In 2017, Parker et al. introduces an alternative method for shear wave speed
evaluation, called “reverberant shear wave field” (K. J. Parker et al., 2017). According
to complexity in real tissue, the multiple reflections of waves from the existence of
internal structures occurred when the waves propagate in the tissue, which cannot avoid
(Kevin J. Parker and Maye, 1984; K. J. Parker et al., 2017). Thus, the evaluation of the
shear wave speed by using the time of flight will be disturbed (Hoyt et al., 2008; Itoh et
al., 2006; Li et al., 2012). For shear wave speed measurements, the multiple sources of
excitation were used to mimic the multiple reflections. The randomness of wave
propagations will be calculated through the analysis process, then the local shear wave
speed map is obtained, which is related to the elastic information of the tissue (Ahmad
et al., 2014; Doyley and Parker, 2014; Hoyt et al., 2008; Jiasong et al., 2013; Li et al.,
2012; Li et al., 2011; Wang and Larin, 2015; Wells and Liang, 2011; Worden, 2001,
Zvietcovich, Yao, Chu, et al., 2016).

In our laboratory, we have OCT that is ready to be modified to OCE and used
for tissue characterization by using the piezoelectric actuator to generate the vibrational
shear wave on the surface of the sample. To show the performance of the reverberant
OCE imaging, we have developed techniques to generate the elastogram that determines

the speed of the wave propagations on the gelatin phantom, i.e. concentration-based



material, mostly used in elastography experiments (Karimi and Navidbakhsh, 2014; K.
J. Parker et al., 2010; Wang and Larin, 2015), which is typically in the range 1-10 meters
per second (m/s) (Zvietcovich, Rolland, Yao, et al., 2017). The experiments were
controlled and monitored using LabView software (National Instruments, Austin, TX,
United States). Our OCT imaging used the near-infrared light source at 1,318
nanometers (nm) of center wavelength and 125 nm of spectral bandwidth, the
penetration depth is approximately about 2 millimeters (Itoh et al.), lateral and axial
resolutions are 20 and 10 micrometers (um), respectively. Field of view (FOV) is 8 mm
x 8 mm. All data were analyzed by our algorithms to evaluate the shear wave speed
with MATLAB™ software (MathWorks, Massachusetts, United States), then compared

results with the standard mechanical testing.

1.2 Significance of the Study

In real skin, there is more complexity than a mimicked phantom in our
experiment, which cannot access this information by using the universal method, i.e.,
standard mechanical testing. There is also the difference of elastic region in the vertical
plane or axial elastic contrast. Moreover, tissue deformations can occur in any part of
our body. Since the concept of “reverberant shear wave field” was presented by K. J.
Parker and his colleagues published in 2017, which can be used to estimate the tissue
properties (K. J. Parker et al., 2017). However, the performance of the reverberant OCE
to differentiate different elastic contrast in both lateral and axial directions have not yet
been explored. In this research, we will apply the reverberant technique to our OCE

excitation system for determining the elastic contrast in gelatin phantom, to illustrate
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the performance of the reverberant shear wave field concept for determining the shear

wave speed, which guided us to the elastic information.

1.3 Research Objectives

1) To study the performance of reverberant OCE to differentiate different
elastic contrasts.
2) To study the effect of parameters for shear wave speed determinations in

the analysis process for calibration with the standard measurements.

1.4 Scope of Study

1) To develop the reverberant OCE imaging based on the measurement of
the shear wave speeds in the range of 1-10 meters per second (m/s) on gelatin phantoms
using the piezoelectric actuator.

2) Develop software to calculate the shear wave speed from data in the
acquisition process of reverberant OCE imaging.

3) The reverberant OCE imaging system used a broadband near-infrared
laser at 1,318 nm of center wavelength and has spectral width of 125 nm, the penetration
depth is approximately about 5 mm, lateral and axial resolutions are 20 and 10 um,
respectively. The field of view (FOV) is 8 x 8 mm?.

4) Use the 3D printed ring actuator attached to the piezoelectric actuator in
the excitation scheme of the reverberant OCE imaging.

5) Acquired data by LabView (National Instruments, Austin, TX, United

States), process data in MATLAB™ (MathWorks, Massachusetts, United States).
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CHAPTER Il

BACKGROUND AND THEORIES

2.1 History of Elastography

2.1.1 Manual palpation

The classical method to access the skin diagnostic and access the
information about the patient’s tissue was done by manual palpation as shown in figure
2.1. This method has been considered to be a fundamental diagnostic in ancient Egypt,
China, or even in western medicine (Wells and Liang, 2011). Nevertheless, manual
palpation provides the information of tissue only in large size structure (low resolution),
with several limitations for diagnostic. For instance, the sensitivity of the physical
technician or doctor, and their work experience. Thus, manual palpation becomes an

unreliable method for the smaller and deeper region in the skin diagnostic.

Figure 2.1 Manual palpation demonstration (Muscolino, 2008).



2.1.2 Elastography

Nowadays, modern technology can gather much more useful information
of human for tissue diagnostic. Medical imaging is one of the techniques and processes
to produce the visual representation of tissue for clinical analysis and treatments. One
of the parameters to determine the health of tissue is the mechanical property of the
tissue. For example, scleroderma skin cancers are normally stiffer than surrounding
healthy tissue (Itoh et al., 2006). The universal standard method to obtain mechanical
property is the compression test, which measures the stress and strain of the sample.
However, this technique is tissue destructive and cannot be used in situ (Wang and Larin,
2015).

In the late 1980s, the concept of elastography was developed to improve
ultrasonic imaging (Ul) (Doyley and Parker, 2014) as shown in figure 2.2(a).
Elastography is one kind of medical imaging based on the mapping of the mechanical
properties of the tissue (Ahmad et al., 2014).The main idea of the elastography is that
the tissue will be changed when applied distortions/vibrations, which is an indicator to
separate unhealthy tissues from surrounding healthy tissues (Ophir et al., 1991).
Ultrasound elastography has been proven to be a useful technique for the diagnostic of
breast cancer, thyroid, and liver cancers (Li et al., 2012; K. J. Parker et al., 2010).

Afterward, in 2001, Magnetic resonance imaging (MRI) was used to
measure the propagating acoustic waves on the tissue as shown in figure 2.2(b). Also,
ultrasound elastography (UE) was developed and applied for in vivo cancer detection.
At the same time, the atomic force microscopy (AFM) was used for elastography by
applying nanoscale indention, which provides the mechanical properties of a single cell,

which means AFM technique has a very small limited FOV. Furthermore, AFM



technique is only suitable for nanoscale and flat surface measurement, compared to MRI
and Ul techniques have resolutions in centimeters level, which is more suitable for the

organ-size FOV.

0 10 20 30
Shear Stiffness (kPa)

Figure 2.2 (a) Elastogram of the layer polyester foam with different porosity using
ultrasound imaging (UI) technique (Ophir et al., 1991). (b) Elastograms of
patient with breast cancer by using magnetic resonance elastography

(MRE) technique (Manduca et al., 2001).

Although MRI and Ul are widely used in many fields, their resolutions
are limited in centimeters level, which is only possible for the organ-size. Thus, there is
a resolution gap between the cellular level (AFM) and organ level (MRI and Ul).

Recently, the resolution gap was filled by the optical imaging technique
called “Optical Coherence Elastography” or OCE that was introduced by Schmitt in
1998 (Manapuram et al., 2012). OCE based on optical coherence tomography (OCT),

which provided millimeter to micrometer-scale resolution as shown in figure 2.3. In



addition, OCE has a high potential for non-destructive tissue elasticity characterization.
OCE has been developed for clinical applications in many fields, e.g., ophthalmology

and cardiology.

Field of view Organ level

Centimeter scale
Millimeter scale m

Cellular level

>
Nanometer scale E

¥ . | >

Nanometer scale  Micrometer scale  Centimeter scale

Lateral resolution

Figure 2.3 The position of OCE compared with other non-destructive imaging

techniques in terms of spatial resolution and field of view (FOV).
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The timeline of OCE imaging technique is shown in table 2.1 (Crecea et al.,

2009; Fercher et al., 2003; Jiasong et al., 2013; Manduca et al., 2001; Ophir et al., 1991;

Schmitt, 1999; Wang and Larin, 2015).

Table 2.1 Timeline of development of OCE imaging techniques.

Year OCE imaging development
1980 Ultrasound elastography was proposed
1991 TD-OCT was presented by D. Huang (1991)
Ultrasound elastography
1998 First OCT elastography using the piezoelectric actuator
2001 Magnetic Resonance Elastography (MRE)
2009 OCE using magnetomotive nanoparticle
2013-2014 OCE using air-puff excitation

OCE measures the tissue response when applying the external or internal

stimulation. There are several techniques for induced the excitation in OCE imaging as

shown in table 2.2, such as the acoustic radiation force (ltoh et al., 2006; Klauser et al.,

2014; Song et al., 2015; Zvietcovich et al., 2018), magnetic nanoparticles as the internal

transducers (Ahmad et al., 2014; Crecea et al., 2009; Zvietcovich et al., 2018), air-puff

indentation for non-contact excitation (Jiasong et al., 2013; Mulligan et al., 2016), and

mechanical actuators (Kennedy et al., 2009; Li et al., 2012; Meemon et al., 2016;

Schmitt, 1999; F. Zvietcovich et al., 2019; Zvietcovich, Rolland, Yao, et al., 2017).
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Table 2.2 Excitation techniques used in OCE imaging.

Excitation Authors Contact/ Frequency
techniques Non-contact  of excitation
ARF (Itoh et al., 2006) Contact Not found
(Song et al., 2015) 120 Hz
MNPs (Crecea et al., 2009) Non-contact 10 Hz
(Ahmad et al., 2014) 500 Hz
(Manduca et al., 2001) 50-1,000 Hz
Laser-induced (Lietal., 2011) Non-contact 0.5 Hz
Air-puff (Jiasong et al., 2013) Non-contact 125 Hz
Mechanical actuator  (Kennedly et al., 2009) Contact 820 Hz
(Lietal., 2012) 20 Hz
(Zvietcovich, Yao, Rolland, 400 Hz
etal., 2016)
(F. Zvietcovich et al., 2019) 1,000 Hz

2.2  Optical Coherence Tomography (OCT)

2.2.1 Principle of tomography

The term “tomography” means imaging some sections of the sample via
penetrating waves (e.g., X-rays, microwave, infrared). Tomography is widely used in
various fields. For instance, X-Ray tomography, which operated by moving X-ray
source and film with opposite way. Projection of the focal plane will appear sharper on
film, but other planes are blurred. If the box was imaged from outside, then the
projection image will be like the P-plane in figure 2.4, which is not the real shape like
the object inside the box. But the image plane S: and S> were obtained by using the
principle of tomography which consist of real shape are inside the box. Recently,

modern tomography involved projection data from many directions to create the
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tomographic image from the image reconstruction process. Each plane is called a

“virtual slice” sample image, allowing for seeing e inside the sample without cutting.
Tomographic imaging techniques such as X-ray tomography, magnetic

resonance imaging (MRI), and ultrasound imaging (Ul) have been used for imaging

with different properties, resolution, and penetration depth.

Projection from outside

w

Figure 2.4 Images with tomography (S: and Sz) and without tomography (P) principle.

2.2.2 Low-coherence interferometry
The term “coherence” is the property of light (considered as waves) that
their frequency and phase difference is constant. However, there is some distance that
light waves maintain their coherence property, called “coherence length”, which
governed the depth resolution of OCT imaging (Fercher et al., 2003). Some light source
that provides several meters of coherence length is the monochromatic laser, i.e., single-

mode He-Ne laser ~100 meters (m), and some provide some micrometers of coherence
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length such as broadband laser (consist of multiple wavelengths). The coherence length

[ can be expressed as follows (Fercher et al., 2003)

2 In2 22
c=—7% (2.1)

where 1 is center wavelength of the broadband light source, and AZ is the spectral
bandwidth.

In the two-beam imaging system, the interference pattern will occur only
in the range of coherence length. In addition, the coherence length affects the sensitivity
of the optics system that the smaller of coherence length, higher sensitivity was obtained

in the imaging system (Aumann et al., 2019).

2.2.3 Time domain OCT (TD-OCT)

Optical Coherence Tomography (OCT) has been developed for
noninvasive cross-section imaging in the biological tissue (Huang et al., 1991). OCT
uses the broadband near-infrared light as a source. Because light travels faster than
sound in ultrasound imaging (Ul), the calculation of the time delay of the backscattered
signal cannot be processed directly. Thus, comparison the signal with reference is used
in the measurement, which can be obtained by using an interferometer, such as
Michelson interferometer (figure 2.5) (Aumann et al., 2019; Fercher et al., 2003;
Schmitt, 1999). The low coherence light source was split into two beams by the beam
splitter at the middle, divided light into two arms: sample arm, and the reference arm.
The sample arm has the objective lens to focus the beam into the sample, while in the

reference arm usually has a mirror. If the reflected light from the reference arm and
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backscattered light from the sample arm has nearly the same optical path length (OPL),

then the interference pattern will appear on the detector.

LASER

Fixed mirror _

| Beam splitter

Detector

Movable mirror

Figure 2.5 Basic Michelson interferometer.

In the time domain OCT (TD-OCT), the setup follows figure 2.6. The
interference that occurred at the detector (which is photodiode) comes from the two
beams of the reference arm and the sample arm, where the light has nearly the same
optical path length. To obtain the deeper region of the sample, the movable mirror in
reference arm is used to scan along the beam axis. The light intensity that the photodiode
detected is processed and becomes the cross-section image. The acquisition speed of

cross-section imaging depends on the speed of the movable mirror.
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Objective lens

Beam splitter

Photodiode

Movable mirror

Figure 2.6 Time domain OCT (TD-OCT) setup.

2.2.4 Frequency domain (FD-OCT)

Afterward, a faster imaging technique was introduced called
“Frequency-domain OCT (FD-OCT)” or another name “Spectral-domain OCT (SD-
OCT)”. The TD-OCT requires two scanning systems, which are scanning the lateral
position on the sample arm, and another scanning to obtain a depth profile on the
movable mirror, while FD-OCT requires only the lateral scanning. FD-OCT used
spectrometer instead of photodiode like TD-OCT. The depth profiles of FD-OCT were
received by inverse Fourier transformation of the interference spectrum that acquired
from the line sensor of the spectrometer. Moreover, FD-OCT provides the 2D and 3D
profile images of the sample by changing the position of lateral scanning in the sample

arm (Fercher et al., 2003).
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In the fiber-based FD-OCT, light comes out from the superluminescent
diode (SLD), which provides multiple wavelengths for low coherence interferometry is
split into two beams with 50:50 power ratio by a fiber coupler. The first half goes to the
sample arm, and another half goes to the reference arm. In the sample arm, light in fiber
is collimated to free-space optics and approach to scanning mirror, which controls the
lateral scanning position of the sample. The reflected light redirected to the objective
lens and focused on the sample, while light in reference arm goes to the plane mirror in
free space, reflected and coupled back through fiber again. The backscattered light in
the sample arm is collected by the same objective lens, reflected on the scanning mirrors
and coupled back into the fiber. Both lights from the sample arm and reference arm are
combined at fiber coupler. The interference pattern occurs and captured by the
spectrometer, which consists of a diffraction grating, lens, and line sensor (figure 2.7),
where wavelength diffract in a different angle and is captured by individual pixel of the

Sensor.

Diffraction grating

Spectrometer
-

Scanning mirror
ensor 50:50 Sample arm

Fiber coupler s

S

"

o i ' ah

Referencearm & y

Sample‘
Mirror

Figure 2.7 Schematic of Fourier domain OCT (FD-OCT).



17

To perform a cross-section image from the FD-OCT imaging system, the

following mathematical expression will be explained step by step.

T(k) = |Ex () + Es(h)|” (2.2)

where I(k) is the intensity that captured at CCDs, Ex(k) and Es(k) are electric fields
in spectral domain of reference and sample arms, respectively. The equation 2.2 can be

rewritten as
1) = (En(k) + Es() ) (B (k) + Es(K))
I(k) = Er(K)Ex (k) + EqU)E§(k) + Es(k)Ex (k) + Es(k)Es (k)
(k) = |Ex(O]" +|Es(O|" + Er(WEs (k) + Es(k)En(k)
(k) = |Ex(O)| + |Bs(o)|” + 2Re{Er () Ez(K)} . (2.3)
The expression round-trip propagation of an electric field of the

reference arm and sample arm can be expressed as follow

ER(k) = LRERO(k)TReprkZR) ) (2.4)
Es(k) = LsEso(k) f rs(zs)exp(jkzs)dzs (2.9)

where Ly is loss-coefficient in the reference arm, Lg is loss-coefficient in the sample
arm, Egro(k) is the amplitude of electric field in the reference arm, Egy(k) is the
amplitude of electric field in sample arm, r is the reflectivity of a mirror in the
reference arm, zy is the round-trip optical path of light traveled in the reference arm.

The electric field of the sample arm consists of many backscattered lights from many
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layers of a sample, having different path lengths. Hence, the Eg(k) term is the
combination from all possible distance as shown in the integral in equation 2.5. r5(zs)
is the reflectivity of the sample as a function of optical path length (figure 2.8(b)), which
smaller in deeper region caused by light attenuation in depth, and zg is the round-trip
optical path length of light traveled in the sample arm. Substitute £ (k) and E(k) into

equation 2.3,

0 2

I(k) = (L&ERo (k)i + [L3E& () ( f Ts(Zs)exP(kas)dzs)

— 00

0]

+ 2LgLsERo(K)Ego (k)R JTS(ZS)COS(jk(ZR — 7g))dzs. (2.6)

Assuming the perfect beam splitter, Ezo (k) = Eso(k) = Ey(k), then the

equation 2.6 becomes

2

(o]

I = (BER(k)rR) + | L3E2(K) f ro(z5)exp jkzs)dzs

L 2.7)

+ 2LgLE2 (K)1y J rs(z5)cos(jk(zg — z5))dzs .

By introducing the optical path difference (OPD): z; = zz — z, and

rewrite the equation 2.7, we obtain

0o 2

I(k) = (LRE§(k)r) + |LEEG (k) ( J Ts(Zd)exp(ikZd)dZd>

— 00

o

+ 2LRLsE2 (k)1 frs(zd)cos(jk(zd))dzd, (2.8)

— 00

because zy is fixed, we can rewrite 75 as a function of z,.
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In equation 2.8, the first term is called “DC”, which is the power of
reference arm, this term can be removed by subtraction in the software. The second term
is the autocorrelation term, where is the signal from the sample arm interferes with itself,
which can be neglectable because of this term is typically smaller than the other two
terms. The third term is the interference term between the reference signal and signal
from the sample arm. Nevertheless, the interference signal occurred when the OPD less
than coherence length due to the low coherence interferometry from the broadband laser,
e.g., SLD.

Considering the interference signal term,

e

iint(k) = ZLRLSEg (k)rg f TS(Zd)COS(jk(Zd))dZd' (2.9)

—00

using the Euler’s identity: cos(x) = %(efx +e7¥), and let the power of spectra

S(k) = E2(k). Then equation 2.9 becomes

(0] (0e]

iint(k) = LRLSS(k)TR [ f rs(za)exp(jkzy)dzg + j 15(zq)exp(—jkzy)dzq|. (2.10)

— 00 — 00

Using F{}is Fourier transformation, which has the definition (Bailey

and Swarztrauber, 1994) as
F(k) =F{f(x)} = f f(x)exp (jkx)dx , (2.11)

then, we obtain

Line (k) = LrLsSU)TR[Flrs(z)} + Flrs(—z)3], (2.12)

where equation 2.12 obtained from the interference after DC signal subtraction.
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Performing the inverse Fourier transform to obtain the depth profile

Iocr(z4) in the spatial domain, then equation 2.12 becomes,

Iocr(zg) = F Y I;ne(k)} = LgLsty [?_1{ S(k)} * (Ts(Zd) + Ts(—Zd))]- (2.13)

From equation 2.13, the inverse Fourier transform of power spectra
7—“1{ S(k)} is the axial point spread function (PSF). The depth profile can be obtained
from the convolution between the PSF and the reflectivity of a sample (figure 2.8(b))
located at z; and —z,.

In figure 2.8. shows the process of data acquisition in OCT imaging. The
laser beam penetrates and reflected to the sample arm. Considering equation 2.13, there
is only one surface included in the calculation. When there are multiple layers in real
sample (figure 2.8(a)), the imaging system can capture all layers at once, i.e., more terms
in equation 2.9 were obtained, and the interference signal that we acquired at the
detector was shown in figure 2.8(d). The depth profile was created follow the process
from equation 2.9 through equation 2.13 for only one lateral position, many peaks of
convolution product were obtained represent many layers as shown in figure 2.8(e). To
perform the 2D or 3D profile, the scanning mirror in the sample arm will be relocated
(can operate in both x-axis and y-axis) the position of the mirror to other lateral positions,
then do the same process to obtain the depth profile at that position. 2D depth profile or
cross-section or B-mode can be obtained from sorting the consecutive depth profile
along a single plane as shown in figure 2.8(f) and 2.8(g). Further sorting in another plane

also obtains the 3D depth profile of the sample as shown in figure 2.9.
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Figure 2.8 (a) Multilayer sample at different OPL of zi, z;, zs. (b) Reflectivity of a
sample as a function of OPL. (c) Shape of spectrum from the light source.
(d) Interference signal acquired at detector of OCT imaging. () Depth
profile from interference signal. (f) B-mode or cross-section image from

sorting consecutive depth profile along x-axis.
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Figure 2.9 (a) Acquisition process to obtain the 3D depth profile by sorting PSF over
x-axis and repeat the process for all y-axis. (b) a 3D volume of multilayers

sample.
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In image acquisition, the vision was obtained by collecting the reflected
light from the object. If the object has high light absorbance, less of reflected light will
collected from our device. According to OCT widely used in medical field, i.e., imaging
the biological tissue (Jiasong et al., 2013; Kennedy et al., 2009; Li et al., 2012;
Manapuram et al., 2012; Manduca et al., 2001; Ophir et al., 1991; Song et al., 2015; F.
Zvietcovich et al., 2019), which consists of water as a major component. Figure 2.10
shows the relative absorption of the biological components. To avoid absorption by
water, the near-infrared (NIR) range provides a suitable window for imaging biological
tissue (Fercher et al., 2003) and widely used in FD-OCT, and the light source that
provides both coherence length and have wavelength in NIR range can be found in SLD.
The example of spectra of SLD was shown in figure 2.11, many wavelengths provided,

which caused the light source has small coherence gate.
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Figure 2.10 The relative absorption of biological component shows less absorption of
water in NIR range (drop of blue curve).

(http://westcoastlaser.com)
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Figure 2.11 Example of spectra of SLD light source (S840-B-1-20, Superlum, Ireland).

Image resolution is important factor for structural analysis of the tissue.
There are two resolutions concerned in OCT imaging, i.e., the lateral and axial
resolutions. The lateral resolution is the resolution from the diffraction limit of the
objective lens (Davis, 2008; Fercher et al., 2003) in the sample arm, which used for
focusing the beam and collecting the backscattered light from the tissue. The diffraction

limit of the objective lens is given by,

Ax = 1.22,1% (2.14)

where f, A, and D are focal length of the objective lens, wavelength, and diameter of

laser beam, respectively.

The axial resolution or depth resolution is defined by the coherent length

as described by equation 2.1 (Fercher et al., 2003; Schmitt, 1999) and rewritten again

as
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2 In2 12
Ag =2 (2.15)

T AL’

Considering equation 2.15, a larger bandwidth leads to a smaller axial
resolution. Both lateral and axial resolution are independent of each other, so the OCT
imaging resolution can be adjusted and optimized separately (Fercher et al., 2003). The

penetration depth is commonly approximated at about 10 dB intensity dropped.

2.2.5 Signal-to-Noise Ratio (SNR)

Looking at the high-quality image, noise is the thing that no one wanted
in the image but cannot be avoided. Noise is one of the indicators that is used to
determine the quality of the image. The widely used indicator is the signal-to-noise ratio
(SNR). SNR or S/N is the comparison between the power of an acquired signal to the

power of background noise as follows,

P.:
SNR = 29t (2.16)

Pnoise

where Ps;gnai, Proise @re the power of signal and noise, respectively. However, SNR is

usually expressed in terms of decibels (Karimi and Navidbakhsh, 2014) as follows,

P.:
SNR4p) = 10log1o(SNR) = 1Olog10( 5“’"“’) (2.17)

Pnoise

For instance, if the ratio is 10:1, SNR4gy = 10 dB ("The Authoritative

Dictionary of IEEE Standards Terms, Seventh Edition,” 2000). A higher number of SNR

means better useful data is obtained (signal) rather than unwanted data (noise).
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One of the noises that affect the detection quality is shot noise. The
expression of shot noise in optics is the fluctuations of incoming photons detected at the
sensor or well-known by the term “counted”. Shot noise is usually found in imaging
sensors, e.g., photomultiplier, Charge-coupled devices (CCDs), and Complementary
Metal-Oxide-Silicon (CMOS).

CCDs sensors have low noise because of the structure of CCDs
themselves, the charge from every pixel is converted to a voltage signal by only a single
chip output amplifier. Although CCD has low noise, the existence of a single-chip
output amplifier has limited by bottlenecked readout speed, and also consumed a lot of
power, CMOS sensor can eliminate many problems that CCD have, such as faster
readout, low power consumption, and lower price compared to CCD sensor. However,
CMOS sensors can generate temporal noises that lead to poorer performance than CCD
sensors (Tian, 2000).

Imaging sensors like CCDs and CMOS can be found in daily life, such
as digital cameras, mobile phones, laptops, automotive, telecommunications, as well as
OCT imaging. OCT is a sensitive technique based on the interferometer. In TD-OCT,
the length for scanning of the reference arm corresponds to how much depth is obtained
in the sample. On the other hand, there is no moving part on the scanning of the reference
arm in FD-OCT. FD-OCT provides better SNR than TD-OCT because the shot noise
generated by the power density of one specific wavelength is presented in the single
detector, while FD-OCT has a line array detector that reduced the impact of shot noise
(Boer et al., 2003). From higher SNR advantage in FD-OCT, retinal imaging (in vivo),
3D volumetric imaging, high-resolution imaging, and Doppler blood flow imaging can

be obtained (Wang and Larin, 2015).
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For high-quality imaging in OCT, noise should be minimized. Boer et al.
showed that the shot noise can be reduced corresponds to the number of the detector in
imaging configuration, and the noise was lower for each detector channel than the sum
of all channels (Boer et al., 2003). Therefore, SNR will be increased when reduces the
shot noise, is obtained by using the multi-element array detector. Bo et al. used a dual-
balanced detector (DBD) in their FD-OCT to increase the SNR by combining two
interference signals with = phase difference (Bo et al., 2016).

Elastography provides the elastic properties of the sample by measuring
the mechanical response. Noise will reduce the data accuracy in elastography. If the
imaging system has low SNR, the large noise compared to the data will lead to the
inaccuracy of strain estimation (Bilgen and Insana, 1997; McGarry et al., 2011; Rehman

etal., 2015).

2.3  Optical Coherence Elastography (OCE)

2.3.1 Concept of elastic measurements

There are many methods to obtain the elastic properties of materials,
such as standard compression tests that rely on the relationship between input stress and
output strain (Karimi and Navidbakhsh, 2014; Wang and Larin, 2015). However, this
technique is destructive. And is not suitable for biomedical samples in situ. The non-
destructive, non-invasive method like OCE is more applicable for biomedical
applications. Three major groups have been used to obtain the tissue mechanical
properties, i.e., measuring strain, measuring the natural frequency, and tracking elastic
wave propagation. In this thesis, we focus on the analysis of elastic wave propagation.

When the tissue is deformed, the wave propagation will exhibit mechanical properties.
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Applying the wave propagation technique to our OCT system that is already existed in
our facility is the most suitable choice compared to other techniques. This section will
explain the principle of waves, and some mathematics about the elastic wave on the
sample.

Wave propagation is the effect of disturbance in a medium that transmits
to another part of the medium (Graff, 2012). This effect is familiar in daily life such as
sound, water ripple, and radio waves. Figure 2.12 describes 2 types of waves: body
waves and surface waves. The body waves can be further divided into 2 major types,
i.e., primary waves (P-waves) and secondary waves (S-waves). P-waves occur when the
source of vibration is applied to the medium, where the particle moves in the same
direction of the wave propagation. The result of P-waves generates the local
compression and expansion of the medium, known as a sound wave or pressure wave
as shown in figure 2.13 (Onajite, 2014; K. J. Parker et al., 2010; Worden, 2001).

Primary waves
(P-waves)

Body waves

Secondary waves
(S-waves)
Waves
Love waves

(L-waves)

Surface waves

Rayleigh waves
(REVEVE))

Figure 2.12 Type of waves.
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S-waves or shear waves occur when the source of vibration is applied in
a perpendicular direction to the surface of the medium. Shear waves move through the

body of the medium, unlike surface waves as shown in figure 2.14 (Onajite, 2014).

Figure 2.13 P-waves propagation.

(http://www.geo.mtu.edu/UPSeis/waves.html)

Figure 2.14 S-waves propagation.

(http://www.geo.mtu.edu/UPSeis/waves.html)
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Surface waves propagate along the surface with a lower frequency than
the body waves, the wave amplitude quickly dropped along with depth and can penetrate
the medium approximately equal to the wavelength (Saavedra et al., 2017; Worden,
2001). Surface waves can further be divided into 2 types: Love waves and Rayleigh

WwaVes.

As shown in figure 2.15, Love waves (L-waves) occur when the particle moves
in a horizontal plane (parallel to the medium surface) and perpendicular to the direction
of propagation (transverse waves). Rayleigh waves (R-waves) occur in both transverse
and longitudinal directions, the elliptical trajectory of a particle was generated in a plane
that is normal to the surface and parallel to the direction of wave propagation as shown

in figure 2.16.

= o
H
K
i
H
a

Figure 2.15 L-waves propagation.

(http://www.geo.mtu.edu/UPSeis/waves.html)



31

g

Figure 2.16 R-waves propagation.

(http://www.geo.mtu.edu/UPSeis/waves.html)

In the elastic wave on tissue, to reduce the mathematical complexity, the
sample was assumed to be the incompressible isotropic linear elastic medium like soft

tissue. Consider the wave equation follows (Hoyt et al., 2008; Lifshitz et al., 1986)

E \ 0*u

2_
2(1 +v)V

e a-2v)

where E,v,u,t,p are Young’s modulus, Poisson’s ratio, displacement vector, time
variable, and density of the medium, respectively. This equation can separate into two

equations, i.e., the longitudinal wave and shear wave equations. The shear wave

component can be expressed as,

1 0%u
Vil — ——— =0,
v¢ ot

(2.19)

where i, vg are the shear displacement vector, and shear wave speed, respectively.

From the equation above, v, can be expressed as,
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v, = \/E , (2.20)
p

where the shear wave speed can be obtained from the relationship of shear modulus G
and mass density of the medium p.

The second equation can be expressed by

1 0%u
v(V -7, - —=—==0,
( up) vZ ot?
1 0%u
VA, +V x (VX ) ———===0. (2.21)
14

Since the pressure waves propagate in plane, which is no rotation.

Therefore, V X u,, the term equal to zero (K. J. Parker et al., 2010), i.e.,

, 10%u,
V%_Eaﬂ:m (2.22)

The pressure waves speed c,, can be expressed by

v /A 254 (2.23)
p

where A is the Lamé parameter. From the results of the speed of the shear wave and

pressure wave, the pressure wave speed is greater or equal to the square root of 2 as

compared with shear velocity v, as (Onajite, 2014; K. J. Parker et al., 2010),
Up
= > 2, (2.24)
US

and the expression of shear modulus G follows (Salencon and Bechtel, 2002),

E

C=saTy

(2.25)



33

According to soft tissue (incompressible medium, high percentage of
water in the sample), the Poisson’s ratio v was used at approximately about 0.5, and the

shear modulus G becomes,

E
3

G = (2.26)

Therefore, the stiffness informations of the medium can be obtained from

the relationship of shear wave speed, density, and Young’s modulus as follows,

vsz\/§=\/z. (2.27)
p 3p

Because the penetration depth of OCT imaging is approximately a few
millimeters beneath the surface, the surface waves (Rayleigh waves) will more dominate
than the body waves (shear waves) in nearly close to the surface region. Since the shear
wave speed travels in biological tissue is ranging from 0.1 to 10 m/s , Rayleigh waves
have speed vy less than speed of shear waves v,, which depends on the elastic constant
of the medium as shown by the relationship follows (Saavedra et al., 2017; Zvietcovich,

Rolland and Parker, 2017)

_ 087+ 1.12v

Vg = * Vg . (2.28)

1+v s

Since the shear wave speed relates to elasticity, shear wave speed
determination is important in elastography. However, there are multiple reflections of
waves that propagate to structures and boundaries of real tissue. Parker et al. introduces
shear wave reverberant fields concept to obtain the efficient estimators for shear wave

speed calculation (K. J. Parker et al., 2017).
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The complex pressure at position r: f’(?), which can be determined from
the superposition of plane wave from all directions (see figure 2.17), can be expressed

as
P(t,7) = z Py explj(kfg - 7 — wot)], (2.29)
q

where the index q represents the direction of wave propagation, 71, represents unit
vector in the randomly direction of propagation of q" wave, k is wavenumber, w is
radial frequency of the plane waves, P, is random magnitude and phase of g™ wave.

From the plane wave impedance relations (Kevin J. Parker and Maye, 1984), i.e.
v, =—1 (2.30)

where, p is density of the medium, c is speed of sound in medium. The corresponding

velocity are given by equation 2.30 can be expressed as

B(6,7) = ) ygexp [k - T - wot)], (2.31)
q

where v, is the particle velocity. For simplicity of mathematics, let the detection axis
be placed at the x-axis. Figure 2.17 shows the schematic and the axis definitions for the
reverberant shear wave field concept. 9, ¢ is the angle between the vector of the
reverberant field 7 and z-axis, and x-axis, respectively, blue and yellow color represent
the direction of random displacement of the surface after the wave traveling in the

medium. Using a spherical coordinate system, i.e., i, = cosa ¢ + sina 8, where § =

cosfcosd X + cosOsing y — sinf 2, and ¢ = —sing £ + cos¢ 9.



35

8]

Figure 2.17 Schematic and axis definitions for the reverberant shear wave field

concept (K. J. Parker et al., 2017).

For simplicity, let’s consider the velocity in x component at some

position 7

v = 257 =% ) Fyigexplikiy -7 - wot)],

(2.32)
q

v (1) = Z Dyfigx expli(kn, - 7 — wot)], (2.33)
q

where A, = i, - £ = sinacosfcos¢ — cosasing , and X is the unit vector in the x

direction. Summation is calculated over 4 solid angle. The autocorrelation function

B, can be written as
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By (At, A7) = E{v, (t, ") vi(t + At, 7 + A7)} (2.34)

Substitute ¥, into correlation function,

=FE Z Vyfgx explj(kfty - 7 — wot)]
a

X Z G exp[—j(kiy - (F + AF) — wo(t + AD))]
q

= B4 Gyfiqu i explj(kitg - 7 = ety - T = kg - 7 + wodt)] (2.35)
q

where E{} represents the ensemble average and the asterisk (*) is conjugation.

Since the 14, is independent, and v, uncorrelated,
B,.(At,AT) = E z 5282, exp|j(woht — ki, - A7)] }, (2.36)
q
taking the real part, and since the v, is independent of 71, and cosine term, we obtain
By (At, AF) = V2, E Z 72, cos(woAt — kit - AF) (2.37)
q

where V3, determined from the mean squared value of velocity 77.

The average of discrete direction g becomes the average from all
directions of incident waves over 4m solid angle, and weighting of particle velocity in

2m angle of the disk (blue disk in figure 2.17) (K. J. Parker et al., 2017).

.. Va 1 .
B, (At, AF) = -9 f — 72, cos(woAt — kit - AF) Q0. (2.38)
4 sphere 2
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The correlation function solutions were considered into two cases:
perpendicular and parallel cases respect to the detection axis. For the first case, we
considered to align A7 in z-axis, which perpendicular to the detection axis (x-axis). The

fi, - AT in exponential term can be written as

fig - AT = Ar,cos6, (2.39)
and solid angle,
dQ = sinfdod¢, (2.40)
and
ﬁf,x = (ﬁq -9?)2 = (sinacosfcos¢p — cosasing)? , (2.41)
SO,
a=2m $=2T f=x
Vivg 1 .
B, (At, Ar,) = yym f f f E(smacosgcosq’)
a=0 ¢=0 6=0
— cosasing)? cos(wyAt — kAr,cos8) sinfdfd¢da, (2.42)

a=2m $=27 f=n

Vazvg ] g 4
= 82 (sinacosfcosgp — cosasing)= cos(wyAt
a=0 $=0 6=0

— kAr,cos@) sinfdfdpda . (2.43)
Consider the first term of the integrant
(sinacosfcos¢ — cosasing)?
= sin®acos?0cos?¢ — 2 sin a cos O cos ¢ cos a sin ¢ (2.44)
+ cos?asin?¢.
The second term of the integrant, cos(w,At — kAr,cosf) siné , using

the trigonometric identity, i.e., cos(4 + B) = cos A cos B — sin A sin B.
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= cos(wyAt) cos(kAr,cos0) sinf + sin(wyAt) sin(kAr,cos0) siné, (2.45)

where the integration of the second term of equation 2.45 is neglectable because the

integrant is an odd function.
The integrant of equation 2.43 becomes the multiplication of equation

2.44 and the first term of equation 2.45

= [sin?acos?6cos?¢p — 2 sin a cos O cos ¢ cos a sin ¢ + cos?asin?®¢@]

X (cos(wyAt) cos(kAr,cosB) sinh),
= (sin?acos?fcos? ) (cos(wyAt) cos(kAr,cos0) sinf)

— (2sin a cos 6 cos ¢ cos a sin ¢) (cos(w,At) cos(kAr,cos6) sinf)

+ (cos?asin?¢) (cos(wyAt) cos(kAr,cosB) sind). (2.46)

Solving three integration for each term in equation 2.46, start with the

first term

a=2mw ¢=2T G9=r

= f f f (sinacos?6cos?¢p)(cos(wyAt) cos(kAr,cosf) sinf) dOdpda ,

a=0 ¢$=0 6=0

O=m
cos?0(cos(wyAt) cos(kAr,cos0))sinb do |. (2.47)

6=0

Considering the first integration term,

a=21 a=21

a=21

1 1
j sinfada = f Eda— f Ecodebda,
a=0

a=0 a=0
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a=2T
[ la - [ heostea
= > a 2COS aaa,
a=0 a=0
a=2m i a=2m
| 1 sin2«a o (2.48)
"2l 2 2 a=0

The integration result of the second term in equation 2.47 is the same
with first term.

$=2m

f cos?¢pdep = . (2.49)
$=0

Now, consider the integration of the third term in equation 2.47
6=m

f cos?0(cos(wyAt) cos(kAr,cos0))sind db
6=0

0=

= cos(wyAt) J cos28 cos(kAr,cosf) sinf dé,
8=0
O=m

= cos(wyAt) j (1 — sin?8) cos(kAr, cos6) sinfd®o,

= cos(wyAt) [ j cos(kAr, cos@) sin6do

— J sin36 cos(kAr, cos@) df |. (2.50)
=0

Consider only the first term in equation 2.50, by changing variable

u = kAr, cos0,
then

du = —kAr, sin6dé.
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Therefore,
=1 u=—kAr,
. du
f cos(kAr, cos@) sinfdo = f cos(u) A
6=0 u=kAr,
u=—kAr,
-—— [ costaa
= Tkar, cos(uw)du,
u=kAr,
1 sin(uw) u=—karz
—kdr, 1 u=kAr, ’

= ki, [ sin(—kAr,) — sin(kAr,) ],

2 sin(kAr,)
= . 2.51
kAr, (2:51)

The second term in equation 2.50 can be written in term of spherical

Bessel function in the form (Abramowitz and Stegun, 1965),

O0=m
ZTL
jn (e L ] sin®™"*10 cos(z cos6) do, (2.52)
6=0
in our case, n =1 and z = kAr,.
O0=m
) kAr, )
j1(kAr) = a J- sin36 cos(kAr, cosd) db. (2.53)
6=0

Therefore, substitute equation 2.48, 2.49, 2.51, 2.53 into equation 2.47,

the first term of correlation function B, (At, Ar,) in equation 2.46 can be obtained as

follows

a=2mw ¢=2T g=x

f f f (sinacos?6cos?¢)(cos(wyAt) cos(kAr,cos8) sinf) dodpda,

a=0 ¢=0 6=0
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2 sin(kAr,) 44 (kAry,)
Ty kAr, |

=T cos(wOAt)l (2.54)

Equation 2.54 is integration only the first term in equation 2.46. Next,

consider the integration of the second term in equation 2.46

a=2m $=2m
=If Zsinacosada‘ [f cos ¢ sin ¢ d¢
a=0 =0

O=m
f cos 0 (cos(wyAt) cos(kAr,cosO) sinf) do |. (2.55)

Consider the first term,

a=21 a=21 o
cos2a

2sinacosada = j sin2ada = > =0. (2.56)
0

a=0 a=0
Thus, the integration of the second term in equation 2.46 becomes zero.
Next, the integration of the third term in equation 2.46 can be expressed as

¢=2m 6=m

[ f cos’a da f sin¢ d¢ f cos(wyAt) cos(kAr,cosf) sinf db |.
¢)=0 =0

The first and second terms above are the same result with equation 2.48

and 2.49, also third term is the same with equation 2.51. Thus, the integration becomes

a=2mw ¢=27 @9=x
j (cos?asin?¢) (cos(wyAt) cos(kAr,cos@) sinf) dfdpda
a=0 $=0 6=0

(2.57)

= 1 -7 - cos(wyAt) [Ml

Finally, the correlation function in case of perpendicular to detection axis
(x-axis) (equation 2.43) is the integration of equation 2.46, which is summation of

equation 2.54, 2.56, and 2.57 together.



42

a=2m $=27 9=n

f f f (sinacosfcos¢p — cosasing)? cos(wyAt

a=0 ¢=0 6=0

avg

B, (At, Ary) = 82

— kAr,cos0) sinfdfd¢da ,

Vg [ , [2sin(kAr,) 4 ji (kAr,))] 04+ Zsm(kArz)
~ 8m2 | kArn, kAr,  kbAr,

Vi [ [4sin(kAr,) 4 jy(kAr)]
~ 8m2 | kAr, kAr, '

Hence, the correlation function (perpendicular to the detection axis (x-
axis) case) becomes

Vivg sm(kArZ) j1(kAr,)
B, (At, Ary) = Tcos(wo t) kir,

(2.58)

According to the orthogonal of x-axis, y-axis, and z-axis, we can redefine
the detection axis to be z-axis and the result still identical by change the subscript “z” to
“x” as follows

Vg sin(kry)  jy (ki)
B,,(At,Ar,) = ——cos(wyAt) — ,
7z x 2 2 kAT, kAr,

(2.59)

in ideal, we can change the subscript “x”” with “y” if assumed to isotropic symmetry.
The second case of correlation function is parallel to the detection axis.
In this case, let the detection axis is at z-axis. The correspond particle velocity can be

expressed as

v,(F) = 2 5(t,F) = Z Bofigy expli(kig - 7 — wot)], (2.60)
q
where i, = fi; -2 = —sinasin@ (see figure 2.17), and Z is unit vector in the z

direction. For the parallel case, we considered to align Ar in z-axis, which parallel to

the detection axis (z-axis). The 71, - Ar in exponential term can be written as
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fig - AT = Ar,cos6, (2.61)
and solid angle,
d = sinfdode, (2.62)
and
iz, = (A, -2)2 = (—sinasin)?, (2.63)
SO,

a=2m =27 Q=g

|4

2
1

Zvng J J j o8 (— sina sin 8)? cos(woAt

a=0 ¢=0 6=0

B,,(At,Ar,) =

— kAr,cos6) sinfdfd¢da ,

a=2T

¢=2m 6=m
__LG%g ) +03
sin“a da do sin®6 cos(woAt — kAr,cos6)d6|. (2.64)
$=0 6=0

8m?2
a=0

where the result of the term in first parentheses is the same with equation 2.48, and the

result of second parentheses is 2. The correlation function B,, (At, Ar,) becomes

VZ 6=m
B,,(At, Ary) = % [m][27] sin30 cos(wAt — kAr,cos6)dé |,
6=0
VZ O=m
B,,(At, Ary) = ‘Zg f sin36 cos(wyAt — kAr,cos6)dé |. (2.69)
6=0
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The term in parentheses is the same with the second term in equation

2.50, which can be expressed in term of spherical Bessel function of the first kind of
first order like equation 2.53. So, the correlation function in parallel case becomes

(2.66)

1 (kAr,
B, (At, Ar,) = V3,4 cos(woAt) lL)l

kAr,

Figure 2.18 shows the thin line and thick line represent the equation 2.59
and equation 2.66, respectively, in which the wavenumber K is set to equal for these two
equations and there are spatial sinc functions. According to the multiple sources of
excitations, many shear waves propagate and the surface displacement occurred within
a region of interest (ROI). The correlation function is calculated to estimate the local
wavenumber k. Notice that, the autocorrelation function in both x-axis and y-axis are
the same result because of the radial symmetry, i.e., there are both perpendicular to the
detection axis (z-axis). The correlation functions from the experiment were calculated
and fit with either equation 2.59 or 2.66 to determine the perpendicular and parallel
directions, respectively. The method to obtain the unknown local wavenumber k is by

using the Fourier transform of the correlation function (K. J. Parker et al., 2017).
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Figure 2.18 The autocorrelation results depend on the direction of the displacement
Ar with the axis of detection. The correlation function with respect to the
x-direction is shown in thin line (equation 2.59), and thick blue line is
the correlation in z-direction (equation 2.66). These spatial sinc functions

will be used for estimating local wavenumber k (K. J. Parker et al., 2017).

After the wavenumber is acquired, substitute the wavenumber into the

phase velocity relationship as follows (Zvietcovich et al., 2017)
w
Vs =7 (2.67)
where w is the angular frequency and w = 2rf , which f is the piezoelectric input

frequency from the function generator. Hence, the wavenumber is the key to the

mapping of tissue characteristics through the phase velocity relation.
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2.3.2 Excitation and detection schemes

Every tissue has mechanical properties. If the known input force is
applied to the tissue, the response result will relate to the input value. OCE mainly uses
the response of the tissue to differentiate the abnormal tissue from healthy tissues. It is
impossible to use the typical elastic testing that measures stress and strain with human
tissue and internal organs (in situ). Therefore, other techniques to produce mechanical
loading into tissue are demanded. Various stimulation techniques used in OCE are
summarized in table 2.3. The acoustic radiation force (ARF) excitation method uses
short bursts of ultrasound waves to create tissue displacement in the focal region (Itoh
etal., 2006; Song et al., 2015). The mechanical actuator method uses the property of the
piezoelectric actuator to convert an electric signal into the mechanical movement and
needs to contact the surface to create the tissue displacement (Kennedy et al., 2009; Li
etal., 2012; F. Zvietcovich et al., 2019). However, both the ARF and actuator methods
are contact methods. Other techniques, laser-induced surface acoustic wave (SAW) (Li
et al., 2012), magnetic nanoparticles (MNPs) (Ahmad et al., 2014; Crecea et al., 2009;
Manduca et al., 2001), and air-puff (Jiasong et al., 2013) are non-contact methods.
MNPs technique needs to mix the magnetic particles into the tissue (Crecea et al., 2009),
which means tissue preparation is required. Hence, MNPs technique is still an invasive
method (Ahmad et al., 2014). For the laser-induced SAW method, the tissue might
absorb heat from using a short pulse laser and will damage the tissue if the power of the
laser source is too high (Li et al., 2011). The air-puff method uses low pressure of air
focused on the surface of the tissue to create the surface displacement, which is a non-

contact, non-invasive, non-destructive method also suitable for soft tissue such as skin,
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and cornea. However, the air-puff method needs to be careful about the air pressure

when used with soft tissue and quickly decrease the moisture of the tissue.

Table 2.3 OCE with various excitation methods.

Excitation Authors Contact/ Invasive/ Frequency
techniques Non- Noninvasive  of excitation
contact method
method
ARF (Itoh et al., 2006) Contact Noninvasive Not found
(Song et al., 2015) 120 Hz
MNPs (Creceaet al., 2009) Non- Invasive 10 Hz
(Ahmad et al., 2014) contact 500 Hz
(Manduca et al., 2001) 50-1,000 Hz
SAW (Lietal., 2011) Non- Noninvasive 0.5 Hz
’ contact
Air-puff (Jiasong et al., 2013) Non- Noninvasive 125 Hz
contact
Mechanical (Kennedy et al., 2009) Contact ~ Noninvasive 820 Hz
actuator—( jetal, 2012) 20 Hz
(Zvietcovich, Yao, Rolland, 400 Hz
etal., 2016)
(F. Zvietcovich et al., 2019) 1,000 Hz

Since the OCE imaging technique required external excitation, the

mechanical actuator was used to convert a motion to another motion. OCE technique

requires excitation at a sub-millimeter level. Thus, the useful choice for our system is

the “piezoelectric actuator”, the material response to the voltage that causes it to expand.

High voltages will produce only tiny expansions. When the piezoelectric actuator was

activated, it will create tissue displacement perpendicular to the direction of shear wave

propagation, which provides the mechanical properties of the sample through the speed

of propagation. The tissue displacement affects the OPL in the interference signal,
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which we can use phase to track back for tissue displacement determination. The
relationship between axial displacement and phase difference can be expressed as
follows (Li et al., 2012; Li et al., 2011; Wang and Larin, 2015)

Ao

. 2.68
4mtn ( )

u, = A¢p

where u,, A¢p, Ay, n are the axial displacement, the phase difference from two
consecutive A-scan of OCT imaging, the center wavelength of the broadband light

source, and the refractive index of the medium (Zvietcovich et al., 2017), respectively.

2.4  Gelatin phantoms

For the initial development of OCE, the sample with elastic controllable is
suitable for measurement rather than biological tissue, which is typically
inhomogeneous (solid and liquid combination). Gelatin is used for representing the
biological soft tissue because of its consistency, controllable size, and concentration-
based properties, and is widely used in science, medical, and engineering research.
Gelatin has ability to maintain its shape due to the irreversibly hydrolyzed form of
collagen. Originally, gelatin dissolved with hot water is transparent gels. To use the
gelatin phantom as a sample in OCT and OCE, the scattering material was added to the
gelatin to create the light scattering from inside of the gelatin. For instance, fluorescent
dye, Titanium dioxide (Ti02), milk, coffee cream, etc. (Ahmad et al., 2014, Li et al.,
2011; Manduca et al., 2001; Meemon et al., 2016; Wang and Larin, 2015)

In preparation of the gelatin phantom, the stiffness of the phantom was
controlled by how much the gelatin powder is mixed in the solution: the higher gelatin,

the higher stiffness. Mixed the gelatin powder with hot water and stir until all gelatin
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dissolved, added scattering material, and then poured the solution into the mold, waited

for the gelatin to form by cooling in the refrigerator or left on the table.

2.5 Standard mechanical testing

Standard mechanical testing is widely used in material science and engineering
fields to obtain the mechanical properties of the sample. For elastic information of the
sample, the standard compression test was used. The principle behind the compression
test is Hook’s law in one-dimension (Wang and Larin, 2015), by input the stress o,
which determined by the ratio of total loading force F to the surface area A. The result
strain ¢ is recorded, which is the ratio of changes of length AL to the original length L.
According to Hook’s law, the slope of the relationship between stress and strain called

Young’s modulus E, which can be written as

F/A  FL
_ %_ / (2.69)

N\ 7

A higher value of Young’s modulus means the sample has higher stiffness.
Figure 2.19 shows an example of the standard compression test machine: MTS Q-test5
universal testing machine (MTS, Eden Prairie, Minnesota, United States). The
compression test was conducted by inputting the dimension of the sample such as
diameter and height, putting the sample between two plates (see figure 2.19(b)), then
applying the loading force by moving the top plate downward. The sensitive sensor that
contacts the top plate recorded the information about the applied load, together with the
distance that the top plate moved. Young’s modulus can be obtained by determining the

slope from the stress-strain graph.
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Figure 2.19 (a) The standard compression testing (MTS, Eden Prairie, Minnesota,
United States). (b) Compression area of the compression test, the top
plate moves downward and compressed the sample, sensor will record

loading information together with the distance that the top plate moved.



CHAPTER Il

RESEARCH METHODOLOGY

Our goal is to combine reverberant shear wave field concept and OCT imaging
technique to determine the shear wave speed (SWS) on the sample. In the previous
chapters, the details of elastography, OCE imaging system, and gelatin phantom were
explained. This chapter describes the gelatin phantom preparations, OCE experimental
setup, and data analysis process to obtain the SWS map of the sample from the OCT
imaging data. The detection was operated by LabView software (National Instruments,
Austin, TX, United States), which provides the interface to communicate with hardware
as well as display data and other indicators to monitor the experiments. The data were

analyzed by MATLAB™ (MathWorks, Massachusetts, United States).

3.1 Gelatin phantom preparations

Gelatin phantom is concentration-based material. Its stiffness can be controlled
by the concentration of gelatin powder that is mixed in the solution. It is widely used in
elastography as a tissue-mimicking phantom (Ahmad et al., 2014; Doyley and Parker,
2014; Li et al., 2012; F. Zvietcovich et al., 2019).

In this study, 3 % and 4% concentrations of weight by volume (wt%) of the
gelatin phantom were prepared to represent soft and stiff tissues, which mimic healthy
liver and septal fibrosis (Wang and Larin, 2015), respectively. Each concentration

solution was mixed with 200 mL of DI-water (Deionize water) (assumed water density
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is 1 g/mL), 6.20 g and 8.35 g of gelatin powders were mixed with water to produce 3
wt% and 4 wt% gelatin phantoms, respectively. 0.25 wt% coffee cream was added to
the gelatin solution to introduce the optical scattering on the phantom. The refractive
index of the gelatin phantom was approximately 1.35. In addition, a food color agent
was added to identify each concentration. The mixed solution was put in the microwave
oven for about 90 seconds for heating. After that, the solution was stirred with a
magnetic stirrer until gelatin and coffee cream were completely dissolved. The air
bubble was taken out from the solution for the perfect homogeneous sample as shown
in figure 3.1. Then, the solution was gently poured into the food-grade silicone mold or
glass Petri disk and left in the refrigerator for gelatinization. Figures 3.2(a) and 3.2(b)
show the gelatin phantom with and without optical scatterer (coffee cream), respectively.
Figure 3.2(d) shows a small portion of each gelatin concentration extracted in a
cylindrical-shaped, i.e., 20 mm a diameter and 10 mm in height, for performing standard

mechanical testing (MTS Q-Test5, MTS, Eden Prairie, MN, USA).

Figure 3.1 (a) Weight gelatin powder and coffee cream for specific concentrations.
(b) Gelatin solution with a magnetic stirrer.

(c) Air bubble in the liquid gelatin solution (in the middle).



53

Figure 3.2 (a) Gelatin phantom with coffee cream, and (b) without coffee cream.
(c) Gelatin solution on the silicone mold covered with plastic wrap.

(d) Cylindrical shapes of gelatin phantom for standard measurements.

Two gelatin configurations were prepared, i.e., homogeneous and left-right
representing different types of structures that might be found in real applications. For
the left-right configuration, two concentrations of gelatin were separately prepared.
Then, the hot wire cutter was used to create a sharp edge on each gelatin and attached

them as shown in figure 3.3
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3.2  Experimental setup

The experimental setup consists of two main parts. The first part is a custom-
developed frequency-domain phase-sensitive OCT (PhS-OCT) to detect the occurred
motion on the sample through Doppler phase shift. The second part is an external
excitation to introduce a shear vibrational wave on the sample. The schematic of our
developed PhS-OCT is shown in figure 3.4. The light source is a broadband frequency
swept laser (HSL-2100-WR, Santec, Aichi, Japan) with 1,318 nm center wavelength
and 125 nm spectral bandwidth. The light source (yellow arrow) was split into two paths
(50:50 power ratio) by a 2x2 fiber coupler. In the first path, i.e., the sample arm, the 2-
axis galvanometer mirrors, and the objective lens were used for lateral scanning on the
sample. Back-scattered light from the sample was collected with the same objective lens
and coupled back into a fiber coupler (green arrow). Another path of light propagated
along the reference arm, incident on a plane mirror (blue arrow), and then reflected back

to the fiber coupler (red arrow). The optical path difference (OPD) between two paths
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caused the interference that was captured by the photodetector at a 20 kHz sampling
rate. The lateral resolution of our system was approximately 20 pum as quantified by
using a resolution target. The axial resolution was approximately 10 pum as measured
from the full width at half maximum (FWHM) of the axial profile of a perfect plane
mirror. The data acquisitions were collected and controlled by LabView software

(National Instruments, Austin, TX, United States).

Balanced photodetector Reference mirror

y_ A
50:50
fiber coupler
| [ (COMPUTET o Square wave
- N G
A% Scanning mirror
r ]} EI \ T\ Trigger
== e
Swept-source : L,
laser T_é)w 1 =1 _
° 4 Square¥ Functl?n
s ol b Objective lens wave generator
E1075: NS
bo YUY .
_O_._'o (o)

® Scanning points
o Excitation positions

Figure 3.4 Schematic diagram of an experimental setup of the PhS-OCT, external
synchronization (trigger), and external excitation using a 3D printed ring

actuator attached to single piezoelectric actuator.

The excitation scheme consists of a function generator (AFG320, Textronix,

Beaverton, OR, United States), a piezoelectric bimorph actuator (BA450, PiezoDrive,
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Callaghan, NSW, Australia), and a signal amplifier (PDul50, PiezoDrive, Callaghan,
NSW, Australia). According to the reverberant shear wave field concept, multiple
sources of vibrations are required. The 3D-printed of ring-shaped ABS plastic with eight
tips, called the “ring actuator” was designed in Fusion360 (Autodesk, San Rafael,
California, United States). The ring actuator was fabricated and attached to the
piezoelectric actuator to simulate eight vibration sources on the sample’s surface while
allowing for a scanning beam from the PhS-OCT imaging system to pass through at the
center of the ring actuator as shown in figure 3.5. Each tip was designed to be a curved
shape that touched the surface of the sample at 45 degrees relative to the surface plane
of the sample to provide equal vibrational force in both vertical and horizontal directions
(Li et al., 2012). The region of interest (ROI) of the ring actuator is 8x8 mm?, which

corresponds to the ROI of the imaging scheme in OCE imaging.
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Figure 3.5 Ring actuator model, (a) side view, (b) bottom view (c) 3D view with

piezoelectric actuator. (d) Ring actuator was used in the experiment.

In our experiments, both imaging and excitation systems were synchronized via
another function generator with 50 Hz and 50% duty cycle of pulse square wave. Thus,
the data acquisition time per lateral position was 20 milliseconds. The excitation
frequency of 1 kHz was used in our experiment over the ROI of 8 x 8 mm?, which is
suitable for entire wave observation. Higher frequency, i.e., 2 kHz can operate as well,
but the faster the shear wave, the more attenuation on the magnitude of the wave. During

20 ms, the function generator sent a burst mode (19 cycles) of 1 kHz of the sinusoidal
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wave into the piezoelectric actuator through the amplifier. The time interval of 1 cycle
of 1 kHz sine wave is 1 ms, 19 cycles of 1 kHz of sine wave corresponded with 19 ms.
1 ms was left for data transfer time. At each lateral position in the detection scheme, the
M-mode data acquisition, i.e., acquiring multiple axial profiles over time for 100 depth
profile (A-scan), was performed while the surface was disturbed in that 20 ms interval
by the ring actuator. The process was repeated for all lateral positions over the ROI of
the sample as shown in the timing diagram in figure 3.6(a) and scanning positions

(figure 3.7).
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Figure 3.6 (a) Time axis of all devices to synchronization. (b) Excitation scheme and

scanning mirror synchronization by a single trigger.

The vertical displacement was captured over 100 x100 lateral positions in xy-
plane and saved all raw data in .tif file format. According to 10,000 positions of lateral

scanning (100 on x-axis, 100 on y-axis), the zig-zag scanning pattern was operated on
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OCE imaging as shown in figure 3.7, to reduce the time for repositioning the scanning
mirror, as well as to prevent the quick response from an input voltage of the scanning
mirror that might damage the hardware. The zig-zag correction was done by sorting data

backward in an even row of 100 lateral scans (x-axis).

3D view
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Figure 3.7 The zig-zag scanning pattern was operated on OCE imaging to reduce the

acquisition time.

The data from the detection scheme were sorted as a graphic explanation in
figure 3.8. At each position, 100 M-mode scans were performed and stored as one .tif
file. Different color of M-mode with numbering order represents the time frame of each

detection (0.2 ms step). Each M-mode consisted of 1 x 2,000 pixels, which is the



61

spectral interference signal recorded in 8-bit (0-255 grayscale). After repeating the
process for 100 x 100 spatial positions across the xy-plane, the total raw data called “the
pool” was obtained, which is the 3D data over time. From this aspect, the cross-section
(both vertical and horizontal) or even 3D images at any time frame can be obtained from
the pool depending on the desired plane to display and the desired time frame. One
gelatin sample took about 4-5 minutes. All the files were named and saved in a hard

drive disk, which consumes about 16 Gigabytes (Gb) per sample.

1 M-mode I
1 .tif file
1 spatial position H

(100 M-mode)
Repeated for

other positions

100 .uf file x4
100 spatial positions E
(MB-mode)

Do the same for

another axis

10,000 .tif files
10,000 spatial positions

Figure 3.8 Graphical explanation of raw data in the detection scheme. Single detection
creates 1 M-mode (1 x 2,000 pixels), continuing to collect until 100 M-
mode, then become one spatial position (one .tif file). Repeat the process to
gather a hundred spatial positions (one MB-mode), and do the same process
for another axis. Total raw data is called “the pool”, which is capable to

retrieve any plane and time frame.
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3.3 Data analysis

All data were imported into MATLAB™ (MathWorks, Massachusetts, United
States) for further analysis. Figure 3.9 shows the flowchart of data analysis to obtain the
SWS map. Starting with importing the raw data, the axis definition must be the same as
the ROI in OCE imaging. Further analysis by calculating the phase shift by using
Loupas’s algorithm was performed. Together with profile visualizations (e.g., B-mode,
en-face, wave propagations), the correlation function was calculated following the
concept of reverberant shear wave field to obtain the SWS map, which is linked to the

elastic information of the sample.
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Figure 3.9 Flowchart of data analysis to obtain the shear wave speed (SWS) map, all

processes were done in MATLAB™ software.

The data processing began with axis definition according to the ROI of OCE as
8 x 8 mm? with 100 x 100 spatial scanning points, The axial resolution was 10 um as
determined by the bandwidth and the center wavelength of the light source.

To obtain the surface displacement, the phase shift related to the displacement

was determined by using the equation 2.68. The typical method to determine the phase
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shift is by computing the amount of Doppler phase shift. By considering two

consecutive signals as equation 2.9 with the time involved as

I(Z, tO) = |I(Z’ tO)lexp(j(p(Z' tO))l (31)

I(Z, tl) = |I(Z, tl)lexp(jd)(zl tl))ﬂ (32)

where |I| is the magnitude of the signal, ¢ is the phase of the signal at the time t, and

t;. The amount of phase shift can be computed by

Im[l(z,t)I(z, to)*]} (3.3)

A¢p(z) = arctan {Re[l(z, Iz, 6)"]
where I* is the complex conjugate of the signal, and Re[] and Im[] are the real part and
imaginary part respectively.

However, this method is sensitive to noise. An alternative method to reduce

noise is demanded. We chose Loupas’s algorithm to estimate the displacement as

follows (Zvietcovich et al., 2017),

Ap(z) =
M-1
arctan { Zmzo[lm(zmr tO)Re(Zmr tl) v Re(zm’ tO)Im(Zm' tl)]
M-1
Zsz[Re(Zmi tO)Re(Zm’ tl) . Im(Zm’ tO)Im(Zm' tl)]
M=2 , (3.4)
Tl R, ) = R, )Mz )]
arctan =2 -
o anO[Re(Zm' tn)Re(Zm+11 tn) - Im(zm' tn)lm(zm+lr tn)]
1+ m=
2

where M is window size for calculation.
For the profile visualization, Figure 3.10(a) shows the frame of spectra of a
spatial location (one .tif file), which consists of 100 M-mode (vertical red frame) by

2,000 pixels. Each line spectrum (figure 3.10(b)) will be processed following the OCT
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imaging as described in section 2.2.4. In OCE imaging, the image of M-mode i.e.,
displays the depth profile of one position over time (motion-captured over 100 times of
acquisition) is obtained instead of B-mode (cross-section of the sample) as shown in
figures 3.10(c). The M-mode of many lateral positions (e.g., x-axis) were sorted as
shown in figure 3.10(d) called MB-mode, the B-mode or cross-section image of the
sample can be obtained by resliced the MB-mode in the lateral direction as shown in
figure 3.10(e). Further sorting another lateral axis (e.g., y-axis), the 3D volume of the
sample over time was obtained as shown in figure 3.10(f). From 3D volume, an en-face
image (top view) can be obtained from resliced from any depth position and any time

as shown in figure 3.10(g).



4

. r (b)
MWM‘MM

(c) M-mode
- —
Tln%-=. B oo
I
t
! 3
v t t2
\ 4
= : Depth
(d) MB-mode (¢) B-mode image

y/'—

T
I,
f ¥

(f) 3D volume

e

66

Figure 3.10 The flowchart shows the image processing. (a) Spectra frame (2048 pixel

by 100 M-mode. (b) Example of an interference signal from a line

spectrum in (a). (c) M-mode image from all lines in (a). (d) MB-mode from

1D lateral scanning. () B-mode image obtained by resliced MB-mode. (f)

Scanning another lateral axis to obtain the 3D volume. (g) The en-face (top

view) can be obtained from resliced any depth position.
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Figure 3.11 describes the process to obtain the local SWS map via the concept
of the reverberant shear wave field. The phase shift map was computed by using
Loupas’s algorithm. The phase shift data was divided into small windows and then
calculated the local 2D-autocorrelation (figure 3.11(b)). The autocorrelation map was
radial averaged (figure 3.11(c)) over 180 degrees. The averaged data was fit with
equation 2.66 to approximate the wavenumber, k as shown in figure 3.11(d). The
relationship of phase velocity (equation 2.67) was used to map the local speed of the
shear wave, which represents the local elastic information of the sample as shown in

figure 3.11(e).

A small window in the phase shift map means a few phase data were used to
calculate in the autocorrelation process, and all the data in that window will become a
single local SWS result. In addition, a larger window causes less elasticity resolution
and increases the processing time. Therefore, we studied how the size of data used in
the calculation affects the local SWS result via the concept of the reverberant shear wave
field to obtain the minimum size of the correlation window and high elastic resolution
in the SWS map. The results were then compared with the standard mechanical testing

for each gelatin concentration.
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Figure 3.11 Analysis process for the local shear wave speed (SWS) map. (a) Example
of En-face (Top view) image of the gelatin phantom. (b) the phase shift data
collected from Loupas’s algorithm and divided into small windows for the
2D-autocorrelation following the concept of reverberant shear wave field.
(c) Autocorrelation result and radial averaging (red dash line) for curve
fitting. (d) The radial average the autocorrelation (black dot) and the
wavenumber was obtained by determining k from curve fitting (blue line).

(e) Local shear wave speed (SWS) map is determined from the phase

velocity relation (equation 2.67).



CHAPTER IV

RESULTS AND DISCUSSIONS

In this chapter, we described the experimental results of the combinations of
our PhS-OCT and the concept of the reverberant shear wave field for imaging and
differentiating the tissue-mimicking gelatin phantoms. To verify the performance, the 3
wit% and 4 wt% concentrations were prepared following the process in chapter 111 with
various configurations (homogeneous, left-right) for the experiment. In the analysis
process, the propagated shear wave was observed and processed to obtain the elasticity
of the sample, which is expressed by the shear wave speed (SWS) map as described in

section 2.3.1.

4.1 Phantom preparation issues

In the gelatin phantom preparations, the gelatin phantoms were prepared by
using the silicone mold (figure 4.1(a)) and covered by plastic wrap to avoid some dust
falling in. We have encountered the steam condensation at the inner side of the plastic
wrap that causes the top surface of the phantom to have more roughness and be covered
by water, the bottom side (contact with the silicone mold) was used instead in the
experiments. The 3 wt% concentration phantom was damaged after trying to remove
out from the silicone mold as shown in figure 4.1(b). Then, we used the lubricant (WD-
40, San Diago, California, United States) sprayed over the silicone mold before pouring
the gelatin solution to prevent the gelatin stuck with the mold. However, many small

holes
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were found on the surface (bottom side) of the phantom as shown in figure 4.2. It might
be caused by a small silicone particle in the lubricant oil. To solve these issues, the
gelatin preparations were fabricated with the glass Petri dishes (figure 4.3), food
containers were used instead of silicone mold, the gelatin solutions were not covered by
plastic wrap anymore, also left the solution on the table instead of in the refrigerator
(the room temperature is about 22 degrees Celsius) for reducing the small air bubble

stuck in the gelatin solution caused by rapid gelatinization.

Figure 4.1 (a) The silicon mold with gelatin solutions and plastic wrap.

(b) Damaged gelatin phantom when trying to remove from the mold.
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Figure 4.2 Small holes were found on the bottom surface of the gelatin phantom when

taken out from the silicone mold with lubricant oil.

Figure 4.3 Gelatin phantom of 3 wt% and 4 wt% with plastic wrap inside at the bottom

of the Petri dish for easy removal (top surface was used for experiment).

For the left-right configuration, the two different concentrations of gelatin were
placed side by side (L4R3) as shown in figure 4.4. Both 3 wt% and 4 wt% were

separately prepared, then attached together. Figure 4.4(c) shows the merged color at the
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interface of the phantom caused by the concentration diffusion that might affect the

SWS results.

Figure 4.4 Photograph of the gelatin phantom of (a) homogeneous 4 wt% concentration,

(b) homogeneous 3 wt% concentration, and (c) the left-right configuration.

4.2 Image processing and filtering

According to the flowchart in figure 3.9, the B-mode and en-face images can be
obtained from the real part of OCT signal, by re-slicing the M-mode (movement of a
certain position over time) image along with a lateral position (x-axis) and top view (xy
plane), respectively. Figure 4.5 shows the B-mode and en-face images of 3 wt% and 4
wt% gelatin phantoms. The B-mode image shows the cross-section of the air (0-0.5 mm)
and gelatin (below 0.5 mm), the bright line (approximately at 0.5 mm) represents the
top surface of the gelatin phantom caused by strong reflection when the incident light
propagates through the different medium (air-gelatin interface) and reflection from the
gelatin medium caused by the coffee cream that mixed in the gelatin solution. The en-
face image shows the top view of the gelatin phantom over 8 x 8 mm?. The dark region
is the instability of smoothness that occurred on the surface, and darker regions at all
corners of the en-face images are caused by the end of the ring actuator that is placed

on the surface of the gelatin phantom.
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Figure 4.5 (a), (c) B-mode images of 3 wt% and 4 wt% gelatin phantoms, respectively.
Bright-line describes the cross-section structure of the air-gelatin interface.
(b), (d) En-face images of 3 wt% and 4 wt% gelatin phantoms, respectively.
Dark regions represent the instability of the surface’s smoothness, darker

regions are caused by the end of the ring actuator.

There are indistinguishable B-mode images in figure 4.5(a) and figure 4.5(c).
However, B-mode images still have not expressed the shear wave propagation yet. To
obtain the wave propagation information, Loupas’s algorithm (Loupas et al., 1995;
Zvietcovich et al., 2017) was used as follows equation 3.4, and the results were shown

in figure 4.6. The local phase shift was displayed as yellow (positive phase shift) and
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blue (negative phase shift) colormap corresponded to longer and shorter OPL in the

sample arm of the imaging system, respectively.
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Figure 4.6 The local phase shift information using Loupas’s algorithm of (a) B-mode

and (b) en-face images of 3 wt% gelatin phantom.

After noise reduction via Loupas’s algorithm, other kinds of noises still existed.
Two types of data filtering were conducted to reduce the noise, i.e., temporal and spatial
filtering. The process of temporal filtering is shown in figure 4.7, by looking at some
lateral positions in the phase shift data over time (figure 4.7(a)), taking the Fourier
transformation to see the data in the frequency domain, then using the band-pass filter
to keep the desired frequency that applied on the sample (1 kHz), i.e., 950 Hz to 1050

Hz of frequency range and subtract unwanted frequency out as shown in figure 4.7(b).
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The result of the temporal filter after the inverted Fourier Transform is shown in figure
4.7(c). The spatial filter was processed after the temporal filter. By looking at all lateral
positions at a certain time frame as shown in figure 4.8(a). The two-dimensional Fourier
transform (2D-FT) was processed to the phase shift data, then doing band-pass filter in
the frequency domain (donut shape in figure 4.8(b)). The size of the band-pass filter
was fixed but still obtain a good result as shown in figure 4.8(c). Using these two

filtering together with Loupas’s algorithm will be more effective for noise reductions.
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Figure 4.7 The process of temporal filtering of the phase shift data. (a) The phase data
without temporal filtering. (b) Fourier Transform of (a). (¢) Comparison of

the filtered data (orange) and unfiltered data (blue).
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Figure 4.8 (a) En-face (top view) image of the phase shift data before spatial filtering.
(b) Two-dimensional Fourier Transformation of (a). (c) Band-pass filter
(750-1250 Hz banfwidth). (d) cross-section of (b) (orange) and band-pass

filter (blue). (e) En-face image of the phase shift data after spatial filtering.
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The VDO of the wave propagation will available after the filtering process by
sorting each phase shift data over time and displayed on the monitor. From the VDO
wave propagations, the wavefront from all tips of excitation legs will approach the
middle over time. The total frame of the phase shift data will be minus 1 from the total
100 M-mode acquisitions. Thus, the 99 phase shift frames were obtained in that interval
of 20 ms. The shear wave propagation result on 3 wt% gelatin phantom was shown as a
time sequence in figure 4.9, which slowly propagates toward the center. According to
the speed of the shear wave is approximately about 1-10 m/s (Zvietcovich et al., 2017),
the wavelength of the wave propagation observed in the ROI (8 x 8 mm?) will become
1-10 mm for 1 kHz of excitation that sent to the ring actuator. Furthermore, the
wavelength of shear wave on 4 wt% phantoms is larger than the wavelength on 3 wt%

phantoms as shown in figure 4.10.
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Figure 4.9 En-face images at different time frames show the motion of the shear wave

propagating on 3 wt% gelatin phantom.



78

(@) (b)
Gel 3 wt% En-face (filtered) Gel 4 wt% En-face (filtered)
.08
0.08
'g > E £
£ s E 5
2 4 0 g 2 4 §
® < © <
>\ o > o
-0.08
.08
x-axis (mm) X axis (mm)

Figure 4.10 En-face images show the different wavelengths of shear wave propagation
of (a) 3 wt% and (b) 4 wt% gelatin phantoms, in which the wavelength on

the 4 wt% phantom is larger than on the 3 wt% phantom.

4.3 Window size variations

The local shear wave speed (SWS) can be obtained from the 2D-autocorrelation
of the phase shift data, the resolution of the SWS map depends on the amount of phase
shift data used for the calculation. i.e., only a single SWS value was obtained if all
correlation windows (100 x 100 phase shift data) were used for the 2D-autocorrelation
calculation. Thus, the SWS map will have a higher resolution with a smaller correlation
window. To verify this, we varied the window size as 10 x 10 pixels (0.8 x 0.8 mm?),
20 x 20 pixels (1.6 x 1.6 mm?), 30 x 30 pixels (2.4 x 2.4 mm?), 40 x 40 pixels (3.2 x
3.2 mm?), 50 x 50 pixels (4.0 x 4.0 mm?), 60 x 60 pixels (4.8 x 4.8 mm?), 70 x 70
pixels (5.6 x 5.6 mm?), 80 x 80 pixels (6.4 x 6.4 mm?), 90 x 90 pixels (7.2 x 7.2 mm?)

and quantified the SWS map as shown in figure 4.11.
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Figure 4.11 (a) The reverberant shear wave field on 3 wt% gelatin phantom with the
illustration of different correlation window sizes. (b) The example of the
radial average of the autocorrelation curves of 3 wt% gelatin phantom with

30 x 30 pixels of window size.

A local wavenumber k was determined followed equation 2.67 after doing radial
average and curve fitting of the 2D-autocorrelation from data in the correlation window
with tracking the first valley of the autocorrelation peak. The SWS results on 3 wt% and
4 wit% gelatin phantoms were shown in figure 4.12 and figure 4.13 respectively, the
color map represents high (red) and low (blue) rates of the SWS, which is corresponded
to high and low stiffness respectively followed the equation 2.27. We noticed that the
resolution of the SWS map related to the correlation window size, i.e., the lower
resolution obtained from a larger window size. However, some regions cannot find the
valley in the curve fitting process because there is no value of the autocorrelation curve
that is less than zero. Then, the fitting process shows “not a number” instead which is
found in 10 x10 pixels and 20 x 20 pixels of correlation windows. We also noticed that

the SWS map with a larger correlation window size looks almost identical as shown in
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figure 4.12(e) to figure 4.12(i) and figure 4.13(e) to figure 4.13(i) for 3 wt% and 4 wt%

gelatin phantoms, respectively.
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Figure 4.12 The shear wave speed (SWS) map of the 3 wt% gelatin phantom with the
1 kHz of excitation, by varying the correlation window sizes of (a) 10 x
10 pixels, (b) 20 x 20 pixels, (c) 30 x 30 pixels, (d) 40 x 40 pixels, (e) 50
x 50 pixels, (f) 60 x 60 pixels, (g) 70 x 70 pixels, (h) 80 x 80 pixels, and
(i) 90 x 90 pixels. There are look almost identical for larger window (from
(d) to (i), but less data in curve fitting process causes discrete value of

SWS in (a) and (b) as display in dark blue color.
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Figure 4.13 The shear wave speed (SWS) map of 4 wt% gelatin phantom with 1 kHz
of excitation, by varying the correlation window sizes of (a) 10 x 10
pixels, (b) 20 x 20 pixels, (c) 30 x 30 pixels, (d) 40 x 40 pixels, (e) 50 X
50 pixels, (f) 60 x 60 pixels, (g) 70 x 70 pixels, (h) 80 x 80 pixels, and

(i) 90 x 90 pixels.

Figure 4.14 shows the average SWS from all given correlation windows.
According to the limitations in the curve fitting process, the measured SWS is not
reliable when the correlation window is less than 30 x 30 pixels. The measured speed

approaches a constant value at around 30 x 30 pixels of the correlation window. Thus,
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the average SWS results were calculated from the part of data at 30 x 30 pixels to 90 x
90 pixels. Thus, the average SWS of 3 wt% (vs30,) and 4 wt% (vs40,) in the

homogeneous case is vg 3¢, = 1.3 £ 0.1 m/s and v 40, = 1.5 &+ 0.2 m/s, respectively.

Average shear wave speed (homogeneous)
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Figure 4.14 The average shear wave speed (SWS) of all given correlation windows of

3 wt% (blue) and 4 wt% gelatin phantoms.

For the verification of the elastic contrast, the 3 wt% and 4 wt% were placed
side by side (L4R3) to perform on our reverberant OCE. The phantom was placed
slightly oblique (figure 4.15(a)) to prevent a large gap at the interface, but the gap still
existed as shown in the B-mode image in figure 4.15(b). Figure 4.15(c) shows the
wavelength of shear wave propagation on 4wt% (left) is larger than the wavelength on
3 wt% (right). Figure 4.15(d) shows the SWS map of the L4R3 phantom, retrieved by

using the correlation window of 40 x 40 pixels. Two different regions of 4 wt% and
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3 wt% concentration is easily identified. The small wave reflection at the interface is

observed in wave propagation VDO causes a slight curve interface.
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Figure 4.15 (a) B-mode and (b) en-face images of the left-right configuration of gelatin
phantom. (c) En-face image of phase shift of the left-right configuration
shows the different wavelengths between 4 wt% (left) and 3 wt% (right).
(d) The shear wave speed (SWS) map of the L4R3 gelatin phantom shows

the shear wave propagates faster on the 4 wt% gelatin phantom.
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To determine the elastic contrast, the local SWS in the red frame in figure 4.15(d)
was used to calculate the average shear wave profile across the interface and is shown
in figure 4.16. From the shear wave profile plot, the average shear wave speed of 3 wt%
and 4 wt% in the L4R3 phantom are approximately v 49, = 1.5 £ 0.3 m/s and v r30,
= 1.1 4+ 0.2 m/s, respectively, and exhibited as slant transition. The sigmoid function
sig(x) was used to determine the average speed profile (F. Zvietcovich et al., 2019) and
shown as a blue line in figure 4.13, which can be expressed as

(Us,L4% u 175,1123%)
1+ e_(xo_x)/r

sig(x) = + Vs R3% » 4.1)

where x, and 7 is the location of the interface and its width, respectively.
The elastic resolution of this L4R3 gelatin phantom can be obtained by
determining the full width at half maximum (FWHM) of the derivative of the sigmoid

function, which is also displayed as a red line in figure 4.16, and the elastic resolution

is approximately 0.3 mm.
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Figure 4.16 The average speed profile across the gelatin interface was computed from
the SWS data in the red frame of figure 4.15(d).

The results of average SWS from both the homogeneous and left-right
configurations and the results from standard measurement were shown in figure 4.17.
The SWS results of homogeneous configuration are vg e, = 1.3 & 0.1 m/s and v 40, =
1.5 £ 0.2 m/s, results of left-right configuration are v g3e, = 1.1 & 0.2 m/s and v; ; 49,

= 1.5 + 0.3 m/s, and the results from the standard measurements are v3%,, = 1.2 + 0.4

m/s and v3 4, = 1.7 £+ 0.5 m/s obtained from the relationship of Young’s modulus and

shear wave speed followed by equation 2.27.
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Figure 4.17 The experimental shear wave speed (SWS) results: Homogeneous (blue),
left-right (orange), and the results from standard measurement (yellow) of

the 3 wt% and 4 wt% gelatin phantoms.

4.4 Discussions

From all results, the study of the shear wave speed by performing our custom
build reverberant optical coherence elastography with varying the size of the correlation
window can determine the average shear wave speed on 3 wt% and 4 wt% gelatin
phantoms with impressive results. We notice that the small correlation window provides
high accuracy of the SWS results as shown in figure 4.14. However, there is a trade-off

condition with the elastic resolution in the SWS map. The better choice of the
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correlation window size is 40 x 40 pixels (3.2 x 3.2 mm?) over the ROI of 8 x 8 mm?
or about 16% of the ROI’s size, which provides the highest elastic resolution, and has
the same result compared to a larger window.

However, our current setup is still under development and can be further
improved to obtain better results. For example, the imaging setup has no universal setup
for all phantoms yet, i.e., the position of the scanning beam, ring actuator, gelatin’s
surface level, and the individual force applied to the gelatin phantom was adjusted one
by one to obtain a better performance. The gelatin preparation is also needed to carefully
control, i.e., non-flat surface, the duration for letting the liquid mixture form gelatin
structure, and the phantom orientation. The concentration diffusion of the 3 wt% and 4
wt% phantoms in the left-right configuration (figure 4.4(c)) causes the blurred SWS
result at the interface as seen in figure 4.15(d). As a part of future work, we plan to study
using the multiple excitations, varying the number of the excitation, together with freely
controlling the initial vibration phase with the reverberant shear wave field concept. We
expect better SWS map results as well as interesting ideas to enhance our instrument in

nearly future.



CHAPTER V

SUMMARY

Nowadays, medical imaging has a high potential for tissue diagnostics and
treatments. In this study, we focused on one kind of medical imaging called
“elastography”, which is the map that contains elastic information about the tissue
(Ahmad et al., 2014). The elastography technique can be determined by the advantage
of the elastic property that responds differently to external distortions/vibrations
between healthy and unhealthy tissues (Ophir et al., 1991). Since the late 1980s, this
technique has been proven with the ultrasound imaging (Ul) (Doyley and Parker, 2014),
and later with magnetic resonance imaging (MRI) (Manduca et al., 2001) and atomic
force microscopy imaging (AFM) (Wang and Larin, 2015). In addition, the Ul, MRI
provides large fields of view (FOV) and resolution in centimeters scale, and AFM
provides small limited FOV and nanometers scale of resolution, whereas the study in
tissue characterization e.g., ophthalmology, cardiology, dermatology requires
millimeters scale of resolution. Another imaging techniques called “optical coherence
elastography (OCE)” that was proposed in 1998, which based on optical coherence
tomography (OCT) technique (Manapuram et al., 2012) provided suitable resolution
(millimeters to micrometers scale).

To express the mechanical property of the sample, this study focused to apply
the concept of “reverberant shear wave field”, which was introduced by Kelvin J. Parker

and his colleagues (K. J. Parker et al., 2017) to investigate the speed of the shear wave
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on the gelatin phantom by stimulating the multiple excitation sources and captured via
our custom-developed OCT imaging. The concept of the reverberant shear wave field
shows that the shear wave speed (SWS) results can be constructed from the local
wavenumber, which is estimated from the curve fitting process of the autocorrelation
function. The mathematical explanations are described in chapter II.

In this study, two gelatin phantom configurations were prepared to mimic the
human tissue, which are homogeneous and left-right. Then our designed ring actuator
was applied to the phantom’s surface. The wave propagation on the surface will be
captured by our phase-sensitive OCT (PhS-OCT), which used the near-infrared light
source at 1,318 nm of center wavelength and 125 nm of spectral bandwidth. The
penetration depth is approximately about 2 mm, lateral and axial resolutions are 20 um
and 10 um, respectively, and the region of interest (ROI) is 8 x 8 mm?2. PhS-OCT can
provide B-mode (cross-section) and en-face (top view) images.

The surface (figure 4.5(a), figure 4.5(c), figure 4.6(a), and figure 4.15(a)) of the
gelatin phantoms, and the gap between two gelatin concentrations, and the instabilities
of the surface (figure 4.5(b), figure 4.5(d), figure 4.6(b), and figure 4.15(b)) were
observed by our PhS-OCT through the bright line in B-mode images and the dark
regions in en-face images, respectively.

In the analysis part, the relationship that the shear wave moves faster in a higher
concentration of the gelatin phantom was noticed in the experiment, i.e., the wavelength
of the propagated shear wave is bigger in a higher concentration phantom. Extracting
the phase shift data by using Loupas’s algorithm, which provides noise reduction

effectively (Zvietcovich et al., 2017). Then the concept of reverberant shear wave field
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was applied to determine the local SWS results, by estimating the radial average of the
autocorrelation functions.

To study the effect of the correlation window on SWS results and the elastic
resolution, the correlation window sizes varied from 10 x 10 pixels up to 90 x 90 pixels.
The result of the experiment tells that the higher elastic resolution will be obtained by
using a small correlation window but losing the SWS accuracies. In addition, the
correlation windows that are larger than 40 x 40 pixels tend to provide the constant
value as shown in figure 4.14. And the 40 x 40 pixels of the correlation window is a
suitable choice to obtain the accurate SWS result because that provides the highest
elastic resolution of our current setup.

The SWS map of 3 wt% and 4 wt% phantoms were obtained with clearly
observed the difference in shear wave speed propagated on the phantom. In addition,
there is a merged color of the L4R3 phantom due to different concentrations of diffusion
causing blurred results in the SWS map.

In the case of homogeneous phantom, the SWS results of 3 wt% and 4 wt% are
Vs39 = 1.3 £ 0.1 m/s and v, 40, = 1.5 & 0.2 m/s, respectively, and the results of left-
right phantom are vg gz, = 1.1 £+ 0.2 m/s and v 49, = 1.5 £ 0.3 m/s. The results of
standard measurements were obtained from Young’s modulus measurements and then
convert into wave speed by using the relationship between Young’s modulus and shear
wave speed. The SWS from the standard measurement of 3 wt% and 4 wt% gelatin
phantoms are v3%,, = 1.2 + 0.4 m/s and v; 4, = 1.7 £ 0.5 m/s, respectively. Thus, our
Rev3D-OCE has an accuracy error of 8% and 12% for 3 wt% and 4 wt% gelatin
phantoms in both configurations. Furthermore, we can clearly see the interface of the

L4R3 gelatin phantom in SWS map. The sigmoid function was used to determine the
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slant transition between the phantom interfaces. The elastic resolution result was
obtained from the derivative of the sigmoid function, which is 0.3 mm.

The concept of the reverberant shear wave fields can apply to our imaging
technique to reveal the elastic property of the sample by characterizing the speed of the
shear wave that propagates on the sample. The advantage of the concept of the
reverberant shear wave is that the direction of the wave propagation can be ignored
because of the autocorrelation principle. However, there are still have some points to
improve our system, such as the imaging setup has to proceed one by one for each
phantom, the concentration diffusions of the gelatin, increasing or decreasing the
number of excitation sources, and freely controlling the initial phase of excitations,
which might introduce some new interesting wave patterns, and improve our setup to
obtain better results.

Finally, we strongly expect that this study will be a good starting point to study
or experiment with more complex samples. We look forward to further development to

use in medical diagnostic applications.
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