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This dissertation introduces a new approach to measure the mechanical properties
of soft tissues. A laser-induced microbubble, created by focusing a single nanosecond
laser pulse with a custom-made objective lens, was created at desired locations inside a
tissue sample. An acoustic radiation force was generated by a low frequency transducer
to displace the microbubble. A custom-built high pulse repetition frequency (PRF)
ultrasound system, consisting of two 25 MHz single element transducers, was used to
track the dynamics of the microbubble. Reconstruction of the mechanical properties at
the specific location in a tissue sample was performed using a theoretical model, which
calculated the dynamics of a microbubble under an externally applied force in a
viscoelastic medium. The theoretical model and the high PRF ultrasound system were
successfully validated in both gelatin phantoms and ex vivo bovine crystalline lenses.

Age-related sclerosis of the crystalline lenses from bovine was clearly detected,
which might be linked to changes in the crystalline. Location-dependent variation
explained that the outer cortex and the inner nucleus had different mechanical properties.
In the old and young porcine vitreous humors, age-related changes were not found.

However, local variations of the mechanical properties were discovered, which may
vii



coincide with the different distributions of the molecular compositions. The laser-induced
microbubble approach shows potential for future research into the origin of physiological
phenomena and the development of inherent disorders in the eye. I hope that further
studies — in the development of a more suitable theoretical model for the microbubble
dynamics, in extension to in vivo applications, and in defining the relationship of the
mechanical properties to molecular components in the eye — may provide a plan for the

therapeutic treatment of eye-related diseases.
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Figure 5.1:

(a) Coordinate system defined within the lens. This coordinate system is
referenced throughout the entire chapter. The top and bottom diagrams
show a sagittal section and an equatorial section of the lens. Laser-
induced microbubbles were created along the S-axis and the center
location (solid dot) corresponds to S=0. (b) A schematic view of the
experimental setup. A crystalline lens with anterior surface facing down
was positioned in the lens holder, and a microbubble was produced by a
laser beam focused inside a lens. Excitation transducer (3.7 MHz) was
used to produce acoustic radiation force pulse and initiate microbubble
displacement (dash-dot arrow). The motion of a microbubble was
tracked by two 25 MHz ultrasound transducers (T and R) — the
separation of transmit (T) and receive (R) transducers allowed us to
achieve high pulse repetition frequency (up to 1 MHz). The train of
pulses from ultrasound transducer T and echoes reflected on the surface
of a microbubble to ultrasound transducer R are shown as dashed
arrows. The size of the microbubble was monitored by an optical
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Figure 5.3:

(a) Experimentally measured and averaged displacements from three
measurement trials of microbubbles at two different locations in old
bovine lenses and (b) theoretically calculated displacements of the
microbubbles in response to 20 us of the acoustic pulse (starting at 60
us). Values of Young’s modulus (E) are 2.9 kPa (thin line) and 23.2 kPa
(thick line). Time of maximum displacement of microbubble is indicated
as t,.. The dotted vertical lines indicate start and end of acoustic
radiation force pulse. The radii of the microbubbles for thin and thick
lines are 47+2 pm and 54+2 pum, respectively. In theoretical
calculations, a shear viscosity of 1.3 Pa-s is used for both cases. The
thick and thin lines in (a) correspond to the dotted arrow and the solid
arrows in Fig. 5.3(a), respectively. ......occccvvviiiniiiiniiienniieiieeciees 90
Young’s modulus measurements of three groups: (a) old bovine (25-30
months old), (b) young bovine (6 months old), and (c) young porcine (6
months old). Radial distance is S-axis in Fig. 5.1(a). and 0 mm in the
radial distance corresponds to the center of the lens. Four samples were
used for each group. Solid lines in (a), (b), and (c) are mean values over
samples for each measurement point. (d) Comparison of Young’s
modulus dependences with respect to radial distance for three groups.
Measurement points in (d) are reproduced from plots (a), (b), and (c).
Examples of detailed dynamics of the laser-induced microbubbles in old
bovine lenses (dotted and solid arrows in (a)) are shown at Fig. 5.2(a).
Three measurement trials were performed at each measurement point in

each sample and error bars are plus/minus one standard deviation. .92
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Figure 5.3:

Figure 5 4:

Figure 6.1:

Young’s modulus measurements of three groups: (a) old bovine (25-30
months old), (b) young bovine (6 months old), and (c) young porcine (6
months old). Radial distance is S-axis in Fig. 5.1(a). and 0 mm in the
radial distance corresponds to the center of the lens. Four samples were
used for each group. Solid lines in (a), (b), and (c) are mean values over
samples for each measurement point. (d) Comparison of Young’s
modulus dependences with respect to radial distance for three groups.
Measurement points in (d) are reproduced from plots (a), (b), and (c).
Examples of detailed dynamics of the laser-induced microbubbles in old
bovine lenses (dotted and solid arrows in (a)) are shown at Fig. 5.2(a).
Three measurement trials were performed at each measurement point in
each sample and error bars are plus/minus one standard deviation. .93
(a) Shear viscosity measurements of four lens samples from three
groups. Horizontal axis represents the sample (lens) number and vertical
axis is shear viscosity. (b) Averaged shear viscosity values of all lens
samples from each group. Error bars are plus/minus one standard
deviation. Obtained shear viscosities of lenses from three groups are
compared by student’s t-test and the differences of shear viscosity
between three groups are statistically significant (p<0.01). ............. 94
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3D view of the vitreous humor with three holes (A, B, and C) in sclera.
(b) Front view of vitreous humor. Laser-induced microbubbles were
generated along the x-axis and positions from 1 through 4 were shown.
(c) Zoomed view of the first position (P1, anterior part) and a

microbubble observed by a microscope during the experiments....102
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Figure 6.2:

Figure 6.3:

A schematic view of the experimental setup. A vitreous humor was
positioned on a gelatin base that mimicked the shape of the eye globe to
prevent the vitreous from collapsing in the holder and a microbubble
was produced by a focused laser beam inside a vitreous. A 3.7 MHz
ultrasound excitation transducer was used to generate acoustic radiation
force applied to a microbubble (dashed arc). The motion of a
microbubble was tracked by two 25 MHz ultrasound transducers (T and
R) — the separation of transmit (T) and receive (R) transducers allowed
for high pulse repetition frequency (solid arc). In this chapter, I used 100
kHz PREF for the entire experiments. In addition to ultrasound
measurements, the size of the microbubble was monitored by an optical
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(a) Experimentally measured and averaged displacements from three
trials on microbubbles at two different positions in the vitreous and (b)
theoretically calculated displacements of microbubbles in response to
2.4 us of the acoustic pulse (starting at 60 us). Averaged Young’s
moduli (E) are 12.5 Pa (thick lines) and 45.9 Pa (thin lines) and the shear
viscosities, used for theoretical calculations, are 0.025 Pa-s (thick line in
(b)) and 0.055 Pa-s (thin line in (b)). The radii of the microbubbles are
21£2 ym (thick lines) and 71+3 pm (thin lines). Time of maximum
displacement of microbubbles is indicated as t,,,,. Thick and thin lines in

(a) and (b) correspond to dashed and solid arrows at Fig. 6.4 (a)...107
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Figure 6 .4:

Figure 6.5:

Figure 7.1:

Measurements of Young’s moduli of virtreous humors from (a) young
porcine (6 months old) and (b) old porcine (2-3 years old). (c)
Comparison of Young’s modulus of vitreous between young and old
porcine. Solid and dashed lines in (a), (b), and (c) are averaged Young’s
modulus at each position. Positions are indicated at Fig. 6.1(b). Four
samples were used and three measurements were taken on one
microbubble at each position. Detailed dynamics of the laser-induced
microbubbles at the dashed and solid arrows are in Fig. 6.3. Error bars
are plus/minus one standard deviation............cccccevveeevieenierneennenn 109
Measurements of shear viscosity. Triangles and circles indicate the shear
viscosity of young porcine and old porcine, respectively. At each
position, the average value and the error are from the shear viscosity
values of four samples. Error bars are plus/minus one standard deviation.
110

The oscillations of a laser-induced microbubble radius. Solid line
indicates the bubble oscillation in a young bovine crystalline lens
(Young’s modulus (E) = 3kPa). Dash-dotted and dashed lines present
the bubble oscillations in an old bovine crystalline lens in different

locations (E=23 kPa and E= 5 kPa). .......cccccovveiieiiiiiieeeees 119
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Chapter 1: Introduction
1.1 BACKGROUND

Tissues are layers of similar cells that perform a specific function. Organs may
consist of different kinds of tissues. The ability of tissues to interact with one another in
an organ is vitally important to perform specific functions for higher level organs. All
organs begin to lose some function as people age. Aging changes have been found in all
body cells, tissues, and organs and these changes affect the physiological function
throughout the body. One example of the importance of interaction between tissues and
the age-related degradation of organs is the human eye, which needs the delicate interplay
between a crystalline lens and its constituent parts such as the zonule fiber, ciliary
muscles, and vitreous humor to focus light. Age-related degradation of the crystalline
lens and the vitreous humor is manifested in the form of visual disturbances and even the
loss of vision.

Reliable measurements of the mechanical properties of ocular tissues may provide
better understanding of the physiological activities and phenomena associated with their
degradation. Accommodation is the process by which the eye changes its optical power to
maintain a clear image of an object as its distance varies by changing the shape of the
crystalline lens. The loss of this accommodation power is referred to as presbyopia. The
fundamental concepts behind the mechanism of accommodation and the onset of
presbyopia are not yet established because only limited information related to mechanical
properties of the crystalline lens is available. The vitreous develops pockets of liquefied
regions due to vitreous liquefaction. The problem of vitreous liquefaction is that it may
lead to retinal detachment, which is directly related to blindness. One possible
explanation of the vitreous liquefaction is the aggregation of collagen fibrils.

Understanding the reasons for vitreous liquefaction and the development of treatment
1



plans for retinal detachment have been hampered by a lack of reliable measurements of
the mechanical properties of the vitreous, which has made it difficult to understand the
relationship of the chemical composition and microstructure to the mechanical properties.

Therapeutic planning for age-related diseases related to ocular tissues can be
developed with precise measurements of the mechanical properties of ocular structures.
To date only surgical solutions to presbyopia have been offered such as lens implants and
mono-vision surgeries. Currently, reading glasses and contact lenses are the common
treatments. Because one of the main reasons for presbyopia is crystalline lens sclerosis,
regaining the compliance of the lens would be one possible treatment of presbyopia [1-3].
It is of importance to have an elasticity map of the crystalline lens for each individual; the
amount of elasticity in different parts of the crystalline lens should be defined for the best
outcome of the treatment. During the surgical procedure for retinal detachment, called
vitrectomy, empty spaces inside the eye cavity are filled with vitreous substitutes.
Making vitreous substitutes that resemble the mechanical properties of the vitreous
humor in its natural state is important because proper intraocular pressure inside the eye

should be maintained for physiological activities such as accommodation.

The goal of this dissertation is to develop an approach to measure the mechanical
properties of ex vivo animal ocular tissues such as the crystalline lens and the vitreous
humor (Figure 1.1) to investigate age-related changes and location-dependent variations
of the mechanical properties. This goal consists of five specific objectives:

1. Adopt a theoretical model of microbubble dynamics in a viscoelastic medium

under acoustic radiation force (as in Chapter 2).

2. Validate the theoretical model in a tissue-mimicking phantom (Chapter 3).



3. Develop a high pulse repetition frequency (PRF) ultrasound system to
accurately measure microbubble dynamics (Chapter 4).

4. Validate the theoretical model and the high PRF ultrasound system in ex vivo
bovine crystalline lenses (Chapter 4).

5. Compare the changes and variations of ocular tissue mechanical properties
with respect to different ages over samples and different locations within a

sample (Chapters 5 and 6).

The approach to achieve these objectives is to use a laser-induced microbubble,
created by optical breakdown of a nanosecond laser pulse, to measure the localized
mechanical properties of either soft tissues or a tissue-mimicking phantom and to use
acoustic radiation force to palpate the microbubble. Once the dynamics of the
microbubble under acoustic radiation force was measured with an ultrasound probing
system, reconstruction of the mechanical properties of a surrounding medium was
performed using a theoretical model of the microbubble dynamics.

The first hypothesis of this dissertation is that the dynamics of a laser-induced
microbubble with externally applied forces depends on the mechanical properties of the
surrounding medium, which allows us to acquire information about the viscoelastic
properties of the local area surrounding the microbubble. The second hypothesis is that
local variations and age-related changes in the mechanical properties of the crystalline
lens and the vitreous humor are related to the internal microstructures and the distribution
of biochemical materials of ocular tissues. The latter will be confirmed by comparing the

results of this dissertation and previously reported results from the literature.



Superior rectus m.

Ora serrata

Ciliary body
Posterior chamber

Retina , A Anterior Chamber

Fovea centralis | . Comea

Central retinal a. Pupil

Optic Nerve
Central retinal v.

Inferior rectus m.

Figure 1.1: The human eye anatomy. Interactions between lens, ciliary body, and the
zonule fiber are important to focus light. The vitreous maintains the shape of
the whole eye globe and provides the pathway to light to make an image on

the retina. Image is at “http://www.wnyretina.com/eye.html.”

1.2 THE CRYSTALLINE LENS

The lens and the cornea are the main refracting surfaces of the eye. The lens is a

transparent, avascular, biconvex structure held in position behind the pupil by zonular
fibers (Fig. 1.1) [4]. The lens substance is surrounded by the lens capsule (Fig. 1.2). The
crystalline lens is unique in that it grows throughout its whole life by adding new cells to
the existing ones [5]. Due to this growth, the majority of lens fibers has lost their nuclei,
and has migrated inward to form an increasingly compact tissue [6]. A central nucleus
consists of the oldest lens fibers (the embryonic nucleus in Fig. 1.3) and is surrounded by
more recently formed fibers to form a nucleus (Fig. 1.3). Younger fibers constitute the

lens cortex. The lens has no blood vessels, so its metabolism is anaerobic. Fig. 1.3 reveals
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the heterogeneous structure of the crystalline lens, evident by the presence of several
different layers, created in different developmental stages [7]. Each region in Fig. 1.3 has

different light scattering properties and different refractive index.

T

iy

Figure 1.2: The anatomy of the crystalline lens
(http://www .oculist.net/downaton502/prof/ebook/duanes/pages/v7/ch015/01
2f html).

Fic.378.—The lens of an adult of 40 years.

1. Anterior capsule. 4. Infantile nucleus.
2. Cortex. 5. Foetal nucleus.
3. Adult nucleus. 6. Embryonic nucleus.

Figure 1.3: Nomenclature of the optical zones in the human crystalline lens.
(Reproduced by Fig. 378 from Systems of Ophthalmology [Duke-Elder and
Wybar, 1961])
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The crystalline lens can change its shape by virtue of its inherent elasticity. This
provides increased refractive power (accommodation). However, the lens gradually loses
its elastic properties, and usually by 40-50 years of age the ability to change its shape in
response to the ciliary muscle significantly decreases, providing inappropriate refractive

power for a near object (presbyopia).
1.2.1 Models of accommodative mechanism

The mechanism through which the lens changes its shape to focus near and distant
objects is not yet understood. This knowledge gap may be due to the lack of information
regarding elastic properties of the crystalline lens and/or the force balance between the
lens and its constituent parts, such as zonular fibers and the ciliary muscle. The first
theory states that relaxation of the ciliary muscle induces tension in the zonular fiber by
stretching it [8-10]. In turn, the lens is in a flat shape, which is ideal for long distance
vision. When accommodated, the contracted ciliary muscle moves inward to release the
zonular fiber without tension. Because there is no tension, the lens becomes a rounded
shape to focus the near object. This theory has long been accepted but there has been
debate about the accommodative mechanism (Table 1.1). Tscherning [11] disagreed with
the Helmholtz theory [10] that the tension of the zonular fiber stretches the periphery of
the lens. Instead Tscherning proposed that because the central part has higher elastic
resistance, bulging at this part could contribute to the focus of a near object. The location-
dependent variations of the elastic properties of a lens were also suggested.

Because the mechanism of accommodation has not yet been established, the

reasons for the development of presbyopia have not been adequately described.



Theory C.M. ZF. D h MPG

I Contract No tension Decrease Increase No
I Contract Tension Increase Decrease Yes

Table 1.1:  The theory of accommodative mechanism. C.M.: ciliary muscle. Z.F.:
zonular fiber. D: the diameter of the lens. h: the thickness of the lens. MPG:
the gradient of the mechanical properties in a lens. I: Helmholtz’s theory of
accommodation[10]. II: Tscherning’s theory [11].

1.2.2 The development of presbyopia

Presbyopia is the age-related loss of accommodative power. Confusion about the
development of presbyopia still exists. The accommodative power becomes almost zero
by approximately 50 years of age. Notably, however, presbyopia is not affected by life
style or nutrition factors. Various research groups have been involved to investigate the
cause of presbyopia [12-17]. The lenticular theory relates the cause of presbyopia to
stiffness changes in the crystalline lens substance. The increase of the stiffness of a lens
hampers change in the lens shape although the ciliary muscle has sufficient power.
Therapeutic planning is possible by changing the stiffness of a lens. Femtosecond
lentotomy is a possible solution by making laser-induced incisions around the periphery
of the lens [2, 3, 18]. The second theory involves the changes in ciliary muscle. Duane
[19, 20] explained that the weakening of the ciliary muscle causes a reduction in power,
rendering it unable to change the shape. Lastly, the growth of the lens could change the
power of accommodation [21]. Forces acting on the lens by the zonular fiber become

tangential by the growth of the lens.
1.2.3 Compaction and stiffness increase in a crystalline lens

As people age, compaction of a lens is the only option because of both the limited
space inside the lens capsule and the need for a high refractive index. The evidence of

compaction of a lens is the decrease in the fiber thickness in regions of cortex and
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nucleus. Fiber thicknesses at the inner nucleus and outer cortex are about 0.8 ym and 2.0
um, respectively [22, 23]. Investigation into the fiber thickness of lenses from 25-to-60-
year-old patients revealed that older lenses had 20-30% thinner fibers [24]. Refractive
index measurements, protein distributions, and speed of sound measurements of different
locations in a lens and different ages proved that central compaction occurs [25, 26].
There exists a plateau at the central region of a lens which widens with age.

Lens sclerosis has long been thought a plausible reason for the development of
presbyopia. Therefore, a good deal of research about the hardness/stiffness (these two
terms will not be distinguished in this section) measurements of a lens have been done
(Table 1.2). Intact lens measurements used the whole lens with or without the lens
capsule. Thus, there is little chance for changes in elastic properties during experiments.
Fragmenting a lens is subject to change the elastic properties due to the disruption of the
internal crystalline. Detailed local variations in the stiffness were found by dynamic
mechanical analysis but the lens fragmentation induced the elastic property changes
during the experiments. Erpelding and Tabandeh used intact lenses with an ultrasound
measurement technique by combining benefits of other studies: no fragmentation and
local measurements of elastic properties [27, 28]. However, they had difficulties in
finding elastic properties quantitatively. The amplitude of the acoustic radiation force at
the focus could not be measured in Erpelding’s approach, which hampered quantitative
measurements. In Tabandeh’s method, no relationship between hardness and ultrasound
attenuation was observed and therefore it was not possible to extract the absolute value of
the elastic properties of a lens.

However, in a comparison of the refractive index and the stiffness of crystalline

lenses, compaction is not related to stiffness increase. The stiffness increase may be



involved in other changes in the lens such as cellular interactions or crystalline

modifications [29, 30].

Intact lens measurements

Fisher [31, 32]
Pau [33]

Approach

Radial force
Cone penetration

Drawback

Averaged value of

van Alpen [34] Uniaxial test stiffness
Author Hexworth [351/ Guillotine test and / or
Assia [36] Lo off ]
Sharma [37] Compression test the etfects o
Burd [38] Radial force lens capsule

Intact + ultrasound

Tabandeh [28] U/S attenuation

Author Erpelding [27] LIMB+ARF Qualitative measurements
Fragmented lens experiments
Reilly [39] MI Change of
Author  HEYs [40] DMA the elastic properties due to
Weeber [41] DMA fragmentation

Table 1.2:  Measurements techniques of hardness/stiffness of a lens. DMA: dynamic
mechanical analysis. LIMB: laser-induced microbubble. ARF: acoustic
radiation force. MI: microindentation. U/S: ultrasound

1.3 THE VITREOUS HUMOR

The vitreous humor is a transparent gel network composed of uniformly thin
collagen fibrils suspended in a highly dilute solution of salt, protein, and hyaluronic acid
(Fig. 1.4) [42]. Between the collagen fibrils, hyaluronan fills the gap with a swelling
pressure to inflate the vitreous (Fig. 1.4). Its main component is water (99%). The
combination of collagen fibrils and hayluronic acid is responsible for the mechanical
integrities of the vitreous; thus, the mechanical properties change with the distribution of

the concentrations of those components. If the vitreous is in a gel-like state, collagen type



IT fibrils are connected with one another comprising a network (upper circle in Fig. 1.4).
If the vitreous is liquefied (lower circle in Fig. 1.4), the collagen fibrils aggregate with
each other. The volume of gel in the vitreous reduces with age. The vitreous provides
metabolic requirements for the human eye [43] and controls the eye growth [44]. It also
protects the eye during mechanical damages [45].

The vitreous looks like a sphere with a segment removed anteriorly to provide a
depression for the lens. The vitreous humor adheres firmly to the peripheral retina, to the
ciliary epithelium in the region of the pars plana (vitreous base), and to the margin of the
optic disk. Sometimes it is firmly attached to retinal blood vessels. The peripheral

anterior hyaloids may be loosely attached to the posterior capsule of the lens.

Hyaluronan

|

Collagen
;ﬂbn.lsi X

= 0

Figure 1.4: The vitreous network structure. Hyaluronan fills the gap between the
collagen fibril type II network. The combination of collagen fibril and
hyaluronan provides the mechanical integrity of the vitreous humor.
Collagen fibrils type II are connected with each other by collagen type IV
with a spacing to form an internal network (upper circle). Collagen fibrils
aggregate with each other, which induces the collapse of the mechanical
integrity and vitreous liquefaction (lower circle).
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In a normal eye, the vitreous humor is in contact with the entire retina and is
attached to the internal limiting lamina of the retina by scattered collagenous filaments. If
the vitreous humor degenerates and collapses (vitreous detachment), the filamentary
attachments may adhere to the sensory retina and cause a retinal hole, which may in turn
lead to a retinal detachment.

Reliable measurements of the mechanical properties of the vitreous have been
needed to define the relationship of the microstructure and biochemical compositions to
the mechanical properties. Specifying this relationship will help us to plan therapeutic
strategies for vitreous-related diseases. Thus, significant research has focused on the

development of a means of measuring the mechanical properties of the vitreous humor

(Table 1.3).

Authors Approach Parameter

Bettelheim [46] Dynamic viscoelastometer Dynamic storage modulus
Bovine: 3-4 Pa

Zimmerman [47] Relaxation of scattering Elastic shear modulus

Human: 0.05 Pa

) Elastic shear modulus
Lee [48] Micro-rheometry Bovine: 3 Pa
Porcine: 1 Pa

' Dynamic shear storage
Nickerson [49] Rheometer with cleated tools Bovine: 7 - 32 Pa

Porcine: 2.2 — 17 Pa

Storage modulus

; ; Cavitation rheolo
Zimberlin [30] &y Bovine: 120-660 Pa

Table 1.3:  Measurements of viscoelastic properties of the vitreous humor.
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1.4 OPTICAL BREAKDOWN AND LASER-INDUCED MICROBUBBLE

Laser-induced optical breakdown can be defined as the generation of an ionized
gas (plasma). I will first consider laser-induced optical breakdown using nanosecond-
pulses (ns-pulse). Optical breakdown induces three phenomena: plasma formation, shock
wave generation, and laser-induced cavitation microbubble (LIMB) creation. The rapid
temperature rise, associated with optical breakdown, is followed by a rapid pressure rise
[51, 52]. The plasma region with increased pressure expands with hypersonic speed [52,
53]. At this moment, a shock wave propagates and further expansion of plasma creates
LIMB [51-54]. The second rise and collapse of LIMB is due to the compressed vapor and
gas inside the LIMB [55].

Damage due to plasma, shock wave, and LIMB includes evaporation at the
plasma region (productively used in photodisuptive surgery in ophthalmology — posterior
capsulotomy), jet flow from the collapse of LIMB near the solid boundary, interaction
between existing LIMB and shock wave, and shock wave related damage. In ophthalmic
applications of optical breakdown, the light damage of collateral tissues such as retina
should be reduced. Long lasting LIMB should also be avoided for safety issues. The
solution to reduce these damages is to use an ultra-short pulse with low energy for laser-
induced optical breakdown. If an ultra-short pulse is used, the temperature and pressure at
the plasma region decrease significantly because of temperature confinement and the
diameter of LIMB is smaller than diffraction-limited focal size. Thus, LIMB-induced
damage can be reduced. A small LIMB dissolves in a medium quickly due to the small
volume and high surface tension.

In this dissertation, a ns-pulse of 5-6 ns with energy of less than 10 mJ was

utilized for all experiments. The laser is not suitable for in vivo experiments. For future
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use, however, a femtosecond laser is a good alternative to minimize damages to ocular

tissues.
1.4.1 ns-pulse vs. fs-pulse

Nonlinear absorption means that the absorption coefficient of a medium depends
on the intensity of the incident light. This can occur when a high power laser beam
interacts with the medium [56]. The process during nonlinear absorption-induced optical
breakdown — plasma formation, shock wave propagation, and LIMB creation — is the
same as the process during linear absorption-induced breakdown. Pulse duration plays a
key role to determine linear and nonlinear absorption-induced optical breakdowns. The
main difference between ns-pulse induced and femtosecond-pulse (fs-pulse) induced
optical breakdown is the ionization processes: cascade ionization by inverse
bremsstrahlung (CI) and multiphoton ionization (MPI). Because MPI more highly
depends on the intensity of the laser beam than CI does [57], MPI becomes important for
optical breakdown for shorter laser pulse durations such as fs-pulses.

Free electron density changes during the optical breakdown, and the main process
is different from duration of pulse. Free electron density evolution with a laser pulse is
described by the rate equation[58-60]

Dy 4 = 8D 10"

dt , (1.1)

The first two terms describe the creation of free electrons through muliphoton and
cascade ionization. The last two terms indicate the losses of electron diffusion out of the
focal volume and by recombination. The plots of the Equation 1.1 are shown in Fig. 1.5.
Due to low intensity of ns-pulse, MPI generates few free electrons at the beginning (Fig.

1.5) and the electron density increases slowly. After CI is responsible for the breakdown,
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the electron density increases dramatically in a very short time (less than 1 ns). The
recombination of free electrons (loss mechanism) and CI even out (in saturation) when
electron density increases. For fs-pulses, MPI dominates the breakdown procedures.
Because the doubling time of electrons of CI takes a long time, even at the end of the fs-
pulse, CI does not reach its saturation. The slowly increasing electron density of fs-pulse

allows us to tune the breakdown threshold by changing the intensity of the laser beam.

A A
—— ns-pulse
— fs-pulse
=
55
=
2
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t/t: normalized time by pulse duration (t) R
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| r ,
MPL: (~I*) CI CI and recombination (~p?)
Seed electron  Contribution Loss of p
ns-pulse: Low density Main mechanism and saturate Compensation and recombination dominates
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T

fs-pulse : High density ~ Not significant and not saturate ~ Compensation

Figure 1.5: Evolution of free electron density for ns-pulse and fs-pulse. MPI:
multiphoton ionization. CI: cascade ionization. T: laser pulse duration. In
ns-pulse optical breakdown process, CI increases p rapidly in very short
time. The recombination of free electron and CI balance out and then
recombination dominates at some point. Because free electron density for fs-
pulse at the beginning is high due to the high intensity of fs-laser beam and
the doubling time of electron for CI is much longer than laser pulse
duration, MPI dominates during fs-pulse optical breakdown.
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Lastly, the relation between the pulse duration and optical breakdown
characteristic are compared [61]. Spot size at the beam focus and the fluence of laser

beam decreases dramatically from ns-pulses to fs-pulses (Table 1.4).

Pulse duration Wave length Spot diameter Intensityx 101! Fluence (J.cm™)
(nm) (um) (W.cm?)
76ns 750 20 0.23 1750
6ns 1064 55 0.66 398
300fs 580 50 47.6 14
100fs 580 4.4 111 1.1

Table 1.4:  Spot size and breakdown thresholds of ns-pulse and fs-pulse.

1.4.2 Applications of optical breakdown in ophthalmology

The effects of the laser light on ocular tissues such as the retina should be studied
carefully. However, one positive indication that our approach to measure the mechanical
properties of ocular tissues using a laser-induced microbubble is safe in terms of laser
light exposure to the human eye is that lasers are already widely used in ophthalmology
[62, 63].

When lasers are used in clinical applications, it is very important to characterize
the nature of the application. For nanosecond lasers, ns-pulse-induced optical breakdown
has a high efficacy of energy deposition and a high conversion rate of light energy into
mechanical energy [61]. Thus, ns-pulse is suitable for laser surgeries which need
disruptive effects. For example, posterior capsulotomy needs high energy to make a long
cut on the lens capsule. Thus, ns-pulses are more practical due to their disruptive
characteristics [64]. Ultrashort laser pulses, for example femtosecond laser pulses (fs-
pulses), have a lower energy deposition efficacy and a lower conversion rate from the
laser light to mechanical energy. Thus, the collateral tissues around the focus of the laser

beam suffer less damage. Two applications of fs-pulses in ophthalmology are explained
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in the following sections. These applications need a very high precision and a low

disruption to the collateral tissues.
1.4.2.1 LASIK

Refractive corneal laser surgery (Laser in Situ Keratomileusis, LASIK) treats eyes
with myopia and hyperopia by changing the refractive power. Changing the curvature of
the anterior part of the cornea to provide suitable refractive power is performed with
ultraviolet photoablation from the excimer laser. To give access to deeper corneal tissue
to the excimer laser, a corneal flap is made with the mechanical blade (microkeratome).
The application of optical breakdown can replace the mechanical blade with an ultrafast
laser because of its better precision and predictability [65-67]. Ultrafast laser systems
have successfully entered the refractive surgery market since IntralLase introduced its first

commercial system in 2001 [68].

Figure 1.6: Making a corneal flap using femtosecond laser-induced photodiruption in
cornea during LASIK. Captured images of a video at the Bloomberg Eye
Center (Columbus, Ohio) website.

1.4.2.2 Femtosecond lentotomy
As discussed in Chapter 1.2, presbyopia starts developing in aged humans due to

the stiffness increase of the crystalline lens. To provide flexibility to the crystalline lens
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for accommodation, laser-induced incisions are introduced as a novel technique [69, 70].
Further investigations of presbyopia treatment have been done [1-3, 18, 71, 72]. Making
different cutting planes inside the crystalline lens provides more flexibility to the
crystalline lens. Fig. 1.7 shows the femtosecond laser-induced steering pattern in porcine

lens.

Figure 1.7: Steering wheel pattern in porcine lens after femtosecond lentotomy. This
picture is used by the courtesy of Dr. Georg Gerten in Augenklinik am
Neumarkt in Cologne, Germany.

1.5 ACOUSTIC RADIATION FORCE

Static elastography surfers from various artifacts due to unknown boundary
conditions [73]. Acoustic radiation force is used to palpate inner tissues or objects
remotely to investigate the elastic properties of soft tissues. Acoustic radiation force is
generated when a sound wave is absorbed or reflected by an object. The acoustic
radiation pressure is found useful in many applications, such as ultrasound imaging and
tissue mechanical property measurements. The displacement induced at focus as a

function of time can be linked to the local viscoelastic properties of the tissue [74, 75].
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Among various techniques to measure mechanical properties of tissues noninvasively,
radiation force has been investigated greatly during the last few decades as a means of a
palpation tool for imaging soft tissues where external forces cannot reach. Recent
applications have opened a variety of areas including shear wave elasticity imaging
(SWEI) [76], acoustic radiation force impulse imaging (ARFI) [77-80], supersonic shear
imaging [81-83], sonorheometry [77, 84-86], and vibroacoustography [75, 87, 88].

The original theory of acoustic radiation pressure was proposed by Rayleigh [89].
Brillouin investigated radiation pressure due to reflection and absorption on a plane [90].
King obtained the exact formula for the radiation force for the sphere in a gaseous
medium with arbitrary densities [91]. Westervelt considered scattering and absorption on
a target by using momentum conservation [92]. Radiation pressure on a pulsating bubble
in a sound field was also considered [93, 94]. In this dissertation, I considered radiation
force due to the nonlinearity of the medium. When an object (laser-induced microbubble)
is travelling in a viscoelastic medium by acoustic radiation force, the moving object
undergoes Stokes’-type force [95], which will be explained in Chapter 2.

1.6 APPROACH

Microbubble-based acoustic radiation force was introduced as a technique to
remotely measure the localized viscoelastic properties of soft tissues by combining
microbubbles created by laser-induced optical breakdown and acoustic radiation force
[27, 96-98].

In this approach, laser-induced microbubbles were displaced using a long acoustic
pulse to interrogate the mechanical properties of ex-vivo porcine and human lenses [98,

99]. Elastic properties were evaluated based on the amplitude of the bubble displacement

from its steady state. Such an approach assumes that the acoustic radiation force on the
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bubble surface is known or deduced by experiments or analytical calculations. For
example, the radiation force can be estimated by matching the measured displacement of
a laser-induced microbubble in a human lens with the same displacement observed in a
phantom study [99]. However, the evaluation of the magnitude of radiation force is
generally a challenging task due to the attenuation of ultrasound waves in tissue and
unknown differences in acoustic impedances between tissue and the microbubble. In this
dissertation, I propose to use a short acoustic impulse to estimate elasticity using timed
characteristics of the microbubble motion [100]. Moreover, by comparing the
displacements of a microbubble calculated by a theoretical model and measured by
experiments, I could estimate the mechanical properties of soft tissues quantitatively
[100-103].

My research collaborators theoretically investigated the motion of round objects
such as solid spheres and bubbles within a viscoelastic medium subjected to an acoustic
radiation force [103]. Static and transient responses of these round objects were obtained
using linear approximation and analysis in both the frequency-domain and time-domain.
The developed theoretical model was verified using experimental measurements on
various solid spheres. The local elastic properties of the surrounding material were
estimated from the temporal characteristics of the sphere motion and were found to be in

good agreement with direct measurements [101, 102].

In this dissertation, I extend this previous work by employing laser-induced
microbubbles as targets for acoustic radiation force in order to assess the mechanical

properties of ocular structures such as the crystalline lens and the vitreous humor.
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Reconstruction of the Young’s modulus of soft tissues was performed by comparing
experimentally measured times of maximum displacement of a microbubble with the
values derived from a theoretical model of microbubble motion. When comparing the
two, the scaling factor of acoustic radiation force was chosen to induce the best fit
between the theoretical and measured data. Using this method, there was no need to

measure the acoustic radiation force delivered to a laser-induced microbubble.
1.7 ORGANIZATION OF THIS DISSERTATION

Chapter 2 presents the theoretical background about the dynamics of a laser-
induced microbubble in a viscoelastic medium under acoustic radiation force. This
theoretical work was originally developed by Dr. Ilinskii [103].

From Chapters 3 to 4, the first hypothesis of this dissertation, stated in section 1.1,
was confirmed. Experimental validation of the theory with gelatin phantoms is completed
in Chapter 3. After a limitation of the current system was found, a new ultrasound system
to accurately probe the dynamics of a microbubble was developed. The validation
process of the high PRF ultrasound system using ex vivo bovine crystalline lenses is
presented in Chapter 4.

Chapters 5 and 6 investigate the second hypothesis about the changes and
variations of the mechanical properties of ex vivo animal ocular tissues with respect to
age and location. Ex vivo animal crystalline lens and ex vivo porcine vitreous humor
studies are presented in Chapters 5 and 6, respectively. Finally, conclusions and future

work are addressed.
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Chapter 2: Microbubble dynamics in a viscoelastic medium

In this chapter, a theoretical model of the dynamics of a microbubble interrogated
by acoustic radiation force in a viscoelastic medium is considered. The original work was
developed by Dr. Ilinskii [103] and I adopted it for my needs. It is worthwhile to take a
look at three ways to estimate radiation force: bubble pulsation, the conservation of
momentum, and the integration of the acoustic field on an object’s surface. Finally, the

derivation of the microbubble dynamics under acoustic radiation force is presented.
2.1 ACOUSTIC RADIATION FORCE

2.1.1 Bubble pulsation

Radiation force on a bubble in a standing wave is now considered. A pressure
gradient, such as a standing wave field, induces bubble pulsation. In linear oscillation,
bubble pulsation is in-phase with driving acoustic pressure and two main frequencies, the
bubble’s natural frequency and the driving frequency, should appear. If sufficiently high
acoustic pressure is applied, the pulsation of a bubble becomes nonlinear. In that case, the
bubble pulsates with great amplitude due to the nonlinear oscillations. However, before
the driving acoustic pressure reaches a certain level, the bubble is still in stable
oscillations. If the applied pressure amplitude exceeds a certain point, the bubble’s radius
grows dramatically and then suddenly collapses. This is called transient cavitation.

The radiation force on the bubble can be expressed as

Frat = —<V-Vp>’ o
where < > denotes the time-average. \7p is pressure gradient and V is volume of a
bubble. F_)md is radiation force on a bubble (primary Bjerknes force). Using a linear

approximation of the oscillations of bubble radius (equation (2.2)), the bubble radius is
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R=R,+R

(2.2)
where R is total radius of a bubble and R, and R’ are equilibrium and small

oscillation radius of a bubble, respectively. The standing wave is expressed as

p = p,sinkx-sinwt , (2.3)
where p, is the acoustic pressure amplitude of the incident plane wave and kx and wt
represent spatial and time variations of the incident plane wave, respectively.

By substituting equation (2.2) into equation (2.1) and Rayleigh-Plesset equation,

equation (2.1) and R’ becomes

erad = —4.7[R§ <R, - €p>

R P sin kx

24)

= > S-sin wt
PRy(0” — wy) , (2.5)

where p denotes the density of the medium and y denotes the specific heat ratio.

w3 <= 3YPo /p R2> is the Minnaert resonance frequency. Using equation (2.4) and (2.5),
0

the radiation force on a bubble in a standing wave field is

7V, pg sin 2kx

2
WA= )

9

F rad =

(2.6)
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3
where V, <= ARy / 3> is the equilibrium volume of a bubble and A is the wavelength

of sound field. P, is the hydrostatic pressure of the medium. Notably, if the bubble is

smaller than resonance size, the bubble moves to the pressure anti-node and vice versa.
2.1.2 Conservation of momentum

To estimate the radiation force, conservation of momentum can be used [92]. The
momentum transfer only occurs due to absorption with the following assumption. First,
an object is a Rayleigh scatterer (the diameter of an object is much smaller than the
wavelength). Secondly, the object is spherical. Last, no momentum transfer by scattering
effects exists. If these assumptions are valid, the radiation force on a bubble due to the
incident wave is

F= <W>

| (2.7)
where W is total radiated and absorbed acoustic power and ¢, is speed of sound. By

considering the pressure in far field [104], acoustic radiation force is defined as

()
A}

rad —

(2.8)
where /2 is the second derivative of the bubble volume with respect to time.

Acoustic streaming is mainly about the tissue absorption of the wave. Some
applications using acoustic streaming have been found [77]. Acoustic streaming can be
derived from the conservation of momentum, too. Assuming conditions of slow flow of
the medium (Stoke’s flow), incompressibility of the medium and time averaging (< >),

the acoustic streaming force is defined as
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(2.9a)

(2.9b)

In equations (2.9a) and (2.9b), Fis the negative of the time-averaged rate of increase of
momentum per unit volume in an element of fluid. u is the coefficient of shear viscosity
of the fluid. P, U, and p are pressure, density, and velocity at any point at the specific

instant. By considering the second order terms, P, i, and p can be expressed as

P=F+p+p,+-
P=pP+P+t0,+:

Uu=0+u+u,+-

b

(2.10)
where Py and p, are ambient pressure and density, respectively. p; p; and u; and
p2 p,, and U, are first-order and second-order approximations of corresponding

variables, respectively. After substitute equation (2.10) into (2.9), equation (2.9) can be

written as
F,=Vp, _ﬂvzﬁz, (2.11a)
where F, = —p, (i, - V)ii, + i,V +ii, ). (2.11b)

Assuming plane wave propagation, the acoustic streaming force on tissue

becomes

)
S
~
K

S8}
-

% (2.12)
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where «a is absorption coefficient of tissue and / is the acoustic intensity of the beam.

Equation (2.12) represents streaming force.
2.1.3 Integration of the acoustic field on the object surface

The last method to define acoustic radiation force is to integrate the wave field on
an object surface. An acoustic radiation force is induced by the radiation stress acting on
a spherical surface. Even though King [91] made significant progress related to
describing radiation pressure on spheres, he did not take into account the compressibility
of the sphere. Hasegawa and Yosioka [105] dealt with more general cases: a
compressible fluid sphere in a fluid.

Radiation force function of a sphere for the plane progressive sound field is

defined as

_(F)
Y, = 46125 : (2.13)

Y, depends on the properties of the sphere and the surrounding medium
such as ka, where k is a wave number of the incident wave and a is the radius of the
sphere. ma? is the projected area of the sphere. E is the mean energy density in the
plane progressive wave. Using equation (2.13), one can define the radiation pressure on

the sphere ((F)).
2.2 THE DYNAMICS OF A MICROBUBBLE UNDER ACOUSTIC RADIATION FORCE

In the theoretical model, I assume that the surrounding medium is viscoelastic,
homogeneous, and isotropic. I further assume that the medium is incompressible as is the

case for most soft tissues [106]. The problem at hand is axisymmetric and no force
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dependence in the azimuthal direction exists. Therefore, the deformation of microbubble
is symmetric along the axial direction.

The equation of motion for the incompressible medium [95] in time-domain is:

oU 92U
—VP + uV2U + V2 — = p—r

(2.14)

where P is internal pressure, U is the displacement vector, ¢ and 7 are the shear elastic
modulus and shear viscosity, respectively, o is medium density and t is time. Young’s
modulus (E) and shear elasticity modulus (x«) have a simple relation for homogeneous
isotropic materials such that E = 2u(1+v), where v is Poisson’s ratio. For an
incompressible medium where Poisson’s ratio is 0.5, Young’s modulus is three times
larger than the shear modulus. The polar axis of the spherical system of coordinates (r, 60,
¢) is along the force vector (i.e. an angle 6 is between a radius vector and displacement),
and U = (U,,Uy,0). The external force applied to the displaced spherical object is

[104]:

Fext) — _2pR2 fon(arrcose — 0,95in0)sinfdo, (2.15)

where o,, and o

I

o are stress tensor components at the surface of the object:
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_< N a><6U9 U9+16UT>
o =\H TN )\ or T T a0 )

(2.16)
=-P+2(u+ 99Uy
o = <“ "at> o
The boundary conditions at the bubble surface (»=R) are:
0 =0, —0, + B. =P, (2.17)

where R is the radius of bubble, P, is acoustic radiation pressure acting on the surface of
the bubble and P, is an internal gas pressure [104]. Since pressure P and, consequently,
o, are defined up to a constant, the internal gas pressure Py may be set equal to zero.

The solution of equations (2.14) and (2.16) is found in the frequency domain, and
displacement of a microbubble in time domain is obtained by taking inverse Fourier
transform from the spectral solution. The frequency-domain representation of equation

(2.14) is given by:

—Vp + (u — iwn)V?u = —pw?u, (2.18)

where p and u are the Fourier transforms of P and U, w is an angular frequency.

In this study I consider that the external force applied to the bubble F©*Dis impulsive:
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Fp 0<t<t,

0 tmt (2.19)

F(eXt) = {

where t, is the duration of acoustic radiation pulse. The frequency domain representation

of (2.19) is:
iF .
Fw(ext) — _jo(ela)to _ 1) ) (2.20)

I consider u,, as a spectral component of low frequency displacement and are looking for

the bubble surface displacement components (for » = R) in the form:

1
Uy = U, <1 - §ikR> cosf,

2.21)

1 1. .
Ug = _Eu‘“ <1 + §lkR> sinf,

where u, = (—%kc'ie“‘R) is the low frequency displacement [104], k is the wave

number of the shear wave and defined as k = w/(cy/1 — iwn/u) and ¢, =/ (u/p) .

The sign of £ is defined by the condition /m(k) > 0 because displacement of medium must
approach zero away from the bubble. The constant @ is defined by the boundary

conditions (2.17). Taking into account the boundary conditions (2.17) as well as
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equations (2.15) and (2.16), the relationship between the spectral components of the

displacement and force is:

Fa()ext) — 4'77:(# _ iwn)Ruw (1 — ikR — %kZRZ + %ik3R3)_ (222)

By combining algebraic equations (2.20) and (2.22), the solution in terms of u,, is given

by

iFp(e'®@to — 1)
4mew(u — iwn)R(1 — ikR — = k?R* +—ik3R3) '

(2.23)

Uy, =

By taking inverse Fourier transform, time domain components U, and Uy are obtained:

iFycosf eiwto — 1)(3 — ikR
Uy = ——> -1
T )
127R w(u — iwn)(1 — ikR — ~k?R? + —ik3R?)
(2.24)

iF,siné e'®to —1)(3 + ikR
0= -

24mR w(u — iwn)(1 — ikR — ~k?R? + —ik3R?)

where Ff(w)] = i f_oooo f (w)e *tdw denotes inverse Fourier transform. To

compare the theoretical model and experimental data the displacements should be

transformed from spherical to Cartesian coordinates:
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U, = U,cosf — Uysind,

(2.25)
U, = U,sin@ + Ugycos0,

where 0 is the angle between z-axis and r-axis and increases in the counter clock wise
direction. The displacement is not constant on the bubble surface as the bubble could be
deformed by acoustic radiation force. Thus, U, is the displacement in the normal
direction with respect to the force vector and U, is the displacement along the force
direction. If the ultrasound imaging transducer and the excitation transducer are aligned
in the z-axis, then U, corresponds to axial displacement of the microbubble. There is
some freedom in the choice of the angle 6, but in our calculations, it is assumed that 6 =
0. Thus, the theoretically predicted U, of microbubble is used to find the best fit

between theory and experimental measurements.

It is important to note that the problem has been formulated in linear
approximation, assuming that the displacement of the bubble does not exceed one and
half times the bubble radius [104]. Otherwise, the deformation of the bubble becomes
significant and the influence of surface tension should be taken into account. Surface
tension reduces the bubble deformation, especially for small bubbles and makes the

bubble behave more like a solid sphere with small density.

2.3 THE BEHAVIOR OF A MICROBUBBLE
In this section, the behavior of a laser-induced microbubble in a viscoelastic

medium under acoustic radiation force is simulated with respect to microbubble radius
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(R), duration of acoustic pulse (#,), Young’s modulus (E), and shear viscosity (). This

process can provide a general idea of the dynamics of a microbubble under different

circumstances. Table 2.1 indicates four different cases. For each case, the displacements

of a microbubble with respect to time, time for the microbubble to reach its maximum

displacement (2,

), and maximum displacement (U,,,,) are considered.

ax.

R(um)  1,(um)  E(kPa) 7 (Pass)
Case 1 10~100 20 5 0.06
Case 11 50 20~400 5 0.06
Case 111 50 20 1~20 0.06
Case IV 50 20 5 0.1~1.0

Table 2.1:

Parameters for case studies of the dynamics of a laser-induced microbubble.
Microbubble radius (R), duration of acoustic pulse (z,), Young’s modulus
(E), and shear viscosity (77) are changed to explore the dynamics of a
microbubble.

2.3.1 Case I: changes in microbubble radius

The dependence of the displacements of a microbubble on bubble radius is now

considered. The microbubble radius changes from 10 to 100 pum while other parameters

are fixed as shown in Table 2.1.
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Figure 2.1: Investigation of case I (Table 2.1). (a) The displacements of microbubbles
with radii (R= 10, 50, and 100 um) in response to acoustic pulse duration of
20 ps. (b) t,,,, dependence with respect to bubble radius. (¢) U, dependence
with respect to bubble radius. t,,, and U, are shown in (a).
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Because larger microbubbles have larger inertia (=larger mass) than smaller
microbubbles, #,,,, increases for larger microbubbles (Fig. 2.1 (b)) after acoustic pulse was
removed at 20 ps (#,). Because the cross-section increases as the microbubble radius
becomes larger, acoustic radiation force acting on the microbubble increases for larger

microbubbles. Thus, U__ increases.

max

2.3.2 Case II: changes in duration of acoustic pulse

The dependence of the displacements of a microbubble on the duration of acoustic
pulse (z,) is investigated. 7, changes from 20 to 400 us while other parameters are fixed as
shown in Table 2.1.

After f,reaches a certain value, the displacement of a microbubble reaches a
steady-state value (Figs. 2.2(a) and (c)). This is because the reaction force from the
surrounding medium to the microbubble restrains the microbubble in moving further. A

similar phenomenon happens to ¢

max*

As shown in Fig. 2.2 (b), t,, merges to t, as ¢,

increases. Thus, #,,,, and 7, cannot be distinguished if #, goes beyond a certain value.
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Figure 2.2: Investigation of case II (Table 2.1). (a) The displacements of 50 um radius
microbubble in response to acoustic pulse durations of 20, 60, 100, 200, 400
us. (b) t,.., dependence with respect to the duration of acoustic pulse (t,). (c)
U.... dependence with respect to the duration of acoustic pulse (t,).
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2.3.3 Case III: changes in Young’s modulus

The dependence of the displacements of a microbubble on Young’s modulus (E)

is presented. E changes from 1 to 20 kPa while other parameters are fixed as shown in

Table 2.1.
3.5
Pl = =uE=1 (kPa)
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Figure 2.3: Investigation of case III (Table 2.1). (a) The displacements of 50 um radius

microbubble in response to acoustic pulse durations of 20 ps with different
Young’s modulus (E=1, 3,9, 20 kPa). (b) t,,, dependence with respect to
Young’s modulus (E). (¢) U,,, dependence with respect to Young’s modulus

(E).
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Figure 2.3: Investigation of case III (Table 2.1). (a) The displacements of 50 um radius
microbubble in response to acoustic pulse durations of 20 ps with different
Young’s modulus (E=1, 3,9, 20 kPa). (b) t,,, dependence with respect to
Young’s modulus (E). (¢) U,,, dependence with respect to Young’s modulus

(E).

A hard medium has a stronger reaction force to a moving microbubble (Figs.
2.3(a) and (c)). Moreover, t,,, decreases exponentially if E increases from 1 to 20 kPa

(Fig. 2.3(b)). For a hard medium, it is difficult to tell the difference between ¢,,,, and t,.

2.3.4 Case IV: changes in shear viscosity

The dependence of the displacements of a microbubble on shear viscosity (1) is
considered. 1 changes from 0.1 to 1.0 Pa-s while other parameters are fixed as shown in

table 2.1.
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Figure 2.4: Investigation of case IV (Table 2.1). (a) The displacements of 50 um radius

microbubble in response to acoustic pulse durations of 20 ps with different

shear viscosity (7 =0.1,0.2,0.5, 1.0 Pa-s). (b) t,.,

dependence with respect

to shear viscosity (7). (c) U,,,, dependence with respect to shear viscosity

().
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Shear viscosity acts as a damping. The higher the shear viscosity is, the longer the
t,.. and the smaller the U, are (Fig. 2.4). After the acoustic pulse is terminated, the

bubble needs much more time to reach its ¢

max

and come back to its original position if #
is large.

From the case studies above, it is important to pick the appropriate values of the
duration of acoustic pulse (#,) and microbubble radius (R) for experiments. This will

determine the accuracy and the precision of the approach suggested in this dissertation.
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Chapter 3: Validation of a theoretical model: phantom study

ABSTRACT

An approach to assess the mechanical properties of a viscoelastic medium using
laser-induced microbubbles is presented. To measure mechanical properties of the
medium, dynamics of a laser-induced cavitation microbubble in viscoelastic medium
under acoustic radiation force was investigated. An objective lens with a 1.13 numerical
aperture (NA) and an 8.0 mm working distance was designed to focus a 532 nm
wavelength nanosecond pulsed laser beam and to create a microbubble at the desired
location. A 3.5 MHz ultrasound transducer was used to generate acoustic radiation force
to excite a laser-induced microbubble. Motion of the microbubble was tracked using a 25
MHz imaging transducer. Agreement between a theoretical model of bubble motion in a
viscoelastic medium and experimental measurements was demonstrated. Young’s
modulii reconstructed using the laser-induced microbubble approach were compared with
those measured using a direct uniaxial method over the range from 0.8 to 13 kPa. The
results indicate good agreement between methods. Thus, the proposed approach can be

used to assess the mechanical properties of a viscoelastic medium
3.1 INTRODUCTION

In laser-based ophthalmic microsurgery, micrometer-size bubbles are used to
precisely cut tissue in the eye [107-111]. During the laser-tissue interaction, the focused
laser radiation in tissue is absorbed, and a microbubble is formed where the intensity of
the electromagnetic field exceeds the threshold of optical breakdown [111, 112]. One of
the applications of laser-induced microbubbles in ophthalmology is refractive vision

correction surgery to correct myopia, hyperopia, and astigmatism [67, 111]. Accurate
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corneal flaps can be created by using laser-induced microbubbles, providing a better
surgery outcome [113, 114].

While laser-tissue ablation and associated formation of microbubbles play an
increasingly important role in laser-based microsurgery, microbubbles could also be used
to obtain information about elastic properties of ocular tissues [99]. According to the
most widely accepted theory of presbyopia, the age-related loss of accommodation is
attributed to gradual loss of lens elasticity. Furthermore, there is evidence that nuclear
cataract lenses are generally harder than normal lenses [28, 35, 40]. Thus, observing the
changes of tissue properties may be used as a tool to diagnose disease and improve the
outcome of treatment. Due to high acoustic reflectivity on the bubble surface, a
microbubble-based acoustic radiation force technique can provide greater radiation force
than an absorption-based acoustic radiation force technique [76, 77, 115]. Therefore,
displacement variations inside tissue can be effectively generated by the combined
method. External local excitation permits the estimation of the local mechanical
properties of tissue based on the analysis of the motion of a laser-induced microbubble
because the dynamics of the motion of a microbubble are defined by the properties of the
surrounding tissue [104].

A number of methods have been developed to estimate the mechanical properties
of lenses: ultrasonic characterization of the lens using ultrasound wave attenuation [28];
compression tests [116]; application of radial force [31, 32]; hydrostatic or automated
guillotine tests [35, 36]; uniaxial test[34]; cone penetration test [33]; and dynamic

mechanical analysis [40, 117, 118]. The results of these measurements demonstrate that
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elasticity of the whole lens increases with age and the nucleus becomes stiffer than the
cortex. It is reported that the lens has a Young’s modulus of several tens of Pa to tens of
kP [31-33, 40, 99]. However, most of these techniques to measure lens elasticity assume
direct mechanical testing and usually can be used only in vitro. Among various
techniques to measure mechanical properties of tissues noninvasively, radiation force has
investigated greatly during last few decades as a means of a palpation tool for imaging
soft tissues where external forces cannot reach. Recent applications have opened a variety
of areas including shear wave elasticity imaging (SWEI) [76], acoustic radiation force
impulse imaging (ARFI) [77-80], supersonic shear imaging [81-83], sonorheometry [77,
84-86], and vibroacoustography [75, 87, 88].

By combining microbubbles created by laser-induced optical breakdown and
acoustic radiation force, microbubble-based acoustic radiation force was introduced as a
technique to remotely measure the localized viscoelastic properties of the lens [96, 99]. In
that approach, laser-induced microbubbles were displaced using a long acoustic pulse to
interrogate the mechanical properties of ex-vivo porcine and human lenses [99]. Elastic
properties were evaluated based on the amplitude of the bubble displacement from an
equilibrium position. Such an approach assumes that the acoustic radiation force on the
bubble surface is known or deduced by experiments or analytical calculations. For
example, the radiation force can be estimated by matching the measured displacement of
a laser-induced microbubble in a human lens with the same displacement observed in a
phantom study [99]. However, the evaluation of the magnitude of radiation force is

generally a challenging task due to the attenuation of ultrasound waves in tissue and
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unknown differences in acoustic impedances between tissue and the microbubble. In this
Chapter, I propose to use a short acoustic impulse to estimate elasticity using time
characteristics of the microbubble’s motion.

In the previous studies my collaborators theoretically investigated the motion of
round objects such as solid spheres and bubbles within a viscoelastic medium subjected
to an acoustic radiation force [103]. Static and transient responses of these round objects
were obtained using linear approximation and analysis in both the frequency-domain and
time-domain. The developed theoretical model was verified using experimental
measurements on various solid spheres. The local elastic properties of the surrounding
material were estimated from the temporal characteristics of the sphere’s motion and
were found to be in good agreement with direct measurements [101, 102].

In this Chapter, I extend our research by employing laser-induced microbubbles
as targets for acoustic radiation force in order to assess the mechanical properties of
tissue-mimicking phantoms. I measured the maximum displacement as well as the time it
took to reach that value of a laser-induced microbubble under the acoustic radiation force.
Reconstruction of the Young’s modulus of the phantom was performed by comparing
experimentally measured times of maximum displacement of a microbubble with the
values derived from a theoretical model of microbubble motion. When comparing the
two, the scaling factor of acoustic radiation force was chosen to induce the best fit
between the theoretical and measured data. Using this method, there was no need to
measure the acoustic radiation force delivered to a laser-induced microbubble.

Experiments were performed on tissue-mimicking phantoms with Young’s modulii from
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0.8 to 13 kPa, which approximately corresponds to the elastic properties of the crystalline
lens obtained from literature [40, 99, 116, 119, 120].

3.2 MATERIALS AND METHODS

To verify the theoretical model, the experiments were performed using laser-
induced microbubbles in tissue-mimicking phantoms, containing 3% by weight gelatin
(300 Bloom, type-A, Sigma-Aldrich, Inc., St. Louis, MO). In addition, cylindrical
samples of 35 mm diameter and 16~18 mm height were made out of the same gelatin
solution to be used in direct mechanical measurements with portable bench-top uniaxial
tester In-Spec 2200 (Instron Inc., Morwood, MA). Prior to measurements, the phantoms
and samples were kept together and followed the same experimental protocol to minimize
any differences between the materials.

To validate the proposed approach experimentally, an experimental system was
designed and built (Fig. 3.1). The overall system combined pulsed laser, objective lens,
microscope, water container, excitation transducer, and imaging transducer.

A pulsed Nd:YAG laser (Polaris II, Fremont, CA) with 5 ns pulse duration, 532
nm wavelength, and 0.3 mJ energy was focused by a custom-built objective lens (1.13
numerical aperture (NA) and 8.0 mm working distance) to produce a microbubble inside
the gelatin phantom. A high NA guaranteed that a laser-induced microbubble would be

small and nearly spherical [109].
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Figure 3.1: A schematic view of the experimental setup. A microbubble is produced by
a focused laser beam. An excitation transducer generates acoustic radiation
force on a microbubble. The motion of a microbubble is tracked by an
imaging transducer. The size of the microbubble was monitored by an
optical microscope.

The size of the microbubble was monitored by an optical microscope (Dino-Lite

AMA411T, Wirtz, VA) operating at 230x magnification. Example optical images of

microbubbles captured during the experiments are presented in Fig. 3.2. The radii of
microbubbles ranged from 13+2 to 258+2 um. The uncertainty of the bubble radius
came from four measurements in four different axes of the bubble.

A water cuvette with a hole for laser beam delivery was fixed to the standing post
and the gelatin phantom attached to a translation stage was placed inside the water

cuvette. The gelatin phantom was moved during the experiments to generate laser-
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induced microbubbles at different locations in the phantom. A 3.5 MHz transducer
(Valpey Fisher, Hopkinton, MA) and a 25 MHz imaging transducer (Olympus-NDT,
Waltham, MA) with focal lengths of 25.4 mm were located at the top of the water cuvette
with an angle of 20° with respect to a vertical line. Thus, the angle between 3.5 MHz

and 25 MHz transducers was 40°. The foci of both transducers were aligned at the

location of the microbubble.

Figure 3.2: Typical microbubbles generated by pulsed laser (5 ns pulse duration, 532
nm wavelength, and 0.3 mJ energy). Pulsed laser was focused by using a
1.13 numerical aperture (NA) objective. Bubble radii are from 13 to 258
pm.,
The 3.5 MHz excitation transducer (F/#= 4 and bandwidth= 60%), connected to
RF power amplifier (ENI model 240L, ENI, Rochester, NY) with 50 dB gain, was used
to generate pulsed acoustic radiation force to displace a laser-induced microbubble. The
duration of the acoustic radiation pulse (to) was varied from 29 to 571 ps.
The 25 MHz imaging transducer (F/#= 4 and bandwidth= 51%), connected to a
pulser/receiver (DPR 300 Pulser / Reciever, JSR Ultrasonics, Pittsford, NY) , was

operated at pulse repetition frequency of 25 kHz in pulse-echo mode. Pulse-echo
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ultrasound signals were saved at the data acquisition card (CompuScope 12400, GaGe
Inc., Montreal, Canada) with 200 MSamples/sec for off-line processing. Therefore,
radiofrequency (RF) raw data were comprised of trains of backscattered ultrasound
echoes started 120 ps before the acoustic radiation pulse was launched. Arrival time of
the first echo defined the initial location of the microbubble and changes in the arrival
times of the following echoes determined microbubble displacement. RF raw data were
used to define displacement of a microbubble by a cross-correlation speckle tracking
method [121]. The Kernel size and search window for cross-correlation tracking were
375 um and 1125 pm, respectively.

Comparison between theoretical calculations and experimental measurements of
the motion of a laser-induced microbubble in the gelatin phantom was made to verify the
developed theoretical model. Then, this model was used to reconstruct the elasticity of
tissue-mimicking phantoms.

Theoretically calculated values of maximum displacement (U,.) and time
required to reach the maximum displacement (#,4) of a laser-induced microbubble were
compared with those obtained by experimental measurements for different values of
acoustic radiation pulse duration (#y) and various radii of a microbubble (R). Young’s
modulus (£), measured by uniaxial tester, was used in theoretical calculations. The value
of the scaling factor of acoustic radiation force (£)) was chosen to match experimentally
observed displacements with theoretically calculated displacements. The shear viscosity
was found by comparing decaying profiles of microbubble displacements from theory

and experiments. The estimated value was 0.06 Pa's which was used in all theoretical
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calculations. The value corresponded to the results of our previous work, which was 0.1

Pa's [102, 122]. The elastic properties were found to be almost independent from the

shear viscosity in the measured range. Shear viscosity of porcine and human lens was
investigated by another group and the values varied from 0.16+0.1 to 0.33 Pa-s [123].

In reconstruction, the Young’s modulus was varied by gelatin concentrations. The
gelatin concentrations used in the experiments were 1.4, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0% by
weight. Young’s modulus of a viscoelastic medium was estimated using a laser-induced
microbubble under acoustic radiation force by measuring the time of maximum
displacement (#y4) [102, 122]. Then, it was compared to the Young’s modulus

measured by the uniaxial tester.

3.3 RESULTS AND DISCUSSION
3.3.1 Experimental validation of theoretical model
Theoretically calculated and experimentally obtained displacements of a laser-

induced microbubble with a radius of 258+£2 pum are shown in Fig. 3.3a and Fig. 3.3,

respectively. The microbubble radius was measured with microscope (Fig. 3.1) and the
measured radius was the average value of four different axes. The durations of applied
radiation pulses were 29, 143, 286 and 571 us. The arrows indicate the time when the
force was turned off (i.e., the end of the acoustic pulse). The Young’s modulus of the
phantom measured using uniaxial tester was 4.37+£0.26 kPa. As evident from Equation

2.24 in Chapter 2, microbubble displacement was scaled with the scaling factor of
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acoustic radiation force (F,). Therefore, F,, in our model was chosen to match the
experimentally observed displacements.
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Figure 3.3:

radius is 258+2 um.

(a) Theoretically calculated and (b) experimentally obtained displacements
the acoustic pulse. The arrows represent the end of acoustic pulse. Bubble

(single measurement) of the microbubble in response to various durations of
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Comparison of theoretically predicted and experimentally measured (a)
maximum displacement (U,,,,) vs. duration of acoustic pulse (t,) and (b)
time needed to reach maximum displacement (t,,,) vs. duration of acoustic
pulse (t,). Four measurements were done using four different laser-induced
microbubbles for every t,. Error bars mean one standard deviation.
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Calculated and measured displacements of the microbubble in response to the
applied radiation force are in good agreement. The displacement profile and maximum
displacement of a microbubble (U,,,) depend on acoustic radiation pulse duration (z,)

(Fig 3.3). Increase of U,

max

does not have linear relationship with 7, Increase of U,,,
gradually slows down as 7, reaches values that induce steady-state displacement.
Reaching steady-state displacement under certain ¢, means that elasticity of a medium is
hard enough to push a microbubble in response to the bubble’s motion and a microbubble
does not have enough inertia to overcome the reaction of the medium after the applied
external force is removed. Arrows in Fig. 3.3a indicate the end of acoustic pulses. When
matching theory and experimental measurements, the scaling factor of acoustic radiation
force (F,) used here is 45 mN.

The comparison of theoretical and experimental dependences of maximum
displacement (U,4,) and time of maximum displacement (7,,,,) on acoustic radiation pulse
durations () is shown in Fig. 3.4a and Fig. 3.4b, respectively. The scaling factor of
acoustic radiation force (Fp) was 35 mN in the same phantom and this value comes from
the best fit between the displacement profiles obtained from theoretical model and
experimental measurements. The mean and standard deviation of radii of the four
microbubbles are 75 and 2 um. Theory and experiments have reasonable agreement. Fig.
3.4a depicts that the maximum displacement of the microbubble increases as radiation
pulse duration becomes longer. Fig. 3.4b shows that at the end of a short pulse (under 120
us) the bubble continues to move away from the excitation transducer until it reaches a

maximum displacement (¢, > #y ) while at the end of a long pulse the bubble starts to
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move back almost immediately (#,. = #) ) as shown by the identity line. Note that the
same data was used for analysis of U, and #,, in Fig. 3.4a and Fig. 3.4b. Four
measurements were done (one measurement on four different laser-induced microbubbles
in different locations within the same gelatin phantom) for every #,

The dependences of maximum displacement (U,,) and time of maximum
displacement () on microbubble radius (R) for the duration of acoustic radiation pulse
(tp) of 43 pus are shown in Fig. 3.5a and Fig. 3.5b, respectively. Fig. 3.5a indicates that a
large microbubble moves larger distances and takes a longer time to reach its maximum
displacement as shown in Fig. 3.5b. Indeed, the surface area of a larger microbubble is
bigger than that of a smaller microbubble. Because the diameter of the focus of the 3.5
MHz transducer is about 800 um, microbubbles in the experiments are always inside the
focal area. Thus, under the same acoustic radiation pressure, a larger microbubble
experiences larger acoustic radiation force. The measured values of bubble radii are
4943, 60+1, 66+3, 74+3, 85£3, 9243, 98+2, and 110+£3 pum and the corresponding scaling
factor of acoustic radiation forces (£) of each microbubble are 30, 46, 54, 68, 90, 106,
120, and 151 mN after displacements of theoretical model and measurements were
matched. The measurements were performed at least on three different microbubbles in

the same gelatin phantom but at different locations.
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The difference between time of maximum displacement (#,,) and acoustic
radiation pulse duration (7)) increased for short #) as shown in Fig. 3.4b and large
microbubble radius (R) as shown in Fig. 3.5b. The large difference between ¢, and ¢,
was due to the increased inertial effect of the surrounding tissue. Furthermore, if the
difference was large, more accurate measurements of #,,, were possible, otherwise #,x
could be hardly distinguished from ¢.

I could select durations of acoustic radiation pulse () based on microbubble
radius (R) to perform effective Young’s modulus reconstruction. To maximize the
difference between time of maximum displacement and #), a short #, was used to

reconstruct the elastic properties of the medium.

3.3.2 Reconstruction

The results of previous subsection A demonstrate that the developed theoretical
model can predict mechanical response of microbubble under radiation force in a
viscoelastic medium. In this subsection, an inverse problem is considered, i.e.
reconstruction of the elastic properties of a medium.

Different strategies could be used to reconstruct elasticity. For example, an
approach based on the value of maximum displacement was considered in several studies
[96, 99]. The disadvantage of this method is the challenge in estimation of the acoustic
energy delivered to the bubble as has been discussed previously. However, elasticity may
be evaluated from the temporal characteristics of the bubble motion. While the amplitude

of a laser-induced microbubble displacement is proportional to the amplitude of acoustic
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radiation force, the time of maximum displacement (#,,,,) remains the same as shown in

Fig. 3.6.
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Figure 3.6: Theoretical analysis. Maximum displacement (U,,,,) and time of maximum
displacement (t,,,,) under different acoustic radiation force amplitudes (F,).
t..x 1S @n invariant parameter under different acoustic radiation forces.
Acoustic radiation pulse duration (t,) for this evaluation is 28 us and arrow
indicates the end of t,,.

Gelatin-based phantoms with the gelatin concentrations of 1.4, 2.0, 3.0, 4.0, 5.0,
6.0, 7.0% by weight were used to vary elastic properties of the phantoms at the
reconstruction process [124]. To estimate elasticity of a medium, a microbubble was
created in a phantom using a single laser pulse. Then, the microbubble was perturbed by
an impulsive radiation force. I chose durations of acoustic radiation pulse as short as
possible to maximize the inertial effect. In addition, experimentally meaningful durations
were used to induce a noticeable displacement. The values of a laser-induced

microbubble radius (R) and acoustic radiation pulse durations (#y) were from 502 to142
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5 wm and 43 us, respectively. The measurements were performed twice for five

different microbubbles created at various locations in every phantom.
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Figure 3.7: Comparison of Young’s modulus values reconstructed using microbubble-
based method and measured using the uniaxial load-displacement test.
Two measurements were performed on five different microbubbles in all
phantoms. Error bars represent one standard deviation.

Fig. 3.7 demonstrates the comparison of Young’s modulus (E) reconstructed
using the laser-induced microbubble approach and measured by using uniaxial tester. The
solid line represents the ideal match between measurements. The Young’s modulus
reconstructed by the laser-induced microbubble technique and that directly measured by

uniaxial test agree well with one another. For stiffer materials, the uniaxial tests provide

higher accuracy of elasticity measurements. This is the result of a small difference
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between time of maximum displacement (#,,) and duration of acoustic radiation pulse
(tp) for stiffer materials. Thus, the errors of #,,, measurements induced larger error in the
Young’s modulus reconstruction. To measure elastic properties of stiff materials,
higher pulse repetition frequency (PRF) of the ultrasound measurements is required. The

increase of PRF is one of the major directions of our future work.

3.4 CONCLUSION

Assessment of the mechanical properties of a viscoelastic medium using laser-
induced microbubbles under acoustic radiation force was developed. The measured
displacements of microbubbles demonstrated good agreement with the theoretical
predictions. Moreover, the phantom studies demonstrated good agreement between the
Young’s modulus reconstructed using remote microbubble-based measurements and that
measured using the uniaxial tests. Thus, the Young’s modulus of a medium can be
measured using a laser-induced microbubble with typical sizes of tens of micrometers up

to a hundred micrometers using acoustic radiation force.
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Chapter 4: High PRF ultrasound system and its validation with ex vivo
bovine crystalline lens

ABSTRACT

A high pulse repetition frequency ultrasound system for ex vivo measurement of
mechanical properties of animal crystalline lens was developed and validated. I measured
dynamics of laser-induced microbubbles created at different positions within the lens
using nanosecond laser pulses. An impulsive acoustic radiation force was applied to the
microbubble, and spatio-temporal measurements of the microbubble's displacement were
accurately assessed using a custom-made high pulse repetition frequency ultrasound
system consisting of two 25 MHz focused ultrasound transducers. The transducers were
used to emit a train of ultrasound pulses and to receive the ultrasound echoes reflected
from the microbubble. The developed system was operating at 1| MHz pulse repetition
frequency. Based on measured dynamics of the microbubble, the Young’s moduli of
surrounding tissue were reconstructed and the values were compared with those
measured using indentation test. Measured values of Young’s moduli of 4 bovine lenses
ranged from 2.6%£0.1 to 261+1.4 kPa and there was good agreement between the two
methods. Thus, the developed approach, utilizing the high pulse repetition frequency
ultrasound system, can be used to assess the mechanical properties of ex vivo crystalline

lenses. The potential of this approach for in vivo measurements is discussed.
4.1 INTRODUCTION

Detailed measurements of mechanical properties of the crystalline lens precede
comprehensive understandings of the mechanism of accommodation and the
development of age-related loss of accommodation power, the condition referred to as
presbyopia. Since the theory of accommodation was developed [10], many explanations

of the accommodative mechanism have been suggested [11, 125-128]. Despite intensive
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research related to explaining the accommodative mechanism, uncertainty and debates
among investigators continues. However, it is commonly agreed upon that the changes in
viscoelastic properties of the lens play a major role in the development of presbyopia [21,
33, 40, 129]. The measurement of the mechanical properties of the crystalline lens in vivo
could significantly help in understanding the accommodative mechanism of the human
eye and in developing with new approaches for the presbyopia treatment.

Numerous experimental approaches have been developed to assess the
mechanical properties of lenses: ultrasonic characterization of the lens using ultrasound
wave attenuation [28]; compression tests [37, 116]; application of radical force [31, 32,
38]; hydrostatic or automated guillotine tests [35, 36]; uniaxial test [34]; cone penetration
test [33]; and dynamic mechanical analysis [40, 117, 118]. However, there are several
shortcomings in those measurement techniques. Most of them provide averaged
mechanical properties of the whole lens. Even though they provide local elasticity within
lenses, fragmented lenses, used in dynamic mechanical analysis technique, induce
changes in mechanical properties during handling and preparation of the experiments.
Moreover, these limitations restrict measurement techniques to be used only for in vitro
studies

To overcome these disadvantages, microbubble-based acoustic radiation force
was introduced as a technique to remotely measure the localized viscoelastic properties of
the lens by combining microbubbles created by laser-induced optical breakdown and
acoustic radiation force [27, 96-98]. This approach could potentially be extended to in
vivo studies.

In the previous work of our group, researchers validated the theoretical model
[104] related to the dynamics of rounded objects such as solid spheres [102, 122]. I

validated the theory using laser-induced microbubbles [100] under acoustic radiation
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force in viscoelastic medium such as gelatin phantoms. The mechanical properties of
gelatin phantoms were estimated from the temporal characteristics of rounded objects and
were found to be in good agreement with direct measurements [100, 102, 122]. It was
found that impulsive acoustic radiation force should be used to fully utilize the inertia
effect of laser-induced microbubbles after the termination of acoustic radiation force. In
turn, high pulse repetition frequency (PRF) is required to sample the behavior of the
laser-induced microbubbles under impulsive acoustic radiation force.

In this Chapter, I present and verify our high PRF ultrasound system to measure
the mechanical properties of ex vivo animal crystalline lens. I measured Young’s moduli
of four different bovine lenses at different locations within lenses. Measured values of
Young’s moduli were ranged from 2.6£0.1 to 26.0£1.4 kPa. The obtained values were
compared with the results of indentation tests, and a good agreement between the

methods was demonstrated.
4.2 MATERIALS AND METHODS

To verify the theoretical model and a high pulse repetition frequency (PRF)
ultrasound system in ex vivo animal crystalline lens, the experiments were performed
using a laser-induced microbubble interrogated by impulsive acoustic radiation force.
The validation procedure consisted of two consecutive experiments: 1) microbubble-
based measurements with a high PRF ultrasound system and 2) indentation tests for
reference measurements with the bench-top uniaxial tester In-Spec 2200 (Instron, Inc.,
Morwood, MA). The same animal lenses were used for both steps. The laser-induced
microbubble experiments were followed by the indentation test in series. Young’s
modulus of ex vivo animal lenses was reconstructed based on the microbubble

experiments and compared with the results of the indentation test. Thus, the indentation
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tests served as reference measurements to verify the theoretical model and the
performance of the high PRF ultrasound system.

During the experiments, four testing procedures were carried out: performance of
high PRF system was investigated, accuracy of indentation test was explored, boundary
effects on the indentation test results were examined, and time effects on the changes of

the mechanical properties of ex vivo animal crystalline lens were identified.
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Ultrasound _ -y
transducer R Ultrasound
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microscope 2.
~Objective lens
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Figure 4.1: A schematic view of the experimental setup. A crystalline lens with anterior
surface facing down was positioned in the lens holder, and a microbubble
was produced by a focused laser beam inside a lens. A 3.7 MHz excitation
transducer was used to generate acoustic radiation force applied to a
microbubble. The motion of a microbubble was tracked by two 25 MHz
ultrasound transducers (T and R) — separation of transmit (T) and receive
(R) transducers allowed for high (up to 1 MHz) pulse repetition frequency.
In addition to ultrasound measurements, the size of the microbubble was
also observed using an optical microscope.
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I designed and built (Fig. 4.1) an experimental system for the microbubble-based
acoustic radiation force experiments. A Nd:YAG laser pulse (Polaris II, Fremont, CA)
with 5 ns pulse duration, 532 nm wavelength, and 10 mJ energy was focused by a
custom-built objective lens (1.13 numerical aperture (NA) and 8.0 mm working distance)
to produce a microbubble inside the crystalline lens. A high NA was used to control the
size and shape of the microbubbles [109]. The size of the microbubbles was also
observed using an optical microscope (Dino-Lite AM411T, Wirtz, VA) operating at 230x
magnification.

A cuvette with a hole for laser beam delivery was fixed to the standing post and it
was filled with the phosphate buffered saline (Sigma-Aldrich, Inc., St Louis, MO) to
minimize the changes of the mechanical properties of the lens during the experiments. A
crystalline lens with anterior surface facing down was positioned in the lens holder, and
the lens holder, attached to 3D translation stages, was placed inside the cuvette. A
microbubble was produced by a focused laser beam inside the lens. The lens holder was
moved during the experiments to generate microbubbles at different locations in the
crystalline lens. A 3.7 MHz transducer (F/#=2 and bandwidth=17%, Valpey Fisher,
Hopkinton, MA) and two 25 MHz transducers (F/#=4 and bandwidth=51%, Olympus-
NDT, Waltham, MA) with focal lengths of 25.4 mm were located at the top of the
cuvette. The angle between two 25 MHz transducers was 35°. The angle between the 3.7
MHz transducer and the plane made by two 25 MHz transducers was also 35°. The foci
of three transducers were aligned at the location of the microbubble.

The 3.7 MHz excitation transducer, connected to RF power amplifier (ENI model
2100L, ENI, Rochester, NY) with 50 dB gain, was used to generate impulsive acoustic
radiation force and to displace a laser-induced microbubble. The duration of the acoustic

radiation pulse was varied from 10 to 30 ps.
61



The experimental setup was similar to the setup described in [100]. The main
difference between the previous setup and the current setup was an additional ultrasound
transducer was added to achieve high pulse repetition frequency for the accurate
measurements of the microbubble dynamics. Thus, the motion of the microbubble was
tracked by two 25 MHz ultrasound transducers (T and R). By separating ultrasound
transducers T (transmit) and R (receive), I could achieve high pulse repetition frequency,
up to 1 MHz.

Reconstruction of Young’s moduli of phantoms and animal crystalline lenses
using microbubble approach were performed by finding the best fit between displacement
profiles measured by the microbubble experiments and calculated by theory [100]. Once
the experimentally measured time required for a microbubble to reach its maximum
displacement (tmax) Was matched to the theoretically calculated tm.x, the value of the
scaling factor of acoustic radiation force was chosen to match experimentally observed
displacements with theoretically calculated displacements. The shear viscosity was
evaluated by comparing decaying profiles of microbubble displacements from theory and

experiments.
4.2.1 High PRF system and signal processing

The schematic diagram of the high PRF ultrasound system is shown in Fig. 4.2.
The system consisted of two function generators (Agilent 33250A, Agilent, Loveland,
CO), radiofrequency (RF) power amplifier (E&I model A150, E&I, Rochester, NY) with
55 dB gain, two 25 MHz ultrasound transducers, an ultrasound receiver (DPR 300 Pulser
/ Reciever, JSR Ultrasonics, Pittsford, NY), and the analog-to-digital dual channels data
acquisition card (A/D card, CompuScope 12400, GaGe Inc., Montreal, Canada). The

function generator A was used to control the PRF of pulse-echo probing and to trigger the
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function generator B that controlled the center frequency of each sine pulse. The sine
pulses, generated by the combination of function generators A and B with desired PRF
and center frequency, were saved at the channel 2 of the A/D card for data analysis and,
at the same time, directed to the RF power amplifier. The center frequency and PRF of
the train of sine pulses were 25 MHz and 1 MHz, respectively. The amplified pulses were
directed to the ultrasound transducer T (transmitter). Emitted ultrasound pulses were
reflected at the surface of the microbubble and the ultrasound transducer R (receiver)
received the train of echoes. This train of echoes was amplified by the ultrasound receiver
with a 45 dB gain and stored at the channel 1 of the A/D card for offline data analysis.
Therefore, RF raw data were comprised of trains of sine pulses, saved at channel 2, and
backscattered ultrasound echoes, saved at channel 1. The acoustic radiation pulse was
launched from the 3.7 MHz ultrasound excitation transducer with delay of 60 ps
according to the first sine pulse to displace the laser-induced microbubble. The duration
of the acoustic radiation pulse was varied from 10 to 30 ps. Arrival time of the first echo
with respect to the first sine pulse defined the initial location of the microbubble.
Changes in the arrival times of the following echoes were used to determine the
microbubble displacement using a cross-correlation speckle tracking method [121]. The
kernel size and search window for cross-correlation tracking were 94 pm and 188 um,
respectively. Before the cross-correlation speckle tracking algorithm was applied to the
saved RF raw data, a comb filter was used to remove the cross-talk between the

ultrasound transducer R and the excitation transducer.
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Figure 4.2: The schematic diagram of the high PRF ultrasound system. Dotted arrows
indicated the direction of transmitted and reflected trains of sine pulses at
the surface of microbubble.

4.2.2 Lens preparation

Four bovine eyes, from 25 — 30 months old cows, were obtained from the Sierra
for Medical Science, Inc. (Whittier, CA). They were shipped over night in the thermo-
insulated box with ice packs. All the experiments were done within 12 hours after eyes

arrived at our facility.
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For the laser-induced microbubble experiments, the cornea was removed from an
eye. Then, the sclera was dissected vertically so that vitreous humor, lens, and
components attached to both vitreous and lens could be pulled out from the sclera. Lens
was carefully taken out by separating it from the vitreous. With an unused scalpel, the
lens capsule was removed by slightly tearing off a small zone of the lens equator. Once
the lens material without lens capsule was obtained, it was placed in a lens holder (Fig.
4.1) and 5 ml of 6% gelatin solution was added for fixation. The anterior of the animal
lens was facing the bottom of the lens holder. During the laser-induced microbubble
experiments, the lens and the lens holder was in the phosphate buffered saline to
minimize changes in the mechanical properties of lens.

After the laser-induced microbubble experiments, the lens was carefully removed
from the lens holder and sectioned equatorially for indentation test. Firstly, a 14 mm
internal diameter trephine (Katena eye instruments, Denville, NJ) was placed inside the
animal lens by the guidance of the existing laser-induced microbubbles (Fig. 4.3(a)).
Secondly, a razor blade was used to make a flat surface for the indentation test. The lens
fragment, inside the trephine with an open surface on top of the trephine (Fig 4.3(b)), was
put inside phosphate buffered saline for the indentation test. The thickness of the lens
fragment was 6 mm. Laser-induced microbubbles were always created 6 mm away from

the anterior of the lens.
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Figure 4.3: Preparation of lens fragment for the indentation tests after laser-induced
microbubble experiments. (a) The trephine with a 14 mm internal diameter
and the height adjuster were placed into the lens by the guidance of existing
microbubbles. Lens fragment was made by cutting the lens equatorially with
a razor blade. (b) Cross-sectional view of lens fragment bounded by the
height adjuster (bottom) and the trephine (sides). The indenter for
indentation tests was placed above the lens fragment. The indenter was used
to measure Young’s modulus of lens fragment at different locations. The
diameter of indenter tip (d) was 2.38 mm and the location from the center
(S=0)is S.

4.2.3 Validations of the experimental systems

Before the high PRF ultrasound system and the indentation system were used to
measure Young’s modulus of animal crystalline lenses, the following experiments were

performed.
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4.2.3.1 High PRF ultrasound system validation with phantoms

To validate the high PRF ultrasound system, the experiments were performed
using laser-induced microbubbles in tissue-mimicking phantoms, containing 2.0, 3.0, 6.0,
9.0, and 11.0% by weight gelatin (300 Bloom, type-A, Sigma-Aldrich, Inc., St. Louis,
MO). For the microbubble experiments, one measurement was performed on five
different microbubbles for each gelatin sample. In addition, cylindrical samples of 35 mm
diameter and 17 mm height were made out of the same gelatin solution to be used in
direct mechanical measurements with uniaxial tester by pressing the whole phantom with
45 mm diameter plates. Prior to measurements, the phantoms and samples were kept
together and followed the same experimental protocol to minimize any differences
between the materials. The duration of acoustic pulse was 10 ps for all phantom
experiments. Young’s modulus found using the laser-induced microbubble approach was

compared with Young’s modulus measured using uniaxial tester.
4.2.3.2 Accuracy of the intendation system and boundary effects

The indentation system consisted of an indenter (tip diameter = 2.38 mm), lever
system, and a uniaxial tester, In-Spec 2200. The indenter was connected to the load cell
of the uniaxial tester by a lever system with the force gain of 7.5.

To measure localized Young’s modulus of a sample, an indenter with small tip
diameter was used. However, for soft materials, the reaction force in the indentation tests
was under the measurable ranges of the load cell. To increase the reaction force over the
measurable ranges of the load cell, the lever system was used. If the reaction force from
soft materials to the indenter tip was 10 mN, the lever magnified the force at the load cell
to 75 mN. Therefore, the lever bridged the indenter and the load cell of the uniaxial tester
to detect the small reaction force effectively. The indenter experienced acceleration and

deceleration before the tip of the indenter moved up to about 2 mm from the starting
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point. Therefore, the fragmented animal crystalline lens, inside the trephine, was placed
at least 2 mm away from the tip of the indenter.

To verify the accuracy of the indentation system and investigate the influence of
the boundary effects on the measurements of Young’s modulus near the wall of the
trephine, I used gelatin phantoms with the concentrations of 1.5, 2.0, 2.5, 3.0, 6.0, 9.0,
and 11.0 % by weight. Typical uniaxial test measurements with 45 mm diameter plates
were done by pressing the whole gelatin samples with 35 mm diameter and 17 mm
thickness. For indentation tests, I made a container that mimicked the geometry of a lens
fragment inside the trephine. The container had 14 mm diameter and 6 mm depth. The
containers were filled with gelatin solutions with different concentrations as mentioned
above. Indentation measurements were performed at six points on gelatin samples inside
the container. Six points were 0, 2.0, 2.5, 3.0, 3.5, and 4.0 mm away from the center of
gelatin container (Fig. 4.3(b)). The tip of the indenter was moved with the speed of
0.11mm/s in vertical direction and the total indention was 1.5 mm after the indenter tip
touched the gelatin surface. Young’s modulus was estimated in the assumption of the
frictionless boundary condition at the indenter tip and the fixed bottom boundary using
equations obtained by Yang [130].

To test the accuracy of the indentation measurement system, I compared Young’s
modulus of each gelatin sample measured by uniaxial test with Young’s modulus
measured by the indentation test at the center of the gelatin samples in the container. To
explore the boundary effects I compared Young’s modulus obtained in six different
locations for each gelatin sample.

After the system for indentation experiments was tested, the same system was

used for reference measurements. The fragment of animal lens was prepared using the
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trephine and the razor blade (Fig. 4.3(a)) and placed in the phosphate buffered saline

(PBS) for indentation tests.
4.2.3.3 Time effects of bovine lens in PBS

To identify the time effects on the changes of Young’s modulus of bovine lens, I
measured Young’s modulus of the fragmented bovine lens prepared by the same
procedure explained at lens preparation (Fig. 4.3(a)). I measured Young’s modulus of the
bovine lens in 4 different times with 2 hour intervals (from 0 to 6 hours) and in 5

different locations with 2.5 mm gap.
4.3 RESULTS
4.3.1 Validation of high PRF ultrasound system using phantom

Reconstruction of Young’s modulus of viscoelastic medium using the custom-
built high PRF ultrasound system is presented. Figs. 4.4(a) and (b) present an example of
the dependence of microbubble displacement on time for 2% and 11% gelatin phantoms
and the displacements of microbubbles in Fig. 4.4(b) are averaged from five
measurements. Fig. 4.4(a) shows that how averaged displacements from five
measurements are obtained. All five displacement profiles are plotted in one axis. For the
theoretical calculations of the displacements of microbubbles shown in Fig. 4.4(c),
Young’s moduli obtained from the best fit between experimental measurements and
theory were used [100]. Times required to reach microbubble’s maximum displacement
(tmax) are indicated at Fig. 4.4. and ty.x was used forreconstruction of Young’s modulus of
the medium [100]. Fig. 4.4 shows how the amplitude of displacements and the time of
maximum displacement (tmax) decrease with elasticity increase. tmax Was found by the

quadratic approximation of measurement points.
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Figure 4.4: (a) Experimentally measured displacements from five different

microbubbles and their averaged displacement for the thick line in (b). (b)
Experimentally measured and averaged displacement from five different
microbubbles and (c) theoretically calculated displacements of the
microbubbles in response to 10 us acoustic pulse in gelatin phantoms of
different elasticity. Average values of Young’s moduli (E) for plots (b) and
(c) are 1.2 kPa (thick line) and 30.6 kPa (thin line). One measurement was
performed to five different microbubbles for each gelatin phantom. Time of
maxiumum displacement of microbubble is indicated as tmax. The dotted
vertical lines indicate start and end of acoustic radiation force. For thick
solid lines, the radius of the microbubble is 25+2 um and for thin solid
lines, the radius of the microbubble is 20£2 pm. In theoretical calculations
shear viscosity of 0.05 Pa-s is used.
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Figure 4.5: Comparison of Young’s modulus values reconstructed using microbubble
approach with the high PRF ultrasound system and measured using the
uniaxial load-displacement test. One measurement was performed to five
different microbubbles at each case. Error bars are plus/minus one standard
deviation.

Fig. 4.5 shows the comparison between Young’s moduli obtained using the
microbubble approach and the uniaxial test. Error bars in Fig. 4.5. were generated from
one measurement of five different microbubbles in each gelatin sample. Measurements of
Young’s modulus of gelatin phantoms using microbubble approach are in reasonable
ranges when comparing to results obtained from the uniaxial test. I can also estimate the
shear viscosity of gelatin phantoms by comparing the decaying profiles of the dynamics

of a laser-induced microbubble from experiments and theory. The estimated shear

viscosity for this phantom study is 0.05 Pa- s which is used in all theoretical calculations.
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The value corresponds to the results of our previous work. [100, 102, 122]. In the
measured range, Young’s modulus is almost independent from the shear viscosity. The
results show that the high PRF ultrasound system has the ability to assess the Young’s

modulus of tissue-mimicking phantoms with high accuracy.
4.3.2 Validation of indentation test system

In this section I am comparing Young’s modulus of gelatin samples measured by
uniaxial test with Young’s modulus measured by indentation test at the center of gelatin
samples in the container (Fig. 4.6(a)). Mean and standard deviation values betlen
indentation test and uniaxial test have good agreement. Thus, indentation measurement
system can be used to measure local Young’s modulus of ex vivo animal crystalline lens.

Because the lens fragment inside the trephine is bounded by trephine (Fig. 4.3),
the boundary effects should be investigated. To explore the boundary effects, I compared
Young’s modulus of six different locations (Fig. 4.3(b)) in each gelatin sample measured
with indentation measurement system. The results are shown at Fig. 4.6(b).

The measured values of Young’s modulus increase close to the boundary because
of rigid boundary condition. However, for our study, to avoid the boundary effects, I
measured Young’s modulus of animal crystalline lenses near the central region. This

way, I could dodge the boundary effects.
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Figure 4.6:
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Validation of indentation measurement system. (a) Accuracy test of the
indentation test by comparing Young’s modulus obtained by the indentation
measurement system with Young’s modulus measured by the uniaxial test.
(b) Dependence of the Young’s modulus on the distance from phantom
center for different gelatin concentrations.

4.3.3 Reconstruction of Young’s modulus of bovine lenses

Before the reconstruction of Young’s modulus was performed, the last validation

was done on a bovine lens from 25-30 months old cow. Because for both the laser-
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induced microbubble and indentation experiments, lens and fragmented lens were
immersed in phosphate buffered saline (PBS), I investigated the changes of the
mechanical properties of a bovine lens in PBS from zero to six hours with two hours
intervals and measured Young’s modulus of a bovine lens at five locations (S= =£n- d,
d=2.5 mm, n=0, 1, 2, Fig. 4.3(b)). The fragment of bovine lens was prepared with the
trephine (Fig. 4.3(a)) and put in PBS to investigate the time effects. As shown in Fig. 4.7,
elastic properties of bovine lens do not change significantly in PBS up to 6 hours.
Moreover, the experiments for both the laser-induced microbubble and the indentation
experiments took less than one and a half hours after the lens was removed from an eye
globe. Thus, during the series of experiments, time effects on the changes of the

mechanical properties of bovine lenses can be ignored.

16
=0 hours
14
é:v; 12
@ B
Z 10} £
] =
g |8
o 83
2 | 2 s
g 6 L Indenter
>_‘ tip .
" 24
2 1 1 1 L 1 J
-6 -4 -2 0 2 -4 6

Location (S) (mm)

Figure 4.7: Time effects on the changes of the mechanical properties of bovine lens
measured with indentation test system. Indentation measurements started
from 0 to 6 hours after lens extraction with 2 hours intervals. S is the
distance from the center of lens fragment (S=0 indicates the center point,
Fig. 4.3(b)).
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Figure 4.8: (a) Experimentally measured and averaged displacement from three trials to
one microbubble and (b) theoretically calculated displacement of the
microbubble in response to 30 ps acoustic pulse. Average value of Young’s
modulus (E) for plots (a) and (b) is 17.4 kPa and the shear viscosity is 1.5 Pa
- s. Time of maxiumum displacement of microbubble is indicated as ty,x.
The dotted vertical lines indicate start and end of acoustic radiation force.
The radius of the microbubble is 6313 um. Two plots (a) and (b)
correspond to the circle at Fig. 4.9.
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The results of the validation of the high PRF ultrasound system and the results
presented in [100] demonstrate that the developed theoretical model can predict the
dynamics of laser-induced microbubbles under acoustic radiation force in a viscoelastic
medium with high PRF ultrasound system. Reconstruction, the inverse problem of
Young’s modulus of bovine lens was then considered. Three measurements were
performed to each microbubble at the specific location within lenses. Experimentally
obtained and theoretically calculated displacements of a laser-induced microbubble with
the radius of 63+£3 um are shown in Figs. 4.8(a) and 4.8(b), respectively. Experimentally
obtained displacement of each microbubble (Fig. 4.8(a)) is presented as an averaged
value from three trials. The microbubble dynamics presented at Figs. 4.8(a) and 4.8(b)
corresponds to the circle in Fig. 4.9. The duration of acoustic pulse was 30 ps. The
Young’s modulus of the bovine lens at the specific location was 17.4%0.5 kPa. I can also
estimate the shear viscosity of bovine lenses by comparing the decaying profiles of the
displacement of a laser-induced microbubble from experiments and theory. The estimated
shear viscosity for this case is 1.5 Pa' s (Fig 4.8).

Fig. 4.9. describes the comparison of Young’s modulus (E) reconstructed using
the laser-induced microbubble approach and measured by indentation test. The dotted
line indicates the ideal match between two measurements. A total of 11 microbubbles
were generated in four bovine lenses; the first lens had three microbubbles; the second
lens had three microbubbles; the third lens had one microbubble; and the fourth lens had
four microbubbles. Table 4.1 shows Young’s moduli of 11 different points in four bovine
lenses measured by microbubble approach and indentation test. The measured Young’s
moduli varies from 2.6£0.1 to 26.0£1.4 kPa. The Young’s modulus reconstructed by the
laser-induced microbubble technique and that directly measured by indentation test agree

well with each other as shown in Fig. 4.9. The corresponding shear viscosities of four
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bovine lenses are 1.5£0.1, 1.6%+0.1, 1.3, and 1.5%+0.1 Pa- s by considering the decaying

profiles of the dynamics of a laser-induced microbubble from theory and experiments.

The shear viscosity does not change much within the area of measurements at the same

bovine lens. In summary, the proposed approach using the laser-induced microbubble

interrogated by impulsive acoustic radiation force with the high PRF ultrasound-based

imaging system can be used to estimate the mechanical properties of ex vivo crystalline

lens.

Bovine lens no

Young’s Modulus (kPa)

Microbubble approach Indentation test
Sample 1 6.61£0.05 6.310.3
13.4£0.1 15.5£0.3
17.4£0.5 18.5£0.6
Sample 2 13.8%+0.1 13.8£0.5
16.4%0.1 16.91+0.4
23.6x1.6 26.3+0.9
Sample 3 4.3%£0.1 43104
Sample 4 2.6%0.1 2.610.3
7.2£0.1 7.3£0.2
11.1£0.6 10.8£0.6
26.0t1.4 26.91£0.6

Table 4.1:  Comparison of Young’s moduli of bovine lenses using 11 different

microbubbles.
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Figure 4.9: Comparison of Young’s modulus values reconstructed using microbubble-
based approach and measured using the indentation test. 11 laser-induced
microbubbles created at 4 different bovine lenses were used. Three
measurements were performed to each microbubble. Detailed example of
the dynamics of the laser-induced microbubble at the circle is presented at
Fig. 4.8. Error bars are plus/minus one standard deviation.

4.4 DISCUSSION

In this Chapter, I validated our theoretical model and the high PRF ultrasound
system. To make a full use of the inertia effect of a laser-induced microbubble motion
after the termination of acoustic radiation force, I chose very short acoustic radiation
force pulses. I used 10 ps pulses and 30 ps pulses for phantoms and bovine lenses,
respectively. In general, as previously reported [100], the difference between the
duration of acoustic pulse (t) and time to reach the maximum displacement of a

microbubble (tm.x) becomes larger when ty decreases. However, the difference between t,
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and tmay is still short time. At most cases, the difference (tmax- to) is less than 30 ps. As a
consequence, a high PRF ultrasound system to measure the dynamics of a microbubble is
definitely needed to find tmax accurately. I built the high PRF ultrasound system that had 1
MHz PRF and testified it in both phantom and animal crystalline lens experiments.

Using laser-induced microbubble approach Young’s modulus of soft tissues such
as crystalline lenses can be measured with reasonable accuracy and precision compared
to the indentation test. In general, the shear viscosity of tissue also can be evaluated based
on the measured motion of the microbubble. The estimations of the shear viscosity
changed from lens to lens, but did not change much within one lens. One possible
explanation is that the measurement area is too small to observe big changes in shear
viscosity (usually within 3 mm). The second explanation is that, microbubble approach is
not sensitive enough to measure small changes in shear viscosity. Currently, no standard
measurement technique is available to measure lens viscosity. Therefore, I have focused
on measuring Young’s modulus of crystalline lens.

Indentation measurement system was built and validated. There are several
possible sources of the discrepancy between two measurement techniques. The 2.38 mm
diameter indenter is still large compared to the diameter of laser-induced microbubble
(80~150 um). Measurements by indentation test were an averaged value of a circular
area, but measurements by the microbubble approach had very localized values.
Secondly, locations where the measurements were performed in laser-induced
microbubble approach and the indentation test could not match perfectly. Even though
indentation measurements were guided by existing laser-induced microbubbles created at
the previous experiments, misalignment between the laser-induced microbubbles and the
tip of the indenter may have caused errors in the measurements of Young’s modulus of

bovine lenses. Lastly, the equation used to calculate the value of Young’s modulus [130]
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assumes that the medium is infinite. However, due to the shape of the trephine, the lens
fragment was bounded by 14 mm diameter of cylindrical walls. Thus, there is a boundary
effect that makes the elasticity stiffer. The solution I took to avoid the boundary effects
was that I measured the mechanical properties of lens near the center (Fig. 4.6(b)).
However, boundary may still play a role in stiffening the measured Young’s modulus
even at the center.

As shown in Fig. 4.7, the lens from a 25-30 months old cow had Young’s
modulus gradient within 10 mm diameter (total diameter of the lens was about 16 mm).
Central part, 6 mm below the anterior of the lens (thickness of the lens was about 11
mm), was almost 3 times stiffer than outer region, 5 mm away from the center. There are
discrepancies between bovine and human lenses from morphological and biochemical
point of view, but the result shows the location-dependent changes of the mechanical
properties within eye lens [40, 41].

For the improvement of the estimation of elastic properties of soft tissues, I can
modify our theoretical model. The current theoretical model assumes that the surrounding
medium of a microbubble is isotropic and homogeneous [100]. However, lens is a
layered object by adding new cells on top of old cells, making it an anisotropic and non-
homogeneous medium. This discrepancy between assumptions and the real object may
increase the differences when measuring Young’s modulus of lens. Thus, future work is
to create a model which includes these factors.

Ex vivo measurements of elastic properties of eye lens are important by itself
when defining the mechanism of accommodation because reliable measurement data for
mechanical properties of eye lenses is limited. However, more importantly, in vivo
measurements should be performed to acquire more reliable data. Our approach has

potential to be extended to in vivo experiments. The measurement procedure could be
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combined with laser-based surgical procedures in the lens such as femtosecond lentotomy
[2, 3]. In turn, the clinical treatment plans of ocular tissue related diseases such as

presbyopia can be gained.
4.5 CONCLUSIONS

The high PRF ultrasound system to measure the mechanical properties of animal
crystalline lens using microbubble-based method was developed and validated.
Reconstructed Young’s moduli in different locations for four bovine lenses correlated
well with those measured by indentation test. Thus, the proposed laser-induced
microbubble approach with the high PRF ultrasound system can be used to measure the

mechanical properties of ex vivo animal crystalline lenses.
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Chapter 5: The mechanical properties of ex vivo animal crystalline lens:
age-related changes and location-dependent variations

ABSTRACT

The mechanical properties of ex vivo animal lenses from three groups — an old
bovine (25-30 months old, n=4), a young bovine (6 months old, n=4), and a young
porcine (6 months old, n=4) — were evaluated using a laser-induced microbubble
approach. I measured the dynamics of laser-induced microbubbles created at different
locations within the crystalline lenses. An impulsive acoustic radiation force was applied
to the microbubble. The microbubble displacements were measured using a custom high
pulse repetition frequency ultrasound system that can sample the motion of the
microbubble every 1 us. Based on the measured dynamics of the microbubbles, the
Young’s moduli of the animal lenses were reconstructed. Age-related changes and
location-dependent variations in the Young’s modulus of lenses were observed. Near the
center, the old bovine lenses had approximately 5 times higher Young’s modulus
compared to the Young’s modulus of young bovine and porcine lenses. The gradient of
Young’s modulus with respect to radial distance was clearly observed in the lenses from
all three groups. However, there were no clear boundaries or rapid changes in tissue

elasticity between the inner nucleus and outer cortex.
5.1 INTRODUCTION

When a near object is in focus, the lens becomes thicker and rounder in
configuration [12, 131, 132]. This process is called “the lens accommodation.” As age
advances, accommodation power degrades [13, 19, 133-137]. Debates related to how the
eye changes its focus (accommodation) and why the age-related degeneration of the

focusing ability happens (presbyopia) have continued because the accommodative
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mechanism has not been fully understood [10, 11, 125-128, 138]. There are indications
that lens stiffening can be responsible for the inability of the lens to change its shape and
loss of accommodation. To understand the processes leading to accommodation and
presbyopia, a comprehensive understanding of the viscoelastic properties of the lens is
required. A dearth of trustworthy measurements of mechanical properties has proved
problematic in the development of the theory of accommodation [21, 38].

A crystalline lens is a non-homogeneous structure that is comprised of different
zones. The cortex surrounds the nucleus and the nucleus has several zones that are
created in different developmental stages [5, 22, 27, 40, 41, 139]. Researchers reported
that the stiffness variation with respect to equatorial distance and age were observed
using dynamic mechanical analysis [40, 41]. They concluded that the stiffness of the
nucleus had an order of magnitude larger value than that of the cortex for human lenses
over the age of 50. Regarding the age differences, they presented an almost 1,000 times
increase in stiffness between nucleus regions of lenses from ages 14 to 78 [40]. However,
lens fragmentation, used in the dynamic mechanical analysis technique, could induce
changes in mechanical properties of lens due to the disruption of the internal crystalline
structure during handling and preparation of the lens for the experiments.

As a promising way of assessing the mechanical properties of crystalline lens,
microbubble-based acoustic radiation force technique was introduced [27, 97, 140, 141].
In this approach, an acoustic radiation force is applied to a microbubble, induced by a
laser pulse. The displacement of microbubble is measured by ultrasound in pulse-echo
mode and used to evaluate the local elasticity of the lens. This approach had an advantage
because the internal structures of the lens remain intact compared to fragmentation. By
combining laser-induced microbubbles and acoustic radiation force, the localized

viscoelastic properties of lenses can be measured remotely.
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In our previous work, I validated our theoretical model [104] using solid spheres
[102, 122] and laser-induced microbubbles [100] in tissue-mimicking gelatin phantoms.
The mechanical properties of gelatin phantoms were estimated from the temporal
characteristics of rounded objects and were found to be in good agreement with direct
measurements [100, 102, 122]. To improve the performance of microbubble-approach, I
designed and built a high pulse repetition frequency ultrasound system. The validation of
the system was successfully done in ex vivo bovine crystalline lenses [142].

In this Chapter, I investigate age-related changes and location-dependent
variations of the mechanical properties of animal crystalline lenses. I generated laser-
induced microbubbles at various locations in a crystalline lens by focusing a single
nanosecond laser pulse. Then, the dynamic behavior of the laser-induced microbubble,
displaced by an impulsive acoustic radiation force, was measured using a custom-built
high pulse repetition frequency ultrasound system. I reconstructed the localized Young’s
modulus using measured dynamics of the laser-induced microbubble by comparing them
with the theoretically calculated values. I compared the viscoelastic properties of both
young and old bovine lenses to explore age-related changes. In addition, location-
dependent variations of mechanical properties were measured using bovine and young

porcine lenses.
5.2 MATERIALS AND METHODS

5.2.1 Lens preparation

All tissue samples were obtained from the Sierra for Medical Science, Inc.
(Whittier, CA). The eye globes were shipped over night in the thermo-insulated box with
ice packs. Three groups of animal eyes were used: old bovine (25-30 month old), young

bovine (6 month old), and young porcine (6 month old). In each group, four crystalline
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lenses (n=4, samples 1-4), excised from the eye globes, were used in the experiments. All

the experiments were performed within 12 hours after the tissue samples arrived at our

facility.

Figure 5.1:
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(a) Coordinate system defined within the lens. This coordinate system is
referenced throughout the entire chapter. The top and bottom diagrams show
a sagittal section and an equatorial section of the lens. Laser-induced
microbubbles were created along the S-axis and the center location (solid
dot) corresponds to S=0. (b) A schematic view of the experimental setup. A
crystalline lens with anterior surface facing down was positioned in the lens
holder, and a microbubble was produced by a laser beam focused inside a
lens. Excitation transducer (3.7 MHz) was used to produce acoustic
radiation force pulse and initiate microbubble displacement (dash-dot
arrow). The motion of a microbubble was tracked by two 25 MHz
ultrasound transducers (T and R) — the separation of transmit (T) and receive
(R) transducers allowed us to achieve high pulse repetition frequency (up to
1 MHz). The train of pulses from ultrasound transducer T and echoes
reflected on the surface of a microbubble to ultrasound transducer R are
shown as dashed arrows. The size of the microbubble was monitored by an
optical microscope.

85



The lens was carefully extracted from an eye globe and the lens capsule was
removed by making small tears at the lens equator. The lens was placed and secured in a
lens holder filled with 5 ml of 6 wt % gelatin solution. The anterior of the animal lens
was facing the bottom of the lens holder. During the experiments, the lens and the lens
holder was kept in the phosphate buffered saline (Sigma-Aldrich, Inc., St Louis, MO) to
minimize changes in the mechanical properties of lens.

Fig. 5.1(a) presents a coordinate system defined within the lens. Lenses from old
bovine, young bovine, and young porcine had diameters (D in Fig. 5.1(a)) of 16+0.5 mm,
12+0.3 mm, and 10+£0.5 mm, respectively. Total thicknesses (h in Fig. 5.1(a)) from the
anterior to the posterior part were 11+0.6 mm, 9+0.3 mm, and 7+0.3 mm for old bovine,

young bovine, and young porcine, respectively.
5.2.2 Laser-induced microbubble generation

Laser-induced microbubbles with typical radii of 45-60 micrometers were
generated along the S-axis in Fig. 5.1(a). By adjusting the 3D axis, where the lens holder
and the crystalline lens were attached, I controlled the distance between S-axis and
anterior part (d in Fig. 5.1(a)) and the values of d were 4, 4, and 3 mm for old bovine,
young bovine, and young porcine, respectively. The radial distances (S in Fig. 5.1(a))
were chosen as plus and minus multiples of one fortieth of one inch (S=+0.635-k mm,
k=1,2,4,6,8). Thus, laser-induced microbubbles were generated along S-axis, d mm away
from the anterior part of each crystalline lens, with the same spacing.

To produce a microbubble inside an animal crystalline lens, I used a pulsed
Nd:YAG laser (Polaris II, Fremont, CA) with 5 ns pulse duration, 532 nm wavelength,
and 10 mJ energy. A custom-built objective lens with high numerical aperture (1.13) and

long working distance (8.0 mm) was designed to create spherical microbubbles located
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inside the outer cortex and the inner nuclear of the lenses [109]. The size of the
microbubble was monitored by an optical microscope (Dino-Lite AM411T, Wirtz, VA)

operating at 230x magnification.
5.2.3 Experimental system and data processing

A crystalline lens was positioned in the lens holder. The holder was attached to
3D translation stages to generate laser-induced microbubbles by a focused laser beam in a
lens at different locations along S-axis (Fig. 5.1(a)). An ultrasound excitation transducer
(center frequency=3.7 MHz, F/#=2, and bandwidth=17%, Valpey Fisher, Hopkinton,
MA) and ultrasound transducers T and R (center frequencies= 25 MHz, F#=4, and
bandwidth=51 and 53 %, Olympus-NDT, Waltham, MA) with focal lengths of 25.4 mm
were located at the top of the cuvette to push and track the microbubbles in a lens,
respectively. By separating ultrasound transducers T (transmit) and R (receive), I could
use desired high pulse repetition frequency (PRF) and set the PRF as 1 MHz [142]. The
foci of three transducers were aligned at the location of the microbubble.

As shown in Fig. 5.1(b), the main control unit controlled the timing and sequences
of pulse-echo probing using ultrasound transducers T and R and acoustic radiation pulse
generation using the ultrasound excitation transducer [142]. The radiofrequency (RF)
data storage unit, also controlled by the main control unit, saved the train of pulses from
the main control unit and echoes acquired by the ultrasound transducer R for off-line data
processing. Therefore, RF raw data was comprised of trains of pulses and backscattered
ultrasound echoes. The generation of acoustic radiation pulse started with the delay of 60
us after the first pulse was launched. The duration of acoustic radiation pulse was 20 ps.

Arrival time of the first echo defined the initial location of the microbubble and

the changes in the arrival times of the following echoes determined the microbubble
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displacement using a cross-correlation speckle tracking method [121]. The kernel size
and search window for cross-correlation tracking were 65 ns and 130 ns, respectively. RF
raw data was filtered with comb filter to remove the cross-talk between the ultrasound
transducer R and the ultrasound excitation transducer before the cross-correlation speckle
tracking algorithm was applied.

Reconstruction of the Young’s moduli of animal crystalline lenses using
microbubble approach were performed by finding the best fit between displacement
profiles measured by the microbubble experiments and calculated by theory [100, 142].

Once time for microbubble to reach its maximum displacement (t,,) measured by

microbubble experiments was matched to t,, calculated by theory, the value of the
scaling factor of acoustic radiation force was chosen to match experimentally observed
displacements with theoretically calculated displacements. The shear viscosity was found

by comparing decaying profiles of microbubble displacements from theory and

experiments.
5.3 RESULTS

The inverse problem, reconstruction of Young’s modulus (E) of lenses from three
groups, is now considered. Three measurements were taken of each microbubble at its
specific location within the lens. Experimentally measured displacements of
microbubbles (Fig. 5.2(a)) are presented as averaged values from three trials (averaged
E=2.9 (thin line) and 23.3 (thick line) kPa) to microbubbles in samples 1 and 2. The
measured radii of microbubbles are 47+2 (thin line) and 54+2 (thick line) ym. The
displacements of laser-induced microbubbles, shown in Fig. 5.2(a), correspond to the
dotted and the solid arrows in Fig. 5.3(a). Theoretically calculated microbubble

displacements are shown in Fig. 5.2(b). Young’s modulus and shear viscosity values for
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the theoretical calculation were determined by the best fit between microbubble
displacements obtained by theory and experiments. I can also estimate the shear viscosity
of lenses by comparing the decaying profiles of the displacements of laser-induced
microbubbles from experiments and theory. The estimated shear viscosities for these
cases are 1.3 Pa-s. Fig 5.2 demonstrates the differences of the behavior of microbubbles
in crystalline lenses with different elasticity. As it has been observed in phantom

experiments, U, and t,, in stiff region are smaller than those in soft region [100].

max
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Figure 5.2:
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(a) Experimentally measured and averaged displacements from three
measurement trials of microbubbles at two different locations in old bovine
lenses and (b) theoretically calculated displacements of the microbubbles in
response to 20 us of the acoustic pulse (starting at 60 us). Values of
Young’s modulus (E) are 2.9 kPa (thin line) and 23.2 kPa (thick line). Time
of maximum displacement of microbubble is indicated as t,,. The dotted
vertical lines indicate start and end of acoustic radiation force pulse. The
radii of the microbubbles for thin and thick lines are 47£2 ym and 54+£2
um, respectively. In theoretical calculations, a shear viscosity of 1.3 Pa-s is
used for both cases. The thick and thin lines in (a) correspond to the dotted
arrow and the solid arrows in Fig. 5.3(a), respectively.
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The location-dependent variations of Young’s moduli of four lenses from old
bovine, young bovine, and young porcine within +5.1 mm along S-axis (Fig. 5.1(a)) are
shown in Figs. 5.3(a)~(c), respectively. Three measurement trials were performed at each
measurement point in each sample and error bars are plus/minus one standard deviation.
Solid lines in (a), (b), and (c) are mean values over samples for each measurement point.
For the comparison of Young’s modulus between species and ages, solid lines from Figs.
5.3(a)~(c) are plotted in Fig. 5.3(d). The measured values of Young’s moduli were
ranged from 2.2+0.1 to 25.9+0.7 kPa for old bovine lenses within 5.1 mm, 1.6+0.1 to
5.840.2 kPa for young bovine lenses within +5.1 mm, and 1.2+0.1 to 5.7+0.2 kPa for
young porcine lenses within +3.8 mm. The results show age-related increase of elasticity
in old bovine lenses. Near +5.1 mm area, Young’s modulus between old and young
bovine lenses are comparable; however, as one approaches the center, Young’s modulus
of old bovine lenses jumps dramatically and the difference in Young’s modulus between
young and old reaches about 5 times (Fig. 5.3(d)). Moreover, even for young bovine and
porcine lenses, the gradient of Young’s modulus exists (Figs. 5.3(b) and 5.3(c)). I
measured Young’s moduli of all the designated radial distances along S-axis (Fig. 5.1(a)).
For some points, measured displacements of microbubbles were not detectable because of
the misalignment between the excitation transducer and microbubbles. Those points were

left as blanks in Fig. 5.3.
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Figure 5.3:
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Young’s modulus measurements of three groups: (a) old bovine (25-30
months old), (b) young bovine (6 months old), and (c) young porcine (6
months old). Radial distance is S-axis in Fig. 5.1(a). and 0 mm in the radial
distance corresponds to the center of the lens. Four samples were used for
each group. Solid lines in (a), (b), and (c) are mean values over samples for
each measurement point. (d) Comparison of Young’s modulus dependences
with respect to radial distance for three groups. Measurement points in (d)
are reproduced from plots (a), (b), and (c). Examples of detailed dynamics
of the laser-induced microbubbles in old bovine lenses (dotted and solid
arrows in (a)) are shown at Fig. 5.2(a). Three measurement trials were
performed at each measurement point in each sample and error bars are
plus/minus one standard deviation.
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Figure 5.3:
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Young’s modulus measurements of three groups: (a) old bovine (25-30
months old), (b) young bovine (6 months old), and (c) young porcine (6
months old). Radial distance is S-axis in Fig. 5.1(a). and 0 mm in the radial
distance corresponds to the center of the lens. Four samples were used for
each group. Solid lines in (a), (b), and (c) are mean values over samples for
each measurement point. (d) Comparison of Young’s modulus dependences
with respect to radial distance for three groups. Measurement points in (d)
are reproduced from plots (a), (b), and (c). Examples of detailed dynamics
of the laser-induced microbubbles in old bovine lenses (dotted and solid
arrows in (a)) are shown at Fig. 5.2(a). Three measurement trials were
performed at each measurement point in each sample and error bars are
plus/minus one standard deviation.
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Shear viscosity was also evaluated with our microbubble approach. Mean and
standard deviations of shear viscosity are shown for each lens sample (Fig. 5.4(a)) and all
lens samples (Fig 5.4(b)). Generally, old bovine lenses had the highest shear viscosity
(1.32+0.12 Pa's) and young porcine lenses had the lowest values (0.87£0.08 Pa-s).
Young bovine lenses had medium shear viscosity values (1.0£0.12 Pa-s). Shear viscosity
values of lenses of three groups are independent with each other by the student’s t-test
results after comparing p-values of three combinations: old and young bovines, young
porcine and bovine, and old bovine and young porcine (p<0.01 for all cases, Fig. 5.4(b)).

Microbubble approach can differentiate shear viscosity values of lenses from different

groups.
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Figure 5.4: (a) Shear viscosity measurements of four lens samples from three groups.
Horizontal axis represents the sample (lens) number and vertical axis is
shear viscosity. (b) Averaged shear viscosity values of all lens samples from
each group. Error bars are plus/minus one standard deviation. Obtained
shear viscosities of lenses from three groups are compared by student’s t-test
and the differences of shear viscosity between three groups are statistically
significant (p<0.01).
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5.4 DISCUSSION

In this Chapter, the mechanical properties of ex vivo animal crystalline lenses
were estimated using a laser-induced microbubble interrogated by impulsive acoustic
radiation force. The approach was validated by comparing reconstructed Young’s
modulus of ex vivo bovine lenses with direct indentation measurement in our previous
studies [142]. The mechanical properties of animal crystalline lenses were estimated for
different ages of the same species and different species of the same ages to investigate
age-related changes and location-dependent variations in the mechanical properties of
lenses.

The laser-induced microbubble approach has two advantages when measuring the
viscoelastic properties of crystalline lenses. First, this approach can assess the local
mechanical properties within lenses. Microbubbles remotely generated by laser-induced
optical breakdown are small and location specific. Usually, the diameter of laser-induced
microbubbles is in the order of one hundred micrometers, which enables us to measure
the viscoelastic properties of a small area in the crystalline lenses. Moreover,
microbubbles can be created at any location within a crystalline lens thus allowing
investigation of the gradient of the mechanical properties within a lens. Secondly, I do
not need to dissect the lens for measurements. Once the inner structure is disturbed by the
sectioning of lenses for the experiments, the natural mechanical properties could be
subject to change. Moreover, freezing and thawing for easy sectioning of lenses also
could change the natural characteristics of a crystalline lens [117, 129]. Thus, the
microbubble approach is a good candidate to be extended to in vivo studies because it can
assess local mechanical properties of crystalline lenses without affecting the natural

structures of a crystalline lens.
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I observed location-dependent variations of Young’s modulus within a lens from
all three groups. The Young’s modulus of old bovine lenses continuously increases
approximately 10 fold from their outer cortex to their nucleus. Lenses from young bovine
and porcine do not have dramatic changes in Young’s modulus compared to the case of
old bovine lenses; however, they also demonstrate spatial variation of Young’s modulus,
as reported by other groups [27, 39]. Qualitative measurements of viscoelastic properties
of young (6 months old) and old (2-5 years old) porcine lenses were performed [27].
Even though they did not provide absolute values of Young’s modulus, they found the
tendency of the changes of mechanical properties of porcine lenses. The central part was
stiffer than the cortex and the stiffness of young porcine lenses was less than that of old
porcine lenses. Quantitative measurements of Young’s modulus of Young (6 months old)
porcine lenses showed the similar tendency with the highest Young’s modulus at the
center and the lowest values at the periphery [39]. In human studies, it turned out that
age and location dependences of the mechanical properties of lenses were more drastic
than those in animal crystalline lenses [40, 41]. Therefore, the results from animal studies
cannot be directly translated to humans.

The preliminary results of shear viscosity measurements of lenses from three
groups show that the microbubble approach can be used as a technique to identify the
shear viscosity of a crystalline lens. The microbubble approach can differentiate shear
viscosity values of different groups (Fig. 5.4(b)). Shear viscosity, as measured with the
microbubble approach, changes from species to species but does not change much within
one lens or one species. In the future, further studies will be performed to verify the
precision and the accuracy of the microbubble approach as a measurement technique for

shear viscosity.
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Location-dependent variations in a lens can provide important information to
develop the mechanism of accommodation. Our microbubble approach has the potential
to be extended to in vivo experiments by combining laser-based surgical procedures in
the lens such as femtosecond lentotomy [3, 143]. In vivo measurements of the mechanical
properties of human crystalline lenses will significantly help to develop our

understanding of the mechanism of accommodation and the development of presbyopia.
5.5 CONCLUSIONS

The laser-induced microbubble approach enables accurate measurements of the
mechanical properties of ex vivo animal crystalline lenses. Age-related changes in
Young’s modulus were observed between old and young animal crystalline lenses. The
Young’s modulus at the central region of lenses from the old bovine is much higher than
that from young bovine and porcine. Generally, the absolute values of Young’s modulus
of lenses from old bovine are larger than those from young animals. Location dependence
of Young’s modulus in lenses from all three groups was also found even in young animal
lenses. From the Young’s modulus measurements of the three groups, the central region

is stiffer than the peripheral region.
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Chapter 6: Local variations of the mechanical properties of porcine
vitreous humor

ABSTRACT

Local variations of the mechanical properties of the vitreous humors of young (6
months old, n=4) and old (2-3 years old, n=4) porcine are presented. The mechanical
properties of vitreous humors of the two groups were measured in an anterior-to-posterior
direction. A microbubble-based acoustic radiation force approach was used to assess the
local mechanical properties of vitreous humors. An impulsive acoustic radiation force
was applied to a laser-induced microbubble, generated by focusing a nanosecond pulsed
laser beam at various locations in vitreous, and using a custom-made high pulse repetition
frequency ultrasound system enabled us to measure the dynamics of the microbubble
every 10 us. Based on measured dynamics of the microbubble, the Young’s moduli of
vitreous were reconstructed. No significant age-related changes in the mechanical
properties of the vitreous were observed between the two groups. Young’s modulus near
lens (anterior) was 45.9+5.4 Pa and 37.0+4.3 Pa for young and old porcine vitreous,
respectively. These values were at least 2 times and 6 times larger than Young’s moduli

at posterior and central regions, respectively.
6.1 INTRODUCTION

The vitreous humor is a clear gelatinous network that provides the pathway to
light to make an image on the retina and the basic structures to maintain the shape of the
eye globe. Water occupies almost 99% of the total weight of the vitreous and the rest of
the vitreous is salt, protein (mainly collagen type II [42, 144]), glycosaminoglycans
(hyaluronic acid, chondroitin sulfate, and heparin sulfate [29]), and other chemical
compositions. The combination of collagen fibrils and hyaluronan is responsible for the

mechanical properties of the vitreous [4, 145].
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As age advances, vitreous liquefaction begins [75, 146, 147] and one possible
explanation of the liquefaction is the aggregation between collagen fibrils, resulting in the
collapse of the network inside the vitreous [148]. However, vitreous liquefaction with age
is not fully understood because of a lack of reliable measurements of the mechanical
properties of the vitreous in its natural state, which has made it difficult to understand the
relationship of the chemical composition and microstructure to the mechanical properties.

Further age-related changes due to vitreous liquefaction are posterior vitreous
detachment (PVD)[149, 150] and retinal detachment, which is directly related to
blindness, may be caused by PVD [151-153]. For severe cases of retinal detachment,
surgical intervention is needed, called vitrectomy [30, 154-156]. Vitreous substitutes,
which fill the empty space of the vitreous during vitrectomy, should resemble the
mechanical properties of the vitreous to maintain the proper intraocular pressure inside
the eye globe and physiological actions such accommodation.

Moreover, vitreous liquefaction causes another problem regarding the
pharmacological treatment of vitreoretinal diseases. To maximize the therapeutic
advantages and minimize the side effects to the tissues of intravitreally injected drugs,
drug concentrations and distributions should be predicted before injection [157]. The
efficacy of drug delivery through the vitreous decreases due to the reduction of gradients
in the drug concentration in the liquefied area, which has lower mechanical properties
[158]; therefore, precise measurements of the mechanical properties of the vitreous
humor help to understand drug transport in vitreous with liquefied regions.

Numerous experimental trials to measure the mechanical properties of the
vitreous humor have been done: nuclear magnetic resonance imaging for the liquefaction
of the vitreous [159]; dynamic mechanical measurements with compression [46]; the

relaxation of the scattering pattern in the human eye [47]; bulk measurements using
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cleated tools [49]; and cavitation rheology technique [50]. Researchers qualitatively
measured phenomena related to physiological changes in the eyes [46, 47, 159]. By using
25 mm diameter cleated tools, the mechanical properties of bulk vitreous was measured
quantitatively [49]. In this method, local mechanical properties cannot be obtained.
Lately, in vivo measurements of the mechanical properties of vitreous humor were taken
using the relationship between applied pressure and the size of cavitation bubbles at the
needle tip [50]. In vivo measurements of the mechanical properties of the vitreous humor
had higher values than those from literature results. Monotonic decrease in the
mechanical properties of vitreous humor after removal from the eye due to the collapse of
the internal network was also reported in previous studies [49, 50]. In our measurements,
the vitreous was maintained in the eye to keep the in vivo state as much as possible while
three regions of the vitreous were remained membrane intact for experimental necessities.

Microbubble-based acoustic radiation force was introduced as a technique to
remotely measure the localized viscoelastic properties of soft tissues, by combining
microbubbles created by laser-induced optical breakdown and acoustic radiation force
[27,96, 141, 160]. The measurement technique had already been applied to the eye lenses
[142]. Now, with simple modifications of the measurement system, this approach can be
used to measure the mechanical properties of vitreous humors.

In our previous work, I validated our theoretical model[104] of the dynamics of
rounded objects such as solid spheres[102, 122] and laser-induced microbubbles[100]
under acoustic radiation force in a viscoelastic medium. The high pulse repetition
frequency ultrasound system was developed and tested in ex-vivo studies on bovine
crystalline lenses [142]. Moreover, the measurements of Young’s modulus of ex vivo

animal crystalline lenses for various species and ages were performed[142].
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In this Chapter, I measured the viscoelastic properties of the vitreous humors from
6-month old and 2 to 3-year old porcine in an anterior-to-posterior direction to explore
age-related changes and location-dependent variations in the viscoelastic properties of the
vitreous humor. I generated a laser-induced microbubble at four different locations in a
vitreous by focusing a nanosecond laser pulse using a custom-made objective lens. After
an impulsive acoustic radiation force displaced the laser-induced microbubble, the
displacement of the microbubble was measured by a custom-built high pulse repetition
frequency ultrasound system. Reconstruction of Young’s modulus of the vitreous was
performed by comparing microbubble displacements obtained by experimental
measurements and theoretical calculations. I compared the mechanical properties of the
vitreous humors at four different locations from the anterior to posterior of the vitreous to

investigate location-dependent variations.
6.2 MATERIALS AND METHODS

6.2.1 Vitreous humor preparation

Eight porcine eyes, four from 2 — 3 years old and four from 6 months old pigs,
were obtained from the Sierra for Medical Science, Inc. (Whittier, CA) and they were
shipped over night in the thermo-insulated box with ice packs. All the experiments were

done within 10 hours after they arrived at our facility.
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Figure 6.1:
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Laser-induced microbubble locations in the porcine vitreous humor. (a) 3D
view of the vitreous humor with three holes (A, B, and C) in sclera. (b)
Front view of vitreous humor. Laser-induced microbubbles were generated
along the x-axis and positions from 1 through 4 were shown. (c) Zoomed
view of the first position (P1, anterior part) and a microbubble observed by a
microscope during the experiments.
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Prior to the experiments, to maintain the shape and the orientation of the vitreous,
I made a base that mimicked the shape of the eye with 6 wt % gelatin. The vitreous sat on
the gelatin base during the microbubble experiments. For the laser-induced microbubble
experiments, A, B, and C zones (Fig. 6.1(a)) were removed from the sclera for the
following respective purposes: light delivery to create a laser-induced microbubble (A),
ultrasound wave propagation (B), and the microbubble size observation using an optical

microscope (C).
6.2.2 Microbubble generation in the vitreous humor

Laser-induced microbubbles were generated along the x-axis and positions from 1
through 4 were shown (Fig. 6.1). The first location of the laser-induced microbubble (P1
in Fig. 6.1(b) and 6.1(c)) was 500 ym from the center of the posterior of lens for all
vitreous humors. The distances between two adjacent laser-induced microbubbles were
2.3 mm and 3.3 mm for young and old porcine vitreous, respectively. Thus, total
distances from the first microbubble (P1) to the last microbubble (P4) were 7 mm and 10
mm for young and old porcine vitreous, respectively. Distances (D) from the surface of
the lens to the apex of the vitreous were 11 and 16 mm for young and old porcine
vitreous humors, respectively. Thus, the ratios of the microbubble locations (P1 — P4) to
total distance (D) were kept uniform (about 0.7) for the comparison of mechanical

properties of vitreous humors from young and old porcine.
6.2.3 Experimental system and signal processing

I generated laser-induced microbubbles inside the vitreous humor at desired
locations by using a pulsed Nd:YAG laser (A=532nm, Polaris II, Fremont, CA) with 5 ns
pulse duration and 8 mJ energy and a custom-built objective lens that had desired

numerical aperture (1.13) and working distance (8.0 mm). By focusing the laser beam
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with the objective lens, I could control the shape and size of a laser-induced microbubble
[109]. The size of the microbubble was monitored by an optical microscope (Dino-Lite

AMA411T, Wirtz, VA) operating at 230x magnification.
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Figure 6.2: A schematic view of the experimental setup. A vitreous humor was
positioned on a gelatin base that mimicked the shape of the eye globe to
prevent the vitreous from collapsing in the holder and a microbubble was
produced by a focused laser beam inside a vitreous. A 3.7 MHz ultrasound
excitation transducer was used to generate acoustic radiation force applied
to a microbubble (dashed arc). The motion of a microbubble was tracked by
two 25 MHz ultrasound transducers (T and R) — the separation of transmit
(T) and receive (R) transducers allowed for high pulse repetition frequency
(solid arc). In this chapter, I used 100 kHz PRF for the entire experiments.
In addition to ultrasound measurements, the size of the microbubble was
monitored by an optical microscope.
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A vitreous humor was positioned on a gelatin base in a holder. The holder was put
in phosphate buffered saline (Sigma-Aldrich, Inc., St Louis, MO) to minimize the
viscoelastic property changes of vitreous. The holder was attached to 3D translation
stages and moved to generate laser-induced microbubbles at different locations (P1-P4 in
Fig. 6.1) in the vitreous. An ultrasound excitation transducer (center frequency=3.7 MHz,
F/#=2, and bandwidth=17%, Valpey Fisher, Hopkinton, MA) and ultrasound transducers
T and R (center frequencies=25 MHz, F/#=4, and bandwidth=51 and 53 %, Olympus-
NDT, Waltham, MA) were located at the top of the cuvette to displace and to track the
microbubbles in vitreous, respectively. The foci of the three transducers were aligned at
the location of the microbubble. By separating ultrasound transducers T (transmit) and R
(receive), I could use desired pulse repetition frequency and set it as 100 kHz [142].

As shown in Fig. 6.2, the main control generated a train of sine pulses for pulse-
echo probing using ultrasound transducers T and R and a top hat pulse for the excitation
of microbubble using ultrasound excitation transducer. Both pulses for probing and
excitation were amplified by radiofrequency (RF) power amplifiers A (gain=55 dB, E&I
model A150, E&I, Rochester, NY) and B (gain=50dB, ENI model 2100L, ENI,
Rochester, NY), respectively. The train of sine pulses from main control and the
backscattered ultrasound echoes, acquired by ultrasound transducer R and amplified by
the ultrasound receiver (DPR 300 Pulser / Reciever, JSR Ultrasonics, Pittsford, NY),
were saved at two channels of the analog-to-digital data acquisition card (A/D card,
CompuScope 12400, GaGe Inc., Montreal, Canada). Therefore, RF raw data were
comprised of the train of sine pulses and backscattered ultrasound echoes. The generation
of acoustic radiation pulse started with the delay of 60 us after the first sine pulse was
launched and the duration of the acoustic radiation pulse was 2.4 us. Arrival time of the

first echo defined the initial location of the microbubble and changes in the arrival times
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of the following echoes determined the microbubble displacement using a cross-
correlation speckle tracking method [121]. The kernel size and search window for cross-
correlation tracking were 94 um and 188 um, respectively.

Reconstruction of Young’s moduli of vitreous humors using microbubble
approach was performed by finding the best fit between displacement profiles measured
by the microbubble experiments and calculated by theory [100]. Once the experimentally

measured time of maximum displacement of microbubble (t,,,, Fig. 6.3) was matched to

max?

the theoretically calculated t,,,, the value of the scaling factor of acoustic radiation force

was chosen to match experimentally observed displacements with theoretically calculated
displacements. Three measurements were performed to each microbubble at different

positions in each sample. The shear viscosity was found by comparing decaying profiles

of microbubble displacements from theory and experiments.
6.3 RESULTS

Experimentally measured and averaged displacements from three measurements
at two different positions (P1 and P2 in Fig. 6.1(b)) in the young porcine vitreous humor
are shown in Fig. 6.3(a). Theoretical calculations of microbubble displacements
corresponding to the experimental measurements are shown in Fig. 6.3(b). Averaged
Young’s moduli are 12.5 Pa (thick lines) and 45.9 Pa (thin lines) and the radii of the
microbubbles are 212 um (thick lines) and 71£3 ym (thin lines). Times of maximum
displacement (t

) are indicated at Fig. 6.3. After matching t,,, between experiments and

max. max

theory, the decaying profiles were compared to find shear viscosity. For two cases in Figs
6.3(a) and 6.3(b), the shear viscosities are found as 0.025 Pa-s (thick lines) and 0.055 Pa-
s (thin lines). Measured displacements of microbubbles in Fig. 6.3 are noisier than those

in Chapters 4 or 5 (Figs. 4.4, 4.8, 5.2). It is not yet clear but the difference in Young’s
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modulus of the surrounding medium may affect noise because the vitreous humors have
much lower Young’s modulus than the crystalline lenses have (three orders difference in

magnitude).
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Figure 6.3: (a) Experimentally measured and averaged displacements from three trials
on microbubbles at two different positions in the vitreous and (b)
theoretically calculated displacements of microbubbles in response to 2.4 us
of the acoustic pulse (starting at 60 ys). Averaged Young’s moduli (E) are
12.5 Pa (thick lines) and 45.9 Pa (thin lines) and the shear viscosities, used
for theoretical calculations, are 0.025 Pa-s (thick line in (b)) and 0.055 Pa-s
(thin line in (b)). The radii of the microbubbles are 21+2 ym (thick lines)
and 71%£3 ym (thin lines). Time of maximum displacement of microbubbles
is indicated as t,,,,.. Thick and thin lines in (a) and (b) correspond to dashed
and solid arrows at Fig. 6.4 (a).

107



The dynamics of a microbubble depends on its radius (R), so direct comparison
between the two cases in Fig 6.3(a) is impossible. However, because the maximum
displacement of the microbubble (U

) and the time of maximum displacement (t,,,) are

max. max.

proportional to R [100], I can observe the general behavior of the microbubbles under

acoustic radiation force in different regions. As would be expected, U, in stiff region

(thin line in Fig 6.3(a)) is smaller than that in soft region (thick line in Fig. 6.3(a)).

However, contrary to expectation, t,,, for stiff region (thin line) is larger than that for soft

region (thick line). The reason is that the microbubble radius at stiff region (thin line) is
over three times larger than that at soft region (thick line). In other words, if the same size

of microbubble is considered, t

% "max

at stiff region would be smaller than that at soft region
as expected.

Young’s modulus (E) reconstruction using laser-induced microbubbles
interrogated by acoustic radiation force (duration of acoustic radiation pulse= 2.4 ys) in
an anterior-to-posterior direction in the vitreous humors from young and old porcine are
presented in Fig. 6.4. Measured values of Young’s moduli are ranged from 2.0+0.1 to
45.945.4 Pa for young porcine vitreous and 5.2+0.2 to 37.0+4.3 Pa for old porcine
vitreous depending on the locations within the vitreous. Anterior part (P1 in Fig. 6.1(b))
is the stiffest region and the central area has the lowest Young’s modulus value as shown
in Fig. 6.4. The main point is that local variation of the mechanical properties exists in an
anterior-to-posterior direction in the vitreous humor. But no significant age dependence is

observed for this study between the two different age groups (6 months vs. 2-3 years old).
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Figure 6.4: Measurements of Young’s moduli of virtreous humors from (a) young
porcine (6 months old) and (b) old porcine (2-3 years old). (c) Comparison
of Young’s modulus of vitreous between young and old porcine. Solid and
dashed lines in (a), (b), and (c) are averaged Young’s modulus at each
position. Positions are indicated at Fig. 6.1(b). Four samples were used and
three measurements were taken on one microbubble at each position.
Detailed dynamics of the laser-induced microbubbles at the dashed and solid
arrows are in Fig. 6.3. Error bars are plus/minus one standard deviation.
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Figure 6.5: Measurements of shear viscosity. Triangles and circles indicate the shear
viscosity of young porcine and old porcine, respectively. At each position,
the average value and the error are from the shear viscosity values of four
samples. Error bars are plus/minus one standard deviation.

The corresponding shear viscosities of vitreous humors from young (n=4) and old
(n=4) porcine are ranging from 0.023+0.01 to 0.051+0.004 Pa-s and from 0.025+0.01 to
0.037+0.01 Pa-s, respectively. The shear viscosity values of the anterior and the posterior
regions (P1 and P4) from Young porcine are larger than those from old porcine, but at the
central regions (P2 and P3), values of the two groups overlap. The tendency of shear
viscosity with respect to positions is similar to that of Young’s modulus (Fig. 6.4) for

both young and old vitreous.
6.4 DISCUSSION

I measured Young’s modulus of vitreous humors of young (6 months old) and old
(2-3 years old) porcine using laser-induced microbubbles interrogated by acoustic
radiation force. I chose pig vitreous humors as a surrogate of human vitreous after

considering the several characteristics of vitreous such as volume, collagen content,
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hyaluronic acid content, and protein content [161]. By using a microbubble-based
acoustic radiation force approach, I could characterize the local variations of the
mechanical properties of vitreous. In addition, I also compared the changes in the
mechanical properties of vitreous with age, but almost no changes in Young’s modulus
regarding age were observed. One possible explanation of no dependence on age is that
most lower mammals have relatively small changes with age in the vitreous body [161].
Thus, a human vitreous study should be done as a future study.

The shear viscosity of the vitreous also can be evaluated based on the measured
dynamics of the microbubble. The shear viscosity (Fig. 6.5) has a similar local variation
to Young’s modulus (Fig. 6.4). The anterior part of the vitreous has higher shear viscosity
than the posterior and central parts while the lowest values exist at the central regions.
These preliminary results show that it is possible to use our microbubble approach to
measure the shear viscosity of soft tissues. As a part of future work, I need to validate our
microbubble approach to test precision and accuracy as a measurement technique for
shear viscosity.

To secure the measurement positions (P1-P4 in Fig. 6.1(b)), I kept the vitreous
inside the sclera, with other parts such as the lens. Difficulties in vitreous humor
experiments are that no landmarks that guide the orientation of the vitreous exist and
distortion of the shape of the vitreous occurs if the vitreous are taken out of the eyes. I
could track the anterior, central, and posterior parts of the vitreous by observing the
locations of other components, such as the lens, that could be distinguished by bare eyes
(Fig. 6.1(c)). Moreover, to prevent the distortion of the vitreous during the experiments, |
also made a gelatin base. The gelatin base had the same shape as the eye globe so that the

prepared vitreous humor could be maintained without distortion.
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Changes in the mechanical properties of vitreous with time could affect the results
of measurements. Other groups [49, 50] reported that the mechanical properties of
vitreous decreased monotonically after the removal of vitreous from the sclera and the
changes were even accelerated if the vitreous membrane was disrupted. First of all, to
avoid the time effects of the mechanical property decrease, most parts of vitreous were
kept inside the sclera (Fig. 6.1). As already stated, three holes (A, B, and C in Fig. 6.1(b))
were needed for the experiment and the vitreous membranes could not be not disrupted
(membrane intact). Secondly, the experiments were completed as quickly as possible.
Within 5 minutes, the vitreous humor with three holes was prepared and within 20
minutes, 12 measurements, three measurements at four positions (P1-P4), were
completed. Moreover, to compensate the time effects at different positions,
measurements were repeatedly performed at different times. In other words, the first
measurement started from the anterior part and ended at the posterior part and the second
trial was done in the reverse order. The last measurement had the same order as the first
one. Averaging three trials could even out the position dependent bias that might occur if
the measurements were performed only in one direction.

The mechanical properties of vitreous humors of porcine, bovine and humans
were reported as ranging from 0.15 to 660 Pa [46, 47, 49, 50]. Some results in the
literature were extremely low compared to our results [46, 47]. The storage moduli of
porcine and bovine vitreous measured with cleated tools [49] and with cavitation
rheology technique [50] were comparable to our results. In our experiments, local
variations within the vitreous were clearly seen for both young and old porcine vitreous
humors. This result corresponds to the variations in the concentrations of collagen fibrils,
reported in the literature [46]. Moreover, recently, the load-bearing struts (collagen

fibrils) and tensile force (hyaluronan) hypothesis has been suggested to explain the origin
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of the mechanical integrity of the vitreous [49]. By combining these observations, one
possible reason for the local variations in the vitreous humors comes from the
concentration differences in chemical compositions such as collagen fibrils and

hyaluronic acid.
6.5 CONCLUSIONS

The mechanical properties of vitreous humors of young and old porcine were
measured and local variations in Young’s modulus of both groups were observed. But
age dependence in Young’s modulus of vitreous humors between the two groups was not
clearly observed. Young’s moduli at the anterior region of vitreous were higher than
those at central and posterior regions while the central region had the lowest Young’s
modulus. The local variations of the mechanical properties in vitreous correspond to the
distribution of collagen fibrils, which provide viscoelastic properties to vitreous with

hyaluronan.
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Chapter 7: Conclusions and future directions

7.1 CONTRIBUTION OF THIS WORK

The main goal of this dissertation is to develop an approach to measure the
mechanical properties of soft tissues using a laser-induced microbubble interrogated by
acoustic radiation force. A concomitant goal of the research was the development of a
high pulse repetition frequency (PRF) ultrasound system. This system has the ability to
sample the dynamics of a laser-induced microbubble under externally applied forces
every 1 us. The main contributions of the overall approach are:

1. Quantitative measurements of the mechanical properties of soft tissue by

combining experimental measurement and the theoretical model.

2. The measurements of local mechanical properties of tissues.

3. Minimum invasiveness, which does not disturb the natural state of tissues.

While the first contribution of my work is a methodology of how to effectively
estimate the viscoelastic properties of soft tissue, the second contribution is in terms of
biological phenomena. I found age-related changes and location-dependent variations of
animal crystalline lenses, which accompany the physiological changes and developmental
growth of crystalline lenses [162-164]. Local variations in the porcine vitreous humor
were also observed. This variations could be explained by the concentration variations of
collagen fibrils and hyaluronic acid, which are responsible for the mechanical integrity of

the vitreous [46, 47, 145, 165].
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7.2 CONCLUSIONS

The mechanical properties of ex vivo animal intraocular tissues such as the
crystalline lens and the vitreous humor were successfully measured using a laser-induced
microbubble interrogated by acoustic radiation force. The custom-built objective lens,
which had a numerical aperture of 1.13 and a working distance of 8.0 mm, effectively
focused a nanosecond laser pulse to create a laser-induced microbubble at desired
locations in a tissue sample. Using the microbubble as a probing tool allowed us to
measure the local mechanical properties of the sample. A high pulse repetition frequency
(PRF) ultrasound system accurately tracked the dynamics of the microbubble with a
precision of up to 1 us. A theoretical model that predicted the dynamics of a laser-
induced microbubble displaced by externally applied forces successfully reconstructed
the mechanical properties of animal ocular tissues. The combination of experimental
measurements and theoretical calculations enabled us to estimate the viscoelastic
properties remotely and with minimum invasiveness.

Age-related changes in Young’s modulus were observed between old and young
animal crystalline lenses. The absolute values of Young’s modulus of lenses from old
bovine are larger than those from young animals throughout the whole measurement
range. The Young’s modulus especially at the central region of lenses from the old
bovine is much higher (5 times) than that from young bovine and porcine. Generally,
location dependence of Young’s modulus in lenses from all three groups was also found
even in young animal lenses. From the Young’s modulus measurements of lenses from
old and young bovine and young porcine, the central region is stiffer than the peripheral
region (2-5 times).

However, age dependence in Young’s modulus of vitreous humors between the

young and old porcine was not clearly observed. Young’s moduli at the anterior region of
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vitreous were higher than those at central and posterior regions while the central region
had the lowest Young’s modulus for both groups. The local variations of the mechanical
properties in vitreous correspond to the distribution of collagen fibrils, which provide

viscoelastic properties to vitreous with hyaluronan.
7.3 FUTURE DIRECTIONS

7.3.1 Toward in vivo experiments

A femtosecond laser would provide more stable and safe generation of a laser-
induced microbubble. Due to its low optical breakdown threshold, damages to the
collateral tissues in the eye would be greatly diminished [61, 109, 166]. In addition to
employing a femtosecond laser, an objective lens with a sufficiently large numerical
aperture (NA) would avoid a change of the focal spot size by nonlinear beam propagation
[54, 167]. For a nanosecond laser pulse, a relatively low NA can generate a stable focal
spot. However, once the pulse duration is decreased to femtosecond range, an NA of at
least 0.9 is required to produce a stable focal spot size because of self-focusing [5]. It is
actually impossible to achieve locally-confined energy deposition into the bulk media
such as the crystalline lens and the vitreous humor with a femtosecond laser pulse using a
low NA. A high NA would ensure both a smaller diffraction-limited focal diameter and a
filamentation-free focal area [168-170]. Moreover, the correction of spherical aberration
by employing glass elements (lens doublets or triplets) would insure that the peripheral
rays and axial rays are focused into a common spot [171].

An integrated system for in vivo measurements of the mechanical properties of
ocular tissues should be designed and developed. /n vivo experiments are necessary,
because the postmortem eye may not provide the exact viscoelastic properties of ocular

tissues. However, integrating optical parts and ultrasound parts would be challenging.
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First of all, the in vivo setting only allows us to use one side of the sample while in this
dissertation I can access the sample in all directions. An integrated annular objective lens
and ultrasound transducers can provide the solution to this problem. In the central part, an
objective lens would be positioned and three annular transducer elements would surround
the objective lens for acoustic radiation force generation and ultrasound pulse-echo
probing. Because the transducer elements would have holes in the middle, the wave
propagation characteristics would change. Wave propagation should be calculated and
optimized using wave propagation theory such as the angular spectrum method.
Secondly, coupling between the in vivo target and transducers should be secured. A
cuvette with an impedance matching diaphragm would couple an in vivo eye and
ultrasound transducers by filling the cuvette with water or ultrasound gel.

Optical measurement techniques may be adapted for better resolution. For
example, phase-sensitive optical coherence tomography (OCT) can detect 30 nm surface
modulations [122]. Because the size of a femtosecond laser-induced microbubble would
be smaller than that of a nanosecond laser induced microbubble, both the time of
maximum displacement and the maximum displacement of a microbubble will decrease.
Thus, I would need a probing system to detect the dynamics of a microbubble with high
temporal and spatial precisions. An optical measurement technique such as OCT would

be a good candidate to perform this mission.
7.3.2 Mechanical property estimation using radial oscillations of a microbubble

Another method to measure the mechanical properties of soft tissues would be to
use the breathing (radial oscillation) motion of a microbubble. Unlike the work
performed in this dissertation, the changes of the radius of a microbubble would depend

on the viscoelastic properties of the surrounding medium. This theoretical work has been
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done by our group [172, 173]. The basic equation of the microbubble oscillation [172,
173] is

RE+ 2R =1
2 P

14

3y -
P (%) -Pw-g(m-%‘j-zmg , 7.1)

where R is the radius of a microbubble and R and R are time derivatives of R.

1 U
P(R)|= R
470R~ OR

) is the effective pressure resulting from shear stress and U, is the

internal energy of the elastic medium. p, o, Yy, and n are the density of the
surrounding medium, the surface tension, specific heat ratio, and shear viscosity,

respectively. Fy,

P, and Rjare the pressure in a microbubble, the pressure at infinity,
and equilibrium microbubble radius, respectively. The second-last and the last terms in
equation 7.1 indicate the effects of surface tension and viscosity, respectively.
Experimentally measured microbubble oscillation is shown in Fig. 7.1. When a
laser-induced microbubble was created by an optical breakdown of a focused laser pulse,
the microbubble had several (or just one) numbers of growth and collapse depending on
the mechanical properties of the surrounding medium. The measurements were
performed by the high PRF ultrasound system (PRF=1MHz) that was discussed in
Chapter 4. The changes of the radius of a laser-induced microbubble in different bovine
crystalline lenses were observed. The times of the first collapse and rebound of a
microbubble depend on Young’s modulus (£) and shear viscosity (77) of surrounding
medium. The current system, unfortunately, captures the oscillation of the microbubble
after the microbubble starts oscillating. As a future project, I would like to develop a
system to track the oscillations of the microbuble before the oscillations start. The

negative displacements in Fig. 7.1 are due to the delay between the starting point of the

measurements and real oscillations.
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Reconstruction of the mechanical properties of soft tissues would be achieved by
the combination of the theoretical model and the experimental measurements of the

oscillations of a laser-induced microbubble.
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Figure 7.1: The oscillations of a laser-induced microbubble radius. Solid line indicates
the bubble oscillation in a young bovine crystalline lens (Young’s modulus
(E) = 3kPa). Dash-dotted and dashed lines present the bubble oscillations in
an old bovine crystalline lens in different locations (E=23 kPa and E=5
kPa).

7.3.3 Reconstruction of the mechanical properties and its interpretation

Reconstruction of the mechanical properties was performed using a theoretical
model of a laser-induced microbubble. Measured displacement of the microbubble was
compared to the theoretical calculations. The main concern is how to minimize the gap

between the theoretical model and measured displacements of the microbubble for better
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reconstruction. Assumptions about the medium in the theory do not represent the exact
structures of the crystalline lens and the vitreous humor. Given the natural structural
anisotropy and inhomogeneous of the ocular tissues, these factors should be taken into
account for future model development.

Finally, the macro-level of studies, the reconstruction of the mechanical
properties, would be combined with the microstructure and molecular point of view. To
date, these two areas in biomedical engineering have built own territories rather than
mingled together. The clinical meaning of reconstructed mechanical properties should be
interpreted as biochemical aspects and vice-versa. Thus, clinical diagnosis and
therapeutic planning for disease treatment would effectively be achieved when these two

areas will work in concert.
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