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ABSTRACT

This dissertation reports on the application of optical coherence tomography (OCT)
based elastography technique to assess the biomechanical properties of crystalline lens
tissue noninvasively quantitatively. This work is summarized in four sections: 1) Assessing
the Effects of Storage Medium on the Biomechanical Properties of Porcine Lens with
Optical Coherence Elastography; 2) Optical Coherence Elastography of Cold Cataract in
Porcine Lens; 3) The Mechanical Properties of Oxidative Cataract and the Potential
Medical Treatment Measured by Optical Coherence Elastography; 4) Age-Related
Changes in Rabbit Lens Viscoelasticity by Surface Wave Dispersion Analysis. These
methods and applications are demonstrated with experiments on both tissue-mimicking
phantoms (gelatin and agar) and lens (porcine and rabbit) ex vivo and in situ under different
conditions (medium preservation, cold cataract, oxidative cataract, aging). This
dissertation represents the frontier and emerging research area of noninvasive optical
coherence elastography. It is expected to contribute to the field of quantitative

biomechanical assessment with research and clinical-based applications.
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CHAPTER | — Introduction and Background
1.1 Crystalline Lens

The crystalline lens is critical to the focusing ability of the human eye responsible for
the accommodation process [1]. To a large extent, the capacity of the lens to change
refractive power is affected by the aging process or eye diseases [2, 3]. The biomechanical
properties of the lens usually change with age (presbyopia) or during certain diseases, such
as cataract [4, 5]. These conditions cause the lenticular biomechanical properties to change
significantly, including increased stiffness and reduced ability of the ciliary muscle to
control accommodation, which lead the eye to be unable to focus light on the retina when
looking at close objects [6, 7]. Our current understanding of the mechanical properties of
the lens, their changes with age, and their role in presbyopia and cataract is limited, in part
due to a lack of technology that allows measurements of the mechanical properties of the
lens in situ and in vivo. Analysis of the lens can be challenging because it is difficult to
reach directly. Noninvasive techniques are developed to indirectly investigate the bio-
tissues without any disturbance to the physiology of the patients. The ability to
noninvasively measure biomechanical properties of the crystalline lens in vivo will allow
direct objective evaluation of the outcomes of techniques to restore accommodation that
rely on lens softening, including femtosecond lasers, pharmaceutical agents, or lens

replacement with a flexible material [8-14].

1.2 Biomechanical Tissue Characterization

Tissue characterization is critical in understanding the functions of different biological
tissues in the human body [15]. In the medicine field, tissue characterization is

fundamental, especially during surgery and disease assessment. For instance, myocardial



tissue characterization through LGE and TI-weighted imaging has an enormous clinical
role in assessing ischemic heart illness and non-ischemic myocardial infections [16].
Furthermore, accurate tissue characterization is essential for scientists and doctors to
understand the human body more accurately, leading to more remarkable advancements
for human healthcare [17]. For example, the refractive index of the crystalline lens is

essential to myopia research [18].

Among tissue characterization methods, tissue biomechanical characterization is crucial
for researchers to understand tissue mechanical functions. Since lenticular biomechanical
properties are critical for the vision, as written in Section 1.1, the accurate quantification
would help people understand more about myopia, cataract, and presbyopia, or other

conditions and develop the related treatments of those conditions [19].

In order to investigate the biomechanical properties of the biological tissues, different
noninvasive methods are utilized, such as radiology, acoustics, and electromagnetics [20].
Based on the published results, it is clear that the elastic properties are significantly
different among different types of tissues [21-23]. The understanding of the elasticity
variations can improve the accuracy of the characterization of different tissues. In this
dissertation, my work combines optics and mechanics to make the new applications on
optical coherence tomography-based elastography for quantitatively characterizing the lens

tissue.

1.3 Lenticular Biomechanical Properties

Figure 1.1 shows the cross-sectional schematic of a crystalline lens. The structure of a

crystalline lens contains four parts: capsule, epithelium, cortex, and nucleus. Among them,



the lens capsule is an uninterrupted basement membrane for sequestering it from the other
ocular tissues and protecting it from the pathogen [24]. The capsule of the lens provides a
suitable environment for the lens cells [25], storing and releasing sequestered growth
factors [26] and supporting and transporting the metabolites of the lens [27]. The lens
epithelium cells are in the anterior portion of the lens capsule, and it majorly regulates most
of the homeostatic functions of the lens [28]. The lens cortex is the tissue surrounding the
lens nucleus, and the lens nucleus is the core of the lens. The crystalline lens contains
different kinds of crystallin proteins, categorized as a-crystallin, B-crystallin, and y-
crystallin [29]. The B- and y-crystallin protein construct the structure of the lens fibers and
make it elastic and viscous inside the eyeball while a-crystallin works as the chaperone for
B- and y-crystallin protein to prevent their further precipitation and lens opacity [30]. Since
both the cortex and the nucleus are constructed by lens fiber cells, there are no clear

boundaries [31].

Generally, the elasticity of the lens changes from the capsule to the nucleus and increases
during the aging process [32]. The viscosity of the lens tends to increase during the aging
process, but the accommodation capacity of the lens with age tends to decrease [33]. The
nucleus is the stiffest part for the old lens, but the cortex is the stiffest part for the young
lens [34]. The cold cataract and the age-related cataract usually happen in the nucleus [35,

36].

Investigations show that the porcine lens is viscoelastic and readily deformed [37]. The
porcine and rabbit lenses are similar to human lenses in size and have similar shear moduli.

Therefore, these lenses are good models to investigate the human lens since understanding



the lens’s viscoelastic properties can directly impact the investigation of lens deformation
and accommaodation. This dissertation discusses the porcine lens, rabbit lens, and their roles

in investigating the human lens in viscoelasticity research.

Lens Nucleus
Epithelial Cells

Capsule Cortex

Figure 1.1 Cross-sectional schematic of a human lens
I.4 Common Elastography Methods

There are different techniques developed to investigate the biomechanical properties.
For example, ultrasound elastography utilizes stiffness as the imaging principle [38, 39].
Some X-ray-based imaging technology such as X-ray and computed tomography (CT) [40,
41] can be applied to investigate the tissue biomechanical properties as well [42]. Magnetic
Resonance Elastography (MRE) started to be accepted by orthopedists in detecting
biomedical property changes such as muscle and ligament problems [43-45]. It is essential
to note that MRE and ultrasound elastography are noninvasive in vivo diagnostic methods
[39, 46, 47]. However, since some of the techniques can cause permanent damages to the
human eye or do not have resolution high enough, the noninvasive technique utilized on

lenticular biomechanical properties should be properly selected.
4



In the specific field of measuring the lenticular biomechanical properties, the biggest
concern is that the method needs to measure the lenticular properties noninvasively.
Ultrasound elastography, magnetic elastography, and supersonic shear imaging are
promising noninvasive methods for lens and cornea [48-50]. However, some of the
methods require a large amplitude to excite the tissue due to their low sensitivity to small
displacements. Moreover, because the lens is located inside the globe of the eye, between
the aqueous and vitreous humors, it is not practical to utilize invasive methods to measure

the lenticular mechanical properties.

Some newly developed methods are applicable in investigating the biomechanical
properties of the lens in vivo. Brillouin microscopy is a promising method in achieving the
depth-dependent biomechanical properties in the crystalline lens in vivo and providing
high-resolution 3D elasticity maps of the lens [51, 52]. Though Brillouin microscopy can
measure the biomechanical properties without any external excitation based on Brillouin
scattering, the quantitative approach applied for the viscoelasticity of the tissue still needs
more investigation, which means the quantification of lenticular viscoelasticity by

Brillouin spectroscopy (Brillouin system) is still not fully known [53].

Optical Coherence Tomography (OCT) is a promising, noninvasive, rapid, high-
resolution technique, and widely used in ophthalmology [54-56]. As the OCT-based
elastography can rapidly, noninvasively, and with high micrometer-scale spatial resolution,
OCT-based elastography can be utilized to measure the lens’s biomechanical properties.
This dissertation examines its application for the noninvasive assessment of lenticular

biomechanical properties.



1.5 Optical Coherence Tomography (OCT)

Optical coherence tomography (OCT) is a noninvasive imaging technique for high-
resolution images in two or three dimensions. OCT allows one to evaluate tissue’s
scattering and absorption properties in vivo with a penetration depth of 1~3 mm [15]. It
was introduced for the cross-sectional image of the retina with micron-scale axial
resolution [57]. Since James G. Fujimoto, Adolf F. Fercher, Christoph K. Hitzenberger,
David Huang, and Eric A. Swanson developed this technology 30 years ago [57], it has
been applied in many clinical areas, such as corneal imaging, angiography, tumor imaging,
dermatology, and elastography [23, 58-62]. In 1992, a startup firm called Advanced
Ophthalmic Devices, which grew from MIT, introduced the OCT system as an
ophthalmological imaging technique. OCT can be utilized to do research on lenticular
studies with further development, especially on lenticular biomechanical properties [63-

67].

In general, OCT offers three significant advantages on different applications, especially

for lenticular applications:

1) High data acquisition speed. With the fast-speed development of laser hardware,
OCT primarily relates its light source and recurrent technological advancements,
including double buffering, scan clock gating, and direct display that has led to the
creation of high-speed systems [68]. The speed of the newest ultrafast OCT system
can reach 400 million A-lines per second [69].

2) High spatial resolution. The axial resolution of OCT can be expressed based on the

central wavelength and the bandwidth of the light source [70]:
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(1.1)

where A, is the central wavelength of the light source, and 44 is the full-width half

max (FWHM) of the light source. Eq. 1.1 shows how the light source affected the

axial resolution, including its central wavelength and bandwidth. OCT applies light

sources that usually have a bandwidth of 80~150 nm, which leads to the axial
resolution of less than 10 pum.

3) Millimeter-long penetration depth. OCT imaging technique originated from low

coherence interference (LCI). The near-infrared light with wavelength between 800

nm and 1700 nm makes OCT show the about 1~3 mm depth in the high-scattering

biological tissues with high-resolution in cross-section view [71].

Generally, if the central wavelength of the light source is shorter, the axial resolution
will be higher, and broader bandwidth can result in an even higher axial resolution. The
wavelength of the light usually ranges between 800 nm and 1300 nm. There is a significant

tradeoff between axial resolution and penetration depth.

Time-domain OCT is the first generation of OCT [57]. It is developed to detect back-
scattered photons from the tissue of interest with a coherence length of the source with a
two-beam interferometer. The improved OCT system is called Fourier-domain OCT [72].
The frequency modulation spectrally encodes its depth information on the interference
spectrogram, and Fourier Transform processed the reconstruction of the images to provide
depth information. FD-OCT is further developed into two schemes: Spectral Domain OCT

(SD-OCT) and Swept Source OCT (SS-OCT). They are also called optical frequency



domain imaging. They are different in the method of construction of the spectrogram and
the components employed.
1.5.1 Spectral-domain OCT (SD-OCT)

In FD-OCT systems, like SD-OCT, the imaging depth relies on the wavelength
information, the same as the TD-OCT system. Instead of a photodetector, a high-speed
line-scan CCD camera is part of the spectral-domain OCT. The captured fringe works as a
spectrum of the interference signal. Fig 1.2 shows the schematic of an SD-OCT system.

The fringe signal detected by the CCD camera complies with the equation [73]:
I(k) = s(k)\/I;I,cos (2nkAx) (1.2)

where k = 2711 is the wavenumber (the spatial frequency of a wave), A is the wavelength,

I(k) is the intensity of the interference signal by the wavenumber k, s(k) is the light
source spectrum. With a 50/50 beam splitter, the reference arm and the sample arm should
have the same spectrum. For the particular wavenumber k, I, is the intensity from the
sample arm and [, is the intensity from the reference arm. ndx is the pathlength between
the two arms, regulated by the refractive index n. After a Fourier Transform is performed,

the fringes can be transformed to proper A-lines.
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Figure 1.2 Schematic of a typical SD-OCT system
1.5.2 Swept-source OCT (SS-OCT)
The OCT system based on the swept-source laser is called swept-source OCT (SS-OCT).

Fig 1.3 shows the schematic of an SS-OCT system. The light from the broadband laser is
split into the sample arm and reference arm. After the reference arm reflection and the
sample arm scattering, the returning light from both arms is coupled back at the other beam
splitter to interfere to generate coherent fringes. Unlike SD-OCT having a CCD to record
the whole fringe of the OCT simultaneously, the SS-OCT system applies a balanced
photodetector to record the light intensity over time. The swept-source laser is
synchronized with the data acquisition to obtain the interference spectrum as a function of
time. Therefore, the speed of the OCT system can reach up to several hundred MHz. The
typical advantages of SS-OCT compared with SD-OCT are higher imaging depth and

higher imaging speed.
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Figure 1.3 Schematic of a typical SS-OCT system
1.5.3 Phase Sensitive OCT (PhS-OCT)

The scale of the axial resolution of OCT intensity signal is micrometer-level. The
displacement sensitivity of OCT based on the phase of the OCT signal can reach nanometer
scale. Thus, the OCT system with high displacement sensitivity is called phase sensitive
OCT (PhS-OCT). In order to increase the displacement sensitivity, the phase stability of
the system is critical. Two of the crucial factors of phase stability are the phase stability of
the laser source and the stability of the mechanical movable components of the system.
Therefore, since TD-OCT needs to move the reference mirror occasionally, its phase
stability is less than that of FD-OCT. FD-OCT includes SD-OCT and SS-OCT as described
above. In the swept-source laser, there is a sweeping mirror in the laser source to generate

the narrow bands of the light by the time to form the light spectrum. In the SD-OCT system,
10



since the camera can receive the whole bandwidth of the light source at the same time,
there is no mechanical movement in the light source. Therefore, the phase stability of SD-
OCT is generally better than SS-OCT. In the dissertation, the OCE systems are built based

on PhS-OCT.

1.6 Optical Coherence Elastography (OCE)

Optical Coherence Elastography (OCE) is a promising technique to assess tissue
elasticity. OCE was first introduced in 1998 by Schmitt et al. OCT was applied to observe
the microscale deformation of biological tissue by the compression caused by a
piezoelectric actuator [74]. It shows the two-dimensional cross-correlation speckle tracking
on the tissue displacement in micrometer-scale. It is also the first in vivo OCE application

on human skin.

OCE techniques is developed by employing OCT to detect depth-resolved sample
deformation to determine tissue biomechanical properties [75, 76]. Researchers can
analyze the displacement caused by the excitation and quantitatively apply a suitable
mechanical model to measure the tissue’s biomechanical properties. As described in
Section 1.5.3, PhS-OCT can reach nanometer-scale axial displacement sensitivity [77].

Three different types of OCE techniques are applied to quantify biomechanical properties:

1) Compression OCE: compressing the tissue and then observing its local displacement

to measure the strain

2) Vibration OCE: observing the harmonic oscillation of the tissue after harmonic

excitation

3) Shear wave OCE: elastic wave propagation measurement.
11



The primary goal of this dissertation is to quantify the biomechanical properties of the
lens based on shear wave OCE. | experimented with exciting lenticular tissue and
measuring the elastic wave propagation in different lenticular models. An air-puff
excitation system is applied to generate the elastic wave propagation on the surface of the
lens ex vivo. Air-coupled ultrasound transducer and water-coupled ultrasound transducer
are introduced in the lenticular biomechanical experiments. Different sources of cataract
formation, for example, cataracts induced by low temperature or oxidative environment,
are investigated to identify changes in biomechanical properties. Moreover, the elastic
wave dispersion in the lenses of different age groups are also measured to estimate the lens

viscoelasticity.

1.7 Shear Wave Model

Several viscoelastic models have been applied for elastography investigation, such as
the Kelvin-Voigt and the Maxwell models. They have been widely used to model the
biomechanical properties of biological tissues [22]. Wave propagation in the tissue can be
used to analyze the sample’s viscoelastic properties using the previously mentioned models
[78]. This has been utilized in ultrasound elastography (USE), magnetic resonance

elastography (MRE), and OCE [23].

Based on the structure of the lens, we model the lens as a homogeneous isotropic
Kelvin-Voigt body. The wave propagation velocity of the shear wave ¢ can be determined

by its shear elasticity and viscosity through the relationship as [79]

2 2
c(w) = |[2Uaterns) (L4)

p(uy+ /u§+w2u§

12



where p is the density of the tissue, w is the frequency of the sample, u, is the shear
modulus of the tissue, and u, is the shear viscosity of the tissue, respectively. The effect of
shear modulus is much higher than shear viscosity. In this case, u, is negligible and Eq.

1.4 can be simplified to
_ |
c= S (1.5)

Therefore, the shear modulus and mass density directly determine the shear wave
velocity in the tissue. Given the Poisson’s ratio v, the Young’s modulus E of the sample

can be calculated from its shear modulus as
E=21+v). (1.6)

Since most biological tissues are composed of a high percentage of water, the Poisson’s
ratio can be estimated as 0.5 [80]. The Young’s modulus of the lens tissue can be estimated

by shear wave velocity as
E = 3pc?. (1.7)

Both Eq. 1.6 and 1.7 can be utilized to estimate the elasticity based on the measured

shear wave speed.

1.8 Organization of This Dissertation

In this dissertation, OCE is applied to investigate changes in lenticular elasticity during
different storage conditions, different types of cataract formations, and lenticular elasticity

changes during the aging process based on the shear wave dispersion on the lens.

13



In Chapter I, the assessments of the effects of the storage medium on the biomechanical
properties of the porcine lens were measured with optical coherence elastography. In
Chapter 111, the biomechanical properties of the lens were measured during cold cataract
formation and dissolution. In Chapter 1V, the biomechanical properties of the lens were
measured during oxidative cataract generation. In Chapter V, the age-related changes in
lenticular biomechanical properties were quantified by measuring the dispersion of the
shear waves. In Chapter VI, the conclusions of this dissertation are presented with

implications for future work.
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CHAPTER Il — Assessing the Effects of Storage Medium on the
Biomechanical Properties of Porcine Lens with Optical Coherence
Elastography

In this chapter, | investigated the lenticular biomechanical properties changes caused by
the storage medium ex vivo. There has been a large amount of research focused on studying
the biomechanical properties of the lens ex vivo. However, the storage medium of the lenses
may affect the biomechanical evaluation during ex vivo measurements, which has been
demonstrated with other tissues such as the cornea. In this chapter, | utilized a focused
micro air-pulse and phase-sensitive optical coherence elastography to quantify the changes
in lenticular biomechanical properties when incubated in different media, temperatures,
and pHs for up to 24 hours. The results show that the lenses became stiffer when incubated
at lower temperatures and higher pHs. Meanwhile, lenses incubated in M-199 were more

mechanically stable than lenses incubated in PBS and DMEM.

I1.1 Introduction

The changes in viscoelastic properties of the crystalline lens play an important role in
the onset and progression of diseases and conditions such as cataract and presbyopia [48,
81]. There has been a large amount of research focused on the biomechanical properties of
the lens [66, 82]. However, the storage medium and temperature may affect biomechanical
evaluation ex vivo, which has been demonstrated with other tissues such as the cornea [83].
The changes in lenticular biomechanical properties can be an important biomarker for lens
tissue integrity during lengthy ex vivo studies. Here, | performed serial measurements up
to 24 hours on extracted porcine lenses with a noninvasive elastography technique, optical

coherence elastography (OCE).
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In this chapter, OCE was used to measure the changes in lenticular stiffness of excised
porcine lenses (N=30) that were stored at various media (PBS, DMEM, and M-199), at
various temperatures (4°C, 22°C, and 37°C), and various pHs in M-199 medium. My
results show that that lower incubation temperatures or higher pH of medium increase

stiffness of the lens.

11.2 Materials and Methods
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Figure 2.1 Schematic of the experimental setup. CCD — charge-coupled device;DAC —
digital to analog converter; SLD — superluminescent diode.

The OCE system was based on a home-built spectral-domain OCT (SD-OCT), an air-
pulse excitation system, and a thermal controller for the lenses [84, 85]. A schematic of the
system is shown in Fig. 2.1. The SDOCT system utilized a superluminescent diode (SLD)
with a central wavelength of 840 nm and bandwidth of 49 nm. The displacement stability
of the system was 12 nm in air as measured from the surface of a sample lens. The air-

pulse delivery system used an electronically controlled pneumatic solenoid and control unit
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to produce a short duration (<1 ms) air-pulse that was synchronized with the SDOCT
system [86]. The air pressure was controlled by a pneumatic valve and monitored by a
pressure gauge. The air-pulse was targeted at the apex of the lens. Lenses (n=30) were
removed from fresh porcine eye-globes (Sioux-Preme Packing Co. IA, USA). The lenses
were separated into three different experiments. The first set of measurements was focused
on assessing the effects of the storage medium (PBS, DMEM, and M-199) on lenticular
stiffness (N=3 for each medium). The lenses were separated into three groups. Each group
was placed into PBS, DMEM, and M-199 medium and incubated for 24 hours at
temperature 37°C, and pH=7.0. The effect of incubation temperature on lens stiffness was
measured in the second set of experiments. The lenses were separated into three groups
and placed into M-199 medium (Sigma-Aldrich Co., MO, USA), incubated for 12 hours in
4°C, 22°C, and 37°C at pH=7.0 (N=3 for each temperature). All measurements were
performed at room temperature (22 °C), when the temperature of the lenses reached room
temperature. The effects of pH on the lenticular stiffness were investigated on the third
group of lenses. The lenses were separated into four groups and placed in an M-199
medium and incubated for 24 hours at 37°C at pH=4.0, 5.0, 6.0, and 7.0 (N=3 for each pH).
During each measurement, the pH value was measured by a pH meter (B10P, VWR
International Co., PA, USA). One molar hydrochloric acid solution and NaOH solutions
were used to adjust the pH to the target value. The short duration air-pulse induced small
amplitude displacements (<10 «m) on the surface of the lens that propagated as an elastic
wave. Successive M-mode images (n=251) were acquired over a~6.1 mm line [86], where
the center of the scan and air-pulse excitation were at the apex of the lens. The group
velocity of the elastic wave was determined by the slope of a linear fit of the wave
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propagation distances and the corresponding propagation times [87]. The Young’s

modulus, E, was estimated by the surface wave equation [88]

_ _2p(+v)3 5
"~ (0.87+1.12v)2 9’

2.1)

where p=1.183g/L was the density [89], v=0.5 was Poisson’s ratio [6], and cg was the OCE-

measured elastic wave group velocity.

11.3 Results

Figure 2.2 shows the results of Young’s modulus estimations for the lenses after storage
in different media. The estimated Young’s modulus of the lenses that were incubated in
PBS showed a significant increase over 18 hours, and it increased from 7.3+0.7 kPa to
13.0£0.3 kPa. However, there was a slight decrease in lenticular stiffness after 24 hours of
incubation as compared to 18 hours of incubation in PBS. After 12 hours, the lenses
incubated in DMEM showed an increase in stiffness from 6.1+0.6 kPa to 8.3+0.2 kPa.
However, there was a dramatic increase in stiffness from 6.1+0.6 kPa at 0 hours to 13.7+£1.8
kPa and 11.6+2.9 kPa after 18 and 24 hours of incubation, respectively. However, the
lenses incubated in M-199 showed a decrease in stiffness over the 24-hour incubation
period (from 8.3+0.6 kPa at 0 hours to 7.0 £ 0.6 kPa at 24 hours). These results indicate
that the M-199 medium preserves the biomechanical properties of excised porcine lenses

better than DMEM or PBS at 37°C over a period of 24 hours.
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Figure 2.2. The estimated Young’s modulus of the lenses incubated in the different
indicated media over 24 hours (N=3 for each medium).

As Fig. 2.3 shows, Young’s modulus of the lenses that were incubated at 4°C, 22°C,
and 37°C. The stiffness of the lenses incubated at 4°C increased from 6.3+0.4 kPa to
7.0£0.2 kPa after 12 hours. The Young’s modulus of the lenses incubated at 22°C increased
from 6.0+0.4 kPa to 6.8+0.4 kPa after 12 hours. After 12 hours, Young’s modulus of the
lenses incubated at 37°C decreased from 5.5+0.2 kPa to 4.4+0.4 kPa. The results showed
that while the stiffness of the lenses increased when incubated for 12 hours at 4°C and
22°C, the lenticular stiffness decreased slightly when the lenses were incubated for 12

hours at 37°C.
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Figure 2.3. The estimated Young’s modulus of the lenses incubated in M-199 medium at
4°C, 22°C, and 37°C over 12 hours (N=3 for each temperature).

Figure 2.4 plots the results of the estimated Young’s modulus of the porcine lenses
incubated in M-199 medium at different pHs (4.0, 5.0, 6.0 and 7.0). The Young’s modulus
of the lens in pH=7.0 medium decreased slightly from 7.4+0.8 kPa to 5.7+1.5 kPa.
However, as the pH value decreased, the stiffness of the lenses increased, indicating
damage to the lenses. The most dramatic change in elasticity occurred when the lenses
were stored at a pH of 4.0, where the stiffness increased from 7.1+0.3 kPa at O hours to

12.0+1.3 kPa after 12 hours.
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Figure 2.4. The estimated Young’s modulus of the lenses incubated in M-199 media at
various pHs over 24 hours (N=3 for each pH).

11.4 Discussion

Different culture media have different ingredients for biological tissues. It is
understandable that the closer the medium compared with normal biological fluid, the

better the medium is for the biological tissues.

Most of the enzymes have their suitable temperature and the structural proteins have the
temperature for their biological activities. Low temperature can make the enzymes and
structural proteins change their biological activities to change the biomechanical
properties. High temperature may make the enzymes and structural proteins denature and

lose their biological activities to change the biomechanical properties. In this chapter, | did
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not measure the effect of high temperature. Future work needs to be done to measure the

high temperature effect.

pH value has similar effects on the biological tissues compared with temperature on
enzymes. However, low or high pH values can both denature the enzymes and structural
proteins. In this chapter, only low pH value was measured, while high pH value was not

considered. Therefore, high pH value measurement is necessary in the future work.

In this chapter, | evaluated the changes of ex vivo porcine lenticular biomechanical
properties after they were incubated in different media, temperatures, and pHs for up to 24
hours. The results showed that OCE could be used to assess lenticular biomechanical
properties and might be useful for detecting and, potentially, characterizing lenticular
integrity.

[1.5 Conclusion and Future Work

M-199 medium, generally used to culture fibroblasts, preserved the stiffness of the
lenses up to 24 hours better than PBS or DMEM. The lenses incubated at 37 °C showed a
decrease in elasticity, but the lenses incubated at 4°C and 22°C showed an increase in
stiffness, indicating possible structural changes in the lens. The more acidic the storage
medium was, the stiffer the lenses became after 12 to 24 hours, indicating that the acidic
media caused structural damage to the lenses. My future work will entail utilizing a more
robust analytical model to obtain quantitative biomechanical parameters such as
viscoelasticity as well as evaluating the effects of lenticular biomechanical properties while

the lens is within the eye-globe, which is stated in Chapter V.
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CHAPTER |11 — Optical Coherence Elastography of Cold Cataract in
Porcine Lens

In this chapter, I discussed a kind of reversible cataract — cold cataract. Cataract is one
of the most prevalent causes of blindness around the world. Understanding the mechanisms
of cataract development and progression is important for clinical diagnosis and treatment.
Cold cataract has proven to be a robust model for cataract formation that can be easily
controlled in the laboratory. There is evidence that the biomechanical properties of the lens
can be significantly changed by cataract [81]. Therefore, early detection of cataract, as well
as evaluation of therapies, could be guided by characterization of lenticular biomechanical
properties. In this chapter, | utilized optical coherence elastography (OCE) to monitor the
changes in biomechanical properties of ex vivo porcine lenses during formation of cold
cataract. Elastic waves were induced in the porcine lenses by a focused micro air-pulse
while the lenses were cooled, and the elastic wave velocity was translated to Young’s
modulus of the lens. The results show an increase in the stiffness of the lens due to
formation of the cold cataract (from 11.3 + 3.4 kPa to 21.8 + 7.8 kPa). These results show
a relation between lens opacity and stiffness and demonstrate that OCE can assess
lenticular biomechanical properties and may be useful for detecting and potentially

characterizing cataracts.

I11.1 Introduction

Cataract is clouding of the crystalline lens that can severely impair vision with faded
colors, blurry vision, halos around light, and poor night vision. Approximately 1/3 of all
people with some form of vision impairment have cataract [90]. Eventually, over 1/2 of

patients with cataract undergo vision loss [90]. There are numerous causes of cataract, such
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as aging, trauma, diabetes, obesity, congenital genetic deficiencies, and environmental
exposure to toxins [91]. Usually, cataract is progressive and requires surgical interventions
for treatment. The specific underlying mechanism of cataract formation is still unknown,
but there are reports that the stiffness of the cataract lenses in human is significantly higher

than that of normal lenses [81].

One of the simplest models to investigate cataract formation is a cold cataract. Cold
cataract is a reversible opacification induced in the nucleus of lenses by lowering the
temperature [92, 93]. This phenomenon enables me to study a controlled opacification and
to investigate the physicochemical processes associated with a reversible form of cataract.
It has been shown that the precipitation of y-crystallin is correlated with cold cataract
development in the lens [94]. Gamma crystallin is one of the predominant crystallins in the
lens nucleus that is responsible for optical transparency [92]. This reversible opacification
is a result of a phase separation of the cytoplasmic proteins into coexisting protein-rich and
protein-poor liquid domains. Zigman et al. demonstrated that y-crystallin is the major
component of both fractions [93]. Gamma crystallin has been shown to be the only one of
the three soluble protein fractions capable of acting as a cryoprotein. The relative
concentration of y-crystallin as compared with the amounts of a- or B-crystallin in solution
determines whether cold precipitation occurs. Therefore, since the nucleus of the lens
contains more y-crystallin than the cortex, opacification predominantly occurs in the lens
nucleus [92]. Moreover, the concentration of y-crystallin can also affect the appearance of
cold cataract [94]. Previous research has been focused on biomolecular and biochemical
changes during cold cataract formation [95-97]. For example, the formation of cold cataract

has been observed in lenses of various animals, such as fish and cattle, and the contribution
24



of different types of crystallins was evaluated [96, 97]. Moreover, the optical characteristics
of lenses with cold cataract were assessed [95, 98]. Despite this research, there is a lack of

work focused on the biomechanical effects of cold cataract on the lens.

Mechanical testing is commonly used to evaluate the biomechanics of ocular tissue
including the lens, however, such technique is invasive and destructive, which limits its
clinical applicability [99, 100]. Several non-destructive techniques have been proposed to
evaluate lenticular biomechanical properties [101-103], including acoustic-based
elastographic techniques [101, 104-106]. While these techniques have revealed critical
information, they lack spatial resolution and sufficient contrast. Thus, OCE was applied

for this research.

In the previous work of my lab, they have used dynamic OCE and acoustic-based
methods for noninvasively assessing lenticular biomechanical properties [8, 64, 66, 82,
107]. They have demonstrated that the biomechanical properties of the crystalline lens can
be measured in situ and quantified variations in the stiffness of mammalian lenses as a

function of age and intraocular pressure [64, 66, 107].

In this chapter, | induced cold cataracts in ex vivo porcine lenses, and assessed the
lenticular stiffness with elastic wave-based OCE. After OCE measurements of the fresh
lenses during temperature decrease, the cold cataract was induced by lowering the
temperature of the isolated crystalline lenses for 6 hours. Then, the OCE measurements
were repeated as the temperature was increased. After the cataract formation the lenses
showed an increase in elastic wave velocity in comparison with fresh lenses. The difference

in wave velocity between cataract and fresh lenses disappeared after the cataract dissolved.
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The results indicate the stiffness of the lens has the correlation with lens opacity in a cold

cataract model.

111.2 Materials and Methods
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Figure 3.1. Schematic of the experimental setup during the OCE measurements.

The OCE system was based on a home-built spectral domain OCT (SD-OCT) system
and an air-pulse excitation system, as shown in Fig. 3.1 [108, 109]. The SD-OCT system
utilized a superluminescent diode (SLD) light source with a central wavelength of 840 nm,
bandwidth of 49 nm, and output power of 18 mW. The acquisition speed of camera was
set as 25 kHz. The displacement sensitivity of the OCE system was measured as 12 nm in
air. The air-pulse delivery system used an electronically controlled pneumatic solenoid and
control unit to produce a short duration air-pulse (<1 ms) that was synchronized with the
SD-OCT system frame trigger [86]. To image deep inside the lens and visualize the
formation of the cold cataract, I utilized a commercial swept source OCT (SS-OCT) system
(OCS1310V2, Thorlabs Inc., NJ, USA) with a central wavelength of 1300 nm, bandwidth

of ~100 nm, and sweep rate of 200 kHz [110].
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Preliminary measurements were performed on tissue-mimicking agar phantoms (1%,
wi/w, Difco Nutrient Agar from BD, Franklin Lakes, NJ) and gelatin phantoms (3%, w/w,
Type A gelatin, 250 Bloom/8 Mesh, PB Gelatins/PB Leiner, Davenport, IA). The phantoms
were cast by standard methods as described in the previous work of my lab [109, 111].
Cylindrical culture dishes with inner diameter of 50 mm and height of 12 mm were used
to mold the phantom samples. After that, the samples were placed into the refrigerator at
~4°C [111]. The phantoms were measured by OCE as the phantoms warmed (N=3 for both
gelatin and agar phantoms). The phantom temperature was controlled by the system
consisting of a holder and a thermoelectric cooler that was used also to control the
temperature of the lenses shown in Fig. 3.1. In addition, the temperature on the phantom

surface was monitored by a noncontact infrared thermometer (CF-IR, ThermoWorks, UT).

Seven whole porcine eyes from animals within 4-6 months of age were shipped
overnight on ice (Sioux-Preme Packing Co., IA, USA). The freshly extracted lenses were
placed in the custom apparatus of the temperature controlling system. The lenses were half
submerged in 1X PBS when OCE measurements were not being performed. Additional 1X
PBS was topically dropped on to the upper surface of the lenses every 20 seconds to make
sure the lenses were hydrated. Measurements of the fresh lenses were taken at 3 °C
intervals from 21 °C to 6 °C. It required approximately 5 minutes to reach the 3 °C
temperature increase for every step. Once the target temperature was reached, | waited for
2 minutes to make sure the temperature of the thermoelectric cooler was the same as that
of the noncontact thermometer. After the initial measurements on the fresh lenses, the
lenses were put into a 4 °C refrigerator for 6 hours, also submerged in 1X PBS, to induce

a cold cataract. Cold cataract was identified by visual inspection and confirmed by SS-
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OCT imaging. The lenses were removed from the refrigerator, placed in a holder, and the
OCT imaging and OCE measurements were repeated for the chilled lenses while
temperature was increased from 6 °C to 21 °C, also at 3 °C increments with the same

measurement interval.

To evaluate the temperature distribution inside the samples, separate experiments were
performed on a 1% agar phantom and porcine lens. The samples were partially immersed
in the PBS solution as with the previous measurements. A thermocouple (Omega
Engineering Inc., Norwalk, CT) with a diameter of 0.1 mm was used to probe the
temperature gradient inside the samples at 4 equally spaced positions along the entire depth
of the sample 2 minutes after the temperature reading from the temperature control system
was stable. One agar phantom, two normal lenses, and two cataract lenses were used in

these experiments.

OCE measurements were performed by inducing small amplitude displacements (<10
um) using a short duration air-pulse (<1 ms) on the surface of the lenses and phantoms. M-
B-mode imaging was performed, where the OCT probe beam was held stationary at a given
position, and an air-pulse was excited by the air-pulse system. Then, the OCT probe beam
was moved to the next position and another elastic wave was excited. By synchronizing
the OCT system frame trigger with the air-pulse control unit, I effectively imaged the same
elastic wave at a frame rate equal to the OCT system A-scan rate (i.e., camera speed) [86].
Successive M-mode images (n=251) were acquired by the SD-OCT system over a ~6.1
mm line, where the center of the scan and air-pulse excitation were at the apex of the lens.

The scan time for one position was approximately 10 ms, and the entire M-B scan time
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was approximately 30 s. The air-pulse induced a low-amplitude displacement at the apex
of the lens, which then propagated transversely as an elastic wave. The raw temporal phase
profiles were unwrapped and then converted to displacement after correcting for the
refractive index mismatch and surface motion [112]. The displacement profiles along the
propagation path (i.e., along the curvature of the sample) were then processed by a cross-
correlation algorithm to obtain the elastic wave propagation delays. In short, the
displacement profile at the excitation was used as a reference profile, and the displacement
profiles from successively more distant positions were then cross-correlated with the
reference profile. The peak of the subsequent cross-correlation was selected as the temporal
delay for the elastic wave propagation to that OCE measurement position. A linear fit was
then performed on the elastic wave propagation delays and their corresponding distances
(incorporating the curvature of the sample). | selected the ~3 mm central part of the lens
for the group velocity estimation to make sure that the measured group velocity was over
cold cataract. The speed of the elastic wave was converted to the Young’s modulus value
by the surface wave equation Eq. 2.1. Before testing, all porcine lenses were physically

measured, and there were no detectable changes in sample geometry.

111.3 Results

Figure 3.2 shows the OCE-measured group velocities for agar and gelatin phantoms as
a function of temperature. As seen in Fig. 3.2, gelatin and agar gels demonstrate different
levels of dependence of the elastic wave speed on temperature. While the group velocity
in the gelatin phantom decreased from ~1.9 m/s to ~1.7 m/s as the temperature increased
from 5 °C to 20 °C, the velocity in the agar phantom did not show significant changes with

temperature, decreasing from 2.2 m/s to 2.1 m/s. Statistical testing by a one-way ANOVA
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showed that there was statistical significance of samples on the stiffness of the 3% gelatin
phantoms (F (2, 0.95) = 5.00, p=0.03) but no statistical significance of samples on the
stiffness of the 1% agar phantoms (F (2, 0.95) = 2.46, p=0.14) as a function of temperature.
Additional measurements of the temperature gradient in the agar phantom demonstrated a
monotonic dependence of the temperature with depth, such that the maximum difference
between the top of the phantom exposed to air and PBS solution was 1.5 °C. The mean
difference between the temperature inside the phantom and PBS solution was 0.55 °C with

a standard deviation of 0.56 °C.
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Figure 3.2. The OCE-measured group velocity in a 3% gelatin and 1% agar phantoms as
a function of temperature.

Figure 3.3 shows images taken by a standard dissecting microscope (Stemi 508, Carl

Zeiss Microscopy, LLC, Thornwood, NY, USA) while (a) chilling the fresh lens from 21
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°C to 6 °C and (b) warming the lens from 6 °C to 21 °C after being placed in a 4 °C
refrigerator for 6 hours. As seen in Fig. 3.3(a), the fresh lens was clear, and there was no
apparent change in the lens transparency while the lens was cooled. However, after 6 hours
at 4 °C, there is a clear opaque region in the center of the lens, which then disappeared as

the lens was warmed to 21 °C.
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150 18°C  21°C

Figure 3.3. (a) Images from a dissecting microscope while a fresh porcine lens was (a)
cooled from 21 °C to 6 °C and (b) warmed from 6 °C to 21 °C after being in a
4 °C refrigerator for 6 hours.

The OCT images corroborate these results. Figure 3.4 shows the OCT images of the lens
before and after the formation of cold cataract. The OCT images of fresh lens did not show
any scattering differences as a function of temperature while it was cooled. However, there

was more scattering and a clear formation of aggregated scattering structures within the
32



lens after cold cataract was formed. When the temperature was increased, the aggregated
scattering structure shrank until it disappeared when the temperature increased beyond 12

°C.
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Figure 3.4. (a) OCT structural images of a fresh porcine lens that was (a) cooled from 21
°Cto 6 °C and (b) warmed from 6 °C to 21 °C after being in a 4 °C refrigerator
for 6 hours. The scale bars are 1 mm.
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Figure 3.5. The measured group velocities and estimated Young’s moduli for the fresh
lenses and lenses with induced cold cataracts.

The relationship between stiffness and temperature before and after the cataract was

formed is shown in Fig. 3.5. Figure 3.5(a) shows the elastic wave group velocity for one



representative sample with and without cataract in the temperature range from 6 °C to 21
°C. The error bars represent the error estimated by the 95% confidence interval for the
slope of a linear fit of thepropagation time versis distance. Figure 3.5(b) illustrates the
averaged elastic wave group velocities for all 7 samples as a function of temperature.
Figure 3.5(c) shows the calculated Young’s moduli for all 7 samples. For Figure 3.5(b) and
(c), the error bars are the inter-sample standard deviation. The asterisks indicate statistical
significance (p<0.05) determined by Student’s t-test. As seen in Figs. 3.3 and 3.4, the
cataract began to disappear as the lens was warmed beyond 12 °C. The group velocities in
the samples that were cooled for 6 hours at 4 °C (cataract) decreased as they were warmed.
Statistical testing by one-way ANOVA showed that there was no statistically significant
difference of the group velocities for different temperatures in both cataract and normal
groups (F (5, 0.95) = 0.69, p=0.64). A t-test showed that the difference in stiffness between
cataract samples and normal samples was significant (p = 0.003). Based on this result, |
performed further pair-wise t-tests (with Bonferroni correction for multiple testing) for
each temperature, which showed a significant difference between the stiffness of the
cataract and normal lenses at 6, 9, and 12°C (p = 0.012, 0.007, and 0.0015, respectively).
The values of Young’s modulus of the lenses shown in Fig. 3.5(c) were calculated using
Eq. 2.1. The mean value of the estimated Young’s moduli of cataract lenses for 6, 9, 12 °C
was 21.8 £ 7.7 kPa, while the mean value of the Young’s moduli of the normal lenses at
this temperature was 9.6 + 1.4 kPa. For 15, 18, and 21 °C, the cataract groups have the
mean value of the Young’s modulus of about 11.3 =+ 3.4 kPa, and while the normal lenses

groups have the mean value of the Young’s moduli of 10.6 = 2.3 kPa.
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The measurements of the internal temperature gradient in cataract and normal lenses
showed results similar to the results for the agar phantom, with no significant difference
between normal and cataract lenses, within the measured temperatures range. For the
normal lens the mean difference between the internal temperature of the lens and the
temperature of PBS solution was 0.43 = 0.38 °C, while for cataract lens, it was 0.42 £ 0.34
°C. The maximum differences were 1.1 °C and 1.0 °C for normal and cataract lenses,

respectively.

I11.4 Discussion

While the relationship between the stiffness of the lens and the age is well known [32,
66, 81, 106], the influence of cataract formation on the lens stiffness is still unclear. In this
chapter, | have demonstrated that in a porcine cold cataract model, the stiffness of the lens
has a correlation with opacity of the nucleus. The speed of the elastic wave (i.e., stiffness
of the lens) significantly decreased when cataract dissolved between 12 °C and 15 °C.
Similar to the optical properties, the changes in lens stiffness are reversible, and possibly
connected with the precipitation of y-crystallin. Because the changes in lens opacity are
localized in the nucleus, | could assume that the changes in lens elasticity are also localized
in the nucleus, as it has been shown that there is an elastic gradient in the lens [101, 106].
Although the OCE measurements were performed only on the lens surface, it is known that
the surface wave is also sensitive to deep layers of the medium, depending on the
wavelength of the elastic wave [113-115]. Though the scan width was greater than the
width of the cold cataract, the width that | used to calculate group velocity was only ~3
mm across the center of the apex of the lens, which means the group velocity measurements

were from the region over the cataract. In this case, as seen in Fig. 3.4, the cataract was
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located 2~3 mm below the surface of the lens. However, the frequency content of the elastic
wave was below 1 kHz (centered around ~550 Hz). With a speed of ~1.8 m/s, the
corresponding elastic wave wavelength was ~3.3 mm. Therefore, the estimated Young’s
modulus reflects some spatially averaged elastic modulus, including part of the nucleus,
but likely underestimates the nucleus stiffness. Additional studies are required to better
understand the spatial elasticity distribution in cataract lenses, and my future studies will
be focused on a much wider range of elastic wave frequencies to probe the elasticity

gradient of the lens.

Previous research shows that the threshold of the cold cataract might vary in different
species [95-97]. Zigman et al. [93] demonstrated that the optical density of the mouse lens
is stable up to 11 °C. In my experiments on porcine lenses, the threshold was between 12
°C and 15 °C. The percentage of y-crystallin in porcine nucleus is about 30% [116], while
the mouse nucleus contains 60% y-crystallin [117]. The fish lens has 30.5% y-crystallin,
and the cataract temperature threshold was demonstrated to be about 5 °C [97, 118]. The
relationship between y-crystallin and cold cataract threshold needs to be further elucidated
and is an avenue of future research. Although many biological tissues demonstrate the
dependence of elasticity on temperature [119-122], similar to the temperature dependence
for gelatin phantoms shown in Fig. 3.2, | did not observe a significant change of the wave
speed (i.e., stiffness) with temperature in fresh lenses (Fig. 3.5). Also, the cataract lenses
were slightly softer than fresh lenses at 21 °C as seen in Fig. 3.5. This observation can be
associated with residual effect of cataract formation, or overall changes in lens elasticity
after 6 hours of storage, for example, the loss of crystalline proteins after the storage [53].

Previous work has shown that the duration of heating can also increase the elasticity of the
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lens [119]. When human lenses were heated for 4 hours, the shear modulus was ~4 kPa.
When the heating time was increased to 8 hours, the shear modulus increased to about ~7
kPa because of proteins denaturing at 50 °C. In contrast, freezing porcine lenses at -80 °C
caused a decrease in the shear modulus from ~0.9 kPa to ~0.3 kPa after 4 weeks.
Nevertheless, there is little or no research focused on the changes in lenticular
biomechanical properties due to moderately temperatures (near 4 °C). | postulate that the
aggregation of y-crystallins formed during cold cataract contributes to an increase in
lenticular stiffness. Further analysis is needed to confirm or disprove this hypothesis and

is the focus of future work.

Although the difference in the spatial distribution of temperature in the lens could be a
possible reason for the difference in stiffness between cataract and normal lenses, my
measurements show that the temperature gradient in the normal and cataract lenses are
similar, such that it is unlikely that the temperature distribution can be a reason for the
difference in the elastic wave velocity. The temperature gradient in the agar phantom was
greater but can be explained by the different thermal conductivity and the size of the agar

phantom.

The values of Young’s modulus obtained based on Eq. 2.1 are in agreement with
literature data for porcine lenses [100, 123]. However, the distribution of elasticity in
crystalline lens is inhomogeneous [32, 105]. In addition, viscous properties also could play
a significant role in the process of surface wave propagation [99, 105, 106]. Therefore,
application of Eqg. 2.1 obtained for an elastic, homogeneous half-space has significant

limitations. More sophisticated analytical and computational models are needed to provide
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more accurate values of lens viscoelasticity, which I am focused on developing. The

tentative research about lenticular viscoelasticity is stated in Chapter V.

111.5 Conclusion

In this chapter, | evaluated the changes in the biomechanical properties of porcine lenses
ex vivo during the formation of cold cataract using OCE. The lenses with cold-induced
cataracts showed an increase in elastic wave velocity, and correspondingly, stiffness, in
comparison with fresh lenses. However, the difference in stiffness between cataract and
fresh lenses disappeared after the cataract dissolved. These results show that OCE can

assess lenticular biomechanical properties and may be useful for cataract characterization.
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CHAPTER IV - Elasticity changes in the crystalline lens during oxidative
damage and the antioxidant effect of alpha-lipoic acid measured by optical
coherence elastography

In this chapter, | pushed my investigation forward on the age-related cataracts.
Understanding the mechanisms of cataract development and progression is essential to
enable early clinical diagnosis and treatment to preserve visual acuity. Reductive chemicals
are potential medicines effective on cataract treatment. In this chapter, I investigated the
cataract-induced oxidative damage in the crystalline lens and a kind of reductant, a-lipoic
acid (ALA), ability to reduce the damage. | created oxidative environment to investigate
the relationship between the progression of oxidative permanent cataract and lenticular
biomechanical properties measured by dynamic optical coherence elastography in porcine
crystalline lenses ex vivo. The efficacy of ALA to minimize the stiffening of the lens was
also quantified. The results showed a significant increase in Young’s modulus of the lens
due to the formation of the oxidative cataract. | found a statistically significant difference
between Young’s modulus of the lenses stored in phosphate-buffered saline and ALA
solution after incubation in H202 solution for 3 hours (43.0+ 9.0 kPa versus 20.7+ 3.5 kPa,
respectively). These results show that the lens stiffness increases during oxidative cataract
formation, and ALA has the potential to reverse stiffening of the lens caused by oxidative
damage.

IV.1 Introduction

Oxidative stress is often considered a major factor contributing to lens changes during
aging and cataract formation [124-130]. The oxidation of methionine residues and loss of

sulfhydryl groups of proteins are both progressive as the cataract worsens until 90% of
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cysteine and half the methionine residues are oxidized in the most advanced form of

cataract [35, 130, 131].

Glutathione (GSH) in the crystalline lens functions as an antioxidant for lens proteins,
and loss of nuclear GSH may be the critical event that precedes age-related cataract
formation [9, 130, 132-134]. Previous studies have indicated an important hydroxyl radical
scavenging function of GSH in lens epithelial cells to preserve the lens by offering a
reductive environment [135, 136]. Therefore, antioxidants may have the potential to protect
the lens from oxidative damage and, subsequently, cataracts. Several antioxidants have
been reported to delay cataract formation in ex vivo and in vivo animal models [91, 132,
137]. In the past few decades, a-lipoic acid (ALA) has emerged as an antioxidant and
nutritional supplement [138] that, among other benefits, has been shown to be effective in
preventing the onset and progression of cataract [139-144]. Moreover, it has recently been
demonstrated that alpha-lipoic acid has a potential therapeutic role in restoring
accommodation to the presbyopic eyes by reducing lens stiffness [9]. Previous research
shows that both presbyopic [32, 99, 100] and cataract [81] lenses are stiffer than healthy
lenses, which suggests that monitoring the biomechanical properties of the lens can provide
important information about the mechanisms of lens aging, presbyopia, and cataract
formation. Furthermore, it has been hypothesized that progressive age-dependent
hardening of the crystalline lens may be responsible for both presbyopia and age-related

cataracts [127].

In the previous work of my lab, they demonstrated that the biomechanical properties of
the lens could be measured in situ and that the lenticular biomechanical properties could

be quantified as a function of age and intraocular pressure by using dynamic OCE [64, 66,
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145]. In Chapter 111, I used shear wave OCE to show the correlation between lens opacity

and elasticity during cold cataract formation in a porcine model ex vivo [36].

To simulate cataract formation, I incubated the lenses in hydrogen peroxide. It has been
shown that there is a close parallel between protein modifications found in cataract and
those generated with hydrogen peroxide [146]. In this chapter, | first applied OCE to
observe the elasticity of the lens during the oxidation process of the lenses. Then I
investigated the changes in the lens elastic properties during oxidative cataract formation
and the effect of ALA on resisting oxidation and lens hardening. | used shear wave OCE
to quantitatively evaluate the changes in surface wave velocity and Young’s modulus
during cataract formation. After measuring surface wave propagation in fresh porcine
lenses, the lenses were incubated with hydrogen peroxide (H20:2) to induce oxidative
cataracts [142]. Subsequently, the lenses were incubated in ALA to investigate their effect
on cataract development. The results show a significant increase in lens stiffness during
cataract formation and the potential of ALA to reduce the stiffening of the lens caused by
oxidative damage.

IV.2 Materials and Methods

IV.2.1 Experimental Set-up

The dynamic OCE system is built based on a phase-sensitive spectral domain OCT (SD-
OCT) system, which is combined with an air-pulse excitation system. A schematic of the
experimental system is shown in Figure 4.1 and has been described in the previous work
of our lab [108, 109]. The OCE system includes a superluminescent diode (SLD, S840-B-
[-20, Superlum Co., Cork, Ireland) with a central wavelength of 840 nm and a bandwidth
of 49 nm. The acquisition speed of the camera (spL4096-140km, Basler AG, Ahrensburg,
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Germany) was set as 40 kHz. The displacement stability of the system was measured as 12
nm in air. The air-pulse excitation system used an electronically controlled pneumatic
solenoid and control unit to produce a short air-pulse (<1 ms) [109]. The pressure was
controlled by a pneumatic valve and monitored by a pressure gauge. The air-pulse was

synchronized with the SD-OCT system frame trigger [86].
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Figure 4.1. The Schematic of the OCE system. (a) A micro-air pulse is co-aligned with an
SD-OCT system to detect air pulse-induced elastic waves on the surface of the
excised porcine lens and (b) the sample holder.
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IV.2.2 Sample Preparation

Fifteen porcine eyes from animals within 4-6 months of age were shipped overnight on
ice (Sioux-Preme Packing Co., Sioux City, IA, USA). The lenses were extracted carefully
from the eye globes and visually inspected to ensure there was no damage. The lenses were
divided into five groups of three lenses each and incubated at 37 °C in different storage
media. The first group was incubated in a solution of 500 mM H20:2 in 1X phosphate
buffered saline (PBS) for 9 hours. The second group was first incubated in the peroxide
solution for 3 hours and then was removed and incubated in a 100 mM ALA (sodium salt)

solution for an additional 6 hours (H202 — a-Lipoic Acid). The third group was incubated
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in the H20:2 solution for 3 hours and then was removed and incubated in 1X PBS for 6
hours (H202 —PBS). The fourth group was incubated in the ALA solution for 9 hours.
Finally, the fifth group was incubated in 1X PBS for 9 hours. The OCE measurements of

lens elasticity were repeated every 3 hours for 9 hours.

PBS-only group was the negative control. ALA-only group was a negative control to
investigate if ALA would cause changes in lenticular stiffness even in the presence of no
oxidative damage. The H202 group was the positive control, showing the direct effect of
oxidative damage on lenticular biomechanical properties. The H.02—PBS group was a
positive control group to demonstrate that PBS cannot ameliorate or reverse oxidative
damage. The H202—ALA group was the primary experimental group, showing that ALA
could reduce or reverse oxidative damage induced changes to lens stiffness. | performed
preliminary experiments with 12-, 9-, 6-, and 3-hour increments and found that | could

detect elasticity changes even at 3 hour increments.

IV.2.3 Optical Properties Measurements

The pictures of the lenses in different media were taken by a standard dissection
microscope (Stemi 508, Carl Zeiss Microscopy, LLC, Thornwood, NY, USA). For
quantitative assessments of the changes in optical transparency, the OCT images were
utilized to calculate the reciprocal of the OCT signal slope [109], referred to here as the
attenuation, to quantify the opacity of the lenses. One hundred A-lines taken from the
center of the lens were averaged for the calculation to eliminate artifacts in the calculations
due to sensitivity roll-off and defocusing. The A-lines were averaged for each sample, and
least-squares linear fit was performed to calculate the OCT signal slope. The selected

region was 112 um below the surface to avoid the influence of the specular reflection and
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the linear fit was over 1.68 mm, which was where the intensity was indistinguishable from
the background noise.

IV.2.4 Surface Wave Measurements

The extracted lenses were placed in the home-made lens holder. During OCE
measurements, the lenses were half-submerged in 1X PBS, and an additional 1X PBS was
topically dropped on the upper surface of the lenses every 20 seconds to make sure the
lenses were hydrated. The focused air-pulse was targeted at the apex of the lens. The air-
pulse induced a low amplitude localized displacement (<10 um) at the surface of the lens,
which then propagated as an elastic wave. The SD-OCT system acquired successive M-
mode images (n = 251) over a ~6.1 mm line [86], where the center of the scan was at the
apex of the lens. The scan time for one position was approximately 10 ms, and the entire
M-B scan time was approximately 30 s. The lenses were placed on a hollow tube with
diameter of 7.3 mm. The raw temporal phase profiles were unwrapped, converted to
displacement, and corrected for surface motion and refractive index mismatch artefacts
[112]. The displacement profiles along the propagation path (i.e., along the curvature of
the sample) were then processed by a cross-correlation algorithm to obtain the elastic wave
propagation delays [87]. In short, the displacement profile at the excitation was used as a
reference profile, and the displacement profiles from successively more distant positions
were then cross-correlated with the reference profile. The peak of the subsequent cross-
correlation was selected as the temporal delay for the elastic wave propagation to that OCE
measurement position. A linear fit was then performed on the elastic wave propagation
delays and their corresponding distances (incorporating the curvature of the sample). The

speed of the elastic wave was converted to Young’s modulus, E, by the surface wave
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equation for incompressible material Eq. 2.1. Before measurements, all porcine lenses
were physically measured with callipers, and there were no detectable changes in sample

geometry during storage.

IV.3 Results
IV.3.1 Lens Transparency Analysis

Figure 4.2 shows images taken by a standard dissection microscope (Stemi 508, Carl
Zeiss Microscopy, LLC, Thornwood, NY, USA) of the lenses in different media. As shown
in Figure 4.2, the lenses incubated in PBS and the ALA solution did not show any apparent
changes in the transparency, even after 9 hours. However, for the lenses incubated in the
500 mM hydrogen peroxide solution, the transparency was noticeably reduced. The most
opaque lenses were the lenses incubated with H202 for 9 hours, as expected. The lenses
that were placed in PBS after 3 hours incubation in H202 became more transparent at 6
hours and 9 hours. Moreover, lenses incubated with the ALA solution after 3 hours
incubation in the H202 solution became clearer after 6 hours and 9 hours than the lenses
that were incubated in only PBS after incubation in the hydrogen peroxide solution,
suggesting that ALA may be more effective in reversing the oxidative effects of H202 than

PBS.
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Figure 4.2. Photos of the lenses as a function of time and incubation media. The lenses at
(top row) 0 hours, (second row) 3 hours, (third row) 6 hours, and (fourth row)
9 hours incubation time in the noted media. The scale bar is 5 mm.

Figure 4.3 plots the results of quantitative analysis of the changes in optical transparency
for all of the samples. As the opacity of the lenses seen in Figure 4.2 increased, the
scattering in the OCT image increased, resulting in greater attenuation. Statistical testing
by a one-way ANOVA showed that the attenuation was not significant as a function of
time for the two H202-free groups and H202—PBS group (p > 0.05), but was significant
for the H202-only (p = 0.005) and H202—ALA groups (p = 0.048). These results indicate
that the H202—ALA media change helped the lenses recover their transparency, while the
H202—PBS group did not recover its transparency. This is clear from Figure 4.3, where
there H202— ALA group decreases its attenuation much more quickly than the H2O2—PBS

after the media change at 3 hours. At 9 hours after incubation, there was a significant
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different in the attenuation of the H202-only (p = 0.004) and H20>—PBS (p = 0.023) groups
as compared to the PBS-only samples, but not in the H202—ALA (p = 0.34) and ALA-

only (p = 0.65) groups as compared to the PBS-only samples.
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Figure 4.3. The attenuation calculated from the OCT images of the lenses incubated with
five different media. The data is presented at the intersample mean * standard
deviation (N = 3 for each group). The asterisks indicate statistical significance.

IV.3.2 OCE Measurement of the Lenticular Biomechanical Properties

Figure 4.4 shows the space-time maps of two representative samples. Figure 4.4(a) was
a sample from the H202—PBS group, and the elastic wave group velocity was 3.68 m/s. A
space-time map of the elastic wave propagation in a sample from H20.—ALA group is

shown in Figure 4(b), where the group velocity of the elastic wave was 2.32 m/s.
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Figure 4.4. Space-time maps of one (a) H202—PBS and (b) H202—ALA lens at nine
hours. The elastic wave propagation velocity was (a) 3.68 m/s and (b) 2.32
m/s.

Figures 4.5 and 4.6, as well as Table 4.1, show the OCE-measured group velocities and
Young’s moduli estimated using Equation 4.1 for different storage media and times of
incubation. The elastic wave group velocity of three H202 groups started increasing
compared to the two other groups after 6 hours of incubation. After 9 hours, the elastic
wave propagated much more quickly in the H202-only group and H202—PBS groups, and
the wave speed was also greater, albeit less so, in the H2O2—ALA group as compared to
the H202-free groups. The elastic wave group velocity did not change much. Those two
H202-free groups (PBS group and ALA group) did not change their group velocities much
during the 9-hour incubation. Because the Young’s moduli were calculated from group
velocities. The major relationship among the Young’s moduli of the five groups were

similar.
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Figure 4.5. The surface wave group velocities measured in the lenses incubated with five
different media. The data is presented at the inter-sample mean * standard
deviation (N = 3 for each group).

The Young’s modulus of the lenses incubated only in H202 solution for 9 hours was
significantly different from other groups (p < 0.001 by t-test). The Young’s modulus of the
lenses incubated in H202 and then ALA solution increased significantly from 0 hours to 9
hours by one-way ANOVA test (p < 0.001). The lenses incubated in H202 and then PBS
media also showed an increase in Young’s modulus at 0 hours and at 9 hours by one-way
ANOVA test (p < 0.001). Meanwhile, Young’s moduli of the lenses that were incubated
with PBS did not change significantly by one-way ANOVA test (p = 0.10) for 9 hours. In
addition, there was a statistically significant difference in Young’s modulus between the

lenses stored in PBS and ALA solutions after incubation in H202 solution at the final 9-
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hour measurement by Student’s t-test (p = 0.04). Data for the wave velocities and Young’s

moduli are summarized in Table 4.1.
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Figure 4.6. The OCE-estimated Young’s moduli for the lenses incubated with five
different media. The data are presented at the intersample mean * standard
deviation (N = 3 for each group). The asterisks indicate statistical significance.
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Table 4.1. Surface wave group velocities and Young’s moduli of the lenses incubated in
different storage media. The error is the intersample standard deviation.

Oh 3h 6 h 9h

Cg Cg E Cy Cq
E (kPa) E (kPa) E (kPa)
(m/s) (m/s) (kPa) (ml/s) (m/s)

147+ 728+ 126+ 521+ 234+ 18.09+ 726+ 176.62=+
H>0-
0.22 2.29 0.06 051 0.08 1.33 0.90 44.86

H.O0, — 125+ 515+ 141+ 655+ 162+ 8.69+ 249+
20.67 +3.51
ALA 007 060 003 025 005 05 021

H.O0, — 139+ 6.44+ 149+ 7.35+ 229+ 18.08+ 3.61+
43.03 +£8.99
PBS 0.17 161 015 151 0.16 287 040

144+ 695+ 134+ 598+ 136+ 6.12+ 151+
ALA 7.82 +3.38
0.18 1.80 0.06 051 005 044 031

156+ 8.18+ 128+ 554+ 125+ 517+ 137%
PBS 6.28+1.21
0.09 106 018 147 010 0.78 0.14

V.4 Discussion

The oxidative cataract drastically alters not only the transparency but also
biomechanical properties of the lens. OCE is well suited to investigate the changes in the
crystalline lens associated with cataract onset, progression, and potential treatment. In this
chapter, the surface wave velocity and Young’s modulus of the lens during oxidative
cataractogenesis were measured, and a significant increase in the stiffness of the cataract
lenses was observed. The most dramatic changes occurred between 6 and 9 hours of
incubation, even if the lenses were stored in the H202 medium for the first 3 hours only.

After more than 9 hours of incubation in hydrogen peroxide, the lenses started to
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demonstrate some plastic behaviour. The lenses are losing their elasticity and become very
stiff. Although the relationship between lens stiffness and age is currently well known [32,
81, 99, 100, 105], studies on the influence of cataract formation on lens stiffness are still
limited [81, 147]. Based on my previous results in Chapter I11 and this study, both cold and
oxidative cataracts cause the lens to become stiffer, and the changes in stiffness correlate
with the changes in lens opacity [36].

As shown in Figures 4.2 and 4.3, my results are in agreement with the literature, where
the protective effect of ALA has been demonstrated [139-144]. The present study shows
that the protective effect of ALA includes weakening of the stiffening caused by oxidative
cataract. The results show a statistically significant difference between Young’s modulus
of the lenses stored in PBS and ALA media after incubation in H202 solution for 3 hours
(43.03 £ 8.99 kPa versus 20.67 £ 3.51 kPa), which is in agreement with the work [9], where
the decrease in the stiffness of the eight-month-old lenses after ALA treatment was shown
in a mouse model. However, no statistically significant difference between control groups
stored only in PBS and ALA media was observed in my results. This could be because the
porcine lenses used in my study were obtained from relatively young animals, which did
not have significant age-related changes in the biomechanical properties. Evaluating the
effects of ALA on the aging-related biomechanical properties of the lens is the next step of
my work.

Figures 4.2 and 4.3 show how the optical changes of the lens started at the 3-hour point.
However, Figures 4.5 and 4.6 demonstrate that the mechanical changes of the lens started
at 6 hours after incubation in the media. Varma et al. applied a 2-hour interval and the
reactive oxygen species starts to make sense after 2 hours [148]. Because GSH is abundant
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in epithelium and the outer cortex, it needs some time to consume the inner reductant for
ALA to show effects. Interestingly, after the treatment of ALA, the optical properties
recovered, but the changes in lenticular stiffness persisted. Due to high concentration of
H202, the changes in opacities were observed in a very short time (3 hours). However,
Spector et al. show that it took 72 hours for 0.2 H202 mM alter the transparency of lenses
[149], which was 2000 times less concentrated than the solution used in this work. A next
step of my work is to assess the changes in attenuation and elasticity at various
concentrations to more rigorously determine the link between oxidative induced damage
effects on optical transparency and biomechanical properties of the lens.

While my measurements were made on extracted lenses, OCE could be successfully
used for the measurement of lens elasticity in situ and in vivo. The values of the surface
wave speed in this study are in agreement with the previous results of my lab obtained on
both extracted lenses and in situ lenses, i.e., inside eye globe. To translate these values to
Young’s modulus values, | used a model of surface wave in a homogeneous elastic
medium. Such a model, however, has significant limitations. The elasticity distribution
inside the lens is inhomogeneous, and the stiffness gradient is especially pronounced in
aged lenses [32, 104, 105]. Therefore, the measurements on the lens surface are less
sensitive to the mechanical properties of the nucleus, the central part of the lens. Moreover,
different models gave different value of Young’s modulus in the previous research of some
other groups. Hollman et al. has the results of 5~10 kPa [105]; Schachar et al. has the shear
modulus of 6.2 Pa [37]; which means the Young’s modulus is about 20 Pa; and my previous
result shows the Young’s Modulus is about 10 kPa [36]. However, since the trends are also
important, |1 need to understand the absolute value based on my model to check the
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availability of my model. To overcome such limitations and quantify elasticity distribution
in the lens, | have demonstrated the combination of dynamic OCE with Brillouin
microscopy [51]. Another limitation in the model was that the effect of viscosity was not
considered, but viscosity could play a significant role in the process of wave propagation.
The measurement of the elastic wave dispersion in the lens, not only group velocity, along
with the development of an appropriate wave propagation model that incorporates the
geometry of the lens and specific boundary conditions, is the focus in Chapter V.

IV.5 Conclusion

In this chapter, | first applied OCE to observe the elasticity of the lens during the
oxidation process and mimic the oxidative cataract generation. Oxidative cataract was
induced in ex vivo porcine lenses, and the lenticular stiffness was assessed using elastic
wave-based OCE. The cataract lenses demonstrated a significant increase in stiffness and
opaqueness. The results show that there is a relationship between the stiffness and
transparency of the lenses, and a-lipoic acid may potentially preserve both stiffness and
transparency of the lenses. Future work includes evaluating the effectiveness of a-lipoic

acid in vivo using OCE.
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CHAPTER V - Age-Related Changes in the Viscoelasticity of Rabbit Lens
Characterized by Surface Wave Dispersion Analysis

In this chapter, | took lenticular viscosity into consideration and started to do in situ
investigation. The viscoelastic properties of the young and mature rabbit lenses in situ
were evaluated using wave-based optical coherence elastography (OCE). Surface waves
in the crystalline lens were generated using acoustic radiation force (ARF) focused inside
the eyeball. Surface-wave dispersion was measured with a phase-stabilized optical
coherence tomography (OCT) system. Young’s modulus and shear viscosity coefficient
were quantified based on a Scholte wave model and a Rayleigh wave model. The results
showed that both elasticity and viscosity were significantly different between the young
and mature lenses. The Young’s modulus of the lenses increased with age from
7.74+1.56 kPa (young) to 15.15+4.52 kPa (mature), and the shear viscosity coefficient
increased from 0.55+0.04 Pa-s (young) and 0.86+0.13 Pa-s (mature). The results showed
that the combination of ARF excitation, OCE imaging, and dispersion analysis was
enabled non-destructive quantification of lenticular viscoelasticity in situ and shows

promise for in vivo applications.

V.1 Introduction

During aging, the lenticular biomechanical properties play critical roles in the
development of presbyopia, which results in the age-related loss of accommodation [11,
33, 150]. Previous studies have shown that aging leads to an increase in lens stiffness in
many species, including humans [32, 48, 52, 99, 101, 105, 151-153]. This increase in
stiffness means that the lens is less responsive to mechanical stretching forces during

accommodation, which decreases the ability of the lens to change its shape and
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accommodate [150, 154]. Despite the significant role of lenticular biomechanical
properties in vision, there is a lack of currently available technologies that can safely and
noninvasively measure lens biomechanical properties inside the globe. While the changes
in lens elasticity have been investigated in detail [32, 48, 52, 99, 101, 105, 151], only a few
studies have measured changes in the lens viscous properties with age [66, 104, 151].
Complete information about lens biomechanical properties, e.g., viscoelasticity, would
enable a better understanding of accommodation and development of new approaches to
restore accommodation [11, 155].

In the previous chapters, | used wave-based OCE to show the correlation between lens
opacity and elasticity during cold cataract formation and oxidative cataract formation in an
ex vivo porcine model [36, 156]. However, these wave-based measurements relied on the
wave group velocity, which was heavily influenced by the frequency of the wave and can
only provide estimates of elasticity.

On the other hand, spectral analysis of surface wave propagation can enable robust
assessments of tissue viscoelasticity [157, 158], which could enhance biomechanical
measurements of the lens. In this chapter, the viscoelasticity of rabbit crystalline lenses in
situ were assessed by inducing mechanical waves with focused acoustic radiation force,
which were then detected by a phase-stabilized OCE system. Dispersion analysis was
combined with a Scholte wave propagation model and a Rayleigh wave model to quantify

the viscoelasticity of the crystalline lenses.
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V.2 Materials and Methods
V.2.1 Experimental Setup

To measure the rabbit lenticular biomechanical properties, | utilized a phase-stabilized
swept-source ARF-OCE system, which combines OCT with a co-focused single-element
ultrasound transducer. Figure 5.1 shows the schematic of the experimental setup. The OCE
system was based on a swept source laser (SL131090, Thorlabs Inc., Newton, NJ) with a
central wavelength of ~1300 nm, a bandwidth of ~100 nm, and sweep rate of 100 kHz. The
axial resolution of the OCT system was approximately 8 pum. The full width at half
maximum (FWHM) of the transverse Gaussian profile of the OCT beam at the imaging
focal plane was approximately 14 pum. The displacement stability of the system was
measured as 1.9 nm. The raw interference signal was resampled into the linear k domain
followed by a fast Fourier transform. The phase data was extracted from the angle of the
complex OCT data after Fourier transform. The phase data was then converted to real
distance with a refractive index of the lens as 1.38 [159]. The signal received will be
directly transformed by inverse Fourier transform on the interference fringes with linear k-
space [160, 161]. The ARF transducer (ISO 304HP; CTS Valpey Corporation, Hopkinton,
MA) had a diameter of approximately 15 mm and a focal length of about 19 mm operating
at 3.5 MHz central frequency. A 3.5 MHz sinusoidal wave was generated by a function
generator (DG4062; Rigol Technologies, Beijing, China) and was gated to produce five
single-tone bursts from 500 Hz to 2500 Hz with a 100 Hz increment. The signal for the
transducer was amplified using a power amplifier (350L; Electronics & Innovation Ltd.,
Rochester, NY, USA). The ARF remotely perturbed the anterior apical surface of the

crystalline lens through the cornea and the aqueous humor of the eyeball. A 3D printed
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cone was filled with ultrasound gel to couple the ARF from the transducer to the eye. Since
the intraocular pressure (IOP) can have a noticeable effect on the lens stiffness, it was

controlled at 10 mmHg with a closed-loop control system [162].
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Figure 5.1. Schematic of the in situ US-OCE system

After the in situ measurements, the lenses were taken out and the measurements were
done by another OCE system. The OCE system was based on a home-built spectral
domain OCT (SDOCT), with an air-coupled ultrasound transducer [85, 163]. A schematic
of the system is shown in Fig. 5.2. The SDOCT system utilized a superluminescent diode
(SLD) with a central wavelength of ~840 nm, a bandwidth of ~49 nm. The displacement

stability of the system was measured as 12 nm.
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Figure 5.2. Schematic of the air-coupled US-OCE system

The transducer induced a low amplitude localized displacement (<10 um) at the apical
surface of the lens inside the eyeball (Fig. 5.3), which then propagated as an elastic wave.
The OCE system acquired successive M-mode images (n=250) over a ~8.1 mm line, where
the center of the scan was at the apex of the lens [86]. The scan time for one position was
approximately 48 ms, and the entire M-B-mode scan time was about 12 s. The temporal
phase profiles were unwrapped, converted to displacement, and corrected for surface
compensation and refractive index mismatching artifacts [112]. The displacement profiles
along the whole propagation path on the surface of the lens were then processed by a cross-
correlation algorithm to obtain the elastic wave propagation delays [87] at each
frequencies. The slope of a least-squares regression linear fit of the propagation delay to
the propagation distance was the wave propagation speed. The fitting was performed from

~0.5 mm away from the excitation to remove the influence of near-field effects.
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Figure 5.3. An OCT image of the lens in situ. The scale bar is 1 mm.

V.2.2 Sample Preparation
Whole rabbit eyes (Pel-Freez Biologicals, LLC, Rogers, AR) were shipped overnight

on ice. The eyes were separated into two groups: young (from 2 to 3-months old, N=5) and
mature (over 6-months old, N=10). All experiments were performed immediately after
receiving the eyes. The eye globes were kept in a 1X PBS solution at room temperature to
keep the globe hydrated. The samples were placed in a 3D-printed eye holder during the
experiments to eliminate bulk motion and for IOP control as mentioned earlier. After the
experiments, all lenses were enucleated to measure the size and mass. After the in situ
measurements, the lenses were enucleated from the eyeballs and redid the measurements
with air-coupled transducer as the previous publication of our lab described [163]. The

lenses were placed on the holder and kept hydrated with PBS.
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V.2.3 Wave Propagation Model

To evaluate age-related changes in the viscoelastic properties of the rabbit lenses
quantitatively, 1 used a Kelvin-Voigt viscoelastic model of the tissue and Scholte wave
model [164, 165], which matched the boundary conditions of the lens in the eye-globe
(fluid on the anterior surface). | assumed that the lens thickness was significantly greater
than mechanical wave wavelength in our frequency range (500-2500 Hz). The phase
velocity of surface wave with a Kelvin-Voigt viscoelastic model of the tissue can be

represented as

2(#%""“’3/‘%) (51)

)
p(ur+ /u%+w§#%

where c, is the measured phase velocity, w is the angular frequency, p = 1,183 kg/m3 is

c;(w)=a

the lens density [89], u, is the shear modulus and ., is the shear viscosity, « is the factor
based on the model we applied, including a« = 0.84 for Scholte wave model and @ = 0.95
for Rayleigh wave model. After the measurements, Matlab (Mathworks, Natick, MA)
curve fitting tool was used to fit the OCE measurements to the analytical model of wave
propagation and estimate Young's modulus, E, based on the assumption of

incompressibility (Eq. 1.6) [166].
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V.3 Results

Table 5.1 shows the age, diameter, height, and mass of the lenses.

Table 5.1. The size and mass of the rabbit lenses.

_ Mature
Young (N=5) (N=10)
Age
(ronths) 2103 6
Diameter £ gg.042  7.9940.52
(mm)

Height (mm) 9.29+0.45 11.12+0.42
Mass (g) 0.33+£0.07 0.70£0.07

Figure 5.4 shows the dispersion of the elastic wave (i.e., phase velocities) for
representative lenses from (a) young rabbit group and (b) mature groups and their
respective fitting curves obtained using Eqg. 5.1. The phase velocity of the young lens went
from ~1.4 m/s at 500 Hz to ~ 2.9 m/s at 2500 Hz. The phase velocity of the mature lens
went from ~1.8 m/s at 500 Hz to ~ 3.4 m/s at 2500 Hz. Based on the curve fitting, the
Young’s modulus of the young lens was estimated as 6.6 kPa (95% confidence bounds
[5.1, 7.8] kPa) and the shear viscosity was 0.54 Pa-s (95% confidence bounds [0.53, 0.56]
Pa-s). The R? value of the fitting was 0.99. The Young’s modulus of the mature lens was
15.6 kPa (95% confidence bounds [13.2, 17.7] kPa) and the shear viscosity was 0.83 Pa-s

(95% confidence bounds [0.80, 0.85] Pa-s). The R? value of the fitting was 0.97.
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Figure 5.4. (blue circles) OCE-measured dispersion curves for the elastic wave

propagation at the lens surface and (red line) fitting by the Scholte wave
model for (a) one young lens and (b) one mature lens.

With the Young’s modulus and the shear viscosity coefficient calculated by the curve
fitting method, the average wave dispersion of each group of lenses was calculated. Figure
5.5 shows the average elastic wave dispersion curves for all lenses of each age group and
their respective fitting to the mechanical model. It is obvious that the mature lenses had
greater phase velocities in full frequency range than the young lens, indicating a greater

stiffness.

65



3.5 ‘]LH
1 T
325 B | _‘]L___{,.--%- {%{

n 2 ,,,r%”f/w et .
1 5T ---Young Lens
. . . —Matured Lens
%OO 1000 1500 2000 2500
Frequency(Hz)

Figure 5.5. Average elastic wave dispersion curves of the young (N=5) and mature (N=10)
lenses and the fit to the mechanical model using Eq. 5.1. The error bars show
the intra-group standard deviation for each frequency.

The summary of the Young’s modulus and the shear viscosity estimations is shown in
Fig. 5.6. The results clearly show that the matured lenses are stiffer and more viscous than
the young lenses, confirming our previous results with bovine lenses and rabbit lenses [66,
104]. Student’s t-test was used to check the statistical significance of the difference
between the two age groups. The average Young’s modulus of the young lenses (7.74+1.56
kPa) was significantly lower than average Young’s modulus of the mature lenses
(15.15+4.52 kPa) (P<0.001). The shear viscosity coefficient of the young lenses (0.55+0.04
Pa-s) was also significantly lower than that of the matured lenses (0.86+0.13 Pa-s)
(P=0.013). The trend is in agreement with our previous results in rabbit lenses based on the

localized damping [66].
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Figure 5.6. (a) Young’s modulus and (b) shear viscosity coefficient of the young and
mature lenses estimated based on the viscoelastic model. The asterisks indicate
statistical significance (P<0.05) determined by Student’s t-test.

Figure 5.7 shows the dispersion of the elastic wave (i.e., phase velocities) for
representative young lenses from (a) inside the eyeball and (b) outside the eyeball and their
respective fitting curves obtained using Eq. 5.1 by Scholte wave model and Rayleigh wave
model. The phase velocity of the young lens inside went from ~1.4 m/s at 500 Hz to ~ 2.9
m/s at 2500 Hz. The phase velocity of the young lens outside went from ~1.4 m/s at 500
Hz to ~ 3.1 m/s at 2500 Hz. Based on the curve fitting, the Young’s modulus of the young
lens inside was estimated as 6.9 kPa (95% confidence bounds [4.5, 9.3] kPa) and the shear
viscosity was 0.54 Pa-s (95% confidence bounds [0.52, 0.57] Pa-s). The R? value of the
fitting was 0.96. The Young’s modulus of the young lens outside was 6.3 kPa (95%
confidence bounds [3.9, 8.7] kPa) and the shear viscosity was 0.47 Pa-s (95% confidence

bounds [0.45, 0.50] Pa-s). The R? value of the fitting was 0.93.
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Figure 5.7. (blue circles) OCE-measured dispersion curves for the elastic wave
propagation at the lens surface and (red line) fitting for one young lens (a)
inside the eyeball and (b) outside the eyeball.

With the Young’s modulus and the shear viscosity coefficient calculated by the curve
fitting method, the average wave dispersion of young lenses inside or outside the eyeball
was calculated. Figure 5.8 shows the average elastic wave dispersion curves for all young
lenses inside or outside the eyeball and their respective fitting to the mechanical model. It
is obvious that the lenses outside the eyeball had greater phase velocities in full frequency
range than the lens inside the eyeball, indicating that Rayleigh waves propagate faster than

Scholte waves (Eqg. 5.1).
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Figure 5.8. The estimated phase velocity dispersion curves of the young lens (N=5) inside
and outside the eyeball. The error bars show the intra-group standard deviation
for each frequency.

The summary of the Young’s modulus and the shear viscosity estimations of the two
models is shown in Fig. 5.9. The results clearly show that the lenticular properties
calculated by two different models are not significantly different. Mann-Whitney test was
used to check the statistical significance of the difference between the two models. The
average Young’s modulus of Scholte wave model (7.74+1.56 kPa) was not significantly
different from average Young’s modulus of Rayleigh wave model (5.98+1.06 kPa)
(P=0.13). The shear viscosity calculated by Scholte wave model (0.55+0.04 Pa-s) was not
significantly different from that calculated by Rayleigh wave model (0.65+0.11 Pa-s)
(P=0.24). 1t shows that Scholte wave model and Rayleigh wave model can both be applied

to evaluate young lenticular properties.
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Figure 5.9. The (a) Young’s modulus and (b) shear viscosity of the young lenses (N=5)
estimated based on Scholte wave model and Rayleigh wave model. The
asterisks indicate statistical significance (p<0.05) determined by t-test.

Figure 5.10 shows the dispersion of the elastic wave (i.e., phase velocities) for
representative mature lenses from (a) inside the eyeball and (b) outside the eyeball and
their respective fitting curves obtained using Eg. 5.1 by Scholte wave model and Rayleigh
wave model. The phase velocity of the young lens inside went from ~1.8 m/s at 500 Hz to
~ 3.8 m/s at 2500 Hz. The phase velocity of the young lens outside went from ~2 m/s at
500 Hz to ~ 4.2 m/s at 2500 Hz. Based on the curve fitting, the Young’s modulus of the
young lens inside was estimated as 9.6 kPa (95% confidence bounds [6.6, 12.6] kPa) and
the shear viscosity was 0.91 Pa-s (95% confidence bounds [0.88, 0.94] Pa-s). The R? value
of the fitting was 0.98. The Young’s modulus of the young lens outside was 9.0 kPa (95%
confidence bounds [5.4, 12.6] kPa) and the shear viscosity was 0.88 Pa-s (95% confidence

bounds [0.84, 0.92] Pa-s). The R? value of the fitting was 0.98.
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Figure 5.10. (blue circles) OCE-measured dispersion curves for the elastic wave

propagation at the lens surface and (red line) fitting for one mature lens (a)
inside the eyeball and (b) outside the eyeball.

With the Young’s modulus and the shear viscosity coefficient calculated by the curve
fitting method, the average wave dispersion of mature lenses inside or outside the eyeball
was calculated. Figure 5.11 shows the average elastic wave dispersion curves for all mature
lenses inside or outside the eyeball and their respective fitting to the mechanical model.
The lenses outside the eyeball had slightly greater phase velocities in full frequency range
than the lens inside the eyeball, indicating velocity data in Rayleigh wave model has higher

number than velocity data in Scholte wave model.
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Figure 5.11. The estimated phase velocity dispersion curves of the mature lens (N=10)
inside and outside the eyeball. The error bars show the intra-group standard
deviation for each frequency.

Another summary of the Young’s modulus and the shear viscosity estimations of the two
models on mature lens is shown in Fig. 5.12. The results clearly show that the lenticular
properties calculated by two different models are not significantly different. Mann-
Whitney test was used to check the statistical significance of the difference between the
two models. The average Young’s modulus of Scholte wave model (15.15+4.52 kPa) was
not significantly different from average Young’s modulus of Rayleigh wave model
(13.86+5.12 kPa) (P=0.13). The shear viscosity coefficient calculated by Scholte wave
model (0.86+0.13 Pa-s) was not significantly different from that calculated by Rayleigh
wave model (0.72+£0.17 Pa-s) (P=0.16). It shows that Scholte wave model and Rayleigh

wave model can both be applied to evaluate mature lenticular properties.
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Figure 5.12. The (a) Young’s modulus and (b) shear viscosity of the mature lenses (N=10)
estimated based on Scholte wave model and Rayleigh wave model. The
asterisks indicate statistical significance (p<0.05) determined by t-test.

V.4 Discussion

In this chapter, | utilized ARF to induce elastic waves at different frequencies in young
and mature rabbit lenses in situ at a controlled 10P. The mechanical waves were detected
by the OCE system, and the wave dispersion was utilized in an analytical model to quantify
the viscoelasticity of the lenses. The results show that the mature lenses were stiffer and
more viscous than the young lenses.

This tendency is in agreement with the results of the previous work of our lab, where
the viscoelastic properties of the rabbit lenses were evaluated based on the measurement
of the localized displacement temporal dynamics at the point of ARF excitation [66].
However, both the values of Young’s modulus and shear viscosity coefficient obtained in
this work are greater than in the previous results of our lab, where the Young modulus and
shear viscosity coefficient were 2.5 kPa and 0.37 Pa-s, respectively, for the young lenses,
and 7.4 kPa and 0.57 Pa-s for the mature lenses [66]. Still, in both studies the increase in
stiffness with age is more pronounced than the increase in viscous coefficient. The
difference in the estimated values could be explained by the difference in the measurement

methods and the boundary conditions of the models. Previously, they used free boundary
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conditions on the lens surface [66], while in this study more appropriate liquid-solid
interaction was used.

One of the limitations of this surface wave-based technique is the limited ability to
quantify the spatial distribution of the viscoelastic properties in the lens, particularly the
stiffness gradient along the lens optical axis [32]. To overcome this limitation, the scholars
have recently demonstrated a multimodal optical elastography technique based on OCE
and Brillouin spectroscopy [167]. This method overcomes the depth limitations of OCE
due to the limited optical scattering in the lens and the semi-quantitative nature of Brillouin
spectroscopy.

My measurements were performed using the combined ARF-OCE system and air-
coupled US-OCE system, and there are several different methods that can be applied to
measure lenticular viscoelasticity, such as ultrasound elastography, uniaxial mechanical
testing, and rheometry. Li et al. applied ARF-OCE to measure the elasticity of rabbit lenses
of different age groups in vivo. Their results show that the 8-week old rabbit lens had a
Young’s modulus of ~10 kPa [152]. Wang et al. applied mechanical testing to measure the
elasticity of the rabbit lens ex vivo and ultrasound elastography to measure the elasticity of
the rabbit lens in vivo. Mechanical testing results showed that the Young’s modulus of 7-
month old rabbit lenses was 16.16+1.85 kPa, and the ultrasound elastography measured the
average Young’s modulus of 2-month rabbit lens as ~6.75 kPa and that of 7-month rabbit
lens was 15.87 kPa [153]. Zhang et al. also applied ultrasound elastography to measure the
elasticity of the rabbit lens in vivo. Their results show that the average Young’s modulus
of the 2-month old rabbit lens was about 5.7 kPa, and that of the 5-month old rabbit lens
was about 15.87 kPa [48]. All these studies demonstrate that the Young’s modulus of the
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rabbit lens increases during the aging process and had relatively similar results in age-
matched samples where applicable.

Current studies of the lens viscosity are scarce and use different experimental and
analytical approaches. Elrefaei et al. vibrated the rabbit lens in different ultrasound
environments to measure lenticular viscosity. Their results shows that the viscosity
coefficient of the rabbit lens did not exceed 0.3 Pa-s, but the authors did not note the age
of the samples [168]. Schachar et al. used a shear rheometer on porcine lenses and
estimated the viscosity coefficient as 0.16+0.1 Pa-s [37]. The same approach was used to
determine the viscoelastic properties of fresh human lenses under 40 years of age [151],
where the dynamic viscosity at 75 Hz was 0.33 Pa-s and 0.35 Pa-s for nucleus and cortex,
respectively, but no significant age dependence was observed. Yoon et al. compared the
viscoelastic properties of the young (6 month old) and mature (25~30 month old) bovine
lenses based on the measurement of laser-induced microbubbles in the lens [104]. The
shear viscosity coefficient of the mature lenses (1.32 + 0.12 Pa-s) was greater than the
young lenses (1.06 = 0.12 Pa-s) [104]. Overall, comparison of literature data is limited by
the small number of studies and a range of experimental methods, but the results do show
relatively similar shear viscosity coefficients.

In addition to material properties, the geometry of the lens can affect mechanical
property measurements. For example, Sorsby et al. found the radius of curvature of front
surface of rabbit lens increased from 5.2+0.42 mm at 7-weeks age to 6.1+0.37 mm at 20-
weeks age [169]. However, the arc length difference between the lenses of two ages was
about 7.5%, which is much smaller than the difference between the phase velocities of the
young and mature lenses of the same frequencies shown in Fig. 5.5. The axial length also
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changes with age as Table 5.1 shows. However, the wave model utilized in this work
assumes a semi-infinite medium. At the worst-case scenario, i.e., the lowest frequency and
slowest wave speed, the mechanical wave wavelength is ~2.8 mm. Hence, the assumption
of a semi-infinite medium is reasonably sound given that the mechanical wave wavelength
is greater than the thickness. Therefore, the curvature of the lens during the growth may

not be considered as a key factor affecting the phase velocities of the lens.

V.5 Conclusion

In this chapter, | first applied OCE to measure the dispersion of the surface waves in
rabbit crystalline lenses in situ. The elastic and viscous moduli of the lenses were
significantly greater in the mature lenses as compared to the young lenses. The results
show that the combination of ARF and OCE can be effectively used to quantify the age-
related changes in lens viscoelasticity noninvasively. My future work is focused on in

vivo measurements and the development of more robust mechanical wave models.
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CHAPTER VI - Conclusion

The dissertation demonstrates a series of applications of noninvasive detection methods
to characterize lens tissues from optical coherence elastography. Specifically, the work can

be summarized into the following four chapters:

1) Assessing the effects of storage medium on the biomechanical properties of porcine lens

with optical coherence elastography;

2) Optical coherence elastography of cold cataract in porcine lens;

3) Elasticity changes in the crystalline lens during oxidative damage and the antioxidant

effect of alpha-lipoic acid measured by optical coherence elastography;

4) Age-Related changes in the viscoelasticity of rabbit lens characterized by surface wave

dispersion analysis.

This dissertation represents the frontier of the OCE from their applications. The
contribution of this dissertation research lies in biomechanical optics and they are about
low coherence light interference. Crystalline lens is an essential organ of human eyes. The
work presented in this dissertation can act as a foundation for the further development and
the future applications of the techniques. The techniques and methods can be both applied

in biological research and clinical or pre-clinical fields.

To spread, my methods can not only be used on lens, but can also be used for some other

tissues, like cornea, retina, and so on.
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