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Abstract
This dissertation reports the developments of novel methods for tissue imaging and
characterization of their biomechanical properties based on optical coherence tomography
(OCT) and optical coherence elastography (OCE) techniques. This dissertation focuses on
the development of: 1) novel optical imaging techniques for mouse embryonic imaging
and; 2) quantitative evaluation of the mechanical properties of biological tissues. The
optical embryonic imaging section has two sub-sections: a) development of new technique
to extend the OCT imaging depth for mouse embryonic imaging by performing multi-angle
scanning and b) demonstration of the feasibility of combining the OCT and selective plane
illumination microscopy (SPIM) for more comprehensive murine embryonic tissue
characterization. The OCE section is subdivided into three sub-sections: a) investigating
the age-related changes in the viscoelastic properties of crystalline lens with a co-focused
ultrasound and OCE system; b) investigating the effect of intraocular pressure (IOP)
elevation on the mechanical properties of the crystalline lens; and c) utilizing Lorentz force
excitation and ultra-fast OCE to quantify tissue biomechanical properties. This dissertation
presents advanced imaging techniques to further improve developmental biology research
as well as elastography. The results of this dissertation were published in 22 peer-reviewed

manuscripts (including 4 as the first author) [1-22].
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Chapter 1 - Introduction

1.1 Background of optical coherence tomography

Optical coherence tomography (OCT) is a powerful imaging technique [23], which was
first introduced for ophthalmological imaging in the early 1990s [24]. Since then OCT has
been widely implemented in ophthalmic medical imaging and revolutionized the clinical
practice of ophthalmology, because it can perform high resolution, cross sectional, and
three-dimensional imaging of tissue in real time. Due to these advantages, OCT has gained
wide popularity in several other medical and research fields, such as cardiology,
dermatology, and developmental biology [25-28].

The mechanisms of OCT are analogous to ultrasound imaging, but OCT uses light
instead of sound waves, and therefore, is capable of much higher resolution imaging. OCT
measures the echo time delay of the backscattered light, and two-dimensional cross-
sectional images (B-scans) are created by laterally scanning the incident optical beam and
collecting the data from separate axial scans (A-lines). Three dimensional datasets are
subsequently created by combining B-scans. The volumetric information can be processed
and further interpreted for various structural or functional imaging applications.

OCT fills the gap between ultrasound imaging and microscopy, as shown in Figure 1-
1. Typical clinical ultrasound imaging has a resolution of 0.1-1 mm depending on the sound
wave frequency (3-40 MHz), and it can image deep inside the body due to low attenuation
of sound waves in biological tissues [29]. High frequency ultrasound (~100 MHz) has been
developed for research and can achieve 15-20 um resolution [30], but the imaging depth is

limited to a few millimeters due to strong attenuation high-frequency waves. In contrast,



confocal microscopy can provide extremely high resolution (< 1 um), but the imaging
depth in biological tissues is limited to ~200 um [31]. The resolution and imaging depth of
OCT fall between ultrasound and confocal microscopy. The axial resolution of OCT is
typically from 1 to 15 um (approximately one or two orders of magnitude better than

ultrasound imaging), and the penetration depth is 1 to 2 mm in scattering tissues.

n Standard
Clinical
1 i Ultrasound
mm
S
o pt 1 High
E 100 Hm Frequency
2
@ 10pum +
=
1lpm +
100 pm 1 mm 1cm 10 cm

Imaging Depth
Figure 1-1: Comparison between OCT, confocal microscopy, and ultrasound imaging.

1.2 OCT Theory

The basic principle of OCT imaging is low coherence interferometry (LCI) [32]. LCI
was originally implemented for measuring the magnitude and echo time delay of
backscattered light [33]. The first biological application of LCI was reported by Fercher et
al. in 1988 [34], for measurement of axial length of the eye.

In an OCT system, the light from a low-coherence source is split into two arms of an

interferometer. One arm is designated as the reference arm, while the other is the sample



arm. In the reference arm, the light, Ey, is reflected by a mirror and it returns into the
interference system. The light in the sample arm is directed at the target of interest, and the
backscattered light, Es, is collected and interferes with the light from the reference arm. In
an inhomogeneous sample, different structures within the sample have different indices of
refraction, and light is backscattered when it encounters an interface between materials of
different refractive index. The electric field of light, E, and the interference pattern

recorded by the detector, I, can be expressed as

E=E, cos[Z;r ft—%zj and (1.1)

l, =|E, + E,[" =|E,[ +|E.[" + 2E,E, cos(2kal), (1.2)
where f denotes frequency, A denotes the wavelength of light, t is time, z is the propagation
distance, k is the wavenumber, and Al is the optical path length difference between the
sample arm and reference arm. Due to the low coherence property of the light, the
interference can only be observed when the path lengths of sample arm and reference arm
are matched within the coherence length of the light, which is detailed in sub-section 1.3.

There are two main categories of OCT: Time Domain OCT and Fourier Domain OCT.
1.2.1 Time Domain OCT

The first implementations of OCT are termed Time Domain OCT (TD-OCT) [35],
which acquired the A-line profile by scanning a mirror in the reference arm as a function
of time. Figure 1-2 shows a schematic of TD-OCT system based on a fiber optic Michelson
interferometer. TD-OCT imaging speed is significantly restricted by the mechanical
movement of the mirror in the reference arm. Thus, most TD-OCT systems are limited to
a few thousand A-lines per second. Because of the low imaging speed, TD-OCT systems

were limited in their capability to image live samples in 3D. For example, in retinal imaging,
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not many cross-sectional images can be captured before movements such as blinking cause

drastic motion artifacts.

Reference arm

Broadband
light source h

R
Coupler Axial scanning
Sample arm
Photodetector
) \ ﬁ Galvo
Computer
Sample

Electronics

Figure 1-2: General schematic of a time domain OCT system.

1.2.2  Fourier Domain OCT

In TD-OCT, a depth profile is obtained by mechanically translating the reference arm.
In contrast, depth information can be retrieved by detecting the spectral interference signal
with a fixed reference mirror in Fourier Domain OCT (FD-OCT). The main advantage of
FD-OCT versus TD-OCT is a marked increase in sensitivity and imaging speed [36, 37].
FD-OCT systems can be split into two main schemes: spectral domain OCT (SD-OCT)
[38, 39] and swept source OCT (SS-OCT) [40-42]. SD-OCT and SS-OCT share almost

same imaging protocols except source operating and detection mechanism.



1.2.3 Spectral domain OCT

In SD-OCT, a superluminescent diode is generally used for illumination, and the
spectral interference is detected by a spectrometer. Figure 1-3 shows a general schematic
of SD-OCT system. The interference spectrum is separated into various spectral lines by a
grating and detected by a line-scan detector, which is usually a CCD or CMOS camera.

The detected interference signal, Io(k), can be expressed as

1500 = 2IS (R + Ry + Ry 4.1+ 215003 ReRe, c05(2k (2 - 2, )]

+215(K) > R Ran COS(2K (25~ 23,)

nxzm=1

(13

where k is the wavenumber, S(k) is the power spectrum of the light source, p denotes the
responsivity of detector, Rsy is the sample reflectivity at Sn layer, Rr is the reference mirror
reflectivity, (zr-zs.) denotes the optical path difference between the sample layer and

reference mirror, and (zs.-zsm) denotes optical path difference between different sample

layers. There are three terms in the interference signal: ﬁ[S(k)(RR + R, +Rg, +..)]5 which is
4
N . - .
the DC term, §[S<k>§ [R.R, cos(2k(z, — z5,))] » which is the cross-correlation term, and

f[s(k)ZN: JRoRey c0s(2K(zg, — 26 )] » which is the auto-correlation term. The DC term is

n=m=1

detector current offset, which is independent of pathlength and is proportional to the power
reflectivity of the reference mirror plus the sum of the sample reflectivity. The cross-
correlation term depends on the light source wavenumber and the pathlength difference
between the reference arm and sample arm. This cross-correlation component is typically

smaller than the DC component but is the main term of interest for OCT imaging. The auto-



correlation term is due to interference between different layers within the sample, and
usually manifests as low-depth artifacts in OCT images.
The OCT A-line profile, ip(z), can be obtained by inverse Fourier transform of the

spectral interference signal and is given by

iD(z)zgty(z)(RR+R51+Rsz+...)]+§Z\/RRRSn[y(2(zR—ZSn))w(—z(zR—zsm] ”
= . (1.4

+§ z RSn RSm [7/(2(ZSn - ZSm )) + y(_Z(ZSn - ZSm ))]

nzm=1

where y(z) denotes the inverse Fourier transform of source spectrum, p is the responsivity
of detector, Rsy is the internal sample reflectivity at the s, layer, Rr is the reference
mirror reflectivity, and (zz-zs.) is the optical path difference between the reference mirror

and sample sn layer.

Reference arm

Broadband
light source A

Stationa
Coupler i
Grating Sample arm
Z, ﬂ Galvo
Computer Sample

Line camera

Electronics

Figure 1-3: General schematic of a spectral domain OCT system.



1.2.4 Swept source OCT

SS-OCT is the other primary scheme of FD-OCT systems. SS-OCT utilizes a
wavelength-tunable laser, which rapidly sweeps through a range of wavelengths. Thus, the
spectral interferogram is recorded sequentially in time using a photodetector instead of
spectrometer. A separate interferometer, such as Mach-Zehnder interferometer (MZ1) [43,
44] or Fabry-Pérot (FP) interferometer [45, 46], can be used to generate a calibration signal
for resampling the spectral interferogram linearly as a function of wavenumber, k. However,
sources can be developed to sweep linearly in wavenumber. After the linearly k-spaced
spectrum is acquired, the A-scan can be then obtained by performing a Fourier transform
on the linearly k-spaced interferogram as in SD-OCT. Compared to SD-OCT, SS-OCT
enables deeper range imaging without compromising the sensitivity at deeper position

caused by the SNR roll-off, which is further detailed in sub-section 1.3.3.

Reference arm

Swept source
laser A h

Stationary
Coupler
Sample arm
Photodetector
) \ W Galvo
Computer
Sample
Electronics

Figure 1-4: General schematic of a swept source OCT system.



1.3 OCT system parameters

The performance of an OCT system can be characterized by several parameters, which
include axial resolution, transverse resolution, imaging depth, signal to noise ratio,
sensitivity roll-off.
1.3.1 Resolution

The axial and transverse resolution of an OCT system are decoupled. In contrast to
conventional microscopy, OCT enables high axial image resolution independent of
focusing conditions. The axial resolution is inversely proportional to the spectral
bandwidth of the low coherence light source. For a Gaussian profile spectrum, the axial

resolution is given by [47]

2
AZ :%i’ (1.5)
T AL

where /, is the center wavelength, and a4 is the full width half maximum (FWHM) of the

light source. From equation 1.5, it can be seen the axial resolution is dependent on the light
source, and hence high axial resolution can be achieved even with low numerical aperture
(NA) optics. Either increasing the spectral bandwidth or decreasing the center wavelength
results in an improvement of the axial resolution. However, dispersion mismatch between
sample and reference arm can cause deterioration of the axial resolution. Dispersion
compensation can be performed optically or numerically [48-50].

The transverse resolution of an OCT system, as in conventional microscopy, is
determined by the NA of the imaging optics. The transverse resolution is the diffraction

limited spot size on the sample and is given by

AXI%M

r d’ (1.6)



where f;is focal length of the objective lens and d is the beam spot size on the objective

lens. There is a trade-off between the transverse resolution and depth of focus. The depth

of focus is defined as twice the Rayleigh range, zr, by

_ TAX?

27 .
R 2%

(1.7

1.3.2 Imaging depth range

In TD-OCT, the imaging depth of the system is decided by the maximum scanning
range of reference arm mirror. Theoretically the imaging depth of TD-OCT could be
infinite since the reference arm could be translated to infinity. Compared to TD-OCT, the
imaging depth of FD-OCT systems is theoretically governed by two mechanisms: spectral
sampling interval (maximum observable depth) and system spectral resolution (signal to
noise ratio roll-off as a function of imaging depth). The imaging depth of an FD-OCT

system is typically given as

>
N
Il
Il

N 4
v (1.8)

where o,k indicates the spectral sampling interval of FD-OCT system, N is the total pixel
number of the detector for an SD-OCT system, and A, is the detected full spectral

bandwidth. Sensitivity roll-off is the second parameter that limits the imaging depth of FD-
OCT system. The signal sensitivity will degrade as a function of imaging depth due to

fringe washout. The -6dB falloff depth is given by [51]

e (1.9)



where Az . indicates the imaging depth at which signal to noise ratio is decayed by half

and o,k is the spectral resolution of the system. In an SS-OCT system, the instantaneous

linewidth of the laser decides the spectral resolution, but it is limited by spectrometer optics
in an SD-OCT system. In practice, the imaging depth of and OCT system is primarily
limited by the depth of penetration of the light in the sample, which is governed by the
optical attenuation of the sample [52].
1.3.3 Signal to noise ratio

Signal to noise ratio (SNR), sensitivity, and dynamic range are commonly used to
denote the minimum detectable reflected optical power to a perfect reflector for an OCT
system. FD-OCT provides better detection sensitivity compared to TD-OCT method. A
multi-element array detector (CCD or CMOS) is used in SD-OCT systems in contrast to
the single element detector used in TD-OCT, which significantly reduces the shot noise. In
a single detector TD-OCT system, the shot noise generated by the power density at one
specific wavelength is present at all electronically detected frequencies, and therefore
adversely affects the SNR at all other wavelengths. By spectrally dispersing each
wavelength to a separate detector, the cross shot-noise term can be eliminated in both
hybrid and fully parallel SD-OCT systems.

The theoretical shot-noise-limited SNRs in TD and SD-OCT system, are given

respectively by [53, 54]

P Poamoie7i
SNR,, =% and SNR,, =”+"' (1.10)

v W 1%

where 1 =0.85 for PIN diode in TD-OCT and 77 = 0.28 is the overall detection efficiency

of spectrometer in SD-OCT, B, is electronic detection bandwidth, P, . is the sample

ample
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arm power returned to the detection arm, r; is the detector integration time, and E, is the

photon energy.
1.3.4 Sensitivity roll-off

Although the fundamental principle of FD-OCT is determined based on the spectral
interferogram and its continuous-time inverse Fourier transform, additional real-world
complications will arise due to the practical implementation of FD-OCT. For example, the
depth dependent falloff in sensitivity is closely related to the resolution of the interference
spectrum, which is decided by the instantaneous linewidth of light source in SS-OCT or
spectral resolution of the spectrometer in SD-OCT. The spectral interferogram is acquired
by spectrometer that has finite spectral resolution. Therefore, a gradual decay of sensitivity
as a function of depth will occur as the fringe visibility decreases at higher spectral
interferogram modulation frequencies, which correspond to deeper depths in the sample.

The signal roll-off rate, R(z), is given by [55]

_[(SIN ) ep| - @2
R(z)_( ; Jexp{ 2In2§] (1.11)

where ¢ =(x/2)(z/z,,) denotes the depth normalized to the maximum ranging depth

max
and w = 64/ aA where 64 is the FWHM spectral resolution of the spectrometer and A
is the wavelength spacing between pixels. The Sinc and Gaussian functions in the equation
are related by Fourier transform to the square shape of CCD pixels in the spectrometer and

incident Gaussian beam profile on the spectrometer, respectively.
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1.4 OCT data processing steps
Compared to conventional microscopy, which directly acquires image from a camera,
OCT images need to be reconstructed through a series of processing steps. Figure 1-5

illustrates typical data processing procedures for a FD-OCT system.

Acquire Raw | I(A) | Background | I(A) Conversion I(k) Fourier I(z)

Data ) | Subtraction | ) TRremal e Axial Aline

Figure 1-5: Typical data processing steps for a FD-OCT system.

1) Acquire raw data:

In SD-OCT, the interference signal is collected by a line-scan camera and digitized by
a frame grabber. Since the light is spectrally dispersed by the diffraction grating onto the
line-detector array, the intensity data is recorded as a function of wavelength. The spatial
distribution of wavelengths on the array can be determined from the spectrometer geometry
or by the reference peaks of the light source;

2) Background subtraction:

Background subtraction is essential for removing fixed-pattern noise artifacts in FD-
OCT system, which appear as straight lines across the entire OCT image. Such static noise
can be produced by many factors, such as the light source spectrum itself or interference
between optical elements of the OCT system. Different methods have been proposed to
remove this fixed-pattern artifact. The subtraction of a reference spectrum measured in the
absence of sample is commonly used for static noise removal [56]. However, frequent noise
calibrations may be needed due to the variations in optical phase or polarization, which can
make imaging inconvenient. Mean-spectrum subtraction, median-line subtraction, and

minimum-variance mean-line subtraction are effective approaches, which take advantage
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of signal processing methods to extract reference spectrum and eliminate the need for
reference spectrum measurements [56].

3) Conversion from wavelength to wavenumber:

The Fourier transform pair of axial depth, z, is complementary to wavenumber, k. The
conversion of raw signal from the wavelength to wavenumber domain is necessary before
the Fourier transform since the OCT signal is linear as a function of wavenumber.
Performing Fourier transform on a spectral interferogram that is not linear in wavenumber
results in a broad point spread function and subsequent loss of axial resolution. Measured
by the spectrometer, N sampled points evenly spaced in wavelength are resampled into N
points evenly spaced in wavelength. Numerous approaches have been proposed to
resample the spectra data. The simplest way is to perform basic linear interpolation during
resampling, which usually yields sufficient results. Cubic B-spline interpolation is more
accurate but is far more computationally expensive [57]. However, the advent of GPU-
accelerated processing has minimized the performance penalty. Another commonly used
method for spectral calibration is to use a single reflector, which can provide a calibrated
reference spectral interferogram. A mapping function from wavelength to wavenumber can
then be obtained. In addition to software solutions, hardware solutions, such as linear-in-
wavenumber spectrometers, have been developed to eliminate the resampling step. An
extra prism can used in the spectrometer to disperse the light evenly in wavenumber, which
results in better sensitivity roll-off but also significantly increases system complexity [58,

59];
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4) Fourier transform to obtain depth profile:

A Fast Fourier transform (FFT) is performed on the resampled spectral interferogram
to reconstruct the axial scan. The depth dependent OCT signal is complex-valued after FFT.
The magnitude is often displayed in log scale to display the OCT intensity image since the
dynamic range is large. The phase information can be extracted for other functional
applications, such as Doppler imaging or optical coherence elastography (OCE) [60, 61].
1.5 OCT imaging in developmental biology

One important area of biomedical research that has widely adopted OCT is
developmental biology [62]. Embryonic studies are highly valuable for understanding the
mechanisms of normal development and congenital defects. Common examples of
congenital birth defects include cardiac malformations [63], neural tube defects [64] and
Down Syndrome [65]. Birth defects affect 1 in 33 babies and are leading cause of infant
mortality in United States, accounting for 20% of all infant deaths in 2015 [66].
Understanding the mechanisms that cause birth defects will help early diagnosis and
subsequent interventions. Commonly used animal models for studying human diseases
include Zebrafish, fruit flies, frogs, and mice [67-71]. Mouse models are particularly useful
because of their genetically similarity to humans, short gestation period, low maintenance
cost, and wide availability of transgenic and mutant models [72-74]. Although the genetic
basis of several diseases has been identified, corresponding phenotypic information is often
lacking. Large scale projects have been initiated to catalog these phenotypes [75], so there
is a need for high throughput and high-resolution 3D imaging capable of resolving

micrometer-scale features.
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A variety of imaging modalities have been employed in mouse embryonic studies,
including confocal microscopy, optical projection tomography (OPT), ultrasound
biomicroscopy (UBM), and micro magnetic resonance imaging (micro-MRI) [76-79].
However, most of these methods have limitations such as invasiveness, low resolution, or
limited penetration depth. Confocal microscopy can image embryos with very high
resolution (< 1 um), but the imaging depth is limited to 200-200 pm [80]. In contrast, UBM
and micro-MRI can image deeper structures in mouse embryos [81, 82]. However, the
spatial resolution of UBM is limited to ~30-100 um, and UBM has relatively poor contrast
in tissue as compared to optical techniques. Micro-MRI requires extended acquisition
periods to obtain images with acceptable contrast, which limits its use for live imaging [79].
Similarly, OPT requires lengthy immobilization and clearing procedures to acquire high
resolution 3D images of mouse embryos with high contrast [83].

OCT has been widely adopted for mouse embryonic imaging due to its noninvasive
nature, rapid imaging speed, and high spatial resolution [28]. However, compared to
transparent ocular tissues, embryo tissue is highly scattering. Therefore, the penetration
depth of OCT in embryonic tissue is limited, which is insufficient for imaging embryos at
later stages. Another hurdle which limits further application of OCT in embryonic imaging
is its inability to target specific tissues, since the contrast of OCT images comes from
optical scattering properties of tissues. Tissue differentiation can be performed based on
differences in optical scattering [84], but these techniques are not highly specific as with
traditional immune-histochemical techniques. This dissertation focuses on the
improvement of OCT techniques to overcome these limitations, which will extend the

capabilities of OCT for small mammal embryonic imaging.
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1.6 Optical coherence elastography for tissue biomechanical characterization

Tissues can be characterized based on different properties, such as optical, mechanical,
and electrical property [52]. For diseases like the congenital defects, the disease
progression and severity could be evaluated by directly analyzing of the normal and
abnormal embryonic tissue development using imaging techniques to detect the optical
scattering property. In addition to change in optical property, the mechanical properties of
tissues can be also drastically altered by diseases. For example, the malignant tumors tend
to appear stiffer than benign tumors and normal tissues [85], which suggests that
mechanical contrast can enhance disease detection. Hence, manual palpation is routine
practice during physical examination. However, manual palpation is subjective, so there is
a direct need for imaging techniques that can quantify the biomechanical properties of
tissues.

Elastography was formalized in the 1990s and has been widely used to measure the
biomechanical properties of tissues [86-89]. The basic principle of elastography is to
translate an externally induced tissue deformation to mechanical parameters such as
elasticity. Clinically proven elastography techniques include ultrasound elastography (USE)
[90] and magnetic resonance elastography (MRE) [91], but the relatively low spatial
resolution of these techniques poses a limitation for certain applications, particularly for
ocular tissues. Optical elastography techniques have become increasingly more popular for
characterizing tissue elasticity with nanometer-scale sensitivity and micrometer-scale
spatial resolution [92].

As is discussed in sub-section 1.4, two types of information can be extracted from the

OCT signal after Fourier transform: magnitude and phase. The magnitude information is
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primarily used for the OCT structural imaging, but can be also used to perform
elastography, usually by cross-correlation based techniques [93]. However, artifacts due to
speckle decorrelation and unknown applied stresses result in inaccurate results. In contrast,
the phase information can be utilized to obtain the absolute displacement, which enables
more accurate and quantitative elastographic imaging [61]. Since OCE is based on OCT,
it benefits from the inherent advantages of OCT, such as high resolution, non-invasiveness,
and rea-time cross-sectional imaging. In comparison to USE and MRE, OCE is able to
image mechanical properties at the micron-scale [94-96]. The development of OCE for
different applications results in various excitation techniques that have been proposed, such
as the use of piezoelectric actuator for contact excitation [97, 98], the employment of air
pulse for noncontact stimulation [99, 100], the utilization of ultrasound for remote loading
[3, 101] and so on. However, due to the various application environments of tissues of
interest, OCE must often be further adapted to fit specific task at hand.
1.7 Organization of this dissertation

This dissertation presents the development of imaging techniques to meet the demand
of noninvasive high-resolution tissue characterization. The research focuses on two areas:
development of new optical imaging techniques for embryonic imaging and the
development of new OCE methods for evaluating the biomechanical properties of tissues.

In Chapter 2, a new methodology named rotational imaging OCT (RI-OCT) is
presented, which improves the imaging depth of OCT and enables full body imaging of
mouse embryos by multi-angle scanning. In Chapter 3, RI-OCT and selective plane
illumination microscopy (SPIM) are combined to provide more comprehensive tissue

characterization for mouse embryonic research. In Chapter 4, a co-focused ultrasound-
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OCE (US-OCE) system was developed to noninvasively investigate the age-related
changes in the biomechanical properties of crystalline lenses. In Chapter 5, the relationship
between intraocular pressure (IOP) elevation and biomechanical properties of the
crystalline lens is further investigated with the US-OCE system. In Chapter 6, a new
stimulation technique based on the Lorentz force is combined with ultra-fast OCE to
perform measurements of tissue elasticity. Finally, in Chapter 7, the conclusion of this

dissertation is presented with implications for future work.
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Chapter 2 - Rotational imaging OCT for full-Body mouse embryonic imaging

This chapter reports a new OCT imaging methodology, called rotational imaging OCT
(RI1-OCT), to enhance the imaging range and extend the potential applicability of OCT.
Although OCT has been widely adopted to study the development of mammalian embryos,
light attenuation in biological tissues remains a challenge and inhibits the study of the
structural features of mouse embryos. For RI-OCT, three-dimensional structural imaging
of the sample is first performed at different angles, followed by a series of post-processing
procedures to obtain the final composited image of the whole sample. The results
demonstrate that RI-OCT can improve the visualization of structural features compared to
conventional OCT.

2.1  Introduction

OCT has been demonstrated to be a useful technique for biological tissues imaging
[102]. With the advantages of noninvasiveness, fast imaging speed, non-destructive near
infrared illumination and high spatial resolution, OCT has become popular in murine
embryonic research [5, 10, 103, 104]. Despite advancements in OCT technology, imaging
depth remains a major challenge for studying mouse embryos older than E9.5 (9.5 days
post-coitum). Optical clearing method has been proposed to enhance OCT imaging depth
in mouse embryos, but the clearing procedures are not yet compatible with live imaging
[105].

In this chapter, a novel methodology is developed to overcome the challenge of
imaging depth and extend the applicability of OCT [1]. Conventional 3D structural imaging

was initially performed at four orthogonal angles. The data sets were then registered into a
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single full-body image through a series of post-processing procedures. RI-OCT results
show that it effectively improves the imaging depth and enables the complete 3D structure
of mouse embryo at stages of E9.5 and E10.5 to be obtained.
2.2 Materials and Methods
2.2.1 Experimental Setup

The RI-OCT hardware setup includes a SS-OCT system, and a square glass tube
mounted on a rotational stage to hold the embryo. A schematic representation of the
experimental setup is shown in Figure 2-1. The SS-OCT system has a central wavelength
of 1300 nm, bandwidth of 100 nm and A-scan rate of 200 kHz. The axial resolution of the
SS-OCT system was 12 um, and transverse resolution was 10 um. The quartz tubes utilized
in this study were custom-made by Precision Cell Inc. The tube used for E9.5 embryo
imaging had an outer width of 5 mm, and inner width of 4 mm. The tube used for the E10.5
embryo had an outer width of 7 mm and inner width of 5 mm. The refractive index of the
glass was measured as 1.5.

The laser beam was scanned across the sample using galvanometer-mounted mirrors.
The 3D axes (x-,y-, and z-) are depicted in the inset of Figure 2-1. Here, a B-scan (2D
image) is set along the xz-plane, which is the horizontal plane. The stage is rotated around

the y-axis during RI-OCT image acquisition.
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Figure 2-1: Schematic diagram for RI-OCT system. C: Collimator; RS: Rotational stage; SL: Scan
Lens; LS: Linear Stage; GM: Galvo Mirrors.

2.2.2  Mouse embryo preparation

Timed matings of CD-1 mice were set up overnight and checked for vaginal plugs on
the following morning. The day on which the vaginal plug was observed was recorded as
E0.5. Mouse embryos were dissected at E9.5 stage (9.5 days after a vaginal plug was found)
with the yolk sac intact. The embryos were transferred to the square glass tube, which was
filled with 0.9% saline solution for imaging. In order to demonstrate the capability of this
technique for live embryonic imaging, mouse embryos at E10.5 stage were dissected and
kept alive in a culturing medium in a controlled incubator environment. The live E10.5

embryos were then transferred to the square glass tube for RI-OCT imaging.
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Figure 2-2: RI-OCT procedure for (a) imaging acquisition and (b) image construction.

2.2.3 RI-OCT imaging procedure

The embryo was placed within the square tube with the coronal and sagittal planes
parallel to the walls of the glass tube. This minimized the propagation distance of the OCT
probe beam through the embryo, which subsequently decreased light attenuation. The glass
tube surface was aligned with the imaging system as shown in Figure 2-1, and conventional
3D OCT images were acquired at four different angles of rotation (0, 90, 180 and 270
degrees).
2.2.3.1 Square tube alignment

The square tube was first placed on the rotational stage as shown in Figure 2-1. The
image acquisition flow chart is presented in Figure 2-2(a). First, the glass surface was
aligned to be almost normal to the OCT probe beam to reduce any image artifacts due to

refraction. The glass surface was set slightly off normal to the beam to avoid direct
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reflections from glass surface and subsequent saturation artifacts. Then the tube was
aligned so that the embryo was within the field-of-view (FOV) of the OCT imaging system
at all four RI-OCT imaging angles.
2.2.3.2 Image acquisition

Image acquisition was performed once the glass tube was aligned. As shown in Figure
2-3(a), if the embryo is out of focus at a particular RI-OCT imaging angle, a conventional
3D image was acquired at the original location. Next, the embryo was brought into focus
and another 3D image was acquired. Then, the embryo was moved back to its original
location and the stage was rotated by 90 degrees. The entire process was repeated for four
orthogonal angles of 0, 90, 180, and 270 degrees.
2.2.4 RI-OCT image registration

An algorithm was developed to register the data sets obtained at four angles into a
single 3D image (described below).
2.2.4.1 Digital focus adjustment

As mentioned above, conventional 3D OCT images were acquired for every rotation
angle at the original position as well as the position where the embryo is in focus. These
two images are shown in Figures 2-3 (a) and (b), respectively. In this step, the image of the
embryo at its original location was replaced with the image of the in-focus embryo. The
resulting image is depicted in Figure 2-3(c). Figure 2-3(c) shows how the in-focus embryo
depicted in Figure 2-3(b) is replaced by the in-position embryo in Figure 2-3(a). This

process is repeated for each of the four RI-OCT acquisition angles.
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Figure 2-3: The OCT images (a) before adjustment, (b) after adjustment, and (c) combination.
Scale bars are 500 pm.

2.2.4.2 Physical scaling

Because OCT relies on the optical path difference between the sample and the reference
mirror, OCT images are scaled based on the respective refractive indices of the individual
components of the sample. Therefore, the images were rescaled to their correct physical
dimensions. Each B-scan was divided into regions based on refractive indices. The outer
and inner glass surfaces were traced first. The region above the glass tube outer surface is
composed of air with refractive index of 1. The region of the glass tube wall assigned
refractive index of 1.5. The region below the glass tube inner surface is comprised on saline
and the embryo, and the average refractive index was assigned as 1.38. This procedure was

performed on images from all four angles.
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2.2.4.3 Locating center of rotation

Although the glass tube was carefully aligned with respect to the rotation stage, perfect
adjustment of the center of the tube along the axis of rotation of the stage is difficult due
to effect of optical path. This implies that the center of rotation had to be computed from
the OCT B-scans. To accomplish this, a point which could be tracked in two B-scans,
before and after rotation, was used to determine the rotation center. In Figure 2-4(a), a point
marked as (x1,y1) inthe OCT B-scan at 0 degrees, could be tracked and is marked as (X2,y2)
in the OCT B-scan obtained after rotation by 90 degrees. Let (x1,y1) and (X2,y2) be the
points before and after rotation by 90 degrees, respectively, about an unknown center of
rotation (m,n), as shown in Figure 2-4(c). The coordinates are defined with respect to the
center of the image, (0,0). The point after rotation (X2,y2), can be obtained from the initial

point (x1,y1) rotated about an arbitrary point (m,n) by angle 6, by the following relation,
X, =M cos@ sind -m
et w5 @
y,—n —sin@ cos@ || y,—n

By using 6 = 90 degrees, equation (2.1) can be simplified as

m=(-%+% -¥;-Y,)/2 and (2.2)

N=(-%-X+Y,-Y,)/2 . (2.3)

The rotation center (m,n) can therefore be determined using equations (2.2) and (2.3).
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Figure 2-4: Locating the center of rotation. (a) Image acquired from 0 degrees; (b) image acquired
from 90 degrees; (c) the coordinates from the same position (corner of the tube) and
rotation center. Scale bars are 500 pum.

2.2.4.4 Merging images

Once the center of rotation (m,n) was determined, the B-scans obtained at different
angles were rotated about (m,n) by the respective angle of rotation. These individual
images were then merged to form a single B-scan by gradient alpha blending (feathering)
[106]. First, the overlap between two opposing individual images (Ia and Ig) were

identified, and then the pixel values in the blended regions were weighted and averaged
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from the two overlapping images by the coefficients « (alpha mask) which varied as a
function of the distance from the seam as described by

Leom (1, 1) = a1, (1, 1) + A=) 151, ). (2.4)
The gradient blending method minimized the effects of intensity variations on the
registration. The entire process was performed on all the B-scans in the 3D OCT stack.

2.3 Results

yolk sac yolk sac

Figure 2-5: (a) Cross section image of the E9.5 mouse embryo and (b) 3D OCT rendering of the
same embryo. Scale bars are 500 pm.

The typical B-scan and 3D rendering of a mouse embryo at E9.5 obtained using OCT
is presented in Figures 2-5 (a) and (b), respectively. The effect of light attenuation in depth
is clearly seen. The head and the tail of the embryo are still visible in the image, but the
structures below them cannot be seen due to attenuation and subsequent shadowing. Figure
2-6 demonstrates the rotational imaging approach for the same embryo. Figures 2-6 (a),
(b), (d) and (e) depict selected cross-sectional OCT images obtained from different angles.
The rendering was performed using Amira software. Figure 2-6 (c), (f) and (g) were
obtained by combining OCT images from 0 and 180 degrees, 90 and 270 degrees, and all

four angles, respectively. Figure 2-6 (h) is a 3D projection of the embryo for the combined
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image from all four angles. In the RI-OCT composite obtained from the images acquired
at 90 and 180 degrees, shown in Figure 2-6(f), fine structures within the embryo heart are
clearly resolvable. Various structures became visible after application of RI-OCT, such as
the yolk sac, head, spinal cord, heart and yolk sac vessels. However, these structures are
not resolvable from the composite obtained from 0 and 180 degrees, as depicted in Figure
2-6(c). The cross-sectional and 3D projection images of the E10.5 stage embryo from one
angle and combined angles are presented in Figure 2-7. The complete brain cavity structure
is difficult to discern from a single angle, but it can be clearly visualized in the combined
images. Some structures were blurred due to the decidua, but removing the decidua can
improve the imaging quality of the final composited image. In the 3D projection view, the
embryo and yolk sac structures are labeled as different colors for better visualization. The
head and tail are only visible after combining the images. Figure 2-7(e) is a selected frame
from the video of E10.5 mouse embryo heartbeat [1]. The heartbeat video was recorded for
4 seconds at frame rate of 250 Hz after RI-OCT imaging. In total, seven heartbeats were
observed during this period, which corresponds to a heartbeat of approximately 105 beats

per minute and corroborates with previous work [107].
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Figure 2-6: Selected OCT image at (a) 0 degree, (b) 180 degree, (c) combined composite, (d) 90
degree, (e) 270 degree, (f) combined composite, (g) composite from all four angles,
(h) corresponding 3D rendering. Scale bars are 500 pm.
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Figure 2-7: Selected OCT image at (a) O degree, (b) composite from all four angles, (c) 3D
rendering at 0 degree, (d) 3D rendering from all four angles, (€) a video frame of the
heartbeat of an E10.5 embryo. Scale bars are 500 pm.

2.4 Discussion

The main disadvantage of using conventional 3D OCT structural imaging is the loss of
SNR and contrast of deeper structures due to light attenuation. Figure 2-5 shows that the
deeper structures of a E9.5 mouse embryo within an intact yolk sac cannot be resolved by
traditional OCT, even when the sample is in-focus. This necessitates the development of
new imaging methods that can be used to obtain complete structural information of the
mouse embryo.

As described in this work, the imaging protocol requires conventional 3D OCT images

of the in-focus embryo at four orthogonal angles: 0, 90, 180, and 270 degrees. This
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procedure ensures that structural information from different parts of the embryo was
captured. Using the registration algorithm, images from different angles were reconstructed
into a single 3D structural image. The main advantage of this approach is that it overcomes
the limited imaging depth of OCT by retrieving structural information from multiple
perspectives. A similar concept has also been applied to mouse embryo cardiac
phenotyping [108]. In our current setup, a small tilt is introduced between the glass surface
and the beam (to avoid specular reflection from the glass surface) that might lead to
imperfect overlapping of the images during the registration process. Anti-reflection coating
on the glass surface could further reduce specular reflections and minimize the incidence
angle. Furthermore, the concavity or convexity of the glass tube will result in convergence
or divergence of the OCT probe beam, resulting in imprecise reconstruction of the
embryonic structures. Hence, we have utilized a square glass tube to reduce imaging
deformation. Precautions should be taken to avoid any displacement of the embryo during
this step to minimize blurring and inaccurate registration of the final composited RI-OCT
image. There are several methods to help ensure stabilization of the mouse embryo during
RI-OCT imaging. For example, the stages were moved very slowly. Additionally, the
cuvette can be customized to more precisely match the dimension of embryos at various
stages.

The first step during the RI-OCT image registration process (Sub-section 2.2.4) is
digital focus registration (Sub-section 2.2.4.1). The glass surface and the embryo must be
displaced only along the optical axis. To obtain the correct physical dimensions and
locations of the glass tube and the embryo, it is imperative to correctly estimate the

refractive index of the glass, saline, and the embryo. This will ensure that the proper
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physical dimensions are obtained and utilized in the registration process. The final step is
to determine the center of rotation accurately from the images as described in Section
2.2.4.3. The center of rotation was determined using images obtained from successive
rotation steps. After rotation of the B-scan images from different angles with respect to the
calculated center coordinates, a slight translational offset might be needed to ensure
accurate overlapping of the images.

By comparing the combined images (Figure 2-6 (c,f,g)) to the single perspective
images (Figure 2-6 (a,b,d,e)), the benefit of RI-OCT is evident. Since in-focus imaging was
performed at each angle, embryonic structures imaged at the corresponding angles are
clearly visualized in the combined image. For example, the head and tail of the embryo are
well-defined in Figure 2-6(c), but fine heart structures are blurred because the heart was
positioned deep within the embryo when it was imaged at 0 and 180 degrees. However, the
heart was superficially positioned at 270 degrees, so the heart structures were well-resolved
as seen in Figure 2-6(f). On the other hand, careful inspection of the regions marked by the
red arrows in Figures 2-6(f,g) shows that although the general outline and large structures
of the embryo were reconstructed well, there is blurring at the edges due to imperfect
overlap in some regions. This suggests that there were minute errors during the image
acquisition and registration process, which may not be entirely resolvable. The initial
alignment of the cuvette is very important for the final registration. More sophisticated
methods can be used to ensure the accuracy of the alignment. For example, an agar
phantom containing microbeads can be constructed as a base for the mouse embryo inside
the cuvette, and the microbeads can be used as reference for more accurate alignment

calibration. The appearance of the same microbeads in images taken at the different angles
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would ensure that the same cross-section of the sample was imaged. In this work, a gradient
alpha blending method was used to merge the images, but more sophisticated image
registration techniques would also improve the image quality of the final composited
images.

Figure 2-7 demonstrates the capability of RI-OCT for conducting live mouse
embryonic imaging. The current method of whole mouse embryo culture is only able to
support in vitro development of E5.5-E8.0 embryo for a period of 2-3 days. It is not yet
feasible to extend embryonic development in vitro beyond the organogenesis stages [109],
and therefore mouse embryos younger than E10.5 would be more suitable.

Due to its benefits of whole-body imaging of mouse embryos, RI-OCT could be a
powerful tool for phenotyping embryonic structural abnormalities in genetically
engineered mice to study developmental diseases such as brain malformation [110, 111]
and congenital heart defects [112-114] . The non-invasive nature, relatively rapid imaging
speed, and minimal computational complexity means that RI-OCT can provide high-
throughput imaging for large-scale phenotyping projects that heavily rely on evaluating
phenotypic outcomes.

2.5 Conclusion

In this chapter, a new method to visualize a whole E9.5 and E10.5 mouse embryo within
their intact yolk sac by combining traditional 3D OCT images obtained at different angles,
is demonstrated. From the final RI-OCT image, the whole embryo and yolk sac structure
can be visualized. The results demonstrate that RI-OCT was able to significantly improve
the OCT imaging depth and contrast of deep structures of mouse embryos, which can

benefit future embryonic investigations. RI-OCT could also be combined with other
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techniques such as speckle variance for functional analysis of deeper structures, which
traditional OCT imaging would be unable to image. In addition, the proposed RI-OCT
technique is not limited to mouse embryonic research, it can also be extended to other

biomedical research fields which encounter similar issues here.
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Chapter 3 - Comparison and combination of rotational imaging optical coherence

tomography and selective plane illumination microscopy for embryonic study

In this chapter, RI-OCT proposed in Chapter 2 is further combined with selective plane
illumination microscopy (SPIM) for mouse embryonic imaging, and side by side
comparisons are supplemented with co-registered images. Since these two imaging
techniques have different contrast mechanisms, they can be used to complement each other
and provide more comprehensive tissue characterization for embryonic study.

3.1 Introduction

The imaging contrast of OCT is determined by optical scattering properties of tissue.
Therefore, OCT can capture structural features by depicting tissue boundaries. OCT can
provide important anatomical information for mouse embryonic study. For example, OCT
has been successfully utilized to study embryonic heart morphogenesis during the cardiac
looping process, to image neural tube closure, and monitor the formation of the brain and
limb growth in normal and pathological states [7, 62, 115-117]. Due to light attenuation in
tissues, the imaging depth of OCT is limited. In Chapter 2, RI-OCT is proposed to improve
the imaging depth by acquiring structural information at four orthogonal angles. This
method allows us to effectively image deeper embryonic structures, particularly beneficial
for stages E9.5 and E10.5.

In contrast to OCT, fluorescence imaging techniques can acquire biochemical and
metabolic information through fluorescent labelling or using transgenic animals. Among
all the available imaging modalities, SPIM is a powerful fluorescence microscopic
technique for studying murine embryonic development with microscopic resolution and

high throughput [118]. For SPIM imaging, a light sheet is constructed to optically section
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fluorophore-labelled samples. The resolution of SPIM is comparable to confocal
microscopy but imaging speed is much faster. Therefore, SPIM can produce high-quality
serial sections with minimal photo-bleaching, which makes it very powerful for three-
dimensional imaging [119, 120].

With the advantages mentioned above, SPIM is well suited for longitudinal imaging of
developmental processes at multiple scales for investigating early embryogenesis. It has
been used in applications such as imaging molecular interactions and gene expression
patterns, large fixed specimens and early developmental dynamics [121-123]. Given the
different contrast mechanisms, the combination of OCT and SPIM can provide
complementary information for a deeper understanding of embryogenesis. Another benefit
of combining both RI-OCT and SPIM is that sample rotation can be performed so that each
side of the sample is imaged with the highest possible contrast.

In this chapter, we have investigated the feasibility of combining RI-OCT and SPIM
for whole body morphological assessment of mouse embryos. Experimental procedures of
RI-OCT and SPIM image registration processes are tested and verified with microbeads
embedded in agar gel. E9.5 mouse embryos are then imaged via the two techniques for
biological study.

3.2 Materials and methods
3.2.1 OCT and SPIM imaging systems

The schematic of the RI-OCT and SPIM setup is illustrated in Figure 3-1. The detailed
description of the RI-OCT setup has been introduced in Chapter 2. The SPIM system was
slightly modified from a commercial system (Lightsheet Z.1, Carl Zeiss Microscopy,

GmbH, Germany). The system splits fluorescence excitation and detection into two
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separate paths, with the detection axis perpendicular to the illumination axis. The sample
was illuminated from both sides at 488 nm and 561 nm. The samples were imaged with a
5X air detection objective (Plan-Neofluar N.A. of 0.16), with 5X (N.A. of 0.1) illumination
objective, respectively. The axial resolution was 5.2 um and lateral resolutions was 1.3 um
respectively, at a magnification of 0.7 for the images taken with the 5X objective. The
sample cuvette was placed inside a water filled chamber and positioned precisely in three
dimensions with piezoelectric actuators. Half the sample was scanned through from one
side with dual illumination, then the sample was rotated 180 degrees and imaged from the
other side with same settings. The dual illumination and imaging angles were fused after
imaging using mean fusion method in Zen 2.1 lightsheet software, where the pixel in the
fused image is determined by averaging the intensity level of the pixels for the involved

views.
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Figure 3-1: Schematic of (a) RI-OCT experimental setup and (b) SPIM setup.
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3.2.2 Phantoms

To investigate the feasibility of multimodal imaging with SPIM and OCT, a phantom
was prepared using fluorescence microbeads (various sizes of 10-20um, 63-75um, 300-
355um and 500-600um) distributed in 1% (w/w) agar. The agar was then poured into a
cuvette and imaged after hardening using both techniques. Special care was taken to image
the phantom at the same position and orientation to ensure precise image registration.
3.2.3 Animals

Mouse embryos (strain Tg; e-globin-GFP) were imaged by both techniques. Tg; &-
globin-GFP is expressed in early erythroblast formation and previously used to study the
role of hemodynamic forces during embryonic development [124]. Embryos were
dissected out of the mothers at E9.5, and then were fixed for 2h in 4% paraformaldehyde
before being permeabilized in 1x PBS + 0.5% Triton X-100 (PBS-T). Non-specific
antibody binding was blocked with 2% bovine goat serum in PBS-T for 2h at 4 °C.
Embryos were incubated primary anti-PECAM1 antibody (1:200, Mecl13.3, BD
Pharmingen) diluted in blocking solution overnight at 4 °C. Primary antibody was counter
stained with Alexa Fluor 568 goat anti-rat secondary antibody (1:500, Invitrogen, Corp),
which was diluted in blocking solution for 1h at 4 °C. The embryos were first imaged by
the RI-OCT method, and then imaged using SPIM.
3.2.4 Image process and registration

Image acquisition and processing procedures for RI-OCT have been detailed in Chapter
2. Briefly, RI-OCT acquires normal 3D OCT structural images at different angles by
rotating the sample, which is mounted on a rotational stage. After rescaling the images to

physical dimensions by correcting for refractive indices, the images were rotated and co-
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registered based on the rotation and translation of the sample. For SPIM imaging, the
datasets acquired from both sides were initially aligned and combined with the instrument
software (ZEN, Carl Zeiss Microscopy GmbH, Germany). Manual image co-registration
and volumetric rendering of OCT and SPIM images were conducted in Amira (FEI Co.,
OR, USA) after rescaling the images to physical dimensions. Both data sets were imported
into Amira, rescaled to proper physical dimensions by setting pixel sizes, and
translated/rotated to achieve proper alignment. The transformation was edited interactively
in the 3D viewer using the Open Inventor draggers in Amira. The transformation
parameters were adjusted until the general contours overlapped. Finer alignment was
performed by simultaneous visualization of cross sections from two data sets. For 3D
rendering of matched volumes, the OCT data was assigned to the grey color channel, and
the SPIM data was assigned to the red channel. The intensity and opacity of each individual
color channel were adjusted for better visualization.
3.3 Results

Figures 3-2 (a) and (b) show 3D rendering of the bead phantoms imaged using OCT
and SPIM (at an excitation wavelength of 488nm), respectively. Two large beads can be
easily identified, and their relative positions in the image is the same in the OCT and SPIM
images. Small microbeads (indicated by the yellow arrows and yellow dished circles) are
also located in the same relative positions in both images. Figure 3-2(c) is an OCT cross
sectional image from a selected plane, and Figure 3-2(d) is same OCT cross sectional image
overlapped with the corresponding SPIM image, which indicates that the data from the two

imaging modalities can be well co-registered.
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(d)

Figure 3-2: (a) 3D OCT and (b) SPIM imaging of beads phantom. (c) Cross-sectional OCT image
of selected plane. (d) Combined OCT and SPIM images of the same cross-sectional
plane. Scale bars are 500 pm.

Figures 3-3(a-d) depict volumetric renderings of the RI-OCT of mouse embryo obtained
from different angles, and Figures 3-3(e-h) are combined RI-OCT images from different
views. Figures 3-3(i) and (j) present the SPIM images of the embryos from opposite sides,

and Figure 3-3(k) and (I) show the merged SPIM images.
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Figure 3-3: RI-OCT imaging of E9.5 mouse embryo at (a) 0 degree, (b) 180 degree, (c) 90 degree,
(d) 270 degree, (e-h) composite from all four angles. SPIM imaging of same embryo
from (i) one side, (j) opposite side, and (k-I) combined. Scale bars are 500 pm.

The co-registered OCT and SPIM images of an E9.5 mouse embryo are shown in
Figure 3-4. Figure 3-4(a) presents a 3D RI-OCT rendering of the mouse embryo, Figure 3-
4(b) and (c) shows the 3D SPIM images of same embryo excited at 488nm and 561nm,
respectively. Figure 3-4(d) presents the co-registered 3D OCT and SPIM images. Figures
3-4(e-h) are co-registered images from selected 2D cross-sections. Endothelial cells
labelled by PECAM1 show that the embryo vascular structure can be visualized in high
detail with SPIM. The vasculature is widely distributed in the brain, spine, and tail of the
embryo. Various embryonic structures could be identified, such as the dorsal aorta, neuro
lumen, and intersomitic vessel. Combined with the e-globin-GFP excited at 488 nm, it is

possible to see how blood was distributed in different organs at the time of fixation. The
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brain had more erythrocytes trapped in the microvascular network, and many erythrocytes
were also found in the heart, limb, and dorsal aorta. The PECAML signal is much stronger
in and around the heart due to the presence of the rapidly developing cardiovascular system
at this embryonic stage. From SPIM cross sectional images, it is possible to visualize the
internal and external structure of the heart. GFP and PECAML1 labelled cells show the
myocardium and erythrocytes, while OCT can reveal the heart wall thickness as indicated
by the arrowhead in Figure 3-4(e). However, the light was aberrated due to the embryo
tissue, resulting in blurring that is visible in the images, particularly in the internal
structures of the embryo. Clearing protocols can ameliorate this issue, but their toxicity is
not suitable for live imaging [125]. Moreover, most SPIM publications focus on clear

samples, such as zebrafish, which do not encounter such issues during imaging [126, 127].

Figure 3-4: (@) OCT image, (b) SPIM image at excitation wavelength of 488nm for the e-globin-
GFP cells, (c) at excitation wavelength of 561nm for PECAML labeled endothelial
cells, (d) 3D registered image, (e-h) 2D OCT image registered with SPIM image.
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3.4 Discussion

In this chapter, we imaged both the structure and the vasculature of an E9.5 mouse
embryo. Major vasculogenesis and angiogenesis occur in the mouse embryo between E8.0
and E10.0, during which time the vasculature develops from a simple circulatory loop into
a complex and fine structured system. Therefore, E9.5 is a suitable stage to study
vasculature development. As discussed previously, optical clearing is usually necessary for
SPIM imaging for large and highly scattering tissues but is not suitable for in vivo
applications. As shown in this study, tissue scattering is not completely prohibitive for
SPIM imaging of E9.5 embryos, and RI-OCT enables whole-body imaging of E9.5 murine
embryos. Thus, the combination of these techniques is suitable for embryos at this stage.
However, imaging whole, unmodified embryos at later developmental stages is still a
challenge for both SPIM and RI-OCT.

Although OCT is also able visualize blood vessels in biological tissue with various
angiography techniques [128-130], it requires blood flow of a sufficient velocity to provide
contrast between surrounding tissues. In this preliminary study, the embryo was fixed in
agar, and thus was not suitable for angiographic imaging. The erythroblasts were labelled
with GFP for fluorescence imaging by SPIM and OCT-based angiographic techniques may
not be able to provide the spatial resolution of SPIM, with which each cell could be
visualized and tracked. However, OCT-based angiography is label-free, and we have
shown a technique capable of 3D video-rate volumetric speckle variance-based
angiography in vivo in cultured mouse embryos. The high temporal resolution of OCT is
well-suited for studying the dynamics in the embryo cardiovascular system, such as blood

flow and heart function [131]. On the other hand, SPIM has the advantage of labelling
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multiple cell types of interest, which is useful for studying the dynamics of cell migration
and cell proliferation during embryo development [132-134]. In SPIM, the imaging depth
limits spatial resolution when imaging thicker samples, as the signal gets weaker and
scatters when imaging deep within the tissue. Multiple methods have been developed to
overcome depth limits, including double-sided illumination, multiview acquisition, and
clearing. However, multiview acquisition increasing acquisition and processing time.
Another method to improve the penetration depth of SPIM imaging is to utilize two-photon
excitation. Truong et al. have demonstrated that two-photon SPIM could achieve a
penetration depth two times better than one-photon SPIM for imaging of fly embryos [135].
Clearing is not suitable for live imaging, can quench fluorescence signals, and only
inorganic clearing solutions are compatible with the light sheet system. Also, there is a
trade-off between high spatial resolution and field of view. In this study, we chose a large
imaging field to capture the whole embryo at the cost of spatial resolution. A larger field
of view could be accomplished at a higher resolution by performing mosaic imaging, but
the trade-off would be an increase in the imaging and co-registration time. In contrast, the
spatial resolution of OCT is defined in the axial direction by the bandwidth of the
broadband source, and the transverse resolution and axial depth of field are defined by the
NA of the objective or scan lens. However, multi-focus scanning techniques such as Gabor
domain OCT or numerical re-focusing can overcome the limited depth of field from high
NA applications. Another solution is the use of non-diffracting beams, such as Airy beams
[136]. Nevertheless, for early stage embryos (e.g., E9.5), a depth of field of a few

millimeters is sufficient for whole-body embryo imaging [20].
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In addition to OCT, OPT is another powerful technique to study the embryo
morphology. OPT and SPIM have been combined for complementary imaging of murine
embryos and zebrafish [137, 138]. OPT was able to image entire later stage embryos (up
to E13.5) but requires a lengthy clearing and fixation procedure, while OCT can perform
live imaging. Although live OPT imaging of murine embryos has been demonstrated, only
a limb bud was successfully imaged [139].

In this study, the mouse embryo was fixed in agar to avoid any movement while moving
the sample between the two imaging systems. Embedding the sample in agar may be
suitable for samples such as zebrafish, but it is not applicable for murine embryos due to
their rapid growth and need for a controlled environment for ex utero culturing. The next
step is to combine the systems into a single instrument with synchronized acquisition to
eliminate the need for immobilizing the embryos and enable in vivo imaging. In the current
work, a commercial SPIM system was utilized, which is not convenient for integrating
OCT. This study has shown the feasibility of combining OCT and SPIM imaging of the
same embryo for the first time and lays the foundation for the development of a dual-
modality OCT/SPIM system. The same registration method could be directly applied to
the dual modality system. The future work will focus on developing a customized SPIM
system, similar to the Open-SPIM, which will combine SPIM and OCT into a single
multimodal embryonic imaging system. The main advantage of a dual modality instrument
is the elimination of transferring the sample, ensuring that the embryo is imaged in the
same conditions. Moreover, a dual modality setup would enable easier live imaging by
imaging the embryo in a culture medium, which could provide a more robust growth

environment. In addition, various parameters can be analysed with SPIM imaging such as
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cell proliferation, cell death, cell type identification, and cell signalling, while OCT would
provide complementary structural information. It will be more beneficial for mouse
embryonic developmental study.
3.5 Conclusion

In this chapter, we compared and combined images of GFP-expressing mouse embryos
obtained by RI-OCT and SPIM. Fluorescent microbeads and an E9.5 mouse embryo were
imaged with both imaging techniques, and the images were co-registered. The results show
that the images from both methods can be registered well after rescaling to physical
dimensions. RI-OCT provided high-resolution whole-body structural imaging of an E9.5

mouse embryo, and SPIM imaged the embryo vasculature with high resolution as well.
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Chapter 4 - Assessing age-related changes in the biomechanical properties of

crystalline lens using a co-aligned ultrasound and OCE system

In this chapter, a confocal ultrasound and phase-sensitive OCE (US-OCE) system is
utilized to investigate age-related changes in the biomechanical properties of the crystalline
lens in rabbit eyes. An elastic deformation is induced onto the surface of the lens by
localized acoustic radiation force (ARF), and is then measured by phase-sensitive OCT.
The OCE results have demonstrated significant difference between young and old lenses,
suggesting that the stiffness of the lens increases with the age. These results demonstrate
the possibility of OCE for completely noninvasive analysis and quantification of lens
biomechanical properties.

4.1 Introduction

The crystalline lens is a natural lens which contributes to one third of the eye’s
refractive power. It’s extremely important for the eye to focus light. Presbyopia is the
progressive loss of the eye’s ability to accommodate which prevents farsighted individuals
from reading or viewing nearby objects clearly [140-144]. The age-related change of
biomechanical properties in the crystalline lens is intrinsically linked to the development
of presbyopia. Many studies have demonstrated an age-related stiffness change of
crystalline lenses for animals and humans [145-148]. However, the mechanism of how lens
biomechanics affects the progression of presbyopia is not fully understood. The location
of the crystalline lens makes it challenging to find suitable techniques to perform
measurement of its mechanical properties without destruction of the eyeball. The ability to
noninvasively measure mechanical properties of the lens in vivo is beneficial for direct

objective evaluation of the outcomes of surgical techniques that aim to restore
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accommodation via lens softening, including femtosecond lasers, pharmaceutical agents,
and lens replacement with a flexible material [149-152].

USE and MRE have been employed in clinics as diagnostic tools during the past few
years. In previous studies, the viscoelastic properties of porcine lenses have been examined
by combining microbubbles created by laser-induced optical breakdown and ARF [153].
The laser induced microbubbles are displaced by an acoustic pulse and elastic properties
are estimated by analyzing the time characteristics of microbubble motion. However, this
method is required to produce microbubbles within the lens, which is an invasive procedure.
Also, this approach may be limited for in vivo applications due to the relatively low
sensitivity of ultrasound imaging. MRE also suffers from same problems of low spatial
resolution when applied to ocular tissue measurements.

Various optical elastography methods have been proposed based on several optical
imaging techniques, such as laser speckle imaging, multiphoton microscopy, digital
holography, Brillouin microscopy, and OCT [8, 61, 154-158]. Among them, OCE has been
successfully demonstrated in different applications such as cornea elasticity measurements,
tumor detection, and intravascular plaque detection [100, 101, 159-161]. Although OCE
has been extensively developed for different applications, including for the elastic
properties of isolated ocular tissues, it is still very challenging to investigate crystalline
lenses in situ due to their unique location.

In this chapter, a co-focused US-OCE system is developed to investigate the age-related
changes in the biomechanical properties of rabbit crystalline lenses in situ. This system
combines a pulsed ultrasound system capable of producing an ARF on the lens surface and

a phase-sensitive OCT system for measuring the induced lens displacement. Pilot
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experiments were performed on the lens in situ in both young and mature rabbits. Both the
maximum displacements (MD) and the undamped natural frequency of the displacement
profile were analyzed for comparison study. For validation, uniaxial mechanical
compression tests were conducted on the same young and mature rabbit lenses.
4.2 Methods and Materials
4.2.1 Experimental Setup

To assess the biomechanical properties of the rabbit lens, a co-focused US-OCE was
developed by combining ultrasound excitation with SD-OCT, as schematically shown in
Figure 4-1(a). A single element ultrasound transducer with a diameter of ~12.7 mm and a
focal length of ~19 mm operating at 3.7 MHz central frequency was employed in the
system. A sinusoidal wave with a frequency of 3.7 MHz generated by a function generator
was gated by a 1.1ms pulse to produce a one-time burst. The driving signal for the
ultrasound transducer was amplified using a 40 dB power amplifier. The ARF from the
ultrasound wave was used to remotely perturb the anterior surface of the crystalline lens

through the cornea and the aqueous humor of the eye.
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Figure 4-1: (a) Schematic of the co-aligned US-OCE system; (b) Typical OCT image of the rabbit
lens.

The SD-OCT system utilizes a superluminescent laser diode with a central wavelength
of ~840 nm and a bandwidth of ~49 nm was utilized as the light source. The laser beam
was splitted and directed to the reference and the sample arms of a Michelson
interferometer. The interference of the combined light from these two arms was detected
using a high-resolution spectrometer comprised of a grating and a line-scanning CCD
camera. The A-line acquisition rate of this system was set to be 25 kHz during the

experiments. The FWHM of the transverse Gaussian profile of the OCT beam at the
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imaging focal plane was ~8 um. The system’s phase stability measured by recording the
interference from the reflection of the two surfaces of a glass slide placed in the sample
arm was ~4 milliradians.

A custom-built transducer holder was used to securely attach the ultrasound transducer
to the OCT objective lens. Co-alignment of the focal zone of the ultrasound beam and the
OCT imaging beam was achieved by aligning the mounted ultrasound transducer with a
needle tip. ARF excitation and OCT M-mode imaging (rapidly repeated A-scans at the
same location) were synchronized by a computer-generated triggering signal.

The surface of the crystalline lens was placed at the co-aligned focal zone of the US-
OCE system. Stimulation with the ARF produced a perturbation on the lens surface,
resulting in a displacement of the lens surface. The displacement of the apex of the
crystalline lens as shown in Figure 4-1(b) was measured by the phase-sensitive OCT
system. Since the ultrasound pulses were delivered through one part of the cornea, outside
of the optical path of the OCT beam, the displacement of the cornea did not contribute
significantly to the measured signal from the lens surface.

4.2.2 Sample preparation

Eyes from young (2-3 months old) and mature (over 6 months old) rabbits were used
in this study. During the experiments, the entire eye globes were kept in the saline solution
at room temperature to minimize any change in the tissue properties. The lenses were
carefully checked to verify that they are optically clear during experiments. The sample
was positioned in a custom-designed eye holder to prevent motion during the experiment.

For the US-OCE experiments, 3 young and 4 mature rabbit eyes were used.
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4.2.3 Kinematic model of the relaxation process

The vertical movement of the tissue in the focal zone of the US-OCE, shown as a red
dot in Figure 4-1(b), can be separated into forced motion in response to the acoustic
radiation push, and relaxation motion that occurs after the ARF is removed and when the
external forces are zero.

The following simplified kinematical differential equation can be used to describe the

lens’s relaxation process starting from the MD point:

dy® ,  dy® _ 41
m e +C ot +ky(t) =0, (4.1)

where m is the equivalent mass, c is the viscosity coefficient and k is the equivalent spring

stiffness. To understand the basic characteristics of the equation, two parameters, & and w,
are introduced where ¢=c/(2Jmk) is the damping ratio and e=+k/m is the undamped natural

frequency of the dynamic system. Equation (4.1) then becomes

LI 1 2600 4y 0. (4.2)

The analytical solution of equation (4.2) is related to the value of € as:
(@) yty=A@+bt)e™ when £-1; (4.3)
(b) y(t) =e " (Acoswyt + Bsin wpt) With o, =a\1-& when 0< & <1; and
(©) yt)=e""(Ae™™" +Be™") with o, =w&? -1 when £51.

Here A, b, and B are the parameters to be determined. According to the exponent forms of
the solution of equation (4.2), ® can also be described as the relaxation rate, which

corresponds to the rate of the exponential-type displacement recovery process.
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4.2.4 Model for a viscoelastic layer

To quantitatively evaluate age-related changes in the viscoelastic properties of the
rabbit lenses, we considered a model-based reconstructive approach based on the OCE-
measured vertical displacement of a homogeneous viscoelastic layer in response to an ARF
of short duration [162]. In this approach, tissue is modeled as an incompressible
viscoelastic (Voigt body) layer. An acoustic impulse is considered to be an axisymmetric
force applied to the upper surface of the medium in the direction of the z-axis of the
cylindrical system of coordinates (r,0,z). The mechanical parameters: Young’s modulus
(E), shear viscosity modulus (1), and density (p) are constant in the layer. An analytical
solution of the spectral component of the vertical displacement in the frequency domain

can be derived:

Y, (r,z)= —TaZJO(ar)[Aie’”z ~Ae” +a(Be ™ +B,e")[da, (4.4)

9=+a®—k?, kK2 = pa? (E/3+iwn),

where Jo and J1 are Bessel functions of order 0 and 1, respectively, and @ is the angular
frequency. Four unknown constants A1, Az, By, and B> are defined using four boundary
conditions at the layer boundaries. We consider fixed boundary conditions for the
displacements on the bottom of the layer; no shear force on the top surface, and a normal
force at the focal point of the transducer. The solution in the time domain was calculated
using the inverse Fourier transform after taking into account the duration of the acoustic
pulse.

Using the analytical solution of the forward problem (4.4), reconstruction of Young’s

modulus and shear viscosity was posed as a minimization problem, i.e. by minimizing the
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error function defined as the difference between the OCE-measured vertical displacement

y®® and theoretically calculated displacements y"¢V at the point (r=0, z=0):

5:

Yy —y"™(E,n)| - (4.5)

The density of the lens was assumed to be around 1100 kg/m? [163, 164]. To minimize
(4.5), a gradient-based iterative procedure was implemented. In the minimization
procedure, normalized displacement profiles were used so that only the temporal
characteristics of the vertical displacements were taken into account, not the amplitudes.
This approach avoided the influence of the ultrasound beam attenuation and differences in
acoustic impedance of the materials such as lens and aqueous humor.

4.2.5 Uniaxial mechanical compression tests

After the measurements by the US-OCE system, the eye globes were carefully
dissected to extract crystalline lenses for testing with a uniaxial mechanical compression
testing system (Model 5943, Instron Corp., MA). The lens was centrally positioned
between the compression plates of the device. Prior to the mechanical testing on each lens,
a 0.004N pre-loading force was applied. The compression speed was set to 2 mm/minute.

The testing was stopped when the vertical displacement reached 30% the whole thickness.
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4.3 Results

4.0 -

w

—
A
(=]
1
&
-~

=

T
&
o

Lo7 O

Young (n=3)
Mature (n=4)

(wn) Juswaoe|ds
Maximum displacement {(um)

- . - . . r : . .
0 2 4 B 8 10 Young (n=3) Mature (n=4)
Time (ms)

Figure 4-2: (a) Temporal vertical displacement profiles of young (n=3) and mature lenses (n=4)
measured by the OCE; (b) MDs of the young (n=3) and mature (n=4) lenses.

The first parameter used to assess the age-related changes in biomechanical properties
of the rabbit lens was the amplitude of the vertical displacements as measured by US-OCE.
Figure 4-2(a) shows the temporal vertical displacement profiles of typical young and
mature lenses. It is clear from either profile that the surface of the crystalline lens starts to
deform upon application of the acoustic radiation force. After the removal of the acoustic
radiation force, the surface of the lens begins to recover to its original position. Here, the
vertical displacement is on the scale of micrometers, which helps ensure that the structural
and functional properties of the crystalline lens are not affected. The data presented in
Figure 4-2(b) clearly demonstrate a significant difference between the maximum vertical
displacements of the young and the mature lenses, which are 3.3+0.1 um and 1.6£0.4 pm,
respectively. It can be clearly seen that under the same experimental conditions, the
maximum vertical displacement of the young lenses is greater than that of the mature lenses,

which indicates a higher stiffness of mature lenses than the young lenses.
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Figure 4-3: (a) Recovery process fitted by y(t) = A@+bt)e in the OCE-measured vertical

displacement; (b) The undamped natural frequencies w for the young (n=3) and
mature (n=4) lenses.

The undamped natural frequencies @ =~/k / m of the lenses are shown in Figure 4-3.
The recovery process in each of the phase profiles, which is defined as the range between
the maximal displacement point and the starting point of equilibrium, was fitted with our
model, as shown in Figure 4-3(a). During the curve fitting process, it was found that the
damping ratio, & was greater than 0.99. The damping ratio was therefore, approximated to
be equal to 1 for all the lenses. Therefore, equation (4.3) was used to analyze the relaxation
process. Figure 4-3(b) shows a comparison of, the undamped natural frequency, o, for the
two age groups. The undamped natural frequency values of the young and the mature lenses
are 0.8+0.2 kHz and 2.2+0.5 kHz, respectively. In addition to the maximum vertical
displacements, the undamped natural frequencies indicate that the stiffness of the mature

lenses is greater than that of the young lenses.
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Figure 4-4: (a) Young’s modulus and (b) shear viscosity modulus of young (n=3) and mature
(n=4) lenses estimated based on the model of the viscoelastic layer.

The result of the reconstruction of Young’s modulus and shear viscosity for young and
mature lenses is shown in Figure 4-4. While there was a significant increase in the Young’s
modulus with age, the increase of shear viscosity was less pronounced. These results are
in agreement with our previous results for bovine lenses, where age-related changes in

elastic properties were more pronounced than changes in viscous properties.
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Figure 4-5: (a) Uniaxial mechanical tests and fitted stress-strain curves for typical young and
mature rabbit lenses; (b) The distribution of the Young’s modulus Eq 1 at strain e=0.1
for the measured young and mature rabbit lenses.

The stress-strain curves and the Young’s moduli of the young and the mature lenses

are compared in Figure 4-5. Figure 4-5(a) shows typical examples of the stress-strain
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curves measured on the young and mature rabbit lenses by uniaxial mechanical

compression testing. The stress-strain curves for the young and mature lenses can be fitted
as stress =0.1928(e'***"" —1) and stress = 0.11892(e'***"*" 1) | respectively, where stress

is in units of *kPa’. At a strain of 0.1, Young’s moduli of the young and mature lenses are
8.2+1.1 kPa and 12.6+1.2 kPa, respectively, as shown in Figure 4-5(b). This result clearly
shows that the mature lenses are stiffer than the young lenses, confirming the US-OCE
results.

4.4 Discussion

In this study, the biomechanical properties of young and mature rabbit crystalline lens
were assessed noninvasively using an US-OCE system. The US-OCE system could detect
the differences in elastic properties of young and mature rabbit lenses. The analysis of the
MDs and undamped natural frequencies as well as the model-based reconstruction of the
lens mechanical properties showed that the stiffness of the lens increases with age. Results
from the model-based reconstruction indicated approximately a three-fold increase of
Young’s modulus in the mature lenses in comparison with the young lenses. This study
demonstrates the effectiveness and feasibility of the noninvasive US-OCE method in
assessing the biomechanical properties of the lens.

The axis of the OCT beam and, therefore, the direction of the measured displacements
were orthogonal to the lens surface. However, the ultrasound transducer was placed at an
angle of ~45° relative to the OCT sample beam, so that the ARF includes both an axial and
a transverse component. In our experiment, only the axial displacement at the apical
position of the lens surface was measured by the US-OCE system. In general, the measured

axial displacements are related to the stiffness gradient inside the lens, including the cortex
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and nucleus. Our measurements reflect the elastic properties of the whole lens where higher
elasticity leads to smaller displacement.

During the experiment, the distance between the sample and the ultrasound transducer
was held constant. Therefore, the ARF applied on the lens surface can be considered
approximately the same for all the samples, which eliminates the influence of the
magnitude of the ARF on the measured lens surface displacement-amplitude.

The undamped natural frequency was extracted from the relaxation process of the lens
surface after the excitation by ARF was removed. The undamped natural frequency is
associated with the elasticity of the sample. The results show that the young lenses had a
lower undamped natural frequency than the mature lenses. The analysis of the undamped
natural frequency, like the analysis of the maximum surface displacements, therefore
shows that the mature lenses are stiffer than the young lenses. The relaxation process is
mainly associated with the viscoelastic properties of the lens. Small oscillations during the
recovery process were observed in both the young and mature lenses, as a result of dynamic
processes in the lens after the rapidly applied force. Modeling these processes could result
in more accurate quantification of lens biomechanical properties.

In this study, the undamped natural frequency for the mature rabbit lens was around 2-
3 kHz, while for the young rabbit lens it was around 0.6-1 kHz. In previous work, it was
determined that the undamped natural frequency of the human cornea is around 3 kHz,
which is of the same order as the undamped natural frequencies of the mature lens
measured in the present study [165]. More studies are underway to understand the influence
of the lens gradient, viscoelasticity, and age on the relaxation rate and the amplitude of the

displacement profile. It should be noted that there is a high variability in the mature samples
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for both the elasticity measurements by US-OCE and uniaxial mechanical compression
testing. This high variability implies that the effect of age on the lens elasticity varies
between individuals.

Quantitative measurements of the mechanical properties of the crystalline lens based
on US-OCE system require the development of an appropriate mechanical model and
reconstructive procedure. Here we have presented a reconstruction approach based on the
simplified model of an isotropic homogeneous viscoelastic layer, although in reality the
lens has different density distributions and the central nucleus region is harder than the
cortex region. In this work, we did not study the gradient density distribution within the
lens, and we treated the whole lens as a homogenous object for simplification. This
simplification could be one important reason for differences between the uniaxial
compression and US-OCE-derived values. Results of the reconstruction demonstrated
approximately a three-fold increase of Young’s modulus and 50% increase in shear
viscosity in the mature lenses in comparison with the young lenses. This trend agrees with
previous findings [145], in which a bubble-based ARF was applied to measure the elasticity
change in porcine and bovine lenses of different ages. Furthermore, our quantification of
Young’s moduli of the rabbit lens using OCE falls in the elasticity range reported for
crystalline lens [166, 167]. The US-OCE method presented in this study, which combines
ARF excitation and phase-sensitive OCT measurement has the advantage of noninvasive
detection. Only a minimal ARF is required to induce a detectable deformation due to the
high displacement sensitivity of phase-resolved OCT detection. This small acoustic
radiation helps to preserve the structural and functional properties of the ocular tissues.

Ziebarth et al. investigated the elasticity of the monkey lens by atomic force microscopy
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[168]. They produced a small indentation around 0.5 to 1 micron on the whole in vitro lens
and obtained an average Young’s modulus of 1.7 kPa, which was close to the 2.5 kPa
obtained by OCE and the viscoelastic layer model. The slight disagreement may be due to
the source of the lenses, animal species, and method of indentation.

The reconstructed Young’s modulus values are lower than we expected based on the
results of uniaxial mechanical compression tests. The underestimation in the elastic
modulus could be a result of several limitations in the current model. The OCE results were
determined and influenced by the combined effect of the cortex and nucleus inside the lens.
The extent of influence of the nucleus on the results may be different between OCE and
uniaxial compression measurement. Even though the crystalline lens is an inhomogeneous
object, we have modeled the lens as a homogeneous layer. Therefore, the reconstruction
results may correspond to the cortex of the lens, which is softer than the nucleus. In addition,
the effect of the aqueous humor on the displacement of the lens surface was not taken into
account. A free boundary condition was assumed for the lens surface. The presence of the
aqueous may result in a loss of acoustic energy and underestimation of Young’s modulus.
Several other factors, such as motion of the lens as a whole, influence of the lens capsule,
and spatial distribution of acoustic pressure at the focal zone were not considered in the
model, but may be critical for elasticity reconstruction. The impact of these factors on the
estimation of lens elasticity can evaluated by further development of a more sophisticated
model of the lens and surrounding tissue that takes into account these effects, together with

the use of inverse solution methods.
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4.5 Conclusion

In summary, the US-OCE system, which combines ARF excitation and phase-sensitive
OCT, was demonstrated as a promising tool for noninvasive assessment of the age-related
changes in the biomechanical properties of the crystalline lens in situ. The maximal
displacements, undamped natural frequencies, model-based reconstruction, and uniaxial
mechanical compression tests all clearly indicate that the stiffness of the rabbit crystalline
lens increases with age. The high displacement sensitivity of phase-resolved OCT detection
enables the measurement of sub-micron displacements on the lens surface, which is critical
for future in vivo study as it allows for the application of a minimal ARF to induce a
detectable displacement and minimizes the potential ultrasound damage to the eye [169].
In addition, the high spatial resolution of OCT allows highly-localized investigation of the
mechanical properties of the lens. These features may result in future translation of this

technique in clinical applications.
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Chapter 5 - Assessing biomechanical properties of crystalline lens as a function of

intraocular pressure with US-OCE

In Chapter 4, we investigated the age-related changes in the biomechanical properties
of crystalline lenses using the proposed confocal US-OCE system [3]. Besides aging, many
other factors can influence the biomechanical property measurements of the crystalline lens.
In this Chapter, the link between intraocular pressure (IOP) and lenticular elasticity is
further investigated. The OCE results demonstrated that the stiffness of the crystalline lens
increased as IOP increased. However, compared to cornea and sclera, the effect of
stiffening with 10P for lens was significantly less pronounced. Same OCE measurements
were then repeated for decreasing 10Ps, and we discovered that the changes in stiffness
could be reversed and a small amount of hysteresis was observed while the IOP was cycled
back.

5.1 Introduction

Many ocular diseases can affect the normal optical function of the eye. For example,
glaucoma or uveitis can cause ocular hypertension, which is an elevation of the I0P [170,
171]. A normal IOP is necessary to maintain eye-globe geometry and healthy function of
ocular tissues. Previous studies have mainly focused on the influence of IOP changes on
the cornea and sclera [13, 172-175]. The influence of IOP on the biomechanical properties
of the crystalline lens has rarely been investigated, and their relationship has yet to be
established.

Various techniques have been proposed to measure the viscoelasticity of the crystalline

lens [176-178]. Most of these works are based on compressive mechanical testing, and the
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crystalline lens needs to be dissected out of the eye-globe to perform such measurements.
This does not truly replicate the environment within the eye-globe. Since the aim of this
study is to investigate the influence of IOP changes on the biomechanical properties of the
crystalline lens, these techniques are not suitable for such a study. Due to the location of
the lens inside the eye-globe, ARF is the obvious noninvasive excitation method that can
be combined with OCE to study the biomechanical properties of the lens. In Chapter 4, we
proposed a co-focused US-OCE technique to study the age-related biomechanical
properties of the lens, and this technique is well-suited to perform the proposed 10P
influence study.

In this chapter, the changes in the biomechanical properties of porcine lenses as a
function of I0P is investigated using this US-OCE system. The 10P was cycled from 5 to
30 mmHg with 5 mmHg steps, and the OCE measurements were performed at each step.
The ARF remotely induced small amplitude (< 10 um) localized displacements at the apex
of the porcine lenses. The maximum displacement and relaxation rate (RR) of induced
deformation at the lenticular apex were quantified to evaluate the change in stiffness of the
lens as IOP was cycled. The model-based reconstructive approach was further modified to
quantify the Young’s moduli of the lens. For all three considered parameters, the results
demonstrated that the stiffness of the crystalline lens increases along with 10P.

5.2 Methods and Materials
5.2.1 Experimental setup

The hardware setup of US-OCE has been introduced in Chapter 4 in details. A

homemade closed-loop IOP control system was used to set the pressure inside the eye-

globe. The I0OP control system was composed of a pressure transducer and micro-infusion

64



syringe pump. The eye-globe was place in a custom holder, and two needles were used to
cannulate the eye-globe through the holes in the holder. One needle was connected via
tubing to a saline-filled syringe placed in the micro-infusion pump. The other needle was
connected via tubing to the pressure transducer. A Matlab GUI program was developed to
control the closed-loop 10P system. The IOP was changed by infusion or extraction of
saline from the syringe.
5.2.2 Phantoms and Tissue Samples

Initial measurements were performed on tissue-mimicking agar phantoms of various
concentrations (1%, 1.5%, and 2%). The phantom fabrication process has been covered in
our previous work. Uniaxial mechanical testing was performed on the agar phantoms for
validation purposes. Porcine eyes (n=8) were obtained fresh and shipped overnight on ice.
The experiments were conducted when the samples were received, which was within 24
hours of enucleation. To measure the dependence of lenticular mechanical properties on
IOP, the IOP was increased from 5 to 30 mmHg in 5 mmHg steps, and then decreased back
to 5 mmHg using the same steps to investigate biomechanical hysteresis. Before the OCE
measurements were taken, each eye was preconditioned by cycling the IOP between 5 and
30 mmHg twice. The parameters of acoustic excitation were the same for all IOPs, and 40
measurements were taken at each IOP level. M-mode imaging was performed with the

ARF and OCT probe beams co-focused at the apex of the lens [3].

65



Computer

Grating CCD
- l—
Lens Frame
Reference Grabber
: I 0 I
Mirror 50% ,ﬁ Galvo Scanners r le!{-
I . DAC
Pinhole
Pressure Waveform
Transd #| Generator
[15]10P ransduicer

10P Control
Software Micro-infusion
Pump

Figure 5-1: Schematic of experimental setup.

5.2.3 Mechanical characterization
The temporal phase profiles were unwrapped and then converted to the displacement

profiles as
d(t) =22 pt). (5.1)
4n

To estimate the relaxation rate of the deformation, the recovery process of displacement
was fitted by an exponential function:

d(t)= Ae™, (5.2)

where A was the maximum displacement, and b was the relaxation rate as determined by

fitting with the Matlab curve fitting toolbox. Figure 5-2(a) shows a typical displacement

temporal profile and the fitting process for the relaxation range. In our previous studies we

have shown that both these parameters can be used as a measure of the sample stiffness,

such that the MD is inversely and the relaxation rate directly proportional to the stiffness.
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5.2.4 Model-based estimation of Young’s modulus
To quantitatively evaluate Young’s modulus of the porcine lenses, we considered a
model based reconstructive approach similar with the approach described in Chapter 4,
where we investigated age-dependent changes in the biomechanical properties of the rabbit
lenses. In this work, additional liquid-tissue interaction has been added to the model for
describing the presence of the aqueous humor between the cornea and the lens. The lens is
modeled as a viscoelastic (Voigt body) half-space, while liquid-solid interaction boundary
conditions are assumed on the surface of the half-space. The solution of this problem is
obtained in the frequency domain, assuming harmonically applied force with angular
frequency w, such that the inverse Fourier transform should be used to find displacement
profiles in the time domain. An acoustic impulse is considered as an axisymmetric force
applied to the surface of the medium z = 0 in the direction of the z-axis of the cylindrical
system of coordinates (r, 4, z). The problem is axisymmetric, therefore no dependences on
the angle @ are considered, and the #-component of the displacement vector is zero.
Spectrum component of the vertical displacement u; in a half-space z > 0 can be

obtained using Hankel transform, as:
U, = — fooo ajo (ar)(v{Bie V1% + a?B,e V2?)dq, (5.3)
V1 = \/Fk%r ki = (g_zzrvz =Ja?—k3, ki=pw?/(u+iouy).
Here, J, is 0" order of the Bessel function; u; and u, are shear elastic and viscous moduli;
c is the speed of sound; and p is the density of medium. Two unknown constants B1, and

B. are defined using the solid-liquid boundary conditions at the half-space surface z = 0.

On the boundary we require the continuity of the vertical displacements in solid and in

67



liquid, as well as zero shear stress. Also, we assume a Gaussian distribution of acoustic
pressure p(r) with a width R on the half-space surface:

p(r) = Pye /R, (5.4)
where Py is the pressure amplitude. The ultrasound field in the focal point of the transducer
was measured using a needle hydrophone with a sensor diameter of 0.2 mm (Precision
Acoustics Ltd, Dorchester, UK). The normalized distribution of the time-averaged pressure
in the focal zone of the 3.5 MHz transducer was fitted by the Gaussian profile (Equation
5.4). The best obtained value of R = 0.37 mm was corrected to take into account the angle
of 45 degree between the transducer and the lens surface in the experiment. We used
“effective” value of R, such that the area of excitation was equal to the elliptical area of the
ultrasound field in the experiment, such that R = 0.373/2 = 0.44 mm.

The inverse Fourier transform was applied to equation 5.3 to obtain displacement
profile in the time domain and to evaluate the values of Young’s modulus E of the lens for
different IOPs. Estimation of Young’s modulus was posed as a minimization problem, that
is by minimizing the error function defined as the difference between the measured vertical
displacement and theoretically calculated displacement (Equation 5.3) at the focal point of
the ultrasound transducer z=0, r=0. Because it is difficult to evaluate the magnitude of the
acoustic radiation pressure Po on the lens surface, normalized experimental displacement
profiles were used, such that the amplitude of the displacement was not taken into
consideration during minimization procedure. As a result, obtained values of Young’s
modulus were independent on MD values. We assume incompressibility of the lens tissue,
such that k? = 0 and E = 3u,. For all IOPs we assume a constant shear viscosity u, = 1

Pa‘s based on the results of previous studies on porcine lenses [145], while no viscosity
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was assumed for agar phantoms. Also, we consider the speed of sound in liquid as 1500

m/s, the lens density as 1185 kg/m?, and density of liquid and agar phantoms as 1000 kg/m?®

[179].
5.3 Results
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Figure 5-2: (a) The displacement at lens apex, (b) maximum displacement and (c) relaxation rate
for agar phantoms at various concentrations, (d) comparison of the Young’s moduli
from mechanical compression testing and model-based reconstruction.

Figure 5-2(a) shows a typical temporal displacement profile. The MD from the initial
steady-state is indicated in green, and the fitted exponential curve to quantify the RR is
plotted in red. Figures 5-2(b-c) show the results of MD and RR for the agar phantoms at
various concentrations. The MDs were 2.28+0.04 pum, 1.56+0.02 um, and 1.12+0.03 pum
in the 1%, 1.5%, and 2% phantoms. For the 1%, 1.5% and 2% agar phantoms, the RRs

were 1.53+0.04 ms™, 2.40+0.06 ms™ and 2.90+0.14 ms™, respectively. As expected, while
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the MD decreased as the agar phantom concentration and stiffness increased, the RR
increased as the concentration and stiffness of the agar phantoms increased. Figure 5-2(d)
presents the Young’s modulus of phantoms calculated from the model-based elastic
reconstruction method as compared to the Young’s modulus measured by uniaxial
mechanical compression testing. For the 1%, 1.5% and 2% agar phantoms, the results of
the uniaxial mechanical test were 3.9+0.76 kPa, 7.9+0.77 kPa, and 15.1+1.1 kPa,
respectively, while the results of the model-based estimation based on OCE measurements

were 3.0£0.27 kPa, 11.2+1.54, and 13.5+£2.51 kPa, respectively.
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Figure 5-3: (a) The maximum displacement and (b) relaxation rate of the ARF-induced
displacement at the apex of one typical porcine lens while IOP was cycled, (c)
Young’s modus of the lens as a function of 10P.
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Figure 5-3 plot the results of MDs, RRs and Young’s moduli of the porcine lenses from
one representative sample while cycling IOP. The MD at 5 mmHg IOP (1.55+0.02 um)
decreased to 1.30+0.03 um at 20 mmHg, and then gradually to 1.29+0.02 pum at 30 mmHg.
The RR at 5 mmHg IOP (0.95+0.03 ms™) rapidly increased as the 10OP increased up to 20
mmHg (1.31+0.05 ms?), and then stabilized to 1.34+0.03 ms™? at 30 mmHg. The model-
based estimated Young’s modulus increased from 3.92+0.52 kPa at 5 mmHg, to 5.51+0.48
kPa at 20 mmHg, and 5.79+0.50 kPa at 30 mmHg. It is worth noting that hysteresis effect

is observed for all the three parameters when IOP was cycled back.
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Figure 5-4: (a) Summary of maximum displacement, (b) relaxation rate of ARF-induced
displacement, (c) Young’s modulus of the lens as a function of IOP (n=8). Error bars
represent one standard deviation calculated for different samples.

Figure 5-4 includes the summarized results of MDs, RRs and Young’s moduli for all
eight samples. Figure 5-4(a) shows that the MD decreased rapidly from an IOP of 5 mmHg
(1.61£0.10 pm) until the 10P was 20 mmHg (1.26+0.11 um), and then the MD slowly
decreased until the 10P was 30 mmHg (1.20+0.12 pum). A noticeable hysteresis was
observed while decreasing 0P, where the MD at 5 mmHg was 1.49+0.07 um compared
t0 1.61+0.10 um while increasing IOP. A similar, but opposite, trend was seen in the RRs

as plotted in Figure 5-4(b). The RR at 5 mmHg I0P (1.14+0.23 ms™) rapidly increased as
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the IOP increased up to 20 mmHg (1.47+0.31 ms™). However, once the IOP was further
increased to 30 mmHg, there was no noticeable change in the RR (1.47+0.34 ms™). Similar
to the MD, we measured a hysteresis, where the RR at 5 mmHg IOP while decreasing IOP
(1.20+0.25 ms?) was different than when increasing IOP (1.14+0.23 ms?). The
dependence of the Young’s modulus on IOP ranging from 5 mmHg to 30 mmHg are
summarized in Figure 4(c), where the means and standard deviations of the Young’s
moduli averaged for all samples are presented. Young’s modulus increased from 4.98 kPa
t0 6.67 kPa for IOP changed from 5 mmHg to 20 mmHg, and up to 7.09 kPa for 30 mmHg.
Similarly for MD and RR, the hysteresis was observed when 10P was decreased from 30
mmHg to 5 mmHg. In Table 5-1, the results for relaxation rates, displacement amplitudes,

and Young’s moduli are summarized for all samples.

Table 5-1: Summary of the maximum displacements (MD), relaxation rates (RR), and Young’s
moduli (E) from all samples (N=8). The data are presented as the inter-sample mean +
standard deviation.

IOP Increasing 10P Decreasing IOP
(mmHg) MD (um) RR (ms?) E (kPa) MD (um) RR (ms?) E (kPa)

5 1.61+0.10 1.14£0.23  4.98+1.16 | 1.49+0.07 1.20£0.25 5.11+0.86
10 1.44+0.09 1.21+0.21  5.49+1.15 | 1.33+0.08 1.32+0.21  5.72+0.91
15 1.32+0.10 1.39£0.27  6.29+1.54 | 1.27+0.11 1.45+0.26  6.50+1.32
20 1.26+0.11 1.47+0.31 6.67+1.48 | 1.23+0.12 1.48+0.31  6.85+1.20
25 1.2340.13 1.47£0.30  7.00£1.37 | 1.22+0.13 1.47+0.32  7.12+1.44
30 1.20+0.12 1.47+0.34  7.09£1.33 | 1.20+0.12 1.47+0.34  7.09+1.33
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5.4 Discussion

The phantom experiments confirmed that the RR, MD, and estimated Young’s modulus
correlate well with Young’s modulus as measured by the gold standard of uniaxial
mechanical testing. The results in this study demonstrate that the stiffness of the lens
increases as the IOP increases, and this trend was observed in all eight samples and for all
used mechanical characteristics. While increasing IOP, the RR of the ARF-induced
displacement increased 28.9% from 5 mmHg to 20 mmHg, and then gradually stabilized
after 20 mmHg up to 30 mmHg. The MD decreased 21.7% while increasing IOP from 5
mmHg to 20 mmHg but only decreased 4.7% when the 10P was further increased from 20
mmHg to 30 mmHg. While decreasing I0OP, the RR decreased to 1.20+0.25 s at 5 mmHg
IOP which is 5% higher than the initial RR at 5 mmHg IOP. Similarly, we also measured
a hysteresis in the MD, which was 7% greater at 5 mmHg IOP while decreasing 10P as
compared to increasing IOP. Young’s modulus values demonstrated similar to RR trend
increasing by 33.9% for IOP 20 mmHg, stabilizing up to 30 mmHg, and having hysteresis
during decreasing IOP. All our OCE measurements were made immediately after the target
IOP was reached, and our future work will investigate whether more time is required to
reduce the observed biomechanical hysteresis and if a prolonged elevated 10P affects the
degree of changes in the biomechanical properties of the lens. Nevertheless, the hysteresis
was small and the overall changes in lenticular biomechanical properties due to an elevated
IOP were reversed by lowering the 10P.

It is worthwhile to note that standard deviations of the MD and RR, and Young’s
modulus were relatively large. The ages of the samples were not controlled, and our

previous work has shown that age has a drastic influence on the biomechanical properties
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of the crystalline lens, albeit in rabbits. Such a significant inter-subject variability would
most likely results from age differences. Nevertheless, the trend is clear that, regardless of
age, the 10P has a significant influence on the lens stiffness.

We have shown that the stiffness of the lens generally increases as IOP increases, what
is a result that the 1OP change likely causes deformation of the crystalline lens, and
consequent exhibition of the nonlinear elastic properties of the lens. The mechanical
compression tests have confirmed such elastic nonlinearity of the crystalline lens, when the
slope of the strain-stress relation grows with the strain level resulting to stiffening of the
lens.

The relationship between IOP and biomechanical properties of crystalline lens has
rarely been investigated previously due to the location of the lens within the eye-globe.
Hence, the vast majority of research has focused on the influence of IOP on corneal
biomechanical properties. However, many ocular diseases are correlated with an elevation
IOP such as glaucoma. The present study shows that the biomechanical properties of the
lens were also affected by 0P, but the changes were reversible in the short term. Recently,
Park et al. studied the impact of IOP on elastic wave propagation in the bovine crystalline
lens and cornea using ultrasound elastography, and demonstrated relatively insignificant
increase in the elastic wave velocity in the lens compared to cornea, and our results show
good agreement with their findings. Our results, and those presented in the work by Park
et al., show a significantly less pronounced increase in lenticular stiffness when the IOP is
increased, which is in contrast to the very large increases in the stiffness of cornea and
sclera due to elevated I0Ps that have been reported in the literatures. We observed more

than five-fold increase in Young’s modulus of the cornea, when IOP increases from 15 to
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30 mmHg, while in the presented results for Young’s modulus of the lens increased less
than 15% for the same IOP increasing range. The effect of stiffening with 10P for lens is
significantly less noticeable than for cornea. One of the possible explanations of the
difference in the mechanical behavior between lens and cornea is that the lens is undergone
less significant deformation during 10P elevation, such that nonlinear elastic properties of
the lens do not play a significant role in the response to acoustic excitation.

One of the limitations of the used model-based approach includes an assumption that
the lens is considered as a homogeneous half-space, while it is known that the porcine
crystalline lens is an inhomogeneous object with a stiffness gradient inside. The estimated
Young’s moduli may mostly correspond to the superficial tissues located on the anterior
side of the lens, which is softer than the central part. Therefore, this limitation of the model
could result to the underestimation in the Young’s modulus.

The biomechanical properties of the lens were quantified at each 10P. OCE
measurements were made at the apex of the lens. However, the lens has a drastic stiffness
gradient inside, which was not investigated in this study. Shear wave based OCE could be
utilized to study the internal structure of lens since this method has demonstrated the
capability of depth-resolved analysis of corneal stiffness. In addition, Brillouin microscopy
could be also combined with OCE to investigate the spatial distribution of changes in
lenticular biomechanical properties as a function of 10P.

55 Conclusion

In this chapter, we investigated the influence of 10P on the biomechanical properties

of in situ porcine crystalline lenses with OCE, and the results showed that the stiffness of

the lenses increased when the IOP was elevated. However, the effect of stiffening with IOP
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for lens was significantly less pronounced than for cornea and sclera. The measurements
were then repeated while the IOP was decreased, and the increase in lenticular stiffness
was generally reversed once the I0P was decreased. Even though there was a small
hysteresis while cycling 10P, the results demonstrate that the changes in lens elasticity is a

reversible process in short term.
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Chapter 6 - Lorentz force OCE

In Chapter 4 and 5, an ARF-based excitation method combined with OCE is proposed
to investigate the change in biomechanical properties of the crystalline lens. Like other
elastography techniques, OCE is based on the principle of correlating the tissue
deformation caused by external excitation to elasticity. Due to the various application
environments of tissues of interest, it is important to select suitable stimulation techniques
for OCE investigation. Therefore, there is a need for the development of new excitation
method to extend the application fields of OCE techniques. In this chapter, a novel
stimulation technique utilizing the Lorentz force is reported to induce an elastic wave in
tissue and is further combined with an ultra-fast OCE system for elastography study. The
results show that Lorentz force OCE was able to accurately assess the elasticity of tissue
when compared with mechanical testing.

6.1 Introduction

The mechanical properties of tissue can provide critical information for detecting and
monitoring the progression of disease [180, 181]. OCE has proved to be promising for
biomechanical characterization of tissues with high spatial resolution and sensitivity.
Currently, several excitation approaches have been developed as the mechanical loadings
to combine with OCE for different applications. For example, air-pulse OCE has been used
to investigate the elasticity of the cornea under various physiological conditions [1, 182];
US-OCE has demonstrated its capability in the study of viscoelasticity of crystalline lens
[3, 183]; mechanical actuator excitation-based OCE has been utilized for tumor detection

[159]; and the method of magnetic nanoparticles (MNPs) modulated by external magnetic

77



field has been demonstrated for quantitative assessment of stiffness in rabbit lung and
muscle [184, 185]. When combined with OCE technique, each of these excitation methods
could find its most suitable application of tissue characterization. Developing new
excitation techniques for OCE will be beneficial for extending its clinical application area.

The ability of living tissue to conduct current has aroused great interest for researchers
for decades. The induction of current in tissue has been used for various treatment in
clinical practice [186, 187]. The electrical properties of tissue such as conductivity and
permittivity are associated with physiological and pathological conditions. For example,
previous studies have shown that malignant tumor tissue has significantly higher
permittivity as compared to normal tissue. Therefore, conductivity and permittivity of
tissues could be used as one of the effective markers for tissue diagnostics.

Due to the electrical conductivity properties of biological tissues, it is possible to
generate electrical current within them. When the current flows through the tissue, Lorentz
force is generated by the presence of the magnetic field. Lorentz force has been studied for
biomedical imaging in magneto-acoustic tomography and Lorentz Force Electrical
Impedance Tomography [188-190]. The production of Lorentz force causes localized
tissue deformation and subsequent elastic wave propagation [191], which can be utilized
as another method to perform dynamic elastography.

Conventional OCE techniques record the wave propagation by taking multiple M-mode
images. These techniques require multiple excitations for each measurement, which results
in long acquisition time that make them unfeasible for clinical use. For an ultra-fast OCE
system with a ~1.5 MHz A-line scanning rate, shear wave propagation by conventional B-

M mode imaging was able to be recorded with only a single excitation for each
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measurement [6], which greatly reduces the acquisition time and minimizes potential tissue
damage.

In this chapter, we demonstrate the feasibility of using the Lorentz force to induce an
elastic wave inside tissue to study elasticity in combination with an ultra-fast OCE system.
Validation experiments were performed on agar phantoms of different concentrations. The
Young’s moduli of porcine liver as estimated by OCE and mechanical testing were also
compared. The results demonstrate that magnetic force OCE is an effective technique for
assessing the elasticity of tissue.

6.2 Methods

The schematic of the experimental setup is shown in Figure 6-1. The Lorentz force
OCE system was composed of a home-built ultra-fast OCT system and a magnetic field
generator, which was used for the Lorentz force excitation. The OCT acquisition and
Lorentz excitation were synchronized by a TTL trigger signal generated by the computer.
The ultra-fast OCT system was based on a 4X buffered FDML swept source laser (OptoRes
GmbH) with a scan rate of ~1.5 MHz, central wavelength of 1316 nm, scan range of 100
nm, and output power up to 160 mW. The axial resolution and phase stability of the system
in air were ~16 um and ~9.5 mrad, respectively. Scanning was performed by a resonant
scanner over ~7.9 mm, resulting in a frame-rate of ~7.3 kHz. Due to scanning hysteresis,
only the forward scan data was captured. For each measurement, 150 frames,

corresponding to ~20 ms, were recorded for post processing.
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Figure 6-1: Schematic of the Lorentz OCE setup;

The Lorentz force excitation system consisted of two NdFeB magnets, two copper wire
electrodes, an arbitrary waveform generator, and a power amplifier. The two magnets were
separated by a mounting base to create a sample space of 5.0 cm x 2.5 cm x 1.5 cm. The
small area of Lorentz force excitation was approximately located at the center of the sample
space which has a magnetic field strength of ~3600 gauss. The arbitrary waveform
generator output a 1.5 ms square pulse, which was then amplified up to a voltage of 20 to
60 V, depending on the conductivity of the sample. The amplified signal was fed into the
sample by two electrodes, which were orthogonal to the magnetic field direction. The two
electrodes were separated ~4 mm in a plastic bracket and connected to the sample. This

ensured that the Lorentz force was parallel to the OCT scan direction. The current flowing
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through the sample was measured by a digital multimeter connected in the excitation
circuit.

In order to simulate soft tissue samples of controlled stiffness, agar phantoms of three
different concentrations (1%, 1.5%, and 2% w/w) were cast by mixing agar powder, 5%
salt, and distilled water. A small amount of milk was added to increase scattering. Porcine
liver was collected fresh from a local butcher shop, and all experiments were performed
within 24 hours after obtaining the liver. The Lorentz force driving signal was 20V in the
phantoms and 60V in the porcine liver.

The phase data was converted to displacement and corrected for sample surface motion.
The Young’s modulus, E, was calculated from the elastic wave group velocity, cq, by the

surface wave equation for simplicity [192]:

_ 2p(1+v)® 5
T (0.87+1.12v)2 9’

(6.1)
where p=1070 kg/m® was the measured density of the agar phantoms, p=1045 kg/m® was
the density of the porcine liver [193], and v=0.499 was the Poisson’s ratio to account for
the incompressible nature of the phantoms and liver [194]. All the samples were tested with

a uniaxial mechanical compression testing system after OCE measurements.
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6.3 Results
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Figure 6-2: (a) Vertical temporal displacement profile of the agar sample when excited with a
sinusoidal signal; (b) Spectrum of the displacement in (a) obtained by FFT.

Figure 6-2(a) shows the vertical temporal displacement profile from the surface of the
sample when a 100 Hz sinusoidal voltage was used to power the Lorentz force driving
current. As confirmed by the spectrum obtained by an FFT plotted in Figure 6-2(b), each

cycle was 10 ms, which corresponded to the period of input signal.
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Figure 6-3: (a) Vertical temporal displacement profiles at the indicated distances from the reference
OCE measurement position of a 2% agar sample; (b) Comparison of Young’s modulus
of agar phantoms as assessed by Lorentz OCE and uniaxial mechanical testing.

The elastic wave velocity for each sample was calculated by linearly fitting the

propagation delays to the corresponding distances. The OCE measurement was taken aside
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of the Lorentz excitation area. Within the excitation region no time delay was observed
from the OCE because the whole excitation region experienced a similar displacement. The
reference position was chosen where wave propagation delays started to be observed.
Displacement profiles from the surface of a 2% agar sample at 1, 2 and 3 mm away from
the reference position along the wave propagation direction are presented in Figure 6-3(a).
The group velocities of the elastic wave in the 1%, 1.5%, and 2% phantoms were
1.86+0.24, 3.11+0.15, and 4.65+0.27 m/s, respectively. Figure 6-3(b) shows the
comparison of Young’s moduli of the agar phantoms as assessed by Lorentz force OCE
and as measured by uniaxial mechanical testing. The Young’s moduli of 1%, 1.5%, and
2% agar phantoms as estimated by Lorentz force OCE were 12.4+3.3, 34.3+3.2, and
76.6+8.8 kPa, respectively. Uniaxial mechanical testing showed that the elasticities of the
1%, 1.5%, and 2% agar phantoms were 15.6+1.4, 35.4+2.0, and 72.5£3.7 kPa, respectively.
Figure 6-4 demonstrates the wave propagation in a spatially heterogeneous phantom made
up of 1% agar on the left and 2% agar on the right. The elastic wave velocities were
calculated as 1.81+0.13 m/sand 4.74+0.21 m/s on the 1% and 2% components respectively,

showing the capability of using Lorentz force OCE to detect spatial variations in stiffness.
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Figure 6-4: (@) The OCT structural image of the heterogeneous phantom; (b) Group velocity
calculated from the selected windows.
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Porcine liver was utilized to test the feasibility of Lorentz force OCE to quantify the
stiffness of tissue. Figure 6-5(a) shows the elastic wave propagation at different time points
after excitation overlaid on the OCT structural image of a porcine liver sample. The
displacement is color mapped with blue as downwards and red as upwards displacement to
better illustrate the wave propagation, and the Lorentz force excitation location lies at the
left edge of the image. The elastic wave group velocity in the porcine liver was 1.83+£0.05
m/s, which translated to a Young’s modulus of 11.5£0.6 kPa by Equation (6.1). The
stiffness of the porcine liver as measured by mechanical testing was 9.6+2.3 kPa. The OCE-

measured elastic wave velocity corroborates with previous investigations [195].
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Figure 6-5: (a) The OCT structural image of a porcine liver sample and elastic wave propagation
overlay; (b) Comparison of elasticity as assessed by Lorentz force OCE and as
measured by uniaxial mechanical testing.

6.4  Discussion

The Lorentz force is a very new technique for elastographic excitation. Similar to MM-
OCE, Lorentz force OCE needs an external magnetic field to induce a deformation. Lorentz
excitation only relies on the internal conductive properties of tissue and the bioelectric
current flow, so it is possible to be utilized in air and liquid environments. One advantage

of Lorentz excitation is that the excitation frequency can be customized by changing the
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driving signal frequency as shown in Figure 6-2(a), which makes it suitable for resonant
spectroscopic study. The recent advances in techniques even make it possible to deliver the
Lorentz excitation remotely without electrodes.

It should be noted that the OCE results shows better correlation with mechanical
compression testing for agar samples compared to the porcine liver. This is primarily due
to assumptions made about the sample in Equation 6.1. Since the viscosity of agar sample
is usually very small and can be ignored, the Young’s modulus obtained in agar by OCE
and mechanical compression testing have a better match while the viscosity effect can be
neglected. For liver tissue, there is viscosity which may affect the wave speed for OCE
measurement. For compression testing, the viscosity has almost no influence on the
elasticity measurement. Therefore, OCE-measured Young modulus and compression
results for biological samples typically show greater variability.

The electrical current flow dictates where the Lorentz force will induce the deformation
in the tissue. Since the current is generated between two electrodes, the excitation spot size
depends on the distance between the two electrodes. Hence, the larger the distance between
the electrodes, the greater the deformation area is. In order to ensure that the excitation was
restricted to a small area, the electrodes were separated ~4 mm. The OCE scan region was
proximal to the excitation to ensure that the elastic wave was properly imaged. By utilizing
microelectrodes, the excitation spot size can further be reduced, and we are currently
investigating their use for Lorentz force OCE.

The elastic wave time delay at different measurement locations was obtained by cross
correlation of the displacement profiles between the starting reference position and other

measurement positions. The strength of Lorentz force should only influence the amplitude
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of the elastic wave instead of the elastic wave speed, however, low SNR will influence the
accuracy of the cross correlation results, which further affects the OCE results. There are
several methods to increase the displacement amplitude and improve SNR. Since the
electric field, magnetic field and ion concentration of the tissue together dictate the
amplitude of generated Lorentz force, the change of any of these parameters will help
improve the signal. The most obvious method would be to increase the driving signal
current or excitation duration. Another approach would be to increase the magnetic field
strength. Clinical MRI systems generate magnetic fields at least 10 times stronger than
what was used in this study, and a stronger magnetic field would increase the displacement
amplitude without increasing the risk for tissue damage from a higher driving current.
Increasing the conductivity of the tissue would also increase the elastic wave amplitude,
and previous work has shown that a simple saline solution can accomplish this safely [196].
Future work will investigate the effects of the aforementioned techniques on the elastic
wave amplitude and sensitivity of the Lorentz force OCE measurements.

The induction of current in tissue has been used for various treatment in clinical
practice. One important issue for Lorentz force excitation is the potential tissue damage by
pulsed electrical stimulation. The electrical current during excitation in liver was estimated
to be 15 mA in this work, and it was still larger than suggested maximum in transcranial
direct current stimulation -- up to 2 mA [197]. The maximum current an average man can
bear is 16 mA based a 60 Hz AC current. Nevertheless, the excitation current needs to be
reduced for in vivo use by aforementioned methods. In addition to electrical damage,
resistive heating can also burn tissue. Since the pulse duration was only 1.5 ms, Joule

heating should be negligible. However, the interaction between an electric field and tissue
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is a complicated process which has been previously investigated using OCT [198, 199].
The electrical field change may cause various electro-kinetic responses such as electric
field induced mechanical changes, especially in vivo. Due the relatively weak and short
duration of the electric field, these changes are typically confined locally to the excitation

position, but this deserves further investigation.

6.5 Conclusion

In this chapter, we have demonstrated a new Lorentz force stimulation based ultra-fast
OCE technique for characterization of tissue mechanical properties. The results show that
Lorentz force OCE was able to accurately assess the elasticity of tissue as compared to

mechanical testing.
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Chapter 7 - Conclusion

This dissertation focuses on the improvement of OCT techniques to extend its

applications in the biological tissue imaging and biomechanical characterization.

Specifically, the work can be summarized in the following five aspects:

1)

2)

3)

4)

5)

The development of a new OCT imaging methodology, named rotational imaging OCT
(RI1-OCT), to overcome the challenge of imaging depth and extend the applicability of
OCT for imaging of mouse embryos at later stages like E9.5 and E10.5;

The comparison and combination of RI-OCT and SPIM for whole body morphological
assessment of mouse embryos, which could provide more comprehensive tissue
characterization for mouse embryonic research;

The demonstration of ultrasound excitation based OCE technique to investigate the
age-related changes in the biomechanical properties of the crystalline lens;

The investigation of effects of intraocular pressure elevation on the biomechanical
properties of crystalline lens with the US-OCE system;

The development and demonstration of Lorentz force method to induce elastic wave in
biological tissue and combining with ultra-fast OCE technique to perform elastographic
study.

With the advantages of high-resolution cross sectional-imaging capability, OCT has

been used in various biomedical and clinical applications. However, due to the inherent

limitations of OCT, its application is sometimes limited in certain biomedical settings. This

dissertation aims to improve current OCT technique to adapt it in broader scenarios of

biomedical science. The proposed RI-OCT technique and the effort to combine with SPIM

contributes to better functional, morphological and biomolecular assessment of the targeted
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biological samples, which is not limited in mouse embryonic research. Moreover, this
dissertation also presents novel OCE techniques for tissue biomechanical characterization,
particularly for crystalline lens, which has the potential for broad impact and adoption in

pre-clinical and clinical applications.
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