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Abstract

A high speed, high resolution spectral domain optical coherence tomography (SD-OCT) system
was used to study in-vivo early morphological changes and optical nerve head (ONH) blood flow
in the Long Evans rat retina, induced by administration of sodium iodate (NalO3). Linear and
circular scanned OCT images were acquired at the same location in the retina from healthy
control rats and from rats injected with 40mg/kg of NalOssolution at 1, 3, 6 12, 24, 72 and 168
hours post drug administration. Morphological OCT images showed changes in the optical
reflectance and layer thickness of the photoreceptor IS and OS. The formation of a new low
reflective layer between the photoreceptor OS and the RPE was observed in all tested rats. This
new layer appeared as early as 1 hour, increased in thickness after 6 hours, and disappeared by
12 hours post NalOs injection. The low optical reflectance and the dynamics of this new layer
suggest that it was most likely fluid accumulation. Comparison with H&E stained histological
sections and IgG immunohistochemistry revealed minimal photoreceptor OS cell swelling at
hour 1, detachment of the OS from the RPE by hour 3, and breaking of the blood-retina barrier
with significant fluid accumulation by hour 6 post NalOj injection. The Doppler Optical Micro-
Angiography (DOMAG) algorithm was used to carry out quantitative analysis of the ONH blood
flow. Estimation of flow rate on each ONH vessel was done by measurements of the Doppler
angle, vessel size and the axial velocity. This study has demonstrated that the capability of UHR-
OCT to study optical reflectance and layer thickness changes, rearrangement and detachment of
the photoreceptor OS and RPE layers, together with flow rate estimation of retinal blood vessels.
Therefore, it can serve as markers in future non-invasive, in-vivo studies of disease or drug

induced retinal degeneration in ophthalmic research.
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Chapter 1

Overview and Motivation

1.1 OCT used in In Vivo Retina Imaging and Animal Disease Model

Over the past few decades, medical imaging has played an essential role in monitoring
humans’ health by studying the morphology of biological tissues in various organs. There are
numerous types of medical imaging techniques: magnetic resonance imaging (MRI), Positron
Emission Tomography (PET), X-ray imaging, ultrasound imaging, confocal microscopy...just to
mention a few. Those methods are capable of virtual reconstruction of the morphology of
biological tissue from the macroscopic scale (i.e. bones, organs, muscles) to the microscopic
scale (micro-capillaries, cells). Most of these methods share another very important characteristic:

they are capable of in vivo, non-invasive imaging of the tissue morphology.

Optical coherence tomography (OCT) is an imaging technique invented in the early
1990s [1], [2]. The principle of operation of OCT is very similar to ultrasound, though instead of
longitudinal sound waves, OCT uses transverse optical (electromagnetic) waves to scan the
sample and detect the backscattered signal from various tissue sites or layers from different
imaging depths. OCT is based on low-coherence interferometry. A typical OCT system uses
near-infrared as light source and the light is separated into two arms — a sample arm containing
the subject to be imaged and a reference arm which is usually a mirror. Recombination of the
reflected light from the sample and reference arm results in an interferogram which contains
sample information. In terms of spatial resolution and imaging depth, OCT fills the gap between
imaging technologies such as ultrasound tomography and confocal microscopy. Amongst
different organs, retina perhaps is the best illustration of the amazing capability of three-
dimensional morphological reconstruction of OCT technology. OCT is currently the leading
technology for ophthalmic diagnostics in clinics, as well as one of the most successful research

tool used for investigating animal models of retinal diseases [3]-[11].

Animal models are widely used in biomedical research to simulate human disease
development which may provide useful information as to the origins and pathways of the disease

progression. Rodents are the most common disease model subjects for the following reasons: a)



rodents are mammals same as humans; b) rodents have fast metabolic rate, which means that any
experimentally induced disease are developing within a much shorter time period, compared to
the disease progression in humans which allows for carrying out longitudinal studies that cannot
be easily conducted in human subjects; c) the breeding rate of rodents is high, and the cost of
rodent housing is very low compared to the cost of other animal models, which makes rodents
easily accessible and manageable for research studies. One of the well-known retinal disease
models is the NalOs; model, which is used to simulate age macular degeneration (AMD) and
retinitis pigmentosa (RP). OCT has been shown its ability to image structural and vascular

changes in these retinal diseases.

This project describes the use of ultra-high resolution spectral domain OCT (SD-OCT)
technology to investigate morphological and vascular changes in outer retina degeneration in the
rat retina, induced by administration of sodium iodate (NalOs). Two variations of OCT
techniques, called Doppler OCT (DOCT) and Optical Micro-Angiography (OMAG) are used in
this study. DOCT measures the velocity of blood vessels, while OMAG helps to differentiate the
perfusion in interest, which is optical nerve head (ONH) in this work, from other static tissues.
These two methods are combined as Doppler micro-angiography (DOMAG) to observe and

quantify vascular changes in the NalOj3 treated rat retina.
1.2 Thesis Outline

Chapter 2 is an overview of general concepts and features of OCT. These include
Michelson-interferometry, axial and transverse resolution, spectral domain OCT, sensitivity and
scanning range, dispersion compensation, DOCT with focus on phase-resolved method and

OMAG with focus on digital frequency ramping method (DFRM).

Chapter 3 provides some background of how the NalOs; toxicity causes retinal
degeneration, specifically in the retinal pigment epithelium (RPE) layer. Questions are addressed
if such toxicity can also affect the perfusion in retina, which might be possible to be examined
through DOMAG.

Chapter 4 describes the SD-OCT system used to image the retina of NalOj3 injected rats.
Design of imaging probe, animal handling and preparation, imaging protocols, acquisition and

processing, are discussed in detail.



Chapter 5 discusses the results from this study related to morphological changes in the rat
retina induced byNalOj3 toxicity. The retinal degeneration is examined as a function of time by
comparing morphological OCT images of the NalOs3 treated rat retina, acquired at different post-
injection time points. Then it analyzes the effect of NalOj3 toxicity on the optic nerve head (ONH)
blood flow in rats. The perfusion changes in ONH at different post-injection time points are
compared in color DOMAG images. The axial velocity, Doppler angle, absolute velocity and
flow rate of every ONH artery and vein are calculated. Problems encountered in terms of

precision and reliability of Doppler angle and flow rate are discussed.

Appendix A demonstrates DOCT’s reliability of quantitatively analyzing fluid flow. The
manuscript describes a phantom flow system using titanium dioxide (TiO;) solution as the fluid
and the flow was imaged by the SD-OCT system. The flow rate estimated by the DOCT

algorithm is compared to its expected value and the result is discussed.



Chapter 2

Optical Coherence Tomography (OCT)

2.1  OCT Fundamentals
2.1.1 Principle of Operation

Optical Coherence Tomography (OCT), is an optical imaging technique first
demonstrated by Huang et al. in 1991 [2], which allows for in vivo, non-invasive, high resolution
three dimensional imaging of biological tissue [1]. The principle of operation of OCT is based on
Michelson-interferometry, in which the imaging beam from a light source is divided by a beam
splitter into two optical beams directed at different paths: reference arm and sample arm. A
schematic of a typical Michelson-interferometer is shown in Fig. 2.1. The imaging sample is
placed at the end of the sample arm, while a mirror is placed at the end of the reference arm and
both objects are illuminated with optical beams generated by the light source. In the detector arm,
the back scattered light from the sample combines with the reflected reference beam to form an
interference pattern, the envelope of which provides a measure of the amount of reflected light as
a function of distance in the sample arm of the interferometer. This graph is also commonly
referred as an A-scan, in which the intensity tells the reflectance of the sample at different depths.
By introducing a pair of galvanometric mirrors in the sample arm, the sample beam can be
directed to different positions of the sample. By moving one of the galvanometric mirrors, the
beam can do repetitive A-scans along a transverse direction, which is also called a B-scan;
working together with another mirror the beam can be directed to both transverse directions.
Repetitive B-scans form a three-dimensional stack of images which resembles the morphological
profile of the whole sample.



Reference mirror

AReference
beam
A 4
Light source
Beam Sample
splitter beam
v

Detector

Fig. 2.1 Schematic diagram of a typical Michelson-interferometer.

To start with, assuming there is a sample with only one reflective layer. In an A-scan, the

electric field E_ in the detector arm is the superposition of the reference and sample light

total

waves, E and E,:

E_ =E +E 2.1)

total — —r s

Fig. 2.2 A simple phase diagram representation of the sum of the electric fields in reference and sample arm.



As shown in Fig. 2.2, when there is a path length difference AL between the reference and
sample arms, the phase difference between is A¢g = 2kAL , where the factor of 2 accounts for the
light travels forth and back by reflection or backscattering in the two arms. The intensity in the

detector arm | which is proportional to the square of E can be obtained by using simple

total !

trigonometry:
| ~E?+E’ +2E, E, cos(2kAL) (2.2)

where k is the wavenumber of the light source. While the first and second terms in Eqg. (2.2) are
just constants, the third cosine term contributes the interference signal and plays a dominant role
in OCT image processing. E,, the magnitude of the backscattered light from the imaged object,
which in the case of biological tissue is very weak. However, benefited from the Michelson-

interferometry configuration, E,can multiply itself with the reference light E,, then the signal

can be strongly amplified and becomes detectable.
2.1.2 OCT Resolution

The interference pattern is formed only when the path difference between the sample and
reference arm is no more than the coherence length |I_, which describes the propagation distance

of the light maintaining a specified degree of coherence. Assuming the light source has a

Gaussian spectrum

wZ

1 m 7&)2|2ﬂ2
S(w) =S, [Ej =G,e Aol (2.3)

where Aw is the full-width-half maximum (FWHM) of S(w). The point spread function (PSF),

which is the Fourier transform of the spectrum, is also Gaussian in shape:

z,2

— _rzln2
I(c) = [ S(@)e do= '@ ol (2.4)

where Az is the FWHM of I(z) . It can be shown that Aw and Az have an inverse

proportionality relationship:



_8In2
Aw

AT (2.5)

By converting the time domain into spatial domain, 1. =cAz/n, where n is the refractive index
of the sample, in which the coherence length is actually the FWHM in the spatial domain. In

addition, we can also express A in terms of the central wavelength of the light source 4, and

27TCAA

2 .

the FWHM of wavelength A4, where Aw = By rewriting Eq. (2.5), the axial resolution

Az along the imaging depth of a sample, which is also half of the coherence length, is [1], [3]

2
AZ:I_CZ%i

2.6
2 nr AA (26)

Since Az and |, are inversely proportional to AA, as a result, a light source with broader

bandwidth gives a better axial resolution but shorter total imaging depth [1].

Low NA
High NA
AN
Zg
oy [ bI
Zg
vV

Fig. 2.3 The relation between depth of focus and transverse resolution for Gaussian beam with high and low NA.

While the axial resolution depends only on the light source and the optical properties of
the sample, the lateral or transverse resolution also depends on the choice of imaging lens in the
sample arm (Refer to Fig. 2.3). For a Gaussian beam, the OCT transverse resolution is defined by

the radius of the spot size (Airy disk) of the focused beam on the sample [1]:

7
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where f is the focal length, d is the beam diameter of the optical beam on the imaging lens and
NA is the numerical aperture of the beam. The transverse resolution is also related to the depth of

focus or the confocal parameter b, which is also two times of the Rayleigh range z., and can be

expressed as

(2.8)

From Egs. (2.7) and (2.8), a larger the NA results in a better transverse resolution but smaller
depth of focus.

2.1.3 Spectral Domain OCT

During the early years of OCT development, in order to obtain imaging profiles for the
whole axial depth range of a biological tissue, the reference arm mirror had to move back and
forth in order to match the path lengths of different axial positions in the sample. This method is
also known as Time-Domain OCT (TD-OCT) [1], [3]. Since a mechanical device is required to
adjust the position of the reference mirror along the whole axial range, and the scanning rates of
galvanometric scanners are limited to only a few kHz, 2D and 3D imaging with TD-OCT is time
consuming. A more advanced version of OCT technology, that does not utilize mechanical
scanning along the imaging depth, called Fourier domain OCT (FD-OCT) [1], [3] was invented.
In FD-OCT the reference mirror is fixed and a broadband light source is used. Light reflected
from different positions within the imaged object interferes with the strong reflection from the
reference mirror to generate an interference pattern at the detector. By applying Fourier
Transform to the spectrum, the reflectance profile of the imaged object as a function of imaging
depth is recorded. Since the reference mirror in FD-OCT is stationary, the image acquisition
speed in FD-OCT is much faster than that of TD-OCT.

There are two different types of FD-OCT technologies: Spectral Domain OCT (SD-OCT)
and Swept Source OCT (SS-OCT). In SD-OCT, a broadband light source is used as the input and

a combination of a high resolution spectrometer and a linear array camera is used as the detector



end of the OCT system. In SS-OCT a frequency-swept laser is used as the light source and a
single photodiode is used to detect the signal as a function of time and frequency, which then is

converted to a depth position in the imaged object.

Since the project described in this thesis was completed using a SD-OCT system, the
following texts, equations and chapters are based on SD-OCT system. Consider a more extended,
realistic version of Eq. (2.2). A biological tissue, which consists of many different reflective

layers, is placed in the end of the sample arm. For an imaging light source with spectrum S(w)
and electric field E(w), where S(w) o« E*(w), assume the n™ layer has a path length difference
AL, and time delay z, with the reference mirror. Using the phasor addition method similar to
the one shown in Fig. 2.2, the backscattered electric fields from the reference and sample arm
can be expressed as complex numbers E (w) and Esamp,e (w):

reference

Ereference (0)) = \/;E (a))
B (@) = E(@) Y 2,67 (2.9)

where  is the frequency of the light source, a anda, are the attenuation coefficients of the

backscattered light from the reference mirror and the n™ layer in the sample respectively. The

resultant electric field is E, ., () =E (w)+E,_,_ (w). Consider the square of its modulus,

total reference sample

‘Etotal (0))‘2 =|:E(a))(\/a+z\/a€im” j}{E*(m)[ﬁ_yz\/aeinn j}
- Ez(a)){ar +> a,+2) Jaa, cos(wr,)+2>" [aa, cos(wrnm)}

(2.10)

m=n

The detector signal S, (@) is then

total

S (@) = S(a)){ar +> a,+2> \faa, cos(or,)+2> \[aa, cos(a)rnm)} (2.11)

m=n

where 7, =7, —z,_ is the time delay between the n" and the m™ layer. By taking inverse Fourier

transform, the structural profile of the sample along the axial direction can be obtained:



[(0) = IFT" (S (@)}

=(ar +Zan)l"(r)+2a/aran (T@D)®8(r+7,))+ Y \Jaa, (T)®s(r+7,,))

(2.12)

m=n

where I'(r) = IFT“~* {S(w)} . The first and second terms are just DC signals from the reference

mirror and all the layers in the sample; the third term is called the ‘cross-correlation’ term
resulted from the interference between the reference mirror and the n™ layer; the fourth term is
called the ‘auto-correlation’ term, also known as coherence noise, resulted from the interference
between the n™ and the m™ layer of the sample itself. The cross-correlation term is the ‘true’
OCT signal that being mainly concerned, while the auto-correlation term is an unwanted artifact.

By increasing the reference arm power to a level where a, >>a_, such artifact can become

negligible compared with the cross-correlation term.

DC term

Coherence

R S Sensitivity
- "~ ~._ Decay
:  Optical Del
/ a
Conjugate Image Object

Fig. 2.4 Illustration of A-scan signal in SD-OCT. Besides the A-scan corresponding to the structure, the resultant
signal also includes a conjugate symmetrical image and coherence noise terms. Additionally all signals are affected
by the sensitivity drop-off caused by the limited spectral resolving power of OCT spectrometers. Figure adopted and

reprinted from reference [3].

Fig. 2.4 illustrates an A-scan signal I (z) from an eye. The cross-correlation term is represented

by various peaks of PSF which correspond to different highly reflective layers in the eye. The

smaller peaks are the auto-correlation artifacts, located close to the DC signal is at the middle of
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the graph. Notice that due to the ‘£’ sign in Eq. (2.12), there is a conjugate symmetrical image
at the left of Fig. 2.3. Therefore for a CCD linear array consists of N pixels, only N/2 pixels are
useful for the OCT signal in concern while another N/2 just form a mirror image.

2.1.4 Signal to Noise Ratio (SNR), Sensitivity and Maximum Scanning Range

The signal to noise ratio (SNR) in OCT system is defined as

~ 2
I(7)
SNR = < 2> (2.13)
(o2
in which & is the variance of the noise. In TD-OCT it is
SNRrp_ocr = M (2.14)

ZeBTD—OCT

wherep is detector sensitivity, e is the electron charge, S;; oo R, is the power returning from the

sample and B, . is the detection bandwidth of TD-OCT system. While in FD-OCT it s [1]

PSep_ocr R,
SNR_ oy = FoFD-0cT s

(2.15)
2eBFD—OC'I'

M
2

where S, o R, is the power returning from the sample, B, ., IS the detection bandwidth of

FD-OCT system and M is the number of detector channels. In the case of a SD-OCT system, M
is the number of pixels in the CCD camera. The 1/2 factor is attributed to the conjugate
symmetrical image, in which only half of the pixels are used to produce the wanted OCT signal.
In the case of the uniform spectrum where the intensity is the same for all detectable frequencies
in the CCD window,

M
SNRFD—OCT = SNRTD—OCT ? (2-16)

Therefore the SNR in a FD-OCT is significantly larger than a TD-OCT system. Even in the case

of Gaussian spectrum where SNR., ; is reduced by a factor of 2, it is still much larger than

that of TD-OCT.
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In practice, there is a sensitivity fall-off as the imaging depth increases (illustrated by the
dash-curve in Fig. 2.3), which is attributed to the limitation of the spectral resolution in the

detector, say, the CCD camera pixel spacing in SD-OCT. This fall-off can be modeled by

convolving the detected interferogram 1 (k) with a Gaussian function of FWHM & k*:

I“k)@exp{—%} <FF—T> iD(i)oexp{—ilir(l;)} (2.17)

From this model, the depth with a sensitivity falls off by a factor of 1/2 or 6 dB is

; ~2In2 _In2 4
5k 1 54

(2.18)

According to Nyquist’s theorem, the relation between sampling frequency interval 6,v and

sampling time interval St in a detector linear array with M pixels is
1
oVot=— (2.19)
M

which can also be expressed as sampling wavenumber interval 6.k =27z6,v/cand sampling
depth interval 6,z=cdot/2 (the 1/2 factor here is attributed to the light path travelling forth and

backscattered in the sample arm):
5,28k == (2.20)
M

Mo,z

Therefore the maximum imaging depth z, = (the 1/2 factor here is attributed to the

conjugate symmetrical image) can be expressed as

, Moz m 102
™2 26k 48,4

(2.21)

To conclude, SD-OCT is more advanced than TD-OCT in terms of much faster image

acquisition time and better SNR. However, SD-OCT still has some drawbacks. It requires a CCD
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camera as the detector, which is usually more expensive than the case of TD-OCT where only a
photodiode is needed. In addition, SD-OCT has its reference mirror fixed which limits the
maximum imaging depth, while TD-OCT has a movable reference mirror to provide a longer
imaging depth.

2.1.5 Dispersion Mismatch and Compensation

Electromagnetic waves entering from air to a medium (e.g. glass, water, transparent
biological tissue) would have the wavelength shortened as well as experience a phase change. In
a typical OCT system, the sample arm consists of several lenses to focus or adjust size of the
imaging beam at the surface of the imaged object, while the sample (e.g. eye, finger nail)
consists of many layers with various thicknesses and refractive indices. Moreover, the reference
and sample arms are not ‘straight’ in real situation; to increase flexibility for optical alignment,
optical fibers are used in both arms and additional lenses are located at the output of those fibers
to collimate the light. Those optical components are made of materials with refractive indices
typically between 1 and 2.5. In most situations, the thicknesses and refractive indices of the
optical materials in the reference and the sample arms of the OCT system are not exactly the
same, which would cause a frequency dependent phase difference between them. This
phenomenon is also known as dispersion mismatch. It causes broadening and asymmetry of the

PSF and degrades the axial resolution. As a result, a blurred OCT image is produced.

Therefore dispersion compensation must be done in order to retrieve a high resolution
image, which can be done both in ‘physical’ and ‘numerical’ way. For physical dispersion
compensation, glass slides or cylinders (for example BK7 glass rods or prisms) can be
introduced in the reference arm of the OCT system, to match the dispersion from the optical
components in the sample arm of the system. To dispersion compensate the water in the
biological tissue sample, water cells are put in the reference arm. By adjusting the thicknesses
and refractive indices of those glasses or water cells to some suitable values, the sharpness of the
PSF can be optimized and dispersion can be matched in certain extent. Since those glass pieces
in the reference arm usually do not have exactly same thicknesses and refractive indices as the
lenses in the sample arm, the physical method cannot perfectly perform the dispersion
compensation. Therefore numerical compensation can be used to compensate the residual

dispersion mismatch.
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The numerical dispersion compensation method described below is mostly adopted from
the work of Wojtkowski et al. in reference [12]. Recall Eq. (2.11), assume the auto-correlation
term is negligible and the two DC terms are not in concern. When there is a dispersion mismatch,
the equation can be rewritten as

S (@) =2S(w)D_\[a,a, cos[wz, + p(w,7,)] (2.22)

where ¢(w,7,) is the phase mismatch between the reference arm and the n™ layer in the sample

arm. For simplicity, take the complex form of the spectrum by Hilbert transform and consider the

phase mismatch term outside the summation sign as a single term ®(w), which depends on

frequency only:

§total ((()) =

Swtotal (C())‘ eXp[IQD(a))] (223)

To eliminate ®(w), it is necessary to make up a model to simulate how it varies with @. For the

propagation constant B(w) in any kind of material, it can be expanded as Taylor series:

1d*pB 1d°p s

= —L (@-o)+- (2.24)
2

2dw o

2
— +_
(0—ay) 6 do X

(0—w,) +

@

(@) = Blay) +j—ﬂ
w

The constant term S(ew,) is the propagation constant at the center frequency o, of the spectral

dg

bandwidth, while the second term o
[4]

. : . , 1d%p
is the inverse group velocity. The third term = —=.

2
o dw o

describes the group velocity dispersion or a variation in group velocity with frequency. This is
the leading order term that produces pulse broadening in femtosecond optics and broadening of
d*p

3
a
@

has been referred to as third-order

the axial resolution in OCT. The fourth term %

dispersion, which produces asymmetric pulse distortion in femtosecond optics and asymmetric

distortion of the point spread function in OCT. Higher order terms may also be present.

It is reasonable that ®(w) also takes such polynomial form as f(«,). Since it is not

useful to include a constant term for dispersion compensation and not physically reasonable to
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change the group velocity, the 0™ and 1% order terms can be neglected, hence only 2™ and 3™

order terms are considered:
D(w) =a,(0-a,)" +a(0-@,)’ (2.25)

where a, and a, are the group velocity variation and 3" order dispersion. a, and a,can be found
out by introducing a sharpness metric function M (a,, a,), which is maximized when the image

is sharpest.
2.2 Doppler Optical Coherence Tomography (DOCT)
2.2.1 Introduction

Doppler optical coherence tomography (DOCT) is a variation of OCT which combines
the Doppler principle with OCT and provides in-vivo imaging of speed and direction of blood
flow in vessels [13]. The concept of DOCT was first suggested by Nelson et al. in 1995 [14] in
which the centroid method to calculate the mean Doppler spectrum shift was introduced. In the
following next few years, advancements of DOCT in terms of algorithms were made, such as
color Doppler imaging method introduced by Izatt [15] and Chen’s work on phase-resolved
DOCT method by using Hilbert transform [16]. Before the invention of FD-OCT, all the DOCT
studies were done with TD-OCT. In 2003 Leitgeb, et al., demonstrated the first phase-resolved
technique with SD-OCT [17].

Blood flow in organisms is complicated. The flow velocity profile depends on a many
different factors: species, type of organs, body temperature, heart beat rate, vessel size...to
mention just a few. For humans and other mammals, the blood flow is pulsatile and the speed
varies from the centre to the edges in any blood vessel. In fluid dynamics, different flow patterns

can be characterized by the Reynolds number Re:

S (2.26)

y7;
where p is the fluid density, v and u are the mean velocity and viscosity of the fluid, L is the
characteristic linear dimension. In the case of low Re, the blood velocity can be described as

parabolic distribution along the blood vessel radius, which is also known as laminar flow; for
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high Re where the speed is high, it can lead to the chaotic turbulent flow. Unlike laser Doppler
velocimetry in which mostly a monochromatic light source is used, in Doppler OCT a broadband
light source is used while the backscattered light by a moving element in the sample will produce
a spectrum of Doppler frequencies instead of just a single frequency. The information of Doppler
frequency shift can be displayed either by color Doppler method or variance method [13]. In the
color Doppler imaging method, the Doppler frequency shift of all the elements in a sample is
displayed as a color image, where the positive and negative frequency shifts are displayed in
different colors, say, blue for positive and red for negative, which provide quantitative
information on the flow speed and flow direction. In a Doppler variance image, the variance or
the standard deviation of the Doppler frequency shift is displayed and it can be used to quantify

not only blood flow but also Brownian motion [13].

2.2.2 Phase Resolved Method

O O v, =vcosd 0 OV O
@9 OO @ @®

4V, =vsind

Fig. 2.5 Schematic of flow direction and imaging beam angle.

Fig. 2.5 shows a sketch of how the Doppler frequency f, and blood flow velocity v are
measured by an imaging beam. f, is related to the wavevectors of the incident and

backscattered beam, k; and k., by
1
fo =—(k,-k;)-v (2.27)
2

In terms of angle @ between the imaging beam and the flow direction, Af can also be written as
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fo _2v, - f:2VCOSt9
D

f, P

(2.28)

where f, and 4, are the center frequency and wavelength in vacuum of the light source. In

Doppler OCT, the Doppler frequency of every element in an OCT image is determined
separately. This can be done by introducing the phase-resolved method [13] using Kasai velocity
estimator [18]. Consider a situation in which we attempt to measure the blood flow in biological

tissue with a SD-OCT system. The spectrum S(k, x) collected by the CCD camera with M pixels

can be processed as an OCT image by using Fast Fourier Transform (FFT):
[(z,x) =FFT*>* {S(k, X)} (2.29)

where k and z are the pixel numbers along which represents wavenumber and axial depth before

and after FFT, while x is the pixel number representing different A-scans. Notice that after

applying FFT on S(k,x), 1(z,x) itself is a complex number with phase ¢(z, x)

[(z,%) = 1(z,x)exp[ig(z,%)] (2.30)

Suppose the total number of A-scans is large enough such that for adjacent X" and x+1"A-scans
the imaging beam still hits on the same blood vessel. The mean Doppler frequency f_D , Which is

also the average of power spectrum shift, is related to the rate of phase change d¢/ dt :

_ f, P(f,)df
o _[foP(fo)dfy _dg

>7 [P(fdf, dt (2:31)

In discrete form, this becomes the phase difference Ag, , between adjacent A-scans after taking

FFT [13], while Ag, , can easily be found by multiplying the x+1™ A-scan with the conjugate of

x" A-scan:

3 _ A¢z,>( _ ¢z,x+l _¢z,x _ arg(rz*,x ivz,x+l)
2xT 2xT 2xT

(2.32)
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where T is the period of A-scan, which is also called A-line rate. Substitute with Eq. (2.28), the

axial and absolute velocities can be expressed in term of the phase change:

_ AAd,,
v, (z,%) = yp— (2.33)
_ /,lOA¢Z,X 1
vz.x)= A7nT cosd (2:349)

To demonstrate the reliability of DOCT phase-resolved method of analyzing retinal blood flow, a

phantom test was carried out and the details are written in Appendix A.
2.3 Optical Micro-Angiography (OMAG)
2.3.1 Introduction

For instance, DOCT has been able to perform non-invasive quantitative imaging of
subsurface blood flows at high spatial and temporal resolutions. However, DOCT has suffered
under excessive phase noise, which may be attributed to dynamic multiple scattering speckle
noise, biological tissue heterogeneity, motion artifacts and shot noise from CCD spectrometers.
To resolve the issue, Optical Micro-Angiography (OMAG) as a variation of SD-OCT was
invented. OMAG s used to visualize the blood perfusion distribution by removing other static
biological tissue and other unwanted types of noise in OCT images. There are many different
versions of the OMAG method, differentiated in terms of the OCT system design, the imaging
protocols and the algorithms used to process the OCT images. All of those methods can be
applied to achieve perfusion visualization of blood vessels in different types of biological tissue,
such as human skin, human retina [19], [20], rat retina [9], [21] and brain cortex of mice [22].
OMAG was firstly demonstrated by Yasuno et al. in human retina in 2006 [23], where an OCT
intensity binary mask was applied to filter out the static tissues during color Doppler image
processing. Wang et al. in 2007 introduced a frequency modulation method to differentiate
perfusion from static tissues by linearly scanning the reference mirror with a PZT translator [24],
while later such method was further improved by actuating an off-center galvanometric mirror in
the sample arm. Other OMAG techniques include digital frequency modulation [25], [26],
single-pass with modified Hilbert transform [27], [28] and differential spectrum by taking two B-
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scans in one y-step [9]. Combined with phase-resolved method, OMAG can be further extended
as Doppler OMAG (D-OMAG) [29], which is capable to do quantitative analysis of blood
perfusion such as measurements of Doppler frequency, velocity and flow rate.

2.3.2 Digital Frequency Ramping Method (DFRM)

In the early stages of OMAG development, a frequency modulation is applied physically
to the OCT imaging system in order to separate perfusion from static tissues when doing Fourier
Transform on the CCD spectrum. Such physical modulation can either be done by linearly
oscillating the reference mirror with a PZT translator [24] or by actuating an off-center galvano
mirror in the sample arm [19]. However, both methods require either extra cost for purchasing
equipment or additional optical alignment of the sample arm. To resolve those drawbacks, Wang
[25] and Yuan [26] have developed a digital frequency modulation technique, also known as
Digital Frequency Ramping Method (DFRM). This method works very well in perfusion
visualization, plus it is algorithmically easy to programme, computationally fast and does not
require extra modification of optics or imaging protocols. Therefore DFRM is adopted as the
OMAG technique used in this thesis.

The principle of operation of the DFRM method mentioned below is based on references
[25] and [26]. The purpose of DFRM is to mathematically map the blood vessels and static
tissues to the positive and negative (conjugate) time delay sides of the B-scan image. Consider
we are imaging a biological tissue with perfusion with repeating A-scans scanning in a transverse
direction. By taking only the cross-correlation term into account, the interferometric signal

S, (k, Az) of the x™ A-scan with respect to one moving scatterer (e.g. a particle in the blood vessel)

from depth Az in the sample can be rewritten as
S, (k,Az) = ZS(k)a/arax (Az) cos[2kAz + ¢+ 27(f, + f,)-XT]| (2.35)

where a, and a, (Az) are the attenuation coefficients of the backscattered light from the reference
mirror and the scatterer from depth Az in the sample respectively. f.and f, are the Doppler
frequencies corresponding to the bulk motion of the sample and blood flow respectively. S(k)is

the spectrum of the imaging light source, k, T and ¢ are the wavenumber, A-line rate and random

phase due to scattering biological tissue. For convenience, the amplitude term is simplified as
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ZS(k),/arax(Az) = A (k,Az) .The first step of DFRM is to introduce a phase shift to S/ (k,Az),

which can be numerically done by using Hilbert transform in k-space:

S, (k,A2) = H,[S; (k, Az)] = A (k, Az) exp{i[2kAz + g+ 2z(f, + ) - xT ]} (2.36)
By adding a digital modulation Doppler frequency f_ to Eq. (2.36), it becomes

P (k,A7) = A (k, Az) exp{i[2kAz + g+ 27 (f, + f, — f)-XT ]} (2.37)
Consider only the real part,

P,(k,Az) = A (k, Az) cos[2kAz + ¢+ 27(f, + f, — f,,) - XT ] (2.38)

Here we define two terms. If f_ is suitably chosen such that f, < f_ < f, + f,, the net frequency
in a static tissue and blood vessel are Af, =f —f <0 and Af, =f +f —f >0

respectively. Then by taking Hilbert transform of P, (k, Az) in the transverse direction,
B! (k,Az) = A (k, Az)exp i[ 2kAZ + §+ 27 Af, - XT || (2.39)

P, (k,Az) = A, (K, Az)exp i[ 2kAZ + §+ 27 Af, , - XT ]} (2.40)

where Egs. (2.39) and (2.40) have negative and positive phase modulations respectively. Finally

by taking inverse Fourier Transform along the axial direction,
| (Az) = |FT{|5X'(k,Az)} (2.41)

which will allow for reconstruction of the OMAG image |, (Az) in which the blood perfusion

locates in the positive side (z >0), while the static tissue locates in the negative side (z <0).

Since the modulation frequency f is digital, it can be adjusted by trial and error until a best

value is obtained to differentiate the perfusion from static tissue. Therefore in principle DFRM is
suitable for OMAG imaging of various types of biological samples with different morphological

structures and bulk movements.
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Chapter 3

Outer Retina Degeneration

3.1 Human Outer Retina Degenerative Disease and Animal Model

Currently, there are number of retinal degeneration diseases which could potentially lead
to blindness: age macular degeneration (AMD), retinitis pigmentosa (RP), diabetic retinopathy
and glaucoma. Two of these diseases, AMD and RP, tend to originate and develop primarily in
the outer retina, affecting the structural integrity of the photoreceptors and retinal pigmented
epithelium (RPE) cells, as well as causing changes in the choroidal capillaries (CC). AMD
disrupts the vision of elderly people progressively by affecting the oval-shaped highly
pigmented yellow spot at the centre of the retina which is also known as macula. Within the
macula is the fovea with high concentration of cone photoreceptors that plays a main role in high
resolution vision. There are two types of AMD: “dry” and “wet”, or more formally, central
geographic atrophy (CGA) and choroidal neovascular AMD (CNV-AMD). CGA results from
exhaustion of retinal pigment epithelium (RPE) cells in the macula due to loss of rods and cones
photoreceptors [4], while CNV has abnormal blood vessel growth of choroidal capillaries which
also leads to vision loss [6]. RP is a retinal dystrophy due to progressive loss of photoreceptors
and abnormal functionality of RPE which also leads to blindness [30].

In order to study the progress of eye diseases in detail, as well as to develop novel
treatments and medicines for testing, animal models are widely used by researchers. Rats and
mice are the most common animal subjects in the laboratories thanks to their mammal nature
same as humans, small in size, easy to handle, inexpensive costs and fast metabolism rate that
experimentally induced diseases can take effect within much shorter period of time. There are
many ways to intentionally induce retinal degeneration in rats. Depending upon the methods,
retinal disease models are used to study the malfunction of different parts in the retina, such as
optic neuropathy in the optical nerve head, perfusion in the CC, RPE function or structural
change of photoreceptors. Those disease models can be either light induced such as using high
intensity laser pulses to simulate CNV-AMD [7]; physically induced such as raised intra-ocular
pressure to simulate glaucoma [9]; or chemically induced such as sodium iodate to simulate

photoreceptor disruption [10], [11].
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3.2  Sodium lodate (NalO3) Model of Outer Retina Degeneration

Sodium iodate (NalO3) is the sodium salt of iodic acid which appears as whitish powders
and used as an oxidizing agent. In 1941, Sorsby first discovered that NalO3 can cause pigmentary
degeneration of the retina [31]. RPE has a number of functions such as shielding the retina from
excessive incident light, supply glucose, maintain vitamin A cycle, phagocytises older outer
segments and secure the adhesion of the retina with the choroid. NalOs is particularly toxic to the
RPE cells by disrupting its functionality, which leads to degeneration of the photoreceptor. The
details about the effect of NalOjz toxicity on morphology, visual functionality and blood
perfusion are listed in the text below.

As one of the observable early effects, the NalOj3 toxicity first reduces the adhesive force
between the RPE and the neural retina. Electron microscopy images captured from pigmented
rabbits' retinas showed a ~50% decrease of adhesive force just 10 minutes after the NalO;
injection, especially at the level of the Bruch’s membrane, while such detachment became more
significant at ~100 minutes post injection [32]. Such study also showed the NalO3 drug tends to
firstly affect the adhesion of the basal aspect of the RPE, and then the apical aspect afterwards.
As time goes longer, the NalO3 toxicity causes RPE degeneration and disorganization of the
photoreceptor layer, shown by electron and light microscopy images captured from C57BL mice
[33]. The number of RPE cells decreased at 12 hours post injection, while further damage in RPE
cells and disorganization of the photoreceptor layer were observed at 24 hours post-injection. At
day 3 post injection, the RPE layer could no longer sustain its continuity in which the RPE cells
were replaced by a thin layer of melanin along Bruch’s membrane. The thickness of the
photoreceptor layer, including both inner and outer segments, was increased by ~50% at 24
hours post-injection but recover at day 3. Afterwards a gradual decrease lasted until 4 weeks later
in which the thickness was reduced by ~80% [34]. Similar study was also done on imprinting
control region (ICR) mice, where irregular shape of RPE and disorganization of outer segments
were also observed along with extended destruction of the neurosensory retina at 24 hours post-
injection [35]. Besides photoreceptor, ONL’s cell number and thickness can also be reduced up
to ~50% under a higher dose of NalOj injection, shown by C57BL/6 mice at day 3 [34] and
Sprague Dawley rats at day 7 [36], while on the other hand, the thicknesses of INL and GCL are
not affected by the NalOj toxicity.
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As the RPE degeneration and photoreceptor disorganization carry on in a long term basis,
the NalOj3 toxicity would also blurred the boundary between the inner and outer segment in
which they eventually become indistinguishable. This is shown by histological cross-sections on
albino and pigmented rats and mice at one week post-injection [33]. Compared with the central
region of the outer retina, the peripheral retina was less affected. The reason behind such
difference is still unknown, but one possible reason was different metabolism of the drug by the
central and peripheral cells in the retina as well as different degree of RPE cells regeneration
potential in these regions [37]. Such study also showed NalOs toxicity causes more severe
damage on albino retinas than pigmented retinas, which might be attributed to the interaction
between light and NalO3 [38]. It was possible that melanin in pigmented retinas absorbed the
incident light and reduced the damage due to light-drug interaction, while albino retinas did not
have such protection. Hariri et al. observed morphological retinal change of NalOj3 treated Long
Evans rats by using an UHR-OCT system in the 3 months study [10] and the short term study
[11]. Part of the work in this thesis was published in [11], which imaged the retinas of 5 Long
Evans rats at baseline and 1, 3, 6, 12 hours post injection. This measurement combined with the
work of Hariri showed the photoreceptor and RPE degeneration can be observed by OCT

technique.

Besides photoreceptor and RPE layer, NalO3 toxicity also has a disruptive effect on the
perfusion of choroidal capillaries. Indocyanine Green (ICG), a fluorescent dye used in
ophthalmic angiography, was used to visualize such effect on pigmented rabbits [39]. ICG
angiography was performed on pigmented rabbits at 3 hours post injection and leakage in the CC
was indicated by hyper-fluorescence spots in electron microscopy images. Such ICG leakage got
expanded to the entire region at 24 hours post injection, reduced one week later and returned to
normal at two weeks post injection with the RPE layer being severely damaged. At 4 weeks post
injection, the CC was reduced in number along with the RPE cells, while at 11 weeks post-
injection, CC in affected regions were surrounded by abnormally dense collagenous connective
tissue. In the regions with loss of RPE cells, there was a reduction or even absence of CC, while
for regions with healthy RPE cells the CC also looked normal. Therefore this study demonstrated
a possible correlation between the reduction of CC and the damage of RPE cells, in which the
CC depend on RPE cells for survival. ICG gives very high contrast images, however it is an

invasive measurement technique, since it requires the injection of a dye IV away from the eye,
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which means it takes time for the dye to reach the retina and provide full contrast. In addition,
the image contrast deteriorates over time fairly fast, since the dye amount in the retina is
progressively washed out with the blood circulation. Therefore, there is a need for a novel
imaging modality that can image retinal vasculature and measure retinal blood flow non-

invasively, such as DOCT.

After the degeneration under effect of NalOs toxicity, the visual function could be
partially recovered [33], but due to the initial malfunction of RPE, in overall it still causes a
permanent damage to the outer retina and loss of visual acuity of the animal.
Electroretinography (ERG) is one of the techniques commonly used by ophthalmologists to
diagnose various retinal diseases. It quantifies the visual functionality by measuring the electrical
responses of different types of cells in the retina under light stimulation with different colors and
intensities, including the rod and cone cells in the photoreceptors; bipolar, amacrine and ganglion
cells. ERG can be combined with a variation of OCT known as functional OCT (FOCT), which
measures the intrinsic optical signal (10S) of retinal layers under light stimulation. The electrical
signal of ERG was shown to have strong correlation with the 10S measured by FOCT in chicken
retina [40]. ERG tests were carried on injected rabbits, rats and mice to show their decline and
loss of vision under NalO3 toxicity [35], [36], [41], [42]. There are two kinds of electric signals
in ERG, named a-wave and b-wave respectively. a-wave is a negative potential produced by the
photoreceptors, while b-wave is a positive potential produced by the mixture of the responses
from photoreceptors, biopolar, amacrine and Muller cells. From the study of NalOs injected
Sprague-Dawley rats in reference [36], the magnitude of b-wave decreased over the entire range
of stimulus intensities at day 7 post-injection and such reduction was more significant with
higher dose. The a-wave magnitude increased with higher dose at day 7, but eventually
decreased and almost vanished at day 28. For the study in reference [41] using BALB/c mice as
subjects, the a and b-waves response were almost zero at day 7, but recovered slowly starting at
day 14 until the end of the study at day 42. This showed there was a slow recovery of RPE cells
to restore the visual function partially. Nevertheless, the ERG response at the end was still

smaller than that before injection.

To conclude, NalO3; severely damages the retina by degeneration of RPE cells;

disorganization, thickness reduction of photoreceptor layers; detachment between the RPE layer
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and the neuron retina; leakage and atrophy of choroidal capillaries. The NalO; model cannot
completely simulate the actual human retinal diseases such as AMD or RP. For example, in
NalO; model, Bruch’s membrane remains unchanged under toxicity and the RPE is affected
before photoreceptor cells. In realistic diseases, AMD causes death of RPE cells by depositing
lipofuscin on Bruch’s membrane, while RP has photoreceptor cells death first before RPE cells.
However, NalOj3 toxicity still serves as a useful model due to its inexpensive cost and retinal
degeneration is controllable by adjusting the dose amount, which can still mimic different

degrees of progression of retinal diseases if the model is designed appropriately.

3.3 Potential Change in Inner Retinal Blood Flow?

OCT has been used for a long time as an in vivo, non-invasive method to image rodent
retinas under different disease models. However, it has not been used to test the NalOj; treated
retinas until the work of Hariri et al. in recent years [10], [11]. This thesis is a continuation of the
PhD thesis work of S. Hariri, which utilised for the first time UHR-OCT system to image and
evaluate acute and long-term structural changes in NalOjs treated of Long Evans rats’ retina. In
addition, up to date there is no report about NalO; toxicity on damaging in the inner retinal
structure. The morphology of all inner retinal layers seems to be normal according to several
papers [33], [36], [37], [41]. This thesis aims to use the combination OMAG and Doppler OCT,
two variations of OCT imaging method, to quantitatively determine if the blood flow in the inter

retina, the choroid and the optical nerve head in rats can be affected by NalO; toxicity.
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Chapter 4

Methods
4.1  Spectral Domain OCT System

A compact, fiber-optic SD-OCT system, designed and built in Dr. Bizheva’s research lab,
was used for the NalOs induced rat retina degeneration study. The schematic of the system is
shown in Fig. 4.1.

M FL cL

SLD
— FC30.70
CL DG
X, Y scanner ﬂﬁ
CCD camera PDA
FL \
Imaging probe Computer Screen
CL

Rat eye Computer

Fig. 4.1 Schematic of the ultrahigh-resolution SD-OCT system. Abbreviations of system components are: SLD -
superluminescent diode, FC - fiber coupler, PC - polarization controllers, CL - collimating lens, DC - dispersion
compensation unit, TS -translation stage, M - mirror, FL - focusing lens, DG - diffraction grating, PDA -
photodetector array.

Refer to Fig. 4.1, a superluminescent diode (SLD, Superlum Inc.) with central wavelength
A, =1020nmand FHHM AA=110nm is used as the light source. It has an output power of

P, =10mW before entering the fiber coupler. Both reference and sample arms have polarization

controller (PC) units with three loops in each unit. The polarization has to be adjusted not only to

match the spectral shape for both arms but also to optimize the PSF and quality of the OCT
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image. Besides the PC, the reference arm also includes a pair of lenses to focus the beam on the
reference mirror and a dispersion compensation double prism unit to match the dispersion in both
arms, while the sample arm also includes a collimating lens, a pair of X-Y galvanometric
scanners (Cambridge Technology Inc.) and an imaging probe with two lenses (Edmund Optics)
to reduce the spot size of the imaging beam. The combined signal from the two arms is fed into a
spectrometer (P&P Optica Inc.) and A CCD camera (SUI Goodrich) with a 1024 pixel linear

array is used as the photo-detector. The spectrometer covers a spectral range of 940-1120nm,
with spectral resolution of 54 =0.15nmand diffraction efficiency of grating over 80%. The OCT
system was measured to have a SNR of ~99dB with imaging beam of 1.6 mW power in the

sample arm [11]. A computer (Intel Xeon, 3.6 GHz, 2GBRAM) is connected to the CCD camera
via a frame grabber (National Instruments, PCle-1429). A LabVIEW routine was used to carry
out the OCT data acquisition, while a MATLAB code was written to process the morphological

and Doppler OCT images.

4.2  Sample Arm

Xscanner cL

Y scanner

f, = 60mm

f, = 60mm
Imaging probe

f, =30mm
CL
f, =30mm
Total axial range Rat eye

Fig. 4.2 Schematic of the sample arm used for rat retina OCT imaging. Abbreviations of system components are: CL
- collimating lens, FL - focusing lens. The first CL produces a collimated beam on the X-Y scanners, while the FL
and second CL reduce the spot size of the beam by ~50% before entering the rat eye. The X-Y scanners are

controlled by a LabVIEW routine to direct the beam to scan over different positions of the retina.
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Refer to Fig. 4.2, the sample arm consists of 3 achromatic lenses, one acts as a
collimating lens to produce a parallel beam on the X-Y scanners, while another two act as

collimating and focusing lens in the sample probe, with focal lengths f, =60mm and
f, =30mm respectively, to reduce the size of the beam spot by ~50% before entering the pupil

of the rat eye. After passing through the probe, the spot size is ~1.2mm in diameter, which
corresponds to a transverse resolution of 3.2 um. By assuming the refractive index in the rat eye
n=1.35, the axial resolution in the rat retina is estimated to be 3um.The X-Y mirrors, with

maximum sweeping angle of 20°, are controlled by a LabVIEW routine to direct the beam to
scan over different positions of the retina in order to produce a 3D morphological and Doppler
OCT image.

4.3  Animal Handling and Preparation

The animal experiments were conducted in accordance with the ethical regulations of the
University of Waterloo Animal Care committee. Seven Long Evans rats were used in this study.
Retinal degeneration was induced by injection of 40mg/kg of NalOs solution. During imaging,
the rats were put to sleep using an anaesthesia system which provided 2.5-3% of isoflurane
mixed with 0.8L/min of oxygen gas fed to the nose of each rat. 1 to 2 drops of tropicamide
(Mydriacyl, 1%) were used to dilate the pupil of each rat’s eye. Artificial hydration drops were
put on the rat’s eye not only to maintain the moisture but also to keep the cornea optically clear
enough for imaging. Warming pads were used to maintain the rat body temperature within
38—40°C , while thermometer and oxymeter were used to frequently check the body
temperature, oxygen level and heart beat rate of the rat under anaesthesia. The seven rats were
divided into two groups, with 5 rats in group A which were used to investigate the morphological
change during retinal degeneration within 12 hours, while 2 rats in group B were used to
investigate both morphology and blood flow under retinal degeneration within one week. Rats in
group A were anaesthetized before NalOsinjection and 1, 3, 6, 12 hours post injection, while rats
in group B were anaesthetized before injection and at 1, 3, 6 12, 24, 72, 168 hours post NalOs

injection.
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4.4 Imaging Protocols, Acquisition and Processing

All the imaging protocols were set and carried out using a LabVIEW code. The X-Y
scanners and CCD camera were adjusted to have an A-line rate of 47 kHz. For group A, 1000 A-
scans times 256 B-scans were used in the linear scan imaging protocol to produce high resolution,
high contrast morphological 3D OCT images [11]. Two different X-Y mirrors scanning ranges,
15° and 8°, were used and their field of views (FOVS) in the rat retina were estimated to be
~1.9mm and ~1.0mm respectively. For group B, we used a circular scan imaging protocol
similar to the one Y. Wang, et. al., conducted in 2008 [43] to acquire the blood flow of all the
ONH vessels within a short time interval. Circular scan was applied around the ONH with 3000
A-scans. The X-Y mirrors had 7° of scanning range which corresponded to a FOV ~2.8mm. In
order to reduce the error due to motion artifact and speckle noise, 200 repetitive B-scans were
applied around the same location for averaging [9]. Using this imaging protocol, both
morphological and phase-resolved images were acquired simultaneously. Besides circular
scanning, in order to determine the Doppler angle in each vessel, linear scanning was also done
with 1000 A-scans times 1000 B-scans and 14° of X-Y mirrors scanning range which
corresponds to FOV ~1.77mm. The time required to switch between circular and linear scanning
mode in LabVIEW was about 10 s.
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Fig. 4.3 A flow chart showing the OCT data processing. A MATLAB Graphical User Interface (GUI) was written to
produce 2D morphological OCT, DOCT, OMAG and DOMAG images. The GUI creates a 2D morphological image
by converting the raw data (acquired from LabVIEW) into an interferogram matrix, followed by dispersion
compensation, FFT and intensity scaling. OMAG image can be created instead if DRFM algorithm is applied before
dispersion compensation. If phase-resolved algorithm is applied right after FFT, a DOCT and a DOMAG image are
created by multiplying the resultant matrix with a binary mask converted from morphological OCT and OMAG
image respectively. 2D stack of morphological or OMAG linear scan images form a 3D image by using the Amira
software and Doppler angles of all ONH vessels are estimated. Together with the axial velocity and vessel area

estimated from the circular scan DOMAG image, the flow rates of all ONH vessels are estimated.

A MATLAB code was written based on the algorithms published in references [12], [13],
[23] and [26] to generate different type of 2D OCT images(morphological OCT, DOCT, OMAG
and DOMAG). Fig. 4.3 is a flow chart showing the OCT data processing. An interferogram

matrix S(k, j) is produced first, with k is the axial pixel number which represents the wave
number, j corresponds to the j A-scan. S(k, j) can be transformed into S’(k, j) by applying a
DFRM OMAG method here. Afterwards dispersion compensation and FFT along the axial
direction are applied on S(k, j) or S’(k, j). By adjusting intensity scales, the morphological
OCT or OMAG image, I(i, j) or I'(i, j), are obtained, where i is the pixel number that

represents the axial distance. If phase resolved method is applied just right after FFT, combined
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with a binary mask J(i, j) produced from I(i, j) or I'(i, j), the DOCT or DOMAG image,
D(i, j) or D'(i, j), are obtained.

Imaging beam

Fig. 4.4 A schematic showing the flow rate estimation of a blood vessel.

The axial velocity and vessel area of each ONH vessel in rat’s retina are estimated using
the circular scan DOMAG images. 3D images are produced from linear scan morphological OCT
or OMAG images using Amira software, where the Doppler angle for each ONH vessel is
estimated. Fig. 4.4 illustrates how to estimate the flow rate in a blood vessel. The flow rate F is
defined as

F =2 v(i, )2AG, ) (4.1)

At the position (i, j), v(i, j) is the absolute velocity with its direction parallel to the vessel,
AA(i, ) is the vessel area with its normal also parallel to the vessel. From a DOMAG image,
what can be directed measured are the axial velocity v, (i, j) parallel to the imaging beam and the
cross-sectional area AA'(i, j) with its normal perpendicular to the imaging beam. If the vessel

has a Doppler angle & with the imaging beam, the parameters above can be related as

v(i, )=V, (i, j)/cos@ and AA(, j)=AA(i, j)sin 8. Therefore the flow rate can be expressed as

F =23, DAAG, j)tang (4.2)
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Chapter 5
Effect of Sodium lodate Toxicity on Retinal Morphology

and Optical Nerve Head Flow Rate of Rat

5.1  Photoreceptor Degeneration Observed in Morphological OCT Images

Fig. 5.1(a) is a representative 2D morphological OCT image acquired using linear scan
mode at baseline for one of the rats. Before NalOj injection, the retinal layers can be clearly
identified, as indicated by the abbreviations at the left.

T '(vr-rwrw-:--.-.

‘.\(.',. y ‘:“{ SOl
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Soma

NFL —

eeL
IPL —
INL —
oPL——
ONL

ELM
1SI0S 7
RPE /

s —

Nucleus

4= Myoid (Cell Organelles)
4= Ellipsoid (Mitochondria)

Fig. 5.1 (a) A representative 2D morphological image acquired from a healthy rat retina with all retinal layers
clearly visualized and labeled. Abbreviations of retinal layers are: NFL - nerve fiber layer, GCL - ganglion cell layer,
IPL - inner plexiform layer, INL - inner nuclear layer, OPL - outer plexiform layer, ONL - outer nuclear layer, ELM
- external limiting membrane, IS - inner segment, OS - outer segment, RPE - retina pigment epithelium, C — choroid,
S — sclera. (b) Magnified view of the PR and RPE layers, where the inner segment can be furthered divided as 1S1
and 1S2; the outer segment can be furthered divided as OS1 and OS2. (c) Schematic representation of anatomical

features of the rod PR cell.

Fig. 5.1(b) is a magnified view of the outer retina at the area framed with a red dashed rectangle,
while Fig 5.1(c) shows a sketch of a RPE and photoreceptor cell similar to those found in retinal
anatomy books. As labeled in Fig. 5.1(b), the inner segment can be furthered divided as IS1 and
IS2, while the outer segment can be furthered divided as OS1 and OS2. A pixel with a darker
color in the tomogram indicates it has a higher reflectance. The thin ELM and RPE layers have
high reflectance. IS1 and OS1 have relatively low reflectance while 1S2 and OS2 have relatively
high reflectance, which assemble as alternative low and high reflective bands. This can be

correlated by a recent publication by Spaide and Curcio [44]. As shown in Fig. 5.1(c), the highly
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relative ELM is composed of synapses of the Muller cells; 1S1 is the myoid filled with
transparent cytoplasm and cellular organelles such as microfilaments, Golgi apparatus and
ribosomes that are less than 1um in size, in which all those matters have relatively lower
reflective indices; 1S2 is the ellipsoid composed of densely packed mitochondria with much
higher reflective index of ~1.4 compared with cellular organelles; OS1 is composed of upper part
of double lipid membrane discs with relatively lower reflective index again; OS2 is the lower
part of membrane discs adhered with the RPE cells, which is filled with microvilli cells
containing melanin pigments of high optical refractive index of ~1.67; the RPE layer is
composed of mainly melanin pigments and hence it has the highest reflectance compared with all
the PR layers above. Morphological OCT images were acquired from all rats at baseline and 1, 3,
6, 12 hours post injection. The scanning was applied to approximately the same retinal area at
every time point for each rat, where the baseline tomogram was used as a reference image to
study any structural changes in the retina, especially PR and RPE layers, induced by NalOj

toxicity at different time points.

33



Baseline 3 hours

'"'1 ‘
’« “\’A [)4 ",
) ,,.V; IJI,'I, N
1 ine ‘ AN
AR ‘-‘~w i

é)

»

»I l.‘."ﬂlvq ¥ '.; \
“ "

‘ W
ol ""Mw I i'lﬁnu.
SN Iy

Fig. 5.2 (a) Representative 2D morphological OCT images acquired from approximately the same region of the
central retina of rat E, showing progressive changes in the outer retina due to the toxic effect of the injected drug.
Images (a) to (e) are acquired at baseline and 1, 3 6, 12 hours post NalOs injection respectively. Images (f) to (j) are

the 3x magnified view of these 5 time points.
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In the morphological OCT study, 5 rats named A, B, C, D and E were used. Fig. 5.2(a),
(b) (c), (d) and (e) show representative 2D morphological OCT images acquired using linear
scan mode at all post NalO3 injection time points for rat E. The areas within the red frames are
magnified 3% and shown in Fig 5.2 (f), (9), (h), (i) and (j). The baseline image has the PR layers
same as Fig. 5.1. At 1 hour post injection [Fig. 5.2(b) and (g)], the refractive index of OS1 was
increased compared with the baseline image, as shown by the darker band. This suggests there
was most likely a rearrangement of the PR tissues in OS1 which leaded to an increase of light
scattering and made it looked darker. More importantly, a very low reflective layer (LRL) started
appear between the OS2 and the RPE layer. While the RPE layer looked structurally normal, the
OS had been detached from the RPE. At 3 hours post injection [Fig. 5.2(c) and (h)], the OS1 and
OS2 layers became homogeneous and could no longer be distinguished as two layers. The high
reflectance, as indicated by the dark band, was possibly the rearrangement of OS tissues,
membrane disks disruption, or both. At 12 hours post injection [Fig. 5.2(d) and (i)], apparently
the IS and OS layer restored to alternative low and high reflective bands, similar to that of the
retina before injection. However, the overall reflectance of the PR was reduced compared with
the baseline image, as indicated by the faint color of the IS and OS. At the same time, the LRL
also disappeared. Since every rat had a different body condition and metabolism, each individual
responded differently under the NalOj toxicity. Hence the time of appearance and disappearance

as well as thickness of the LRL varied significantly for all rats used in this study.

In addition to the OCT images of rat E in Fig. 5.2, Figs.5.3-5.6 present OCT images
acquired from rat A to D at different time points of the study. Since rat A to E were euthanized
with their eyes enucleated for histology at baseline and 1, 3, 6 and 12 hours post injection

respectively, images of each rat were only acquired up to the time point it was euthanized.
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Baseline

Fig. 5.3 A representative 2D morphological OCT image acquired from the central retina of rat A at baseline.

Baseline 1 hour

Fig. 5.4 Representative 2D morphological OCT images acquired from approximately the same region of the central

retina of rat B. Images (a) and (b) are acquired at baseline and 1 hour post NalOs injection respectively.
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Baseline

Fig. 5.5 Representative 2D morphological OCT images acquired from approximately the same region of the central

retina of rat C. Images (a) to (c) are acquired at baseline and 1, 3 hours post NalOs injection respectively.

Baseline 1 hour

Fig. 5.6 Representative 2D morphological OCT images acquired from approximately the same region of the central

retina of rat C. Images (a) to (d) are acquired at baseline and 1, 3, 6 hours post NalOs injection respectively.
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5.2  Comparison with Observation in Histological Images

Fig. 5.7 shows representative IgG and stained histological images acquired at different
time points. The baseline H&E histological cross-section [Fig. 5.7 (a)] shows the typical normal
appearance of the healthy rat retina with well identified retinal layers. In addition, Fig. 5.7(f)
shows the labeling 1gG protein remained as expected inside the retinal blood vessels (indicated
by the black arrow), which suggested an intact blood-retina barrier. Swelling of the PR OS was
observed in the histological cross-section at 1 hour post injection [Fig. 5.7(b)]. At 3 hour post
injection [Fig. 5.7(c)], the toxic damage on the PR layer was even more significant, in which PR
cells became large, fragile and pale due to hydropic change and weakened uptake of the H&E
dyes. 6 hour post injection [Fig. 5.7(d)] had the most tremendous morphological change in which
the fluid accumulation, which was confirmed to be the LRL in the OCT images mentioned above,
caused complete separation of the OS2 from the underlying RPE. At the same time point, Fig.
5.7(f) also shows the immunohistochemistry image with substantial staining of IgG detected
outside the lumen of inner retinal blood vessels, which confirms protein leakage as an outcome
of the disruption of the blood-retinal barrier. The H&E histological cross-section corresponding
to 12 hour post injection [Fig. 5.7(e)] looks similar to the one acquired at baseline [Fig. 5.7(a)]
except for the swollen and broken RPE cells. Histological images of the NalO; induced
degeneration to the rat outer retina show very high consistency with morphological OCT images
in terms of structural changes such as the retinal detachment, the presence of the new LRL and

the altered retinal layers thickness and reflectance.
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Fig. 5.7 From (a) to (e): representative H&E histology images acquired at baseline and 1, 3 6, 12 hours post NalO;
injection respectively. (f) and (g): stained histology images acquired at 1 and 6 hours post injection respectively.

Figure adopted and reprinted from reference [11].

5.3 DOMAG Images and ONH Blood Flow Rate Estimation

As mentioned in the last chapter, two more NalO; injected rats, named F and G, were
used to study the ONH blood flow from baseline to one week post injection. Fig. 5.8 contains
representative 2D morphological OCT, DOCT, OMAG and DOMAG images acquired using

circular scan mode at baseline for rat F.
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Fig. 5.8 Representative 2D (a) morphological OCT, (b) DOCT, (c) OMAG and (d) DOMAG images acquired using
circular scan mode at baseline for rat F. The estimated axial velocity parallel to the imaging beam of each pixel is
indicated by different colors, with blue as positive (towards imaging beam) and red as negative (away from imaging

beam). The magnitude of axial velocity is shown by the color bar at the right.

By comparing Fig. 5.8 (a) and (c), the OMAG method shows its capability of effectively
removing the static reflections from regions in the retinal tissue, which contain no blood flow.
The INL, IPL, ONL and part of the PR layer in the OCT image are all filtered in the OMAG
image. The blood vessels, mainly ONH and choroid, are expected to be preserved because they
contain blood flows. In addition, part of the outer segment is still visible in the OMAG image,
which might be attributed to the fact that this layer located relatively deeper in the retina such
that multiple light scattering and speckle noise were more significant. In addition, cellular
motion in the PR layer may also result in the OS being preserved in the OMAG image. Similarly,
the comparison between Fig. 5.8 (b) and (d) shows that while the DOCT image suffers from
structural phase noise, the DOMAG image only preserves the Doppler OCT signal in the ONH
and the choroid. Each ONH vessel in Fig 5.8 (d) is very clear and distinguishable with the axial
velocity information well defined. On the other hand, the axial velocity information of the
choroid is somewhat random and insufficient for quantitative analysis, which might possibly due
to the much smaller sizes of choroidal vessels than the ONH; most choroidal vessels were nearly
perpendicular to the imaging beam such that their flow velocities were hardly detectable; the
choroid located deep under the retina where multiple light reflection played an essential role to

disturb the phase information.
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Figs. 5.9 and 5.10 contain representative 2D morphological OCT and DOMAG images

acquired using circular scan mode at baseline and 1, 3, 6, 12, 24, 72, 168 hours post injection for

rat F and G.
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Fig. 5.9 Representative 2D images acquired using circular scan mode for rat F. From (a) to (h): morphological OCT
images acquired at baseline and 1, 3 6, 12, 24, 72, 168 hours post NalO; injection respectively. From (i) to (p):
DOMAG images acquired at baseline and 1, 3 6, 12, 24, 72, 168 hours post NalOj; injection respectively.
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Fig. 5.10 Representative 2D images acquired using circular scan mode for rat G. From (a) to (h): morphological
OCT images acquired at baseline and 1, 3 6, 12, 24, 72, 168 hours post NalOj; injection respectively. From (i) to (p):
DOMAG images acquired at baseline and 1, 3 6, 12, 24, 72, 168 hours post NalOj; injection respectively.

Rat F was identified to have 14 ONH vessels in total with 7 arteries and 7 veins, while Rat G was

identified to have 12 ONH vessels in total with 6 arteries and 6 veins, as shown in Fig 5.11.
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Rat F, Baseline Rat G, Baseline

Fig. 5.11 Representative 2D images acquired using circular scan mode for (a) rat F and (b) rat G. Rat F was
identified to have 14 ONH vessels in total with 7 arteries and 7 veins, while Rat G was identified to have 12 ONH

vessels in total with 6 arteries and 6 veins.

As mentioned in chapter 4, in order to reduce the error due to motion artifacts and speckle noise,
200 repetitive circular B-scan images were acquired around the same location in the retina for
signal averaging. The estimated axial velocities, Doppler angles, vessel diameters, absolute
velocities and flow rate for all ONH vessels of rat F and G at baseline are summarized in Tables
5.1 and 5.2 respectively. The ONH vessel diameters, absolute velocities and flow rates calculated
for our two rats show high consistency with are with that of the rats reported in reference [9],
except some particular vessels had slightly larger flow rates. This is expected since they used
Brown Norway rats, different from the Long Evans rats we used and the retinal morphology and
blood perfusion for the two rat species are fairly different. The estimated flow rate of all ONH
vessels for both rats at all time points are summarized in Tables 5.3 and 5.4. Figs. 5.12 and 5.13
are graphical presentations of the flow rate of every ONH vessel, including all veins and arteries,
for rat F and G respectively, while Fig. 5.14 is graphical presentation of the averaged flow rates
of all ONH vessels for rat F and G. The errors of axial velocities and vessels diameters displayed
in Tables 5.1 and 5.2 were estimated based on the fluctuations of those two quantities over the
200 circular B-scans in each set of image acquisition, which were originated from pulsatile blood
flow, motion artifacts and speckle noise. Together with the uncertainty of Doppler angle, the
errors of flow rates were estimated and summarized in Tables 5.3- 5.4. They are also visualized
as error bars in Figs. 5.12-5.13, while in Fig. 5.14, each error bar is the standard deviation of

flow rates of all ONH vessels in every time point for each rat.
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Vessel No. Axial Doppler Angle  Vessel Diameter Absolute Flow Rate

Velocity (nm) Velocity (nL/min)

(mm/s) (mm/s)
1 4.4+0.3 70.4+1.0 60.5+4.8 13.1+1.2 2.26+0.41
2 4.4+0.4 67.5+1.0 59.6+4.2 11.4+1.3 1.90+0.34
8 3.6+0.2 68.3+1.0 61.2+4.4 9.6+0.8 1.70+0.28
4 5.3+0.5 62.3+1.0 51.6+2.3 11.4+1.0 1.44+0.19
5 3.9+0.3 64.5+1.0 SIS 9.1+0.8 1.40+0.20
6 4.5+0.7 55.8+1.0 51.9+3.2 7.9+13 1.01+0.20
7 3.9+0.3 59.9+1.0 51.5+3.2 7.8+0.6 0.98+0.14
8 4.4+0.4 61.4+1.0 51.6+3.3 9.2+1.0 1.16+0.19
9 3.7+0.3 59.7+1.0 59.0+5.0 7.3+0.7 1.19+40.23
10 5.0+0.3 62.7+1.0 59.4+1.7 10.8+0.8 1.80+0.16
11 5.4+0.4 58.2+1.0 65.6+2.8 10.3+0.8 2.09+0.24
12 5.5+0.4 65.7+1.0 55.1+1.4 13.4+1.1 1.9140.19
13 4.8+0.4 56.1+1.0 57.7+3.1 8.6+0.8 1.35+0.19
14 4.0+0.6 67.5+1.0 59.6+6.7 10.4+1.5 1.7440.47

Table 5.1 Estimated axial velocities, Doppler angles, vessel diameters, absolute velocities and flow rates for all

ONH vessels of rat F imaged at baseline.

Vessel No. Axial Doppler Angle  Vessel Diameter Absolute Flow Rate
Velocity (nm) Velocity (nL/min)

(mm/s) (mm/s)
1 3.1+0.4 70.0+1.0 51.8+2.1 9.0+1.1 1.14+0.17
2 5.3+0.8 51.8+1.0 59.1+5.2 8.5+1.3 1.40+0.13
3 4.4+0.3 61.2+1.0 70.5+2.9 9.1+0.6 2.14+0.23
4 6.7+0.3 63.5+1.0 71.1+1.1 15.1+0.8 3.60+0.22
5 4.7+0.3 58.0+1.0 70.2+3.4 8.9+0.6 2.06+0.13
6 6.6+0.3 54.4+1.0 59.6+2.4 11.3+0.5 1.89+0.18
7 5.1+0.3 50.0+1.0 87.1+0.3 7.9+0.4 2.82+0.16
8 5.24+0.6 55.4+1.0 65.9+0.8 9.2+1.0 1.89+0.21
9 4.7+0.3 54.6+1.0 71.8+1.6 8.0+0.5 1.95+0.15
10 5.0+0.6 51.8+1.0 53.2+4.5 8.0+1.0 1.07+0.12
11 4.2+0.2 48.8+1.0 70.7+1.1 6.4+0.4 1.51+0.10
12 4.5+0.7 54.9+1.0 69.3+6.7 7.8+1.2 1.77+0.21

Table 5.2 Estimated axial velocities, Doppler angles, vessel diameters, absolute velocities and flow rates for all

ONH vessels of rat G imaged at baseline.
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Vessel No. Baseline 1h 3h 6h 12 h 24 h 72 h 168 h
1 2.26+0.41 0.36+0.13 0.96+0.17 0.79+0.22 0.97+0.19 1.12+0.29 0.54+0.13 1.19+0.39
2 1.90+0.34 1.24+0.10 1.04+0.14 1.30+0.22 1.06+0.24 1.17+0.34 0.72+0.32 1.44+0.59
3 1.70+0.28 2.71+0.38 0.88+0.26 1.23+0.21 0.72+0.16 0.29+0.09 0.50+0.14 0.08+0.03
4 1.44+0.19 4.09+0.28 1.33+0.19 1.55+0.23 0.78+0.16 2.35+0.44 1.25+0.21 0.30+0.26
5 1.40+0.20 2.94+0.33 0.53+0.13 1.16+0.17 0.71+0.14 0.54+0.14 0.65+0.12 0.05+0.23
6 1.01+0.20 3.37+0.18 1.14+0.12 0.85+0.11 1.40+0.17 0.64+0.21 1.00+0.11 0.30+0.26
7 0.98+0.14 3.07+0.19 0.70+0.10 1.42+0.23 0.99+0.15 0.90+0.19 1.00+0.13 0.02+0.13
8 1.16+0.19 2.38+0.20 0.90+0.09 0.66+0.14 0.99+0.20 0.74+0.24 0.72+0.08 0.24+0.22
9 1.19+0.23 3.38+0.21 1.26+0.14 0.97+0.24 1.13+0.12 1.40+0.23 1.14+0.14 0.94+0.16
10 1.80+0.16 2.47+0.22 0.94+0.31 0.09+0.08 0.83+0.22 0.88+0.29 0.81+0.10 0.77+0.36
11 2.09+0.24 2.99+0.19 1.40+0.29 0.89+0.28 1.16+0.12 2.32+0.24 1.13+0.09 1.59+0.25
12 1.91+0.19 3.27+0.33 0.96+0.28 0.77+0.34 0.84+0.14 1.38+0.15 0.88+0.20 0.98+0.18
13 1.35+0.19 2.30+0.19 1.92+0.21 0.31+0.16 1.53+0.11 1.45+0.22 0.88+0.14 1.13+0.30
14 1.74+0.47 0.90+0.21 1.34+0.19 1.55+0.48 1.30+0.16 0.86+0.22 0.47+0.21 0.68+0.36

Table 5.3 Estimated flow rates for all ONH vessels of rat F imaged at baseline and 1, 3 6, 12, 24, 72, 168 hours post

NalOj injection respectively.

Vessel No. Baseline lh 3h 6h 12h 24 h 72 h 168 h
1 1.14+0.17 2.08+0.29 1.12+0.16 0.06+0.07 1.10+0.20 1.07+0.16 2.82+0.45 1.39+0.56
2 1.40+0.13 2.35+0.22 1.93+0.20 0.46+0.33 1.58+0.21 0.91+0.30 3.24+0.37 0.59+0.33
3 2.14+0.23 1.31+0.18 2.19+0.20 0.99+0.43 2.77+0.34 2.87+0.37 0.96+0.25 1.74+0.41
4 3.60+0.22 2.18+0.22 1.96+0.24 1.74+0.56 1.78+0.32 2.50+0.34 1.40+0.22 1.56+0.16
5 2.06+0.13 2.36+0.28 0.97+0.18 0.55+0.33 0.97+0.18 0.64+0.14 1.65+0.27 1.25+0.18
6 1.89+0.18 1.46+0.27 1.50+0.14 0.72+0.46 1.19+0.30 1.88+0.27 1.13+0.31 0.80+0.24
7 2.82+0.16 1.83+0.24 2.79+0.13 0.89+0.60 0.19+0.15 0.64+0.16 1.51+0.25 0.69+0.32
8 1.89+0.21 1.79+0.23 1.04+0.12 0.50+0.35 0.72+0.20 0.66+0.20 0.77+0.34 1.86+0.22
9 1.95+0.15 2.79+0.33 0.55+0.10 0.78+0.44 0.75+0.17 1.14+0.26 1.75+0.33 2.03+0.32
10 1.07+0.12 1.68+0.37 1.15+0.23 0.36+0.21 1.15+0.25 0.93+0.31 1.12+0.47 2.46+0.33
11 1.51+0.10 0.59+0.12 2.06+0.13 0.70+0.51 2.64+0.33 1.94+0.27 0.24+0.11 2.22+0.68
12 1.77+0.21 1.50+0.24 2.11+0.29 0.19+0.18 2.01+0.20 1.44+0.46 1.26+0.32 2.03+0.40

Table 5.4 Estimated flow rates for all ONH vessels of rat G imaged at baseline and 1, 3 6, 12, 24, 72, 168 hours post

NalOjs injection respectively.
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54 Discussions
5.4.1 Morphological Results

The structural changes in the IS and OS layers observed in the morphological OCT and
histological images correlated very well. The continuous morphing of the low and highly
reflective bands in the photoreceptor IS/OS layer suggested re-arrangement of the photoreceptors
inner and outer segments. In addition, there was a slight increase in overall 1S/OS layer thickness
at 1 hour post injection as compared to the baseline image, which suggested some cell swelling.
Such hypothesis was confirmed by the H&E histology in Fig. 5.7(b), which shows RPE and PR
cell swelling as well as re-arrangement of the photoreceptor OS. The structural change of OS in
this study was consistent with the observation using electron microscopy in reference [36]. The
temporal increase of reflectance in OS at the early hours post injection might be attributed to the
separation of OS from the RPE, as well as damaged RPE which leaded to disc accumulation of
cellular debris. The LRL appeared between the RPE and the OS at the early hours post injection

was most likely due to fluid accumulation. It was an early response to the NalOjs toxicity which
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leaded to disruption of the blood-retina barrier and detachment of the PR from the RPE layer. It
was also a possible cause of the rearrangement of OS structure. From the images of 12 hours post
injection, not only the LRL disappeared but there was also a significant reflectance drop of the
whole PR layer due to clearance of highly reflective materials.

The time of appearance and disappearance as well as thickness of the LRL varied among
rats, since each animal had a different metabolism. For all the rats used in this study, only rats D
and E were observed to have the LRL appeared at 1 hour post injection, while the others did not
or had the LRL showed up at 3 hour post injection. Nevertheless, it was very likely there is a
strong correlation between the LRL and the degeneration of the PR. From the observation of all
the morphological OCT images above, at the time point where the LRL started to appear, the PR

also morphed significantly.
5.4.2 Blood Flow Results

For the quantitative retinal blood flow analysis, the estimated flow rates shown in Table
5.3-5.4 and Figs. 5.12-5.14 are within 0.02-4.09mL/min, which are reasonable values compared
with the results in reference [9]. From Fig. 5.12, rat F had all vessels except vessel no. 1, 2 and
14 which showed a sudden increase of flow rate at 1 hour post injection followed by decrease at
hour 3 and 6. In a long term basis up to 168 hours, there was an overall flow rate consistent
decrease of all ONH vessels. From Fig. 5.13, the flow rate of all vessels rat G did not show
consistent decreasing throughout the 168 hours. However, it is noticeable that all vessels had
their flow rates drop to minimum at hour 6. To the best of our knowledge, this thesis is the first
work that measures the ONH flow rates of NalOs injected rats. Fig. 5.14 shows the averaged
flow rate of all vessels at different time points for both rats. The flow rate drop at hour 6 in both
rats suggests there was possibly a correlation between the ONH flow and the degeneration of the
PR as well as the appearance of the LRL.

Nevertheless, the flow rate calculation was subjected to some uncertainties. Some error
bars displayed in Figs. 5.12 and 5.14 are quite large, which suggests significant fluctuation of
blood flow due to pusatile and motion artifact. Several issues were also encountered in Doppler
angle estimation. It is noticeable that the long time used for image acquisition with the vigorous

bulk motion of the rat could lead to the inaccurate angle measurement. With a 47 kHz A-line rate,
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the acquisition time for the linear scan mode (1000 A-scans times 1000 B-scans) took 26.6s,
while for circular scan mode (3000 A-scans times 200 B-scans), it took 16.0s. Although
repetitive B-scans and averaging could somewhat suppress the error due to motion artifact in the
axial velocity calculation of circular scan images, the 3D image composed from linear B-scans
still suffered from the artifact even with the help of image registration. Consider the imaging
beam diameter of the circular scan was set to be half of the transverse range in the linear scan,
the Doppler angle of each vessel was estimated at the midpoint between the ONH center and the
position where the vessel reached the edge of the 3D image. However, it took ~10s for the
switching between the linear and circular scan mode. It was possible the rat's eye had already
moved to another position during the switching (or even worse, had the eye and all vessels tilted
to a different angle), which resulted in a difference of the scanning centre between the linear and
circular mode. Consider all vessels were actually continuous curving channels instead of straight
lines, it was highly possible that erroneous Doppler angles were measured at positions off from
the circular scan trace. Furthermore, the FOV was assumed to be ~1.77mm for linear scan mode
and ~2.8mm for circular scan mode respectively. Those estimations were based on reference [10].
Practically each individual rat had a different eye diameter and lens focal length such that the
FOV could vary between different rats. This leaded to an inaccurate estimation not only the

Doppler angle but also the vessel size.

Similar problem also appeared among different imaging time points. Not only the NalO3
toxicity caused changes of PR thickness and possibly orientation of each ONH vessel, but also
for every hour the rat was anesthetized, there was no guarantee that the imaging position being
the same. Our experimental condition was very different from the glaucoma study in reference
[9], where the rat was keep in the same position with the whole 10P changing process. In our
study, it was required to take the rat off from the anesthesia system after each imaging time point
passed. Finally, disruption of ONH vessels was observed in 168 hours post injection, as shown
in Figs. 5.9h and 5.10h. Although this caused an apparent decrease in axial velocity in Figs. 5.9p
and 5.10p, the shapes of the vessels were also significantly deformed in which they were hard to
be identified. This also caused an imprecision in vessel area and flow rate estimation. For
improvement in Doppler angle estimation, it is suggested that the OCT system is assisted with a
fundus camera to help aligning the retina at the same imaging position every hour the rat is

anesthetized. Imaging protocols have to be modified to reduce the image acquisition time and
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switching time between scanning modes, or use different approaches to do the Doppler angle and
flow rate measurement. More precise models have to be considered to make more precise

estimations of FOVs.
55 Conclusions

In summary, the work in this thesis shows the early effect of NalO3 on the morphology of
the rat outer retina using high speed SD-OCT, as well as up to our best knowledge, quantitative
analysis of the effect of NalO3 on the ONH blood flow of rats for the first time. 7 Long Evans
rats were injected with NalO3 and imaged by a SD-OCT system. 5 rats were used to study outer
retinal degeneration at baseline and 1, 3, 6, 12 hours post injection; 2 rats were used to study the
ONH blood flow at baseline and 1, 3, 6, 12, 24, 72, 168 hours post injection. Morphological
OCT images showed changes of reflectance and thickness of the photoreceptor IS and OS. The
formation of a low reflective layer between the photoreceptor OS and the RPE was observed in
all tested animals. Such layer appeared as early as 1 hour, increased in thickness after 6 hours
and disappeared by 12 hours post NalOs injection. The dynamics of LRL suggested that it was
most likely originated from fluid accumulation. Comparison between morphological OCT and
histology images show photoreceptor OS cell swelling at hour 1, detachment of the OS from the
RPE by hour 3 and breaking of the blood-retina barrier with significant fluid accumulation by
hour 6 post NalOs injection. The morphology study shows SD-OCT as an effective tool to carry
out non-invasive, in-vivo studies of disease or drug induced retinal degeneration in ophthalmic

research.

Estimation of flow rate on each ONH vessel was done by measurements of the Doppler
angle, vessel size and the axial velocity. The ONH flow rates of rat F showed a consistent
decrease over the 168 hours of study, while rat G did not show such trend. Both rats had flow
rates of most ONH vessels dropped at hour 6, which indicated there was possibly a correlation
between the ONH flow and the degeneration of the PR as well as the appearance of the LRL.
The flow rate estimation was subjected some uncertainties such as deviation of Doppler angle
due to bulk motion artifact of animal. Nevertheless, this study has demonstrated that the
capability of SD-OCT to quantify retinal blood flow and suggest a possible linkage between

NalOj toxicity and ONH flow rates which requires further verifications.
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Appendix A

Accuracy Test of Doppler OCT Algorithm Using a Phantom Flow System

In order to test DOCT’s reliability of quantitatively analyzing fluid flow, a phantom flow
system using titanium dioxide (TiO,) solution as the fluid was built and the flow was imaged by
the SD-OCT system. The experimental methods, comparison of flow rate estimation using

DOCT phase-resolved algorithm with expected value and discussions are provided below.
A.l  Methods

A mixture of TiO, powder with water was used as the phantom fluid to simulate retinal
blood flow. The schematic of the phantom flow setup is shown in Fig. A.1. The syringe was
filled with TiO, solution and mounted on a mechanical pump. It was connected to a glass
capillary with diameter d =0.3mm through a plastic hose. The TiO, solution was given a
pressure by the pump to move through the syringe and the capillary with a flow rate of

30uL/min. The sample probe was mounted on a semi-circle arm to acquire B-scan images of the

capillary at 7 different angles ¢=0°, -10°, —20°, —30°, 10°, 20°, 30° with respect to the vertical.

Sample probe

Syringe filled with TiO, Semi-circle arm
Mounted on a mechanical pump

Flow Rate = 30pL/min

L

Glass capillary
of d=0.3mm
with TiO2 flow

reservoir

Fig. A.1 A schematic showing the phantom flow system.

The flow rate F of TiO; solution through the capillary is defined as
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F =2 v(i, )AAG, ) (A1)

At the position (i, j), v(i, j) is the absolute velocity with its direction parallel to the capillary,
AA(i, j) is the capillary cross-sectional area with its normal parallel to the flow direction. Refer
to Fig. A.2, in a DOCT image, what could be directed measured by the phase-resolved method
were the axial velocity v, (i, j) parallel to the imaging beam and the cross-sectional area
AA'(i, j) with its normal perpendicular to the imaging beam. The beam entering the capillary

was refracted to an angle 6 , which could be obtained by applying Snell’s law

n, sin@=ng, sind, with n; =1 and n;, =1.33.

Imaging beam

Fig. A.2 A schematic showing the flow rate estimation of TiO, solution through the glass capillary.

The parameters above can be related as v(i, j) =V, (i, j)/sin@ and AA(, j) = AA(i, j)cos &’ .

Therefore the flow rate can be expressed as

F=>v,(, )AAT, j)cot &’ (4.2)

ij
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A.2  Results and Discussions

Fig. A.3 shows the color DOCT B-scan images of the capillary at different angles. The

negative and positive values of & were corresponding to the axial velocity v, pointing away and

towards the incident imaging beam respectively. The axial velocities, visualized by different
colors shown in Fig. A.3 (a)-(g) with the values given by the color bar at the right, were
consistent with our expectation, in which the red and blue color represented the flow moving

away and towards to the imaging probe respectively. As the magnitude of v, increased with 6,

the color also became brighter (from dark red to yellow or from dark blue to cyan). For 6 =07,

the color was dimmest, which was also expected as the measurable v, approached zero.

%

0=10° 0 =20 0 =30
-.

Fig. A.3 Color DOCT B-scan images of the capillary with TiO, flow acquired at different imaging angles. (a)-(g) are

4.94mm/s

2.47mm/s

-2.47mm/s

-4.94mm/s

corresponding to angle 4 =0°, —10°, —20°, —30°,10°, 20°, 30" respectively.

The results of TiO, flow rate estimation at different angles are summarized in Table A.1.

All values were close to the expected value of 30uL/min. They were all slightly underestimated,

which could be attributed to several reasons. The syringe might move slightly when being
pushed by the mechanical pump in which the actual flow rate was possibly smaller than

30uL/min. In addition, the wall thickness of the glass capillary and the background phase noise

were neglected, which might result in a deviation of " and flow rate calculation. Nevertheless,
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to conclude, this phantom flow test showed the DOCT phase resolved algorithm was working

reasonably well and appropriate to be applied for quantitative analysis of retinal blood flow.

Incident Angle Refracted Angle Flow Rate
0() o' () (uL/min)

-30 -22.1 28.4

-20 -14.9 29.7

-10 -7.5 24.1

10 7.5 29.8

20 14.9 24.4

30 221 26.2

Table A.1 Estimated flow rates of TiO, through the glass capillary at different imaging angles.
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