Florida International University
FIU Digital Commons

FIU Electronic Theses and Dissertations University Graduate School

3-16-2020

Visible Optical Coherence Tomography based Multimodal
Imaging for Quantification of Retinal Lipofuscin

ZAHRA NAFAR
znafa001@fiu.edu

Follow this and additional works at: https://digitalcommons.fiu.edu/etd

b Part of the Bioimaging and Biomedical Optics Commons, Biomedical Devices and Instrumentation
Commons, and the Vision Science Commons

Recommended Citation

NAFAR, ZAHRA, "Visible Optical Coherence Tomography based Multimodal Imaging for Quantification of
Retinal Lipofuscin" (2020). FIU Electronic Theses and Dissertations. 4413.
https://digitalcommons.fiu.edu/etd/4413

This work is brought to you for free and open access by the University Graduate School at FIU Digital Commons. It
has been accepted for inclusion in FIU Electronic Theses and Dissertations by an authorized administrator of FIU
Digital Commons. For more information, please contact dcc@fiu.edu.


https://digitalcommons.fiu.edu/
https://digitalcommons.fiu.edu/etd
https://digitalcommons.fiu.edu/ugs
https://digitalcommons.fiu.edu/etd?utm_source=digitalcommons.fiu.edu%2Fetd%2F4413&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/232?utm_source=digitalcommons.fiu.edu%2Fetd%2F4413&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/235?utm_source=digitalcommons.fiu.edu%2Fetd%2F4413&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/235?utm_source=digitalcommons.fiu.edu%2Fetd%2F4413&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/238?utm_source=digitalcommons.fiu.edu%2Fetd%2F4413&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.fiu.edu/etd/4413?utm_source=digitalcommons.fiu.edu%2Fetd%2F4413&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:dcc@fiu.edu

FLORIDA INTERNATIONAL UNIVERSITY

Miami, Florida

VISIBLE OPTICAL COHERENCE TOMOGRAPHY BASED MULTIMODAL

IMAGING FOR QUANTIFICATION OF RETINAL LIPOFUSCIN

A dissertation submitted in partial fulfillment of

the requirements for the degree of

DOCTOR OF PHILOSOPHY

BIOMEDICAL ENGINEERING

by

Zahra Nafar

2020



To: Dean John L. Volakis
College of Engineering and Computing

This dissertation, written by Zahra Nafar, and entitled Visible Optical Coherence
Tomography based Multimodal Imaging for Quantification of Retinal Lipofuscin, having
been approved in respect to style and intellectual content, is referred to you for judgment.

We have read this dissertation and recommend that it be approved.

Rong Wen

Jessica Ramella-Roman

Richard Bone

Wei-Chiang Lin

Shuliang Jiao, Major Professor

Date of Defense: March 16, 2020

The dissertation of Zahra Nafar is approved.

Dean John L.Volakis
College of Engineering and Computing

Andrés G. Gil
Vice President for Research and Economic Development
and Dean of the University Graduate School

Florida International University, 2020



© Copyright 2020 by Zahra Nafar
All rights reserved.

Authorship Attribution Statement:

This dissertation contains material from 4 published papers in the following peer-

reviewed journals.

The content of chapter 3 is published in Biomedical Optics Express as Zahra Nafar,
Minshan Jiang, Rong Wen, and Shuliang Jiao,” Visible-light optical coherence
tomography-based multimodal retinal imaging for improvement of fluorescent intensity

quantification”.

The content of chapter 4 is published in Biomedical Optics Express as Zahra Nafar, Rong
Wen, and Shuliang Jiao,” Visible light OCT-based quantitative imaging of lipofuscin in

the retinal pigment epithelium with standard reference targets”.

The content of chapter 7 is published in Scientific Reports — Nature journal as Zahra Nafar,
Rong Wen, Zigiang Guan, Yiwen Li and Shuliang Jiao,” Quantifying lipofuscin in retinal
pigment epithelium in vivo by visible-light optical coherence tomography-based

multimodal imaging”.

In addition, the content of this dissertation is partially reviewed and published in
Experimental Biology and Medicine journal as Zahra Nafar, Rong Wen, and Shuliang Jiao,
“Visible-light optical coherence tomography-based multimodal system for quantitative

fundus autofluorescence imaging”.



DEDICATION

| dedicate this dissertation to my mother, Aghdas Nesarirad Moghaddam, who has always

been and will be my inspiration in life.



ACKNOWLEDGMENTS

I would like to thank my major advisor Professor Shuliang Jiao for guiding me throughout
this journey and my dissertation committee members, Dr. Jessica Ramella-Roman, Prof.
Rong Wen, Dr. Wei-Chiang Lin, and Prof. Richard Bone, for their continuous support. I
would like to extend my gratitude to Dr. my lab members Dr. Tan Liu for training me at
the beginning of this journey, Dr. Rui Zhou for helping me with software development, Dr.
Shanhui Fan for helping me with human retinal imaging, Nusrat Yeasmin and Khaleel
Atkinson for helping me with spectroscopic measurements. | would also like to
acknowledge the assistance provided by Dr. Rong Wen and Dr. Yiwen Li from the Bascom
Palmer Eye Institute for the synthesis of A2E, and Dr. Zigiang Guan from Duke University

for performing the mass spectroscopic measurements.

| am grateful to my parents, Aghdas Nesarirad Moghaddam and Saeid Nafar, my sweetest
sister, Sara Nafar, and finally my husband Dr. Reza Sheykhi for their unconditional love
and support during these years. Also, | would like to express my gratitude to all my
colleagues, and friends who have extensively helped me during my Ph.D., especially the

science-loving people who volunteered to participate in this study.

I would like to acknowledge the financial support received throughout my Ph.D. study,
including the Teaching Assistantship from the Department of Biomedical Engineering,
Research Assistantship from the National Institute of Health grants, and Dissertation Year

Fellowship from University Graduate School at Florida International University.



ABSTRACT OF THE DISSERTATION
VISIBLE OPTICAL COHERENCE TOMOGRAPHY BASED MULTIMODAL

IMAGING FOR QUANTIFICATION OF RETINAL LIPOFUSCIN

by
Zahra Nafar
Florida International University, 2020
Miami, Florida

Professor Shuliang Jiao, Major Professor

Retinal degeneration is the leading cause of irreversible low vision and blindness in the
world, that describes conditions characterized by progressive loss of photoreceptors.
Retinal Pigment Epithelium (RPE) is located under photoreceptors’ outer segments and
plays an important role in the maintenance of photoreceptors by completing the visual cycle
and phagocytosis of shed photoreceptor outer segments. Lipofuscin, a byproduct of the
visual cycle, is a nondegradable compound that accumulates in the RPE cells and
eventually damages the RPE cells and inevitably causes photoreceptor degeneration.

Lipofuscin is the major cause of fundus fluorescence that can be detected by Fundus
Autofluorescent (FAF) imaging systems. Reliable and quantified FAF values are necessary
for lipofuscin quantification which can be a significant tool in the diagnosis of retinal
degenerative disease in early stages and provide a better opportunity for treatment before
the loss of vision stage. However, FAF is attenuated by the ocular media prior to the RPE,
including cornea, lens, vitreous body, retinal layers in front of the RPE, and the melanin
granules within the RPE cells that migrate to the apical region upon light exposure. This

attenuation varies among people and for an individual over time and cannot be measured
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directly, thus hurdles measurement of the true FAF values. Further, differences in
acquisition systems such as illumination power and detector sensitivity, directly affect the
measured FAF. This issue has been addressed by implementing a reference target in the
FAF imaging system. Normalizing the FAF signal to that of the target eliminates the
dependency on the acquisition parameters. However, the issue of pre-RPE and RPE
melanin attenuation remains unresolved. Further, the fluorescence characteristics of the
commercially available fluorescent reference are quite different than retinal lipofuscin that
challenges the quantification of the absolute amount of lipofuscin in the RPE.

In this dissertation, we propose a hew multimodal imaging system based on visible-light
optical coherence tomography (VIS-OCT) that provides a three-dimensional image. The
technology simultaneously acquires VIS-OCT and FAF with a single broadband visible
light source. Since both images are originated from the same group of photons and travel
through the same ocular media at the same time, the attenuation factor is similar in both
modalities. Therefore, by normalizing FAF by VIS-OCT of the RPE layer, the attenuation
of the pre_RPE media can be eliminated. Further, we implemented two reference targets
to quantify VIS-OCT and FAF and eliminate the dependency on acquisition parameters.
These references were later substituted by a single customized reference that consists of
the major lipofuscin fluorophore, called A2E. The quantitative imaging independent of
system fluctuation, and attenuation of pre-RPE and RPE melanin was successfully tested
on retinal simulating phantoms, in vivo on the animal retina, and human subjects. The in
vivo quantification in small animals linearly correlates with A2E content measured by mass
spectrometry. Quantitative imaging of human retinas is consistent with linear accumulation

of lipofuscin with age. The VIS-OCT-FAF has the potential for clinical diagnosis.
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CHAPTER 1 Introduction

1.1 Significance of Lipofuscin Quantification

Millions of people worldwide suffer from retinal degenerative diseases with different
degrees of vision loss 2. Early diagnosis and treatment of diseases like Age-related
Macular Degeneration (AMD) and Stargardt, is crucial in order to preserve vision and
patients’ quality of life. Some of the genetic and environmental factors such as low eye
pigmentation, extreme light exposure, and smoking have been identified *. However, the
underlying pathogenesis mechanism remains obscure 4. Clinical studies suggest that the
alterations in the RPE are the main causes of retinal degenerative disease. RPE is a
monolayer of pigmented cells that are located under photoreceptors and is basically
responsible for crucial maintenance of the photoreceptors by completing the visual cycle
and daily phagocytosis of spent photoreceptor outer segments. Non-degradable byproducts
of visual cycle build up in RPE cells in the form of granules called lipofuscin. One of the
important changes in RPE is the accumulation of lipofuscin with age and more significantly
in AMD. Lipofuscin granules are storage bodies of a mixture of lipids, proteins, and
different fluorescent compounds, which are from incomplete digestion of phagocytosed
photoreceptor outer segments >7. A2E is a major fluorophore of lipofuscin that has been
indicated in RPE atrophy®. Accumulation of lipofuscin/A2E and consecutively gradual
changes of specific functions of RPE is one of the known causes of retinal degenerative
diseases **. Lipofuscin/A2E is the major source of fundus autofluorescence (FAF) that

can be excited between 480-510nm with an emission peak around 630nm®*.



Hyperautofluorescent has shown correlations with the progression of diseases like AMD
1213 Stargardt 416, and Best '8, Thus, lipofuscin/A2E is a biomarker for blinding
diseases like AMD and quantification of this compound through Fundus Autofluorescence
(FAF) is important in diagnosis, progression monitoring and treatment evaluation of these

diseases.

FAF imaging has been widely used in ophthalmology. It is commonly based on a Scanning
Laser Ophthalmoscope (SLO) with 480nm wavelength for lipofuscin excitation. However,
quantification of the FAF signal is challenged by differences in acquisition systems, more
significantly opacity of ocular media in front of the RPE, and the presence of melanin
granules in the RPE cells. The intensity of the FAF signal directly depends on the intensity
of the excitation light reaching the fluorophores, and the sensitivity of the AF detector?2,
Further, the excitation light and emitted light are attenuated traveling through the ocular
media including the cornea, lens, vitreous and aqueous humor, and pre-RPE retinal layers
that are located in front of the RPE lipofuscin. Additionally, melanin granules in the RPE
cells travel to the apical regions to protect photoreceptor outer segments by absorbing the
scattered light. This phenomenon also attenuates the FAF signal. The attenuation caused
by pre-RPE media and RPE melanin cannot be measured directly and varies among people
14 and for individuals over time %°. Therefore, compensating for these variables is a
necessary step for the quantification of FAF and consequently lipofuscin/A2E. In 2011,
Delori® introduced a fluorescent reference target to address the excitation light and
detector sensitivity variation between instruments and over time, however, the issue of

attenuation caused by pre-RPE media and RPE melanin remains to be addressed.



1.2 Rationale

We designed and developed a multimodal imaging technology that simultaneously
acquires VIS-OCT and FAF with a single broadband visible light source (VIS-OCT-FAF).
Because of the depth resolving capability of OCT, the reflectance OCT signal of the RPE
layer can be segmented. Since both AF and RPE reflectance are originated from the same
group of photons and traveled through the same media, they carry the same attenuation
information. Thus, RPE reflectance can be used as an internal reference for each person at
a certain time. By normalizing FAF by simultaneous VIS-OCT of the RPE, we can
compensate for the attenuation of ocular media prior to the RPE and melanin granules
within the RPE cells. Further by implementing two reference targets (a fluorescent
reference introduced by Delori and a reflectance reference for OCT) we will able to
compensate for the fluctuation of parameters such as illumination power and detection
sensitivity in each acquisition system. With overcoming these obstacles, it would be
possible to measure the true FAF values and thus use them to quantify the actual
lipofuscin/A2E content of RPE. By fabricating a customized reference target with
synthesized AZ2E, that has the same fluorescence characteristics of lipofuscin,
quantification of absolute content of lipofuscin with an A2E-equivalent unit will become

possible.

1.3 Design Goals

The overall goal of this dissertation is the development, characterization, and assessment
of VIS-OCT-FAF for in vivo quantification of retinal lipofuscin or its major component

AZ2E. The multimodal imaging technology should be able to:



Simultaneously acquire FAF and VIS-OCT with a single visible light source
Compensate for the attenuation of ocular media in front of the RPE where
lipofuscin is present

Compensate for the changes in illumination power and detection sensitivity
Compensate for the attenuation caused by melanin granules in the RPE

Provide a linear correlation between in vivo measurements and actual A2E content
of RPE

Be suitable for in vivo quantitative imaging of human retina

The specific aims listed below serve to accomplish these goals and further translation of

the VIS-OCT-FAF for clinical use.

1.4 Specific Aims

14.1

a)

b)

Specific Aim 1: VIS-OCT-FAF for pre-RPE attenuation compensation

To design and develop a VIS-OCT multimodal imaging system that simultaneously
acquires VIS-OCT and FAF with a single broadband light source.

To assess the capability of the system to eliminate attenuation of the media in front
of the fluorescent layer on phantoms.

To assess the imaging technology in vivo on small animals’ retina.

Specific Aim 2: VIS-OCT-FAF with reference target for quantification
To implement two reference targets into the intermediate retinal imaging plane of

VIS-OCT-FAF.



b) To assess the capability of the methodology in compensation of the illumination
and detection variations on phantoms.

c) To assess the quantification method in vivo on small animals.

d) To fabricate and characterize a single customized reference target for both FAF and

VIS-OCT with lipofuscin major fluorophore, A2E.

1.4.3 Specific Aim 3: Quantification of RPE lipofuscin independent of RPE melanin

a) To assess VIS-OCT-FAF with A2E reference in compensation of attenuation
caused by RPE melanin in RPE simulating phantoms.

b) To assess the VIS-OCT-FAF with the A2E reference target in compensating for
RPE melanin in vivo on small animals.

c) To prepare the imaging technology for clinal use

1.5 Organization of this Dissertation

Chapter 1: Introduction

This chapter discusses the significance and the rationale behind this project and the

organization of this dissertation.

Chapter 2: Background

In this chapter, we reviewed the undergoing physiology changes in the retinal degenerative
disease and diagnostic imaging technics that are currently used in clinics. We reviewed

VIS-OCT and FAF, the efforts that have been done for quantification of FAF, and the



limitations of the available gAF. Then we introduce VIS-OCT-FAF to overcome the

limitations caused by acquisition systems variations and attenuation by ocular media.

Chapter 3: Simultaneous VIS-OCT and FAF

This chapter reviews the design and development of the VIS-OCT-FAF system with a
single broadband light source and assessment of its ability to compensate for the
attenuation caused by the media in front of the RPE. The methodology was tested on a

model eye and in vivo on rats’ retina.

Chapter 4: VIS-OCT-FAF with two reference targets

This chapter reviews the implementation of two reference targets into the VIS-OCT-FAF
imaging system for the quantification of both OCT and FAF signals. Then we assessed the
independence of the measurements to the acquisition system parameters such as
illumination power and detection sensitivity, and linear correlation of the results with
fluorescent efficiency. The in vivo results suggested that the VIS-OCT-FAF method can
compensate for attenuation caused by RPE melanin which was further investigated in the

next chapter.

Chapter 5: A2E reference Target

In this chapter, we explain the fabrication process of the A2E reference target, the methods

and the results of optical properties characterization.

Chapter 6: RPE simulating Phantoms



This chapter focuses on the fabrication process of RPE simulating phantoms, and the
measurement of the optical properties. Then we assess VIS-OCT-FAF in compensation of

RPE melanin attenuation in RPE phantoms.

Chapter 7: in vivo quantification with VIS-OCT-FAF and A2E reference target

This chapter reviews the fabrication of a single customized reference target for both VIS-
OCT and FAF, consisting of synthesized A2E which itself is the major fluorescent
biomarker in FAF. Then we assessed the methodology in compensation of attenuation
caused by RPE melanin and compared in vivo quantification of lipofuscin with mass

spectrometry.

Chapter 6: Translation of VIS-OCT-FAF for clinical use

In this chapter, we reviewed the optimization of the VIS-OCT-FAF system for in vivo
human retinal imaging. Then explains the assessment of quantitative imaging of lipofuscin

in human retinal.

Chapter 7: Conclusion

Concluding remarks include a summary of the developed technology, its capabilities, and
limitations. Further, the future direction toward the clinical usefulness of the technology

has been discussed.



CHAPTER 2  Background

2.1 Visual Cycle and Lipofuscin

Figure 2-1(a) illustrates the anatomy of the human eye: cornea, agueous humor, lens,
vitreous body, and several layers of the retina including nerve fiber layer, Ganglion cell
layer, inner and outer plexiform layer, inner and outer nuclear layer, photoreceptor inner
and outer segments, retinal pigment epithelium, Bruch membrane and choroid *’. The
visual process begins upon the absorption of a photon in the photoreceptor outer segments.
Rod and cone photoreceptors exploit a light-sensitive derivative of vitamin A, 11-cis-
retinal, which is linked to an opsin protein capable of activating signaling pathways. In
light, 11-cis retinal isomerizes to all-trans retinal that activates the opsin and initiates the
phototransduction which itself activates the bipolar neurons to transmit the information to
ganglion neurons whose axons exit the eye and carry the nerve impulses to the brain. &
19.20 Even though all-trans retinal is essential for the initiation of vision, it is not sensitive
to light and new 11-cis retinal is necessary for the continuous function of photoreceptors.
Therefore, all-trans retinal is converted back to 11-cis retinal through a series of chemical

reactions called the visual cycle (Fig. 2-1(b)). %
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Figure 2-1 Retinal layers and visual cycle: a) Different layers of the retina and retinal cells 17, b) Visual cycle
in RPE and PRs. %

All-trans retinal is released from the activated opsin and bonds with
phosphatidylethanolamine. This N-retinylidine-phosphatidylethanolamine is transported
to the cytoplasm where it is reduced to all-trans-retinol. All-trans-retinol exists the
photoreceptor and enters the RPE cell where it is converted to 11-cis retinal before it is

transported back to the photoreceptor outer segment.

Therefore, the interactions between RPE and photoreceptors are essential for visual
function. In fact, investigations on retinal degeneration have shown a strong dependence
of RPE and photoreceptors to each other. For example, gene mutations expressed in RPE
can lead to primary photoreceptor degeneration and gene mutations in photoreceptors can

lead to primary RPE disease followed by loss of photoreceptors. *

2.1.1 Retinal Pigment Epithelium

RPE is located under the light-sensitive outer segments of photoreceptors. Its apical

membrane faces the extracellular matrix enabling interaction between RPE and



photoreceptor outer segments. And, its basolateral membrane is in contact with the Bruch’s
membrane that provides an interaction matrix for RPE with blood flow in the

choriocapillaris. 2

Besides regeneration of 11-cis retinal, RPE is also responsible for phagocytosis of spent
photoreceptors. In the human eye, the lens focuses the light on the macula that results in a
strong concentration of photo-oxidative energy in the retina. On the other hand, the oxygen
extraction from the choroid is relatively slow which causes the oxygen saturation of more
than 90% in the venous blood from the choroid.3* Therefore, RPE is exposed to an
overflow of oxygen from the choroid and strong photo-oxidative energy from the retinal
side. This photo-oxidation damages the photoreceptor outer segment tips and necessitates
a constant renewal process. RPE contributes to this renewal process by phagocytosis of the
shed photoreceptor outer segments which itself adds a load of free radicals to the RPE
photo-oxidative environment. To maintain the structural integrity of the retina, RPE has
several defense lines . First, an important defense line is melanosomes that move inside
the cytoplasm to the apical processes under light conditions and absorb scattered photons.
This pigmentation in the RPE cells is also thought to improve the visual quality by

absorbing the scattered stray light.

2.1.2 AZ2E and Lipofuscin

As we mentioned, by absorption of a photon in rod and cone photoreceptors outer
segments, all-trans retinal is produced. Although a major portion of all-trans retinal is
reduced to all-trans retinol, a small portion of it reacts with phosphatidylethanolamine (PE),

leading to the formation of N-retinylidene-N-retinylphosphatidylethanolamine (A2PE)?.

10



More significantly, excess mount of 11-cis retinal in rod photoreceptors can also form
A2PE. During the phagocytosis process in RPE cells, the phosphatidyl group of A2EP is
cleaved and generates N-retinylidene-N-retinylethanolamine (A2E)?%2. A2E and other
incompletely degraded membrane material build up and form a complex heterogeneous
mixture of intracellular compounds including oxidized proteins, lipids, carbohydrates,
metals, and other bioorganic molecules, named lipofuscin?>?3, Lipofuscin in RPE
accumulates with age and more significantly in retinal degenerative diseases like Age-

related Macular Degeneration (AMD).

Lipofuscin affects RPE cells in several ways including generation of free radicals and
oxidants that lead to oxidative damage®*, and lysis of cell membrane. Lipofuscin and its
major component, A2E, is phototoxic in RPE cells and is known to reduce lysosomal
stability and cell viability 226, Therefore, its accumulation weakens the RPE cells and their
line of defense. The reduced capacity to absorb light and to compensate for oxidative
damages are thought of as important factors in the initiation of the chain of events that

leads to photoreceptors loss in AMD.

Lipofuscin is highly fluorescent and can effectively be excited between 480-510nm with
maximum emission between 600-640 nm. AZ2E is a major hydrophobic fluorescent
component of lipofuscin °, thus, a major fluorophore of fundus autofluorescent (FAF).
Taking advantage of fluorescence of lipofuscin/A2E, fundus autofluorescent (FAF) has
been widely used for diagnosis and monitoring retinal degenerations specifically in AMD.
In fact, hyperautofluorescent has shown correlations with the accumulation of

A2E/lipofuscin and progression of diseases like AMD %13, Stargardt 46, and Best 1718,
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FAF is a novel technology that visualizes lipofuscin/A2E distribution and FAF signal
intensity corresponds to the accumulation/concentration of lipofuscin/A2E. Therefore,
quantification of true values of FAF is necessary for quantification of A2E/lipofuscin and

consecutively diagnosis of diseased eyes in early stages.

2.2 FAF Imaging System

Widespread use of fundus angiography revealed the fluorescence properties of the fundus
without exogenous fluorophores, known as FAF. FAF is simple, efficient and noninvasive
in nature with valuable clinical applications. Delori measured the excitation and emission
spectra of retinal autofluorescence by using a spectrophotometer. The results showed that

lipofuscin, a byproduct of the visual cycle, is the dominant source of FAF.

Fundus autofluorescent is about two orders of the fluorescein angiogram background. In
order to detect autofluorescence of the fundus, high sensitivity cameras and averaging of
several scans are required to record AF signals with acceptable SNR. By the introduction
of confocal scanning ophthalmoscope (cSLO) in 1998 2, autofluorescence of the retinal
was extracted by scanning the retina with a low powered laser beam and these
considerations were addressed 28. With the development of scanning laser ophthalmoscope
(SLO), point by point acquisition of the FAF became possible and confocal optics proved
to be effective in suppressing the out of focus AF signal 2?8 and correcting for refractive
errors of the ocular media 2°. FAF intensity and pattern are greatly dependent on the
wavelength, for example currently commercialized near-infrared- (NIR-) FAF uses 787nm
for excitation and dominantly excites melanin, whereas, visible- or short wave- (VIS- or

SW-) FAF utilizes 488nm excitation light for visualization of lipofuscin . An argon blue
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laser is commonly used for the SW-FAF light source and emitted light is detected using
wideband barrier filters with short cut-off wavelengths of 500, 515, and 521 from different
manufacturers. Photodiodes and photocathodes have been used to detect the fluorescence
emission?®. Photomultiplier tubes (PMTs) consisting of the photocathode, dynodes, and
anode, are uniquely well suited for applications requiring low noise and high sensitivity

detection.

FAF signal is dependent on the power of the excitation light reaching the fluorophore and
the gain or sensitivity of the detector measuring the emitted light. Measuring the true values
of the FAF signal is challenged by several factors. First the excitation and emission light
travel through ocular media prior to the RPE and lipofuscin which introduced a round trip
attenuation factor to the signal. The optical properties of these media vary among people,
moreover, the opacity of ocular media, especially ocular lens, changes for individuals over
time 32, Second, the initial intensity of the illumination light and the sensitivity of the
detector and the spatial filters used for both excitation and emission, directly affect the
measured FAF signal and can change from one system to the other and might fluctuate
over time 6. Therefore, comparison of images from different people or from individuals at
different examination times is challenged which consequently weakens the clinical

usefulness of FAF for early diagnosis of retinal degeneration.

In 2011, Delori proposed the implementation of an internal reference target to address the
excitation light and detector sensitivity variation between instruments and over time. By

normalizing the FAF signal to AF of the internal reference, the effects of acquisition
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systems alterations were compensated. However, the varying attenuation of the ocular

media in front of the RPE remained to be addressed.

2.2.1 gAF quantification with the reference target

Delori’s reference target was implemented into the FAF imaging system at the retinal
intermediate imaging plane!®. The fluorescence reference target, with Texas red
fluorescence spectrum, was optically cemented to neutral density filters to reduce the
fluorescence efficiency of the internal reference to that of the retina. The reference target
covered a small portion of the raster scanning area, resulting in imaging the internal
reference along with the fundus. By normalizing the FAF by reference autofluorescence
(RAF) signal, the alterations of the imaging system were compensated. The quantification
method was excessively used on the evaluation of Stargardt, AMD and ABCAA4 carriers 3%
38, However, the method introduced a scaling factor from the retina to the intermediate
imaging plane that depends on the axial length of the eye. Further, the transmission of the
ocular media in excitation and emission wavelengths is another factor in the calculation of
the quantified AF (QAF). To address this factor the optical density of the ocular media was
estimated based on age and with reference to a 20-year-old subject. Further, the subject’s
retina was bleached for a period of 20 to 30 seconds to reduce the photopigment absorption.
Although the method effectively eliminated the acquisition system fluctuation effects, the
quantification is dependent on the measurement of the axial length of the eye and
estimation of relative transmission based on age *® which is not inclusive of other individual

differences such as racial factors 23940 that might contribute to the attenuation of FAF.
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2.3 Visible Light Optical Coherence Tomography

Since 1990 when the first Optical Coherence Tomography (OCT) system was reported, the
technology has greatly advanced in clinical studies, specifically in retinal imaging. OCT is
an imaging technique based on low coherence interferometry consisting of four arms: sour
e arm, sample arm, reference arm, detection arm. In time-domain OCT (TD-OCT) the path
length of the reference arm is varied in time within the coherence length of the light source
to achieve the reflectivity profile of the sample. High-speed OCT imaging became possible
by the invention of Spectral Domain OCT (SD-OCT) that the reference arm is stationary
and instead a broadband source and a spectrometer are used to measure the interference

pattern as a function of wavelength. 42

OCT provides a three-dimensional structural image of the biological tissues with fine
lateral and axial resolution. The penetration depth of OCT systems is in millimeter range
(1-3mm) and sufficient for retinal imaging. Early OCT systems worked with only near-
infrared light and superluminescent diode (SLD) 4243, In 2002 for the first time, visible
light OCT was achieved by employing a photonic crystal fiber in combination with a sub-
15fs Ti: sapphire laser (FEMTOLASERS) with spectrum range between 535nm and 700nm
44 The lateral and axial resolution of OCT is proportional to the central wavelength of the
light source, therefore, the VIS-OCT system offered a significantly better resolution.
Further, a smaller bandwidth is needed to achieve a comparable resolution to NIR-OCT.
Optical properties of the eye and retinal function and interaction with visible light, suggests
using the visible light spectrum for better understanding the visual cycle and retinal

pathology. In addition, due to the high scattering coefficients of biological tissues in the
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visible range, VIS-OCT provides a higher contrast between biological tissues compared to
NIR-OCT. However, the imaging depth is sacrificed in VIS-OCT due to the higher optical
attenuation of the tissue in shorter wavelengths #°. In the case of retinal imaging, when deep
penetration is not necessary, lower probing power can achieve similar imaging contrast as
NIR-OCT. Further, shorter wavelengths are more sensitive to the absorption properties of
the biological tissues, thus, VIS-OCT can utilize quantitative absorption measurements

such as blood vessel oximetry 460,

2.3.1 System design and challenges

A broadband light source is required for low coherence interferometry of OCT. OCT
systems use different types of light sources with low temporal coherence, such as
superluminescent diode (SLD), ultrafast lasers, and supercontinuum (SC), and swept
sources. SLDs are relatively inexpensive and greatly used in commercial OCT systems.
However, the central wavelength of SLDs is limited to 670-1600nm and not suitable for
VIS-OCT 4. Previously investigators used barium borate (BBO) to double the frequency
of Ti: sapphire NIR lasers for VIS-OCT, however, the bandwidth of this light source in this
method is limited *°. Swept sources quickly sweep through a series of wavelengths instead
of illuminating the sample with a broad spectrum at the same time. Therefore, the
spectrometer can be replaced by a single element photodetector so the A-line rate and
effective penetration depth will increase. Nevertheless, most of the swept-source lasers
work in the NIR range and no reliable visible swept source is available. The most famous
light source in recent VIS-OCT systems is SC sources with broad-spectrum from 400nm

to 2500nm. Although SC has much higher relative intensity noise (RIN) compared to SLD,
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RIN can be decreased by increasing the pulse reputation rate °%. Due to the excess noise
from SC sources, longer integration time might be necessary which will result in a lower
A-line rate and thus higher motion artifact. Also, retinal imaging sensitivity of the eye to

visible light makes it even harder to maintain the visual comfort of the human subjects.

VIS-OCT has adopted both free space and fiber-based Michelson interferometers. While
free space avoids excessive loss and imbalanced dispersion in the fiber couplers, fiber-
based takes advantage of compactness, easy alignment, and easy maintenance. Due to the
lower safety threshold of visible spectral range, the unbalanced splitting ratio is usually
used in both free space and fiber-based VIS-OCT to maximize the detection of the
backscattered signal from the tissue. In shorter wavelengths, the variation of the refractive
indices is larger and consecutively optical lenses introduce a larger chromatic aberration in
the visible range. To address this issue, Lichtenegger et al 2, employed reflective
collimators in spectrometer design to maintain an optimum focus across a wide spectrum.
Also, the reflectivity of aluminum and gold-coated used mirrors is lower in the visible
range and is preferable to substitute them with silver-coated or broadband dielectric

mirrors.

2.3.2 VIS-OCT and FAF

Although VIS-OCT and FAF imaging provide essential information about the structure
and function of the retina, respectively, these two modalities information are
complementary and should be combined for accurate diagnosis and monitoring of the
disease progression and treatment. Several studies on diagnosis and monitoring of the

treatment progress >3 have adopted both OCT and FAF imaging for categorization of
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various stages of the disease >* and a better understanding of the alteration in retinal layers
such as RPE, BM, and photoreceptors >°. In 2006 FDA cleared simultaneous OCT and FAF
and angiography that was developed by Heidelberg. In this setup, NIR superluminescent
diode laser has been used for OCT images and an optically pumped solid-state laser-
generated 488nm for excitation of FAF >, In vivo studies using Heidelberg, Spectralis
HRA+OCT, have shown a correlation between FAF and OCT images, thus, providing a

better understanding of pathological and morphological changes in the retina >7->°,

In 2012 for the first time, simultaneous VIS-OCT and FAF imaging system, with a single
light source centered at 415nm was introduced °. To achieve the visible light source, light
from a broadband Ti: Sapphire laser centered at 800nm with 120nm bandwidth was focused
on a frequency doubling crystal (BBO). Then visible light with 8nm bandwidth was exited
from the BBO. Since both images are produced simultaneously by the same group of
photons, the images are intrinsically registered, and no post-processing for image
registration is needed in this method. However, the application of the technology was
limited to the biomolecules that can be excited at 415nm. Further, due to the limited
bandwidth of the frequency doubling method, the axial resolution of VIS-OCT was not

satisfactory for retinal studies.

2.4 Overview of this dissertation

In this dissertation, we take advantage of the previous investigations and develop a new
multimodal technology suitable for quantitative imaging of lipofuscin. The technology

simultaneously acquires FAF and VIS-OCT with a single broadband visible light source
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centered at 480nm, utilizing an SC laser. Spectral-domain VIS-OCT uses a fiber-based
Michelson interferometer and a spectrometer. Confocal detection of FAF is achieved with
a cSLO setup and a PMT. We fabricated and implemented an internal reference target
consisting of lipofuscin major fluorophore, A2E, into the retinal imaging plane of the
imaging system. A NIR-OCT is coupled into the VIS-OCT-FAF system for alignment of
the retina prior to image acquisition to minimize photo-bleaching of the fluorophore of
interest. We will explain, design, development, and assessment of VIS-OCT-FAF in the
measurement of true values of AF signals which are independent of transmission of ocular
media and fluctuation of imaging systems. We will then illustrate in vivo quantification of
RPE lipofuscin/A2E based on the VIS-OCT-FAF measurement technique with reference

to the A2E reference target.
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CHAPTER 3 Development of Simultaneous VIS-OCT and FAF for

compensation of pre-RPE attenuation

3.1 Introduction

Optical coherence tomography (OCT) 5192, retinal autofluorescence (AF) imaging %34, and
fluorescein angiography (FA) ®% are three important imaging modalities in both
ophthalmic clinics and research, which image different aspects of the retina. OCT is a low-
coherence interferometry-based imaging modality, which can provide mainly structural
imaging of the retina with microscopic depth resolution. Retinal AF imaging maps the
distribution of lipofuscin, the major source of AF in the retinal pigment epithelium (RPE).
Lipofuscin is a complex lipid/protein aggregates formed in the RPE as nondegradable end
products from phagocytosis of shed photoreceptor outer segments ©, which accumulate
with age. Lipofuscin has influences on the RPE cells in many ways that are believed to
contribute to the pathogenesis of age-related macular degeneration (AMD) %° FA images
fluorescence from exogenous contrast molecules administrated into the bloodstream to
capture the blood circulations and identify vascular leakage in the retina. Because of the
complementary nature of their contrast mechanisms, these imaging modalities are suitable
candidates for being integrated into a multimodal imaging system. A broadband visible
light source can be used to build such a multimodal imaging system since retinal AF and

FA needs visible light for fluorophore excitation. Visible light OCT (VIS-OCT) is gaining
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more attention in molecular contrast imaging recently because many molecules of interest

in the retina have absorption spectra in the visible light range #449:51.60. 70,

We recently achieved simultaneous OCT and AF imaging with a single broadband visible
light source and successfully applied the imaging technique to monitor the accumulation
of lipofuscin in the RPE cells in albino rats 444°5160.70 The current system was designed to
compensate the signal attenuation by the media anterior to the RPE to tackle a technical
difficulty in the quantification of absolute AF intensities. Quantification of the absolute AF
intensities is a major issue that the current retinal AF imaging technologies are not able to
address 8. During AF imaging, the excitation light must travel through the media anterior
to the RPE before exciting the fluorophores, and the AF signals generated in the RPE must
travel through the same media before being detected by the system. Signals are attenuated
by these tissues, including the cornea, the aqueous humor, the vitreous, and especially by

the lens 1.

The AF intensities changes in aging, as well as in certain pathological conditions, such as
in AMD and Stargardt diseases. Monitoring AF changes would be informative for disease
progression, for which quantitative accuracy is important to see the difference between
individuals as well as longitudinal changes in the same eye. However, the measured AF in
an image can be affected by many factors, including the optical properties of the anterior
segments of the eye, which are different among different individuals and change over time;
the intensity of the excitation light; and even alignment of the eye with the excitation light
beam. Eliminating the influence of all the factors that are not related to the optical

properties of the RPE would improve the quantification accuracy of AF imaging, which
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will make it possible to compare the overall AF intensities as well as changes in the spatial

distribution of AF.

The current multimodal imaging system can simultaneously acquire OCT and AF imaging
with a single broadband visible light source. Because the OCT signals are attenuated by
the same media as the AF signals, the OCT signals can be used as an internal reference to
compensate for the signal attenuation by the media anterior to the RPE. Thus, our VIS-
OCT based multimodal imaging technique offers a unique opportunity for compensation
of the anterior segment attenuation effects on retinal AF imaging. This technique can also
be used for retinal FA imaging. This paper reports our recent progress in simultaneous VIS-

OCT, retinal AF, and FA imaging.

3.2 Methods

3.2.1 Imaging system

A schematic of the experimental system is shown in Fig. 3-1. The system has two SD-
OCTs: one works in the NIR band (Fig. 3-1. red lines) and the other in the VIS band (Fig.
3-1. blue lines). The VIS-OCT uses a supercontinuum laser (SC) source (EXB-6, SuperK
EXTREME, NKT Photonics, Denmark) equipped with a variable band-pass filter (SuperK
Varia, NKT Photonics). The filtered output light (center wavelength: 480 nm, bandwidth:
20 nm, 80 MHz pulse rate) is delivered through a fiber delivery module. The VIS light is
coupled into the source arm of a single-mode optical fiber-based Michelson interferometer.
The NIR-OCT uses a superluminescent diode (SLD-37-HP, center wavelength: 840 nm,
bandwidth: 50 nm, Superlum, Russia). After passing through an optical fiber isolator, the

NIR light is coupled into another single-mode fiber-based Michaelson interferometer. The
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visible and NIR light beams, after exiting their corresponding optical fibers in the sample
arms, are collimated and combined by using two dichroic mirrors (DM1: NT43-955,
Edmund Optics, and DM2: DMLP505, Thorlabs). The combined light beam is scanned by
an x-y galvanometer (6215H, Cambridge) scanner, and delivered into the eye by the
combination of arelay lens (L1, f =75 mm, achromatic) and an ocular lens (L2, f =20 mm,
achromatic). The VIS light power was 500 uW before entering the eye, while the NIR light

at the same location was 600 pW.

In the detection arm of each OCT subsystem, the reflected light from the sample and
reference arms is collimated and detected by a spectrometer (SPEC1-2). The VIS-OCT
spectrometer has an 1800 lines/mm transmission grating, a multi-element imaging lens (f
= 150 mm), and a line scan CCD camera (Aviiva-SM2-CL-2010, 2048 pixels with 10 um
pixel size operating in 12-bit mode, e2V). The NIR-OCT uses a spectrometer with the same

parameters as described in our previous publications 7.

The system for AF detection is similar to that described in our previous publications . In
short, the back-traveling fluorescent photons emitted from the fluorophore pass through
the two dichroic mirrors and a long-pass filter (FGL515M, cut-on wavelength: 515 nm,
Thorlabs), and are then focused into a 25 pm pinhole by an achromatic doublet with a focal
length of 30 mm (L3). The AF photons are detected by a PMT module (PMMO02, Thorlabs).
The outputs of the PMT are digitized by a multifunction data acquisition board (DAQ,
PCle-6361, National Instruments) at a sampling rate of 2M/s. At each scanning position on
the retina, a total of 80 points corresponding to a sampling length of 30 ps were acquired.

The amplitudes of the AF signal of these 80 points were averaged to form a single pixel of
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the AF image. Synchronization of the AF data acquisition, scanning of the galvanometer

scanner and the OCT image acquisition was controlled by the multifunction DAQ board.
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Figure 3-1 Schematic of the imaging system. SC: supercontinuum; SLD: superluminescent diode; DM1-2:
dichroic mirror; L1-3: Achromatic lens; LPF: long-pass filter; PH: pinhole; FP1-7: Fiber collimating port;
ISO: Isolator; FC1-2: 3dB fiber coupler; PC1-2: Polarization controller; G1-2: BK-7 glass plate; M1-2:
Mirror; IRIS1-2: Iris.

3.2.2 Modeling of OCT and AF signals of the retina

The light propagations in the retina were studied by many research groups. With reference
to the model of fundus reflection proposed by van de Kraats et al ">4, the measured light
reflected from the retina can be divided into reflections from three sources, or three distinct
layers of the eye. The first layer is the media anterior to the RPE. The second one is the
RPE layer, where reflection by the RPE layer and absorption by the lipofuscin granules
occurs. The third is the post-RPE layer, including the choroid and sclera. The intensity of

the reflected light from pre- and the RPE layer can be expressed as:
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Ipre = IO-Tpre/lz-Rpre @) 1)

2
Irpe = Io-Tpre()l)z- [1 - Rpre] Trpe (D)% Rppp (1) 2)

where lo is the light intensity incident into the eye, lpre and Iree are the light intensities
reflected from the pre-RPE and RPE layer, respectively; zore and zrpe are the transmittance
of the pre-RPE and RPE layer, respectively; Rpre and Rree are the reflectance of the pre-

RPE and RPE layer, respectively.

The lipofuscin fluorescence intensity (Iar-rre) detected can be expressed as:
2
IAF—RPE = Io.TpTe(A)Z.[l _Rpre] LE. C.d.Q.Ad (3)

where ¢ is the extinction coefficient of the fluorescent pigment (lipofuscin), C is the
lipofuscin concentration, d is the RPE layer thickness, Q is the quantum yields of the
fluorescence, Aq is the detecting efficiency including the detection solid angle, the response

of the PMT, the gain of the circuitry, and the digitization coefficient.

Assuming that 7,,,.. and R, are the same for excitation light and the fluorescent, the ratio

of AF and OCT signal is

Ly _ £C.d.Q.A (4)
Igpe  Thpg(A). Rrpe(4)

In Eq. (4), all the parameters related to the incident light intensity and the transmission of

all the eye components anterior to the RPE layer are eliminated.
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3.2.3 Animal experiments

To test the capabilities of the imaging technique, we imaged the retina of albino Sprague
Dawley rats (SD rats, Taconic). All the experiments were performed in compliance with
the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and with
the guidelines of the Florida International University’s Institutional Animal Care and Use

Committee.

The animals were anesthetized by intraperitoneal injection of a cocktail containing
ketamine (54 mg/kg body weight) and xylazine (6mg/kg body weight). The pupil was
dilated with a 10% phenylephrine solution. Drops of artificial tears were applied during the
imaging to prevent corneal dehydration and cataract formation. The rat was restrained in

an animal mount, which was placed on a five-axis platform.

For FA imaging, Fluorescite 10% (100mg/ml fluorescein, 50mg/kg body weight) was
injected through the tail vein after the rat was stabilized and the eye was aligned with the

probe light. Then the simultaneous images were captured.

3.2.4 Phantom construction

To further test the imaging system and the theoretical models, we built a phantom to
simulate light attenuation by tissues anterior to the RPE (Fig. 3-2(a)). The phantom
consisted of three components: a plastic weighing dish as the container, fluorescein sodium
solution in the container to simulate lipofuscin, and a transparent polystyrene membrane to
cover the fluorescent dye solution and control the thickness of the sample. A set of ND
filters (nominal OD values of 0.1- 0.5) was placed in front of the phantom for light

attenuation.
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3.3 Results

3.3.1 Phantom test

We built a phantom to obtain proof-of-concept of the system design and theoretical models
using an ND filter to simulate signal attenuation. The phantom setup has two boundaries
in the OCT cross-sectional image: the 1st is the polystyrene membrane and the 2nd is the
surface of the weighing dish. OCT and fluorescent images were simultaneously acquired.
The OD value of the sample was measured to be 1.26+0.02. By segmentation, we obtained
the intensity of the OCT reflection from the 2nd boundary (Fig. 3-2, red curve). As the OD
value increases, both the fluorescent (Fig. 3-2(b), blue curve) and OCT signals decreased.
But the normalized fluorescent signals (Fig. 3-2(b), Fluorescence/OCT, green curve)
calculated using Eq. (4) showed only a gradual and linear decrease, which was caused by
accumulated bleaching of the dye during the measurements as the measurements were
taken sequentially from low to high OD values. Each measurement causes partial bleaching
of the dye and the effect accumulates unless the time interval among measurements was
sufficient for the dye to recover. It is clear that the normalized AF signals are independent
of the OD values of the ND filter. As we noticed, the OD=0.3 filter had a large deviation
from the nominal OD value, which made the measured AF and OCT signal curves “non-
linear” (Fig. 3-2(b), red and blue curves), and yet the linearity of the normalized AF curve

was not affected (Fig. 3-2, green curves).

The results of these experiments demonstrated that OCT signals can be used as an internal
reference to minimize the effects of media anterior to the RPE, and the imaging system

functions as expected.

27



-]
8
o

(a) (b)

o
8
=]

-~
8
=]

0.8
Incident light

ﬂ Fluorescein solution

ND filter C—23

=1
8
(=}

0.6

Polystyrene film
(1*' boundary)

04

Fuorescence Intensity {counts)
Normalized OCT Intensity

Dish surface
(2" boundary) 2000

0.2
—d— Fluorescence (left axis)

—o— Fluorescence/OCT (right axis)
== Normalized OCT (right axis)

0.1 0.2 03 0.4 05
oD

Figure 3-2 Phantom simulation experiment. (a) Schematic of the phantom; (b) The AF/OCT (the AF intensity
divided by the 2" boundary OCT intensity, green) signals were not influenced by the OD values of the ND
filter, unlike the raw AF signals (blue) and OCT signals (red). The linear decrease of AF/OCT was due to
accumulated bleaching of the dye.

3.3.2 invivo simultaneous VIS-OCT and retina AF imaging

The system was tested in SD rats. Figure 3-3 shows an example of the simultaneously
acquired VIS-OCT (Fig. 3-3(a) and 3-3(c)) and AF (Fig. 3-3(b)) images of the retina of an
animal (age: 12 months; body weight: 500 g). Fig. 3-3(a) is the projected OCT fundus
image generated from the acquired 3D VIS-OCT dataset °. Fig. 3-3(c) is the VIS-OCT
cross-sectional B-scan image, the location of which is marked as a dotted line in Fig. 3-
3(a) and 3-3(b). The OCT dataset consists of 512 (horizontal) x 128 (vertical) A-scans.
Since the OCT and AF images are generated from the same photons, we can see that Fig.

3-3(a) and 3-3(b) are precisely registered.
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Figure 3-3 VIS-OCT and AF images simultaneously acquired from a rat retina in vivo. (a) OCT fundus
image; (b) AF image; (c) OCT B-scan image. The dotted line in the OCT fundus image marks the location
of the OCT B-scan image. Bar: 200 pm
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Figure 3-4 The original AF intensities (a) and the normalized AF intensities (b) of four rats followed for a
period of four weeks. Normalization was performed using the RPE image intensities calculated from the
segmented OCT images.

In our previous studies ’°, 4 SD rats (10-week-old) were imaged every two weeks (one rat
died after the second imaging) to monitor their AF in the retinas for 4 weeks. The imaging
conditions, including the focusing and the power of the probe light, the position of the

reference arm, and the depth of the retina in the OCT image, were kept the same in each
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imaging experiment. The mean AF intensity counts over the entire imaged area of the 4
rats at different time points are shown in Fig. 3-4(a). The accumulation of lipofuscin in the

RPE cells was evidenced by the increased AF image intensities over time.

The mean AF intensity counts were then normalized with the RPE OCT signal intensities
obtained by manually segmenting the RPE layer and averaged over the entire imaged area.
The normalized AF intensity is calculated by using Eq. (4). From the raw mean AF
intensity counts, we can see significant increases over the 4-week period, but the rate of
increase in each animal differs significantly. When the normalized data were used (Fig. 3-
4(b)), the rates of increase among animals are quite similar. Note that the “levels” of IaF in
Fig. 3-4(b) between animals are not normalized to a common reference, and thus they
cannot be compared quantitatively if not all the imaging conditions including the eye
conditions are known. The Y-axis scale in Fig. 3-4(b) has no specific physical meaning in

this case.

All rats in the experiment were of the same age and housed under the same lighting
conditions. It is reasonable to believe that the rate of lipofuscin accumulation is similar for
all the rats. Before normalization using Eg. (4) the rate of AF intensity increase, thus the
rate of lipofuscin accumulation, is significantly different among the different rats. After
normalization using Eq. (4), the AF intensities of different rats increase over time at a
similar rate. Further, as we mentioned earlier, literature shows a linear correlation between
aging and lipofuscin accumulation "® which is better observed in the results using Eq. (4)

for normalization.
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3.3.3 invivo simultaneous VIS-OCT and retinal FA

Since the system is capable of simultaneous OCT and AF imaging. We wondered if we can
test this capability to image FA. Due to the relatively slow imaging speed, which is mainly
limited by the bandwidth of the PMT and the line rate of the CCD camera used in the
current system, we could not control which FA phase to capture. This limitation could be

removed with a detector of higher speed to capture all the different FA phases.

Figure 3-5 VIS-OCT and AF images simultaneously acquired from a rat retina in vivo. (a) OCT fundus
image; (b) AF image; (c) AF/OCT compensated fundus image; (d) OCT B-scan image. The dotted line in the
OCT fundus image marks the location of the OCT B-scan image. Bar: 200 pm

The simultaneously acquired VIS-OCT and FA images of the retina of an SD rat are shown
in Fig. 3-5. Spatial registration is guaranteed between the OCT and FA images because
they were generated by the same photons. The FA image (Fig. 3-5(b)) was normalized with
the projected OCT (Fig. 3-5(a)) intensities pixel by pixel (Fig. 3-5(c)) to produce better
contrast for the retinal blood vessels. This contrast enhancement of the retinal blood vessels

is achieved by suppression of the fluorescence signals from the choroidal blood vessels.
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3.4 Discussion

We have demonstrated the capability of a multimodal imaging system for simultaneous
OCT and fluorescent imaging with the same broadband light source. The fluorophores
could be endogenous or exogenous. The major limitation of the current system is the

imaging speed, which made the system unable to image the early FA phases.

This system can be used to quantitatively imaging retinal AF, a measure of fluorophores
mainly contained in the lipofuscin granules in the RPE 46, AF was first detected in a
vitreous fluorophotometry study ’’. The major fluorophore in lipofuscin granules and the
major fluorophore of retinal AF is believed to be A2E (N-retinyl-N-retinylidene
ethanolamine), a byproduct of the photoreceptor visual cycle ", The RPE is a monolayer
of pigmented cells located between photoreceptors and the choroid . It helps to enhance
vision by absorbing scattered light with melanin, maintains the normal function of
photoreceptors, including regenerating 11-cis retinal in the visual cycle & and phagocytosis
of the shed photoreceptor outer segment tips 8. Since lipofuscin has been implicated in
retinal diseases such as AMD and Stargardt diseases, quantitatively measuring AF is of

significant clinical value.

Quantification of absolute retinal AF intensities is important for AF to be used in clinical
research and patient care, without which it is difficult to evaluate retinal AF images from
different patients or even between successive images from the same patient. However, the
available AF imaging technologies are not able to quantify absolute AF intensities. And

this is the major hurdle for AF imaging to be widely utilized. We believe that to achieve
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quantification of absolute AF intensities, we need to have an internal reference to measure
the true intensities occur at the RPE, and a fluorescent standard with known intensity as an
external reference similar to the reference fluorescent target used by Delori and co-workers
18, Our technique of simultaneous VIS-OCT and retinal AF imaging by using the same
light source is unique in providing an internal reference to eliminate the attenuation effects
of the media anterior to the RPE. Thus, our system of simultaneous OCT and AF in
combination with a fluorescent standard reference should be able to achieve quantification

of absolute AF imaging for clinical application.

The system is also capable to simultaneously acquire OCT and FA images. For potential
clinical application, the system will need faster detectors to capture different phases of FA.
The multimodal VIS-OCT system described here is one of the several systems we have
developed, including simultaneous photoacoustic microscopy (PAM) and autofluorescence
microscopy 884 simultaneous OCT and PAM 856 and simultaneous OCT and retinal AF
60.70 Further studies to optimize these systems in disease models could lead to the clinical

application of these navel technologies.

To get the result of Eq. 4 we made an assumption that zpre and Rpre are the same for
excitation light and the fluorescent. Although the assumption was made for simplifying the
mathematical model, it is based on a reasonable analysis. In the anterior segments, light
attenuation in the visible spectrum is mainly determined by the scattering coefficients of
the tissues and light absorption can be ignored. Thus 7, is close to unity for the anterior
segments. Light transmission is mainly determined by (1-Rpre), Which slightly increases

with the wavelength in the visible spectrum °. For the retinal tissues anterior to the RPE,
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light absorption is mainly caused by hemoglobin in the retinal blood vessels, whose overall
absorption coefficient increases with the wavelength in the spectral range from 480nm to
570nm. In the meantime, in the same spectral range light scattering decreases with
wavelength. As a result, the overall effect of the ocular tissues anterior to the RPE layer (1-
Rpre). Tore may remain relatively constant for the excitation and AF light. In future studies,
we will design experiments to test the accuracy of this assumption and improve the model
if the systematic error is introduced by the assumption. In addition, AF imaging is usually
performed under light conditions, so the effect of the absorption spectrum by the visual

pigment can be ignored.

In the phantom study, higher dye concentration will reduce the signal intensity from the
second boundary. When the concentration of the dye is higher than a certain level,
determined by the sensitivity of the OCT, the second boundary of the phantom could no
longer be reliably imaged. In such an extreme situation, the normalization method cannot
be used. We recognize that there are limitations of the current method. It seems unlikely
that the limitations would be an issue in practice as we haven’t seen the situation in which
the RPE layer cannot be revealed in our in vivo imaging experiments on both albino and

pigmented rats.

For in vivo imaging applications zree and Rree are functions of the concentrations of both
melanin and lipofuscin in the RPE layer. Lipofuscin and melanin exist in the RPE cells as
granules. Thus, the increase in lipofuscin will reduce zrpe but will increase Rrpee. Lipofuscin

accumulates during aging, but melanin will probably decrease 8 and the decrease in
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melanin would contribute inversely to zree and Rree How these combined effects influence

ree and Rrpe cannot be easily answered and needs further investigation.

The normalization method is designed to remove the attenuation effects of the tissues
anterior to the RPE layer as well as the effects of factors like misalignment and to retain
only the factors describing the optical properties of the RPE. Experiments with phantoms
and in vivo studies on rats have demonstrated the promising potentials of the method to
reach this goal. However, more specifically designed experiments are needed to examine
the exact meanings of the method and its capabilities and limitations in extracting the true

AF intensities of the RPE lipofuscin.

3.5 Conclusion

In conclusion, we have, for the first time, achieved simultaneous VIS-OCT and
fluorescence imaging with a single broadband light source targeting both endogenous and
exogenous fluorophores. This multimodal imaging system takes a significant step toward
the quantification of true retinal AF intensities. Further optimizing this system would make

it a valuable tool for clinical and research applications.
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CHAPTER 4 Quantification of VIS-OCT and FAF for elimination of acquisition

parameter dependence

4.1 Introduction

Lipofuscin, a complex mixture of partially digested lipids and protein components in the
retinal pigment epithelium (RPE) cells, is a major source of fundus autofluorescence (FAF)
68.88 |t accumulates with age and is implicated in age-related macular degeneration (AMD)
and Stargardt disease . FAF hence is a natural biomarker that carries the information of
lipofuscin content, and quantification of FAF signal could be used to assess the amount of

lipofuscin in the RPE for diagnosis and monitoring disease progression %%/

FAF imaging has been used in ophthalmology clinics for many years. For example, hyper-
autofluorescence is positively correlated with the progression of AMD and Stargardt’s
macular dystrophy %%, In the case of geographic atrophy (GA), the late stage of dry AMD,
advanced RPE alterations exhibit clinically recognizable patterns of hyper-
autofluorescence 1%, which is positively correlated with the rate of GA progression and

can be analyzed semi-automatically with newly developed software by non-expert graders

101

However, the currently available technologies are not capable to measure standardized
FAF intensity 3. The measured FAF signal by the currently available technologies could
be affected by the excitation light intensity, detector sensitivity and gain of the instrument

used. In addition, and importantly, signals are attenuated by the ocular tissues anterior to
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the RPE, especially by the lens, and the attenuation cannot be measured directly. The ocular
properties of tissues anterior to the RPE could be significantly different among individuals,
and it changes over time in the same person. Thus, it is difficult to compare images obtained
by the currently available technologies from the same person over time, or from different
individuals, which hinders the clinical usefulness of FAF images 3+, It is a challenge to

obtain the absolute intensity of FAF.

To compare the two different FAF images taken at different times or from different
individuals, the intensity of the FAF images should be standardized and free of the effects
of instrumental variation and attenuation by the ocular tissues in the optical path before the
RPE. Standardized FAF images can be achieved by measuring the absolute FAF intensities,
or the intensity of each pixel in a FAF image is referenced to an intensity standard. The
issue of FAF intensity calibration and instrument fluctuation compensation has been
addressed by Delori et al. 1® by using a fluorescent target with known emission efficiency
in the intermediate retinal imaging plane as a reference. However, how to accurately
compensate for the signal attenuation by tissues in the optical path before the RPE remains

a challenge.

We reasoned that compensation for signal attenuation by ocular tissues can be achieved by
combining visible-light optical coherence tomography (VIS-OCT) and confocal FAF
microscopy that share a common light source. Previously we explored simultaneous VIS-
OCT and FAF imaging using first a frequency-doubled Ti: sapphire laser &, and later a
supercontinuum laser with a filtered output centered at 488 nm, an AF excitation

wavelength used in current FAF imaging systems °. Recently, we demonstrated that in a
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dual-modal VIS-OCT and FAF system, the simultaneously acquired VIS-OCT images can
be used to compensate for the power variations and attenuation factors for the FAF images
31 In such a dual-modal imaging system, the photons from the light source go through the
same optical pathways and are attenuated by the same media to generate signals for OCT
and FAF. Therefore, the OCT signals can be used to compensate for both the illumination
variation and the signal attenuation by the ocular tissues. A unique feature of the technique
is that the OCT and FAF images are intrinsically registered because the images in both
modalities are generated by the same group of photons. However, a missing link in this
system is the relationship between the amplitude of the OCT signals and the reflectivity of

the sample boundaries, e.g. the RPE of the retina.

Here, we report a new development of the VIS-OCT based multimodal imaging technology
for quantitative FAF imaging. In the new system, we introduced two reference targets in
the intermediate retinal imaging plane and thus the two imaging modalities are correlated
quantitatively. One target has known reflectivity for OCT reference, and the other has
known fluorescence efficiency for FAF reference. The fluorescence reference target has
similar fluorescence characteristics of the target used by Delori 6. The reflectivity
reference has the same plastic substrate as the fluorescence target with known refractive
index and emission spectrum out of the major detection wavelengths of the FAF. The
system uses a single broadband light source with a center wavelength of 480 nm to provide
simultaneous OCT and retinal AF imaging. True FAF signal intensities can be obtained by
normalizing the OCT and FAF images from the eye to the corresponding signals from the

reference standards to compensate the instrument fluctuations, including laser power and
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detector sensitivity changes, and the signal attenuation by the media anterior to the RPE
can be compensated by AF/OCT calculation. The system has been successfully tested on

phantoms, and in rat retinas in vivo.

4.2 Materials and Methods

4.2.1 Imaging system

A schematic of the multimodal imaging system is shown in Fig. 4-1. The system consists
of two spectral-domain OCTs in the NIR and visible spectrum, respectively. The NIR-OCT
is used only for alignment to reduce visible light exposure and avoid additional bleaching
effects to the fluorophores. The VIS-OCT consists of a supercontinuum laser (SC, model:
EXB-6, SuperK EXTREME, NKT Photonics, Denmark) with a variable band-pass filter
(selected center wavelength: 480 nm, bandwidth: 30 nm). The output VIS light is coupled
into the source arm of a single-mode optical fiber-based Michelson interferometer. The
NIR-OCT uses a superluminescent diode as the light source (SLD-37-HP, center
wavelength: 840 nm, bandwidth: 50 nm, Superlum, Russia). The NIR light is coupled to
another fiber-based Michelson interferometer after passing through an optical-fiber
isolator. After exiting the optical fibers in the sample arms, both the NIR and VIS light are
collimated and combined by two dichroic mirrors (DM1: DMLP505, Thorlabs, and DM2:
NT43-955, Edmund Optics). The combined light beam is scanned and delivered to the eye
by a combination of a relay lens (L1, f = 75 mm, achromatic) and an ocular lens (L2, Volk
lens, 60D). Two standard reference targets for fluorescence (Fluor-Ref, Microscopy
Education, Texas Red) and reflectance (Fluor-Ref, Microscopy Education, DAPI) are

placed in the intermediate retinal imaging plane covering about 14% of the lower part of
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the field of view. The fluorescence reference target is optically cemented to a Neutral
Density filter (OD: 10, absorptive type) to reduce the reference fluorescence signal to the
range of the FAF of rodent retina. There are two VIS-OCT reference arms for retinal and
reference-target imaging, respectively. After exiting the optical fiber in the reference arm
the VIS light is collimated and split into two beams by a non-polarizing beam splitter
(NBS). The two light beams are reflected back by two mirrors, recombined by the NBS,
and coupled back into the optical fiber. The two reference arms have different path lengths,
the longer path length for imaging the retina and the shorter path length for imaging the
reference target. A computer-controlled shutter (SH1, Thorlabs) was used in the reference
arm with shorter path length to synchronize with the reference-target imaging. During each
raster scan, the shutter was closed to block the reference light for the reference target when
the retina was imaged. When the probe light was scanned on the reference target the shutter
was opened to allow the reference target to be imaged with the VIS-OCT. The VIS light

power was 500 uW before entering the eye while NIR light power is 600 pW.

In the detection arms, reflected light from the sample and reference arms of the two OCT
systems is detected by two spectrometers (SPEC1-2). The VIS-OCT and NIR-OCT use
spectrometers with the same parameters described in our previous publication 3. The axial
resolution of the VIS-OCT in the air was measured to be 6 um with a sensitivity of 85 dB.
The OCT signal roll-off was measured to be -8 dB in a depth of 2mm and was compensated

in image processing.

FAF is detected by a PMT module (H10723-20, Hamamatsu). The fluorescence photons

pass through the two dichroic mirrors as well as a long pass filter (FGL515M, cut-on
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wavelength: 515 nm, Thorlabs), and are then focused to a 25 pum pinhole by an achromatic
doublet with a focal length of 30 mm. The outputs of the PMT are digitized by a
multifunction data acquisition board (DAQ, PCle-6361, National Instruments) at a
sampling rate of 2Ms/s and a sampling length of 80 points. The amplitudes of the FAF
signal of the 80 points were averaged to form a single pixel of the FAF image.
Synchronization of the FAF data acquisition, scanning of the galvanometer scanner and the
OCT image acquisition was controlled by the multifunction DAQ board. The imaging

speed of both the OCT and FAF was set to 24,000 A-lines/s limited by the speed of the

line-scan CCD camera in the spectrometer.
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Figure 4-1 Schematic of VIS-OCT-FAF with two references: VIS-OCT (blue), NIR-OCT (red) and AF
(green). SLD: Superluminescent Diod; SC: Supercontinuum; PMT: Photo Multiplier Tube; SPEC1-2:
Spectrometer; I1SO: Isolator; M1-3: Reference arm mirrors; IRIS1-2: iris; G1-2: BK7 glass plates; BS: beam
splitter; FC1-2: fiber coupler; FP1-6: collimation fiber ports; PC1-2: polarization controller; GM:
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galvanometer scanner; DM1-2: dichroic mirrors; PH: pinhole, L1-3: lens; LPF: long-pass filter; ND filter
(OD: 10).

4.2.2 Mathematical model of OCT reflectance and AF signals

The OCT signal in the time domain from a sample can be expressed as

I = R.I, + R + 2R, IR, f G(v) cos(A¢) dv = Ipe + e ®)

where Is and Ir are the incident light intensity in the sample and reference arms; Rs and Rr
are the reflecting coefficients of the sample and the reference mirror; G is the spectral
power density of the light source; Ipoc and lac are the DC and AC components of the

detected OCT signal:

Ipc = R, I, + Rl (6)
Inc = 2R LR f " 6(v) cos(d) dv ()
0
We usually have:
Ryl < R,I, ®)
Ipc = Ryl 9)

The OCT image, which is generated from the AC portion of the detected signals, is

proportional to the square root of the sample reflectance (Eqg. (3)). We thus have:

Rocr = I/%C/IDC o« Rl (10)
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where Rocr represents the OCT reflectance signal. The OCT signals from the RPE can be
extracted by using image segmentation. For the OCT signals of the RPE, Is in Eq. (5) is the
light intensity incident onto the RPE layer, which contains the attenuation information from
the anterior segments of the eye down to the retinal tissues before the RPE. The same
incident light generates both the AF and the OCT signals. According to the ocular
reflectance model proposed by van de Kraats et al, reflectance from the retina can be
categorized into reflectance from layers of the pre-RPE, the RPE, and the post-RPE 7374,
Through a detailed analysis of the OCT and AF signals and in reference to the previous

studies 3, we can calculate the following ratio:

2 T 2 A
Iear  ToTereD[1 = ppreD)] Erpeda 7@ ThreD[1 = ppreD)] Erer 7 @ (11)
—_— T ; = T ;
Irar loSrAg 7 Sz a’?
2 A 2 A
Rocr—res _ ToToreD[1 = ppre D] prreM 70 e D1 = ppre D] proe Wz (12)
Rocr—r lopr(A) g " pr(D) g

where, Irar and Irar are the fluorescence intensities of the retina and the reference target,
respectively. Roctrre and Roctr are the OCT signal intensities of the RPE and the
reference targets, respectively, calculated with Eq. (5). I, is the light intensity incident into
the eye. 1, p, £ and A, represent transmittance, reflectance, fluorescence efficiency, and
detector sensitivity, respectively. Subscribes pre, RPE and R denote the pre-RPE media,

the RPE layer and, the reference standard targets. %az and %a’z are the solid angles that

comprise the light reaching to the pinhole and hence the detector, respectively, from the
retina and reference targets. The fluorescence efficiency ¢ is defined as the product of the

fluorophore concentration (C), the molecular quantum yield (Q), and extinction coefficient
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(€), (€ = C x Q x & x d) 1%, Assuming the same attenuation of the pre-RPE media for the

excitation and emission wavelengths, we can calculate the ratio:

Irar/Irar _ CLQLe.drpp/CrQRrErdg (13)
Rocr—rpe/Rocr-r PrrE/ PR

where C, Q, &, and d are concentration, quantum yield, extinction coefficient, and the
effective detection thickness, respectively. Subscribes L and R, respectively represent
lipofuscin present in RPE and Texas Red embedded in the reference target. With the known
properties of the reference target, we can see that the calculated ratio is only dependent on

the optical properties of the RPE and the lipofuscin concentration present in the RPE.

4.2.3 Animal experiments

To assess the capability of the imaging technique and quantification method, we imaged
both albino Sprague Dawley rats (SD rats, two age groups: five 2-months-old and six 14-
months-old) and pigmented Long Evans rats (five 12-months-old). The experiments were
conducted in agreement with the ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research and with the guidelines of the Florida International University’s

Institutional Animal Care and Use Committee.

Intraperitoneal injection of a cocktail of ketamine (54 mg/kg body weight) and xylazine
(6mg/kg body weight) was used to anesthetize the animals. Then the pupil was dilated with
a drop of 10% phenylephrine solution. To prevent corneal dehydration and cataract
formation a hard contact lens was put on the eye. The rat was restrained in an animal mount,

which was placed on a five-axis platform.
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4.2.4 Phantom study

To validate the theoretical model, we need to check the linearity of Roct/ Roct-r VS RS,
and the linearity of Irar/Irar Vs fluorescence efficiency. The validation was accomplished
by imaging a model eye consisting of an aspherical lens (f = 15mm) and a master reference
target (Microscopy Education, Fluor Ref slide: Green excitation (FITC)), which was used
to simulate the retina. A set of five neutral density (ND) filters (NEKO1, Thorlabs,) with
optical densities of OD = 0.1, 0.2, 0.3, 0.4, and 0.5 was used to simulate the attenuations
before the retina. Fig. 4-2(d) shows a schematic of the model eye in the phantom study.
Imaging was performed with different powers of the light source and different detector

sensitivities.

The Roct signals of the master reference in the model eye were calculated from their OCT
images and then divided by Roct.r calculated from the OCT images of the reflectance
reference target. The calculated Roct/RocT-r IS expected to be independent of the power of

the light source.

Similarly, the AF signals of the master reference in the model eye were normalized to the
AF signals of the fluorescence reference target. The result is expected to be independent of

the detector sensitivity and light power.

Finally, the ratio of normalized AF (gAF) to normalized OCT (qOCT), gAF/qOCT, is
calculated, which is expected to be independent on the light power, the sensitivity of the

detector, and the attenuation before the model eye.
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4.2.5 Standard reference targets characterization

The fluorescence efficiency of the reference target was measured with both a commercial
fluorescence microscope and our AF-OCT system by using a fluorescein solution with
known concentration. The quantum yields of Texas Red and fluorescein we used for the
characterization are 0.66 and 0.92, respectively, according to equivalent Alexa Fluor dyes
(ThermoFisher Scientific). We can calculate the fluorophore concentration of the reference

gFluorescein

CrQrerd . : i i
==L The effective thickness in our measurement is
¢Texas Red CrQrerdr

target by using

limited by the axial resolution of the confocal fluorescent microscope, which remains the
same for both Fluorescein and Texas Red imaging. The calculated concentration of Texas

Red is 0.01mg/ml.

Reflectance of the standard reference for OCT was also measured. The target was made of
PMMA, which has a reported refractive index of n =1.49, resulting in a theoretical
reflectance of R=0.039. The actual refractive index was measured with OCT by calculating
the ratio of Optical Distance/Actual thickness. Our measurements showed that n =

1.53 resulting in a theoretical reflectance of R= 0.044.

Reflectance of the target was also measured by using a beam splitter, a lens (f = 20mm)
and a power meter. The intensity ratio of the reflected light to the incident light was
measured to be 0.043, which agrees with the theoretical reflectance values with a 2.5%

difference.
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4.3 Results

4.3.1 System calibration

In the phantom experiments, we first investigated the influence of detector sensitivity of
the system on the AF signal detection. The fluorescent intensities were measured at
different detector gains (by varying the detector control voltage) to verify the capability of
the technique for canceling the effects of detector sensitivity. In Fig. 4-2(a), the averaged
FAF signals measured from the model eye and signals from the reference fluorescent target
(RAF) were plotted against the OD values of the ND filters. At a given gain, the logarithm
of the fluorescent signals from the master reference in the model eye linearly decreases
with the OD values of the ND filters at a slope of -2, which agrees with the round-trip
attenuation of light through the ND filter and the listed transmission data of the ND filters.
The signals from the standard fluorescent reference target are independent of the
attenuation of the ND filters and remain constant. The measured signal intensities of FAF

and RAF decreased with the PMT control voltage accordingly (Fig. 4-2(a)).

To verify the capability of the technique to compensate for the effects of light power, we
changed the power of the light source at a constant detector gain to simulate power
fluctuation. Fig. 4-2(b) shows the linear decrease of the logarithm of the FAF signal with
respect to the OD values of the ND filter. As the incident light power was lowered, both
the FAF and RAF signals decrease accordingly. Fig. 4-2(c) shows the calculated Irar/Irar
(gAF) for all the data shown in Fig. 4-2(a and b). We can see that all the effects of detector
sensitivity and light power are successfully eliminated. However, the attenuation by the

ND filters is not compensated in gAF calculation. This result showed that conventional
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FAF imaging techniques cannot eliminate the attenuation effects caused by tissues anterior
to the RPE, even with a fluorescence reference target placed in the intermediate retinal

imaging plane.
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Figure 4-2 Quantitative AF signals from the model eye and the standard reference at different imaging
conditions. a) AF signals vs OD value of the ND filter in front of the model eye at 90% light source power
and different PMT control voltage (0.50V — 0.56V); b) AF signals vs OD value of the ND filter in front of
the model eye at fixed PMT control voltage (0.56V) and different light source power (75% — 90% output
power); ¢) The calculated logio(FAF/RAF) vs OD value of the ND filter in front of the model eye at all the
different imaging conditions; d) Schematic of the model eye used in the experiments.

The simultaneously acquired OCT image of the master reference in the model eye was
processed and the averaged values for each acquired image are shown in Fig. 4-3. The
calculated log10 (Roct-ree), corresponding to the OCT signal intensities of the master
reference, decreased linearly with the OD values of the ND filters (Fig. 4-3(a)). Similarly,

the calculated 10910 (RocT-rre/RocT-R) also decreases linearly with the OD values but is
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independent of the light power (Fig. 4-3(b)). The slope of -2 of the fitted line agrees with
the round-trip attenuation of the ND filters. However, the gAF/qQOCT value remains
relatively constant over all the experimental conditions including the different attenuation
values of the ND filter (Fig. 4-3(c)). The results proved that the system is capable of
compensating the attenuation of the ND filter, thus the attenuation by the media anterior to

the RPE for quantifying FAF intensities.

OCT Calibration q0CT
9.5, T v + R 1.4
y=-20'%+95 OCT-R (75%) © Rocr ey
: 0 Rocrree 75w o aR.
+ R 12 'OCT (80%]
OCT-R (80%) b
8 o R 0 ARoer e
o OCT-RPE (80%} s =200+ 1.1 R
° * Rocrr ssw) ! ocrms
8 R R (85%) 1‘ 1 linear
]
. 9 ° RDCLRPE (85%)| 'g Q.
[ OCT-R (30%) | of
[=] = 08
5 ; ROCI—RPE [ELES -
=] ° linear =
b ° o]
o a o 06
= 8 =1 .
8.5 ° ';'n e
o 04
D -
H o
-
. . H . &
- + - * 0.2
[}
8 L 1 0 L L L L h
0 01 0.2 0.3 0.4 0.5 0 01 0.2 0.3 04 0.5
oD oD
a . . b 5 .
( ) Attenuation Cumpensatloncmen slide ( ) Attenuation Compensatmniedsllde
1.51 T nl 1.5 T T T T
log10(gAF) log10(gAF)
o log10(aR . ) o log10(aR 1)
[ ® GAFIAR, o1 pp ® 9AFIaRocrpeg
1F t 1 ° 1
o
° °
0.5 ° 0.5
o
y=0.00"x+0.13 o y = 0.00°X +0.10
°
’ . . .. . ; - Y Py
o i 0
0.51 -0.5]
4 L . . " . I I I
0 0.1 0.2 0.3 0.4 0.5 o 0.4 0.2 0.3 0.4 0.5

(c)

oD

oD

(d)

Figure 4-3 OCT reflectance signals from the model eye at different OD values of the ND filter and from the
standard reference at different imaging conditions; a) The source power was changed from 75% to 90%; b)
OCT reflectance of the model eye normalized to the reference target (qOCT) for the data in (a); c) qAF,
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qOCT, and gAF/qOCT ratio. d) gAF, qOCT, and gAF/qOCT ratio for the model eye with the TexasRed slide
at the retinal plane.
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Figure 4-4 a) Absorption spectrums of green and red fluorescent slides. b) Fluorescence emission spectrums
of green and red fluorescent slides.

To verify the accuracy of Eq. (8), we repeated the experiment with another fluorescent
slide (Microscopy Education, Texas Red) with the same reflectance as the green master
slide used before, and the results are consistent with that of the FITC slide (Fig. 4-3(d)).
The measured excitation and emission spectra of the red and green slides are shown in Fig.
4-4. Considering the spectrum of the supercontinuum laser (465nm-— 496nm), the detection
spectral range (>515 nm), and the quantum vyields of the two fluorescent dyes

(QTexasRed:O-66, QFITC:0.92), we have

495
Cr Jygs r D) Qunnd2 _ (14)
495 - Y
Ce f465 ec(M)QncdA
i . [29° G(yar .
where n and n. represent the detection efficiency calculated as m, where G(A) is
346

the power spectral density of the emission spectrum of the fluorescent dye. The ratio of

qAF

Goct) . .
(qq‘Zﬂ)R = % = 0.77 agrees to the theory with less than a 7% deviation. However, the
qocT’G ’

accurate interpretation of the values of gAF/qOCT in relation to the optics of the system
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still needs further investigation. We hypothesize that the gAF/qQOCT value with the master
reference in the model eye will be able to serve as a compensation factor for in vivo

applications, which also need further verification.

4.3.2 invivo simultaneous VIS-OCT and retina FAF imaging
The system was tested for in vivo imaging on 3 groups of rats: 2-months-old albino, 14-
months-old albino, and 12-months-old pigmented rats. During imaging, the retinal OCT
image was acquired with the shutter closed to block the light from the reference arm for
the OCT reference target. The shutter was opened to image the reflectance reference
target when the probe light was scanned to the corresponding location. AF images from
the retinas of a young and an old albino rats were shown in Fig. 4-5(a) and 4-6(a),
respectively. The intensities of the retinal AF images were normalized to that of the
fluorescence reference target, the image of which is shown at the bottom right of each
image. Since the OCT reference target is also fluorescent, although, off the peak
detection range, it also showed up in the AF images (bottom left in each image). OCT
fundus images (projection of the 3D OCT data on the X-Y plane or en face view) *
normalized to the reflectance reference target are shown in Fig. 4-5(b) and 4-6(b),
respectively. Using manual segmentation on the OCT B-scans we calculated the
reflectance projection of the RPE layer (Fig. 4-5(c) and 4-6(c)). For segmentation, several
points on the RPE boundaries on several B-scans were manually selected and the
boundary surfaces were estimated using interpolation. The average of the RPE
reflectance was calculated after removing the optic disc and within a square window with

a controlled distance from the optical disc. The window was selected within the region
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without the blood vessel shadows. This calculation is used later in comparison studies
(Fig. 4-7). Figures 4-5(d) and 4-6(d) show the OCT B-scans at the location marked with

yellow dashed lines on the fundus projections.

a) qAF b) OCT nomaized to Ref

OCT Reference AF Reference

C) Segmented RPE projection (qOCT)

Figure 4-5 Simultaneous FAF and OCT images of a 2-months-old albino rat. a) AF image normalized to the
fluorescence reference. b) Fundus OCT projection normalized to the reflectance reference. ¢) qOCT
projection of the segmented RPE. d) OCT B-Scan at the location marked with a yellow dashed line. Bar:
200pum.
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b) OCT normalized to Ref

OCT Reference AF Reference

Figure 4-6 Simultaneous FAF and OCT images of a 14-months-old albino rat. a) AF image normalized to
the fluorescence reference. b) Fundus OCT projection normalized to the reflectance reference. c) qOCT
projection of the segmented RPE. d) OCT B-Scan at the location marked with a yellow dashed line. Bar:
200pm.
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Figure 4-7 Comparison of the gAF, gOCT, and gAF/qOCT in three groups of albino and pigmented rats.

gAF was calculated by normalizing the averaged AF signal of the retina to the AF signal

of the reference target. Similarly, qOCT was obtained by averaging the OCT reflectance
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signal of the RPE layer and normalizing it with that of the reflectance standard target. The
ratio gAF/qOCT was then calculated as a quantity only dependent on the optical properties
of the RPE layer. The gAF/qOCT ratios were calculated for the images of the three groups
of rats. As shown in Fig. 4-7, gAF (p=0.0063) and gAF/qOCT (p=0.0325) levels in the
older albino rats are significantly higher than the corresponding quantities in the younger
albino rats, consistent with lipofuscin accumulation with aging 3. On the other hand, the
gAF level in the pigmented rats is lower than that of the 14-months old albino rats
(p=0.0019), which agrees with previous studies 8. However, the OCT reflectance signal
of the segmented RPE layer in pigmented rats is also significantly lower than that of the
14-months old albino rats. As a result, the calculated gAF/qOCT ratio in the pigmented
rats is not significantly different from the ratio in the albino rats (p=0.8021). Since melanin
is distributed at a higher concentration in the apical portion of RPE cells, and lipofuscin is
more concentrated in the basal portion &, melanin could significantly attenuate the AF
signals. These results suggest that the gAF/qOCT ratio is independent of melanin in the
RPE, and thus the system is capable to compensate signal attenuation by RPE melanin.

This feature of the system could have great clinical significance.

Acquired OCT fundus images from some of the old rats revealed noticeable dark regions
around the optic disc (marked in Fig. 4-6(b)). The corresponding cross-sectional OCT
images showed signs of photoreceptor loss or impairment (arrows in Fig. 4-5(d)). These
findings may relate to the natural degeneration of the photoreceptors with age in albino

rats, which were not further investigated in the current study.
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4.4 Discussion

We have demonstrated that the VIS-OCT based multimodal imaging technology is capable
to obtain both OCT reflectance and AF images simultaneously. The intensities of the OCT
reflectance from the RPE can serve as an internal reference to compensate signal
attenuation by ocular tissues anterior to the RPE, including melanin in the RPE cells. The
OCT and fluorescence signal intensities from the two reference standards placed in the
intermediate retinal imaging plane can be used to not only eliminate the effects of light
source fluctuation and detector sensitivity for OCT and AF imaging but also quantify the

FAF signal to a value that is proportional to the absolute concentration of lipofuscin.

In our calculation, the calculated ratio, according to Eq. (8), is dependent on the RPE
reflectance in addition to fluorescence efficiency. How to determine or measure the RPE
reflectance needs further investigations. Weersink and co-workers ' studied the
Fluorescence/Reflectance ratio using the diffuse reflection of the excitation light in a turbid
media and used the ratio as a correction method to reduce the dependence of the
fluorescence signal on tissue optical properties (pa, Us’). Their results showed a linear
correlation between Fluorescence/Reflectance and fluorophore concentration. Although
their results cannot be applied directly to our VIS-OCT and FAF imaging system, their

experiments inspire us in the next step phantom studies.

In the current study, we used two separate reference targets for OCT and FAF because we
used a high optical density ND filter to reduce the fluorescence signal of the reference
target to the level of FAF. The high OD value of the ND filter (200 dB roundtrip

attenuation) made it impossible for OCT to detect the reflectance from the reference target.
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In the future, a single customized standard reference target can be used for both FAF and
OCT if the fluorophore concentration in the reference can be reduced so that the

fluorescence signal from the target is in the level of FAF.

The constant values of gAF/qOCT in Fig. 4-3(c) and 4-3(d) do not agree with the prediction
of Eq. (8), but the ratios agree with that of the fluorescent efficiencies of the two fluorescent
dyes in the red (Texas Red) and green (FITC) slides. The results thus indicate that
gAF/gOCT has a constant scaling factor for the values as predicted in Eq. (8). This constant
scaling factor may be related to the geometric parameters of the model eye. Investigations
with different parameters of the model eye could find a detailed interpretation of the scaling
factor. It is important to determine this scaling factor for human eye imaging to optimize

the system for the clinical application.

Our in vivo results show that the AF intensities from pigmented rat retinas, when
normalized to the OCT reflectance as gAF/qOCT, are not significantly different from those
in albino rats of similar ages. These results strongly suggest that our system is capable of
compensating signal attenuation by melanin in the RPE cells. These findings could be of
great clinical significance. Further investigations are warranted to correlate gAF/qOCT
ratios of pigmented and albino animals at different ages to the actual lipofuscin levels from

the same retinas determined chemically.

The accuracy of OCT reflectance from the RPE is important for determining the
gAF/qOCT ratio. We manually segmented the OCT reflectance of the RPE layer in our in

vivo experiments to provide proof-of-concept in the present work. Automatic segmentation
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by available software or new algorism could be used to improve the accuracy and to avoid

bias and human error 1%,

The assumption that the same attenuation factors apply to excitation and emission
wavelengths was based on the analysis of the total transmission of the ocular media. The
total transmission of the ocular media was reported by Boettner and Wolter which includes
the loss due to the normal incident light reflection at the tissue boundaries, scattering, and
absorption. We have illustrated this attenuation effect by tpre (1-ppre) in Eq. 6 and 7. The
total transmittance of ocular media is relatively constant from 450nm to 600nm with less

than 10% increase with wavelength °.

45 Conclusion

We have developed a new multimodal imaging system with two reference targets placed
in the intermediate retinal imaging plane for quantitative imaging of RPE lipofuscin. The
system employs a single light source to acquire AF and VIS-OCT images of the retina
simultaneously. Since the same group of photons is responsible for both AF and OCT
imaging, the OCT image intensities can be used to compensate signal attenuation by media
anterior to the RPE, including melanin in RPE cells. The reference standards are used not
only to eliminate the influence of fluctuation in illumination power and in detector
sensitivity but also to calculate the gAF to qOCT ratio of the RPE layer. This work is a
major step towards determining the absolute AF intensity and correlating it to the lipofuscin

content in the RPE.
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CHAPTER 5 AZE reference target

5.1 Introduction

Lipofuscin is the hallmark of aging and some retinal disease like Age-related Macular
Degeneration (AMD) 198197 Stargardt’s, and Best /19110 that accumulates in Retinal
Pigment Epithelium (RPE) and eventually can lead to irreversible loss of vision. Lipofuscin
is a non-degradable mixture of lipids, proteins, and small chromophores, partly from
phagocytosis of photoreceptor outer segments that shed into the RPE. It is also the major
source of fundus autofluorescence (FAF). N-retinylidene-N-retinylethanolamine (A2E) is
the major hydrophobic fluorescent component of lipofuscin that forms from the reaction of
two molecules of all-trans retinal with ethanolamine that are both molecular compounds of
Photoreceptor outer segments. Studies indicate the involvement of A2E in the process of
AMD and potential target molecule for treatment.*!!

The identification of A2E in the lipofuscin granules led to a variety of studies to understand
the photochemistry of A2E and its role in phototoxicity of lipofuscin*?. The role of A2E
is still in debate; preliminary assays suggested A2E as a leading factor in the formation of
lipofuscin 2, and accumulation of A2E in the human eye might be responsible for the
formation of RPE debris 4. Evidently irregular production of this toxic byproduct of the
visual cycle can lead to rapid and progressive retinal degeneration *°. Other studies
focused on the phototoxicity of A2E and A2E oxides on human RPE ¢, which results in
blue light-induced retinal injury 7. In recent years synthesizing A2E has drawn scientists’

interest in studying the mode of interactions in RPE cells, RPE enzymes, phototoxicity,
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and metabolic changes of A2E molecule itself 8. Various methods have been developed
and investigated for A2E synthetization. Basically, A2E can be synthesized by combining
all-trans-retinal and ethanolamine (2:1), followed by gravity chromatography separation
and reverse-phase High-Performance Liquid Chromatography (HPLC) *'° or liquid
partitioning . Incubator and microwave synthesizer have been used to scale up the
process 2. Optimization of the in vitro synthesis of A2E resulted in the one-step
biomimetic preparation of this pigment and consecutively quantification and
characterization of A2E and its isomers 1?2, Administration of synthesized A2E and its
oxiranes 13, revealed the detergent-like effect of this compound on the membrane that
depends on A2E concentration *?* and it can be a primary driver of retinal degeneration 1%,
Therefore, prevention or reduction of this accumulation is a cautious strategy to prevent
blindness . Polarographic analysis **° and cyclic voltammetry ?° of synthesized A2E has
been used to determine the reduction potential of A2E.

While in vitro studies on A2E characterization and quantification can lead to the discovery
of treatment methods to prevent irreversible blindness, in vivo quantification of A2E or
lipofuscin granules is essential in the diagnosis of retinal degeneration in early stages
3537126 For example, AMD starts with the early accumulation of deposits in and between
RPE and Burch Membrane (BM) and atrophy of inner and outer segments happen in end
stages. Fluorescent emission of lipofuscin components, specifically A2E has led to the
invention of FAF imaging systems. However, quantification of lipofuscin/A2E requires
measurement of true values of FAF that are independent of acquisition system parameters
and optical properties of ocular media in front of lipofuscin which varies between people

and for individuals over time. In 2011 Delori implemented a fluorescent reference target
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into scanning laser ophthalmoscope (SLO), an HRA2 and an S3300 Spectralis HRA-OCT
(both Heidelberg Engineering, Heidelberg, Germany), and introduced quantified
autofluorescent (gQAF) that is independent of acquisition parameters such as detector
sensitivity 6. In 2016 we 3! took advantage of simultaneous visible light OCT and FAF to
compensate for attenuation caused by ocular media prior to RPE and later in 2018 achieved
quantitative imaging by implementing Delori’s reference target to the VIS-OCT-FAF
system 33, Although the new technology compensated for both ocular attenuation and
system differences, quantification of absolute concentration of lipofuscin is yet to be
achieved. One major limitation was the significant difference between the quantum yield,
absorption, and fluorescence spectrum of lipofuscin/A2E and commercialized reference
target (Texas Red). Moreover, the fluorescent efficiency of the Texas red target is
significantly higher than that of the FAF which necessitated the use of a neutral density
(ND) filter (optical density (OD)=10) and consecutively a second target for OCT
quantification.

In this chapter, we introduce a new customized reference target for FAF imaging consisting
of synthesized AZ2E, the major fluorophore of FAF. A2E was synthesized by a
chromatography-free method to prepare gram quantities of this vitamin A dimer. Poly-
methyl-methacrylate (PMMA) was used as the substrate for the fabrication of the
customized target. Similar fluorescent characteristics of the new target to FAF provides a
better tool for standardization of FAF imaging. With known and controlled concentration
of synthesized AZ2E, a single reference target was implemented into the VIS-OCT-FAF
system for the quantification of both VIS-OCT and FAF. We successfully performed in

vivo imaging of rat retina and fluorescence efficiency of both FAF and A2E references
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were in the linear detection range and eliminated the use of ND filter. in vivo quantification
of the absolute concentration of retina Lipofuscin/A2E with reference to the A2E target is
presented in the next chapter.

5.2 Methods

5.2.1.1 AZE synthetization

A2E was synthesized following a published method by Penn et al. *?°. Ethanol (31.3 ml),
ethanolamine (3.8 ml), acetic acid (4.5 ml), and all-trans-retinal (1 g) were added to a 50-
ml tube and allowed to react at room temperature in the dark for 2 days with gentle rocking.
When the reaction was complete, the ethanol was evaporated. The reaction mixture was
dissolved in acetonitrile, washed 5 times with hexane and 1 M sodium acetate (1:1). The
middle layer was collected after each wash. The reaction product was washed one more
time with H2O and dried in a SpeedVac (Savant Instruments) overnight. Synthesized A2E

was stored under argon at -20°C in the dark.
5.2.1.2 A2E-PMMA fabrication

We chose PMMA-resist for the target substance. PMMA is widely used in optical
components for its high level of clarity and its rigid structure 2. PMMA is most commonly
used as a high-resolution resist for many imaging and non-imaging applications 28:12°,
PMMA resist can be easily prepared by solving PMMA powder in various solvents with a
lower polarity such as chlorobenzene, toluene, acetone, anisole, over hotplate (50°C). Here
we used the safe and recommended solvent **°, anisole, which is also a suitable solvent for

AZ2E due to its polarity.
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We were successfully able to obtain a homogenous solution of PMMA and A2E in anisole,
however, to minimize the human error, and to have a standardized reference for customized
target characterization, final target was fabricated with Nano PMMA resist with molecular
weight (MW) of 950k (MicroChem A4, solvent: anisole, 4%). 24 mg of synthesized A2E
was then mixed with 20 ml of PMMA resist to obtain 30 g/l concentration in the cured
solid PMMA slide. The optimum concentration was empirically chosen by measuring the
fluorescent efficiency of different concentrations by VIS-OCT-FAF 3 and comparing the
values with that of in vivo rodent retina.

The solution was stirred for 3 days in a closed container in dark to ensure the complete
dissolution of A2E particles while minimizing photobleaching of A2E. The homogeneity
of the solution was confirmed by coating a thin layer (Theoretical thickness = 400nm with
spinning speed of 1000 rpm?2°) of the resist on a silicon wafer and curing on the hot plate.
Images from VIS-OCT-FAF did not show any undissolved particle (Fig. 5-2(a and b)).
Different dissolving methods such as dissolving A2E in ethanol and methanol prior to
adding to the PMMA resist and filtering the solution by a 20-micron syringe filter were
tried. However, coatings on silicon wafers showed better homogeneity by increasing the

stirring time to 3 days.
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Figure 5-1 Fabrication process of the A2E reference target

(a) (d)

Figure 5-2 PMMA-AZ2E homogenity test and final A2E target, a) Homogeneous AF image of the PMMA-
AZ2E coated on silicon wafer, b) OCT image of the coated wafer, c) A2E-PMMA cured and cut into square-
shaped peice, d) A2E PMMA taregt after polishing.

To fabricate the PMMA-AZ2E reference target, we tried several methods including spin
coating the resist on a silicon wafer, Deep Reactive lon Etching (DRIE) to create small
molds for PMMA resist, and finally, using off the shelf aluminum mold for casting. Due
to the high complexity of the first two methods and greater affordability and availability of
the third method, the later was chosen for fabrication.

We poured the 40 ml PMMA-AZ2E in a cupcake aluminum mold. The aluminum container
was filled with the resist and covered by an aluminum sheet to avoid surface evaporation
and achieve a flat surface. The PMMA-AZ2E resist was cured on the hot plate at 120C for
4 hours. The circular plate was then cut using CO2 laser engraving to make multiple square-
shaped reference targets (Fig. 5-2(c)). The rigid A2E-PMMA target was then polished with

3000, 5000, and 7000 assorted high grits polishing sandpaper, respectively, to ensure the
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uniformity of thickness and roughness over the surface of the target. Then the target was
polished by a wet and soft cloth with first, plastic fine scratch remover (NOVUS2) and
then, plastic cleaner and shiner (NOVUS PC-10) to achieve optically flat surface (Fig. 5-
2(d)).

5.2.2 Reference Characterization

We characterized the reference by measuring its reflectance and fluorescence properties.
The reflectance of the polished target was calculated by using a non-polarizing beam
splitter (NBS) and power meter as demonstrated in figure 5-4(a). The reflectance was
calculated by finding the ratio of the reflected light power to the illumination power in front
of the sample. In this calculation, we have measured and considered the loss of light in the
beam splitter.

Absorption and emission spectrums were measured by VIS-UV spectrophotometer (Varian
Cary) and a house-built fluorospectrometer (Fig. 5-3(b)), respectively. The spectro-
fluorometer is based on epi-illumination (illumination and observed light are both on the
same side of the specimen) utilizing an objective lens. We used a compact laser diode (CLD
1011LP, Thorlabs) with a central wavelength of 488nm suitable for lipofuscin/A2E
excitation. Blue light passes through fiber to collimator where collimated light is projected
to a dichroic mirror (DMLP505 - @1" Long pass, 505 nm Cutoff, THORLABS) in a 45-
degree angle and reflected onto the sample with a microscope objective lens (Newport).
Fluorescence emission is collected by an objective lens and passes through the dichroic
mirror (cut-on: 505nm) and then a notch filter (488 nm) to eliminate the excitation light.

Fluorescence light is then focused by focusing lens (f=30mm) and detected by the detector
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of the spectrometer (OceanOptics USB4000). The SpectaSuite software is used to further

analyze the fluorescence spectrum. 13!
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Figure 5-3, Characterization methods of A2E reference: a) Reflection measurement, b) Spectrofluorometer
schematic

5.3 Results

5.3.1 Reference Target

The reflectance of the reference target was measured to be 0.04, consistent with the
theoretical specular reflectance of PMMA with a refractive index of 1.49 using theoretical

ny—np

2
equation R = ( ) = (0.04, where ny and n; are the refractive indexes of air and

ni{+n,

PDMS.

5.3.2 Fluorescence

According to the findings by Jin et al 32, A2E is are stable in dimethyl sulfoxide (DMSO)
and methanol. Therefore, the results were compared with the absorption and emission
spectrum of A2E in methanol. Fluorescence emission of PMMA-AZE is illustrated in
figure 5-4(a) which is in agreement with A2E in methanol (fig. 5-4(b)). Therefore, the

characteristics of A2E has not been altered. We also measured emission spectrums of 4
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samples of human lipofuscin, the results show a close approximation to the synthesized

A2E spectrum (fig 5-4 (c)).
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Figure 5-4 Fluorescence emission spectrums of A2E and lipofuscin: a) PMMA-AZ2E target, b) A2E in
methanol, ¢) Human lipofuscin compared to synthesized A2E

Quantum yield of the A2E solutions and the customized target was measured with respect
to a known reference to rhodamine B and fluorescein. Several solutions with increasing
fluorophore concentration were prepared for standard and test fluorophores. Fluorescence
intensity and absorption spectrum of these solutions were recorded with spectrofluorometer
and spectrophotometer, respectively. The integrated fluorescence intensity vs absorption at
the excitation wavelength (488nm) is plotted and the gradient of the linear regression will
be used to calculate the quantum vyield of the test fluorophore 3 from the following

equation.

bx = dsr (GleX) <ﬁ> =

GTadST TIET

where X and ST denote test and standard fluorophores and ¢, n, and Grad are the

fluorescent quantum yield, refractive index, and gradient of the plot, respectively.
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In this study fluorescein and rhodamine B were used as standard fluorophores because of
their availability and similar emission spectrum to A2E. We confirmed absorption
measurements by linear correlation of absorption with concentration and calculating the
extinction coefficients of fluorescein and Rhodamine B at 488nm illumination. 1*41% The
standard samples were then first cross-calibrated and then separately used for calculation
of A2E quantum yield. We found an extinction coefficient of 3127.8 MZcm™ for
synthesized A2E while concentrations were calculated based on the reported A2E
molecular weight of 592 (g/mol).**

Figure 5-5 illustrates the results of the integrated emission spectrum versus absorption
values. The gradient of this plot was used in Eq (1) for quantum yield calculation. Cross-
Calibrating fluorescein and rhodamine B resulted in quantum vyields of 0.92 and 0.65,
respectively, which is consistent with reported ¢ values 0.925 for fluorescein " and 0.65
for rhodamine B **3, A2E quantum yield with reference to Fluorescein and Rhodamine B
was calculated 0.003+0.001, respectively, which is comparable to the low emission

quantum yield of A2E in methanol in previous investigations.!31%°
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Figure 5-5 Integrated fluorescence vs. Absorbance: a) Rhodamine B, b) Fluorescein, ¢) Synthesized A2E

5.3.3 Invivo Experiment

To assess the capability of VIS-OCT-FAF with A2E reference target in the quantification
of gAF, gOCT, and RPE lipofuscin, the reference target was implemented in the retinal
intermediate imaging plane and covered about 13% of the bottom of the field of view.

we imaged a 9-month-old Long Evan rat (Fig. 5-6). The Experiments were conducted in
agreement with the ARVO Statement for the Use of Animals in Ophthalmic and Vision
Research and with the guidelines of the Florida International University’s Institutional
Animal Care and Use Committee.

A cocktail of Ketamine (54mg/kg body weight) and Xylazine (6mg/kg body weight) was
Intraperitoneally injected for animal anesthetization. A hard contact lens was put on the
animal eye to prevent corneal dehydration and cataract formation. The rat was restrained
in an animal mount with five degrees of freedom.

Figure 5-6(a) is the en face fundus projection of VIS-OCT found by the summation of the
signals along the A-lines. Figure 5-6(b) shows the FAF normalized to the AF of the A2E
reference target and figure 5-6(c) shows the OCT cross-sectional image of the retina at the
location marked on the top of the figure 5-6(a and b). Finally, figure 5-6(d) is the cross-

sectional image of the A2E reference target marked on the bottom of figure 5-6(b).

In this setup A2E reference has been used without an absorptive filter and the AF
values are comparable with those of FAF. Elimination of the ND filter made this target

also usable for OCT quantification.
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Normalized AF

Figure 5-6 Simultaneous in vivo VIS-OCT and FAF of a 9-month-old pigmented rat a) en face OCT fundus
projection, b) FAF normalized to A2E reference target, ¢) OCT B-scan of the location marked on top of (a
and b), d) OCT B-scan of the A2E reference target marked on the bottom of (a & b)

5.4 Conclusion

We successfully fabricated and characterized a single customized reference target for both
VIS-OCT and FAF with synthesized A2E. Similar fluorescence characteristic and
efficiency of A2E reference target to FAF makes it suitable for in vivo quantification of
RPE lipofuscin. This reference will be for quantitative studies with VIS-OCT-FAF to
provide a diagnostic tool for retinal degenerative diseases that are integrated with

lipofuscin accumulation in RPE cells.
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CHAPTER 6 RPE Simulating Phantoms for VIS-OCT-FAF

6.1 Introduction

Optical Coherence Tomography (OCT) and Fundus Autofluorescence imaging are two
important modalities in ophthalmic diagnostic and monitoring. However, there has been
relatively little test methods to assess the performance of these modalities. **° To ensure
quality control over time and provide a consistent measurement for comparison, well-
validated physical models called phantoms are used. Retinal simulating phantoms have
been fabricated and used for several applications such as surgery simulation, imaging, and

quantitative studies 4!, Nevertheless, the assessment of optical imaging technologies

requires the simulation of optical characteristics of retinal layers 142144,

Development of simultaneous visible light OCT and FAF (VIS-OCT-FAF) has shown
promising results in the quantification of retinal lipofuscin, a biomarker for retinal
degenerative disease. Recent findings suggest that VIS-OCT-FAF can quantify the
fluorophore content of retinal pigment epithelium (RPE), lipofuscin, independent of
attenuation caused by pre-RPE media as well as RPE melanin. Melanin granules are
abundant in adult human RPE and predominantly located in the apical and mid-portion
143,146 Several studies have identified the protective role of melanin in the absorption of
scattered light in the RPE ¥, It is known that upon absorption of light melanin granules
move to the apical region of the RPE microvilli which surround the outer segments of
photoreceptor cells. Light-driven translocation of RPE melanin granules (melanosomes)

has been observed in frogs **¢14° and other animals %152, Further comparison OCT studies
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between albino and pigmented retinas, and between light-adapted and dark-adapted retinas
show that light-driven pigmentation increases the reflectance of the photoreceptor layer
while decreasing the OCT intensity of the RPE layer 4952 Similarly, melanin can
attenuate the FAF signal by absorbing both excitation and emission lights originated from

lipofuscin which is mainly located in the basal portion of RPE cells 3587,

Pigmentation concentration might vary between people; for example, lack of RPE melanin
has been observed in albinos %2 and melanosomes distribution can be altered in time or in
certain pathological disorders '*3. Although the attenuation of both OCT and FAF signals
by RPE pigmentation, has been observed in vivo % it has not been quantitatively
investigated in well-validated phantoms with controlled optical properties. Current retinal
simulation phantoms for OCT simulate the optical properties of the retinal layers in NIR

range 4%1%° and do not exhibit fluorescence properties.

In this study, we fabricated RPE simulating phantoms with similar optical properties of the
PRE layer in the visible spectrum to assess the VIS-OCT-FAF system in compensating
RPE melanin attenuation. The phantoms were fabricated with similar thickness,
fluorescence, scattering and absorption properties similar to the RPE layer when

illuminated with 480nm, the wavelength of VIS-OCT-FAF light source.

We measured the absorption and scattering of the RPE simulating phantoms with
integrating sphere and Inverse Adding and Doubling (IAD) method for optimum
concentration of scatterers and absorbers. Fluorescent phantoms with varying absorbers
concentrations were then fabricated and imaged with VIS-OCT-FAF. The technology

significantly compensated for the attenuation caused by simulated RPE melanin.

71



6.1.1 Phantom fabrication

6.1.1.1 Simulating RPE optical properties

The thickness of the RPE layer in the human retina has been reported to be between 10-30
um with an average absorption coefficient () of 110-115 mm™and a scattering coefficient
of 130 mm™ with approximately 0.84 anisotropy factor (g) at 488nm wavelength®2,
Lipofuscin/A2E is the major fluorophore of the RPE layer and its excitation and emission
spectrums have been previously investigated®. The fluorescence emission spectrum of

AZE has a peak of around 600nm and can be excited most efficiently around 430nm %

To fabricate thin RPE simulating layers, we Polydimethylsiloxane (PDMS) as the substrate
for its durability and clear structure and used spin coating to achieve micrometer thickness.
According to the previous studies, TiO2 is the most efficient scatterer to simulate high
scattering properties of RPE %°. Carbon is also commonly used for simulating optical
attenuation of tissue melanin 8% n this study, TiO2 and Carbon particles were used to
simulate scattering and absorption coefficients of RPE, respectively. We used Rhodamine
B as the fluorophore due to its high solubility and quantum yield. Besides, A2E/lipofuscin
and Rhodamine B share the same range of wavelengths in extinction and emission

spectrums. 16

We mixed the increasing concentrations of TiO2 and Carbon particles with PDMS
(SYLGARD™ 184 Silicone Elastomer Kit, DOW), stirred and sonicated for one hour
consecutively for a total of 10 hours. Then curing agent (Sylgard) was added to the
homogenous suspension (1:10), stirred for 10 minutes, and degassed under a vacuum

chamber for 30 minutes. In order to estimate the range of particle concentrations for
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phantoms with a thickness of 10-30 um and RPE absorption and scattering coefficients,
we first fabricated a set of 2mme-thick phantoms, cured in aluminum molds in an oven (300
F) for 10 minutes, with small and increasing concentrations of TiO2 and carbon, separately.
We measured the absorption spectrums of carbon phantoms with a VIS-UV
spectrophotometer (Varian Cary) and calculated the extinction coefficient of carbon in
PDMS to estimate the required carbon concentration and achieve the desired absorption
coefficient (Ha = 110-115 mm™) within a 10-30 um thick phantoms. An integrating sphere
with the IAD method was used to measure the scattering coefficient of TiO2 phantoms.
Based on the linear correlation of measured u’s with TiO2 concentration, the required

concentration was then estimated to achieve ps=130 mm™ in 10-30 um thick phantoms.

Micron-thick phantoms were then fabricated spin coating the PDMS suspension on glass
slides with 2000 rpm speed for 1 minute. The phantoms were then cured on a hotplate for
3 minutes (300 F). The optimum concentration of the scatterers and absorbers were selected
imperially by measuring absorption and reduced scattering coefficients of glass-coated
phantoms with an integrating sphere and 1AD method. In these calculations, we assumed:
g=0. The thickness of the phantoms was measured to 30+2 pm with both profilometer and

micron digital thickness gauge.

6.1.1.2 Simulating melanin-induced attenuation in fluorescent phantoms

To simulate the attenuation role of melanin we fabricated a set of two-layered phantoms:
first, a fluorescent scattering layer that simulates the lower and middle part of RPE
containing lipofuscin granules and second, an absorptive layer to simulate apical surface

containing melanin granules. Using a similar method explained in the previous section, the

73



lower layer was fabricated with PDMS, TiO2, and increasing concentration of Rhodamine
B. The suspension was coated on a glass slide and cured before adding the second layer.
The top layer contains PDMS and an increasing concentration of carbon particles for each
previously coated Rhodamine B concentration. In other words, a set of 2-layered phantoms
was fabricated with a 2D matrix of carbon and rhodamine B concentrations. We
investigated the role of RPE melanin in attenuating FAF and OCT signals and assessed the

linearity of gAF and gAF/qOCT values with respect to fluorophore concentration.

6.2 Results

6.2.1 Simulating RPE optical properties

We measured with the transmittance and reflectance of two sets of 2mm thick phantoms,
one with increasing concentration of TiO2, and others with increasing concentration of
Carbon. Figure (6-1(a)) shows the fabricated phantoms. Figure (6-1(b)) illustrates
measured absorption by spectrophotometer for different concentrations of carbon and
figure (6-1(c)) shows the reduced scattering coefficients measured by an integrating sphere
for different concentrations of TiO2. Based on the linear correlations, we estimated that the
proper range of concentration for both particles is within 1-10% of the PDMS weight

(Wt%).
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Figure 6-1 Evaluation of PDMS-TiO2 and PDMS-Carbon phantoms: a) 2mm-thick PDMS phantoms with
increasing TiO2 and Carbon concentrations measured by spectrophotometer. b) Absorbance versus
concentration of PDMS-Carbon Phantoms. ¢) Absorption and reduced scattering coefficients of PDMS-TiO2
phantoms measured by an inegrating sphere.

Reduced scattering coefficients of 30pm-thick phantoms were measured for a 1-10%
concentration of TiO2 particles. Figure 6-2(b) illustrates the linear increase of qOCT and
w’s with TiO2 concentration. Assuming an anisotropy factor of zero for PDMS-TiO2

(grpoms-Tioz2 = 0), 6Wt% concentration of TiO2 is optimum to achieve u’s = 20 (grpre=0.84).

With a constant concentration of TiO2 (6wt%), we fabricated a second set of phantoms

with

increasing carbon concentrations (0.5,1,2,3 wt%). Figure (6-2) illustrates the PDMS-TiO2-
Carbon phantoms (6-3(a)) and measured absorption coefficients (6-3(c)). Considering the

additional absorption that will be caused by introducing the fluorophore (Rhodamine B),
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4wt% and lower concentration of carbon can result in achieving the RPE absorption

coefficient.
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Figure 6-2 Empirical calculation of the optimum concentration of TiO2 and Carbon: a) 30 micron-thick
PDMS-TiO2-Carbon phantoms with increasing carbon concentrations. b) Reduced scattering coefficient
versus concentration of TiO2. ¢) Absorption coefficient versus Carbon concentration.

6.2.1.1 Compensation of RPE melanin attenuation

We tested the capability of the VIS-OCT-FAF system in compensation of attenuation
caused by RPE melanin by making 2 layered phantoms: 1% fluorescent scatterer layer
(PDMS-TiO2(6%wt)-RhB) with increasing Rhodamine B concentration, 2" absorptive
layer (PDMS- Carbon) with increasing Carbon concentration to simulate the light-induced
traveled melanin granules to the apical area of the RPE cells. Figure 6-3 shows the results

of the quantitative imaging of these phantoms with the VIS-OCT-FAF system.
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Figure 6-3 Compensation of attenuation caused by RPE melanin in phantoms: a) gAF, qOCT, and gAF/qOCT
of fluorescent phantoms versus carbon concentration. b) Linear correlation of gAF and gAF/qOCT, and
divergence caused by carbon attenuation.

As it is illustrated (fig. 6-3(a)), the logarithm of both gAF and qOCT linearly decreases
with carbon concentration. Consequently, the ratio of gAF/qOCT is relatively constant
compared to gAF values. In other words, gAF/qOCT (0.0035/0.017 = 21%) is less
dependent on the carbon concentration compared to gAF (1.091/0.713 = 152%). Further,
for various concentrations of Rhodamine B, both gAF and gAF/qOCT values are linearly
correlated with fluorophore concentration. However, different attenuation introduces more
dispersion to gAF values (25%) compared to gAF/qOCT (12%). Based on these
observations, we can conclude that gAF/qOCT is less dependent on absorbents/melanin
concentration, compared to gAF alone. Therefore, qOCT can at least partially compensate

for attenuation caused by RPE melanin.
6.3 Discussion and conclusion

We successfully fabricated fluorescent RPE simulating phantoms with similar absorption

and scattering coefficients to human RPE. VIS-OCT-FAF images showed that the presence
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of absorbers decreases both VIS-OCT and FAF signals. Quantitative imaging of the
fluorescent phantoms revealed that the dependency of the gAF/qQOCT values to the
attenuation of absorbent particles is significantly less than that of gAF values. It is worth
mentioning that the OCT and AF signals of these phantoms decrease with different rates,

however, the contribution of gAF/qOCT in compensation is significant.

Although our fluorescent phantoms simulate the total scattering and absorption coefficient
of the RPE layer, the distribution of scatters, absorbers, and fluorescent particles are
nonhomogeneous and quite different in the RPE cells. RPE has three major scattering
cushions organelles, melanosomes in the apical region, lipofuscin and melanolipofuscin in
mid-cellular regions, and mitochondria basally. 6! Lipofuscin and melanin granules are
also fluorescent, one absorbs shorter wavelengths for excitation while the latter is excited
in the NIR range.*? Apically located melanosomes attenuate FAF and OCT signals by both
scattering and absorption. Substituting carbon particles with synthetic melanin might result
in a more accurate simulation of the RPE layer. Further, basally located lipofuscin granules
simultaneously contribute to scattering and fluorescence that is, respectively, measured by
FAF and OCT. Using fluorescent microspheres that both OCT and FAF signals are
originated from, instead of a combination of TiO2 and Rhodamine B, can lead to a similar

attenuation rate between FAF and OCT.

In conclusion, the preliminary results from RPE simulating phantoms confirm the
effectiveness of the VIS-OCT-FAF method in compensating the attenuation caused by RPE

melanin, emphasizing on the usefulness of this technology in clinical diagnosis.
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CHAPTER 7 Quantification of Lipofusicn/A2E concentration with A2E

reference target

7.1 Introduction

Lipofuscin in the retinal pigment epithelium (RPE) cells, upon excitation with light in its
absorption spectrum (~488 nm in clinical systems), emits fluorescence known as the fundus
autofluorescence (FAF)’%'" . FAF is thus a measure of lipofuscin concentration in the RPE,
a monolayer of pigmented cells located next to photoreceptors in the retina with multiple
functions %162, Rod photoreceptors renew their entire outer segments (OS) every 10 days
by adding new discs to the OS base and shedding OS tips, which are phagocytosed and
digested by the RPE cells %3184 The daily phagocytosis of OS tips leads to the
accumulation of the nondegradable end product lipofuscin, a complex lipid/protein
aggregate 578, It has been suggested that RPE lipofuscin plays a detrimental role in
degenerative retinal diseases including age-related macular degeneration (AMD) and
Stargardt disease +16°,

The first identified fluorophore in RPE lipofuscin is a pyridinium bisretinoid A2E (N-
retinyl-N-retinylidene ethanolamine), a byproduct of the photoreceptor visual cycle and a
major fluorophore of lipofuscin 879166 A2E has been suspected to affect RPE functions,
and therapeutic strategies targeting A2E are being developed for AMD and Stargardt
disease 167168,

FAF carries information of lipofuscin in the RPE cells. It is known that FAF intensities

increase with age *8, which reflects the accumulation of lipofuscin in the RPE with age &7%°,
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FAF intensities thus can be regarded as a biomarker of RPE cell aging. Local and global
alteration of FAF intensities has been seen in retinal degenerative diseases, such as AMD
and Stargardt disease ®°. The clinical usefulness of FAF imaging is limited, however, as
the currently available FAF technologies are not capable of measuring the true FAF
intensities accurately. For example, it is difficult to use FAF for diagnosis and disease
monitoring, since comparison of FAF images taken from different individuals or from the
same individual taken at a different time requires quantitative measurement of the true FAF
intensities. Technologies capable of quantitatively measuring the true FAF intensities
could overcome this limitation and expand the clinical application of FAF 33:34.36-38,170-171

Quantitatively measuring the true FAF intensities faces two major technical challenges.
The first one is to standardize the intensities of a FAF image. Delori and co-workers 163638
made a significant contribution in addressing this issue by placing a reference fluorescent
target of known fluorescence efficiency in the intermediate retinal imaging plane. The
fluorescence efficiency & is defined as the product of the fluorophore concentration (C),
the molecular quantum yield (Q), and extinction coefficient (g), £&=CxQxegxd. The
reference target blocks a small portion of the field of view and is imaged each time a FAF
image is taken. Thus, it is possible to standardize the FAF intensities using the fluorescence
intensity of the reference target.

The second challenge is to compensate the signal attenuations caused by media anterior
to the RPE (pre-RPE media) and melanin in the RPE. The pre-RPE media are the ocular
tissues anterior to the RPE, including the cornea, the aqueous humor, the lens, the vitreous,
and the neuronal retina. The pre-RPE media and RPE melanin attenuate both the excitation

light before it reaches the RPE and the emitted FAF signals on their way from the RPE to
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the detector. These attenuations cannot be measured directly "+*"2, making compensation
more difficult.

We reasoned that the depth-resolved OCT signals from the RPE could be used as a
reference for signal attenuation when the OCT and FAF images are generated
simultaneously from the same photons. To test this idea, we developed the VIS-OCT-FAF
technology, a visible-light optical coherence tomography (VIS-OCT) based multimodal
imaging technology by using a single broadband light source to generate OCT and FAF
images simultaneously. We have demonstrated in our previous studies that VIS-OCT-FAF
can compensate for the attenuation caused by the pre-RPE media 312, In addition, by using
a pair of fluorescent reference targets with known fluorescence efficiency and reflection
coefficient inserted in the intermediate retinal imaging plane, it can also eliminate the
factors like power fluctuations of the light source and gain variations of the detector 3,

Here we report that signal attenuation by RPE melanin can be effectively compensated
with the VIS-OCT-FAF technology using the simultaneously acquired OCT signals from
the RPE as a reference. The present work is a significant step toward measuring the true
FAF intensities in vivo, which could expand the clinical application of FAF to monitor
retinal diseases, including disease progression and treatment outcomes.

7.2 Method

7.2.1 Imaging system

The multimodal VIS-OCT-FAF imaging system design is similar to that used in our
previous publications 3232 except a single reference target was used for both fluorescence

and reflection reference. The system (Fig. 6-1) consists of two single-mode optical fiber-
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based spectral-domain OCT (SD-OCT): one in the NIR used for alignment prior to imaging
and the other in the visible spectrum with a center wavelength of 480 nm and bandwidth
of 30 nm. A superluminescent diode (SLD, center wavelength: 850nm, bandwidth: 70 nm)
was used for the NIR-OCT. The VIS-OCT used a supercontinuum laser (SC, SuperK
Extreme EXB-6, NKT Photonics, Denmark) with a variable band-pass filter to select the
center wavelength and bandwidth. The outputs of the VIS and NIR light sources were
coupled into the source arms of two optical fiber-based Michelson interferometers. In the
sample arms, the VIS and NIR light beams were collimated and combined by two dichroic
mirrors (DM1: DMLP505, Thorlabs, and DM2: NT43-955, Edmund Optics). The
combined light was scanned by an X-Y galvanometer scanner, focused on the intermediate
retinal plan by a relay lens (L1, f = 75 mm, achromatic), and delivered to the eye by an
ocular lens (L2, Volk lens, 60D). At the bottom part of the field of view on the intermediate
retinal-imaging plane, a PMMA reference target for FAF and OCT containing synthesized
AZ2E as the fluorescent dye is inserted.

The VIS-OCT had two reference arms split by a non-polarizing beam splitter: longer path
length for retinal imaging and shorter path length for reference-target imaging. A
computer-controlled shutter blocks the light in the short reference arm while the retina is
scanned. When the reference target was scanned at the end of each imaging section the
shutter was opened to allow the reference target to be imaged by the VIS-OCT. The
combined reflected light from the sample and reference arms of NIR- and VIS-OCTs are

detected by two spectrometers with the same parameters described previously 3%,
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The FAF generated by the RPE lipofuscin was detected by a PMT module (H10723-
20, Hamamatsu) with a 25 um diameter pinhole. After passing through the two dichroic
mirrors, two long-pass filters (FGL515M, cut-on wavelength: 515 nm, Thorlabs) and a
short-pass filter (FESHO0750, Cut-Off Wavelength: 750 nm, Thorlabs), the fluorescence

light was focused onto the pinhole by an f = 30 mm achromatic doublet.

-
A2E Reference

Figure 7-1 A schematic of the VIS-OCT-FAF imaging system with A2E reference. The system integrates
two OCTs, a VIS-OCT (blue) and a NIR-OCT (red), and a confocal FAF detection module. In the sample
arms of the two OCTs, the VIS and NIR light is combined by two dichroic mirrors (DM1 and DM2), scanned
together by the X-Y galvanometer scanning mirrors (GM), and delivered to the retina by a pair of lenses (L1
and L2). The corresponding OCT signals are detected by two spectrometers (SPEC1 and SPEC2). The FAF
signal is detected by a photomultiplier tube (PMT) through a set of filters and a pinhole (PH). SLD:
Superluminescent Diod; SC: Supercontinuum; VBPF: Variable band-pass filter; M1-3: Reference arm
mirrors; IRIS1-2: iris; G1-2: BK7 glass plates; BS: beam splitter; FC1-2: 2x2 fiber coupler; FP1-4: fiber
collimator; PC1-2: polarization controller; L1-3: lens; LPF: long-pass filter; SPF: short-pass filter.

7.2.2 Image acquisition

The NIR-OCT real-time display was used for alignment before image acquisition. All the
imaged retinas were at the same axial location on the OCT display and the optic disc was
placed at the center of the raster-scan window. The NIR light was then turned off and
visible light was turned on to capture VIS-OCT-FAF images. The right and left eyes of

each rat were imaged four times. Each time, the alignment of the retina was slightly
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changed to test the repeatability of the results. All four images were later processed, and

the average was used for quantification.

7.2.3 Invivo imaging

We imaged both eyes of age-matched SD and LE rats. The experiments were conducted in
agreement with the ARVO (the Association for Research of Vision and Ophthalmology)
Statement for the Use of Animals in Ophthalmic and Vision Research and with the
guidelines of the Florida International University’s Institutional Animal Care and Use
Committee.

For imaging, an animal was anesthetized by intraperitoneal injection of ketamine
(54mg/kg body weight) and xylazine (6mg/kg body weight). The eye to be imaged was
treated with topical proparacaine hydrochloride ophthalmic solution (Akorn, 0.5%, USP)
for topical anesthesia and tropicamide ophthalmic solution (Akorn, 0.5%, USP) for pupil
dilation. A hard contact lens was put on the eye to prevent corneal dehydration and
opacification. The sedated rat was restrained in an animal mount with five degrees of

freedom.

7.2.4 Image processing and calculation

The mathematical model for quantitative imaging of lipofuscin with an A2E-PMMA
reference target can be expressed as:

2 T
Ipar IoThre MW[1- Ppre WD) érpeAa Zaz (16)

qAF = T
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where gAF and qOCT represent the quantified FAF and OCT signals of the RPE. Irar and
Irer-ar are the fluorescent intensity of the fundus and the A2E reference target. Rree-octand

Rrer-ocTare OCT reflectance signals of the RPE and Reference target, respectively. lo is the

intensity of the incident light and A, represents the detection sensitivity of the PMT. %az
and %a’z are solid angles comprising the light from the retina and reference target to the

detector, respectively. Ty e, Ppre, aNd prer_a2p are transmittance of the pre-RPE media,
the reflectance of the pre-RPE media, and reflectance of the A2E reference target,
respectively. pgpg is the reflectance of the RPE layer. &grpp and &pop_4pp are the
fluorescence efficiency of RPE lipofuscin and A2E in the reference, érpr = CLQL€1.dRpE,
$ref—a2E = CazpQazp€azedrer—aze, Where C, Q, €, and d are concentration, quantum
yield, extinction coefficient, and the effective thickness of the fluorescent sample,

respectively. The subscript L represents RPE lipofuscin. We then have:
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qAF CLQLeLdrpE/ CazeQu2EEn2erer—azE (18)
qOCT PRPE/Pref—AZE

where C, Q, ¢, and d are concentration, quantum yield, extinction coefficient, and the
effective thickness of the fluorescent sample, respectively. The subscript L represents RPE
lipofuscin. The equation can be further expressed as:

qAF c y CLQreLdrpE (19)
qOCT 428 PRPE

where CF is the calibration factor related to the fluorescent dye A2E in the reference target.

7.2.5 RPE-choroid preparation and lipid extraction

Animals were euthanized immediately after imaging, and eyes were collected. The anterior
segment of an eye was removed, and the retina was carefully detached and discarded. The
retina was carefully dissected to obtain the RPE-choroid preparation. Total lipids were
extracted from the samples by a modified Bligh and Dyer method 1317, Briefly, the RPE-
choroid preparation of each eye was mixed in 100 pl of H.O with a Bullet Blender (Next
Advance, Troy, NY) at setting 7 for 3 min. Methanol (100 ul) was added to the sample and
mixed, followed by adding 100 pl of chloroform (CHCI3) and mixing. The mixture was
centrifuged at 14,000 rpm for 10 min in a tabletop microcentrifuge, and the lipid-containing
lower phase was transferred to a collection tube. Extraction was repeated 4 times with 100

pl fresh chloroform added each time. Collected lipids in chloroform from each eye were
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pooled and dried in a SpeedVac (Savant Instruments, Holbrook, NY), flushed with argon,

and stored at -20°C in the dark until use.

7.2.6 Quantitation of A2E by LC/MS

The amount of A2E in each sample was measured by reverse-phase liquid
chromatography-mass spectrometry (LC/MS) liquid chromatography using a Shimadzu
LC system (comprising a solvent degasser, two LC-10A pumps, and an SCL-10A system
controller) coupled to a Triple TOF5600 mass spectrometer (Sciex, Framingham, MA). LC
was operated at a flow rate of 200 pul/min with a linear gradient as follows: 100% of the
mobile phase A was held isocratically for 2 min and then linearly increased to 100% mobile
phase B over 14 min and held at 100% B for 4 min. Mobile phase A consisted of
methanol/acetonitrile/aqueous 1 mM ammonium acetate (60/20/20, v/v/v). Mobile phase
B consisted of 100% ethanol containing 1 mM ammonium acetate. A Zorbax SB-C8
reversed-phase column (5 um, 2.1 x 50 mm) was obtained from Agilent (Palo Alto, CA).
The LC eluent was introduced into the ESI source of the mass spectrometer. Instrument
settings for positive ion ESI/MS and MS/MS analysis of lipid species were as follows: lon
spray voltage (IS) = +5500 V; curtain gas (CUR) = 20 psi; ion source gas 1 (GS1) = 20 psi;
de-clustering potential (DP) = +50 V; focusing potential (FP) = +150 V. Data acquisition
and analysis were performed using the Analyst TF1.5 software (Sciex, Framingham, MA).
The measured A2E content in each sample was normalized with the amount of

phosphatidylcholine 34:1 (PC 34:1), a major lipid of the retina 17
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7.3 Results

7.3.1 System performance

We built a VIS-OCT-FAF system (Fig. 6-1) for the study. The VIS-OCT-FAF system
integrated a spectral-domain VIS-OCT, a spectral-domain near-infrared (NIR) OCT, and a
confocal FAF detection channel on a single platform. The system used a supercontinuum
light source for both VIS-OCT and FAF excitation. The filtered output of the light source
had a center wavelength of 480 nm and a bandwidth of 30 nm. The axial resolution and
sensitivity at a path-length difference of 0.5 mm of the VIS-OCT were measured to be 6
um and 85 dB, respectively. The signal roll-off at a depth of 2 mm was measured to be -8
dB, which was compensated in the quantification of the FAF intensities. The system
acquires spatially registered VIS-OCT and FAF images simultaneously at a speed of 24k
lines per second, determined by the line rate of the CCD camera of the OCT spectrometer.
The NIR-OCT was used for alignment and identifying the retinal area of interest (AOI).
Upon activation of data acquisition, the visible light is turned on and scanned across the
AOI. The VIS-OCT and FAF images were acquired simultaneously and streamed to a

computer.

7.3.2 Characterization of the reference target

We fabricated a reference target for both fluorescence and reflection, which was placed in
the intermediate retinal imaging plane, similar to the configuration used by Delori and co-
workers 163638 The target was a piece of polymethyl methacrylate (PMMA) containing
synthesized A2E as the fluorescent dye. It was made by dissolving PMMA and A2E in an

anisole solvent (24 mg of A2E in 20 ml of 4% PMMA in anisole). The solution was cured
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by heat in an aluminum mold and the target was cut to the desired shape with a CO- laser.
The reflectance of the reference target was measured to be 0.04, consistent with the
theoretical specular reflectance of PMMA with a refractive index of 1.49. The emission
spectrum of the reference target was identical to that of synthesized A2E in methanol with
peak emission at 562 nm when measured with a custom-made spectrofluorometer at an
excitation wavelength of 488 nm. The quantum vyield of A2E was measured to be
0.003+0.001 at an excitation of 488 nm by using fluorescein and rhodamine solutions as

references, consistent with published data *°.

7.3.3 Invivo VIS-OCT-FAF imaging

We imaged 11-week old albino Sprague Dawley rats (SD, 3 animals, 6 eyes) and
pigmented Long Evans rats (LE, 3 animals, 6 eyes) rats using the VIS-OCT-FAF system
to examine the effect of attenuation compensation. Figure 6-2 shows representative
quantified FAF (gAF) and VIS-OCT images. Each gAF image was obtained by
normalizing the intensities of each pixel of the raw FAF image, Irar, to the fluorescence
intensity of the reference target, lrerar (QAF = Irar/lrerar, EQ. 3 in Methods). The
fluorescence image of the reference target is shown at the bottom of each gAF image (Fig.
6-2(a) and 6-2(d)). The gAF image from an albino rat (Fig. 6-2(a)) appears brighter than
the gAF image of the pigmented rat (Fig. 6-2(d)).

The en face view of the 3D OCT image (projection of the data onto the XY plane) of
the albino and pigmented rats is shown in Fig. 6-2(b) and 6-2(e). The reflectance image of
the reference target is shown at the bottom of Fig. 6-2(b) and 6-2(e). Cross-sectional OCT
images of the albino and pigmented rats are presented in Fig. 6-2(c) and 6-2(f),

respectively.
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Figure 7-2 FAF and OCT images from albino (SD) and pigmented (LE) rats. The FAF and OCT images were
acquired simultaneously. The intensities of the FAF (a, d) were normalized to the fluorescence intensity of
AZ2E in the reference target at the bottom of each image (a and d) (see text for details). The OCT fundus
images (b and e) are an en face view of the 3D OCT data projected onto the X-Y plane. The reflectance image
of the reference target is shown at the bottom of each 3D OCT image (b and e). B-Scan OCT images in
pannels ¢ and f were taken at the location marked with the dashed lines, respectively. The normalized FAF
intensities from the albino rat (a) appear brighter than those of the pigmented rat (d). Bars: 200 pum.

7.3.4 Compensation of signal attenuation by RPE melanin

We obtained the OCT signals of the RPE, Irpe-ocT, by manually segmenting the RPE layer
on each cross-sectional image (B-scan) and summing the signals between the two
segmented boundaries (Fig. 6-3(a), red lines) that contain the RPE layer. The quantified
OCT signals of the RPE (qOCT) were obtained by normalizing the raw OCT intensities to

the OCT signal from the reference target Iret.oct: QOCT = Irpe-oct/lref-oCT.
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To calculate the mean of gAF and qOCT of each eye, a ring area centered at the optic
disc was selected. It had an inner diameter of 1.38mm and an outer diameter of 1.95mm
(Fig. 6-3(b) and 6-3(c)). The blood vessel areas are excluded from the calculation (Fig. 6-
3(b) and 6-3(c)). The gAF, gOCT, and gAF/qOCT were calculated from this area in each

of the eyes presented in Figs. 6-4 and 6-5.

(b)

Figure 7-3 Image processing for data analysis. (a) The OCT signals from the RPE were manually segmented
on the cross-sectional images between the two red lines. (b) A ring area on the fundus projection was selected
to remove the optic disc and surrounding area for calculating the averaged gAF and qOCT. (c) The mask
generated by binarization to remove blood vessel shadows.

The intensities of gAF and qOCT calculated from each of the 6 eyes of the 3 albino rats
and 6 eyes of the 3 pigmented rats are presented in Fig. 6-4. The gAF intensities from the
albino animals are higher than that from the pigmented rats (Fig. 6-4(a), yellow bars). The
gOCT intensities of the albino rats are also higher than that of the pigmented rats (Fig. 4a,
blue bars), apparently due to the light absorption of melanin in the RPE. When gAF was
normalized to qOCT, however, the compensated FAF intensities qAF/qQOCT of the
pigmented animals are higher than that of the albino rats (Fig. 4a, green bars). The averaged
gAF/qOCT of pigmented rats (67.79 + 16.29, mean + standard deviation or SD, n=6) is
more than twice of that from the albino rats (30.65 £ 7.14, mean £ SD, n=6, P < 0.0005,

Student’s t-test). The dramatic jump in readings from gAF to gAF/qOCT of the pigmented
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rats demonstrates significant signal attenuation caused

compensation effect by normalizing gAF to qOCT.
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Figure 7-4 Correlation between FAF intensities and A2E amounts. Data presented are from 6 eyes of 3 albino
rats (Al, A2, and A3; L: left eye; R: right eye), and 3 pigmented rats (P1, P2, and P3; L: left eye; R: right
eye). The FAF intensities gAF (a, yellow bars) from the eyes of SD rats are higher than that of LE rats, so
are the intensities of gOCT (a, blue bars). When the gAF is normalized to gOCT, the gAF/qOCT is actually
higher in the pigmented LE rats than in the albino rats (a, green bars), which are in good agreement with the
A2E amounts directly measured by LC/MS (b). There is a linear correlation between gAF/qOCT (mean +
Std) and A2E (R2 = 0.98) (c). The qOCT values presented are multiplied by 10 (qOCTx10) due to their low
levels. *: outlier; AU: arbitrary unit.

The higher gAF/qOCT in pigmented rats should correspond to higher concentrations

of lipofuscin fluorophores in the RPE. To confirm this, we measured the A2E content of
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the same eyes by LC/MS. Eyes were collected immediately after imaging. The RPE-
choroid preparation was dissected from each eye and the total lipids were extracted. The
measured A2E content by LC/MS in each sample was normalized to the amount of
phosphatidylcholine 34:1 (PC 34:1), a major phospholipid of the retina ’>. As shown in
Fig. 6-4(b), A2E contents in the pigmented rats are indeed higher than that in the age-
matched albino rats, in good agreement with the calculated gAF/qOCT. A linear
relationship was revealed between gAF/qQOCT and the A2E contents measured by LC/MS
(R? = 0.98, Fig. 6-4(c)). These experimental results confirmed that qOCT is a valid
reference for compensation of signal attenuation by melanin in the RPE cells, and that
gAF/qOCT reliably represents the amount of lipofuscin fluorophores in the RPE,
independent of signal attenuations by RPE melanin and the pre-RPE media.

To further validate the quantitative relationship between gAF/qOCT and the A2E
content, we imaged three pigmented LE rats (4-month-old, 4 eyes) and three age-match
albino SD rats (4 eyes) using a commercially available PMMA slide with DAPI fluorescent
dye (Fluor-Ref, Microscopy Education) as the reference target. Consistent with the results
shown in Fig. 6-4, the compensated FAF intensities gAF/qOCT are higher in the 4 eyes of
the LE rats than in the 4 eyes of the SD rats (Fig. 6-5(a)). The A2E contents measured by
LC/MS are also higher in the pigmented rats (Fig. 6-5(b)). Linear regression shows a linear

relationship between gAF/qOCT and A2E content measured by LC/MS (R? = 0.95, Fig. 6-

5(c)).

93



(a) o.04 240
qAF ® qOCT*100 " qAF/qOCT

5 0.03 200
2 160 2
'g 0.02 120 |5
> 80 %’
% o001 =
%. 40 %I_
(V] 0
A4_R A5_R A6_R A5_L P4_R P5_R P6_R P5_L
(b)  0.06 —
- ™ A2E/PC* *PC : Phosphatidylcoline
2
< 0.04
[*]
e
& 0.02 I
) i 1
o — & : : : : : : :
PAR P5R  P&R P5_L

AAR A5R A6R  A5L

()
200

® (qAF/qOCT
— — ~ Linear Fit %
R

150 - y = 3288*x + 8.075 - 1

gAF/qOCT
g
\
N\

e
50 i’//? ]

0 L L L
0 0.01 0.02 0.03 0.04 0.05

A2E/PC (Mass Spectrometry)

Figure 7-5 Correlation between FAF intensities and A2E amounts with a DAPI reference target. Experiments
were similar to those presented in Fig. 4, except that the reference target was a commercially available
PMMA slide with DAPI fluorescent dye. Similar to the results presented in Fig. 4, the gAF and qOCT of SD
rats are higher than that from LE rats (a, blue and yellow bars, respectively), whereas the compensated FAF
intensities gAF/qOCT are higher in the pigmented LE rats (a, green bars). The A2E amounts, directly
measured by LC/MS, are again in good agreement with gAF/qOCT (b). A linear correlation exists between
gAF/qOCT (mean = Std) and A2E (R2 = 0.95) (c).

The slope of the fitted line for gAF/qOCT vs A2E content measured by LC/MS shown
in Figs. 6-4(c) and 6-5(c) can be defined as a calibration factor (CF), which is determined
by the quantum vyield, molar extinction coefficient, and concentration of the particular

fluorescent dye in the reference target, as well as the detection efficiency of the imaging
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system. The ratio between CFs of two different fluorescent dyes in the reference target,
such as DAPI and A2E, can be calculated as:

CFpapi  Qua2eCaze€azeNaze (20)

CFyzp QpariCpapi€papiMpapri

where Q, €, C, and n are the quantum yield, the extinction coefficient, concentration of the
fluorescent dye in the reference target, and the detection efficiency of the imaging system.
The subscripts A2E and DAPI specify the corresponding reference target. According to
Beer’s law, Abs = €Cd, where Abs is the absorbance and d is the thickness of the reference
target. To calculate the ratio CFpapi/CFaze, We used a spectrophotometer to measure the
absorbance of each target in the band of the illumination light (465-495nm) 3. Since the
detection efficiency of the imaging system for the two reference targets is the same, we
have
CFpapr Qazk f:;:AbSAZEd/l _ (21)

= = 2.88
495
CFAZE QDAPI f465 AbSDApIdA

In the calculation, f::ss Abs ppdA andf495

165 AbspaprdA are measured to be 51.35 and 1.58,

the quantum yields of 0.003 for synthesized A2E and 0.04 for DAPI 178177 were used.
The CFpari/CFaze ratio, calculated by using the slopes of the fitted lines shown in Fig.
6-4(c) and Fig. 6-5(c), is 3.04, close to the theoretical calculation shown in Eqg. 2 with a

difference of 5.5%. These results verified our theoretical analysis.
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7.4 Discussion

We have developed a VIS-OCT-FAF technology to quantitatively measure the true
FAF intensities in vivo by compensating the signal attenuations caused by RPE melanin
and the pre-RPE media. It is based on the idea that when the FAF and OCT images are
generated simultaneously by the same light source, the depth-resolved OCT signals from
the RPE undergo the same signal attenuations. Thus, the OCT signals from the RPE can
serve as an attenuation reference, and the attenuation caused by the RPE melanin and the
pre-RPE-media can be removed by normalizing the FAF intensities to the OCT signals of
the RPE. This approach does not need to measure the attenuations directly, as they are not
directly measurable "+1"2, The compensated FAF intensities are free of attenuation caused
by RPE melanin, as demonstrated by the present work, and by the pre-RPE media, as shown
in our previous studies 32, The VIS-OCT-FAF technology, in combination with a
reference fluorescent target with known fluorescence efficiency and reflection coefficient
placed in the intermediate retinal imaging plane, could lead to standardized accurate
measurement of FAF intensities.

We used albino SD rats as a melanin negative control in the present work. SD rats, like
many other albino animals, carry a missense mutation in the TYR gene that encodes a key
enzyme, tyrosinase, for melanin biosynthesis 1’8179 resulting in the lack of melanin and
albinism. It is remarkable to see that the initially measured quantitative FAF intensities
gAF of the pigmented LE rats were lower than that of the age-matched SD rats, whereas,
after normalization with qOCT, the compensated FAF intensities gAF/qOCT of the LE rats

are actually higher than the albino rats (Fig. 6-4(a), 6-5(a)). This is rather unexpected as
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we thought the albino rats, with no protection of melanin against light exposure, could have
higher amounts of A2E and thus higher FAF intensities since light is believed to be
essential to A2E formation ""*%. The higher gAF/qOCT of pigmented rats is confirmed by
direct LC/MS measurement of A2E contents. The linear correlation between gAF/qOCT
and A2E contents (Fig. 6-4, 6-5) shows that gAF/qOCT measurements correspond to the
actual amounts of A2E in the RPE cells. Thus, gAF/qOCT represents the accurate FAF
intensities emitted by A2E and other fluorophores in the RPE lipofuscin free of the
attenuating influence of melanin and the pre-RPE media.

The clinical significance of accurate FAF intensities free of signal attenuation by the
RPE melanin lies on the fact that there is a large variability in the distribution of melanin
in the RPE in eyes, and a large variability from individual to individual 8. In addition, RPE
melanin is known to decrease with age 3879918  Fyrthermore, local RPE
hypopigmentation and hyperpigmentation are found to occur in the early stages of AMD.
189 Since FAF intensities are significantly reduced by RPE melanin due to signal
attenuation, as demonstrated by the present work, it is difficult to compare gAF from
individual to individual, and gAF from the same individual at different time points without
taking the signal attenuating effect of RPE melanin into consideration. For example, gAF
is known to increase with age 814 but it is not clear how much of the increase in gAF is
due to the increase in RPE lipofuscin, and how much can be attributed to the age-related
decrease in RPE melanin (thus less signal attenuation by RPE melanin). The true FAF
intensities free of the attenuating influence of RPE melanin and the pre-RPE media by the
VIS-OCT-FAF technology could have a significant impact on the clinical usefulness of

FAF.
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Our theoretical analysis shows that the slope of the linear regression of gAF/qOCT vs
AZ2E content in the RPE measured by LC/MS, i.e. the calibration factor CF, is determined
by the molecular characteristics and concentration of the fluorescent dye in the reference
target. This has been confirmed by two separate experiments using two reference
fluorescent targets with different fluorescent dyes. Thus, when using different reference
target to image FAF, the measured gAF/qOCT can be related to each other if the
characteristics of each target are known, making data obtained using different reference
targets comparable. In Fig. 6-4(c) and 6-5(c), the linear regression showed a residual
gAF/gOCT when A2E/PC is zero, indicating the presence of other fluorophores in the RPE
lipofuscin °.

In summary, we have developed a novel VIS-OCT-FAF multimodal imaging
technology to obtain true FAF intensities. It can effectively compensate for the attenuation
effects of RPE melanin and pre-RPE-media by normalizing the FAF intensities to the
simultaneously acquired OCT signals of the RPE. The present work is a significant step
toward the standardization of quantitative FAF for clinical application.
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CHAPTER 8 Translation of VIS-OCT-FAF for clinical use

8.1 Introduction

Optical coherence tomography (OCT) and fundus autofluorescence (FAF) are two
important modalities in ophthalmology and are widely used for diagnosis and monitoring
of disease progression and treatment. The clarity of the ocular media allows direct optical
access to the posterior segment of the eye and enables OCT to provide a three-dimensional

image of the retinal structure and FAF to evaluate the functional biomarkers.

Human retinal imaging OCT systems commonly utilize near-infrared light sources.
However, compared to NIR-OCT, visible light OCT (VIS-OCT) offers better axial
resolution and having the same illumination wavelengths as sensing spectrum of the retina
makes it suitable for functional assessment of photoreceptors. VIS-OCT imaging of the
human eye faces several challenges: first, the relative intensity noise of SC sources is
higher than laser diodes or swept-source lasers which leads to a lower system sensitivity.
Second, laser safety thresholds for ocular exposure are stricter in the visible range. Third,
due to the higher scattering of the ocular media in visible light, the human eye has lower
transmission therefore achievable imaging depth is more limited. Forth, the human retina
is sensitive to the visible light, which challenges the fixation of the eye and introduces
motion artifacts. The first human retinal imaging with VIS-OCT by Yi et al *!, was guided
by scanning laser ophthalmoscope (SLO) utilizing a free-space interferometer, and a three-
dimensional translation headrest. Optimization of system sensitivity was later

accomplished by controlling the reference arm power, pulse reputation, and line rate in a
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fiber-based system on an ophthalmoscope platform 82, Recently, in 2019, Shu et al.
developed a portable and optimized VIS-OCT for clinical setting with fellow-eye LED
fixation target and a camera for real-time imaging of the pupil for alignment. Other studies
emphasized on improvement of the image quality with minimizing chromatic and spherical
aberrations by using doublet lenses. Further, software developments for axial motion
tracking and spatially dependent numerical dispersion compensation have also been proved

to be effective.18

In this study, taking advantage of the previous human retinal VIS-OCT systems, we modify
our VIS-OCT-FAF for human retinal imaging. Significant modifications include limiting
the acquisition time to less than a second by increasing the line rate to 70kHz to minimize
motion artifacts; adjustable sample arm mount on an ophthalmoscope platform with four
degrees of freedom with a vertical translational head and chinrest; Same eye fixation with
NIR light scan in a shape of red cross; light safety considerations based on ANSI 2014; A
shutter controlled by the software that blocks the light during alignment with NIR-OCT
system and after image acquisition to minimize visible light exposure. We successfully
tested the VIS-OCT-FAF system and the method of lipofuscin quantification on 10 healthy

volunteers.

8.2 Methods

8.2.1 VIS-OCT-FAF for human imaging

Figure 7-1 shows the setup of the human imaging system. The VIS-OCT-FAF system is
basically similar to the previous publication . The system includes two fiber-based

Michelson-interferometry SD-OCT systems: one works with NIR light using a Super
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Luminescent Diode (SLD, center wavelength: 850nm, bandwidth: 70 nm); and the other
one with visible spectrum centered at 480nm with 30nm bandwidth using a
supercontinuum laser (SC, SuperK Extreme EXB-6, NKT Photonics, Denmark) with a
variable band-pass filter is used for VIS-OCT light source. The NIR-OCT is used for the
alignment of the retina prior to the imaging to minimize visible light exposure. Further, the
center of the cross in x/y-scan of the NIR light serves as the same-eye fixation target for
human subjects. A Labview software controls NIR-OCT alignment and VIS-OCT-FAF
acquisition. The acquisition order by the operator enables the shutter at the visible light
source. The output of the NIS and VIS lights is coupled to the source arm of two single-
mode interferometers. In the sample arm, NIR and VIS lights are collimated by reflective
collimators and combined by two dichroic mirrors (DM1: NT43-955, Edmund Optics,
DM2: DMLP505, Thorlabs). The combined beam is scanned by an X-Y galvanometer and
focused on the intermediate retinal imaging plane, where the A2E reference target is
implemented, by a relay lens (L1, f = 90 mm, achromatic). The light is then collimated and
delivered to the eye by an ocular lens (L2, Volk lens, 60D, aspheric). The bottom part of
the field of view (13% of FOV) is covered by the A2E target. The power of the VIS and
NIR before the eye was measured 600uW and 800 uW, respectively. A vertical
translational chin- and head-rest is placed in front of the eyepiece for human subject
alignment. The OCT(s) sample arms and FAF detection arm are placed on an adjustable

ophthalmoscope platform with 6 degrees of freedom.
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Figure 8-1 VIS-OCT-FAF for human retinal imaging: a) Schematic of VIS-OCT-FAF, b) Setup of the human
retinal imaging VIS-OCT-FAF in BPEI

The reference arm of the VIS-OCT is split into two longer and shorter arms by a non-
polarizing beam splitter for imaging of the retina and A2E target, respectively. A shutter
controlled by the computer, block the light in the shorter arm while the retina is being
scanned and is enabled when the scanning beam reaches the A2E reference location. The
interference light from the sample and reference arms of NIR is detected by a spectrometer
with the same parameters as previous publications 2. VIS-OCT utilizes a spectrometer that
has an 1800 lines/mm transmission grating, a multi-element imaging lens (f = 150 mm),
and a line scan CMOS camera (spL4096-140Kk, dual-line 4096 pixels with 10 um pixel size
operating in 12-bit mode and vertical adding). A line-scan rate of 70kHz was used for the
acquisition of 512x128 scanning points on the FOV, resulting in a total acquisition time of

94 milliseconds.

The FAF light is separated from the reflected excitation light by the second dichroic mirror

(DM2) and passes through a long-pass filter (FGL515M, cut-on wavelength: 515 nm,
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Thorlabs) and a short-pass filter (FESH0750, Cut-Off Wavelength: 750 nm, Thorlabs)
before being focused on the center of a 25 um diameter pinhole (Thorlabs) by an
achromatic doublet (f = 30 mm). FAF is detected by a PMT module (H10723-20,
Hamamatsu) after the pinhole. A multifunction data acquisition board (DAQ, PCle-6361,
National Instruments) was used to digitize the output of the PMT at a sampling rate of
3.55M/s. At each scanning position on the retina, a total of 50 points were acquired and the
average of AF signals of these 50 points formed a single pixel of the AF image. FAF data
acquisition, scanning of the galvanometer scanner and the OCT image acquisition was

synchronized by the multifunction DAQ board.

8.2.2 Light Safety Consideration

American National Standards Institute (ANSI) determines a Maximum Permissible
Exposure (MPE) based on the damage thresholds for a different combination of
wavelengths, exposure duration, and retinal spot size that was experimentally investigated.
Light exposure of the retina can introduce different kinds of damages including Thermal,
Thermoacoustic, and Photochemical. Thermal damage is introduced temperature increase
caused by absorption of the light by RPE melanin. For exposure duration of more than 20
us, the damaging energy has a less than linear dependence (t°) to the exposure time.
Thermoacoustic damage happens when the pulse is shorter than 1 ns and photochemical
damage occurs in short visible wavelengths with more than 1s exposure time that will
introduce photo-oxidation to the photoreceptors and lipofuscin of RPE 222, Considering the
MHz repetition rate of the SC laser and normal dispersion induced by first crystal fiber and

second single-mode fiber, the illumination pulse is stretched in the nanosecond scale, thus
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thermoacoustic damage can be neglected ®2. According to the ANSI Z136.1 - 2014
standard 87, we treat the line scan exposure as an extended light source in the 400-600nm
wavelengths category. With the enhanced acquisition speed, each acquisition takes less
than 1 second for a square FOV, and corrections due to the use of dilation and fixation
procedure do not apply to this experiment. Assuming the average focal length of the human

eye (fe = 1.7cm) and 6mm extent of the illumination area on the retina, we can calculate
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the full angle in radian *°° as:

dr dr (22)
Z_fe> o~ f_e = 0.35rad = 350 mrad

a = 2tan™?! (

Therefore, MPE for extended source can be calculated as:
MPErhermai(1sst<100s) = 1.8 Cpt®7® x 1073 (J.cm™%) (23)
MPEppotochemical(1s<t<100s & a=350) = 7-85 X 107° x Cg X a? (J.cm™?) (24)

According to Table 6a and 6b in ANSI-2014, Cg and Ck are calculated as:

Amax(0.25s < t) = 100 mrad , @y, = 1.5 mrad (25)
Cp(a =350 = Anay) = @2/ (@min®max) = 816.67 (26)

Cp(A = 480) = 10002(A=450) = 3 981

Therefore, we have:
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MPEThermal(lsst<1005) = 8.26 (J. Cm_z) (27)

MPEPhotochemical(lsst<100$) = 38.27 (] Cm_z) (28)

The minimum MPE is defined by Thermal MPE (8.26 J.cm™) for the square area of 1cm?;
for 10-time acquisition (10 seconds illumination), maximum permissible power is 0.8 mW

which is more than the human retinal imaging power of VIS-OCT-FAF.

8.2.3 Human Subjects

Our study was approved by the Florida International University and the University of
Miami Institutional Review Boards. We recruit 10 healthy volunteers with racial diversity
(White, Asian, Hispanic, African American) between 25 and 62 years of age. We obtained
informed written consent from all the subjects before their participation. We asked the
subjects to sit and stabilize their head on the head and chinrest. They were asked to focus
their eyes on the center of the red cross made by X and Y scanning of the NIR light so that
the fovea of all volunteers was located at the center of the FOV. We aligned all the retinas
at the same x, y, and z location by NIR-OCT. The subjects were asked to blink once and
remain steady for VIS-OCT-FAF acquisition. Each eye was imaged 4 times for total

exposure of less than 4 seconds and the best quality image was later used for quantification.
8.3 Results

We measured lipofuscin concentration in racially diverse adults of different ages. We
referred to the known linear regression of lipofuscin accumulation with age to validate our
in vivo quantification method using the VIS-OCT-FAF system. Images were acquired with

a FOV of 6mm?that was covered by a 512 (horizontal) x128 (vertical) scanning pattern.
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Figure 8-2 shows simultaneous FAF, RPE segmented OCT projection, and a cross-
sectional B-Scan marked with a line on the fundus projection images. RPE projection was
achieved by manually segmenting the RPE boundaries on the B-Scans and summation of
the signal between the boundary surfaces containing the RPE layer in the z-axis. Higher-
resolution imaging with 2048 A-lines was also tested on the human retina which is

illustrated in figure 8-3 where RPE boundaries are clearly visible.

(a) aAF (b) qOCT
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Figure 8-2 Simultaneous VIS-OCT and FAF of a 30-year-old female volunteer: a) FAF, b) en face view of
segmented RPE projection, c) cross-sectional B-scan (512 A-lines) of the locations marked on (a &b). Bar:
200pum

Figure 8-3 Cross-sectional B-scan with 2048 A-lines of a 55-year-old male volunteer. Bar: 200um

We used the previously introduced method for quantification of gAF, qOCT, and
qAF/qOCT®°. Briefly, gAF is achieved by normalizing the AF of the retina to that of the
AZ2E reference, and qOCT is obtained by normalizing the OCT reflectance signal of the

RPE to that of the A2E reference target. Each variable was averaged in a small window
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with the same distance from the fovea and avoiding the vessel shadows. Figure 8-4

illustrated the results of this quantification for the left and right eyes of all 10 volunteers

(n=20). Figure 8-5 illustrates the same data color-coded based on the ethnicity of the

volunteers.
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Figure 8-5 Ethnicity-coded gAF, gOCT, and gAF/qOCT of volunteers: a) gAF, b) qOCT, c) gAF/qOCT

A comparison of the regression coefficient between gAF and gAF/qOCT values, suggests

that the VIS-OCT-FAF method offers a better linear correlation with age which is

consistent with previous ex vivo and in vivo studies that reported a linear increase of

lipofuscin/A2E with age . The results suggest that gAF values underestimate the
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lipofuscin concentration in older adults compared to gAF/qOCT values. The reason is the
fact that qOCT values in these subjects are lower than the younger group. Since our older
volunteers share the same ethnicity. Whether this difference is caused by higher melanin
concentration or alteration of melanin distribution with age %, is uncertain. However,
according to the previous findings 88, the number of apical melanin granules decreases
with age, therefore, less attenuation should lead to overestimation which is not the case
here. Additionally, a similar difference is observed between one Asian volunteer and other
racial groups which might be because of a more significant attenuation in this ethnicity
group. Further, both gAF and gOCT values in white volunteers were higher compared to
other ethnicities with similar age groups. This was compensated in gAF/qQOCT values
which might be due to less significant attenuation of melanin granules in this ethnicity
group. Further investigation with a bigger volunteer pool is necessary for a certain
conclusion. However, these results confirm the capability of VIS-OCT-FAF system in the

quantification of RPE lipofuscin/A2E

8.4 Discussion

We successfully prepared the VIS-OCT-FAF system for human retinal imaging in the
clinic. Both OCT and FAF image quality were acceptable for RPE segmentation and
quantification of gAF and gOCT. In vivo quantification values agree with the accumulation
of RPE lipofuscin with age. Preliminary results from human retinas are consistent with
guantitative results of animal models in attenuation caused by RPE melanin and capability
of VIS-OCT-FAF in compensating for its effect on in vivo quantification of RPE

lipofuscin. For example, both gAF and qOCT values appeared lower in the Asian group,
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and higher in White volunteers compared to the similar age other ethnicity groups.
However, a higher number of volunteers is necessary for a significant conclusion. Further
sample size in this study was limited and is not uniformly distributed, future investigations

should consider a uniform age and ethnicity distribution of volunteers.

One of the main challenges in human retinal imaging is eye movement artifacts. Subjects
often follow the visible scanning light involuntarily which might result in blocking the light
beam by the pupil. In this study, we did not apply any eye drops for dilation or topical
anesthesia. The application of these medications will simplify the acquisition process while
limiting the MPE ', Further, lowering the illumination intensity can minimize eye
sensitivity and movement artifact. This requires improvement of image acquisition
sensitivity, specifically VIS-OCT through decreasing the relative intensity noise by

increasing pulse repetition rate 468,

Axial eye movement also challenges RPE segmentation and can result in an erroneous
interpolation of RPE surface boundaries. This was taken into consideration during the
selection of the averaging window for quantification. Axial movement correction by
software-based methods like maximizing the cross-correlation, hardware-based methods
such as by real-time adjustment of the reference arm '*°, and faster image acquisition can
significantly enhance RPE segmentation. Further, the automation of segmentation software
is important for future clinical studies with a higher number of subjects to speed result

availability.

Another challenge in the human retinal imaging study was the focus adjustment of the

ocular lens, especially for people with myopic and hyperopic vision. This was manually
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performed during the alignment procedure with NIR-OCT. However, the fine alignment of

focus and automatization is necessary for clinical applications.

8.5 Conclusion

VIS-OCT-FAF imaging technology simultaneously acquired FAF and VIS-OCT of the
human retina. Quantification of lipofuscin though qAF/qOCT values of human subjects
was consistent with age accumulation of lipofuscin and confirmed the capability of the
method in attenuation compensation. The technology has significant potential in the
clinical diagnosis of retinal degeneration diseases like AMD that are derived from

lipofuscin accumulation in the RPE cells.
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CHAPTER 9 Concluding Remarks

9.1 Summary

Lipofuscin is a non-degradable byproduct of the visual cycle that accumulates with age and
more significantly in certain pathological conditions like AMD. Excess accumulation of
these fluorescent granules in the RPE cells will eventually damage RPE cells and
photoreceptors, leading to retinal degeneration and irreversible blindness. Therefore, the
quantification of this biomarker through quantification of true values of FAF has
significant potential in clinical applications. However, interindividual and intraindividual
differences in optical properties of the ocular media hurdle comparison of images from
different people and from individuals at different times. Further, differences in acquisition
system parameters such as the excitation illumination and sensitivity of the detector need

to be standardized for the usefulness of FAF measurements.

We addressed these limitations by developing VIS-OCT-FAF with a single visible
broadband light source. Since both images are generated from the same group of photons
passing through the same media, VIS-OCT and FAF signals are similarly attenuated.
Therefore, the reflectance signal of the RPE cells from simultaneously acquired VIS-OCT
images can be used as a reference specific to persons at a specific examination time, to
compensate for attenuation caused by pre-RPE media and RPE melanin. We first
successfully tested the hypothesis on a model eye with a set of ND filters to simulate
different attenuations in front of a fluorescent sample. In vivo imaging of rats followed in

time, was consistent with the linear accumulation of lipofuscin with age.
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Further, we implemented into the VIS-OCT-FAF system, two commercially available
reference targets for FAF and VIS-OCT, respectively, to compensate for fluctuations in
illumination and detection parameters of the imaging system. Normalizing VIS-OCT and
FAF of the model eye retina to those of the reference targets, respectively, proved the
capability of the method in quantifying fluorescent efficiency independent of illumination
power ad detection sensitivity, in addition to attenuation factor. Comparison in vivo study
between older and albino rats revealed that gOCT was not significantly different between
these two groups, while gAF and gAF/qQOCT was significantly higher in older rats.
Nevertheless, comparing similar age groups of albino and pigmented rats showed
significantly higher gAF and qOCT values in albinos and consequently, no significant
difference was observed in gAF/OCT values between albino and pigmented groups. These
findings are in agreement with attenuation caused by RPE melanin that is mostly present
on apical regions of RPE cells of pigmented rats and attenuates both FAF and VIS-OCT
signals. However, VIS-OCT-FAF successfully compensated for the RPE melanin

attenuative effect. We further confirmed this finding in the next chapters.

We later substituted two commercial references were by a single customized reference
suitable for both modalities that also has similar fluorescent properties to lipofuscin for
better quantification of this biomarker. The customized target consists of A2E, the major
fluorophore of lipofuscin, that was synthesized with the chromatography-free method
proposed by Penn et al. 2%, and was then dissolved in PMMA resist and cured to achieve

a solid and clear target. The target was then characterized for its reflectance, absorption
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and emission spectrums, and fluorescence quantum yield. Fluorescence properties of the

reference were in agreement with those of RPE lipofuscin and A2E.

To confirm the capability of the VIS-OCT-FAF in compensating for RPE melanin
attenuation, we fabricated RPE simulating phantoms with similar thickness, absorption,
scattering, and fluorescent characteristics. The phantoms were placed in the retinal plane
of the model eye and imaged by VIS-OCT-FAF with A2E reference. As expected, both
gAF and gOCT values decreased as we increased the absorbent concentration in the RPE

phantoms, while gAF/qOCT values remained relatively constant.

We further validated our in vivo quantification with mass spectrometric measurement of
imaged RPEs. We imaged the exact age groups of albino and pigmented rats and
consistently, gAF and qOCT values appeared significantly higher in albinos, however, this
time gAF/qOCT were actually higher in pigmented rats. The RPEs of these rats were then
dissected and their A2E content was measured with mass spectrometry. In vivo
quantification had a linear correlation with mass spec results and the slope of this

correlation was dependent on the optical properties of the A2E reference target.

Following the promising results from in vivo animal studies, the system was modified for
human retinal imaging. Modification mainly includes safety consideration, higher scanning
rate, the mechanical design of the sample, and acquisition software for NIR-OCT
alignment and VIS-OCT-FAF acquisition to minimize the visible light exposure. We
imaged both eyes of 10 volunteers between 25 and 62 years of age. Our quantification
results showed a better linear correlation with age in gAF/qOCT values compared to

conventional gAF. Comparison of different ethnicity groups of the same age suggests that
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RPE melanin concentration is different between these groups and was accounted for in
gAF/gOCT quantification. However, larger sample size is necessary for a certain

conclusion.

9.2 Limitations and Future Work

The first generation of VIS-OCT-FAF, although successful in lipofuscin quantification,
has limitations in both hardware and software aspects. These limitations were more
pronounced during human retinal imaging because of motion artifacts. The axial and lateral
movement of the eye can be tracked with both hardware-based and software-based methods
and then compensated either in an online or offline manner '*°, Due to the sensitivity of
human retina to the visible light, eye motion artifacts are more significant in the visible
range compare to NIR. Future work can minimize this sensitivity by implementing a

fixation target, increasing the imaging speed and/or decreasing the illumination power.8

Current VIS-OCT-FAF imaging speed was limited by the camera line rate which was later
enhanced from 25kH for in vivo animal study to 70kH for human study. Current setup has
the potential to acquire A-lines with up to 140kHz speed, however, due to the trade-off
between sensitivity and camera line rate, a lower speed was selected. Future work should
improve imaging speed to minimize exposure and acquisition time and thus minimize eye

movement artifacts and maximize patient comfort and safety.

Further, other factors such as light source stability, camera sensitivity, the chromatic and
spherical aberration of the ocular media challenged the quality and resolution of the OCT

images which itself hurdles the RPE segmentation process. RPE segmentation in this
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project was done semi-manually by finding the RPE boundaries of selected B-Scan and
interpolating the RPE surface boundaries. The procedure can be highly time-consuming
and therefore will limit the clinical usefulness of the quantification method. In future

183

works, using doublet lenses , and spatially dependent numerical dispersion

compensation &

can significantly improve the image quality. Also, controlling the
reference arm power, increasing the pulse reputation, and reducing the line rate for higher

reference gray levels has previously shown to be promising for sensitivity optimization'®?,

In this study, we used the optic disc for consistent alignment of rats’ retinas and averaged
the signals in a donut-shaped region around the optic disc. However, lipofuscin distribution
mapping is an important tool in clinical diagnostics 1% and a real-time alignment guide

software is necessary for assessment of different regions of the retina.

Due to the limited source of the synthesized A2E, RPE simulating phantoms were prepared
using Rhodamine B as the fluorophore. Although the results confirmed the capability of
VIS-OCT-FAF in compensating RPE melanin attenuation, it does not provide a calibration
curve for human A2E quantification and similar mass spectrometry measurements of
human RPE is not possible except for cadaver eyes. Future work should consider providing
a calibration factor for human in vivo quantification. With a large enough sample size, the
technology has the potential to provide a diagnosis based on threshold quantities separating

healthy and diseased retinas.
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Multimodal Retinal Imaging

SUMMARY INFORMATION
Things you should know about this study:

e Purpose: The purpose of this study is to test and validate a retinal imaging
technology.

e Procedures: If you choose to participate, you will be asked to sit in front of the
imaging system and keep your eyes steady during the acquisition (1-4 seconds).
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e Risks: The main risk or discomfort from this research is discomfort from bright
light illumination for 4 seconds.

e Benefits: There is no direct benefit to you. However, development of this
imaging technology will in the future benefit patients with retinal degenerative
diseases.

e Alternatives: There are no known alternatives available to you other than not
taking part in this study.

e Participation: Taking part in this research project is voluntary.

Please carefully read the entire document before agreeing to participate.

PURPOSE OF THE STUDY

The purpose of this study is to test and validate a retinal imaging technology. The ultimate
goal of the technology is to provide diagnosis and monitoring of retinal degenerative

disease like Age related Macular Degeneration (AMD).
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NUMBER OF STUDY PARTICIPANTS

If you decide to be in this study, you will be one of 30 people in this research study.
DURATION OF THE STUDY

Your participation will involve 60 minutes.

PROCEDURES

If you agree to be in the study, we will ask you to do the following things:

1. You may be asked to stay in a darkroom with dim red light for about 30 minutes. This
is a process called dark adaptation.

2. 'You will be asked to sit in front of the imaging system and put your chin on the
chinrest.

3. You will be asked to look at a red fixation light while the operator is aligning the
system. During the alignment process you will see a red cross, which is the scanning
light in the near infrared for OCT imaging.

4. When the alignment is good you will be asked to open your eye wide and keep your
eye steady. Then a blue light will shine into and scan across your eye for about 1 to 4
seconds. You should keep your eye steady and do not follow the scanning light.

5. The room light will be turned on and your eyes will adapt to the bright room light.

6. We will take another image of the same eye with the above procedure.

RISKS AND/OR DISCOMFORTS

There is no risk associated with this study. However, you may feel some discomfort about

bright light illumination during the image acquisition time (1-4 seconds).
BENEFITS

The study has the following possible benefits to you/society: Your participation will help
us validate and refine the imaging technology. Development of this imaging technology
will in the future benefit patients with retinal degenerative diseases by offering early
diagnosis and provide them better opportunity to get treatment before losing their vision

when therapy is available. Further, this device will help physicians to monitor disease
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progression and treatment by providing a standardized measurement of fundus

autofluorescence.
ALTERNATIVES

There are no known alternatives available to you other than not taking part in this study.
Any significant new findings developed during the course of the research which may relate

to your willingness to continue participation will be provided to you.
CONFIDENTIALITY

The records of this study will be kept private and will be protected to the fullest extent
provided by law. In any sort of report, we might publish, we will not include any
information that will make it possible to identify you. Research records will be stored
securely, and only the researcher team will have access to the records. However, your
records may be inspected by authorized University or other agents who will also keep the

information confidential.

e To help us protect your privacy, we have a Certificate of Confidentiality from
the National Institutes of Health (NIH). With this Certificate, we can’t be forced
by a court order or subpoena to disclose information that could identify you in
any civil, criminal, administrative, legislative or other proceedings.

e There are circumstances where the Certificate doesn’t protect against
disclosure of your personally identifiable information:

e when the US government is inspecting or evaluating federally-funded studies

e when information must be disclosed to meet FDA requirements

e Ifyou give someone written permission to receive research information or you
voluntarily disclose your study information

e Ifthe researcher reports that you threatened to harm yourself or others

e in cases of child abuse reported by the researcher

e ifthe investigator reports cases of contagious disease (such as HIV) to the state

USE OF YOUR INFORMATION
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Identifiers about you might be removed from the identifiable private information and that,
after such removal, the information could be used for future research studies or distributed
to another investigator for future research studies without additional informed consent from

you or your legally authorized representative

COMPENSATION & COSTS

There is no compensation provided to you and you will not be responsible for any costs to
participate in this study.

RIGHT TO DECLINE OR WITHDRAW

Your participation in this study is voluntary. You are free to participate in the study or
withdraw your consent at any time during the study. You will not lose any benefits if you
decide not to participate or if you quit the study early. The investigator reserves the right

to remove you without your consent at such time that he/she feels it is in the best interest.

RESEARCHER CONTACT INFORMATION

If you have any questions about the purpose, procedures, or any other issues relating to this
research study you may contact Zahra Nafar at FIU MMC OE 132, (305)348-5897,

znafar@fiu.edu.

IRB CONTACT INFORMATION

If you would like to talk with someone about your rights of being a subject in this research
study or about ethical issues with this research study, you may contact the FIU Office of

Research Integrity by phone at 305-348-2494 or by email at ori@fiu.edu.
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PARTICIPANT AGREEMENT

| have read the information in this consent form and agree to participate in this study. |
have had a chance to ask any questions | have about this study, and they have been

answered for me. | understand that | will be given a copy of this form for my records.

Signature of Participant Date

Printed Name of Participant

Signature of Person Obtaining Consent Date
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