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ABSTRACT

Optical coherence tomography (OCT) is a non-contact, non-invasive, micron-scale optical imaging
technology that has become a standard clinical tool in ophthalmology. Fourier domain OCT detection
methods have enabled higher sensitivity and imaging speeds compared to previous generation time-
domain OCT. Spectral / Fourier domain OCT (SD-OCT) detects the interference spectrum using a
broadband light source and spectrometer. Swept-source / Fourier domain OCT (SS-OCT) detects the
interference spectrum over time using a wavelength-swept laser. Current standard commercial
ophthalmic clinical systems based on SD-OCT technology have imaging speeds of 20,000 — 40,000 axial
scans per second and axial resolutions of 5 — 7 pm.

In this thesis, ultrahigh speed OCT for ophthalmic imaging applications are presented. SD-OCT systems
using high speed CMOS camera technology can achieve imaging speeds over 70,000 axial scans per
second.  Axial resolutions better than 3 pm can be achieved with multiplexed broadband
superluminescent diodes. A novel registration motion-correction algorithm for volumetric OCT datasets
reducing motion artifacts and improving signal quality is investigated. Ultrahigh speed, ultrahigh
resolution SD-OCT ophthalmic imaging applications including small animal retinal imaging and clinical
imaging of age-related macular degeneration (AMD) are illustrated. SS-OCT systems using short cavity
wavelength-swept laser light sources can achieve imaging speeds over 100,000 axial scans per second
with 6 um axial resolution for small animal and clinical imaging. The high sensitivity of SS-OCT enables
enhanced vitreous imaging, visualizing features in the vitreous and vitreoretinal interface. Finally, a new
vertical cavity surface-emitting (VCSEL) technology based wavelength-swept laser light source SS-OCT
system with tunable speed and wavelength range as well as long coherence length enabling ultrahigh
speed and ultralong range OCT imaging applications is demonstrated. In addition to comprehensive
structural imaging, the emergence of functional OCT imaging of retinal blood flow using ultrahigh speed
OCT may also improve the understanding of ocular disease pathogenesis. Therefore, ultrahigh speed OCT
is a promising tool for the diagnosis and management of diseases in ophthalmology.
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CHAPTER 1

Introduction

1.1 Overview

The work presented in this thesis aims to develop ultrahigh speed optical coherence tomography
technology for applications in the field of ophthalmology. Optical coherence tomography (OCT) is a
medical imaging technology that can perform micron scale imaging of microstructure in biological tissues
in situ and in real time."” OCT is analogous to ultrasound B-mode imaging, except that it measures the
echo time delay and intensity of back-reflected or backscattered light rather than acoustical waves. Cross-
sectional and three-dimensional (3D) images are generated by scanning an optical beam across the tissue
and measuring the echo time delay and intensity of backscattered light. In ophthalmology, OCT provides
information impossible to obtain by any other noninvasive technique. OCT is now a clinical standard for
diagnosis and management of ocular diseases.*® OCT has also demonstrated its potential for imaging a
wide range of tissues other than the eye including arterial, gastrointestinal, urinary, respiratory, and
female reproductive tracts.'”'* In cardiology, intravascular OCT is an emerging imaging tool for clinical
assessment. OCT has also been applied to developmental biology, surgical guidance, and neuroscience

applications.'*'8

Since the propagation speed of light is much faster than photodetector response times, light echo
time delays cannot be measured electronically as in ultrasound. Instead, OCT uses a fundamentally
different technique based on a Michelson interferometer, also known as low-coherence interferometry.
Figure 1.1 illustrates the principle of low-coherence interferometry with a basic time-domain OCT system
schematic implementing a simple Michelson interferometer. Light from a source is divided into a
reference beam and a sample probe beam. Reflected light from the sample arm is recombined with the
reflected light from the reference arm at a photodetector to produce interference fringes. If the light
source is monochromatic, interference is seen over a wide range of sample and reference arm path length
mismatches. When using a low-coherence broadband light source, interference is only seen when the
reference arm path length matches the sample arm path length to within the coherence length of the light
source. As the reference arm path is scanned, interference fringes detected with the photodetector
generate a profile of backscattering versus depth from the sample arm. Low-coherence light can be
generated by superluminescent semiconductor diodes or other sources, such as solid state lasers. Higher
axial resolution can be achieved by increasing the bandwidth of the light source.” Low-coherence
interferometry permits the echo delay time (or optical path length) and magnitude of the light reflected

from internal tissue microstructures to be measured with extremely high accuracy and sensitivity.

11



Al2

I Reference
AN

Mirror
Beam Long Coherence Length Al. >> Am

Source - /l/ Sedtte] Al2
F 3 H

* Sample Al

l I Detector

Short Coherence Length Al < Am

Figure 1.1 Schematic illustrating the principle of low-coherence interferometry using a Michelson
interferometer. Light is divided into the reference and sample paths and the reflected light is
recombined. For monochromatic light sources, interference is seen over a wide range of sample
and reference arm path length mismatches. For low-coherence broadband light sources,
interference is only seen when the reference path length matches the sample path length to within

the coherence length of the light source.

The principle of generating two-dimensional images and three-dimensional datasets using OCT is
shown in Figure 1.2. Scanning the reference arm path length and plotting the envelope of the interference
as a function of this path length generates a map of the backscattered light intensity from the sample.
Additionally, translating the sample with respect to the incident beam or scanning the incident beam
across the sample results in a two-dimensional array dataset which represents the optical backscattering or
reflections within a cross-sectional slice of the sample. Successive adjacent two-dimensional cross-

sectional slices form a three-dimensional dataset of the sample.
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Figure 1.2 Formation of an OCT image and OCT dataset. The backscattered intensity is mapped
as a function of depth known as an axial scan or an A-scan. A two-dimensional image, also
known as a B-scan, is formed by scanning the incident beam with respect to the sample. A three-

dimensional dataset is formed by acquiring successive adjacent two-dimensional images over the

sample.

1.2 Optical Coherence Tomography in Ophthalmology

Optical coherence tomography (OCT) was first invented and reported in 1991 imaging the human retina
and coronary artery in vitro by Dr. David Huang in Prof. James G. Fujimoto’s group at Massachusetts
Institute of Technology.' In collaboration with Dr. Carmen A. Puliafito and Dr. Joel S. Schuman of the
New England Eye Center and Tufts University School of Medicine, and Eric. A. Swanson of MIT
Lincoln Laboratory, OCT was further developed and demonstrated for in vivo ophthalmic imaging.> "%
Clinical imaging studies on ocular diseases began in 1993 using a clinical OCT prototype deployed at the
New England Eye Center. The first OCT studies investigated a wide range of ophthalmic diseases
including macular holes, glaucoma, age-related macular degeneration, macular edema, and diabetic
retinopathy.3’ 20-23  OCT can also provide direct information on the dimensions of retinal structures,
thereby permitting the quantitative measurement of retinal nerve fiber layer (RNFL) thickness for the
diagnosis and monitoring of glaucoma.”**’ The protocol that was developed for RNFL assessment in the
first studies demonstrating OCT for nerve fiber layer assessment and diagnosis of glaucoma have become

clinical standards and are used in the commercial OCT systems today. In addition, the OCT scanning
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protocol developed in initial studies mapping macular thickness in macular edema has also become a

clinical standard.?">%

Since these initial studies in ophthalmology, OCT technology was patented and subsequently
transferred to industry. Carl Zeiss Meditec first introduced its time-domain OCT product to the
ophthalmic market in 1996. The first and second generation time-domain OCT products (OCT1/2)
gained critical clinical evidence and validation on utility with about 400 units shipped. The third
generation time-domain OCT model (Stratus OCT) was introduced in 2002 and became a gold standard
imaging device for ophthalmology with more than 9,000 units in the marketplace today. This standard
clinical OCT imaging system has a 10 um axial resolution and can acquire a 512 axial scan (transverse

pixel) image in 1.3 seconds.

Fourier domain OCT detection methods have enabled dramatic increases in speed and sensitivity
over conventional time-domain OCT detection methods.”*”° In comparison to time-domain OCT, these
methods are called "Fourier domain" because echo time delays are measured by Fourier transforming the
interference spectrum of the light and do not require mechanical scanning of the reference path length in
time. There are two embodiments of Fourier domain OCT. The first embodiment uses a broadband light
source and is known as "spectral / Fourier domain" OCT because the interference spectrum is detected by
a high speed, high resolution spectrometer. The second embodiment uses a frequency tunable light
source and a photodiode or pair of photodiodes for detection and is known as "swept-source / Fourier
domain" OCT.

The first commercial ophthalmic spectral / Fourier domain OCT system developed by Optovue
was approved by the FDA in 2006. Several other systems soon followed. Commercial spectral / Fourier
domain OCT systems have ~50 to 175 to times faster imaging speed and up to 3 times better axial
resolution than commercial time-domain OCT. Higher imaging speed enables improved retinal coverage,
increased scan density, reduced motion artifacts, and more accurate visualization of topography. Better
axial resolution enables visualization of the architectural morphology of internal retinal layers. With
these advances, it is possible to generate a series of high pixel density OCT images that visualize retinal
microstructure with excellent quality while preserving the true retinal topography. Three-dimensional
OCT data that achieves comprehensive cross-sectional coverage of the retina can also be acquired and
registered to fundus photos. These advantages over time-domain OCT have made spectral / Fourier

domain OCT the new gold standard for clinical ophthalmic imaging.

Swept-source / Fourier domain OCT systems typically operate in longer wavelengths compared

to commercial time-domain and spectral / Fourier domain systems. Longer wavelength light provides
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improved penetration into tissue, enables better detection through ocular opacities, and is invisible to the
subject. Swept-source / Fourier domain OCT also has longer imaging range, improved sensitivity with
imaging depth, and reduced fringe washout compared to spectral /Fourier domain OCT. Recently,
commercial ophthalmic swept-source / Fourier domain OCT systems have been developed by several

companies and are available for sale in Japan and Europe.

Table 1.1 Commercial ophthalmic OCT devices available for sale in the US for retinal imaging.

Axial Imaging

Device Manufacturer Resolution Imaging Speed Range
StratusOCT Carl Zeiss Meditec 10 pm 400 A-scans per second 2 mm
RTVUE-100 Optovue 5pm 26,000 A-scans per second 2.3 mm
SDOCT Bioptigen 6 um 20,000 A-scans per second 2.2 mm
Cirrus HD-OCT  Carl Zeiss Meditec 5 um 27,000 A-scans per second 2 mm
Optos OCT SLO  Optos 5-6 um 27,000 A-scans per second 2.3 mm
3D-OCT 1000/ 18,000 / 1.68/

Topcon 5-6 um
3D-OCT 2000 27,000 A-scans per second 2.3 mm
Optopol SOCT

Canon 5 um 27,000 A-scans per second 2 mm
Copernicus
Spectralis .

Heidelberg Engineering 7 um 40,000 A-scans per second 1.9 mm
HRA+OCT
RTVue XR Optovue 5 um 70,000 A-scans per second 3 mm

1.3 Scope of Thesis

The aims of this thesis are as follows. 1) To demonstrate ultrahigh speed, ultrahigh resolution spectral /
Fourier domain OCT and ultrahigh speed swept-source / Fourier domain OCT imaging for small animal
imaging. 2) To develop ultrahigh speed, ultrahigh resolution spectral / Fourier domain OCT and ultrahigh
speed swept-source / Fourier domain OCT imaging systems for clinical deployment. 3) To investigate
the reproducibility of a novel registration motion-correction algorithm. 4) To study the morphological
changes in the retina observed in eyes with age-related macular degeneration using motion corrected,
three-dimensional, ultrahigh speed, ultrahigh resolution spectral / Fourier domain OCT datasets. 5) To
demonstrate enhanced vitreous imaging using motion corrected, three-dimensional, ultrahigh speed
swept-source / Fourier domain OCT and investigate vitreal and vitreoretinal features observed in healthy
eyes. 6) To develop ultrahigh speed swept-source / Fourier domain OCT using vertical-cavity surface-

emitting laser light sources and demonstrate ultralong range OCT imaging.
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The thesis is organized according to these aims. Chapter 2 presents a summary of system designs
and imaging results using ultrahigh speed, ultrahigh resolution spectral / Fourier domain OCT in small
animal and human eyes. Chapter 3 describes a novel registration motion-correction algorithm and
presents results from a reproducibility study using the algorithm to perform retinal nerve fiber layer
thickness measurements in normal and glaucomatous eyes. Chapter 4 presents initial results from a pilot
study of non-exudative (dry) age-related macular degeneration using motion-corrected three-dimensional,
ultrahigh speed, ultrahigh resolution spectral / Fourier domain OCT. Chapter 5 presents small animal and
human ultrahigh speed swept-source / Fourier domain OCT imaging. Chapter 5 also describes the design
of clinical ultrahigh speed swept-source / Fourier domain OCT systems. Chapter 6 describes enhanced
vitreous imaging using motion-corrected, three-dimensional, ultrahigh speed swept-source / Fourier
domain OCT. Chapter 6 also presents results from an observational study imaging features in the vitreous
and vitreoretinal interface in healthy eyes. Chapter 7 details the development of ultrahigh speed swept-
source / Fourier domain OCT using vertical-cavity surface-emitting laser light source technology, which
enables improved imaging speed, imaging range, and multimodal ophthalmic imaging of the anterior eye,
posterior eye, and full eye length. Chapter 8 concludes the thesis by providing perspectives for future

studies.
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CHAPTER 2

Spectral / Fourier Domain Optical Coherence Tomography

2.1 Principles of Spectral / Fourier Domain Optical Coherence Tomography

In spectral / Fourier domain OCT, interference signal between the sample and reference arm light is
detected by a spectrometer using a photodiode array detector or a high speed multi-element CCD or
CMOS detector. The delay and magnitude of the optical reflections from the sample can be determined
by Fourier transforming the spectral interference signal. Spectral / Fourier domain OCT allows
reconstruction of the depth resolved scattering profile at a certain point on the sample using the optical

spectrum modulation caused by interference of light beams.

In spectral / Fourier domain OCT, the photoelectron density / at the CCD detector is given by:

_ ()T 2
I= 2nhw UAR(G))I "

Hence, the interference signal can be written as:

A (@)f +2Re{E(@)Ey(@)} | = Inc + 11y @.1)

nt

I, < Re{Ey(0)E; (@)} = Re {S()e >} 2.2)
where S(w) = 4,(0)A4, (@) and Ag(@) =2k, (@), - 2k (w)l; .

If the total field from the sample arm is assumed to be composed of a superposition of fields generated by

reflections from different delays or depths, equation (2.2) then becomes:

Iy o Re{ER(co)Z E;, (w)"} = Re{Z S, (w)e‘f““’"‘”)} (23)
with " "
S, (@) = 4z (@) 4;, () @24
and
A, (@) = 2k (@)l = 2ks (@), 2.5)

In the case where the sample and reference arms consist of non-dispersive material
k(@) = ky(@) = k(@) = k(w,) + k'(w,)(@—-,) and 1/k'(@,)=c. The phase mismatch in equation
(2.5) becomes

2Al @

Ag, (@) =k(w,)-2A] +k'(w N (w—w,)-2Al, = +® (Al) (2.6)
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where Al, =I;  —Il,and®,(Al,)is the @ independent constant phase term. Therefore, equation (2.3) can

be rewritten as:

2A @
c

L, < .S, (@) cos( +® (AL)) (2.7

The mismatch of optical path length between the reference and sample arms can be obtained by

calculating the inverse Fourier transform of equation (2.7):

[=F'{l (@}x) ™G (2)®5(z+2Al,) (2.8)

Assuming that parameters such as dispersion and the spectral transfer function are depth-

independent, the resolution of spectral / Fourier domain OCT 1is therefore determined by

G,(2)= f S, (@) (21—(0 , linked to the Wiener-Khinchin theorem. The resolution equation is same for time
T

domain and spectral / Fourier domain OCT. Notice the “mirror images” expressed by d(z + Al,), which

results in the total number of pixels carrying unique information about the axial scan being reduced by a

factor of two. This is because the Fourier transform of the real spectrum has conjugate symmetry about

the zero delay_1 Assuming that the light source has a Gaussian power spectral density
(o-ay)*
27 T a2 R
Slw—w))=,|— 2% the resolution is given by Al _2In2 4

FWHM T Aﬂ °

@
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Figure 2.1 Inverse Fourier transformation of /. . The inverse Fourier transform of the Gaussian

envelope S(w) is the point spread function, and therefore determines the resolution. On the

other hand, the cosine term holds information on the path length difference A/.

2.1.1 Dispersion Compensation

Dispersion causes different optical frequencies to propagate with nonlinearly related velocities dependent
on the propagation constants for materials. In ultrafast lasers, short pulses will broaden without proper
dispersion compensation. In OCT, the interferometric autocorrelation will broaden if there is dispersion

mismatch between the reference and sample arm paths. Therefore, to achieve optimal resolution, the

dispersion mismatch between the two arms must be compensated.

The propagation constant k(@) can be expanded as a Taylor series near the light source center

frequency @, :

k fl(a)o)
2

k(@) = K@) + k(@) (@—ay) + "—(5“’—)

(-, + (0-,) +...

23



The constant term k(w,) is the propagation constant at center frequency @, . In ultrafast optics, this
term corresponds to the phase delay of the carrier at @, passing through a material with propagation

constant k(w,). The second term, k'(@,), is the inverse group velocity. This term corresponds to the

group delay, or the temporal delay of a pulse passing through a medium with a propagation constant

varying linearly as a function of frequency.

Higher order terms in the Taylor expansion result in broadening of the point spread function as
well as loss of resolution. The third term in function (2.9) describes the group velocity dispersion which
is a variation in group velocity with frequency. This is the term that causes pulse broadening in
femtosecond optics and broadening of the axial resolution in OCT. The fourth term is referred to as third-
order dispersion, which produces asymmetric pulse distortion in femtosecond optics and asymmetric
distortion of the point spread function in OCT. Higher order terms may also be present and can have an

effect on the point spread function and resolution.
Equation (2.7) can be rewritten as
2Al -
I, o Z S (w)cos(—L— @ +O,(w,Al)) (2.10)
p c

The phase term @, (w, Al,) incorporates all non-linear components of the phase in @, along with any
constant (@ independent) phase. As the above equations show, the combination of dispersion and
recalibration errors results in two types of phase terms to compensate: a depth dependent ( A/, dependent)
phase error and a depth independent ( A/, independent) phase error. In most spectral / Fourier OCT
imaging applications, the axial range A/__ over which imaging is performed is short, limited by the

number of camera pixels. In scattering tissues, the imaging depth is further limited by optical scattering
and absorption. Therefore, the variation of dispersion over the axial image range is usually negligible,
while the dispersion is predominantly caused by fixed material in front of the axial imaging range. Since

the frequency-dependent phase distortion is treated as the same for all depths in one axial scan, the

dispersion is not depth dependent, giving®@, (v, Al ) =D, (w).

In spectral / Fourier domain OCT, dispersion compensation can be done numerically by canceling
the frequency-dependent nonlinear phase, which arises from the dispersion mismatch between the two

arms of the interferometer. Because the interference signal from the spectrometer is a real function, a
Hilbert transform can be used to generate the imaginary part of the complex analytic signal Im{IAim} .

Note that this is not equivalent to acquiring the complex interference signal directly, since the number of
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pixels carrying unique information about the axial measurement is only half of the number of pixels in the
spectrum if directly Fourier transformed. The real and imaginary parts of the interference signal are used
to construct the complex analytic representation of the spectral fringe pattern. The phase of the complex

analytic signal is then adjusted by adding a phase correction to compensate for dispersion:
D(w) = —a,(0 -0, —a,(®—o,)° @.11)

The coefficient g, is adjusted to cancel the group velocity dispersion imbalance (second-order term in
equation 2.9) and g, is adjusted to cancel the third-order dispersion imbalance (third-order term in

equation 2.9). This method may be applied to higher orders; however, compensation to third-order is
usually sufficient, assuming that the interferometer arms were approximately dispersion matched initially.
Finally, the corrected spectrum is Fourier transformed to obtain the axial scan. If the appropriate phase
correction has been applied, this new axial scan is compensated for dispersion mismatch between the

interferometer arms and has optimum axial resolution.
2.1.2 Doppler OCT

Doppler OCT provides information on flow as well as wavelength scale thickness variations and
displacements in samples and tissues in the axial direction. Doppler flow is measured by acquiring

multiple axial scans at or near the same transverse position and extracting and comparing the relative

interferometric phases of sequential scans. Assuming that a reflective layer has distance mismatch A/,
and velocity v, equation (2.7) can be rewritten using A/, +vr, where 7 is the time period between
measurements and vz << A/, :

_2AL +vr)@ 2Ml @ N drvr 2Nl o

+@, (Al )="— 4y, (V)+D,(AL) (2.12)
C

Ag, +@,(AlL) =

The distance mismatch between the reference and sample arm at the same position sequential in time can

be written as:
[=F'{I (@)} x Y e "G (2)®@(z+2Al,) (2.13)
Notice the additional phase term y, (v) compared with equation (2.8).

In spectral / Fourier domain OCT, the phase of the interferometric signal is directly accessible
after Fourier transform. The phase data can be used to provide quantitative sub-wavelength

measurements of optical path variations within a sample, and to obtain highly sensitive Doppler flow
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information. Flow velocity in the direction parallel to the axial OCT probe beam can be measured and is

calculated by

_AD(2)A
4rr

v(2) (2.14)

where AD(z) is the phase difference between the same transverse position of adjacent scans, A is the

center wavelength, and 7 is the time difference between adjacent scans.>*

2.2 Clinical Ultrahigh Speed, Ultrahigh Resolution Spectral / Fourier Domain OCT System

Standard clinical spectral / Fourier domain OCT (SD-OCT) systems operate at 5-7 um resolution and
25,000-50,000 axial scans per second. Advances in high speed CMOS camera technology has enabled
ultrahigh speed SD-OCT imaging with imaging speeds up to 312,000 axial scans per second.’” In a
collaborative effort with Dr. Benjamin Potsaid, Dr. Bernhard Baumann, and WooJhon Choi, we
engineered and developed a clinical prototype ultrahigh speed, ultrahigh resolution SD-OCT instrument
and began studies at NEEC in 2009. The system has gone through two iterations, and currently operates
at an imaging speed of 91,000 axial scans per second. The system uses a high performance compact
broadband superluminescent diode light source, avoiding the need for femtosecond lasers and achieving

an axial resolution of ~3 um, which is ~2 times finer than standard commercial SD-OCT instruments.
2.1.1 Spectral / Fourier domain OCT Image Processing Algorithm

In order to improve image processing speed for ultrahigh speed Fourier domain OCT datasets, the image
processing algorithms for the clinical prototype system were optimized. This work was done in
collaboration with WooJhon Choi and Martin Kraus. Prior to the ultrahigh speed, uitrahigh resolution
spectral / Fourier domain OCT system deployment, imaging processing performed in LabVIEW and
MATLAB were usually completed in a reasonable amount of time. However, the increased data rates of
the new high speed CMOS camera translates to more than 5 times more data flow within the same amount

of imaging time compared to the previous generation high speed CCD cameras.

To take advantage of the faster processing speeds in the C++ environment, dlls were created and
called under a LabVIEW graphical user interface. First of all, the Fastest Fourier Transform in the West
(FFTW) software library for computing discrete Fourier transforms was used to perform high speed
Fourier transforms. In addition, a cubic b-spline was used for improved computational cost.® Finally, the
OpenMP application programming interface in C++ was used to perform muitithreading programming.
This allows adding parallelism into C++ code without significantly writing. Figure 2.2 shows the Fourier

domain OCT image processing flow chart implemented in the processing software.
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Fourier Domain
OCT processing

Fringe data

Background subtraction
using empty frames.
(beam off target)

Rescale using cubic spline
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and Gaussian shaping

Zeropad and FFT

Find intensity and phase
from Complex FFT results.

Save as images or
MATLAB files

Figure 2.2 Fourier domain OCT image processing flow chart.
2.1.2 Graphical User Interface for Data Acquisition

Ophthalmic OCT acquisition software requires high frame rates for real time preview, which is essential
to providing feedback during alignment. With the improved processing speed of OCT data, real-time
preview of cross-sectional images in selected positions is possible. However, several other problems
remain. For one, a real-time en face OCT fundus preview remains difficult since it requires processing a
volumetric OCT dataset with large amount of data compared to a few cross-sectional images. Another
problem is the software / hardware interface where the standard National Instrument LabVIEW functions

do not fully support lower level function controls.
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OCT fundus images require a large number of axial scans for relatively low pixel density preview.
For example, a 100 x 100 OCT en face preview requires processing 10,000 axial scans. To perform real-

time OCT fundus previews, Parseval's theorem is applied to avoid using Fourier transform:

gll [o] =¥ gll Hi 2.15)

A squared or absolute sum of the individual pixel values provides sufficient contrast for an OCT fundus

preview.

To access low level function controls for the National Instruments frame grabber, a C++ dil was
created using the NI-IMAQ C++ library. This allows full control over memory buffers and prevents
significant time delay between accessing different memory buffers during acquisition. Separate buffers of
different sizes were assigned to the cross-sectional preview frames, OCT fundus preview, and acquired

datasets. The acquired datasets are saved directly in the C++ dll without being accessed in LabVIEW.

Figure 2.3 shows the LabVIEW graphical user interface for the ultrahigh speed, ultrahigh
resolution spectral / Fourier domain OCT system. Two cross-sectional previews scanning the central
temporal-nasal and inferior-superior cross sections are updated in real time. An OCT fundus preview is
available with a switch to turn it on. A single spectrometer readout is also extracted for real-time
monitoring of system status. The fixation target position can be controlled for imaging different locations
in the retina such as macular and optic nerve head regions. Pre-programmed scan patterns as well as
custom scan patterns can be chosen from the scan pattern library where scan pattern geometry, density,

and range are all adjustable.
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Figure 2.3 GUI for clinical ultrahigh speed, ultrahigh resolution spectral / Fourier domain OCT
system. Real-time cross sectional previews, OCT fundus preview, and spectrometer read-out
indicate system status and guide patient interface sample arm alignment. Other controls include

pre-programmed scan pattern libraries, custom scan pattern inputs, and a fixation target control.

2.3 Small Animal Ultrahigh Speed, Ultrahigh Resolution Spectral / Fourier Domain OCT System

Since the murine retina is structurally similar to the human retina, rat and mouse models provide powerful
tools for characterization of ocular disease pathogenesis and response to treatment. Hence, non-invasive
imaging technologies for measuring rat and mouse retinal structure and physiology at the micron scale are
useful tools for biomedical research on ocular disease. Spectral / Fourier domain OCT enables ultrahigh
speed and ultrahigh resolution three-dimensional imaging’”, offering a promising technique for rat and

mouse retinal imaging'’.

An ultrahigh resolution spectral / Fourier domain OCT prototype instrument was developed for
small animal imaging'' using new, high speed CMOS imaging technology’. High speed CMOS
technology can achieve imaging speeds over 70,000 axial scans per second. Figure 2.4 shows the
schematic of the spectral / Fourier domain OCT system for small animal imaging. To achieve ultrahigh-

resolutions, a multiplexed two-superluminescent-diode light source (Superlum) with 145 nm bandwidth
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and 890 nm center wavelength was used. A microscope delivery system was designed for focusing and
scanning the OCT beam in the animal eye. The power at the rat eye was 1.3 mW. The maximum
measured sensitivity was ~94 dB. Three-dimensional OCT (3D-OCT) datasets of the rat retina were
acquired using this system. OCT fundus images were created from 3D-OCT data. Doppler OCT analysis
31213 o blood flow in the rat retina was performed. The maximum measurable velocity before phase
wrapping was 12 mm/s. These studies were in compliance with the guidelines of the ARVO Statement
for the Use of Animals in Ophthalmic and Vision Research, and performed under a protocol approved by

the MIT Committee on Animal Care.

Glass Density

Block Filter
SLD — _;l:u Reference
Broadlighter Fiber Coupler Mirror
50/50
Collimating
CMOS camera Lens Scanning
Spectrometer Mirror

l

Computer

Objective

Figure 2.4 Schematic of ultrahigh speed ultrahigh resolution OCT system with a pre-objective
scanning microscope design for small animal retina imaging. Spectral / Fourier domain detection

is performed with a spectrometer and high speed CMOS camera.

Spectral / Fourier domain OCT imaging of the rat retina was performed at 70,000 axial scans per
second with ~3 pm resolution. A standard 3D-OCT dataset containing 180 images, each consisting of
512 axial scans, was acquired in ~1.4 seconds. As shown in Figure 2.5, minimal motion artifacts are
visible and the OCT fundus images offer precise registration of individual OCT images to retinal fundus
features. Projection OCT fundus images' in Figure 2.6 show en face features of the retina distinctively in
the nerve fiber layer, retinal capillary networks, and choroidal vasculature. In Figure 2.7, Doppler OCT
images and quantitative measurements show pulsatility in blood velocity in a repeatedly scanned retinal

vessel cross section.
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Figure 2.5 A) Raster scan pattern shown on rat fundus photo. 3D-OCT data consisting of 512
axial scans per frame x 180 frames covering 2 mm * 2 mm area was acquired in ~1.4 seconds. B)
Standard OCT fundus images are created by summing the signal in the axial direction, yielding an
image similar to a fundus photograph. C-F) High definition OCT images with 2048 axial scans,

each acquired in 29 ps, can be registered to the OCT fundus im:alge.ll

C)NFL & IPL

A),.

B) Standard OCT Fundus
€ » A

Figure 2.6. OCT en face visualizations created by summing layers sectioned at different depths in

the axial direction, providing images of selected layers of the retina. This dataset consists of 300

axial scans per frame x 300 frames covering 1 mm x 1 mm area was acquired in ~1.3 seconds."'
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Figure 2.7 Quantitative Doppler OCT measurement in the axial direction showing pulsatile blood
flow. Pulsatile blood flow showing a heart rate of ~300 beats per minute. (Top) Doppler OCT
images over a 65 um x 100 pm region of interest and blood flow measurements showing
pulsatility during two cardiac cycles. (Middle and bottom) Repeated Doppler OCT scans with 512

axial scans over a 250 pm cross section were continuously acquired for ~1.8 seconds. "’

In summary, 3D-OCT datasets obtained in the rodent eye using the ultrahigh speed, ultrahigh
resolution spectral / Fourier domain OCT system showed reduced motion artifacts, enabling improved en
face OCT imaging. Doppler OCT provides non-invasive in vivo quantitative measurements of retinal
blood velocity and may benefit studies of diseases such as glaucoma and diabetic retinopathy. Ultrahigh
speed, ultrahigh resolution spectral / Fourier domain OCT promises to enable novel protocols for
measuring small animal retinal structure and retinal blood flow. Furthermore, non-invasive OCT imaging
technology is a promising tool for monitoring disease progression in rat and mouse models to characterize

ocular disease pathogenesis and response to treatment.
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CHAPTER 3

Registration Motion Correction for Spectral / Fourier Domain OCT

3.1 Registration Motion-Correction Algorithm

Martin F. Kraus, from Prof. Joachim Hornegger’s group at the Friedrich-Alexander-Universitét Erlangen-
Niirnberg, developed a novel motion-correction algorithm for three-dimensional (3D-OCT) OCT datasets
in a collaborative effort with our group at MIT.! Multiple 3D-OCT volumes with orthogonal fast scan
axis are taken as the input. The input volumes with different temporal sampling patterns have motion
artifacts that are complementary while the spatial dimension which is the fast scanning direction remains
relatively intact. Motion correction is performed on a per A-scan basis where a global objective function
is optimized to find the displacement fields for each input volume. Non-linear muiti-resolution
techniques are used to optimize the objective function. After the optimization, the input volumes are
transformed to the motion-corrected common space and merged to create a single higher quality motion-

corrected volume.

Figure 3.1 is an illustrated example of the motion-correction algorithm applied to two
orthogonally scanned 3D-OCT volumes. In the registration motion correction model, two input volumes,
I(x,y,z)and [ (x,y,z) , Where I, denotes the volume with fast scanning in the x direction and 7 the
volume with fast scanning in the y direction, are to be motion corrected and registered. Both input
volumes have the same dimensions in x, y, and z, denoted w ,/ and d respectively. In addition, the
model assumes that the intensities of the volumes can be interpolated and are defined in between voxel
grid positions. In the model, two displacement fields d, (i, /) ={6x,(x,.,y,),6y,(x.,y,),62.(x,¥,)} and
d, (i, )) ={6x,(x,,,),6¥,(x,,9,),6z,(x,,y,)} are to be estimated that associate a 3D displacement vector

with each A-scan grid position (x,, y,) of each input volume wherel <i < wand1 < j < hdenote the index

in the grid in each dimension. The displacement fields are estimated by minimizing a non-linear
objective function parameterized on the displacement fields. The objective function consists of two parts,

a similarity term and a regularizer. The similarity term is based on computing a per voxel residual as

Ri,j,k =1,(x, +5xX(xi>yj)’yj +6yX(xi’yj)$zk +5Zx(xi:yj))‘
Iy (x, +6x,(x,,¥,), ¥, +0yy (%, 9,2, +02,(x,,¥,)) 3.1
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whereiand jare defined as before and1 <k <d marks an index into the volume grid in axial dimension.
The baseline similarity measure is computed by evaluating the residual at every grid point and applying a

. 2 .
square loss function L (x) = x” and summation

w h d
base z Z Z L ',j,k ) (3 2)
J=1

i=1 k=1

The regularization term is used to penalize the change in displacement between consecutive A-scans in

time and can be expressed as

Reg,,, = ZLZ ddX(t)) Z 2(ddY(t)) G3)

where the displacements are treated as functions in time, which corresponds to when the associated A-
scan was recorded in the input volume. The two terms are combined in a weighted way using a factor »

such that
F Sbase baoe (3 .4)

which is minimized using a multi resolution approach.
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Figure 3.1 3D-OCT motion correction via registration. Two orthogonally scanned 3D-OCT
volumes can be registered and merged into a single motion-corrected dataset with improved signal.
The central cross section in each volume is displayed with the motion corrected in the single
merged dataset. First row: three-dimensional OCT data with motion artifacts in the slow scanning
dimension. Second row: temporal-nasal cross-sectional image with no visible motion artifacts in
the fast scanning cross section (left) and motion artifacts in the slow scanning cross section
(center). Motion artifacts are corrected and signal is improved in cross section from the registered
and merged dataset (right). Third row: superior-inferior cross-sectional images with motion
artifacts in the slow scanning cross section (left) and without visible motion in the fast scanning
cross section (center). After motion correction, no remaining motion artifacts are visible in the

cross section from the registered and merged dataset with improved signal. Scale bar: 100 um.

3.2 Background
Glaucoma is a progressive neuropathy characterized by ganglion cell death, optic nerve damage, and

visual field defects. It is the second leading cause of blindness worldwide.” Primary open-angle
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glaucoma, the most common form of the disease, results in an insidious loss of vision due to ganglion cell
atrophy and loss of retinal nerve fibers. Intraocular pressure (IOP) is the major treatable causal risk factor
for the development of glaucomatous damage; lowering IOP serves to impede the progression of retinal

5 However, high inter-individual variability and diurnal variation in IOP have

degenerative changes.
limited the use of this parameter for the detection of disease. Moreover, IOP values do not indicate
whether or not damage has occurred, nor to what extent. The diagnosis of glaucoma is a clinical one, and
is based on assessment of the structure and function of the optic nerve. The tissue structure has
traditionally been judged based on appearance, and function is measured using perimetry. Assessment of
the ocular appearance is highly dependent on observer skills, and there is high inter- and intra-observer
variation.*” Visual field testing requires the subjective input of the tested individual and thus is prone to
high short and long term fluctuation. In addition, it has been shown that loss of 30-50% of the optic nerve
tissue may precede the development of clinically detectable visual field defects and identifiable cupping
of the optic disc.>® Thus, there exists a need for the development of objective techniques to quantify the

retinal nerve fiber layer (RNFL) and optic nerve head (ONH).

3.2.1 OCT Retinal Nerve Fiber Layer Thickness Measurements

OCT is unique in its ability to assess the ONH and RNFL. Precise measurement of RNFL thickness is
important in evaluating patients with glaucoma, in distinguishing between patients with papilledema and
crowded optic nerves, and in evaluating other neurodegenerative diseases. The scanning protocol used in
the commercial StratusOCT system to assess RNFL thickness was developed by our group in 1995 and
has become a clinical standard.'”'" 1In the first pilot study, circumpapillary OCT scans of 2.25 mm or
3.37 mm diameter were acquired centered around the optic disc. Since nerve fibers emanating from the
optic disc will cross the OCT scan contours, this protocol measures changes in RNFL density. RNFL
thickness was reported by overall mean, quadrant average (superior, inferior, temporal, nasal), hemifield
average (superior, inferior, temporal, nasal), average over clock hour, or each individual axial scan.’* In a
subsequent reproducibility study, circular scans of 2.9, 3.4, and 4.5 mm diameters around the optic nerve
head were performed.'" In the third generation commercial time-domain OCT, the StratusOCT
implemented a fast 256 A-scan standard-density and a slow 512 A-scan high-density circular scan both
with three consecutive circles. The StratusOCT performed 400 A-scans per second where the standard-
density scan circles were acquired simultaneously in 1.92 seconds and the high-density scan circles were

attained in three sequential 1.28 second acquisitions.
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Figure 3.2 OCT RNFL measurements using the time-domain StratusOCT circumpapillary scan

around the optic nerve head.”

Motion artifacts are one of the biggest problems in obtaining reliable RNFL thickness
measurements using OCT. During OCT scanning, the eye continues to move after the operator centers
the scan on the optic nerve head. Several studies have demonstrated the improved reproducibility of
RNFL thickness measurements from virtual SD-OCT scans compared to TD-OCT."'® However, motion
artifacts remain a major source of RNFL thickness measurement variability in SD-OCT scans. In
particular, although SD-OCT provides 60 — 100x improved scanning speed compared to TD-OCT, the

3D-OCT datasets still require acquisition times over one second.
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3.2.2 Retinal Nerve Fiber Layer Thickness in Normal and Glaucomatous Eyes

Numerous studies have evaluated OCT for distinguishing normal and glaucomatous eyes. The first
studies to suggest and demonstrate the utility of OCT for differentiating normal and glaucomatous eyes
were performed by our group.'” 1720 OCT RNFL measurements were found to be significantly thinner in
glaucomatous eyes compared to normal eyes or to ocular hypertensive eyes.' ' 2" OCT RNFL
measurements had a higher diagnostic accuracy than standard red-free photographic evaluation.”> OCT
RNFL assessment was as good as subjective expert evaluation of optic disc photos.***” OCT inferior
quadrant thickness had a 0.91 area under the receiver operating characteristic (ROC) curve for
distinguishing normal and early glaucomatous eyes.”® In addition to RNFL measures, OCT provides
quantitative assessment of the macula and ONH. Measurements obtained for both regions differ
significantly between normal and glaucomatous eyes and are useful for glaucoma detection.”?* Studies
investigated OCT macular mapping and ONH analysis in differentiating between groups and found a
significant correlation between macular thickness and global VF indexes.” Other studies also showed a
significant reduction in macular thickness in glaucoma compared to normal eyes.”** The area under the
ROC curve for discriminating between normal and advanced glaucoma was 0.80.* However, a larger
area under the ROC curve was found in the same study for circumpapillary RNFL. measurements. There
was also a significant difference in retinal macular volume between normal and early glaucoma eyes.”
Cupping of the optic nerve is the parameter traditionally used by clinicians in assessing glaucoma. OCT
ONH analysis also provides useful parameters for differentiating between groups with an area under the
ROC curve of 0.79.>' Other studies have shown that peripapillary RNFL thickness had greater diagnostic
power than macular thickness and RNFL thickness is still the best surrogate marker in glaucoma
assessment.’***  Another study showed that RNFL and ONH measurements had better discriminating
performance than macular thickness and the combination of ONH and RNFL parameters improved the
diagnostic accuracy for glaucoma detection.” A further study suggests that the combination of thickness
measurements from the 3 innermost retinal layers in the macula, the ganglion cell complex, provides

comparable diagnostic power to RNFL thickness measurements.*’

The recent development of spectral / Fourier Domain OCT (SD-OCT) allows substantially higher
sensitivity and faster scanning than time-domain OCT.*'** 3D-OCT volumetric datasets can be acquired
and RNFL thickness obtained by segmenting the RNFL boundaries in the 3D data.*** This method can
be used to identify overall thinning or wedge-shaped focal defects qualitatively and quantitatively.
Alternatively, a virtual circular OCT scan image sampled from the 3D-OCT dataset can be used to
provide measurements similar to the standard circumpapillary scan implemented in the time-domain OCT

systems.*>** Recent studies have shown that RNFL thickness measurement reproducibility from virtual
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SD-OCT circular scans is statistically significantly improved over measurements from time-domain OCT

116 OCT measurements have been shown to be reproducible and capable of

circumpapillary scans.
discriminating between health and disease. Each OCT scanning region, RNFL, ONH and macula, was
found to provide valuable data for detecting glaucomatous damage and change over time. The
combination of information from these three regions can serve as “internal validation” of the finding or as
an alternative scanning region in the presence of ocular pathology. With improvements in resolution and
speed available through new OCT technology, even more accurate and reproducible quantitative

measurements of ocular structure should be possible.

The goal of the study described in this chapter is to compare the reproducibility of SD-OCT
RNFL thickness measurements with and without using a registration motion-correction algorithm. In
addition, the study aimed to examine whether there was a difference in the reproducibility of RNFL

thickness measurements in normal and glaucomatous eyes.

3.3 Methods

In A total of 68 normal and glaucomatous eyes were recruited and imaged between May 2011 and March
2012 at the University of Pittsburgh Medical Center Eye Center (UPMC), Pittsburgh, Pennsylvania, and
New England Eye Center (NEEC), Boston, Massachusetts. This study was conducted in collaboration
with clinical research teams headed by Dr. Jay Duker, Chairman of Ophthalmology and Director of the
New England Eye Center and Dr. Joel Schuman, Chairman of Ophthalmology and Director of UPMC
Eye Center and Louis J. Fox Center for Vision Restoration. The study was approved by the institutional
review board committees of the Massachusetts Institute of Technology, University of Pittsburgh Medical
Center, and Tufts Medical Center. Written informed consent was obtained from all subjects before OCT
imaging was performed. Research adhered to the tenets of the Declaration of Helsinki. Raster scan
pattéms consisting of 200 x 200 axial scans over a 6 mm x 6 mm region over ONH were acquired using
commercial Optovue RTVue-100 devices (Optovue Inc., Fremont, CA) with modified software for
orthogonal scan patterns and RNFL thickness measurements. Normal and glaucomatous eyes were
determined on the basis of standard ophthalmic examination and history. Healthy eyes were
characterized as having normal appearance of the ONH and RNFL, full visual fields without any previous
history of retinal diseases or glaucoma. Glaucomatous eyes were classified based on clinical examination
findings characteristics for glaucoma including optic nerve head rim thinning or local notch, cup
asymmetry, disc hemorrhage or RNFL defect accompanied with typical glaucomatous visual field loss.

One randomly selected eye was imaged for each subject.
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In the first group of subjects, 18 normal (age 48 + 18 years, range 22 — 74 years) and 30 glaucoma
subjects (age 64 + 10 years, range 33 — 83 years) were scanned at UPMC by an experienced professional
photographer. Each subject underwent three repetitions of a series of scans. Three scan protocols which
were performed in each series: One 200 x 200 raster scan, a second 200 x 200 raster scan, and a third 200
x 200 orthogonal raster scan. The second raster scan and the third orthogonal raster scan were registered
to form a motion-corrected scan using a registration motion-correction algorithm. Each scan protocol was
performed until no motion artifacts were visible in the OCT fundus image (no eye motion larger than one
vessel diameter or major distortions of the ONH). Failed attempts were acquired and saved. In the second
group of subjects, 20 normal subjects (age 34 + 13 years, range 21 — 64 years) were scanned at NEEC by
a medical student research fellow. Three repetitions of the same three scan protocols were performed
without considering motion artifacts during acquisition. All scans were performed over a 6 x 6 mm
region centered on the ONH. All scans were performed through undilated pupils. All subjects were

asked to sit back between scan protocols and the device was re-adjusted.

In the analysis, the “first available” scans are defined as the first available scan without blinking,
vignetting, and acquired within the imaging range. The “first available” scans may have eye motion
larger than one vessel diameter or major distortions of the ONH visible in the OCT fundus image. To be
more specific, the “first available” scan mimics the scenario where the operator omits checking for
motion in the OCT fundus image. The “minimal motion” scans are defined as the final scan acquired for
each protocol where the operator does not find motion larger than one vessel diameter or major distortions
of the ONH visible in the OCT fundus image. The “first-available registered” datasets are the registered
and merged “first available” scans acquired in the second and the third orthogonally scanned scan
protocols. The “minimal-motion registered” datasets are the registered and merged “minimal motion”
scans acquired in the second and third orthogonally scanned scan protocols. All RNFL segmentation and
virtual 3.45 mm diameter circle scans for RNFL thickness measurements were performed using RTVue
software (Figure 3.3). In addition, RNFL analysis of the “first available” and “minimal motion” scans
was performed with standard RTVue motion correction, while RNFL analysis of the “first-available
registered” and “minimal-motion registered” datasets were performed with the registration motion-

correction algorithm.
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Figure 3.3 RTVue segmentation software. Virtual 3.45 mm diameter circle scans (yellow circles)

resampled from a standard raster scan (left) and registered motion-corrected dataset (right)
centered on the optic nerve head. Motion artifacts (red arrows) visible in the standard raster scan
where the same region in the registered motion-corrected dataset (green arrow) appears free of
motion artifacts. Notice the improvement in signal quality and segmentation line continuity when

comparing the standard raster scan and registered motion-corrected dataset (orange dashed boxes).

For the first group of subjects, all scans including failed attempts before the final “minimal
motion” scan were saved. RNFL thickness measurements using the “first available” scan from the first
protocol acquisition, the final “minimal motion” scan from the first protocol acquisition, the “first-
available registered” dataset from the second and third protocol acquisition, and the “minimal-motion
registered” dataset from the second and third protocol acquisition were compared. For the second group
of subjects, only the “first available” scan without blinking, vignetting, and acquired within the imaging
range is available for all three scans because motion artifacts in the OCT fundus image were completely
ignored during acquisition. More specifically, the scenario of a minimally experienced operator acquiring
scans without paying any attention to motion artifacts during acquisition was investigated. RNFL
thickness measurements using the “first available” scan from the first protocol acquisition were compared
to the “first-available registered” dataset from the second and third protocol acquisition. Statistical
analysis was performed using SAS (Statistical Analysis System Institute Inc., Cary, NC) and Excel
(Microsoft Corporation, Redmond, WA). Variance components and intraclass correlation coefficients

(ICCs) were computed.
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3.4 Results

In the first group of subjects, 18 normal and 27 glaucoma subjects were examined. Three glaucoma
subjects had to be excluded: two due to failed segmentation caused by low signal (RTVue signal strength
index SSI < 35) or mirror artifacts’, and one due to failed centering of the virtual 3.45 mm diameter
circular scan after segmentation. Mean RNFL thickness (+ standard deviation) for measurements are
summarized in tables 3.1 and 3.2 by diagnostic group and scan dataset (“first available”, “minimal
motion”, “first-available registered”, and “minimal-motion registered”). Using all scan datasets, all of the

RNFL thickness measurements show statistically significant differences in comparing normal and

glaucomatous eyes.

Reproducibility is compared using the variance component ratio and 95% confidence intervals in
table 3.3 and table 3.4. When a variance component ratio is equal to one, reproducibilities are identical.
There are no differences in reproducibilities when comparing “minimal-motion registered vs minimal
motion”, “first-available registered vs first available”, and “first-available registered vs minimal motion”
for normal eyes. In eyes with glaucoma, there are no differences in global RNFL mean. Because the
“first-available registered vs first available” 95% confidence intervals do not include one in the temporal,
nasal, and inferior quadrants, this indicates that the reproducibilities are statistically significantly different
at the 5% level of confidence. Similarly, the “minimal-motion registered vs minimal motion” 2, 4, 5 and
10 clock hours, “first-available registered vs first available” 2-10 clock hours, as well as “first-available
registered vs minimal motion” 2, 4, 9, and 10 clock hours show improvement in RNFL thickness

measurement variability with statistically significantly smaller reproducibility.

ICCs for each parameter and each scan dataset are shown in table 3.5. Corresponding square root
of the variance component for all scans are shown in table 3.6. Square root of the scan variance
component over the parameter mean for each method for the measurements are shown in table 3.7.
Figure 3.4 shows that the reproducibilities in normal eye RNFL thickness measurements are identical
regardless of method. Figure 3.5 shows the reproducibility improvement in several quadrants and clock
hours in the registered motion-corrected datasets. The narrow confidence intervals suggest the number of

subjects was sufficient to make observations about the differences between reproducibilities.
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Table 3.1 Retinal nerve fiber layer thickness: relation to diagnosis. (Standard raster scans)

First Available Minimal Motion
Normal Glaucoma Normal Glaucoma
81 54 81
54 measurements
measurements measurements measurements
18 subjects 27 subjects 18 subjects 27 subjects
Parameter Mean (Standard Deviation) P Value  Mean (Standard Deviation) P Value
Global Mean 93.3 (7.6) 70.6 (13.8)  <0.0001 93.3 (7.7) 70.7 (14.1)  <0.0001
Quadrants
Temporal 70.1 (10.6) 54.7 (13.2)  <0.0001 70.0 (11.0) 54.5(13.2) <0.0001
Superior 108.7 (16.5) 81.5(22.1) <0.0001 108.6 (16.3) 82.0 (23.1) <0.0001
Nasal 71.7 (9.8) 60.3 (12.5)  <0.0001 72.1 (9.6) 60.0 (12.7)  <0.0001
Inferior 122.7 (13.9) 86.0 (21.7)  <0.0001 122.6 (14.2) 86.3 (20.9)  <0.0001
Clock Hour
1 99.4 (18.1) 77.8 24.7)  <0.0001 99.2 (17.7) 78.3 (25.1)  <0.0001
2 87.4 (14.8) 66.0 (16.3)  <0.0001 87.6 (14.3) 65.8 (16.5)  <0.0001
3 58.3 (8.6) 53.8 (11.0) 0.0123 58.5(8.7) 53.5(11.2) 0.0068
4 68.9 (10.0) 61.0 (15.1) 0.001 69.5 (10.0) 60.4 (15.0) 0.0001
5 110.1 21.7) 81.1 (20.6) <0.0001 110.9 (22.6) 80.5 (20.4)  <0.0001
6 139.4 (24.8) 97.6 (29.4) <0.0001 139.2 (25.3) 98.0 (28.4)  <0.0001
7 119.3 (22.5) 79.8 (26.7)  <0.0001 118.3 (22.5) 80.8 (26.3)  <0.0001
8 67.0 (19.1) 51.4 (13.1)  <0.0001 66.7 (20.4) 514 (13.4)  <0.0001
9 58.6 (7.2) 49.1 (12.3)  <0.0001 58.6 (6.9) 49.1 (12.5)  <0.0001
10 84.1 (11.5) 63.5 (18.7)  <0.0001 84.2 (11.8) 62.8 (18.3) <0.0001
11 121.9 (17.1) 822 (25.7)y <0.0001 122.0(17.5) 82.0 (25.4)  <0.0001
12 104.8 (23.8) 84.5(25.8) <0.0001 104.7 (23.7) 85.8 (27.7)  <0.0001
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Table 3.2 Retinal nerve fiber layer thickness: relation to diagnosis. (Registered motion-corrected datasets)

First-available Registered

Normal
54

measurements

18 subjects

Glaucoma

81 measurements

27 subjects

Minimal-motion Registered

Normal

18 subjects

Glaucoma

54 measurements 81 measurements

27 subjects

Parameter Mean (Standard Deviation) P Value Mean (Standard Deviation) P Value
Global Mean  96.1 (8.3) 72.4 (15.5) <0.0001 96.3 (8.1) 722 (15.4)  <0.0001
Quadrants
Temporal 72.4 (12.2) 55.6 (13.8) <0.0001 72.7 (12.3) 55.7 (14.1)  <0.0001
Superior 111.1 (17.9) 83.7 (26.0) <0.0001 111.1 (17.9) 83.5 (25.5) <0.0001
Nasal 73.8 (10.1) 61.0 (13.9) <0.0001 73.7 (10.2) 60.6 (13.8) <0.0001
Inferior 127.2 (15.2) 89.4 (23.0) <0.0001 128.0 (14.9) 89.0 (23.1) <0.0001
Clock Hour
1 99.6 (17.8) 78.7 (28.5)  <0.0001 99.6 (17.4) 78.8 (28.3)  <0.0001
2 89.6 (15.2) 67.8 (18.4) <0.0001 89.6 (15.3) 67.5 (18.4)  <0.0001
3 60.1 (9.6) 53.4 (11.8) 0.0007 59.9 (9.8) 53.1 (11.8) 0.0006
4 71.1 (10.6) 61.3 (16.0) 0.0001 71.1 (10.6) 61.0 (15.6) <0.0001
5 113.4 (24.7) 83.6 (21.9) <0.0001 114.7 (26.1) 834 (22.4) <0.0001
6 144.0 (26.9) 1009 (31.4) <0.0001 145.1 (26.8) 100.6 (31.7)  <0.0001
7 125.0 (24.0) 84.2 (28.6) <0.0001 124.9 (23.5) 83.6 (28.2) <0.0001
8 69.3 (21.5) 52.6 (14.8) <0.0001 69.4 (21.6) 52.6 (15.7)  <0.0001
9 59.8 (7.6) 492 (12.1)  <0.0001 59.9 (7.5) 49.4 (12.4) <0.0001
10 87.5 (14.0) 64.8 (19.4) <0.0001 88.1 (14.2) 64.7 (19.4)  <0.0001
11 128.0 (20.5) 85.6 (27.9) <0.0001 128.1 (21.0) 85.5 (27.0)  <0.0001
12 105.7 (26.2) 86.8 (31.1) 0.0004 105.5 (25.9) 86.2 (31.0) 0.0002
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Table 3.3 Reproducibility (variance components) ratios with 95% confidence intervals among the

tested scan datasets. (Normal eyes)

Minimal-motion Registered First-available Registered vs First-available Registered vs

vs Minimal Motion First Available Minimal Motion
Parameter Lower Estimated Upper Lower Estimated Upper Lower Estimated Upper
Global Mean 0.554 1.454 3.815 0424 1.113 2920 0.636 1.670 4.382

Quadrants
Temporal 0.502 1.317 3.455  0.173 0.454 1.190  0.379 0.993 2.606
Superior 0.348 0.914 2.398 0.413 1.082 2.840 0458 1.202 3.155
Nasal 0.758 1.990 5.221 0.298 0.781 2.049  0.752 1.973 5.177
Inferior 0.347 0.912 2392  0.368 0.965 2.531 0.496 1.301 3413
Clock Hour

1 0.252 0.661 1.734 0325 0.853 2.238 0.334 0.876 2.299
2 0.298 0.783 2.054 0.201 0.528 1.385 0324 0.849 2.229
3 0.368 0.966 2.534 0213 0.560 1.469  0.333 0.874 2.294
4 0.489 1.284 3369 0.391 1.027 2.693  0.575 1.510 3.961
5 0.441 1.157 3.035  0.251 0.660 1.731  0.383 1.006 2.639
6 0.262 0.687 1.803  0.441 1.156 3.033 0434 1.140 2.991
7 0.487 1.278 3354 0274 0.718 1.884 0432 1.135 2977
8 0.687 1.804 4732  0.191 0.502 1317  0.340 0.892 2340
9 0.185 0.484 1270  0.187 0.492 1.290  0.230 0.604 1.584
10 0.225 0.589 1.546  0.167 0.438 1.148  0.289 0.759 1.991
11 0.290 0.762 1.999  0.297 0.778 2.043 0312 0.820 2.151
12 0.358 0.939 2464 0479 1.257 3297 0.529 1.388 3.641
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Table 3.4 Reproducibility (variance components) ratios with 95% confidence intervals among the

tested scan datasets. (Glaucomatous eyes)

Minimal-motion Registered First-available Registered vs First-available Registered vs

vs Minimal Motion First Available Minimal Motion
Parameter Lower Estimated Upper Lower Estimated Upper Lower Estimated Upper
Global Mean 0342  0.743 1.615 0357 0.775 1.685 0.378 0.821 1.784

Quadrants
Temporal 0.229 0.497 1.081 0.079 0.171 0.372  0.131 0.285 0.619
Superior 0.428 0.930 2.022  0.469 1.019 2213 0.545 1.184 2.573
Nasal 0.253 0.550 1.196  0.090 0.195 0.424  0.276 0.600 1.304
Inferior 0.258 0.561 1.220  0.200 0.435 0.945 0.296 0.643 1.396
Clock Hour

1 0.337 0.733 1.592  0.289 0.627 1.363  0.549 1.192 2.590
2 0.138 0.299 0.649  0.119 0.258 0.561  0.133 0.288 0.626
3 0.230  0.500 1.087  0.060 0.130 0.283  0.255 0.555 1.205
4 0.161 0.350 0.760  0.099 0.214 0.466  0.199 0.433 0.940
5 0.168 0.366 0.794  0.142 0.309 0.671 0.215 0.467 1.015
6 0.270 0.586 1274  0.147 0.320 0.695 0.244 0.530 1.153
7 0.341 0.741 1.610  0.180 0.390 0.848 0427 0.928 2.017
8 0.725 1.575 3423  0.168 0.366 0.795  0.538 1.169 2.541
9 0.327 0.711 1.544  0.067 0.146 0317 0.169 0.366 0.796
10 0.060 0.131 0285 0.176 0.382 0.831  0.087 0.189 0411
11 0.363 0.790 1.716  0.453 0.985 2.141 0.293 0.636 1.382
12 0.399 0.867 1.885 0.434 0.943 2.049  0.457 0.993 2.158
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Table 3.5 Intraclass correlation coefficients. (1CCs)

ICC
Normal Glaucoma
First- Minimal- First- Minimal-
First Minimal available  motion First Minimal available  motion
Parameter Available Motion Registered Registered Available Motion Registered Registered

Global Mean 0.977 0.986 0.980 0.981 0.991 0.992 0.995 0.995
Quadrants
Temporal 0.981 0.992 0.994 0.992 0.975 0.985 0.996 0.994

Superior 0.965 0.969 0.966 0.970 0.978 0.982 0.983 0.987
Nasal 0.978 0.991 0.984 0.985 0.938 0.981 0.990 0.991
Inferior 0.973 0.980 0.975 0.982 0.988 0.991 0.995 0.996
Clock Hour
1 0.962 0.962 0.958 0.966 0.957 0.978 0.980 0.988
2 0.963 0.975 0.980 0.982 0.954 0.959 0.991 0.991
3 0.968 0.979 0.986 0.985 0.889 0.976 0.987 0.989
4 0.963 0.975 0.971 0.975 0.902 0.952 0.982 0.984
5 0.989 0.992 0.993 0.994 0.980 0.987 0.994 0.996
6 0.981 0.982 0.978 0.987 0.980 0.987 0.994 0.994
7 0.977 0.986 0.986 0.983 0.979 0.991 0.993 0.994
8 0.983 0.992 0.992 0.987 0.953 0.986 0.987 0.984
9 0.942 0.948 0.974 0.979 0.951 0.982 0.993 0.987
10 0.959 0.978 0.988 0.992 0.982 0.963 0.994 0.996
11 0.951 0.958 0.974 0.973 0.986 0.978 0.988 0.984
12 0.963 0.968 0.964 0.973 0.965 0.971 0.978 0.980
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Table 3.6 Square root of scan variance component (which is approximately the average standard

deviation).

Square root of scan variance component (“SD”, um)

Normal Glaucoma
First- Minimal- First-  Minimal-
First Minimal available motion First Minimal available motion
Parameter Available Motion Registered Registered Available Motion Registered Registered
Global Mean 1.38 1.12 1.45 1.35 1.57 1.53 1.39 1.32
Quadrants
Temporal 1.81 1.22 1.22 1.40 2.59 2.01 1.07 1.42
Superior 3.66 3.47 3.80 3.32 4.11 3.81 4.15 3.68
Nasal 1.79 1.13 1.59 1.59 3.89 2.21 1.72 1.64
Inferior 2.94 2.53 2.88 241 3.00 2.47 1.98 1.85
Clock Hour
1 4.33 4.28 4.00 3.48 6.30 4.57 4.99 391
2 3.50 2.76 2.54 2.44 431 4.08 2.19 2.23
3 1.94 1.55 1.45 1.53 4.49 2.18 1.62 1.54
4 2.16 1.78 2.19 2.02 571 4.01 2.64 2.37
5 2.93 2.37 2.38 2.55 3.57 2.90 1.98 1.76
6 4.32 4.35 4.65 3.61 5.15 4.00 2.91 3.06
7 428 341 3.63 3.85 4,78 3.10 2.98 2.66
8 3.04 2.28 2.15 3.06 3.52 1.97 2.13 2.47
9 2.19 1.97 1.53 1.37 3.21 2.02 1.23 1.71
10 2.83 2.15 1.87 1.65 3.03 431 1.87 1.56
11 4.60 4.49 4,06 3.92 3.77 4.69 3.74 417
12 5.32 5.06 5.96 4.90 5.95 5.80 5.78 5.40
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Table 3.7 Square root of the scan variance component over the parameter mean.

Square root of scan variance component/parameter mean

Normal Glaucoma
First- Minimal- First-  Minimal-
First Minimal available motion First Minimal available motion
Parameter Available Motion Registered Registered Available Motion Registered Registered
Global Mean 1.5% 1.2% 1.5% 1.4% 2.2% 2.2% 1.9% 1.8%
Quadrants
Temporal 2.6% 1.7% 1.7% 1.9% 4.7% 3.7% 1.9% 2.5%
Superior 3.4% 32% 3.4% 3.0% 5.0% 4.6% 5.0% 4.4%
Nasal 2.5% 1.6% 2.1% 2.2% 6.4% 3.7% 2.8% 2.7%
Inferior 2.4% 2.1% 2.3% 1.9% 3.5% 2.9% 2.2% 2.1%
Clock Hour
1 4.4% 4.3% 4.0% 3.5% 8.1% 5.8% 6.3% 5.0%
2 4.0% 3.1% 2.8% 2.7% 6.5% 6.2% 3.2% 3.3%
3 3.3% 2.7% 2.4% 2.5% 8.4% 4.1% 3.0% 2.9%
4 3.1% 2.6% 3.1% 2.8% 9.4% 6.7% 4.3% 3.9%
5 2.7% 2.1% 2.1% 2.2% 4.4% 3.6% 2.4% 2.1%
6 3.1% 3.1% 3.2% 2.5% 5.3% 4.1% 2.9% 3.0%
7 3.6% 2.9% 2.9% 3.1% 6.0% 3.8% 3.5% 3.2%
8 4.5% 3.4% 3.1% 4.4% 6.8% 3.8% 4.0% 4.7%
9 3.7% 3.4% 2.6% 2.3% 6.5% 4.1% 2.5% 3.5%
10 3.4% 2.6% 2.1% 1.9% 4.8% 6.9% 2.9% 2.4%
11 3.8% 3.7% 3.2% 3.1% 4.6% 5.7% 4.4% 4.9%
12 5.1% 4.8% 5.6% 4.6% 7.0% 6.8% 6.7% 6.3%
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Figure 3.4 Square root of scan variance component (“SD”) plot from table 3.6 with 95%

confidence intervals. (Normal eyes)
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Figure 3.5 Square root of scan variance component (“SD”) plot from table 3.6 with 95%

confidence intervals. (Glaucomatous eyes)
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In the second group of subjects, 19 normal subjects were examined. One subject was excluded
due to bad fixation where the ONH was not properly centered. Mean RNFL thickness (+ standard
deviation) for measurements are summarized in table 3.8. Reproducibility is compared using the variance
component ratio and 95% confidence intervals in table 3.9. Statistically significantly smaller
reproducibility is observed in the temporal and nasal quadrants, as well as 1, 4, 5, 6, 7, 8, 9, 10, 11 clock
hours when comparing “first-available registered vs first available” acquired without considering motion.
ICCs along with the corresponding square root of the variance component and square root of variance
components over parameter means are shown in table 3.10. Figure 3.6 shows the improved
reproducibilities of regional measurements in registered motion-corrected datasets when the operator
ignores motion artifacts during acquisition. The narrow confidence intervals again suggest the number of

subjects was sufficient to make observations about the differences between reproducibilities.

Table 3.8 Retinal nerve fiber layer thickness. (Motion ignored during acquisition)

First Available First-available Registered
57 measurements 57 measurements
19 subjects 19 subjects
Parameter Mean (Standard Deviation) Mean (Standard Deviation)
Global Mean 91.7 (10.9) 94.4 (11.4)
Quadrants
Temporal 72.5 (11.0) 722 (12.7)
Superior 110.2 (18.2) 113.4 (19.2)
Nasal 68.5 (15.5) 722 (15.2)
Inferior 115.8 (14.4) 119.8 (14.5)
Clock Hour
1 98.5 (19.7) 103.1 (19.9)
2 83.2 (22.6) 89.5 (21.7)
3 57.7 (12.6) 599 (1.7
4 64.2 (15.3) 66.9 (15.9)
5 98.4 (21.0) 1033 (21.3)
6 125.6 (21.2) 129.7 (21.8)
7 123.9 (17.2) 127.1 (21.0)
8 69.9 (13.7) 70.2 (14.1)
9 60.0 (9.5) 59.0 (10.2)
10 87.2 (15.6) 86.8 (19.8)
11 125.8 (20.8) 128.5 (25.5)
12 106.2 (23.7) 108.6 (25.1)
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Table 3.9 Reproducibility (variance components) ratios with 95% confidence intervals. (Motion

ignored during acquisition)

First-available Registered vs First Available

Parameter Lower Estimated Upper
Global Mean 0.596 0.234 1.520
Quadrants
Temporal 0.096 0.038 0.246
Superior 0.422 0.166 1.078
Nasal 0.290 0.114 0.739
Inferior 0.560 0.219 1.429
Clock Hour
1 0.224 0.088 0.572
2 0.510 0.200 1.300
3 0.517 0.203 1.320
4 0.114 0.045 0.292
5 0.062 0.024 0.158
6 0.266 0.104 0.678
7 0.351 0.138 0.896
8 0.088 0.034 0.224
9 0.140 0.055 0.358
10 0.187 0.073 0.476
11 0.190 0.074 0.485
12 0.581 0.228 1.483
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Table 3.10 Intraclass correlation coefficients (ICCs), square root of scan variance component
(“SD”) and the square root of scan variance component over the parameter mean. (Motion ignored

during acquisition)

ICC SD (um) SD/Mean
First First-available First First-available First First-available
Parameter Available  Registered  Available  Registered  Available Registered
Global Mean 0.991 0.995 1.25 0.97 1.4% 1.0%
Quadrants
Temporal 0.953 0.997 2.97 0.92 4.1% 1.3%
Superior 0.989 0.995 2.36 1.53 2.1% 1.4%
Nasal 0.974 0.992 3.12 1.68 4.6% 2.3%
Inferior 0.981 0.989 2.38 1.78 2.1% 1.5%
Clock Hour
1 0.975 0.994 3.81 1.80 3.9% 1.7%
2 0.985 0.992 3.47 2.47 4.2% 2.8%
3 0.967 0.980 2.90 2.09 5.0% 3.5%
4 0.931 0.993 4.96 1.68 7.7% 2.5%
5 0.914 0.995 7.51 1.87 7.6% 1.8%
6 0.980 0.995 3.58 1.84 2.8% 1.4%
7 0.864 0.969 7.74 4.59 6.2% 3.6%
8 0.938 0.995 427 1.26 6.1% 1.8%
9 0.946 0.993 2.77 1.04 4.6% 1.8%
10 0.958 0.995 3.98 1.72 4.6% 2.0%
11 0.967 0.996 4.81 2.10 3.8% 1.6%
12 0.986 0.993 3.38 2.58 3.2% 2.4%

55



Square root of scan variance component (Motion ignored during acquisition)

9
8
7
6
ES
=
24
. =$==First available
== First-available registered
2
1 4
0 T T T ¥ T T T T T T T T T T T T T T 1
¥ S 22020802089
&

Locations

Figure 3.6 Square root of scan variance component (“SD”) plot from table 3.10 with 95%

confidence intervals. (Motion ignored during acquisition)
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3.5 Discussion

For a new method to be accepted for use in clinical practice, an important first step is to evaluate its
reproducibility to assess its diagnosis accuracy and describe the smallest changes detectable for
monitoring disease progression. Prior studies have investigated RNFL thickness reproducibility using
TD-OCT*'"* and SD-OCT*""* technology. Improved reproducibility using SD-OCT has been reported.'>
% Recent development of eye tracking functionality in commercial SD-OCT has also been reported to
provide improved reproducibility in both normal and glaucomatous eyes.®® This study was designed with
the major objective of evaluating the difference in RNFL thickness measurement reproducibility using
standard raster scans and registered motion-corrected datasets in normal and glaucoma eyes acquired by
an experienced operator. In addition, we wanted to determine whether the registration motion-correction
algorithm can improve reproducibility when a less experienced operator ignores motion completely

during OCT scan acquisition.

Previous studies have shown that RNFL thickness measurements in glaucomatous eyes being
slightly more variable than in normal eyes.”>** %7 Although the results from normal eyes in the first group
of subjects show that comparing “minimal motion” and “minimal-motion registered”, “first available”
and “first-available registered”, and “minimal motion” and “first-available registered” in normal eyes do
not yield different reproducibility in RNFL thickness measurements around the 3.45mm diameter circle
centered on the optic nerve head, the results from glaucoma subjects which have thinner RNFL show that
the RNFL thickness measurement reproducibility in several quadrants and clock hours were statistically
significantly improved. The “first available” scans are scans without blinking, vignetting, acquired within
the imaging range, but may or may not have motion. Therefore, comparing the “first available” and
“first-available registered” is comparable to the scenario that the experienced operator does not check for
motion artifacts in the OCT fundus image showing eye motion larger than one vessel diameter or major
distortions of the ONH. Furthermore, comparing “minimal motion” with both “minimal-motion
registered” and “first-available registered” in glaucoma eyes, RNFL thickness reproducibility is mostly
comparable and never worse while shown to be statistically improved in a several quadrants and clock
hours. In sum, this suggests that the registration motion-correction algorithm is able to obtain RNFL
thickness measurements in normal and glaucoma eyes with comparable reproducibility to standard raster
scans with “minimal motion”, while sometimes improving reproducibility in glaucoma eyes compared to
the standard “minimal motion” scans. This finding is similar to the improvement using eye tracking
which helps reduce the gap in reproducibility between normal and glaucomatous eyes previously reported

by Langenegger et al.”®
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Results from the second group of subjects scanned by a relatively inexperienced operator suggest
the possibility of neglecting motion during scan acquisition entirely when using the registration motion-
correction algorithm. For the second group of subjects, the operator did not ask the subjects to hold
position during scanning rather only asking them to look towards the fixation target in the OCT device.
This resulted in high variability in RNFL thickness measurements. Both the temporal and nasal quadrants
as well as most clock hours except 2, 3, and 12 were statistically significantly improved with the
registration motion-correction algorithm. It is worth pointing out that the operation manuals of SD-OCT
devices do not describe any motion criteria for scan acquisition. Also, the SD-OCT software only alerts
the operator of blinks and low signal quality and does not alert the operator of motion artifacts. Although
in literature most studies have protocols where scans with motion artifacts are discarded,(cite) operators
may not always check for motion artifacts or successfully obtain scans with minimal motion during scan

acquisition in clinical practice.

Reproducibilities reported in different studies should be compared with caution because of the
different eyes, study protocols, imaging devices, scan patterns, ONH centration, and segmentation
algorithms. Leung et al.”” reported coefficients of variations (SD/mean) between 1.79% — 6.38% in
global mean, quadrants, and clock hours of RNFL thickness measurements from 3D-OCT datasets
acquired using Cirrus (Carl Zeiss Meditec, Dublin, CA) SD-OCT in 31 normal eyes where each eye was
imaged in two separate visits in one month. Kim et al.** reported SD/mean values between 1.1% — 7.7%
in global mean, quadrants, and clock hours of RNFL thickness measurements in 27 healthy eyes but with
custom ONH centration and segmentation software analyzing three 3D-OCT scans acquired in a single
session using Cirrus SD-OCT. Mwanza et al.®' reported coefficient of variation values between 2.7% —
10.8% in global mean, quadrants, and clock hours of RNFL thickness measurements in 55 glaucomatous
eyes from five 3D-OCT scans obtained on five different days within two months using the Cirrus SD-
OCT. All three of these studies discarded scans with motion artifacts and only analyzed “minimal motion”
datasets. The present study reports SD/mean values between 1.2% — 4.8% in global mean, quadrants, and
clock hours of RNFL thickness measurements in normal eyes and 2.2% — 6.9% in glaucomatous eyes in
“minimal motion™ datasets. In registration motion-corrected datasets, the SD/mean values are between
1.0% — 5.6% in normal eyes and between 1.8% — 6.7% in glaucomatous eyes. Similar to the study using
eye tracking with Spectralis (Heidelberg Engineering, Heidelberg, Germany) SD-OCT for RNFL
thickness measurements®, the lowest SD/mean value of 1.0% in normal eyes in our study using
registration motion correction is one of the best reproducibilities ever reported for RNFL thickness

measurements.
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Several factors including signal quality, scan centration, and segmentation algorithm influence
RNFL thickness measurements derived from OCT scans.*”**® In this study, a two-dimensional frame-
by-frame segmentation algorithm was used in the RTVue software. Higher signal quality after registration
motion-correction can improve segmentation as illustrated in Figure 3.3. Nevertheless, registration
motion-corrected datasets enables advanced 3D segmentation algorithms that may yield better
performance. Centering of the virtual 3.45 mm diameter circle scan on the optic nerve head may also be
improved with motion-corrected 3D datasets which closer represent true topography.”’ Although the
registered datasets were acquired through two separate acquisitions in this study, higher speed OCT
systems can acquire the orthogonally scanned raster scans continuously within a single acquisition.”*"?
With the higher scan speeds which inherently reduce motion artifacts along with registration motion

correction and possibly eye tracking, reproducibility of RNFL thickness measurements can be further

improved.

In conclusion, the reproducibility of RNFL thickness measurements using registration motion-
corrected datasets was excellent in both normal and glaucomatous eyes. The registration motion-
correction algorithm was able to improve RNFL thickness measurement reproducibility in most quadrants
and clock hours in glaucoma eyes when comparing the “first available” scans, mimicking the scenario
where the operator does not check for motion artifacts. In addition, when motion criteria were ignored
during acquisition by a less experienced operator, the registration motion-correction algorithm was able to
improve RNFL thickness measurement reproducibility in most quadrants and clock hours. Given the
ability to correct for motion artifacts after OCT scan acquisition, the registration motion-correction
algorithm improves RNFL thickness measurement reproducibility in glaucoma eyes. The registration
motion-correction algorithm can enable relaxed motion criteria during acquisition which potentially leads
to less operator dependency and development of widespread screening applications from multiple
delivery points using handheld SD-OCT devices. The results in the present study show that the
registration motion-correction algorithm is promising for measuring RNFL thickness in clinical practice

and can improve the ability to detect small changes over time with high special accuracy.
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CHAPTER 4

Imaging Non-exudative (Dry) AMD using Ultrahigh Resolution Spectral / Fourier Domain OCT

4.1 Background

Age-related macular degeneration (AMD) is the leading cause of blindness in the elderly population in
developed countries including the United States."> AMD is generally classified into two subgroups: non-
exudative (dry) and exudative (wet) AMD. Non-exudative AMD comprises about 90% of all diagnosed
patients and usually features drusen and other abnormalities of the retinal pigment epithelium (RPE).
Moderately advanced dry A alone is estimated to affect more than 8 million Americans over 55 years of
age. Dry AMD can progress to late stages, such as geographic atrophy and wet AMD and results in
serious vision loss. The majority of patients (about 88%) who experience severe visual loss develop the
wet AMD?, which features choroidal neovascularization (CNV) and scar formation®. Recently, vascular
endothelial growth factor (VEGF) inhibiting therapies such as intravitreal injections of ranibizumab
(Lucentis) and bevacizumab (Avastin) have shown remarkable clinical efficacy.”” Two large, phase 3
trials evaluated ranibizumab treatment for wet AMD. Both showed stabilization or improvement of
vision in the majority of wet AMD patients.”® OCT is useful for diagnosing and monitoring patients with
wet AMD under treatment.” "> A clinical study using time-domain OCT technology to decide treatment
interval demonstrated comparable visual results with considerably fewer treatments than the 24 monthly
injections performed in the phase 3 studies.'> '® A further study demonstrated that spectral / Fourier
domain OCT (SD-OCT) devices have higher detection rates of CNV after ranibizumab treatment for wet
AMD compared to time-domain OCT."” Although currently there are no effective treatments available
for dry AMD, new approaches such as antioxidant'®, complement inhibitor'®, and immuno-modulatory®’
therapies are being examined. Recent studies demonstrate the ability of SD-OCT to identify and
quantitate morphology in dry AMD.*'*" Other studies show that en face OCT fundus images directly
correlate with conventional fundus imaging methods.”*” These capabilities of SD-OCT will allow more
sensitive measurements of response to therapy and could be useful to assess progression of dry AMD.
Dry AMD is the target for the next generation of pharmaceuticals and therefore methods which can assess
progression and treatment response are of great interest. Development of ultrahigh speed, ultrahigh
resolution technology with greatly improved speed and resolution (Figure 4.1) promises to provide a
powerful clinical imaging tool for the identification, classification, and treatment of both the wet and dry

forms of AMD.
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Figure 4.1 Ultrahigh speed, ultrahigh resolution imaging of a healthy eye using the clinical

prototype system deployed at the New England Eye Center described in Chapter 2. These high-
definition images are acquired by averaging 50 repeated frames of 1000 axial scans over the same
4 mm location over the foveal region (A) and near the optic nerve head (B). NFL — nerve fiber
layer, GCL — ganglion cell layer, IPL — inner plexiform layer, INL — inner nuclear layer, OPL —
outer plexiform layer, ONL — outer nuclear layer, ELM — external limiting membrane, 1S/OS —
Junction of photoreceptor inner and outer segments, IS — photoreceptor inner segment, OS —

photoreceptor outer segment, RPE — retinal pigment epithelium. Scale bar: 100um.

4.2 Methods
Using the clinical ultrahigh speed, ultrahigh resolution spectral / Fourier domain OCT system described in
Chapter 2, 47 eyes of 31 dry AMD patients were imaged at the New England Eye Center at Tufts Medical

Center The prototype OCT system operates at 91,000 axial scans per second with ~3 pm axial resolution
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using a multiplexed SLD light source centered at 840nm.*®* Multiple 400 x 400 axial scan volumes over a
6 mm x 6 mm region centered on the fovea was acquired with orthogonal fast scanning directions. The
registration algorithm described in chapter 3 was performed to generate a motion-corrected merged
volume.””  Cross-sectional images were extracted from the merged volume by averaging three
neighboring frames. Figure 4.2 is a comparison of cross-sectional images from a 200 x 200 axial scan
volume acquired from a commercial SD-OCT system with images from a registered volume acquired
using our clinical prototype. This study was approved by the institutional review boards at Tufts Medical
Center and the Massachusetts Institute of Technology. The research adhered to the Declaration of
Helsinki and the Health Insurance Portability and Accountability Act. Signed informed consent was

obtained from all participants.

A subgroup of 10 patients without geographic atrophy was selected for analysis of the
photoreceptor layer. Drusen apexes were found by scrolling through all cross-sectional images. Manual
measurements of the distance between the ELM and the RPE and the IS/OS and the RPE were performed
at the drusen apexes. The drusen size was also determined by measuring the width of the drusen on the
cross-sectional image at the drusen apex. Areas with no drusen were also selected for measurement by
scrolling through the cross-sectional images to compare photoreceptor height. All measurement positions
within the motion-corrected volumetric OCT dataset were recorded. Drusen were grouped by size
according to the AREDS categories: large drusen (>125 um), medium drusen (<125 pm & >63 um), and
small drusen (<63 pm). Photoreceptor height measurements at drusen apexes were compared with areas

with no drusen.
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Figure 4.2 Visibility of micro-structural features from an non-exudative AMD eye using the

ultrahigh speed, ultrahigh resolution OCT system with motion correction registration (right

column) when comparing with the Cirrus macular cube 200 x 200 scan (left column).

4.3 Results

Features observed in the cross-sectional images extracted from the registered OCT volumes include basal
linear deposits, reticular pseudodrusen, hyperreflective haze, drusen core reflectivity, and RPE pigment
migration. Histology studies have suggested that basal linear deposits form drusen and the lipid wall
above the Bruch’s membrane and below the RPE layer. Figure 4.3 is a cross-sectional OCT image
showing what may be the basal linear deposit or lipid wall in the same compartment as the drusen, in
between the Bruch’s membrane and the RPE. Another feature that can be observed in cross-sectional
images extracted from the registered OCT volumes are reticular pseudodrusens as shown in Figure 4.4.
Hyperreflective haze is another characteristic that can be observed in Figure 4.5. This feature is caused

by the change in orientation of the Henle’s fiber layer. Figure 4.6 depicts a variety of drusen core
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reflectivity which is another feature of interest reported in previous studies. Figure 4.7 shows RPE

pigment migration which have been reported in earlier studies by our group.

Figure 4.3 Basal linear deposits (red arrows) that may be the lipid wall, appearing to be in the
same compartment as drusen. A zoom in view (top) of a cross-sectional OCT image (bottom)

extracted from a registered OCT volume.

71



Figure 4.4 Reticular pseudodrusen (red arrow).

Figure 4.5 Hyperreflective haze (red arrows) .
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Figure 4.6 Drusen core reflectivity (red arrows).

Figure 4.7 RPE pigment migration (red arrows).

Quantitative measurements of the distance between the ELM and the RPE and the IS/OS and the
RPE performed at the drusen apexes are shown the Figure 4.8 and Figure 4.9. While the IS/OS-RPE
thickness changes are not as obvious between intermediate drusen, small drusen, and regions with no
drusen, the large drusen have a statistically significantly thinner IS/OS-RPE thickness. On the other hand,
the ELM-RPE thickness seem to have a gradually decreasing trend. Although there is no significant

difference between intermediate drusen and small drusen (p = 0.115), there is statistically significant
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difference between large drusen and intermediate drusen (p < 0.001), intermediate drusen and no drusen
(p <0.001), and small drusen and no drusen (p = 0.049).

Figure 4.9 Box plot of ELM-RPE thickness measurements in pm.

74



4.4 Discussion

SDOCT technology’®>* enabled in vivo imaging of multiple structural markers in eyes with drusen. One
early study in 2008 classified drusen according to cross-sectional morphology.” Another study showed
that drusen may contain material of varying reflectivities and sometimes have a hypo- or hyper-reflective
“core”® A study on 143 eyes of 100 patients using the Zeiss Cirrus with a 200x200 A-scan volume
investigated the natural history of drusen, showing that drusen are morphologically dynamic and
demonstrating the possibility of developing quantitative OCT markers of dry AMD progression.”* A
recent study examined 750 large drusen (>125 pm) in 63 intermediate AMD eyes observing significant
reduction of the photoreceptor outer nuclear layer (ONL) thickness overlying 92% of the drusen and

proportionally reduced photoreceptor inner and outer segment (IS+OS) thickness.>

In cases of focal hyper-pigmentation apparent on examination, our group found that hyper-
reflective foci, likely indicating RPE pigment migration, are often visualized using SDOCT.* These
hyper-reflective foci were later shown to be markers of development and/or progression of geographic
atrophy (GA).>” In the transition zone between healthy and atrophic retina in eyes with GA, the RPE
height may appear increased or decreased in SDOCT images, suggesting RPE abnormalities.”® Another
study in eyes with GA demonstrated a variety of dynamic changes in these transition zones, including
pigment migration and alterations in drusen height.** In some patients with rapidly progressing GA, a

40
41 A recent

separation between the RPE and Bruch’s membrane was evident at the transition zones.
study using en face OCT imaging with the Cirrus demonstrated quantitative measurement of GA area and

enlargements rates.**

Focal photoreceptor thinning immediately overlying drusen and loss of photoreceptor outer
segments was observed in subjects with dry AMD and drusen.”* A longitudinal study of GA using the
Heidelberg Spectralis showed loss of the photoreceptor IS/OS signal and outer nuclear layer thinning
associated with GA enlargement.” A recent study using the Cirrus in eyes with GA showed en face OCT
imaging of the IS/OS can predict GA growth.”’ Another recent study correlated SDOCT and multifocal
electroretinography (mfERG) using Spectralis high definition images, showing that the normalized
photoreceptor IS/OS signal decreased in early AMD and was significantly correlated with increased
mfERG P1 implicit time (IT).** These studies demonstrate that OCT can quantitate markers of
photoreceptor degeneration associated with AMD progression and suggest that functional changes also

correlate with structural defects.

Reticular pseudodrusen are visualized in SDOCT as discrete collections of hyperreflective

material located above the RPE as opposed to below the RPE in typical drusen.*” Reticular pseudodrusen
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are not risk factors for the development of late AMD, but there is high prevalence of late AMD among

46, 47

patients with pseudodrusen. Hyperreflective haze has been reported to be present above drusen.”*

This haze is believed to be the Henle’s fiber layer which becomes hyperreflective due to changes in

orientation relative to the OCT beam angle.** ¥

Histological studies have also shown that aging of Bruch’s membrane causes accumulation of
lipid-rich basal laminar deposits and basal linear deposits.”” *'  Ultrahigh resolution OCT enables
visualization of RPE and Bruch’s membrane structure. The ability to detect changes in RPE and Bruch’s
membrane would be a powerful advance for tracking disease progression and response to therapy.
However, controversy exists in the definition of inner retinal layer observed in OCT images and their
correlation to histological features.*® Ultrahigh speed, ultrahigh resolution spectral /Fourier domain OCT
can provide high definition 3D-OCT datasets that may help improve the understanding of features

observed in OCT an its correlation with histological observations.
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CHAPTER 5

Swept-Source / Fourier Domain Optical Coherence Tomography

5.1 Introduction

Fourier domain detection schemes have enabled a breakthrough in OCT imaging sensitivity and speed.
Performance advantages of Fourier domain OCT were first recognized by several independent studies and
has since attracted considerable attention."* Although nowadays standard clinical ophthalmic OCT
instruments are typically built with spectrometers (spectral / Fourier domain OCT; SD-OCT), a new
generation of OCT systems based on wavelength tunable light sources (swept laser sources) have been

developed.>*”

Swept-source / Fourier domain OCT (SS-OCT) uses high speed balanced point detectors instead
of a line scan camera and spectrometer so that the detection losses are reduced compared with SD-OCT as
a result of the higher detection efficiency of photodetectors. In addition, less signal roll-off with imaging
depth is observed in SS-OCT instruments due to the coherence properties of tunable lasers and the ability
to detect high frequency signals in state-of-the-art broad bandwidth acquisition systems. Moreover,
ophthalmic SS-OCT systems image at wavelengths centered at 1 pm, longer than traditionally used
wavelengths at 840 nm, allow for better penetration of light in scattering tissues. These features enable
outstanding OCT performance, achieving high imaging speeds and deep tissue imaging depths, which
consequently improve the functionality of SS-OCT instruments and broaden the spectrum of ophthalmic

applications.

5.2 Small Animal Swept-Source / Fourier Domain OCT system

An ultrahigh speed swept-source / Fourier domain OCT instrument was built for small animal imaging
(Figure 5.1A). A short external cavity, tunable light source (Axsun Technologies, Inc.) centered at
1044 nm which had a 3-dB bandwidth of 103 nm and a 10-dB bandwidth of 111 nm was used
(Figure 5.1B). The axial scan rate of the OCT system was 100 kHz, set by the sweep rate of the laser.
Light from the laser was split into a single pass reference arm and a pre-objective scanning sample arm
where the galvanometric scanners are placed in the back focal plane of the objective lenses. Returning
light from the reference and sample arms was combined in a second fiber coupler and the interferometric
signal was detected using a low distortion 330 MHz dual balanced photodetector receiver (prototype;
Thorlabs, Inc.). The signal from the photodetector was digitized by a high speed 8 bit analog-to-digital

converter at 1| GSPS (ATS9870; Alazar Technologies, Inc.). Different scan lenses in the sample arm were
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used to provide different transverse spot sizes and depths of focus. A long working distance infrared
microscope objective (M Plan NIR 5X; Mitutoyo Corp.) was used for retinal imaging. The transverse
spot size was ~12 pm full width at half maximum (FWHM) measured in air with a beam profiling camera
and the incident power was 1.6 mW. For anterior eye and full eye length imaging as well as for posterior
eye imaging, a 75 mm focal length achromatic lens was used. The transverse spot size was ~21 um
FWHM in air and the incident power was 2.5 mW. Unlike human eye imaging, a telecentric scanning
interface was used for both anterior segment and retinal imaging of the rodent eye. A #1.5 coverslip and
index matching gel (Goniosol) was used over the corneal during the retinal and posterior eye imaging
procedures. An LED light stimulus was placed adjacent to the sample arm interface without blocking the
OCT beam. The measured axial resolution of the system was 6 um in tissue. The measured sensitivity of
the system was 102 dB with a Nyquist limited depth range of 8.7 mm in tissue where the -6-dB roll-off
depth was at 2.5 mm in tissue and the -20-dB roll-off depth was at 5.3 mm in tissue. The sensitivity roll-
off was limited by the bandwidth of the balanced photodetector and finite light source coherence length

(the roll-off from the coherence length itself introduces a -6-dB sensitivity drop at 6 mm in air).
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Figure 5.1 (A) Schematic of ultrahigh speed swept-source / Fourier domain OCT instrument. GS
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— galvanometric scanners, RR — retroreflector, LS — LED light stimulus, DBP — dual balanced
photodetector, A/D — analog-to-digital converter, TRG — trigger signal. (B) Spectrum of the light

source. (C) Point spread function showing axial resolution. (D) Sensitivity roll-off.®
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Sprague-Dawley rats and C57BL/6 mice were used to demonstrate the imaging capability of the
OCT system. Animals were anesthetized intraperitoneally with ketamine (40-80 mg/kg body weight) and
xylazine (5-10 mg/kg body weight) for all structural imaging studies. During anterior eye and full eye
length imaging, artificial tear drops were applied to prevent cornea dehydration. To perform retinal and
posterior eye imaging, eyes were dilated with topically applied tropicamide (1%) drops, and a thin
microscope coverslip was placed on the cornea with Hydroxypropyl methylcellulose (Goniosol, 2.5%) to
remove corneal refraction and preserve corneal hydration. To perform functional imaging studies,
imaging the pupillary reflex, animals were anesthetized intraperitoneally by a cocktail containing
ketamine (40 mg/kg body weight), xylazine (3 mg/kg body weight), and acepromazine (1.5 mg/kg body
weight). These studies were in compliance with the guidelines of the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research, and performed under a protocol approved by the MIT
Committee on Animal Care. After anesthetization, the animal was placed in a comfortable mounting tube

fixed on a height and tilt adjustable stage pivoted about the animal's eye.

OCT cross-sectional previews along with a real-time OCT en face fundus image were used for
alignment. For retinal imaging, six raster scans with orthogonal fast scan axis orientation (horizontal and
vertical) each consisting of 700 x 700 axial scans requiring an acquisition time of ~5 seconds for each
raster (~30 seconds total) were acquired. The six volumetric datasets were then registered using motion
correction software and merged. For anterior eye and full eye length imaging, two raster scans with
orthogonal fast scan axes (horizontal and vertical) consisting of 500 x 500 axial scans requiring an
acquisition time of <3 seconds each were acquired, motion corrected and merged. For posterior eye and
Doppler imaging, six orthogonal 500 x 500 axial scan raster scans were acquired, motion corrected, and
merged, where each scan was acquired in <3 seconds. For high speed dynamic volumetric OCT imaging,
repeated raster scans with 100 x 100 axial scans were taken in sequence to achieve ~10 volumes per

second. The high speed repeated volumes were not motion corrected.

Doppler OCT is a functional extension of OCT which provides velocity and flow information. In
Fourier domain OCT, the complex OCT spectral data is processed and the phase information is used for
velocity and flow calculations in Doppler OCT.”" A simple phase subtraction of neighboring
oversampled OCT axial scans generates quantitative Doppler OCT measurements which was used to

visualize the vasculature in eyes

vz(z)=%f[¢z+l(z)—ce(z)] -

where A, is the center wavelength of the light, » is the refractive index, f'is the sweep rate, and ¢;(z) is the

phase profile of the i-th axial scan after Fourier transformation. The maximum detectable velocity before
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phase wrapping, determined by the imaging speed, is +20 mm/s in tissue. In theory, the minimum
detectable axial velocity is determined by the phase stability of the light source, and was measured to be
1.8 mrad. In practice, the minimum measurable axial velocity in tissue is limited by the phase
decorrelation associated with trigger jitter and scanning the beam.” After applying a phase compensation
algorithm where bulk motion was calculated and removed using a histogram-based method'’, the standard
deviation of phase differences between successive sweeps over a mirror was measured to be 0.11 rad,

corresponding to a minimum measurable axial velocity of 0.7 mm/s in tissue.

Although the imaging was performed with the animals under anesthesia, motion artifacts persist
from breathing and heartbeat. Motion during the acquisition of volumetric OCT data distorts the data and
is a source of error in quantitative measurements. A registration motion-correction algorithm was
recently developed for orthogonally scanned volumetric OCT data."* Motion correction is performed by
estimating dense displacement fields, which describe the motion of each A-scan, for each input volume
and using the time structure of the acquisition process as a constraint. After optimizing a global objective
function, the displacement fields are estimated for each volume to correct for motion, and then a single
volume is constructed by merging each motion-corrected volume. Motion-corrected volumes do not
show visible motion artifacts and a merged registered volume has improved signal quality. The motion
corrected, merged volumetric data more accurately represents structure and morphology than individual

volumes which can have motion artifacts.

For the pupil response experiments, a white light LED stimulus with ~800 cd/cm’ luminance was
used. The LED light source was placed adjacent to the OCT beam without blocking the OCT scan. Two
stimulus protocols were used: a continuous >5 second stimulus and a short ~1 second flash stimulus. The

stimulus was activated during OCT data acquisition of repeated raster scans.

5.2.1 Three-Dimensional Retinal Imaging in Unpigmented Rat Eye and Pigmented Mouse Eye

Three-dimensional (3D) volumetric OCT imaging of the unpigmented Sprague-Dawley rat retina and
pigmented C57BL/6 mouse retina is demonstrated in Figures 5.2 and 5.3, respectively. The animals were
anesthetized so that measurement time is not limited by blinking or motion, as is the case for human
ophthalmic imaging. A coverslip was placed on the cornea to remove the refractive power of the air-
corneal interface, focusing and scanning the OCT beam directly on the retina through the weaker
refraction from the lens. Six orthogonally scanned 700 x 700 axial scan datasets were registered and

merged.
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Figure 5.2 Imaging of the unpigmented Sprague-Dawley rat retina. Registered and merged OCT dataset
generated from 6 orthogonally scanned OCT datasets. (700 x 700 axial scans over a 2.4 mm x 2.4 mm
region) (A) OCT fundus view. (B) Retinal layers visualized in the cropped, enlarged OCT image. (C) 3D
rendering. (D, E, F) OCT images in the X direction. (G, H, I) OCT images in the Y direction.®

Figure 5.3 Imaging of the pigmented C57BL/6 mouse retina. Registered and merged dataset generated
from 6 orthogonally scanned OCT datasets. (700 x 700 axial scans over a 1.2 mm x 1.2 mm region) (A)
OCT fundus view. (B) Retinal layers shown in the cropped, enlarged OCT image (C) 3D rendering. (D, E.
F) OCT images in the X direction. (G, H, I) OCT images in the Y direction.®
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Scans were performed over a 1.2 x 1.2 mm? area over the mouse eye and a 2.4 x 2.4 mm?’ area
over the rat eye. Each dataset is acquired in ~5 seconds. An OCT fundus view is generated by axially
summing the merged OCT dataset (Figure 5.2A and Figure 5.3A). Cross-sectional images from the
merged dataset enable visualization of major retinal layers including the inner plexiform layer (IPL),
inner nuclear layer (INL), outer plexiform layer (OPL), outer nuclear layer (ONL), photoreceptor inner
segment and outer segment (IS/OS) junction, retinal pigment epithelium (RPE), choroid (CH), and sclera

(SC) in both the Sprague-Dawley rat and C57BL/6 mouse eyes (Figure 5.2B and Figure 5.3B).

In addition, the retinal nerve fiber layer (RNFL), ganglion cell layer (GCL), and external limiting
membrane (ELM) are visible in the Sprague-Dawley rat (Figure 5.2B). The smaller size of the mouse
retina limited the visibility of smaller features. Isotropic transverse sampling of the retina allows for
volumetric rendering that shows the structural details of the retina in 3D (Figure 5.2C and Figure 5.3C).
Since the 3D OCT volumetric dataset is motion corrected, we can extract cross-sectional images in any
position and direction without motion artifacts (Figure 5.2D-I and Figure 5.3D-I). Notice that neither the
cross-sectional images visualized in the horizontal and vertical direction nor the 3D volumetric rendering

exhibit motion artifacts.

5.2.2 Anterior Eye and Full Eye Length Imaging in Rat and Mouse Eyes

The long imaging range of swept-source / Fourier domain OCT also enabled 3D anterior eye and full eye
length OCT imaging in the rat and mouse eyes using sample arm optics with a larger transverse spot size
and longer depth of field. Anterior eye and full eye length imaging provides 3D information on the
anterior chamber and crystalline lens structure as well as biometric information on the full eye length.
The animal eye is placed directly in front of the scan lens under anesthesia and after dilation. Two

orthogonally scanned 500 x 500 axial scan datasets were registered and merged.
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Figure 5.4 Anterior eye and full eye length OCT imaging in the Sprague-Dawley rat and C57BL/6
mouse eye. (A, E) En face view of the volumetric dataset registered and merged from two
orthogonally scanned 500 x 500 axial scan volumes. The rat eye was scanned over a
7 mm % 7 mm area. The mouse eye was scanned over a 2.6 mm x 2.6 mm area. (B, C, F, G)
Cross-sectional images in the horizontal and vertical direction generated from averaging
neighboring 5 frames. The red arrows point to the rat lens nucleus. The green box is a region in
the image where the contrast was adjusted to better visualize signal from the rat retina. (D)
Extracted en face cross section at the red line position showing the Y-shaped suture pattern in the
rat lens anterior. (H) Summed en face view over the rat lens posterior as indicated in the red

dotted box, which shows the pattern of opacities in the mouse lens.®

The scans were performed over a 2.6 x 2.6 mm” area of the mouse eye and a 7 x 7 mm? area of
the rat eye. Figure 5.4A is an OCT en face view of a Sprague-Dawley rat eye. The Y-shaped shadow in
the center of the eye is the lens suture pattern on the anterior crystalline lens which can be visualized
when an en face cross section at appropriate depth is extracted from the volume (Figure 5.4D). Cross-
sectional images in Figures 5.4B and 5.4C reveal detailed structures of the cornea, iris, and lens, as well
as visible signal from the vitreous and retina. A thin liquid film from the eye drops is visible on the

cornea of the rat eye. In addition to lens sutures, the nucleus is visible in the cross sectional images.

Figure 5.4E is an OCT en face view of a C57BL/6 mouse eye. This particular mouse eye exhibits
lens opacities which can be visualized by summing en face pixels near the posterior lens surface, as
shown in Figure 5.4H. Cross-sectional images in Figures 5.4F and 5.4G reveal detailed structures of the
cornea, iris, lens, vitreous and retina. The 3D dataset illustrates the larger lens volume compared to

vitreous volume in the rat and mouse eyes. The irises and pupils are dilated. Ocular biometry
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measurements of the eyes can be performed after refraction correcting the OCT images in the axial

direction.

5.2.3 Three-Dimensional Posterior Eye Imaging in Unpigmented Rat Eye

In order to better image the posterior eye of the unpigmented Sprague-Dawley rat, the focus was
advanced towards the posterior eye and a coverslip was placed on the eye to minimize corneal refraction.
Although the larger transverse spot size decreases the transverse resolution compared to the retinal
imaging mode described in section 5.2.1, the longer focal depth and long imaging range enables
visualization of the posterior lens, vitreous and retina. Figure 5.5 is a posterior eye dataset generated from
registering and merging six orthogonally scanned volumes of 500 x 500 A-scans each. The scans were
performed over a 2.6 x 2.6 mm” area of the rat eye. The dataset shows the posterior lens surface, where
the Y-shaped lens sutures can be visualized in an inverted orientation as seen on the en face image in
Figure 5.5B. The hyaloid vessel as well as floaters can be seen in the vitreous. Retinal layers can be
clearly visualized in cross-sectional images (Figures 5.5C-D). The deep penetration of 1050 nm
wavelength light allows visualization of tissue structure in the choroid and sclera. The fundus image

shows that major retinal blood vessels radiate from the center of the optic disk.

500um 500um |

Figure 5.5 Posterior eye imaging of the unpigmented Sprague-Dawley rat including retina,
vitreous, and posterior lens. (A) OCT en face view of the registered and merged dataset from six
orthogonally scanned 500 x 500 axial scan volumes. Imaging of the rat posterior eye was
performed over a 2.6 mm x 2.6 mm area. (B) En face cross section showing inverted Y-shaped
posterior lens sutures. (C, D) Cross sections from the registered dataset showing the retina,
hyaloid vessel and posterior part of the crystalline lens. The red line indicates the depth position

of the en face cross section. (E) 3D rendering of the dataset.®
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5.2.4 Three-Dimensional Doppler Imaging in Unpigmented Rat Eye

Doppler OCT imaging of the Sprague-Dawley rat was performed using the phase difference of
neighboring axial scans in the six orthogonally scanned 500 x 500 axial scan datasets acquired in the
posterior eye imaging mode described in section 5.2.3. The larger spot size decreases the number of
samples required to obtain Doppler OCT information over the same scan area compared to the retinal
imaging mode in section 5.2.1. The Doppler OCT datasets were merged using motion correction
information (displacement fields) from the registered intensity images (Figure 5.6). Intensity and Doppler
OCT cross-sections present complementary information on the structure and function of the retina. When
the Doppler image is overlaid on its structural counterpart (Figures 5.6B-D), the combined images may
provide insight into the relationship between structural and functional changes of the retina in pathology
and disease progression. A 3D rendering of the vasculature in the retina and choroid is shown in
Figure 5.6E. Two types of vessels can be distinguished in the retina by looking at the direction of blood
flow. When blood moves towards the OCT beam, the Doppler shift is positive, as indicated with the red
(warm) color. The retinal arteries are oriented in this direction and are hence visualized in red. On the
other hand, blood returning from retinal tissue produces negative Doppler shifts. Consequently, retinal
veins are visualized in a blue (cold) color. In the rat retina, arterial and venous vascular systems can
overlap one another. Since Doppler OCT can only measure flow velocities in the axial direction, the
vessels appear to be discontinuous or disconnected when they are perpendicular to the OCT beam. In
addition to retinal vessels and the central retinal artery, some choroidal vessels, as well as long posterior

ciliary arteries are also visible owing to the deep penetration of 1050 nm wavelength light.

Figure 5.6 Doppler OCT imaging in a unpigmented Sprague-Dawley rat retina. Doppler OCT
analysis was performed using posterior eye OCT data (6 orthogonally scanned 500 x 500 axial
scan OCT datasets over a 2.6 mm x 2.6 mm region). The 6 Doppler OCT volumes were merged
using the displacement fields from registered structural OCT data. (A) OCT fundus image. (B, C,
D) OCT color Doppler images with blood flow information overlaid on structural images. (E) 3D

Doppler OCT angiography.®
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5.2.5 Four-Dimensional Imaging of Pupillary Response in Rat and Mouse eyes

High speed OCT imaging enables time resolved volumetric four-dimensional (4D) imaging of the
dynamic responses of the eye to stimulus. A Sprague-Dawley rat and a C57BL/6 mouse were sedated
lightly to preserve pupillary responses. Figures 5.7 and 5.8 are demonstrations of 4D imaging of the
papillary response in the rat and mouse eye. OCT volumes of 100 x 100 axial scans were acquired at ~10
volumes per second for 5 seconds. Scans were performed over a 7 x 7 mm’ area of the rat eye and a
3.5 x 3.5 mm” area of the mouse eye. All volumes were scanned with a horizontal fast scan axis and
motion correction was not performed. A continuous stimulus and a short ~1 second flash stimulus were
applied to both the rat and mouse eyes. 3D dynamics can be visualized and quantitative measurements of
the pupil area can be obtained. Despite the high volume rate of the acquisition, motion is visible in the
datasets predominantly due to breathing and heartbeat. As more light enters the eye, the iris responds by
rapid contraction, which leads to the decrease in pupil diameter. When the stimulus is turned off, the iris

muscles slowly relax. The pupil area from each acquired volume was measured.

Rat Bleached Stmulus
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Figure 5.7 Dynamic response of the Sprague-Dawley rat eye to long and short duration light
stimulus. Volumetric imaging was performed at ~10 volumes per second. Each volume consists
of 100 » 100 axial scans over a 7 mm x 7 mm area. Changes of the pupil area before, during, and
after light stimulus are shown in plot. (A, B, C) (D, E, F) Selected time points illustrate the
structural changes in the eye over time. An OCT en face view, central orthogonal cross-sections,

as well as a 3D rendering are shown for each time point.®
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Figure 5.8 Dynamic response of the C57BL/6 mouse eye to long and short duration light stimulus.
Volumetric imaging was performed at ~10 volumes per second. Each volume consists of
100 x 100 axial scans over a 3.5 mm x 3.5 mm area. Changes of the pupil area before, during, and
after light stimulus are shown in plot. (A, B, C) (D, E, F) Selected time points illustrate the
structural changes in the eye over time. An OCT en face view, central orthogonal cross-sections,

as well as a 3D rendering are shown for each time point.®

5.2.6 Discussion

Structural and Doppler angiographic imaging of the rodent eye was demonstrated using a novel ultrahigh
speed swept-source / Fourier domain OCT instrument. The instrument was architected based on a
recently developed SS-OCT system for high speed imaging in human eyes at long wavelengths."® The
long imaging range and high imaging speed of SS-OCT, along with the deep penetration into tissue of
1050 nm wavelength light enables 3D volumetric imaging of the retina and posterior eye, as well as the
anterior eye and full eye length in rodent eyes. A registration algorithm was applied to remove motion

artifacts and merge multiple datasets for enhanced visualization.

OCT has been widely used for in vivo retinal imaging of rodent models. This chapter presents
motion-corrected 3D OCT images in rat and mouse eyes using SS-OCT. Although current 1050 nm
wavelength SS-OCT technology has limited resolution compared to 850 nm SD-OCT, the improved
tissue penetration provides additional information in the choroid and sclera. Motion correction enables
large volumes to be acquired without motion artifacts and merging improves image quality. Although
visibility of features is poorer in the mouse compared with the rat, for retinal imaging, major retinal layers
including the retinal nerve fiber layer (RNFL), ganglion cell layer (GCL), inner plexiform layer (IPL),
inner nuclear layer (INL), outer plexiform layer (OPL), outer nuclear layer (ONL), external limiting

membrane (ELM), photoreceptor inner segment and outer segment (IS/OS) junction, retinal pigment
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epithelium (RPE), choroid (CH), and sclera (SC) can be resolved. Doppler OCT provides motion contrast
highlighting the retinal vasculature and enables differentiating arteries and veins. Quantitative
information of blood flow velocity can also be obtained. No obvious artifacts due to pulsatility remain in
the motion-corrected and merged Doppler OCT data which was obtained from multiple orthogonally
scanned volumes. The deep penetration into tissue allowed Doppler OCT imaging of the long posterior

ciliary arteries.

The main advantages of SS-OCT compared to SD-OCT are increased sensitivities, imaging speed,
and imaging range. For rodent eye imaging, the high speeds and extended range enable 3D imaging of
the retina, posterior eye, anterior eye and full eye length. Combined with image registration motion
correction, we demonstrated 3D in vivo SS-OCT full eye length volumetric imaging while preserving
corneal, iris, lens, and retinal topography in both rats and mice. This promises to allow quantitative
measurements tracking the changes in morphogenesis and pathological processes in the same animal eye

over time.

SS-OCT at 1050 nm may provide new means for in vivo rodent hyaloid vessel and lens
development studies. In our results, we were able visualize the hyaloid vessel, lens nucleus, lens opacities,
and lens suture patterns. Comparing Figure 5.4D with Figure 5.5B, it can be seen that suture patterns in
the anterior and posterior pole of the crystalline lens have opposite orientations. Lens fibers make up the
bulk of the lens and form lens suture patterns which produce an upright "Y' pattern anteriorly and an
inverted 'Y' pattern posteriorly. This was the first demonstration of visualizing the lens suture pattern in
the rat eye using OCT. In the mouse eye, we could observe lens opacities possibly induced by ketamine-
xylazine anesthesia (Figure 4E) suggesting that cataract characterization may be possible.'® Meanwhile in
the mouse full eye length image, the retina remained highly visible despite the lens opacities. This also
suggests that the reduced scattering of 1050 nm wavelength light will be useful for OCT retinal imaging

even in rodent eyes with cataracts.

For mouse eye imaging and biometry measurements, Wang et al. ' has described a 28 kHz SS-
OCT imaging system with a center wavelength of 1056 nm and 70 nm scanning bandwidth. A
subsequent paper demonstrated the ability to measure the heritability of ocular component dimensions in
mice. These papers reported the ability to acquire ~17.6 um axial resolution cross-sectional data in air
using a fast Dispersion Encoded Full Range (DEFR) algorithm over a depth range of £5 mm in air with -
18-dB roll-off at +3 mm in air where conjugate artifacts compromise the alignment of the imaging system.
By taking advantage of the longer imaging range with -20-dB roll-off at 5.3 mm in tissue, the higher 6 pm

axial resolution in tissue, the 3.6 times faster 100 kHz imaging speed, and the registration motion-

94



correction algorithm, our results provide motion-corrected 3D OCT data of the full eye length in not only
the shorter mouse eye, but also the longer rat eye. Three-dimensional motion-corrected data can be
refraction corrected and processed for more accurate biometry measurements unaffected by alignment
errors or motion artifacts when acquiring only a single cross-sectional OCT image. Although the limited
detector bandwidth along with the limited coherence length of the swept-source laser used in this study
affected signal in the rat retina during full eye length imaging (Figure 4B Figure 4C), next generation
swept lasers with ultralong coherence lengths will have virtually no signal roll-off within the range

needed for rodent full eye length imaging.'®

We also performed the first demonstration of 4D time resolved volumetric OCT imaging of the
mouse and rat full eye length. 4D OCT dynamic imaging could provide spatial-temporal information of
3D volumetric datasets for functional imaging studies. A simple demonstration of pupillometry is shown
in this study. In addition to pupil area, 4D OCT provides information of the iris structure. The
contraction of the iris was visualized in 3D. Other 4D OCT applications include imaging of structural and

19, 20

blood flow responses to intraocular pressure and the dynamics of neurovascular function in the eye®"

22

To conclude, SS-OCT is a powerful imaging technique providing comprehensive 3D information
on the rodent eye including motion-corrected posterior eye, anterior eye and full eye length imaging,
retinal imaging with Doppler OCT angiography, as well as 4D dynamic imaging of functional responses
of the eye. While standard excisional biopsy and histology require enucleating the eye, OCT can perform
repeated, noninvasive in situ imaging and quantitative measurements of the rodent retina. Therefore, SS-
OCT technology for rodent eye imaging is a potentially useful tool for in vivo imaging of disease
phenotypes such as corneal opacity, uveitis, keratitis, glaucoma, cataract, retinoblastoma, retinal

degeneration, retinal vascular disease and myopia.

5.3 Clinical Swept-Source / Fourier Domain OCT Systems

A total of three clinical swept-source / Fourier domain OCT systems were built and deployed at our
collaborator’s clinical sites. In collaboration with Dr. Benjamin Potsaid, Dr. Bernhard Baumann, Martin
Kraus, a retinal imaging system was built for Dr. David Huang’s group at the Oregon Health Science
University in Portland, OR. In collaboration with Dr. Irenuesz Grulkowski and Chen Lu, two systems
with retinal and anterior imaging capabilities were built for Dr. Jay Duker’s group at the New England

Eye Center and Dr. Joel Schuman’s group at the University of Pittsburgh Eye Center.
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These systems were developed based on Dr. Benjamin Potsaid’s initial work."> Figure 5.9 shows
the schematic of the clinical swept-source / Fourier domain OCT systems. The 1050 nm Axsun laser runs
at a 100 kHz sweep rate, with a tuning bandwidth of 105nm. The axial resolution is 6.5um. The
maximum incident power on the eye is 1.9 mW, in accordance to the ANSI safety limits. The imaging
depth range in tissue is 2.8 mm with the optical clock and 3.6 with the 400 MHz internal clock. The
measured sensitivity is 105 dB. Figure 5.10 are photographs of the deployed systems at their clinical sites.

-
Sample arm
Axsun

laser

Balanced
Detection

Figure 5.9 Schematic of swept-source / Fourier domain OCT system. GS — galvo scanners, DM —

dichoric mirror, DC — dispersion compensation glass, WC — water cell.
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Figure 5.10 Clinical swept-source / Fourier domain OCT systems. (left) OHSU system with all

optics mounted on the ophthalmic table. This design has the advantage that the motion of the
optical fiber to the sample arm is kept to a minimum, keeping unwanted polarization changes due
to system position movement to a minimum. (center) UPMC system with posterior and anterior
eye imaging capabilities. The ocular lens on the patient interface is removed in this photo for the

anterior imaging mode. (right) NEEC system with the same features as the UPMC system.
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CHAPTER 6

Enhanced Vitreous Imaging using Ultrahigh Speed Swept-Source / Fourier Domain OCT

6.1 Introduction

The vitreous is a transparent hydrophilic gel, principally composed of water, occupying the space between
the lens at the front of the eye and the retina lining the back of the eye. The vitreous functions as a
pathway for nutrients utilized by the lens, ciliary body, and retina, and provides structural support to the
globe. Aging of the vitreous is characterized by liquefaction and the formation of liquefied vitreous
pockets in a process known as synchysis. When vitreous liquefaction and weakening of vitreoretinal
adhesion occur concurrently, the vitreous collapses in a process called syneresis, which eventually leads
to posterior vitreous detachment (PVD).! In vivo imaging of the vitreous can be performed using
ophthalmoscopy, slit lamp biomicroscopy, scanning laser ophthalmoscopy, ultrasonography, and optical
coherence tomography (OCT).> However, due to its transparency, it remains difficult to reliably image

the vitreous except in advanced disease.

OCT is a non-invasive, in vivo optical imaging modality analogous to ultrasound, but based on
low coherence optical interferometry.’ Standard time-domain OCT has been used clinically to examine
the vitreous in a number of diseases of the vitreomacular interface.* Current spectral / Fourier domain
OCT (SD-OCT) technology allows better visualization of the vitreoretinal interface and posterior vitreous
cortex through improved axial resolution, imaging speed, and signal-to-noise ratio. Currently, SD-OCT is
increasingly being used to diagnose and manage vitreoretinal interface disease processes including
vitreomacular traction (VMT), epiretinal membrane (ERM), lamellar holes, pseudoholes, and full
thickness macular holes (FTMH).**®

The development of swept-source / Fourier domain OCT (SS-OCT) technology has enabled
better sensitivity with imaging depth, longer imaging range, higher detection efficiencies, and ability to
perform dual balanced detection.” Compared to SD-OCT, SS-OCT does not suffer from decreased signal
strength with increasing imaging depth, and a tissue of interest does not need to be in close proximity to
the zero delay line to enhance visualization, as is the case in enhanced depth imaging (EDI)."° Using
single-line SS-OCT scans, studies have determined the prevalence of the bursa premacularis (BPM) and

area of Martegiani and measured the dimensions of the BPM.'" 12

The ability to correct motion artifacts using orthogonally scanned three-dimensional OCT (3D-

OCT) datasets has been demonstrated recently.”” Although the shortened image acquisition time of
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Fourier domain OCT (SD-OCT and SS-OCT) minimizes motion artifacts and avoids the need for motion-
correcting algorithms for cross-sectional OCT images in the fast scanning direction, the visualization of
topographic features in 3D-OCT data is still compromised by eye motion artifacts in the slow scanning
direction. This problem persists even in OCT devices with transverse eye tracking, limiting the ability to
visualize 3D-OCT scans in all cross-sectional dimensions. By acquiring multiple 3D-OCT datasets with
orthogonal fast scanning directions, the registration motion-correction algorithm can be applied to remove
motion artifacts and merge multiple datasets into a single motion-corrected dataset with improved signal.
Arbitrary cross-sections can be extracted from the motion-corrected dataset and displayed as an OCT

cross-sectional image.

OCT images are typically displayed in logarithmic scale in order to accommodate the large
dynamic range of the backscattered light from the retina and vitreous. A typical dynamic range of a
Fourier domain OCT image in the eye is ~40 dB, while the detection sensitivity in OCT can be as high as
~100 dB." Since a limited number of color or grey scale levels can be displayed in an image and
perceived by the human eye, only a small subset of the entire dynamic range can be chosen to optimize
contrast within specific tissue structures. Similar to X-ray computed tomography (CT), where tissues of
various densities such as bone, soft-tissue, liver, and lung can be viewed by changing contrast windows,
OCT images can also be “windowed” to improve visualization of the vitreous structure.'”'> ' Another
complementary approach is tone mapping using adaptive histogram equalization algorithms to convert
high-dynamic-range (HDR) images to a displayable range while preserving the contrast, brightness, and

fine detail.!’

The present study describes normal vitreous architecture using wide-field three-dimensional OCT
(3D-OCT) scans acquired using a prototype long-wavelength SS-OCT system, along with the use of both
windowing and HDR techniques for an enhanced visualization of the anatomic and microstructural
features of the vitreous. The aims of this pilot study were: (1) to describe a novel imaging method —
enhanced vitreous imaging (EVI), (2) to examine in vivo details of the vitreous structure in healthy eyes
with wide-field 3D-OCT scans covering the fovea and optic nerve head regions, (3) to evaluate EVI
detection sensitivity of vitreal and vitreoretinal features versus standard OCT imaging displayed in

logarithmic scale.

6.2 Methods

A research prototype SS-OCT instrument was built as described in Chapter S achieving 100,000 axial

scans per second, which is ~4x faster imaging speed than standard clinical SD-OCT devices, with
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comparable <6 pm axial image resolution. This prototype SS-OCT device operates at the 1050nm
wavelength regime and has better immunity to ocular opacity and improved image penetration into tissue

compared to standard clinical OCT devices, which operate at around 840 nm.” '8

Healthy volunteers from the New England Eye Center at Tufts Medical Center (Boston, MA)
were prospectively enrolled in the study, which was approved by the institutional review boards at Tufts
Medical Center and the Massachusetts Institute of Technology. The research adhered to the Declaration
of Helsinki and the Health Insurance Portability and Accountability Act. Signed informed consent was

obtained from all participants.

Twenty-two eyes of 22 healthy subjects with normal vision and no history of retinal disease, optic
nerve abnormalities, or ocular surgery were imaged at the New England Eye Center at Tufts Medical
Center. One randomly selected eye for each subject was imaged using the prototype long-wavelength SS-
OCT system. Up to eight orthogonally raster scanned 3D-OCT datasets were acquired in each eye over a
12 mm x 12 mm retinal area (~40°) with 500 A-scans x 500 B-scans centered between the fovea and the
optic nerve by a single trained operator. The acquisition time per 3D-OCT dataset was less than 3
seconds. A registration motion-correction algorithm was applied to remove motion artifacts. A minimum
of two orthogonally scanned 3D-OCT scans were merged to create a single, motion-corrected volumetric
dataset with improved signal. With a three-dimensional (3D) motion-corrected volumetric dataset,
arbitrary OCT images can be viewed in any two-dimensional plane. Details of the registration motion-

correction algorithm have been described previously."

To enhance visualization of vitreal and vitreoretinal features, each motion-corrected volumetric
dataset was displayed in (1) the standard OCT logarithmic scale, (2) EVI vitreous window display — a
windowing method analogous to CT that was performed by adjusting the threshold and contrast in each
motion-corrected volumetric dataset,”” and (3) EVI HDR display — a HDR filtering method that was
performed by applying a contrast-limited adaptive histogram equalization (CLAHE) filter to the motion-
corrected volumetric dataset in linear scale."” All EVI image processing was performed using the plugins
in ImageJ (NIH, Bethesda, MD). Figure 6.1 is an example of a motion-corrected dataset shown in the
standard logarithmic scale display, the EVI vitreous window display, and the EVI HDR display. Figure
6.2 demonstrates 3D EVI OCT where arbitrary cross sections as well as en face images extracted from the
3D volumetric dataset are shown. The hypothesis of this study was that enhanced vitreous imaging (EVI)
using the windowing or HDR method improves detection sensitivity of vitreal and vitreoretinal features

compared to standard OCT logarithmic scale display.
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Each dataset, displayed in 3 forms (Figure 6.1), was reviewed independently by three OCT
readers (J.J.L, A.J.W, and M.A. each with 1 year or more full-time ophthalmic OCT research experience
in a PhD or research fellowship program). Datasets were reviewed in random order and separated by
display methods so each dataset is examined independently for each display method. The presence of
specific anatomic and microstructural features within the posterior vitreous and vitreoretinal interface was
identified by examining multiple cross-sectional images extracted from the 3D volumetric dataset.
Features studied included the BPM, Cloquet’s canal (area of Martegiani), Cloquet’s/BPM septum,
Bergmeister papilla, posterior cortical vitreous (hyaloid) detachment, papillomacular hyaloid detachment,
hyaloid attachment to retinal vessel(s), granular opacities within vitreous cortex, granular opacities within
Cloquet’s canal, and granular opacities within the BPM. (Figure 6.3) Specific locations of
microstructural features in each cross-sectional image were recorded by each reader. Disagreement
between readers was resolved by open adjudication. The decision of whether to classify each feature as
present or absent was determined by combining positive findings from the standard logarithmic scale
display, EVI vitreous window display, and EVI HDR display in order to generate the maximum possible
level of detection for each feature. More specifically, since there does not exist a standard imaging
method to examine all features observed, if there is a positive result in any of the three display methods,
the existence of the feature is considered positive. The sensitivity of each display method for the
detection of each vitreal and vitreomacular feature was calculated as the proportion of true positives
correctly identified as such (Sensitivity = True Positives/(True Positives + False Negatives)). The 95%
confidence interval (CI) for detection of all the vitreal and vitreomacular features for each display method
was also calculated. All statistical analysis was conducted using Excel (Microsoft Corporation, Redmond,
WA).

To demonstrate the ability to analyze posterior vitreous structures in 3D, a motion-corrected
volumetric dataset of a selected eye was processed using the EVI vitreous window. In the 3D dataset, the
volumes of the BPM and area of Martegiani were measured, both which are optically transparent spaces
within the vitreous. The same eye was used to demonstrate mapping of vitreous detachment from the
retinal surface. Manual segmentation of the BPM and area of Martegiani and the manual mapping of

vitreous detachment were performed using Amira (Visualization Sciences Group, Burlington, MA).
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Figure 6.1 Optical coherence tomography (OCT) images are typically displayed in logarithmic
scale. Enhanced vitreous imaging (EVI) with the vitreous window and high-dynamic-range
methods improves visualization of structure in the posterior vitreous and vitreoretinal interface.

Scale bars: 300 um.
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Figure 6.2 Three-dimensional (3D) enhanced vitreous imaging (EVI) enables visualization of the
posterior vitreous and vitreoretinal interface in arbitrary cross sections or any en face plane.
Arbitrary cross-sectional images and arbitrary en face images are generated from the 3D motion-

corrected volumetric dataset with EVI display. Scale bars: 300 pm.
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Figure 6.3 Examples of features observed in the posterior vitreous and vitreoretinal interface in
healthy eyes. Selected cross sections from two different eyes are shown with their locations
marked on the optical coherence tomography (OCT) fundus images. Renderings of the 3D

volumetric datasets are also shown. Note the cloudy gray appearance of reflective signal from the
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vitreous, where liquefied areas of the vitreous appear transparent and hyperreflective foci appear
white. Observed features are marked in the cross-sectional images: bursa premacularis (BPM)
(white asterisk), Cloquet’s canal (Area of Martegiani) (white circle), Cloquet’s/BPM septum
(white circle arrow), posterior cortical vitreous (hyaloid) detachment (black arrowhead),
papillomacular hyaloid detachment (double black arrowheads), Bergmeister papilla (black
diamond arrow), hyaloid attachment to retinal vessel (white arrowhead), granular opacities within
vitreous cortex (black dashed arrow), granular opacities within BPM (black dotted arrow),

granular opacities within Cloquet’s (black arrow). Scale bars: 300 um.

6.3 Results
The mean age of the 22 healthy subjects was 33.0 years, with a range of 23 to 49 years. There were 12
females (54.5%) and 10 males (45.5%). The features of the posterior vitreous and vitreoretinal interface

observed with all display methods are shown in Table 6.1.

To test the hypothesis that EVI improves visualization of vitreal and vitreoretinal features, we
compared images displayed without enhancement to images enhanced with the two EVI methods. The
sensitivity for detection of all vitreal and vitreoretinal features in this study was 75.0% (95% CI: 67.8%-
81.1%) for the standard logarithmic scale display, 80.6% (95% CI: 73.8%-86.0%) for the EVI HDR
display and 91.9% (95% CI: 86.6%-95.2%) for the EVI vitreous window display. The EVI vitreous
window display was able to detect an additional 34 (21.3%) features that were not visible on the standard
logarithmic scale display and 30 (18.8%) features that were not visible on the EVI HDR display. The
EVI HDR display detected an additional 25 (15.6%) features that were not visible on the standard
logarithmic scale display and 10 (6.3%) features that were not visible on the EVI vitreous window display.
Three features (1.9%) were visible on the standard logarithmic scale display but not evident on either EVI

vitreous window display or the EVI HDR display.

The detection sensitivity for each of the vitreal and vitreoretinal features using the 3 display
methods are shown in Table 6.2. The EVI vitreous window display was more sensitive than the standard
logarithmic scale display in detecting all the features. The EVI HDR display was more sensitive than the
standard logarithmic scale display in detecting the BPM (94.4% vs 77.8%), Cloquet’s/BPM septum
(100% vs 82.4%), Bergmeister papilla (81.8% vs 63.6%), posterior cortical vitreous (hyaloid) detachment
(100% vs 90.0%), and hyaloid attachment to retinal vessel(s) (81.3% vs 68.8%). EVI HDR had a
comparable sensitivity to the standard logarithmic scale display in detecting area of Martegiani (93.3%),
papillomacular hyaloid detachment (81.3%), granular opacities within Cloquet’s (70.6%), and granular

opacities within BPM (58.8%) and was less sensitive than the standard logarithmic scale display in
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detecting granular opacities within vitreous cortex (30.7% vs 53.8%). The EVI vitreous window display
had a higher or comparable sensitivity to EVI HDR display for detecting most vitreal and vitreoretinal
features, except for detecting hyaloid attachment to retinal vessels and BPM, where EVI HDR display
was more sensitive than the EVI vitreous window display (81.3% vs 75.0% and 94.4% vs. 88.9%

respectively).

Using 3D information from a motion-corrected dataset of a selected eye processed using the EVI
vitreous window display, the BPM was measured to be 6.84 pL and the area of Martegiani was measured
to be 3.06 pL (Figure 6.4). A vitreous detachment map was also generated for this eye, which illustrates
remaining vitreal attachment over the macula and optic nerve head region as well as over a retinal vessel
nasal to the optic nerve head (Figure 6.5). The measured areas of attachment are 20.9 mm? above the

2 over the optic nerve head, and 0.2 mm’ along the retinal vessel. All quantitative

macula, 9.7 mm
measurements are performed within the axial imaging range and transverse field of view of the long-

wavelength SS-OCT system employed in this study.

To demonstrate the potential utility of EVI in vitreoretinal disease, a clinical example of
vitreomacular traction (VMT) syndrome is also displayed using the EVI methods (Figure 6.6). This is a
78-year-old man who presented to the New England Eye Center at Tufts Medical Center with visual
distortion in his left eye. His best-corrected visual acuity was 20/40. Dilated fundus examination showed
mild retinal pigment epithelium (RPE) changes, mild retinal thickening nasal to the fovea, and an
epiretinal membrane (ERM). OCT imaging revealed that the patient had VMT syndrome: a partially-
detached and thickened posterior hyaloid with persistent adhesion to the fovea, causing mild distortion of
the foveal contour. Using the vitreous enhancement techniques applied to SS-OCT images, the contour
and shape of the posterior hyaloid becomes clearly visible. En face images highlight the presence of
individual vitreous fibers temporal to the macula; these fibers are also visualized in the 3D reconstruction
of the volumetric dataset. The vitreous detachment map highlights that the vitreous remains attached at
both the macula and optic nerve head, as well as along retinal arcade vessels and vessels nasal to the optic
nerve. The measured areas of attachment are 4.4 mm? over the macula and 23.2 mm® over the optic nerve

head and vessels.
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Table 6.1 Features of the posterior vitreous and vitreoretinal interface observed in healthy eyes.

Healthy Eyes with Feature
Vitreal or Vitreoretinal Feature

n, (%)
Bursa Premacularis (BPM) 18 (81.8%)
Cloquet’s canal (Area of Martegiani) 15 (68.2%)
Cloquet’s/BPM Septum 17 (77.3%)
Bergmeister papilla 11 (50.0%)

Posterior cortical vitreous (hyaloid) detachment 20 (90.9%)

Papillomacular hyaloid detachment 16 (72.7%)
Hyaloid attachment to retinal vessel(s) 16 (72.7%)
Granular opacities within vitreous cortex 13 (59.1%)
Granular opacities within Cloquet’s 17 (77.3%)
Granular opacities within BPM 17 (77.3%)
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Table 6.2 Detection of vitreal and vitreoretinal features in healthy eyes.

Sensitivity %, (95% Confidence Interval)

Observed Features ngarithmic Scale Vitreous Window HDR Display
Display Display
Bursa Premacularis 77.8 (54.8t091.0)  88.9(67.21096.9) 94.4(74.21099.0)

(BPM)

Cloquet’s canal (Area of
Martegiani)

Cloquet’s/BPM Septum

Bergmeister papilla

Posterior cortical vitreous
(hyaloid) detachment

Papillomacular hyaloid
detachment

Hyaloid attachment to
retinal vessel(s)

Granular opacities within
vitreous cortex

Granular opacities within
Cloquet’s

Granular opacities within
BPM

93.3 (70.2 to 98.8)

82.4 (59.0 to 93.8)

63.6 (35.4 to 84.8)

90.0 (69.9 to 97.2)

81.3 (57.0 t0 93.4)

68.8 (44.4 to 85.8)

53.8(29.1 t0 76.8)

70.6 (46.9 to 86.7)

58.8 (36.0 to 78.4)

100.0 (79.6 to 100.0)

100.0 (81.6 to 100.0)

90.1 (62.3 to 98.4)

100.0 (83.9 to 100.0)

93.8 (71.7 to 98.9)

75.0 (50.5 to 89.8)

92.3 (66.7 t0 98.6)

88.2 (65.7 10 96.7)

88.2 (65.7 t0 96.7)

93.3 (70.2 to 98.8)

100.0 (81.6 to 100.0)

81.8(52.3t094.9)

100.0 (83.9 to 100.0)

81.3 (57.0 to 93.4)

81.3(57.0t0 93.4)

30.7 (12.7 to 57.6)

70.6 (46.9 to 86.7)

58.8(36.0to 78.4)

OCT = Optical Coherence Tomography; EVI = Enhanced Vitreous Imaging; HDR = High Dynamic Range

109



Figure 6.4 Volumetric measurement of vitreal spaces can be performed in three-dimensional (3D)
enhanced vitreous imaging (EVI) volumetric datasets. The bursa premacularis (BPM) and area of
Martegiani are segmented and highlighted. The volume of the BPM and area of Martegiani

measured within the imaging range of the dataset is 6.84 pL and 3.06 pL, respectively.

Figure 6.5 Vitreal detachment from the retina can be mapped in three-dimensional (3D) enhanced

vitreous imaging (EVI) volumetric datasets by examining each cross-sectional image in a 3D
dataset (left) and marking the detached hyaloid (center) to generate a map where the area of vitreal
detachment is highlighted (right). Vitreoretinal attachment is present at the macula (blue asterisk)
and optic nerve head (yellow asterisk) as well as along a retinal vessel (red arrow) nasal to the
optic nerve head. The measured areas of attachment are 20.9 mm? above the macula, 9.7 mm’ over
the optic nerve head, and 0.2 mm? along the retinal vessel within the imaging range. Scale bars:

300 pm.
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Figure 6.6 Enhanced vitreous imaging (EVI) of vitreomacular traction (VMT). (Top left) Vitreal
detachment map where the measured area of attachment is 4.4 mm? over the macula and 23.2 mm’
over the optic nerve head and vessels. (Second row left) Three-dimensional (3D) rendering of the
EVI volumetric dataset. Note the improved visualization of the contour and shape of the posterior
hyaloid with EVI. The presence of vitreous fibers and hyperreflective reflective foci in the
posterior vitreous are clearly visible in the en face EVI images and three-dimensional rendering.

Scale bars: 300 um.

6.4 Discussion

This study describes a new method for improved OCT analysis of the posterior vitreous and vitreoretinal
interface: Enhanced Vitreous Imaging (EVI). EVI employs processing of standard logarithmic scale SS-
OCT images of healthy eyes using either the windowing technique, the “EVI vitreous windowing
display”, or the high-dynamic-range (HDR) technique, “EVI HDR display” for vitreous analysis and
shows an enhanced sensitivity of EVI vitreous windowing display for detection of vitreal and

vitreoretinal features. SS-OCT has an advantage over SD-OCT for vitreous imaging because it
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maintains high sensitivity over a long imaging range. The high speed of SS-OCT combined with motion
correction and merging enables wide-field volumetric imaging. As a result, SS-OCT with motion
correction and EVI provides wide-field 3D information about the posterior vitreous structure, enabling

detailed observations of the posterior vitreous and the vitreoretinal interface.

In this study, EVI vitreous windowing display showed statistically significant improvement in
overall detection sensitivity of the posterior vitreous features compared to standard logarithmic scale
display. While EVI HDR display improves the detection of some vitreal and vitreoretinal features when
compared to the standard logarithmic scale display, the EVI vitreous window display seems to provide the
most improvement in detecting all of the features when compared to the standard logarithmic scale
display and most features when compared to the EVI HDR display. The EVI HDR display is
significantly worse in detecting granular opacities compared to the EVI vitreous window display (30.7%
vs 92.3%). This may be due to the blurring effect on very small features when applying the CLAHE filter.
Conversely, the EVI HDR display was more sensitive in detecting hyaloid attachment to the retinal
vessels (81.3% vs 75.0%) and the BPM (94.4% vs. 88.9%) when compared to the EVI vitreous window
display. The preserved contrast in the retina, combined with enhanced visualization of the vitreous in the
EVI HDR display may be valuable in detecting interactions between the vitreous and the retina, such as at
the attachment of the hyaloid to retinal vessels and fibrovascular vitreoretinal adhesions in diseases such
as advanced diabetic retinopathy. In addition, the EVI HDR display has the ability to visualize vitreous,
retinal, and choroidal structures in a single image similar to the combined depth imaging SD-OCT images

shown by Barteselli et al."’

Prior studies evaluated features in the posterior vitreous and vitreoretinal interface using
commercial SD-OCT and SS-OCT systems. Koizumi et al. presented 3D visualization of the VMT and
idiopathic ERM using SD-OCT over a 6 mm x 6mm retinal area where hyperreflectivity of the detached
posterior hyaloid was observed.” Mojana et al. demonstrated the ability of SD-OCT to image the
physiologic and pathologic vitreous structure to provide detailed analysis of the vitreoretinal interface.”’
The authors found that SD-OCT showed a higher prevalence of PVD compared to clinical slit-lamp
biomicroscopy examination as well as improved visualization of details in the posterior vitreous and
vitreoretinal interface. Observations including the BPM, area of Martegiani, Bergmeister papilla, hyaloid
adhesion to retinal vessels, hyperreflective vitreous strands, and granular opacities described as insertion
of anteroposterior fibers or cellular aggregations were reported in cross-sectional SD-OCT images.
Shimada et al. described the size and dimension of BPMs observed in normal eyes as well as its
separation from the pre-papillary Cloquet’s canal by a thin wall observed by acquiring single-line 9 mm

nasal-temporal and 6 mm superior-inferior cross-sectional SD-OCT scans.®! Itakura and Kishi further
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confirmed the presence of BPM in all ages and observed thickened vitreous cortex and perifoveal
posterior vitreous detachment in older individuals by adjusting the contrast in the single-line 9 mm nasal-
temporal SD-OCT cross-sectional images, similar to the EVI “windowing” approach performed in the
present study.”’ Recent results from Itakura et al. showed clarified boat-shaped BPM structure in vivo
using single-line 12 mm nasal-temporal and 12 mm superior-inferior SS-OCT scans where brightness and
contrast of the images were adjusted to enhance the vitreous.!" In addition, Stanga et al. performed
anatomical characterization of the cortical vitreous and vitreoretinal interface using the single-line 12 mm
nasal-temporal SS-OCT scan by measuring the width and depth of the BPM and classification of the

degree of posterior vitreous detachment.'" 2

Nevertheless, the analyses in previous studies were either restricted to isolated cross sections or
3D datasets with inadequate cross-sectional image quality as well as limited retina coverage. The present
study is the first of its kind to demonstrate that posterior vitreous structure and the vitreoretinal interface
can be visualized in 3D using wide-field motion-corrected volumetric SS-OCT datasets and EVI,
allowing measurements of the volumes in physiological vitreous spaces such as the BPM and the
Cloquet’s canal. Moreover, mapping of the locus and area of vitreous detachment from the retina and
measurement of the area of vitreoretinal adhesion can also be accomplished in normal eyes as well as
eyes with vitreoretinal disease, as demonstrated in an eye with vitreomacular traction syndrome. Such
measurements and maps may be helpful to follow vitreous detachment over time, for preoperative

planning, and/or to assess treatment response to surgery or enzymatic vitreolysis.

A limitation of this study is that only healthy subjects were included. Studies in diseased eyes
using EVI are currently underway and will help better understand the clinical significance of features
observed in the posterior vitreous and vitreoretinal interface. Another limitation is the imaging speed and
imaging range of our prototype SS-OCT system. Our current prototype SS-OCT already achieves ~4x
higher imaging speed (100,000 A-scans/second), ~40% longer imaging range (2.8 mm), and ~2x
transverse field of view (12 mm x 12 mm) than commercial SD-OCT systems. However, since the
vitreous is a dynamic tissue and its shape and configuration may be altered with eye movement and
position, it is possible that the vitreous anatomy changes during the time interval between acquisitions of
multiple 3D-OCT datasets'®, which may result in blurring of certain vitreal and vitreoretinal features
when the registration motion-correction algorithm is applied. Furthermore, with the current system
design we can still only visualize the posterior vitreous and not the entire vitreous. Visualization of
structures such as the BPM, area of Martegiani, and vitreal attachment to the retinal vessels in our study is
also limited by the axial imaging range and transverse field of view of the prototype SS-OCT system. A

study by Mori et al. suggested that imaging the peripheral vitreous provides insights into macular hole
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development and progression using a montage SD-OCT technique.” Future SS-OCT systems with higher
speeds, faster image acquisition, improved sampling, and longer imaging range will be able to help
visualize more of the vitreal and vitreoretinal features in both the transverse and anteroposterior
dimensions.” Another potential limitation of this study is the adjustment of the focus on the retina. In our
study, we performed standard OCT image acquisition procedures without special focus adjustments.
Other studies have suggested that placing the focus of the OCT instrument on vitreous structure may
further improve visualization of vitreous."' However, we believe that maintaining optimal visibility of
retinal structures is most important, as the retina and the retinal pigment epithelium remain the easiest
structure for ophthalmic photographers to focus on during image acquisition. Once images are acquired
using a standard OCT image acquisition procedures, EVI techniques as described in this study can be
performed. The ideal placement of OCT instrument optical focus during acquisition remains to be
determined for vitreous imaging. A final limitation of the study was that 3D processing of images was
performed manually, which was time consuming. Future development of computer image analysis

algorithms will enable rapid, real time mapping of vitreous detachment.

In conclusion, in this prospective cross-sectional study, greater sensitivity of EVI for the
detection of vitreal and vitreoretinal features using SS-OCT is demonstrated. EVI holds promise for an
improved analysis of the vitreous for investigational and clinical purposes. EVI SS-OCT could
potentially be a new tool for imaging the 3D microstructure of the vitreous in patients with disorders of
the vitreomacular interface and assessing treatment response after vitrectomy or pharmacologic

vitreolysis.
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CHAPTER 7

Vertical-Cavity Surface-Emitting Laser Swept-Source / Fourier Domain OCT

7.1 Background

Wavelength-swept lasers are the key underlying technology for swept-source / Fourier domain OCT. One
of the first wavelength swept lasers built for OCT in 1997 employed an external cavity design with a
galvanometer-tuned grating or a sequence of prisms, achieving 10 Hz and 2 kHz sweep repetition rates,
respectively.” * Eventually, dramatic increase in speed was obtained with designs using tunable
dispersive elements such as dispersion prisms, rotating polygons, resonant scanning mirrors, diffraction
gratings, and scanning filters.* Most external cavity tunable lasers use bulk optics or fiber components,
making resonators relatively long and limiting sweep rates. New laser techniques such as Fourier-domain
mode locking (FDML) has overcome such limitations." Nowadays, swept laser designs can achieve
MHz range sweep rates.'”'> Recent advances include the development of fully integrated lasers as well

as miniaturized lasers using microelectromechanical systems (MEMS) technology.'*"**

A new wavelength-swept light source based on vertical cavity surface-emitting laser (VCSEL)
technology offers superior performance for OCT imaging.'”** The unique features of the VCSEL light
source include high speeds with real time adjustability of both the sweep rate and wavelength tuning
range because of its micron-scale cavity length and the rapid MEMS response time.”> Moreover, the
VCSEL operates with a single longitudinal mode instead of multiple modes and therefore has an
extremely narrow instantaneous linewidth compared with other lasers. This results in a very long
coherence length and makes a long imaging range possible. Therefore, MEMS-tunable VCSELSs is an
extraordinary technology for the exploration of both high speed and long range swept-source / Fourier

domain OCT imaging.

Swept-source / Fourier domain OCT using the VCSEL light source has the advantage that the
wavelength sweep range and repetition rate of the light source can be adjusted in order to tailor the
resolution, imaging range and axial scan rate to specific imaging applications. Tradeoff in these
parameters provides flexibility for easily reconfigurable OCT system performance. By taking advantage
of different operating points of the OCT system it is possible to explore versatile functionalities which
contribute to a diversity of new applications. In collaboration with Praevium and Thorlabs, VCSEL light
source technology was developed to enable ultrahigh speeds, long imaging range, and adjustable speed,
range and resolution. Figure 7.1 is an illustration of the VCSEL structure and VCSEL light source

module.
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Figure 7.1 (A) Schematic of a MEMS-tunable VCSEL structure. GaAs — gallium arsenide,
AlxOy — aluminum oxide, InP — indium phosphide, MQW — multiple quantum well. (B)
Schematic of VCSEL light source module: WDM — wavelength-division multiplexer, ISO —

isolator, SOA — booster optical amplifiers. Electrical signals indicated by dashed lines.”

7.2 Ophthalmic Imaging Using VCSEL Swept-Source / Fourier Domain OCT

A schematic diagram of a prototype VCSEL swept-source / Fourier domain OCT (SS-OCT) imaging
system along with a photograph of an ophthalmic prototype OCT instrument is shown in Figure 7.2. The
VCSEL light source was designed and manufactured by Praevium Inc. and Thorlabs Inc. The output of
the swept-source laser was divided between the OCT interferometer and a Mach-Zehnder interferometer
(MZI) for sweep calibration. Light entering the OCT interferometer was split through another fiber
coupler into the sample and reference arms. The sample arm of the OCT interferometer was attached to
an imaging interface for scanning the eye. The light incident on the eye was 1.9 mW, consistent with
American National Standard Institute (ANSI) standards (ANSI Z136.1-2007).>* The system had a
telecentric anterior eye imaging configuration with an f= 150 mm, 2” diameter lens. Retinal imaging
required adding an adapter lens to collimate the incident beam on the eye and relay the beam scanning
pivot point to the pupil. A dichroic mirror coupled a fixation target channel into the OCT beam scanning
path. Light from a single pass reference arm and sample arm was interfered with a fiber coupler and the
signal detected by a prototype high speed, dual-balanced InGaAs photodetector receiver PDB1 (custom
prototype; Thorlabs Inc.). Signal from the dual-balanced photodetector was digitized by a high speed
A/D converter. An additional trigger output from the programmable waveform generator served as a start
signal for sweep acquisition (Figure 1a). Another prototype dual-balance photodiode PDB2 (custom
prototype; Thorlabs Inc.) was used to detect interference fringes from the calibration MZI. A 12-bit 500
MSPS A/D converter (ATS9350; Alazar Technologies Inc.) was used for the retinal imaging mode. Both

anterior segment and full eye length imaging required a faster sampling rate to support sufficient imaging
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depth range. Accordingly, an 8-bit card IGSPS A/D converter (ATS9870; Alazar Technologies Inc.) was

used for anterior segment and full eye length imaging.
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Figure 7.2 Ophthalmic VCSEL swept-source / Fourier domain OCT setup. Retinal imaging was
performed by adding ocular lens to anterior segment configuration and adjusting the fixation target
path. SC — galvanometric scanners, FT — fixation target, DM — dichroic mirror, DC — dispersion
compensation glass, RR — retroreflector, PDB1/PDB2 — balanced photodetectors, MZI — Mach-

Zehnder interferometer.”

The OCT system integrated multiple imaging modes in a single instrument. The operating modes
included retinal imaging, anterior segment imaging and full eye length imaging. Details of the
configuration and system performance for each operating mode are presented in Table 7.1. The effective
axial scan rate was two times higher than MEMS VCSEL drive frequency if both forward and backward
sweeps were acquired and processed (100% duty cycle). The VCSEL design allowed for adjustment of

frequency / wavelength sweep range to modify imaging depth range and/or axial resolution.
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Table 7.1 Configuration and performance of integrated SS-OCT system.”

Anterior Full eye length
Parameter Retinal imaging segment imaging / ocular
imaging biometry
A/D ATS9870 ATS9870
2;1(:1(11}1510011 ATS9350 (AlazarTech) (AlazarTech) (AlazarTech)
Detector
bandwidth 330 MHz 1.5 GHz 1.5 GHz
Forward sweep / Dual swee Forward sweep  Forward sweep /
Acquisition P SWEP/ Dual channel Dual channel
Dual channel (OCT / Single . .
scheme signal + MZI) channel (OCT signal + (OCT signal +
£ MZI) MZI)
Clocking Internal clock Internal clock Internal clock
scheme
Clocking rate 500 MS/s 1 GS/s 1 GS/s
VCSEL
tuning 100kHz 200 kHz 290 kHz 100 kHz 50 kHz
frequency
Effective A~ | y50kiz  200kHz 580 KHz 100 kHz 50 kHz
scan rate
Acquired
samples / 2048 896 1280 4096 7424
sweep /
channel
Way clength 83 nm 83 nm 83 nm 85 nm 45 nm
tuning range
Axial
resolution* 9.0 um 8.8 um 8.9 um 9.0 um 12.4 pm
Transverse
resolution 20 um § 20 um § 20 um § 73 pm t 73 pm
Imaging 68mm  2.6mm 1.9mm 13.6 mm 37.7 mm
depth range*
Sensitivity 100.5dB  97.4dB 96.3 dB 98.8 dB 100.0 dB
“6-dBroll-off | ¢ g m 2.9 mm 2.2 mm 11.0 mm 39.0 mm
depth}

* in tissue (refractive index n=1.35); § estimated based on aberration-free model eye; + measured using a beam profiler; § in air

Retinal imaging was performed using internally clocked A/D acquisition at 500 MSPS. Retinal
imaging at sweep rates ranging from 100 kHz to 580 kHz were tested. Since the clock rate was fixed,
increasing the axial scan rates resulted in a reduction of the imaging range (from 6.8 mm to 1.9 mm in
tissue). In addition, faster imaging speeds resulted in lower sensitivity (decreasing from 100.5 dB at axial
scan rates of 100 kHz to 96.3 dB at 580 kHz). The sensitivity was measured using 1.9 mW of optical
power incident on a test mirror with a calibrated attenuator. Figure 7.3 shows sensitivity roll-off for the
different operating modes. Similar to imaging depth range, the sensitivity -6-dB drop depth becomes

shallower as the sweep rate increases. The axial image resolution was ~9 pm.
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Figure 7.3 Sensitivity roll-offs of VCSEL-OCT system: (a) point spread functions at different
depths in air for the full eye length imaging mode at 50 kHz, (b) signal roll-offs for different
imaging modes. -6-dB signal drop is indicated by the dashed line.”

Anterior segment imaging required modification of the patient interface to telecentrically scan
and focus the OCT beam onto the anterior chamber (Figure 7.2). The transverse resolution of this
configuration was 73 pm. Since the anterior chamber and crystalline lens span a longer axial range than
the retina, the imaging range must be extended by trading off axial resolution and/or reducing imaging
speed. The anterior segment imaging mode operated at axial scan rates of 100 kHz using an A/D data
acquisition card at a fixed 1 GSPS sampling rate with dual channel acquisition. Simultaneous acquisition
of OCT signal and MZI fringes was required to calibrate of each laser sweep and account for sweep-to-
sweep variation. The anterior segment imaging mode had a 13.6 mm imaging range in tissue and enabled
visualizing ocular structures spanning the cornea to posterior surface of the crystalline lens. The axial
resolution was 9 um and the measured sensitivity was 98.8 dB, dropping by 6 dB at a depth of 11mm in
air (Figure 7.3). Corneo-scleral imaging was performed using parameters analogous to those used for

retinal imaging at 100 kHz axial scan rates.

Finally, full eye length imaging was performed at axial scan rates of 50 kHz. The data
acquisition scheme was similar to that used for anterior segment imaging and the sweep range was
reduced to 45nm in order to extend the imaging range to ~50mm in air (~38mm in tissue). This long
imaging range enabled OCT imaging of the anterior segment and retina in a single dataset. The very long
VCSEL coherence length and broad detection bandwidth supported a -6-dB signal roll-off at a 40 mm
range in air (Figure 7.3). The OCT system sensitivity remained the same as in the 100 kHz retinal
imaging mode. However, the reduced sweep range caused a decrease in axial resolution to 12 pm in
tissue. Full eye length imaging is an extremely challenging operating mode because it requires long
imaging range to visualize both anterior and retinal structures (minimum of 40 mm in air) as well as an

optical focusing and scanning design to collect light from both the anterior segment and retina.
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Refractive errors in the eye can make it difficult to simultaneously maximize collection efficiency from
both anterior segment and retina. Imaging was performed using the anterior segment scanning
configuration with a long focal length (f = 150 mm) ocular lens and a 73 pm incident spot size on the
anterior segment of the eye. This provided sufficient depth of focus to image the anterior segment while
normal ocular refraction produced focusing onto the retina. The beam spot size at the retina depended on

the refraction status of the eye.

The procedures involving human subjects were approved by the Committee on Use of Humans as
Experimental Subjects (COUHES) at MIT. The study was complaint with the tenets of the Declaration of

Helsinki. Written informed consent was obtained prior to the study.

7.2.1 Retinal and Choroidal Imaging

Volumetric OCT datasets were acquired by raster scanning at sweep rates of 100 kHz, 200 kHz and 580
kHz. The images shown are from a 32 year old normal subject with myopia. Fundus views and
corresponding cross-sectional images are shown in Figure 5. The transverse scan sampling density was
kept constant at 12 um per axial scan (~2x less than estimated spot size at the retina) by scaling the

transverse scan area by the number of axial scans.

A total measurement time of ~2 seconds was used for each volume, consistent with a typical
clinically acceptable acquisition time. The datasets comprised of 400 x 400, 600 x 600 and 1000 x 1000
axial scans and covered a scanned areas of 5 x S mm’, 7 x 7 mm® and 12 x 12 mm? for sweep rates of 100
kHz, 200 kHz and 580 kHz, respectively. The scanned area at 100 kHz required separate acquisitions for
the central macular region versus the optical nerve head (ONH), whereas imaging at 580 kHz enabled an
almost six-fold increase in scanned field covering both macular and optical nerve head in a single dataset.
All cross-sectional images in Figure 7.4 were cropped to show a depth of 1.5mm in tissue and the aspect
ratio was kept constant. The 9 um axial resolution enables visualization of the retinal layers. Enhanced

light penetration at 1060 nm allowed imaging of the choroid.
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Figure 7.4 Retinal OCT imaging using VCSEL-tunable light source. Fundus images and selected
cross-sections from volumetric datasets acquired at 100 kHz (a), 200 kHz (b) and 580 kHz (c).
Red-free fundus photograph indicating scanned areas at different speeds (d). Transverse sampling
density and acquisition time are kept constant. Aspect ratio of all presented cross-sections is the

same. High speeds enable densely-scanned wide-field imaging.®
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7.2.2 Anterior Segment Imaging

Anterior segment architecture can also be imaged using the longer imaging range, intermediate axial scan
rate operating mode of the OCT instrument. Figure 7.5 shows a rendering of a volumetric dataset
covering a 16 x 16 mm’ area of the anterior eye. The volume consists of 500 x 500 axial scans and was
acquired in 2.6 seconds. The cross-sectional image shows the cornea, iris and the entire crystalline lens
and spans the entire transverse anterior chamber width, from limbus to limbus. The cross-sectional image
in Figure 7.5(b) is generated by averaging 5 consecutive B-scans to enhance signal to noise. Zoomed
inserts show corneal sublayers such as the epithelium, Bowman’s membrane, stroma and endothelium

(Figure 7.5(c)).

Cornea Anterior lens Posterior lens

Figure 7.5 Anterior segment imaging with VCSEL-OCT: (a) rendering of the volume, (b) central
averaged cross-sectional image, (c) zoomed fragments of the B-scan showing details of the corneal

and the crystalline lens.”
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7.2.3 Full Eye Length Imaging and Axial Eye Length Measurement

Intraocular distances such as axial eye length or anterior chamber depth are parameters that are essential
for accurate intraocular lens (IOL) calculation. The long imaging range needed to span axial eye length
was achieved by reducing the laser sweep range, trading off axial resolution. Imaging was performed on a
normal subject with myopia (-7 diopters). The left eye was scanned over 15x15mm? area with 350x350
axial scans with an acquisition time of 2.6 seconds. Figure 7.6(a) shows a rendering of the full eye from

the comea to the retina. This was the first demonstration of 3D full eye length imaging using OCT.

Figure 7.6(b) shows a selected cross-sectional image spanning the entire eye from anterior
chamber and crystalline lens to the retina. The components of the eye introduce dispersion mismatch.
Therefore, the retinal signal was dispersion corrected in post-processing by selecting the bottom part of
the image using a Heaviside function, and inverse Fourier transforming back into frequency or
wavenumber. The argument of Heaviside step function was a pixel depth position close to the retinal
signal. The dispersion correction coefficients were then selected, the spectral signal was phase corrected
and Fourier transformed. The anterior segment and retinal signals were merged to create a final B-scan
where the anterior and retinal signal had separate dispersion compensation parameters. Because the OCT
beam is refracted towards the fovea as it propagates to the retina, the effective scanning area becomes
smaller with increasing depth. Ultimately the retinal signal in Figure 7.6 came from nearly a single point
on the fundus (if there were no aberrations or motion during acquisition). A star-like pattern in the
crystalline lens was visible in the 3D reconstruction (Figure 7.6(a)) and en face view (Figure 7.6b) which
comes from the sutures of the lens. The depth profile shown in Figure 7.6(c) is an averaged axial scan
from the central 100 axial scans (central 10 x 10 axial scan square). This enables measurement of
intraocular distances after correcting for the refractive index of each ocular component. The axial
resolution was 12 pm over almost 40 mm in tissue. The intensity peaks in Figure 7.6(c) can be identified
as the reflections from the anterior and posterior surfaces of the cornea, anterior and posterior interfaces
of the crystalline lens, and retina. The standard measurement of axial eye length requires finding the

distance between corneal vertex and RPE/Bruch’s membrane.
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Figure 7.6 Full eye length imaging with ultralong depth range OCT: (a) 3D rendering of
volumetric dataset, (b) central cross-sectional image, (c) central B-scan extracted from dataset
corrected for light refraction, (d) central depth profile with echoes from the cornea, crystalline lens

and the retina allows for determination of intraocular distances.”

7.3 Four-Dimensional Imaging Using VCSEL Swept-Source / Fourier Domain OCT

In this section, time resolved volumetric data using four-dimensional (4D) OCT with speeds up to forty
volumes per second is demonstrated to image pupillary reactions, anterior eye focusing dynamics, tear
film break up, and retinal blood flow. The real-time dynamics of the human eye is captured and analyzed

for characterizing visual functions.

The VCSEL light source based prototype SS-OCT system described in 7.2 was used. The laser
was operated in four different modes with center wavelengths at around 1060 nm (Table 7.2). To image
the pupillary reaction, the VCSEL light source was operated at an axial scan rate of 200 kHz with 85 nm

tuning range yielding 9 pm resolution and 5.6 mm Nyquist-limited imaging range in tissue. To image

128



anterior eye accommodation dynamics, the axial scan rate was reduced to 100 kHz to achieve a 10.3 mm
Nyquist-limited imaging range in tissue. To image tear film break up, the VCSEL light source was
operated at a reduced axial scan rate of 50 kHz and reduced 30 nm tuning range for 19 um resolution and
60 mm Nyquist-limited imaging range in tissue. Finally, to image retinal blood flow, the VCSEL light
source was operated at an axial scan rate of 800 kHz and 50 nm tuning range for 12 um resolution and
2.5mm Nyquist-limited imaging range in tissue. A/D data acquisition cards (ATS9870 & ATS9350;
AlazarTech) at either a fixed 1 GSPS or a fixed 500 MSPS sampling rate with dual channel acquisition
were used. The incident power on the cornea for all imaging modes was 1.9 mW, within the American

National Standard Institute (ANSI]) safety limits.

Table 7.2 Configuration of VCSEL SS-OCT system for 4D imaging.”

Pupillary Accommodation Tear film Retinal blood

Parameter response break up flow

Effective imaging speed 200,000 A-scans/s 100,000 A-scans/s 50,000 A-scans/s 800,000 A-scans/s

Wavelength tuning range 85 nm 85 nm 30 nm 50 nm
Axial resolution (tissue) 9 pm 9 pm 19 pm 12 um
Sample arm interface Anterior segment Anterior segment Full eye length Retinal
Transverse resolution 30 um 30 um 73 um 25 pym
ATS9870 ATS9870 ATS9870 ATS9350

Acquisition card

(1 GSPS) (1 GSPS) (1 GSPS) (500 MSPS)

7.3.1 Pupillary Reflex

The iris is a dynamic structure whose configuration regularly changes in response to light and during
accommodation. Dynamic changes in intraocular structures caused by illumination or dilation are
suggested to be risk factors for glaucoma development. Studying the dynamic response of the pupil to
dark-light stimulus may provide a more comprehensive assessment of risks to primary-angle closure
development and may help understand the pathophysiology of angle closure glaucoma.’*® We
demonstrated 4D imaging of the pupil response to light stimulus from an LED positioned adjacent to the
eye, where sequential 150 x 150 axial-scan volumes over 17 mm x 17 mm were acquired at ~8 volumes
per second for 5 seconds with an axial scan rate of 200 kHz enabling the visualization of changes in the
iris in time and in three dimensions. The pupillary response is shown in Figure 7.7 where two time points
in the 4D data are displayed. The iris response to light stimulus can be quantitatively analyzed by
measuring pupil size/area changes in time. As shown in Figure 7.7(A), the pupil area decreased
drastically when light stimulus was applied. In contrast, the time constant of the pupil diameter recovery

was longer than when stimulus was applied.
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Figure 7.7 4D OCT imaging of the pupillary reflex. (A) Plot of pupil area vs time. (B)
Volume#1 at 0.13 seconds. (C) Volume#19 at 2.38 seconds. (D) Volume#38 at 4.5 seconds. The

constriction of the iris and the decrease in pupil area is apparent when comparing volume#1 and
volume#19. The dilation of the iris and increase in pupil area is visible when comparing
volume#19 and volume #38. The cross-sectional OCT images show the iris structure while the

enface OCT image depicts the pupil area.”

7.3.2 Accommodation Dynamics

In the anterior eye, accommodation is the process by which the eye focuses on near objects. This occurs
mainly through the deformation of the crystalline lens geometry. Studies of the dynamics of far to near
focusing processes may enable understanding several aspects like the age-dependent loss of
accommodative amplitude in presbyopia, the development of myopia, and the ageing of the crystalline
lens as well as the mechanism of accommodation.”® We performed 4D imaging of the focusing process in
the anterior eye acquiring 100 x 100 axial-scan volumes over 15 mm x 15 mm at ~10 volumes per second
for 5 seconds at an axial scan rate of 100 kHz. The target was moved in position from far to near and the
subject was asked to focus on the target and accommodate the target’s position change. Two time points
are shown from the 4D data in Figure 7.8. Pupil diameter decreases when the eye focuses at near
positions. The iris becomes smaller while the crystalline lens becomes thicker with surfaces curvature

changes.
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Figure 7.8 4D OCT imaging of the anterior eye focusing on a near object. ~A) Volume#5 at 0.5
seconds. B) Volume #30 at 3 seconds. The decrease in pupil size and increase in lens thickness is

observed and measured.”

7.3.3 Tear Film Break Up

The tear film is the first refractive surface for light incident on the eye and plays an important role in the
optical quality of the human eye. Tear film dynamics has been used to evaluate the tear system and
diagnose dry eye. Tear film break up time (TBUT) is defined as the time interval between a complete

31 A TBUT of less than ten seconds is

blink and the appearance of the first randomly distributed dry spot.
considered abnormal.”> Fluorescein dye is typically used for clinical TBUT measurements. OCT allows
for non-invasive tear film dynamics imaging without the need of fluorescein staining. We implemented a
4D scan protocol with 300 x 300 axial-scan volumes over 8.5 mm x 8.5 mm at ~0.5 volumes per second
for 20 seconds at an axial scan rate of 50 kHz. In order to best visualize tear film break up, we examine
the shadowing effect by summing the signal between the anterior surface and the posterior surface of the
crystalline lens. Tear film break up can be clearly observed in the frame-by-frame breakdown (Figure

7.9).
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Figure 7.9 Tear film break up observed in enface images extracted from 4D OCT data.  Tear

film break up is observed beginning at ~12 seconds where vertical streaking patterns appear.”’

7.3.4 Retinal Blood Flow

Retinal blood flow may play a role in the pathogenesis of diseases such as diabetic retinopathy, age-
related macular degeneration, and glaucoma. The ability to monitor retinal blood flow may be important
not only for treatment, but also for understanding the pathophysiology of these diseases.”** We acquired
4D data in the retina with 200 x 100 axial-scan volumes over 1 mm x 0.5 mm at ~40 volumes per second
for 1 second at an axial scan rate of 800 kHz. Since the galvanometer scanners are driven at very high
speeds, a conservative flyback pattern is chosen resulting in only a 0.5 mm x 0.5 mm evenly sampled
region. Images from a single time point is extracted and shown in Figure 7. 10(B)(C)(D). By taking the
variance of maximum intensity projection images at all time points from multiple volumes, we are able to

visualize capillaries from the inner to the outer plexiform layers (Figure 7.10(E)).

Figure 7.10 4D OCT imaging of retinal blood flow. A) Cross-sectional OCT image. B) Enface

summation image in the axial direction of a single volume. C) Enface summation image of a
region of interest in the axial direction of a single volume. D) Maximum projection image of a
region of interest in the axial direction of a single volume. E) Variance image generated from
maximum projection images (like E) of multiple volumes in the 4D data. The maximum
projection image from a single volume shows moving highly reflective scatters. The variance

image generated from multiple volumes highlight retinal capillaries.”
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CHAPTER 8

Future Work and Outlook

8.1 Quantitative Doppler OCT

Dr. Bernhard Baumann from our group has reported total retinal blood flow measurements in the retina
using an en face Doppler OCT method.! Using a 200,000 axial scan per second swept-source / Fourier
domain OCT prototype system, dense three-dimensional sampling of the retina near the optic nerve head
enables for en face measurement of retinal blood flow. In addition, the reduced fringe washout using
swept-source / Fourier domain OCT and the high axial scan rate enables better detection of high flow
velocities, while the 1 pm wavelength range provides deeper penetration into tissue to provide access to
vessels near the central retinal artery and vein. Figure 3.1 illustrates and compares the en face Doppler
OCT method with conventional Doppler OCT methods for measuring flow. By measuring the Doppler

OCT velocities at the en face plane, the requirement of measuring the vessel angle no longer exists.

Using the en face Doppler OCT method, total retinal blood flow can be estimated as shown in
Figure 3.2 where the blood flow in each artery and vein near the optic nerve head is measured
individually. However, since the acquisition time for the volume is longer than a cardiac pulse cycle, the
measurement remains susceptible to error due to pulsatility. Time resolved volumetric imaging can be
achieved with even higher OCT imaging speeds, which was later demonstrated by WooJhon Choi from
our group in a later paper performing Doppler OCT measurements of pulsatile blood flow in both human

and rat eyes.”

Figure 8.1 En face Doppler OCT flow measurement. (A) In conventional Doppler methods, the
angle a between the vessel and the OCT beam is measured to compute absolute velocity. Total
flow can then be calculated with the measurement of the cross-sectional area of the vessel. (B) In
the En face Doppler OCT method, total flow is calculated by integrating the axial velocity

components in the surface whose normal vector is parallel to the OCT beam.'
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Figure 8.2 Absolute blood flow measurement in different depths of the optic disk. (A) Doppler
B-scan image. The depth range in which en face flow measurements were performed is indicated,;
the dashed line shows the location of image (B). (B) En face Doppler image. Cross sections of
central retinal arteries labeled A1 — A3 and veins (V) can be observed. (C) Blood flow measured
at different depths in A1 — A3 and total arterial blood flow computed by summing the flow values
retrieved for the single retinal arteries (A1+A2+A3) as well as by integrating blood flow towards
the OCT beam in a large area covering all vessels. (D) Relationship between total vessel area and
mean flow velocity. [Each magenta and cyan circle indicates one depth-resolved flow
measurement for evaluating the large area and for summing the single vessel measurements,
respectively. The expected relations assuming the average flow are plotted as dash-dotted lines

for the respective measurements.'
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8.2 OCT Angiography

Dr. Yali Jia and our collaborators at the Oregon Health Science University developed an OCT
angiography method known as split-spectrum amplitude-decorrelation angiography (SSADA)’ using the
swept-source / Fourier domain OCT system developed at MIT described in Chapter 5. Similar to other
OCT angiography methods, SSADA takes advantage of the high imaging speeds of Fourier domain OCT
to perform repeated scanning of cross-sections with in a three-dimensional dataset to extract scattering

changes due to blood flow through examining the decorrelation between repeated scans. Figure 8.3 and

Figure 8.4 show SSADA imaging of the optic nerve head and macular regions, respectively.
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Figure 8.3 In vivo 3D-OCT of the optic nerve head over a 3 mm x 3 mm region on the retina. (A)
En face maximum reflectance intensity projectiOon shows branches of the central retinal artery
and vein (yellow arrows point to superior branches). (B) OCT cross section at the plane marked
by white dash in (A). (C) En face maximum decorrelation projection angiogram computed with
the SSADA algorithm. It shows many orders of branching from the central retinal artery and vein,
a dense capillary network shows in the disc, a cilioretinal artery (yellow arrow), and a near
continuous sheet of choroidal perfusion around the disc. (D) Decorrelation cross section (same
plane as B) shows blood flow in disc vessels (green arrows), peripapillary retinal vessels, and
choroid. (E) En face maximum decorrelation projection angiogram after removing the choroid
( pixels below the level retinal pigment epithelium). (F) Overlayed cross-sectional image where
flow (color scale representing decorrelation) is merged with structure (gray scale representing

reflectance intensity) shows how the disc, retina, and choroid are perfused. Scale bar: 500um.’
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Figure 8.4 In vivo 3D volumetric (3.0 (x) x3.0 (y) x2.9 (z) mm) OCT of the macula processed
with the SSADA algorithm. (A) En face maximum decorrelation projection angiogram of the
retinal circulation. (B) En face maximum decorrelation projection angiogram of the choroidal
circulation. (C) Horizontal OCT cross section through the foveal center (dotted line in center of A)
with merged flow (decorrelation represented in color scale) and structure (reflectance intensity
represented in gray scale) information. (D) Merged horizontal cross section of the inferior macula

(dotted line below center of A). Scale bar: 500pum.’

8.3 Future Clinical Studies with Ultrahigh Speed OCT

In a team effort between WooJhon Choi, ByungKun Lee, Chen Lu, and myself, our group has recently
deployed a VCSEL swept-source / Fourier domain OCT system with 400,000 axial scan per second
imaging speed to the New England Eye Center. In addition to structural imaging with high density
scanning, the high imaging speed will enable measurement of pulsatile retinal blood flow as well as OCT
angiography. Figure 8.5 is a schematic of the system which includes optical clocking and a fiber Bragg
grating for phase stabilization, Mach-Zehnder interferometer for clock signal generation, and

spectrometer for monitoring the VCSEL status and controls feedback.

Diseases such as diabetic retinopathy, age-related macular degeneration, and glaucoma are related
to changes in vascular structure and blood flow in the eye. The new clinical VCSEL swept-source /

Fourier domain OCT system will enable imaging and analysis of blood flow and vasculature.

140



A
=1 A/D p-mum- Computer
VCSEL [—1
Module 1%\  g9/10
3 5 lrmaj~ 50/50
| & g
@ 0
C
VCSEL —

PC

Spectrometer

To SOA

o 2

Figure 8.5 VCSEL clinical system schematic. (A) An optically clocked swept-source / Fourier

domain OCT setup with a fiber Bragg grating before the balance detection to correct for trigger

jittering. (B) Mach-Zehnder interferometer setup used as a dispersion-free optical delay with a

balanced detector to generate the optical clock signal. (C) A spectrometer was used to monitor the

VCSEL spectrum and control the driving voltage automatically in real-time. A/D — analog-to-

digital converter, VCSEL - vertical cavity surface-emitting laser, GS — galvanometric scanners,

SOA — booster optical amplifier, FBG — fiber Bragg grating.

8.4 Conclusions

In conclusion, this thesis has demonstrated that advancement in OCT technology has the possibility of
opening new avenues to both clinical diagnosis and understanding of diseases in the eye. The
development of ultrahigh speed, ultrahigh resolution imaging using spectral / Fourier domain OCT and
ultrahigh speed, ultralong range imaging using swept-source / Fourier domain OCT may enable finding
structural and functional markers for disease. Future development of swept-source laser technology at
840 nm wavelengths may enable ultrahigh speed, ultrahigh resolution, and ultralong range imaging of the
eye. The collaboration between physicians, engineers, and statisticians to perform long-term clinical

studies will be an important step towards demonstrating the utility of advanced OCT technology as a

clinical tool in ophthalmology.
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