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Abstract

Advancements in retinal imaging technologies have drastically improved the
guality of eye care in the past couple decades.Scanning laser ophthalmoscopy (SLO) and
optical coherence tomography (OCT) are two examples of critical imaging modalities for
the diagnosis of retinal pathologies. However current -generation SLO and OCT systems
have limitations in diagnostic capability due to the following factors: the use of bulky
tabletop systems, monochromatic imaging, and resolution degradation due to ocular
aberrations and diffraction.

Bulky tabletop SLO and OCT systems are incapable of imaging patients that are
supine, under anesthesia, or otherwise unable to maintain the required posture and
fixation. Monochromatic SLO and OCT imaging prevents the identification of various
color-specific diagnostic markers visible with color fundus photography like those of
neovascular agerelated macular degeneration. Resolution degradation due to ocular
aberrations and diffraction has prevented the imaging of photoreceptors close to the fovea
without the use of adaptive optics (AO), which require bulky and expensive components
that limit the potential for widespread clinical use .

In this dissertation, techniques for extending the diagn ostic capability of SLO and
OCT systems are developed. These techniques includadesign strategies for miniaturizing

and combining SLO and OCT to permit multi -modal, lightweight handheld probes to



extend high quality retinal imaging to pediatric eye care. In addition, a method for
extending true color retinal imaging to SLO to enable high-contrast, depth-resolved, high-
fidelity color fundus imaging is demonstrated using a supercontinuum light source .
Finally, the development and combination of SLO with a sup er-resolution confocal
microscopy technique known as optical photon reassignment (OPRA) is demonstrated to
enable high-resolution imaging of retinal photoreceptors with out the use of adaptive

optics.
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the SLO was larger due to thelarger NA and size of the multimode collection fiber, and

because backscattered light from the retina fills the pupil in the return path. The

multimode fiber shown in the schematic is used to transfer the collected light from the

SLO arm into an RGB color separation module consisting of 2 dichroic filters and 3
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from the pinhole plane onto the sample plane. The detection PSF generated from a point
source at pixel 3 on the sample plane (red curve) contributes the largest signal at pixel 6.
B) Plot showing the illumination PSF, detection PSF at pixel 6, and the joint probability
distribution from the two PSFs indicating a maximum at pixel 3, which is halfway
between the detection PSF and the illumination PSF. Dotted vertical lines represent the
borders of the pinhole when imaged onto the sample. ..., 20

Figure 46: Optical Photon Reassignment SLO Schematic. SLD: Superluminescent diode;
CL; collimating lens; PBS: polarization beam splitter; M1 - 4: plano mirrors; LP: linear
polarizer; L1 - 9: lens; RS: resonant scanner; G1, G2: galvanometer scanner; PH: pinhole;
QWP QUAIETN WAVE PIANE. ... e e e e e e et e e e aba s 92
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Figure 47: Widefield vs optical photon reassignment SLO imaging of a 1951 USAF test
target. A) Equivalent widefield image acquired of USAF target, which was done using an
intermediate telescope magnification of 1. B) OPRA SLO image acquired of USAF target
with an intermediate telescope magnification of 2. C) Horizontal point spread function
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Figure 48: OPRA retinal image mosaics with a 1.7° x 2.2° FOV at a 2.3° eccentricity relative
to the fovea. A) Equivalent widefield retinal image mosaic acquired with an intermediate
telescope magnification of 1. B) Imagein A) after histogram matching to the image in C).
C) OPRA SLO retinal image mosaic acquired with an intermediate telescope
magnification of 2. Green, blue, yellow, and pink boxes correspond to 2.6°, 2.0°, 1.4°, and
1.4° eccentricities relative to the fOVea...........couii i 96

Figure 49: Comparison of radially averaged power spectrums from retinal sections shown
by the colored boxes in Figure 48.Zoomed in views from the retinal sections are shown
to the left of each radially averaged power spectrum. In the radially averaged power
spectrum plots, the black and red curves corresponds to when an intermediate
magnification of 1 and 2 is used, respectively. The blue curve corresponds to the radially
power spectrum of retinal image with an intermediate magnification of 1 after histogram
matching has been applied. Subsets A), B), C) and D) correspond to eccentricities 2.6°, 2.0°,
1.4°, and 1.4° from the bvea at the locations of the green, blue, yellow, and pink boxes in
Figure 48, respectively. Brown vertical lines in the radially averaged power spectrums
correspond to the expected cone spacing for the average human adult for each retinal
L2 ToTot =T a1 Lol Y 1 97
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1. Introduction

1.1 Scanning Laser Ophthalmoscopy

The scanning laser ophthalmoscope (SLO) is capable of producing high contrast retinal
images by raster scanning a laser spot and detecting backscattered light through a
confocal pinhole [1-3]. High contrast images are achieved because both the method of
raster scanning and the use of a confocal pinhole allow for the minimization of optical
cross talk, defined as unwanted light scattered from areas outside the focal volume [4].
SLO systems have been widely adapted for various clinical applications. The
earlier diagnostic applications of SLO included detection of the imaging biomarkers of
diabetic retinopathy [5], agerelated macular degeneration [6], and glaucoma [7]. More
recent generations of SLO have enhanced and extended application of this imaging
modality. For example, ultra -wide -field scanning laser ophthalmoscopes are used to
evaluate ischemia in retinal diseases such as retinal vein occlusion[8]. On another front,
combined imaging of SLO and spectrakdomain optical coherence tomography with
separate [9] or shared [10] light sources has been demonstrated for enhanced image
aiming, guidance, and motion tracking as well as optimal classification of disease imaging
biomarkers. Finally, integ ration of adaptive optics wit h SLO has enabled visualization of
individual cone photoreceptors including those at the fovea where they are most closely
packed [11-13], and more recently rod photoreceptors [14], which are smaller than foveal

cone photoreceptors.



1.2 Combined SLO and OCT in Ophthalmology

Scanning laser ophthalmoscopy (SLO) and optical coherence tomography (OCT) are
complementary retinal imaging modalities that can assist in the diagnosis of retinal
pathologies. OCT, like SLO, utilizes raster scanning and confocal detection but also
employs coherence gating in the axial direction, whi ch allows for high resolution depth
sectioning [15]. Current-generation clinical spectral domain OCT (SD-OCT) systems
utilize rapid acquisition along the depth axis (depth-priority scanning) at 20 - 50 kHz line
rates to produce high-resolution 2-D cross-sectional images (Bscans) near video rate;
however, 3-D volumes comprising hundreds of B -scans require several seconds to
acquire. Thus, SD-OCT volumes are typically compromised by patient motion artifacts,
particularly in the direction perpendicular to B -scan acquisition [16, 17] In contrast,
current-generation SLO systems utilize rapid acquisition along the lateral axis (lateral -
priority scanning) at multi -kHz rates to obtain 2D en-face retinal images also near video
rate. Thus, OCT and SLO provide complimentary lateral image information at different
time scales such that when combined, rapidly acquired 2-D en-face SLO images may be
used to register volumetric OCT B-scans to correct for patient motion within an OCT
volume.

The combination of SLO and OCT was first explored by Podoleanu et al. [18] and
further devel oped by various groups [10, 1923]in either simultaneous or sequential SLO-

OCT imaging. Some of these imaging systems havebeen translated to the clinic as table



top systems mounted to a patient positioning frame like those used in modern slit -lamps.
However, due to the physical size and design of these tabletop systems, imaging is limited

to patients who are able to sit in an upright position and fixate for several minutes.

1.3 Multi-color SLO imaging

SLOs are able to achieve superior contrast and axial sectioning capability compared to
fundus photography. However, SLOs typically use monochromatic illumination and are
thus unable to extract color information of the retina, which is critical in fundus
photography and indirect ophthalmoscopy for evaluation of retinal pathologies such as
neovascular agerelated mascular degeneration [24].

The introduction of color imaging to the SLO was first demonstrated by
Manivannan et al. [25] by using red, green, and blue lasers sequentially to acquire red,
green, and blue reflectance images of theretina on a single detector. Simultaneous color
imaging with three color lasers and three detectors [26, 27]and quasi-simultaneous color
imaging using pulsed red, green, and blue lasers and a single detector[28, 29]were also
demonstrated and shown to obtain color fundus images that resembled color fundus
photography but with higher contrast. Recently, an SLO employing adaptive optics has
demonstrated color imaging using narrowband red, green, and blue filters on a
supercontinuum source with each color obtained sequentially [30]. All of these techniques
utilized multiple lasers or narrowband colors for illumination and are therefore not
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the combination of red, green, and blue lasers can gpear to an observer as white light,
but the reflectance of objects illuminated by such light consists of only 3 discrete
wavelengths. Conversely, in fundus photography, the illumination spans the full visible
spectrum. Therefore, the majority of the spectral information used in fundus cameras to
determine color is lost in a 3 narrowband source illumination approach. Since the retina
is known to have continually varying spectral reflectivity that spans the visible spectrum
[32], sampling only 3 narrow bands of wavelengths does not provide enough information

UOwUl EOOUVUUUUEU WOl T w?0UUT 2 wEOGOOUWOT wUT T wul UPOE wl
detectable with the full visible spectrum [31]. Also, the previous color SLO techniques

(except for [30]) did not compensate for the longitudinal chromatic aberration (LCA) of

the human eye, which is known to introduce a chromatic difference of refraction of ~ 2

diopters (D) over the visible spectrum [33]. As a result, without an achromatizing lens,

images from each color channel are acquired at different depth sectiors of the retina, thus

introducing errors in the combined color image.

1.4 Optical photon reassignment confocal microscopy

Optical photon reassignment (OPRA) confocal microscopy is an all-optical (free from
image reconstruction) confocal imaging technique w ith a relatively open pinhole that is
able to achieve the lateral resolution improvement of confocal microscopy that uses an

infinitely small pinhole [34, 35] Confocal microscopy with an infinitely small pinhole

achieves a full-width -at-half-maximum (FWHM) resolution of £ while widefield



microscopy has a FWHM resolution of £ given diffraction -limited optics, uniform

DOOUOPOEUDOOWEUwWUT T wOENT EUDYI OwEa) aveveraiez UwUIT D
improvement in lateral resolution for confocal microscopy quickly disappears as the

pinhole size increases (sed-igure 1 below) such that the lateral resolution improvement

of confocal detection completely disappears at pinholes of approximately one Airy disc

diameter. While reducing the pinhole size to approximately one third of an Airy disc

diameter allows for a lateral resolution near the i nfinitely small pinhole case, this results

in a large reduction in SNR compared to that of widefield microscopy such that most

microscopists adjust the pinhole size to at least one Airy disc diameter thus sacrificing

lateral resolution for the sake of SNR [35]. The same compromise is often made in the case

of SLO when imaging the retina [37, 38]
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Figure 1. The variation of the later al full -width -at-half -maximum (FWHM) as a
function of pinhole diameter in Airy Units (AU), which is the pinhole diameter
normalized by Airy disc diameter.



The optical photon reassignment technique assigns photons to the location of the
maximum of the joint probability of the excitation and detection PSFs [34, 35] This can
be done computationally if an image is acquired at the pinhole plane of a confocal
microscope for every excitation position on the sample [39]. However, since SLOs must
scan the retina quickly to reduce the presence of motion artifacts, sampling rates of the
detected photons at the pinhole plane are gererally between 5¢ 30 MHz [11, 37, 40] which
is much higher than the detection bandwidth of current 2D sensors. Therefore, an all-
optical method like OPRA is preferred for retinal imaging. OPRA has been achieved in
confocal microscopy by de-coupling the scanning magnification of the object and the
magnification of the scanning spot in two different but functionally equivalent methods:
1) by rescanning the emitted sample light onto a CCD over the same field of view as the
sample (scan magnification of 1) after decreasing the detection spot magnification by a
factor of two [34], 2) by rescanning the emitted sample light onto a CCD with double the
field of view as the sample (scan magnification of 2) while having unity magnification of

the detection PSF[35].

1.5 Specific Aims
Specific Aim 1: Handheld probe development with SLO and OCT

The first aim of this work begins with the determination of fundamental design equations
for scanning retinal imaging modalities like SLO and OCT. This was done in part by using

optical design software in order to create an SLO design that minimized cost and size



while maximizing imaging performance parameters like resolution, field of view, and
signal-to-noise ratio (SNR) [37]. These principles were applied to design and create a
combined SLO and OCT system in a handheld probe weighing 1.45kg [40]. Additionally,
motion estimation and correction algorithm swere developed to correct for motionin OCT
volumes. Finally, a second, much smaller handheld SLO and OCT probe weighing only
94 g was developed through the use of a single 2D microelectromechanical systems
(MEMS) scanner and a custom optical design utilizing a converging beam before t he
scanner [41]. Pediatric imaging results from this smaller handheld probe demonstrate
parafoveal cone visualization and quantification for the first time in young children. The

work in this aim spans Chapters 2 to 4.

Specific Aim 2: True-color scanning laser ophthalmoscopy

The secondaim of this work describes a technique to acquire true color retinal images
with an SLO by adapting the technique for acquiring color images with cameras to
confocal laser scanning systems[42]. This technique involves illuminating the eye with a

collimated white light source, collecting with red, green, and blue color channels, and
color calibrating the result. As part of this work, we also design a custom achromatizing
lens to compensate for the average longitudinal chromatic aberration in human eyes to
avoid retinal images from the different color channels to be from different depths within

the retina. This aim is addressed in Chapter 5.



Specific Aim 3. Super-resolution SLO using optical photon
reassignment

The final aim of this work describes a technique to achieve super-resolution in the lateral
dimension without loss of SNR in scanning laser ophthalmoscopy by utilizing principles

from the optical photon reassignment technique. We describe a unique method for
implementing this technique through the use of a scanning mirror with an optical coating

on both sides for both scanning and descanning light from the sample and rescanning
light onto a camera. A system setup was constructed demonstrating super-resolved
imaging of a USAF test target in an intermediate imaging plane of the system. Super-
resolved retinal images were also acquired in a human volunteer demonstrating
parafoveal cone photoreceptor imaging as close as 1.5° from the fovea This aim is

addressed in Chapter 6.



2. Optimization of SLO design

In this chapter, we first present fundamental SLO design equations and describe their use
in arriving at a first-order design. Next, we explain and characterize our detailed lens
based optical design that achieves near diffraction-limited resolution with minimized

imaging artifacts. Finally, we show the imaging results of an experimental

implementation of our SLO design. These results include a study measuring the
relationship between throughput and sharpness as a function of pinhole size and a
comparison between images taken from our optimized SLO design and a commercial SLO

system.

2.1 SLO design parameters

A generalized SLO design is shown in Figure 2 which is useful for deriving basic
relationships between design parameters and SLO performance. The generalized design
includes separate optical pathways for illumination and collection through a common
Ul O1 UEOxT whl OUIl wi UOEUPOOwWPUWUOWDPOET T wlUTT wUUEN
aperture. Although practical SLOs utilize paired scanners to construct a 2dimensional

raster scan, it is typically the faster scanner which limits performance due to electro-

mechanical trade-offs between scan frequency, scanner agrture, and maximum scan

angle [43, 44] Thus we only include the limiting (i.e., fast) scan direction here and assume

that the slow scanner is either placed close to or imaged onto it by use of a second

telescope.



Fundamental SLO performance parameters considered include the maximum
field of view (FOV), optical throughput (T), frame rate(FR), and resolution. Note that
the maximum FOV parameter corresponds to the maximum square FOV since it is very
likely that the slow scanner can match and even exceed the maximum scan range of the
fast scanner. These performance parameters depend upon design parameters such as the
UUENT EQuwl al z U@Rys thec RO teldsé pelragnificdtion (M) , the pinhole size
(PH), and the limiting scanner parameters, which are the fast scanner aperture(D),
maximum optical scan angle (g) and scan repetition frequency (freq). These basic

parameters and components of the SLO design are shown and labeled in the generalized

SLO schematic in Figure 2.

Telescope magnification (M)
A

- Scan Collection beam [ 1 'P“Pil
frequency diameter diameter
Pinhole auency (M - P) / (P)
(PH)

Fast Max scan FOV
scanner  angle (M- 0)
aperture (0) o

D

¢SLO
illumination

Figure 2: Generalized one -dimensional schematic of scanning laser ophthalmoscope
(SLO) design showing both the illumination path (red) and collection path (blue) for
zero scan angle. The purple lines indicate the chief rays of the optical r eturn path at the
extrema of the scan angle.
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The maximum one-dimensional FOV of the SLO entering the eye is a function of
the maximum optical scan angle and telescope magnification. Telescopes that demagnify
the object size also magnify scan angles so thenaximum FOV can be described as simply
the maximum optical scan angle after angular magnification:

FOV=M & (1)

The throughput of the SLOis a function of the limiting (fast) scanner aperture and

the collection beam diameter (M @P), which is in turn limited by the size of the pupil

imaged by the telescope into the scanner plane. Reflected light which makes it back
through the pupil but overfills the scanner aperture is clipped, reducing throughput and
exposing the subject to unnecessary light exposure. We quantify throughput as the ratio
of the fast scanner aperture and the collection beam diameter:

_ Fastscanneraperture _ D
Collectionbeamdiameter ® (2)

Interestingly, taking the product of throughput and maximum FOV gives an

expression proportional to the scan-angle mirror -size product for the fast scanner(g (D)

(Egn. 3). Thus, the optimal fast scanrer for SLOs is one with the largest scanrangle mirror -
size product at a given scanning frequency.

M@ D gD

FOVO =
M @P P

3

The frame rate of the SLO s limited by the desired number of lines per frame and

the number of lines per unit time, which in turn is related to the scanning frequency of the

11



fast scanner. If only one sweep of the fast scanner is acquired, the number of lines per unit
time is equal to the scanning frequency. If both front and back sweeps are acquired, the
number of lines per unit time is twice the scanning frequency. The frame rate is then the

ratio of the number of lines per unit time and the number of lines per frame:

_lines perunittime _ (1 oR)O freq
lines per frame lines per fran

FR

(4)

The SLO, like any linear imaging system, has a resolution that can be described by
the full width at half maximum intensity (FWHM) of the intensity point spread function
(PSF) of the detected Ight from a poi nt source object[45]. More specifically, the theoretical
resolution of the SLO can be described similarly to that of a confocal scanning laser
microscope [46] because theSLO is a confocal scanning laser microscope that uses the
xEUDP]I OUz Uwl al wE[@nuihud, the@dultibrEdy theyPiSkuadtheCiEteotor plane
of the SLO(PSF,_,) can be described as:

PSE. = PSK,, OPSE ¥ ()

where PSE

=um 1S the PSF of the illumination optics including the eye, PSF,, is
the PSF of the collection optics including the eye and scattering properties of the retina,
and PH is a function that represents the transmission through the confocal pinhole of a

certain size, shape, and position. Due to the direction-sensitivity of light reflected from

retinal photoreceptors (referred to as the optical Stiles-Crawfor d effect), the pinhole size,

12



shape, and position can be designed to relatively increase the amount of signal from the

photoreceptor layer thus improving photoreceptor visualization [48-50].

2.2 First-order design procedure

The design procedure of our SLO was driven by seven constraints that we set based on
our desired application: a compact, low-cost, lensbased SLO system. The
inputs/constraints and the resulting design decisions are presented in the diagram in
Figure 3.

Constraints Desion Decisions

. . ~ 1
Use a combmation of a resonant scanner and
galvanometer placed as close as possible

Compact as possible and scalable

Low cost components Use APD, custom amplifier, and off-the-

shelf optics

Imaging speed = 8 fps, = 500x500
pixels per frame

Tse 2 kH7 res o : )
Use 2 kHz resonant scanner s D =7 mm

' 4
D 7 mm ] ‘

=M-P=M-7mm

Maximum throughput g =20°

Eye parameter
P =7mm

M=1

1=T

FOV=M'68=1x20=20°

Optimize optical design to reject imaging
artifacts

Minimum mmaging artifacts

n

[ .. .
Highest lateral resolution on the

retina
\ J

17 1s123

Utilize optimal illumination beam diameter at
pupil ~ 2.5 mm

Figure 3: First-order design procedure for compact SLO design

To make our system as compact as possible, we chost use a combination of a resonant
scanner and galvanometer with the scanners placed as close asto each other as

mechanically possible without risking damage to the scanners (~ 8 mm separation). To
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minimize system cost, we chose to use offthe-shelf optics, to electronically filter with a
low -cost, custom-fabricated amplifier and to detect with an avalanche photodiode (APD)
instead of a photomultiplier tube (PMT). To achieve 8 frames per second (fps) imaging
speed with 500 lines per frame, we used a 2 kHz resonant scanner (ElectrcOptical
Products Corp, Glendale, NY USA) and utilized both sides of the scan sweep to effectively
scan at 4 kHz. The 2 kHz resonant scanner had a 20° peako-peak maximum optical scan
range with an aperture size of 10 x 10 mm and a limiting aperture (D) of 7 mm due to
the 45° tilt of the scanner. To maximize throughput (T =1) we used the expression for
throughput (T) in Eqgn. 2 and solved for the magnification of the telescope (M) assuming
a maximum (dilated) pupil diameter of the eye (P) to be 7 mm. This gave a design
magnification (M) of 1. Using this magnification, we determined that the FOV of our
system would be 20° from Egn. 1. To maximize lateral resolution on the retina, we chose
to use a 2.5 mm illumination beam diameter at the pupil of the eye, which was determined
to be the optimal beam diameter for lateral resolution based on the aberrations of 15
subjects as described by Donelly Il et al.[51]. This illumination beam diameter infers an

Airy disk radius at the retina (assuming ideal OEUOE U wOx UPEUA wWOI wA wy O8

2.3 Optimized optical design

We optimized the SLO optical design using Zemax to achieve near diffraction -limited
resolution across a 20° FOV. Achromatic doublet lenses were used to minimize chromatic

aberration and lens splitting wa s utilized after the scanners to reduce spherical aberration.
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An effective focal length of 50 mm was chosen for each set of lenses in theSLO telescope
to balance device size and aberrations. The corneal reflection was minimized by
constraining the system design such that the specular reflection from the cornea-air
interface was well out of focus at the plane of the confocal pinhole, thus strongly rejecting
this backscattered light. Lens reflections were not optimally minimized through the optics
since they are stationary with the system and did not saturate the detector, amplifier, or
digitizer and so could be removed through background subtraction.

An overview of the optimized optical design of our SLOis shown in Figure 4. Spot
diagrams, Modulation Transfer Function (MTF) plots, and an off -axis PSF plot were
determined using a recent eye model from Goncharov and Dainty [52] and are shown in
Figure 5, Figure 6.a, and Figure 6.b respectively. The PSF plot was of a configuration
motion was inserted by placing a dichroic mirror between the last two set of lenses before
the eye (seeFigure 4) in order to image the fixation pattern displayed by a 1 inch LCD
screen onto the retina. The lens closest to the eye was mounted on a knobadjustable rack
and pinion linear translator designed to allow for + 6 diopters of refraction correction . A

photograph of the implemented SLO design is shown in Figure 7.
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XY scanners
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Illumination L3 %% Legend
Rays CL Red - Illumination Rays

Blue — Collection Rays

BS G C IR
FT sreen — Corneal Rays
L1 CL - Collimating Lens
. BS — Beam Splitter
Collection Corneal 1D L# — Lens
Rays A Ravs N DM - Dichroic Mirror
S Y! 840 nm o
V BW:50 nm FT — Fixation Target
’ PH - Pinhole
PH

Figure 4: Schematic of the optimized SLO as described in the text with the confocal
pinhole at the end of the opt ical path from the eye with the illumi nation input (red),
backscattered collection of light from the retina  (blue), and backscattered light from the
cornea (green).
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Figure 5: Object plane spot diagrams for nine configurations spanning a 20-deg field of
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near diffraction -limited resolution for the illumination path. The Airy d sk radius was
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Figure 6: (a) Modulation transfer function (MTF) of the SLO for configurations
spanning 20-deg FOV on the retina. The black curve represents the diffraction limited
MTF and the blue curves represent the MTFs for nine configurations spanning a 20 deg
FOV on the retina. (b) Point -spread function (PSF) of the SLO at the retina for one of
the outermost configurations. The largest full width at half maximum (FWHM) across
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PSF appears different from the spot diagrams shown in Figure 3.4 because in the
Zemax® optical design software, the PSF takes into account dif fraction while spot
diagrams do not.

Fixation
target

155

XY scanners

Figure 7: Physical implementation of the des cribed SLO design with subject at left. The
focus adjustment knob is denoted by a yellow arrow.

The SLO source was a superluminescent diode (SLD) (Superlum, Cork, Ireland)
operating at 840 + 25 imm. The detector was an avalanche photodiode (APD) (Hamamatsu,
Shizuoka-ken, Japan)with fixed gain and a custom amplifier (40 dB gain and 2.75 MHz
BW) was designed and usedto amplify the detector signal such that the maximum signal
amplitude from the reti na plus that from lens reflections filled the dynamic range of the
digitizer . The digitizer used was an NI PCl 6115 card (12bit, 10 MS/s/ch) (National
Instruments, Austin, TX USA) and scanners were controlled separately with an NI PCI
6711 card (12 bit, IMS/s/ch) (National Instruments, Austin, TX USA).

Raw images acquired with the PCI 6115 digitizer have a bit-depth of 12 bits (4096

gray levels), however after background subtraction the resulting image bit -depth was

18



normally reduced to ~11 bits (2048 gray levels). The resulting bit-depth for low reflectivity
eyes (~25%t 50% reflectivity of normal) was reduced to ~9 ¢+ 10 bits (512¢ 1024 gray
levels). We were satisfied with this tradeoff between dynamic range and background
subtraction, but alternatively one could forgo background subtraction and let the lens
reflections saturate the detector to avoid reducing the bit-depth of the retinal image. This
could be done by using a higher gain detector, applying a higher gain amplifier, or
reducing the dynamic ra nge of the digitizer (possible with the PCI 6115 card).

Custom software was developed in Labview (National Instruments, Austin, TX
USA) for image acquisition, scanner control, background subtraction, image dewarping,
image interweaving, and gamma correction. Images were dewarped and linearly
resampled due to the sinusoidal waveform of the resonant (fast) scanner. Image
processing was done in real time with MATLAB (Mathworks, Natick, MA USA) to
provide correctly oriented, gamma corrected images at 8 fps. The steps of background
subtraction, dewarping, image interweaving, and gamma correction are illustrated with
sample data in Figure 8. Gamma correction was applied to enhance the contrast of
features with intensity values closely spaced on a linear scale. The gamma correction

algorithm used was:

a(x y) = f(x W (6)
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where f(x,y) PUwUT 1 wOOUOEOPAal EwOUDPT POEOWDHOET I z Uw>
position, g is the gamma value applied for gamma correction, and g(X, y) is the gamma

EOQUUI EUI EwPOET 1 zUwx DR Ipositiean@33]l OUPUa wEUwWEwWI UOEUDO
Image sharpness was quantitatively measured with a simple variation of the

image focus measurement technique by Kautsky & al [54], which is computed as the ratio

of the L2 norm of the high -passed image region and the L2 norm of the low-passed image

region as shown in Eqn. 7. We explain our method for separating a given image region

into high and low -passed image regions in the Resllts section. The overall throughput

was calculated by taking the sum of the pixels in the image region of interest as shown in

Eqgn. 8.
Sharpness Metrie [y, (7)
[imye |,
Overall Throughput é rr']a'_lm( i) (8
=1 %
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Figure 8: Image processing steps for SLO image acquisition on a 6.7-deg FOV image.

(a) Raw image containing both for ward and backward sweeps of the resonant scanner.

The lens reflections appear saturated because they are the brightest features in the

image, and the image was normalized to enhance visualization of darker parts of the

image. (b) Raw image after background subtraction. (c) Raw image afte r background

subtraction, dewarping, and interweaving image from both resonant scanner sweeps

into a single image. (d) Image inpart(c) EI Ul Uwl EOOEwWE OUWSskolitgd Owb D UT
nerve fiber bundles.

2.4 Imaging results

digitally zoomed in FOVs (3.3° and 1.3°) from an original 6.7° FOV image are shown in

Figure 9. The relative location of a retinal image is given by the eccentricity which is
21



defined as the distance in degrees between the fovea and the center of the image. All

images exhibited minimum corneal reflection and, after background subtraction,

minimum le ns reflections. Imaging was done in slightly dimmed lighting with non -

EPOEUI EwxUxDPOUwpawt wuOOwWPOWEDPEOI Ul UAWEOEwWPBUT w
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[55].

20°FOV f 6.7° FOY
URRI: 9.4°

33°FOV- {4 e 1.3° K0V
6.3° . 6.3°

Figure 9: Unaveraged retinal SLO images (single frame each) from the described design
at two optically zoomed in FOVs: 20 and 6.7 deg as bown in (a) and (b), respectively.
The 3.3 and 1.3-deg FOV images in (c) and (d), respectively, were digitally zoomed

from a 6.7-deg optically zoomed image and showed the cone photoreceptor mosaic. (a),
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(c), and (d) were focused on the photoreceptor layer and (b) was focused on the nerve
fiber layer. Image eccentricities are given in degrees under the FOV for each image.

Larger pinhole sizes were used to image larger FOVs when image resolution was
limited by the sampling rate as opposed to the optical resolution. We describe pinhole size
in terms of the times-diffraction -limited spot size (TDL), which is the pinhole size
normalized with respect to the Airy disc diameter of the collection optics (TDL = Pinhole
size/Airy disc diameter). A 100 um pinhole ( TDL = 3.31) was used for acquiring 20° FOV
images since the resolution for that FOV was ultimately limited by the number of lines
per frame and sampling rate of our digitizer. A 20 um (TDL = 0.66) and 30 um pinhole
(TDL = 1.0) were used for obtaining 6.7°FOV images because the resolution for that FOV
was optically limited and those pinhole sizes provided a good balance of resolution and
SNR. Images were taken at 8 frames per second (fps) with 500 lines per frame and a pixel
density of 1000 samples per lire.

In the second set of experiments shown inFigure 10, a 6.7° FOV foveal image was
taken with a 30 um pinhole (TDL = 1.0) and five 0.5° square FOV patches at 0.8°, 3°, 3.2°,
3.7°, and 4.3° eccentricity from the foveal center were digitally zoomed to qualify how
close to the fovea photoreceptors were resolved, which appeared to be at retinal

Il EEI OUUPEPUDPI Uwa wawt 81 S&
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6.7°FON; F 8 s

Figure 10: A 6.7-deg FOV SLO image of the fovea showing resol ution of cone
photoreceptors at Ul UDOE Ow 1 E D3.2Dded) Dhebayp imdge & a single, un -
averaged frame without background subtraction taken at 8 fps with a pinholeof 30 -4 O w
diameter or a times -diff raction -limi ted spot size (TDL) of 1. The cropped images span

a 0.5deg FOV.

In the third set of experiments, to determine the effect of the confocal pinhole on
throughput and sharpness, five images containing a 0.4° area of the retina at 4.2°
eccentricity of a subjeddz UwUBT T Owli al wpb E U wb Ofiglré A)uide @chiofut 6 A S w9
seven pinhole sizes. Pinhole sizes ranged from 16100 pum in diameter with TDLs from
0.333.31. Imagesharpness was quantified for each of the 0.4° areas using themage focus
measurement technique described previously (see Egn. 7). The filter used to separate the

image region into low and high -passed image regions was Gaussian with a 50% cutoff at
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second nodal point is approximately 16.5 mm from the retina [56], which implies thata 1°
retinal region would be approximately 288 um wide. Since the average cone spacing at
4.2 eccentricity is at a higher spatial frequency (approximately 1/8 um -1[57]) than the 50%
spatial frequency cutoff of our filter (1/12.2 um -1), we expect higher values of sharpness
(at the expense of throughput) as the contrast and resolution of our system improves

through the use of smaller pinhole sizes. The plot of the sharpness measurements and the

observed throughput are shown in Figure 12

At ..'6.7"}7_‘0\‘
& 7.20

Figure 11 The location of the portion of the retina utilized for the sharpness metric
across varying TDL s pot sizes is shown by the red box marked in this 6.7 -deg FOV

image and is at approximately 4.2 deg eccentricity. This image was t aken with a TDL of
1.3 and at a7.2-deg eccentricity.
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Sharpness and Throughput vs TDL
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Figure 12 Plot of sharpness and throughput for varying TDLs a t the location specified
in Figure 11 Red circles delineate TDLs used for retinal imaging outside of this
experiment. Red circles with subscripts 1 and 2 correspond to TDLs 0.66 and 1.0,
respectively, and were used to image at low FOVs where resolution was determined by
optical resolution. The red circle with subscript 3 corresponds to a TDL of 3.3 1 and was
used to image at high FOVs where resolution was determined by digital sampling
frequency not optical resolution.

Finally, we compared the imaging results of our optimized SLO design to that of
a commercial SLO system, the Heidelberg Spectralis (Heidelberg Engineering, Inc., Vista,
CA). With our opti mized SLO design, both 20° and 6.7° FOV images were taken at 8 fps
with 500x1000 pixels per image. With the Heidelberg Spectralis, 20° and 15° FOV images
were taken at 6.8 fps with 1024x1024 pixels per image and 8.8 fps with 768x768 pixels per

image, respE UP YT Oa OwUUPOT wUl DBHIOCOEP 002 WwwW? 'UODPIOT d we 1 wk
that a 6.7° FOV with the Spectralis is not possible so the 15° FOV setting, which is the

lowest FOV setting on the Spectralis, was used instead. Results from the comparison are

shown in Figure 13.
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Figure 13: Comparison of images from our optimized SLO design and a commercially
available SLO (Heidelberg Spectralis). ( a), (b), and (c) each show an 18.5deg FOV
image cropped from a 20-deg FOV image. (a) Single frame from our optimized SLO
design. (b) Single frame from the Spectralis. (c) One-hundred -frame average from the
Spectralis. (d), (e), and (f) each show a 3.3deg FOV image taken at a 6.3-deg eccentricity.
(d) Single frame from our optimized SLO design cropped from a 6.7 -deg FOV image.
(e) Single frame from the Spectralis cropped from a 15 -deg FOV image. (f) One -
hundred - frame average from the Spectralis cropped from a 15-deg FOV image.

2.5 Summary

We have demonstrated a simple, compact optical design for a SLO that produces near
diffraction limited illumination on the retina across a 20° FOV with minimized imaging
artifacts. With the experimental implementation of our design, we demonstrated fast, high
SNR, high resolution retinal imaging to visualize micron sc ale anatomical structures of

the retina in vivo. At lower FOVs, by adjusting the focus to the respective retinal layers,
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we were able to visualize nerve fiber bundles throughout the retina, and photoreceptors

EQwi EET1 OUUPEDUDPI Uwa wathduseDlataptive optidst Fhe theardticaluO wb B U1
resolution of our system (7 pm) supports the resolution of detected individual cone
photoreceptors starting at approximately 3° eccentricity [57]. In practice, we were able to

visualize photoreceptors near this eccentricity (see Figure 10).

Using various pinhole sizes, we quantified the relationship between retinal image
sharpness and the timesdiffraction -limited sp ot size (TDL). Experimental sharpness
measurements (seeFigure 12) showed that as the confocal pinhole decreased in size,
image sharpness increased while throughput decreased. However, pinholes smaller than
0.5 TDL resulted in very low SNR so sharpness appeared to decrease rather than increase.

Through an experiment comparing our optimized SLO design to the Heidelberg
Spedralis, we have shown that our design demonstrates an improvement in both image
quality and resolution. This improvement is especially noticeable at a 6.7° FOV, in which
our system can resolve parafoveal cone photoreceptors in a single frame, which is not
possible with either a single frame or a 100 frame average via the Spectralis.

While adaptive optics based SLO designs have superior resolution, this comes at
the expense of cost, size, and system complexity. We have demonstrated highquality
retinal imaging of micron scale anatomical features of the retina with a significantly more

compact and affordable SLO. Our optimized optical design for the SLO may also be

28



extended to optical coherence tomography (OCT) systems, in which the sample arm optics

are nearly identical to SLO optics.
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3. Handheld simultaneous SLO and OCT system

In this chapter, we present a handheld probe and system design that acquires high signat
to-noise ratio (SNR) SLO and OCT images simultaneously with patient exposures safely
below the ANSI limit [58]. At reduced fields of view (FOVs), we show that the SLO can
image parafoveal cones without adaptive optics at a retinal eccentricity of 11° in subjects
with good ocular optics. We also demonstrate lateral motion correction of OCT B -scans
based on motion estimates determined from concurrently acquired SLO images using a
modified version of the patch -based cross correlation image registration technique [59-
66]. Finally, we demonstrate axial motion correction utilizing a significantly modified

version of the automated segmentation-based OCT volume registration technique [67].

3.1 System design

The SLO and OCT sources were superluminescent diodes (SLDs) operating at 77@& 8 nm
(Inphenix, Livermore, CA) and 840 + 35 nm (Superlum, Moscow, Russia), respectvely.
The detector for the SLO was an APD (C5460, Hamamatsu, Shizuokaken, Japan) with
fixed gain, and the detected signal was low-pass filtered from DC - 2 MHz (Model 3945,
Krohn -hite Corporation, Brockton, MA) and acquired at 5 MS/s using the NI PCI 6115
card (12-bit) (National Instruments, Austin, TX). The SLO signal was low -pass filtered
with a cutoff frequency of 2 MHz (just less than half the sampling frequency) in order to

avoid aliasing artifacts in the SLO image. The SLO scanners consisted of & kHz resonant

scanner (Electro-Optical Products Corp, Glendale, NY) and a 5 mm aperture
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galvanometer (Thorlabs Inc, Newton, NJ) placed as close as mechanically possible
without risking damage to the scanners (~8 mm). The horizontal or fast scanner operated
at 4.24 kHz, but both the forward and backward sweep of the scanner were utilized to
effectively operate at 8.48 kHz. The vertical or slow scanner of the SLO operated at a rate
of 16 Hz to record frames at 16 fps. Each image of the SLO consisted of 530 x80 pixels.
The OCT scanners consisted of a commercially available mounted XY galvanometer set
with 3 mm aperture mirrors (Cambridge Technology Inc, Bedford, MA). The integration
timeperA-UE EQuwb E Uwk Y w4 U wp Dé&thnuForyniading e Bsed@0 Arscans w
per B-scan 500 Bscans per volume, and a delay equivalent to 50 A-scanintegration times
per return path (fly -back) of the galvanometer mirrors between B-scans. This
corresponded to a fast scan of 40 Hz and a slow scan of ~0.073 Hz giving ~228L0O images
per OCT volume. The SLO scanners were controlled separately with an NI PCI 6711 card
(12 bit) (National Instruments, Austin, TX) and the OCT scanners were controlled with
the NI PCI 6115 card. Custom software developed in Labview (National Instr uments,
Austin, TX) and software used in commercially available Bioptigen SDOCT systems
(Bioptigen Inc, Durham, NC ; see author disclosures in acknowledgments section) were
used on the same computer for reattime display of SLO and OCT images. An 80:20 fiber
coupler was used for the OCT interferometer and a commercial spectrometer (SD800,
Bioptigen Inc, Durham NC) was used as the OCT detector. The OCT axial resolution and

6 dB falloff range were measured to be 7 um (in air) and 1.1 mm, respectively.
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3.2 Probe optical design

The optical design and system optimization for both SLO and OCT sub-systems of
the handheld probe were completed using optical design software (Radiant ZEMAX LLC,
Redmond, WA). Given the six design considerations mentioned previously, mechanical
constraints, and commercially available lenses, the optical design was optimized by
minimizing spot sizes spanning the FOV at intermediate image planes and along the
retina of a model eye. An overview of the optimized optical design of the handheld system
is shown in Figure 14. The SLO and OCT beam paths begin separately and are scanned
with separate scanners The beamswere combined at a dichroic mirror just prior to the
objective lens. The dichroic mirror was placed in this location for two main reasons: 1) the
dichroic mirror was designed to work at an angle of incidence of 45° which, after scanning ,
only occurs between the lenses of the telescope after the scanners, and 2) there was no
other location that the dichroic mirror would mechanically fit without increasing device
size. Unity beam magnification was employed for both the SLO and OCT systems when
PDOET POT wUT 1 wUEEOOT UUWOOUOWUT T wi al zUwxUxPOB w3 I
~2.5 mm for both the SLO and OCT.The telescope prior to the eye consised of 2.54cm
diameter lenses with an effective focal length of 37.5 mm. This focal lengthwas chosen to
give a working distance of ~25 mm and have sufficient room for the dichroic mirror and

OCT fold mirror. Since the f-numbers of the lenses are small given the 20° scan range and

the bandwidths of the light sources are relatively wide, careful consideration was taken
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in choosing a combination of commercially available lenses to minimize both spherical
and chromatic aberration. Our solution was to use achromatic doublet lenses to reduce
chromatic aberration and split the lens with a 3 to 5 ratio in refractive power in order to
gradually refract the scanned beams and thus reduce spherical aberration. For the
confocal pinhole, we used a multimode fiber with a diameter equal to approximately 1.6
times the Airy disc diameter, which has been demonstrated to give a good balance
between image sharpness and throughput [37, 38] To achieve a confocal pinhole of this
size given a 3 mm collection pupil (undilated), a 50 mm focal length collection lens and a

kY ws OwE Bndltfrode fibd mwas utilized.

Side View Legend
L3 M3 L5 M4

Blue: SLO optical path
Red: OCT optical path

-

XY2 M1-4: Plano mirrors

- DM: Dichroic mirror

XY1 BS: Beam splitter

L1: SLO collimating lens
M1 L2: SLO collection lens

L1 L3: OCT collimating lens

L4 DM L6 Eye L4,5,6: Compound lenses

BS XY1: SLO scanner set

XY2: OCT scanner set

L2 PH: SLO confocal pinhole

Eye: Human eye

M2

Figure 14: A side view schematic of the handheld SLO -OCT design. All optical
components are labeled and described in the legend. The SLO source is a 770 nm SLD
with 15 nm bandwidth. The OCT source is an 840 nm SLD with 70 nm bandwidth. The
optical paths shown are the superposition of both the illumination and collection paths.
The illumination beam diameters for both SLO and OCT were ~2.5 mm. The collection
beam diameter for the SLO was larger due to the larger NA and size of the collection
fiber, and because backscattered light from the retina fills the pupil in the return path.
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Nearly d iffra ction-limited performance of 7 and 7.5 OwP EUWEET PI YI EwbOu
for nine points spanning a common 20° FOV at the back of a model eye for the SLO and
OCT systems, respectively Figure 15). The eye model wascreated based on parameters

determined in a study by Goncharov and Dainty [52].

SLO OCT
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Figure 15. Spot diagrams for the SLO (A) and the OCT (B) illumi nation on the retina
spanning a 20° FOV. SLO and OCT are nearly diffraction limited at 7 and 7.5 pum (the
Airy disk radii), respectively (Airy disk is shown by black circle on spot diagrams).
Spot diagrams are color coded for 3 wavelengths spanning the band width of the
respective sources. SLO spot diagrams have increased astigmatism compared to OCT
spot diagrams due to the transmission through the tilted dichroic mirror.

3.3 Probe mechanical design

The opto-mechanical design for the system was developed in Solidworks (Dassault
Systémes SolidWorks Corp, Concord, MA) and is shown with and without its outer casing
in Figure 16. Custom lens tubes, lens spacers, and mirror maints were designed and
fabricated to accommodate the closely spaced optics of the system andminimize its

footprint. The internal skeleton and other structural components were made of aluminum
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to simplify fabrication and maintain low weight. Alignment pins  were used at the
junctions between mechanical components to facilitate assembly. Zemax was used to
determine the maximum permissible positional error of optical components, and a
mechanical tolerance stack analysis was performed to ensure that the desigrspecifications
were satisfied. The minimum number of adjustments in the design to optimize
performance at assembly and operation was determined, resulting in adjustability of the
axial position of the objective lens, the XYZ position of the collection and illumination
fibers, and the angular orientation of the resonant scanner. The lens closest to the eye (L6)
was mounted on a rack and pinion linear motion system with a total travel of 23 mm to
allow for refraction correction of + 8 diopters. The OCT collimation optics and the SLO
collimation and collection optics were adjusted for lateral beam placement using XY
translation stages and axial beam placement by sliding the optics along cage rods. The
resonant scanner was attached to the main body of the handheld probe via an L-bracket
with curved slots to adjust the rotation of the scanner while maintaining the correct center
of rotation. The outer casing was 3D printed (Dimension 1200es, Stratasys, Ltd., Edina
MN) with Acrylonitrile Butadiene Styrene and consisted of two halves that joined
together as a snap fit and could be secured with four set screws. The fabricated setup is
shown in Figure 17 both mounted to a slittamp -type patient interface configu ration with
a chin rest for alignment as well as in handheld operation. A rubber eyecup was attached

to the last lens of the handheld to aid in keeping the eye a working distance away from
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the lens. The handheld probe weighed 1.45 kg and was 25.4 cm long x10.9 cm wide x 15.5

cm tall.

OCT collimation
optics

Figure 16: Solidworks design of the handheld SLO -OCT probe. A) Side view showing
the internal components of the probe. B) Isometric view of probe with case.

Figure 17: The handheld SLO -OCT probe. A) Tabletop mountable configuration on a
patient positioning system from a Carl Zeiss slit -lamp. B) Handheld use of probe.

3.4 Image processing
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determined in post-processing after data acquisition by registration of SLO images. First,

background measurements taken prior to SLO and OCT image acquisition were
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subtracted from SLO and OCT images in order to remove any static lens reflections and
artifacts due to dust or scratches onoptical elements. Then SLO images were preprocessed
using a multi -scale coupled Laplacian of Gaussian (LoG) and Gabor filtering technique
similar to that described by Estrada et al. [68]. LoG and Gabor filtering were applied to
enhance the vessel contrast of fundus images and thus improve the accuracy and
robustness of image registration [68, 69] A LoG filter is a Gaussian filter convolved with
a Laplacian filter and can be used to isotropically enhance edges while smoothing the
image to reduce noise. Images were convolved with two LoG filters with kernels of size
100 x 100 pixels with standard deviation values of 1.5 and 3 pixels, respectively. The
maximum response was kept at each pixel for the two LoG filtered images and the
resulting image was further filtered with Gabor filters to enhance vessellike structures.
A Gabor filter is a Gaussian filter modulated by a sinusoid and can be used to enhance
edges of a predefined length at the orientation of the sinusoid. Gabor filters are defined
with the following five parameters: 1) standard deviation of the Gaussian along the
sinusoid (A ), 2) standard deviation of the Gaussian orthogonal to the sinusoid (A ), 3)
spatial frequency of the sinusoid (0, 4) phase of the sinusoid € ), and 5) orientation of the
sinusoid ([ ). We reduced the Gabor filter to just two parameters (A and [) by setting A
to 8 pixels, ¢ to 0°, and Oto pF ¢A . We then applied 30 Gabor filters with kernels of size
100x 100 pixels toour LoG filtered image with A equal to 2, 5, and 8 pixels, respectively,

at 10 orientations spanning 180°. The maximum response was kept at each pixel for the 30
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Gabor filtered images and, in the resulting image, pixels with intensities less than 5% of
the maximum intensity were set to zero by thresholding.

Preprocessed SLO images were then registered using a modified version of the
patch-based cross correlation technique [59-66]. Each preprocessed SLO frame was
divided into 15 horizontal strips (14 strips with 35 x 580 pixels each and 1 strip with 40x
580 pixels).All strips were cross-correlated to a reference frame(usually the first acquired
frame) in order to determine the (X,y) displacements of each strip. Since frames were
acquired at 16 fps, images were divided into 15 strips to obtain 240 lateral motion
estimates per second. Image rotation was assumed negligibe per strip but was
determined per frame. This was done by setting the initial or reference frame to have 0°
rotation, rotating each successive SLO frame with a set of 20 rotations spanning +0.5°
about the rotation of the previous frame, cross correlating with the reference frame, and
keeping the rotation value resulting in the highest cross correlation peak. This range and
step size for rotations was chosen because, in practice, the rotation between successive
frames was much less than + 0.5 and a rotation of an SLO image by a single step size
(0.05’) was indistinguishable from no rotation. Blinks were detected by monitoring when
the average pixel intensity in the unprocessed SLO image fell below 5% of the average
pixel intensity in the reference SLO image. Both SLO and OCT frames corresponding to
blinks were discarded from the raw data. After patch -based cross correlation was

completed for a set of SLO data, thefull motion field of each SLOimage was found by
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spline interpolati on of the estimated motion. Each individual line of an SLO image was
warped using this motion field to correct for motion artifacts.

The motion estimates from SLO image registration were then applied to correct
for lateral motion artifacts in the simultaneously acquired OCT volumes. Since the OCT
scanners spamed the same FOV as the SLO scanners, the OCT motion was determined
by multiplying the SLO motion by the ratio between the OCT lateral pixel dimensions and
the SLO lateral pixel dimensions. The bulk lateral displacement between OCT volumes
was determined by taking an en-face summed voxel projection (SVP) of each lateral
motion -corrected OCT volume, interpolating gaps in the SVPs up to 4 x 4 pixels in size
where data was not captured, preprocessing the interpolated SVPs with LoG/Gabor
filters, and cross correlating the filtered SVPs to get the lateral motion and rotation
between volumes. Composite SVPs were created by shifting and rotating the individual
lateral-motion corrected SVPs by the previously calculated bulk lateral displa cement and
rotation, averaging the overlapping pixels containing data, and interpolating gaps in the
composite SVP with the same method described for interpolating individual SVPs.

To correct for axial motion during the OCT volume acquisition, we utilized a
significantly modified version of the automated segmentation -based volumetric image
registration technique [67], which incorporates the orthogonal scanning technigue also
utilized in other publications [70, 71] Orthogonal acquisition was accomplished by taking

OCT data in two modes: 1) with the horizontal scanner as the fast scanner (Xfast) and 2)
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with the vertical scanner as the fast scanner (¥fast). In our new method, first the internal
limiting membrane ( ILM) of the retina in each B-scan for both X-fast and Y-fast OCT
volumes was automatically segmented through preprocessing and thresholding.
Preprocessing involved median filtering the image with a 25 x 25 pixel kernel and
convolving with 20 directional fi Iters with kernels of size 30 x 20 pixels spanning 180°.
Directional filters were created by simply rotating kernels with values of 1 and -1 for the
top and bottom halves of the kernel. The maximum response for each pixel in the B-scan
was obtained after convolution with all directional filters in order to enhance edges with
different orientations. Individual A -scans in the preprocessed Bscans were then
thresholded to find the first retinal border in the image, which corresponds to the ILM.
The result was smoothed for all A-scans per Bscan to allow for a continuous
segmentation.

After segmentation, lateral motion -corrected OCT volumes were overlapped to
create the initial composite OCT volume. Two X-fast and two Y-fast B-scans near the
corners of the composite OCT volume were then axially translated and rotated such that
the segmented ILM in each B-scan overlapped axially for points of lateral overlap.
Remaining X-fast B-scans were then also registered by axial translation and rotation such
that the segmented ILM overlapped axially at points of lateral overlap in the two initial
Y-fast B-scans. The same was done for the remaining ¥fast B-scans with respect to the

two initial X -fast B-scansto complete axial registration of the composite OCT volume .
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Regionsin the composite volume with overlapping A -scans were averaged to improve

SNR.

3.5Imaging results

SLO and OCT images were acquired simultaneously spanning a 20° FOV at 16 and 40 fps,
respectively (as shown in A and B of Figure 18). Background measurements taken prior
to imaging were subtracted from both SLO and OCT images to remove static artifacts like
lens reflections and scratches or dust on optical elements.The NR of the OCT system was
determined by measuring the maximum signal from an A -scan when the optical beam
was reflected from a mirror divided by the background noise level of the system. To avoid
saturation of the spectrometer, neutral density filters were added into the sample arm and
the maximum A -scan signal detected was compensated to account for this additional loss.
The SNR of our OCT system was 100 dB for 50us integration time and 300 pwW
illumination power at the sample. T he SLO, at smaller FOVs, was shown to visualize
parafoveal conesat a retinal eccentricity of 11° without adaptive optics (as shown in C -E
of Figure 18). The average cone spacing at 11° eccentrity is approximately 12.4 um [57]
which is ~1.8 times the diffraction-limited spot size of the SLO arm. The radiant flux
incident on the eye for the SLO and OCT were under the ANSI limit at 300 uW each, which

comprised 56% and 41% of the thermal hazad maximum permissible exposure limit [58].
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Figure 18 A) SLO image (single frame) with red line representing location of B -scan.
B) Single B-scan taken simultaneously with the SLO at 40 fps. C) Foveal SLO image
(single frame) indicating the position where the SLO was optica Ily zoomed to visualize
parafoveal cones. D) Optically zoomed retinal image (5 frame average) via reduction of
scan range to a 2.5° FOV at location shown by red box in C) at an 11° eccentricity. E)
Digitally zoomed image at location shown by blue box in D)  with a 1.5° FOV showing
the cone photoreceptor mosaic.

SLO images were preprocessed with LoG/Gabor filte ring and thresholding as
shown in Figure 19 prior to image re gistration . Preprocessed SLO images were registered
using our modified version of the patch-based cross correlation techniqueand the motion

field generated from registration was used to de -warp SLO images as shown inFigure 20.
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Figure 19 Single frame SLO image (A) and the corresponding LoG/Gabor filtered and
thresholded SLO image (B).

Figure 20: SLO patch-based registration. A) SLO reference frame to which all images
are registered. B) Another SLO image from the same subject. C) Patch -based
registration of SLO image in B) to the reference frame in A). The voids have been
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colored in green to better visualize the regions where no information was obtained. D)
Spline interpolated motion determined from the patch -based registration in C) is
applied to each line in the SLO image from B) and empty voids within the frame are
linearly interpolated.

Plots of SLO motion estimation are shown in Figure 21 for an X-fast and Y-fast
OCT volume. SVPs are shown before and after lateral motion correction, combination of

X- and Y-fast SVPs, and interpolation in Figure 22.

SLO motion estimation with X-fast OCT SLO motion estimation with Y-fast OCT
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Figure 21: SLO motion estimation with X -fast (A-C) and Y-fast (D-F) OCT. A slow
horizontal drift is visualized in the X -fast motion estimation with a large saccade
captured at around the 13 second point. Both vertical and horizontal drifts are apparent
in the Y -fast motion estimation with two microsaccades captured at around the 0.5 and
11 second points.
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Figure 22: Raw and registered SVPs with and without interpolation based on motion
estimation through SLO frame registration. A) Raw X -fast SVP. B) Registered X-fast
SVP. C) Registered X-fast SVP after interpolation. D) Raw Y-fast SVP. E) Registered Y-
fast SVP. F) Registered Y-fast SVP after interpolation. G) Combined X -and Y-fast SVPs
after registration. H) Combined X - and Y-fast SVPs after registration and interpolation.

OCT axial motion was determined using our significantly modified version of the
automated segmentation-based volumetric image registration technique . A depiction of

this procedure and the resulting registered OCT volume are shown in Figure 23 below.
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Figure 23 Steps for axial registration with an X - and Y-fast OCT volume. A) The initial
four B -scans taken near the corners of the composite volume. Red do ts indicate points
of lateral overlap on the surface of each initial B -scan. B) The initial four B -scans after
axial translation and rotation. Note that the red dots at points of lateral overlap now
overlap axially as well. C) The registration of an additi onal two X - and Y-fast B-scans.
D) Final registered volume rendering of all X - and Y-fast B-scans.

3.6 Summary

We have demonstrated an SLO-OCT handheld probe with ~7 um resolution spanning a
20° FOV across the retinaParafoveal cone imaging was shown using the SLO arm of this
device using a 2.5° FOV at an 11 eccentricity without adaptive optics. SLO motion
estimation was achieved using a patch-basedcross correlation approach using 15 strips to

allow 240 motion estimates per second. OCT lateral registration was demonstrated using
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the motion estimation from simultaneously acquired SLO images.OCT axial registration
was accomplished using a registration technique utilizing orthogonal fast scan directions

and the segmentation of the ILM of the retina. Lateral and axial motion correction were
both fully automated and allowed for automatic generation of motion corrected OCT

volumes. The use of this technology will provide a compact and cost -effective solution for
high SNR, motion-corrected imaging of patients that are supine, under anesthesia or
unable to position. These include infants with variety of retinal diseases such as
retinopathy of prematurity [72-74], albinism [75], nystagmus [76], Shaken baby syndrome

[77], and for imaging young children.
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4. Ultra-compact switchable SLO and OCT design

In this chapter, we present a new ultra-compact, dual-modality SLO/OCT
handheld probe design capable of parafoveal cone photoreceptor visualization with a
weight of only 94 g, which is over an order of magnitude lighter than the prior handheld
SLO/OCT designs[40, 42] and similarly far lighter than commercially available OCT -only
handheld systems, which weigh 1.5 kg or heavier [78]. This design utilizes a combination
of three significant innovations that enabled the significant reduction in system size. First,
a novel telescope design employing converging rather than collimated light on a scanner
PEUwWUUI EwOOwWUT EVUET wOT 1T wol 61 U1 wdi wlOT 1 wavuli 6zU0w
designs. Second, a single highspeed 2D micro-electromechanical systems (MEMS)
scanner was used for both SLO andOCT imaging as an alternative to two sets of larger
galvanometer-based optical scanners. Finally, custom lens designs were created to
minimize device size while correcting for monochromatic and chromatic aberrations in

the optical system (including those of the average human eye).

4.1 Converging-at-scanner telescope design

Conventional SLO and OCT retinal systems employ one or a series of standard 4f imaging
conceptually a novel telescope design which employs light converging on the scanner to
enable a substantial reduction in the telescope length. The beam enters the telescope

converging at a distance r from the scanner. There are two lenses, L1 and L2, with focal
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lengths f1 and f2, respectively. The layout is similar to a traditional 4 f imaging telescope,
except the distance between the lensed, is decreasedby the factor "Qfi to compensate
for the initial defocus. As r is increased to infinity, the input beam becomes collimated and
d becomesfi +f2 as in a 4f telescope Because the chief rays of the scan all start a lateral
distance f: from the principal plane of L1, they travel parallel to the optic axis between the
lenses, and thus converge at a lateral distancef. after the principal plane of L2.
Additionally, the same lateral and angular magnifications based on the length of the
lenses gply as for a 4f telescope (/fi and fi/f2 respectively). Thus, a 4 imaging
configuration is easily converted to a converging -at-scanner design without change in
angular range or spot size.

Scanner Pupll
Plane L1 L2 Plane

Figure 24: Diagram of the converging -at-scanner telescope. Relevant lengths and angles

L2, second lens of telescope; fi1, focal length of L1; f 2, focal length L2; d, distance between
L1 and L2). Multiple beams show the different optical paths throughout the extent of
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the optical scan range of the scanner. Chief rays are denoted by dashed lines. Dotted
circle indicates location of beam convergences .

By approximating L1 and L2 as thin, paraxial lenses, the total length of the

telescopes-can be derived as:

|=f, #, &

f? (9)
=1, o, 6, T3 2

By normalizing this expression by the total length of a 4f telescope, 4 + 22, we get

the following general expression for the fractional length of the telescope L:

1
L=1— ~
2R(1+ M) (10)

where R = r/fi (normalized convergence distance) and M = f/fi (lateral
magnification of the telescope). A plot of the fractional reduction in telescope length, is

shown in Figure 25.
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Figure 25: Plot of fractional length reduction vs. normalized convergence distance , R
for converging -at-scanner telescopes with magnification ranging from 0.1 to 10.

The largest fractional reduction in telescope length possible with this technique is
0.5, which is the point when there is no spacing between the telescope lenses. The
drawback of this technique, however, is that by using a converging beam before the
scanner, the intermediate image plane becomes curved thusintroducing field curvature.

Therefore, unless field curvature is desired, in practice it is important to design this kind

of telescope with a field flattener lens.

4.2 System and optical design
The ultra-compact switchable SLO/OCT handheld probe schematic and optical design are
shown in Figure 26. For both SLO and OCT imaging, light from an 840 + 35 nm

superluminescent diode (SLD) (Superlum, Moscow, Russia) was directed through an
51



80/20 coupler to an input fiber port on the handheld probe. Light to the handheld probe
was collimated by an off -axis parabolic mirror and then focused by an achromatic lens
prior to a 1 mm diameter 2D MEMS scanner (Mirrorcle Technologies Inc., Richmond, CA)
such that the beamat the scanner had a 0.8 mm 1/eédiameter with a 25° angle of incidence.
After the MEMS scanner, a telescope comprised of a combination of custom (L2 and L4)
and commercial (L3) lenses was used to magnify the beam at thescanners to create a 2.3
mm beam at the pupil of the eye with a 7° field of view (FOV). A commercially available
plano-concave lens (L3) (0120050, OptoSigma, Santa Ana, CA) was placed soon after the
intermediate focal plane of the probe to remove most of the field curvature in the system.
Prior to this lens, the curvature, thickness, glass type and position of a custom biconvex
lens (L2) was optimized in optical design software ( Radiant Zemax LLC, Redmond, WA)
to remove residual field curvature and ensure that the principal plane of the L2 and L3
lens pair was a focal length away from the scanner. The last lens of the telescope, an
asymmetric triplet (L4), was optimized to provide a telescope magnification of 2.8,
minimize induced monochromatic aberrations , and correct for chromatic aberrations
(including the longitudinal chromatic aberration of the eye) across the illumination
spectrum. The schematics and specifications for the custom lenses (L2 and L4) are given
in Figure 27. The lenses were manufactured by Optimax Systems, Inc. using readily
available glasses from the Ohara catalogue. Lenses were ARcoated with a single layer

MgF2 coating to minimize lens reflections for 850 nm light at a 0° angle of incidence.

52



MEMS
Scanner

OAP Legend

SLD: Superluminescent diode
APD: Avalanche photodiode
Sp: Spectrometer

BD: Beam dump

RA: Reference arm

OAP: Reflective collimator (off-
SLO: BD axis parabolic mirror)

L1-4: Lenses

SLD
840 * 35 nm

SLO: APD
OCT: Sp OCT: RA

Figure 26: Ultra -compact SLO/OCT handheld probe schematic and optical design. All
optical components are labeled and described in the legend. Blue and red text in the
schematic correspond to components used for imaging in SLO or OCT mode,
respectively.
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Figure 27: Custom lens designs used in the ultra -compact SLO/OCT probe. A) Custom
biconvex lens design (L2 in Figure 26). B) Custom asymmetric triplet lens design (L4 in
Figure 26). All glass types are labeled on the sche matics and dimensions are given to
the right of the lens schematics.
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The resulting optical design achieved a near-diffraction limited lateral resolution of 8 um
over a 7° FOV on a model eye[52], which w as modified as described in [42] to incorporate
the effects of dispersion for different ocular media including that of the gradient -index
crystalline lens. Geometric spot diagrams demonstrating the performance of the optical
design are shown in Figure 28. Backscattered light from the eye was collected through
the same fiber used for illumination and directed to a spectrometer (SD800, Bioptigen Inc,
Durham, NC) when imaging in OCT mode or an avalanche photodiode (C5460,
Hamamatsu, Shizuoka-ken, Japan) when imaging in SLO mode. The remaining end of the
80/20 coupler was connected to a beam dump or a reference arm when imaging in SLO or
OCT mode, respectively. Switching between SLO and OCT modes was done manually,
but could be automated using electromechanical or electro-optical switches to allow

sequential SLO and OCT imaging on a frame-by-frame basis.
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Figure 28 Spot diagrams (color coded for 3 wavelengths spanning 805¢ 870 nm) for
both SLO and OCT illumination on the retina of a model eye spanning a 7° FOV.

SLO images were acquired at 14.8 frames per second (fps) with 500 lines per frame and
675 pixels per line by using a 5 MHz digitizer, applying a 3.7 kHz sinusoidal waveform to
the fast axis of the MEMS scanner, and utilizing both the forward and backward sweeps
of the sinusoidal scan as separate lines in the frame. For OCT imaging, Bscans were
acquired at 40 fps with 500 A-scans/Bscan and 2048 pixels/Ascan, by using a 20 kHz A-
scan rate (limited by the speed of the spectrometer) and a 40 Hz sawtooth waveform to
the fast axis of the MEMS scanner. The OCT axial resolution and 6 dB falloff range were

Ol EUUUT EWwUOWET wA ws OwpbPOWEDUAWEOE whd hwdOOOwUT Ux I
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4.3 Mechanical design

All components of the mechanical system were designed and modeled in Solidworks as
shown in Figure 29(A) and Figure 29B). The handheld probe had a form factor of 7 x 6 x
2.5 cm and a weight of only 94 g, a factor of 15less than our previous handheld SLO/OCT
design [40]. The body of the probe was made from thin-walled 7075 aluminum alloy .
Rotation of the outer bore allowed for easy focus adjustment of + 3 D of refractive
correction. Fast correction of patient refractive error was possible by using a 4 lead ACME
threaded interface and a knurled pointer -and-thumb interface on the outer bore. A
polytetrafluoroethylene (PTFE) ring provided a smooth sliding sur face on theinner/ outer
bore interface. The PTFE ring applied radial tension on the outer bore to prevent the
objective from unintentional translation. The radial tension was supplied by ~20%
compression of a neoprene foam ring, where both rings were fixed longitudinally to the
inner bore by a set of flanges. Custom spacers and pertinent reference surfaces were
toleranced following the results of an opto -mechanical tolerance stack analysis to ensure
that the assembled probe would satisfy design specifications when manufacturing errors
are considered. A highly customized spacer with tangential and toroidal interfaces was
used to support the close proximity of the multiscale lens pair located after the MEMS
scanner while minimizing stress -induced distortions o f the optical wavefront. After

assembly of the probe, an L-shaped key was attached to the larger end of the outer bore
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to prevent the outer bore from being unintentionally removed when adjusting the focus.

The fabricated probe in handheld configuration is shown in Figure 29(C).

Figure 29: Solidworks design images and photograph of the fully assembled probe. A)
Photorealistic rendering of the probe. B) Section view showing the interior design. C)
Assembled probe in handheld configuration .

4.4 SLO image calibration

Acquired image distortions in SLO operation, primarily due to the use of resonant
scanning in the fast axis ofthe MEMS scanner, were calibrated and corrected by imaging
a diffusely reflecting dot test target with 0.5 mm dot spacing (62951, Edmund Optics,
Barrington, NJ) through a 60 mm focal length lens and applying transformations to

dewarp the acquired images to match the known dot pattern. The cdibration process
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consisted of 4 main steps: 1) splitting the acquired image corresponding to a complete
round -trip of the resonant lateral scanner into front and back sub-images, followed by
reversing the back sweep image to match the oriertation of the front sweep image, 2)
applying sinusoidal dewarping at the frequency of the fast axis (3.7 kHz) to both images,
3) dewarping the front sweep image to match the back sweep image and interleaving the
result with the back sweep image, 4) dewarping the interleaved image to match the
expected dot spacing of the dot test target and cropping to remove regions in which little
or no calibration information was obtained. A 4th order polynomial transform and a
piece-wise linear transform were used to dew arp the images in steps 3 and 4, respectively.
Transformations were calculated from the locations of the centroids of the dots in each
image, which were detected by thresholding and using blob analysis software in
MATLAB (MathWorks, Natick, MA) . This calibration procedure was repeated for each
scan range setting used for retinal imaging. Figure 30illustrates the steps and results of
this procedure for images acquired at the maximum scan range of the MEMS scanner,
which produce d an 8.8° x 6.4° or 6.4° x 8.8° FOV at the image plane depending on the
orientation of the handheld probe. The maximum FOV was rectangular because the
MEMS scanner underwent larger defl ection angles along the resonant (fast) axis than the
sawtooth (slow) axis given the same maximum input voltage. The RMS errors of the
calibration at the maximum scan range setting were 0.24 and less than 0.001 pixels for the

4th order polynomial and the p iece-wise linear transformations, respectively.
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Figure 30: Results of the dewarping procedure on the dot test target for an 8.8° x 6.4°
scan range. A) Raw image acquired including both directions of the sinusoidal fast

scanner sweep B) Front sweep portion of the raw image. C) Back sweep portion of the
raw image reversed to match the orientation of the front sweep. D) Sinusoidal ly
dewarped front sweep image. E) Sinusoida |ly dewarped back sweep image. F) Image
obtained by dewarping the front sweep image to match the back sweep image and
interleaving the two images. G) Image obtained after dewarping the interleaved image

in F) to match the known dot spacing of the test target and cropping to remove regions
in which little or no calibr ation information was obtained

4.5 Registration between OCT and SLO images

Since OCT and SLO operation was sequential, careful registration between the lateral
dimensions of the OCT images andthe de-warped and calibrated SLO images was critical

for image fidelity. To accomplish this, the relative positioning between the two modalities
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was determined by cross-correlating OCT summed voxel projections (SVPs) with
calibrated SLO images of subject retinas. OCT images did not need to be dewarped
because they wee acquired at speeds within the linear response regime of the MEMS
scanner. The processing steps employed for OCT SVPs are depicted irFigure 31 and
include: 1) segmentation and extraction of the top (upper 40%) and bottom (lower 60%)
of the retina (excluding the choroid) in B -scans (as shown inFigure 31(E)), 2) SVP creation
for both of the extracted halves, and 3) subtraction of the top half SVP from the bottom
half SVP to improve the contrast of retinal blood vessels and remove the common noise
present in both SVPs. To extract the top and bottom halvesof the retina, the retinal surface
and retinal pigment epithelium were automatically segmented using graph theory and
dynamic programming [80] and then the upper 40% of the region between segmentations
was summed to create the top half SVP while the bottom 60% was summed to get the
bottom half SVP. This method enhanced the contrastof blood vessels because the bottom
half of the retina in OCT -B-scans contains the shadows of vessels while the top half
contains the backscattered signal from vessels. The 2:3 ratio between the top and bottom
half SVPs was determined empirically to maximi ze the contrast of blood vessels in the
final processed SVP.

After vessel contrast was enhanced in OCT SVPs, Laplaciarof-Gaussian (LoG)
and Gabor filtering (as described in [40]) was applied to both the vessel-enhanced OCT

SVPs and SLO frames to generate binary vessel maps as shown ifigure 32. These vessel
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maps were then crosscorrelated to determine the lateral and rotational offset between the
SLO frame and OCT SVP as shown inFigure 32(E), and to allow for the correct positioning

of OCT B-scans relative to the SLO image.
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Figure 31 Processing steps for OCT summed voxel projections (SVPs). A) Raw SVP
obtained from the entire depth of OCT B -scans. B) Top half SVP obtained from the area
between the dotted blue lines in E). C) Bottom half SVP obtained from the area between
the dotted red lines in E). D) Vessel -enhanced SVP from the subtraction of B) f rom C)
and rescaling to avoid negative pixel values. E) OCT B -scan at the location of the dotted
lines in A -D). Scale bars represent 1°.

61



Figure 32 Processing and registration of SLO images and OCT vessel -enhanced SVPs.
A) SLO image. B) LoG and Gabor filtered SLO image. C) Vessel -enhanced OCT SVP.
D) LoG and Gabor filtered, vessel -enhanced OCT SVP. E) Superposition of the SLO
image and OCT SVP after motion was estimated and corrected via the cross correlation
of the LoG and Gabo r filtered images in B) and D). Scale bars represent 1°.
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4.6 Experimental setup

SLO and OCT retinal images were acquired sequentialy spanning either a 3° x 3°, 6.4° X
8.8° or 8.8° x 6.4 FOV. Different FOVs were obtained by either changing the orientation

of the probe by 90° or varying the voltages supplied to the 2D MEMS scanner utilized for

both SLO and OCT imaging modes. Background measurements taken prior to imaging
were subtracted from both SLO and OCT images to remove static artifacts including lens
reflections and scratches or dust on optical elements. Images were registered and
averaged using an image processing program, ImageJ (National Institutes of Health,
Bethesda, MD), with the Register Virtual Stack Slices plugin [81] for SLO images and the
StackReg plugin [82] for OCT B-scans.The SNR of the OCT system was 101 dB fomk Y w4 U w
POUITUEUPOOwWUDOI wE Opowdr &l kheusardple DTOeOichGidn GeEntided O w
on the eye from the handheld probe during either SLO or OCT imaging was under the

ANSI limit [38]E U wt WK w4 6 &

4.7 Measuring cone photoreceptor packing density

Cone packing densities were measured for either 1° or 0.5° FOV areas depending on the
largest, vessetree region visible within 3° FOV SLO images. To calculate cone densities,
we manually counted cone photoreceptors in ImageJ software and divided by the area
sampled. The retinal area sampled was determined by converting the visual angle or
retinal FOV (in degrees) to retinal dimensions (in millimeters) by multiplying the FOV by

a retinal magnification factor. The retinal magnificatio n factor for a 24 mm axial length
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eye is 0.291 mm per degree, and we estimated the magnification factor for other axial

01 OT UT UwUUDPOT WEWODPOI EVUWUEEODOT wEEUI EwOOwI EET wU
[83]. For subjects that did not have axial length measured, axial lengths were determined

EawUOl 1 wEYI UET I wERDE O wO I8 185)dnduefiactivie ErarJd6] StIUUE NT EUZ
4.8 Human subjects research

The use of our experimental setup for in vivo imaging of awake adults and children

during an examination under anesthesia (EUA) was approved by the Duke University

Health System Institutional Review Board and adhered to the tenets of the Declaration of

Helsinki. Informe d consent was obtained from all subjects or their guardians. For imaging

of children already scheduled for a clinically indicated ophthalmologic EUA, the

handpiece was place in a singleuse sterile plastic bag with an opening for the distal lens

tip. Data collected from this research were stored and managed in compliance with

guidelines from the Health Insurance Portability and Accountability Act.

4.9 Results

The ultra-compact SLO/OCT handheld probe provided complementary retinal
SLO and OCT imaging data in both adults and in children. Imaging results from an adult
human volunteer with -3 diopters of axial myopia were obtained with the ultra-compact
SLO/OCT handheld probe asshown in Figure 33. Representative SLO images with either
a 6.4° x 8.8° 0r3° x 3° FOV are shown inFigure 33(B) and Figure 33(D-E), respectively. At
the smaller FOV, the SLO visualized parafoveal cones as close as a 3%6eccentricity
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without adaptive optics. Two insets from Figure 33(D) and Figure 33(E) are magnified by
a factor of 2 to show further detail. As expected and quantified in the two insets, a decrease
in cone packing (13300 cones mntdown to 10100 cones mm?) was observed radially from
the center fovea[86, 88, 89] A mosaic of twenty -five 6.4° x 8.8° FOV images was created
using ImageJ with the MosaicJ plugin [90] to obtain a composite FOV of 26.4° x 18.4°
(Figure 33(A)). In the mosaic image, blood vessels and capillaries are well visualized
across the posterior pole and nerve fiber bundles are clearly visible near the bottom left
region adjacent to the optic disc. OCT images within the same regions were acquired at a
6.4° FOV as shown centered on the fovea inFigure 33(C). As obtained in all subjects in
this study, high quality OCT images allowed visualization of all of the retinal layers that

are identified on conventional tabletop OCT systems (labelled in Figure 33(C)) [91].
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13300 cones mm™
3.9° eccentricity

10100 cones mm™
6.2° eccentricity

Figure 33: Imaging results from a healthy adult volunteer obtained with the ultra -
compact SLO/OCT handheld probe. A) SLO image mosaic with a 26.4° x 18.4°FOV
generated from 25 SLO images with 6.4° x 8.8° FOVs. B) SLO image (5 frame average)
taken with a 6.4° x 8.8° FOV at a 4.4° eccentricity. C) OCT B-scan (10 frame average)
spanning a 6.4° FOV at the fovea with anatomical landmarks labeled (NFL, nerve fiber
layer; GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear lay er;
OPL, outer plexiform layer; ONL, outer nuclear layer; ELM, external limiting
membrane; IS/OS, inner segment/outer segment; 1Z, interdigitation zone; RPE, retinal
pigment epithelium). D) and E) SLO images (5 frame average) taken with a 3° FOV at a
5.8 and 3.6° eccentricity, respectfully. 1 ° FOV zoomed insets (2 ) are shown to the right
of D) and E) showing cone photoreceptors with a density that decreases with
eccentricity [86, 88] Colored boxes and line on the mosaic indicate the locations of the
SLO images and OCT B-scan in B-E). Arrow indicates a well -defined interdigitation
zone in the OCT B -scan.
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Images were also obtained with the ultra -compact SLO/OCT handheld probe
during EUA from 13 chil dren ranging from 14 months to 12 years of age. The children
were imaged in a supine position. Representative images from the healthy eyes of a 25
month old toddler and 14 month old infant are shown in  Figure 34(A-D) and Figure 34(E-
H), respectively. Both subjects, had approximately emmetropic vision. SLO frames were
acquired with either a 3° x 3° or 8.8° x 6.4 FOV while OCT B-scans were acquired with a
6.4° FOV. Similar to the adult volunteers, small FOV SLO images (as shown in Figure
34(B) and Figure 34(F)) visualized parafoveal cones, which, to our knowledge, is the first
demonstration of cone imaging for this age group. The foveal photoreceptor layer of the
14 month old, as visualized in crosssectional OCT imaging, lacks a well-defined
interdigitation zone (1Z, interface between photoreceptor tips and the underlying retinal
pigment epithelium, Figure 34(G) arrowhead). In the 25 month old, the interdigi tation
zone is more mature (Figure 34(C) arrowhead) and similar to that seen in the adult eye

(Figure 33(C) arrowhead).
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Figure 34: Imaging results from healthy eyes of a 25 month old toddler (A -D, frames
with green border) and a 14 month old infant (E -H, purple border) in the operating
room. A) and E) show 25and 20 frame average SLO images, respectively, with an 8.8° x
6.4° FOV. B) and F) show 25 and 24 frame average SLO images with a 3° FOV at a 4.6°
and 11° eccentricity, respectfully. B) is located in the region within the red dotted box
in A) and F) is located in an inferior temporal region of the retina outside of the FOV
of E). 0.5° FOV zoomed insets (2 ) are shown below B) and F) visualizing cone
photoreceptors for both subjects. C -D) and G -H) show 21, 10, 15, and 20 frame average
OCT B-scans, respecively, with a 6.4° FOV. The B -scan in C) is located at the fovea and
lies approximately along the blue dotted line in A). The B -scan in G) is also located at
the fovea, which lies approximately along the orange dotted line in E). I) shows an
image of the h.andheld probe in use in the operating room during examination under
EOI UUT 1 UPEwWOOWEwW wal EVUWOOEWUOEEOI] Wwantacumdbé wxT aub
is stabilized on a wrist rest and on the fingers of the other hand. Arrows indicate the
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interdigitat ion zone, which is well -defined in the 25 month old toddler in C) but not in
the 14 month old infant in G).

Children with retinal pathologies were also imaged in the OR with the handheld
probe as shown by the images in Figure 35. In Figure 35(A-D) we documented healthy
macular vessels and retinal layers in a 2 year old toddler wit h familial exudative
vitreoretinopathy (FEVR), a genetic eye disorder that disrupts the growth and
development of blood vessels in the retina. In Figure 35(E-J), retinal images are of a 2 year
old toddler with X -linked retinoschisis, a hereditary retinal degeneration characterized by
YPUPOOWOOUUWEOEwWOI Ul OwPPEI UxUI EEWEEOOUOEOWUx OF
The infant had a previous surgery involv ing the retinal surface. Resulting microscopic
corrugations of a fine membrane wrinking the retinal surface are perpendicular to the
arcuate nerve fiber layer in Figure 35(E) and barely visible at the inner surface in cross
section in Figure 35(H) (arrowhead) where deeper layers show the classic gaps found in
retinoschisis. The membranes coalesce into a thicker surface membrane inFigure 35G)
which is elevated off the surface in an adjacent cross section Figure 35(1)) and shown in
3D relative to the retinal surface in Figure 35(J). Figure 35(K-N) shows images acquired
from a 12 year old child with a history of blunt trauma resulting in retinal damage at the
center of the macula, a macular hole Figure 35M) in cross-section and Figure 35(N) in
3D). At the margin of the hole, gaps within the retina (cystoid s paces) and a separation

and disruption of the outer borders of retina from the underlying tissue are visible ( Figure
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35(M-N)). Away from the region of the hole, the nerve fiber layer (Figure 35(K)) and

deeper retina (Figure 35(L)) appeared healthy.

Figure 35: Imaging results from children with eye disease: a 2 year old toddler with
familial exudative vitreoretinopathy (FEVR, A -D, frames with green border), a 2 year
old toddler with X -linked retinoschisis (E -J, frameswith blue border) and a 12 year old
child with a blunt trauma -induced macular hole (K -N, frames with red border). A -B)
and K-L) show 15, 14, 10, and 20 frame average SLO images, respectively, with a 6.4° x
8.8° FOV. E) and G) show 30 and 15 frame averageSLO images, respectively, with an
8.8° x 6.4° FOV. F) shows a 20 average SLO image with a 3° FOV. GD), H-I), and M)
show 3, 8, 15, 2, and 20 frame average OCT Bscans, respectively, with a 6.4° FOV. The
OCT B-scan in C) was acquired from the location of the dotted orange line in A), which
was determined by the registration between the SLO frame and OCT SVP as described

70



in Section 2E. J) and N) show volume renderings of the pathology visible inthe B -scans
depicted in 1) and M), respectively. Green arrow in H) shows a subtle wrinkling of the
epiretinal membrane above the inner retinal surface. Blue arrows in G), 1), and J) reveal
an elevated retinal membrane of the toddler with X -linked retinoschisis. Red arrows
in M) and N) indicate the location of the macular hole in the child with blunt trauma.

4.10 Summary

We have demonstrated an SLO/OCT handheld probe weighing only 94 g with 8 um lateral
resolution, 7um OCT axial resolution, and a FOV up to 6.4° x 8.8°.High definition SLO
and OCT images were acquired in both healthy adult volunteers and patients in the OR
ranging from 14 months to 12 years of age with and without pathology. Parafoveal cone
imaging was shown using the SLO arm of this device without adaptive optics using a 3°
FOV in adults and for the first time in infants and toddlers . A mosaic with a composite
FOV of 26.4° x 18.4° was successfully constructed from 25 SLO images with seamless
blending after distortion correction. The constructed probe exhibits the potential for high
SNR, high resolution SLO and OCT imaging in a single, ultra-compact device. The use of
this technology will form the foundation for high quality, handheld imaging of patients
that are supine, under anesthesia, or unable to position, and may prove particularly useful
for examination of infants and young children with diseases such as retinopathy of
prematurity [72-74], albinism [75], nystagmus [76], trauma or shaken baby syndrome [77].
We are heading towards a future where novel therapies may eventually be considered in
even younger patients with retinal degenerations and other diseases that affect

photoreceptor developme nt and survival [92-94]. For disease staging and management, it
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is likely to become even more critical to accurately determine photoreceptor density or
other cellular disease effects across retinal layers, in addition to function, prior to and after
initiation of novel therapies. Lightweight and portable high definition systems such as the

one developed here, are likely to have a significant role in assessingcellular anatomy in

the ongoing care of these pediatric patients in the future.
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5. True color SLO and OCT handheld probe

In this chapter, we present a spectral domain (SD}. " 3 WEOE w? UUUIT wEOOOU? w2 +
probe design with a spectrally reshaped supercontinuum white light source for the SLO

illumination and an achromatizing lens to correct for the LCA of the eye. This is the first

20001 wEOOOU? w2+. Owl EOCET | OEWEOOOUW2+. OWEOEWEOOO
was achieved by imaging a 30 patch color test target with calibrated color values and

applying a least-squares, polynomial color transformation to match the raw acquired

colors from the SLO to the known color values of the test target. With this probe, we

20° fields-of-view (FOV) with patient exposures safely below the ANSI limit [58]. We then

compare the imaging results taken by our system with commercial SLOs that image with

multiple colors.

5.1 System design

The ? UU U1 wIH.OOCTWhandheld probe was built from a modification of our prior
handheld SLO-OCT design described in Chapter 3 [40]. A schematic layout of the system

is shown in Figure 36 below.
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Figure 36. Side view schematic of the color SLO -OCT handheld probe design. All
optical components are labeled and described in the legend. The illuminating beam at
OT 1T wl al z Uwnd25serutor $.0 and OET, respectively. The collection beam
diameter for the SLO was larger due to the larger NA and size of the multimode
collection fiber, and because backscattered light from the retina fills the pupil in the
return path. The multimode fiber shown in the schematic is used to transfer the
collected light from the SLO arm into an RGB color separation module consisting of 2
dichroic filters and 3 photomultiplier tubes (PMTSs). A filter is placed in front of the red

ET EOOI Oz Uw/ , 3 yddrrinutidn Gu@ Y theu®BCT light source that is returned
through the SLO collection path.

The SLO source was a supercontinuum laser (NKT Photonics A/S,Birkergd, Denmark)
that was filtered to transmit light between 430 to 700 nm. To make the output illu mination
spectrum more uniform and allow more even light collection among the 3 color channels,
the spectrum was reshaped with 2 wavelength division multiplexers (WDMs) and 3

variable optical attenuators (VOAS) as shown in Figure 36. The illumination spectrum
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before and after reshaping is shown in Figure 37. Deviations in the reshaped spectrum
from a perfectly uniform spectrum resulted in color accuracy errors that were minimized
by the color calibration procedure described in Section 5.3 (Color calibration).

The OCT source was a superluminescent diode (SLD) operating at 840 + 35 m
(Superlum, Moscow, Russia). An 80:20 fiber coupler was used for the OCT interferometer
and a commercial spectrometer (SD800, Bioptigen Inc, Durham, NC) was used as the OCT
detector. The OCT axial resolution and 6 dB falloff range were measured to be 7 pm (in
air) and 1.1 mm, respectively. OCT B-scans consisted of 2048 x 500 pixels and were
acquired at 36.4 frames per second.

Sample reflectance signal from the SLO arm was collected confocally using a
multimode fiber with a diameter equal to approximately 1 .9, 2.3, and 2.7 times the Airy
disc diameter for the red, green, and blue channels, respectively. This range of confocal
pinhole sizes have been demonstrated to give a good balance between image sharpness
and throughput [37, 38] To achieve confocal pinholes of these sizes given a 3 mm
EOQOOOI EUPOOwxUxDPOwWpUOEDPOEUI EAOQOWE Wk YwOOwi OEEQwOI
multimode fiber was utilized. The wavelength -dependent confocality of the SLO resulted
in relatively tighter confoc al gates for the higher wavelength channels, which affected the
amount of light collected and the optical section thickness imaged by each color channel.
Differences in light collection from each color channel were accounted for by the color

calibration pr ocedure, while differences in optical section thickness proved to be relatively
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minimal. The theoretical full width at half maximum (FWHM) optical section thicknesses
were calculated for this system according to equations described in[36] to be 317, 312, and
309 um for the red, green, and blue channels, respectively.

After the multimode fiber, the collected light was split into three different color
channels (430495, 495580, and 5806700nm) for photomultiplier tube (PMT) detection
(H10721-20, Hamamatsu, Shizuokaken, Japan). Wavelength-dependent sensitivity of the
PMTs and other wavelength -dependent components of the SLO were also accounted for
via the color calibration procedure. SLO images consisted of 530 x 580 pixels and were

acquired at 16 frames per second (fps).

Supercontinuum raw visible spectrum Supercontinuum reshaped spectrum
g ' R | | |
n 1721
§ 0.8} 1 § 0.8t
= 0.6/ 1 =06l
= =
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Figure 37: The SLO illumination spectrum before (A) and after (B) reshaping the visible
portion of the supercontinuum laser spectrum with 2 WDMs and 3 VOAs.
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5.2 Optical design

The optical design for the OCT arm was unchanged from our previous handheld SLO -
OCT design but the SLO arm had two major modifications to reduce chromatic aberration:
1) the collimating aspheric lens was replaced by a parabolic mirror collimator and 2) two
identical custom achromatizing lenses were implemented with one placed after the
illumination fiber collimator and the other before the detection fiber collimator at equal
distances away from the eye. Two achromatizing lenses were usd instead of one in a
common path in order to prevent back reflections of the achromatizing lens from entering
Uil w2+. zUwWET Ul EUPOOwIi PEI UBw3T 1 whEI EwOl wUOUDOT w
improve retinal image quality was first presented in [33, 9599], and the strategy of
designing an achromatizing lens placed directly after a collimation lens was first
demonstrated by Zawadzki et al. [100]. Similar to Zawadzki et al. [100], our design strategy
involved optimizing the performance of the achromatizing le ns in the Zemax model of
the SLO imaging system together with a model eye. The model eye we used was created
based on parameters of a widefield eye model with a simplified gradient -index
crystalline lens of 30 year olds as determined in a study by Goncharov and Dainty [52].
The dispersion functions for different ocular media were not given in [52] so were
modeled as suggested by Atchison and Smith [101] in the same form in Zemax as
described by Jaeken et a[102]. The achromatizing lens design was optimized to produce

a zero-power symmetric triplet made from readily available stock glasses with surface
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curvatures, thicknesses and optical material as variables. The lens was manufactured by
Optimax Systems, Inc. using SFPL51 (Ohara cdalogue) and N-ZK7 (Schott catalogue)
glasses, and is shown in the schematic on the left part ofFigure 38. The LCA of the model
eye (given in terms of chromatic focal shift) at the retina was calculated before and after
implementation of the achromatizing lens and is shown on the right part of Figure 38. The
achromatizing lens was designed to correct LCA from 400 ¢ 900 nm instead of just the
visible spectrum (400¢ 700 nm) to allow LCA correction for broadband NIR sources also

with the same lens.
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/ \ 300}
R, = 181.2940 |
= . min L
! N-ZK7 = 100}
R,=4.46 £
=446 mm =
2 | =
T, | T, H 2 o
T,=2mm — >l 3
S -100
—V :;
T,=2mm R; | R Z-200f
H=6 mm E -300
v 5 ——Eye + SLO system
-400 —— Eye + SLO system + Achromatizing lens | |
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Figure 38: A) Achromatizing lens (AL) design. Dimensions ar e given to the left of the

schematic. B) Chromatic focal shift at the retina of the eye model from 400 ¢ 900 nm

after passing through all SLO optics (shown by blue line) and after correction with the

AL (shown by red line). The maximum focal shift rangeis NKY WEOE wA ws OQwi OUwU]
and red lines, respectively.

The optical design performance of both the color SLO and OCT is given in the form
of spot diagram plots in Figure 39. Although the achromatizing lens corrects for the LCA

of the human eye, the transverse chromatic aberration (TCA) of the eye is left uncorrected
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and can be visualized by the spot diagrams in Figure 39(A-B) without and with the
achromatizing lens, respectively. However, since the three color channels used for SLO
collection each detect a much smaller portion of the SLO illumination spectrum, TCA can
be partially corrected in post-processing by warping the im ages from two of the color
channels to match the image from a single color channel. We demonstrate this in Figure
39(C), in which the green and blue channels are warped computationally via an affine
transform to match the red channel, thus reducing the contribution of TCA to image
blurring. Following this procedure, the design resolution of the color SLO with the
achromatizing lens and correction of TCA in post -procesdng was aberration-limited at

w3l 1T w. "3wEI UDT OwUIT UOOUUPOOWPEUWOI EUOa L

Qu

ard Wws O

visualized by the spot diagrams in Figure 39.
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Figure 39 Optical design spot diagrams for the illumination on the retina of a model

lal wUxEOOPOT wEwW!I YSwWw%. 5wi OUwUOT T w?20UUTl wEOOOU? w
achromatizing lens and for the OCT system (D). The green and blue color SLO channels

were warped to match the red channel in (C), to obtain an aberration -limited resolution

Ol wAd Wws 08 w. "3wPEUWOI EVUCAWEDPI T UEEUPOOWODPODPUI Ew
for 3 wavelengths spanning the bandwidth of the respective sou rces and Airy disks are

shown by black circles.

5.3 Color calibration

The color calibration method we applied on the raw color SLO images is similar to that
performed in color photography and is de scribed by the flowchart in Figure 40below. The

equations for the various transforms shown in Figure 40are given in [103].
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Figure 40: Color calibration flowchart with the raw, un  -calibrated color SLO red, green,
and blue (RGB) images as the input and the calibrated sSRGB color SLO images as the
output.

The first step in this method is to apply a spectrum -to-XYZ transform to the raw
SLO color image (SLO RGB) in order to transform the image into the Commission
Internationale de I'Eclairage (CIE) XYZ color space. After this transform, the SLO image
is in the XYZ color space but the reference white point of this space is given by the X, Y, Z
coordinates of the SLO illumination source spectrum. To make the reference white point
for the SLO image one of the standard illuminants used in color spaces, such as D5(the
white point of a 5000 K blackbody source), we applied a chromatic adaptation transform
using the Bradford method, which was found to give excellent results during the
development of the sRGB color space standard [104]. The SLO image was then
transformed into the L*a*b* color space, which is a color space designed to appear more
perceptually uniform [105]. This space is ideal for color calibration, because in this space,
minimized error corresponds to minimized perceptual color difference. After color
calibration in L*a*b* space, the image was transformed into SRGB space, which has a D65

white point (the white point of a 6500 K blackbody source), for viewing purposes.
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For color calibration, images of a 30 patch color test target with known L*a’b" (D50)
color values (ColorGauge Nano Target, Image Science Associates, Williamson, NY) were
acquired by the color SLO. This was done after translating the last lens in the color SLO
to create an image plane ~¥ cm after the last lens. After image acquisition, lens reflections
and other stray light artifacts were removed by background subtraction and 100 images
were averaged to increase the signalto-noise ratio (SNR). The averaged image was then
transformed into L'a’b’” space prior to applying a least-squares, polynomial calibration
matrix. A single L *a’b* value was determined for each color patch on the test target image
by taking the median L "a’b* value of the center 40 x 40 pixels of each patch. Median values
were taken in order to remove the effect of outliers due to occasional specular reflections

within patches. The error of the color calibration is given in terms of the CIE76 color

difference (DEab), which is the Euclidean distance between the known and measured

L*a’b* value for a given color patch and is given by the formula

Yo 7 1 ¢3 ¢3 5 & 9)

where Lknown,aknown, and bKnOWr'are the known L*a’b* values for each patch andLmeaS,

Aneas, andbmeasare the measured Lab’ values for each patch. A single error value is
determined for a given color calibration by taking the average CIE76 color difference over

all 30 color patches. Results from the color calibration matrix on color SLO and Nikon
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D3100 digital SLR images are slown in Figure 41(A) along with the equation for the color
calibration matrix in Figure 41(B). Only up to 2" order polynomial color calibration is
shown, since higher order calibrations did not significantly improve the color accuracy

while adding computational complexity.

Figure 41 Color calibration on color SLO and Nikon D3100 digital SLR images of a 30
patch color test target with known L*a*b* (D50) color values (A) using a least squares,

polynomial calibration matrix, ’ELS", described in (B). Bis a 3 x 30 natrix with the known

L*a*b* (D50) values for each of the patches of the color test target. Xis a (3n + 1) x 30

matrix containing the L*a*b* (D50) values of a single pixel in the color image, where  n

istheordl UwOTl wiOT 1 wxO0O0aOO0O0PEOWUUI Ewi OUwi pUUDOT 6 w?/ ¢
and second order polynomial fits, respectively. The mean CIE76 color differences

(E "HHY IT:H¥ across all 30 patches are given for each calibration order under the images

in A).

5.4 Experimental setup

Color SLO and OCT images were acquired simultaneously spanning either a 5° or 20°
FOV at 16 and 36.4 fps, respectively. Different FOVs were obtained by varying the
voltages supplied to the scanners of both the SLO and OCT sysems. Background
measurements taken prior to imaging were subtracted from the color SLO and OCT
images to remove static artifacts including lens reflections and scratches or dust on optical
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