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Adaptive Optics Reflectance Confocal Scanning Light
Ophthalmoscopy with Sub-Airy Disk Detectors
Nripun Sredar1, Oladipo E. Fagbemi1, Alfredo Dubra2.
1
Ophthalmology, Medical College of Wisconsin, Milwaukee, WI;
2
Ophthalmology, Stanford University, Palo Alto, CA.
Purpose: To explore the change in transverse resolution with subAiry disk confocal detection pinholes in two adaptive optics scanning
light ophthalmoscope (AOSLO) with different pupil sizes.
Methods: Two custom AOSLOs with superluminescent diodes
(Superlum, Ireland) with peak wavelengths of 850 and 790 nm were
used for wavefront sensing (12 μW average power) and reflectance
imaging (60 μW average power), respectively. The photoreceptor
mosaic of a subject with no known ocular pathology was imaged
at the foveal center. Image sequences of 100 frames each were
captured over 0.75° and 1.5° square field-of-view at a rate of 16
Hz in the AOSLOs with 7.75 and 4.3 mm diameter pupils at the
eye, respectively. Thirty raw images were registered and averaged
using a normalized cross-correlation method to compensate for eye
movement and distortion due to the use of a resonant scanner and
uniform temporal sampling. The confocal images were captured
using pinhole diameters of 0.5, 0.6, 0.8, and 1.0 normalized Airy disk
diameters (ADD) and co-registered. The images were compared both
subjectively and through their radially-averaged power spectra.
Results: The photoreceptor mosaic could be better resolved and a
clear enhancement of the image high spatial frequency content could
be observed with decreasing detector size. A higher-than-predicted
signal reduction was also observed (up to 50%).
Conclusions: Sub-Airy disk confocal detectors can be used in
reflectance AOSLO to improve resolution, despite a substantial
reduction in signal. These findings are consistent with the trend
predicted by the paraxial theory of linear confocal microscopy
described by Wilson and Carlini (Optics Letters 12, 227-229
(1987)). Quantitative differences, most notably in signal reduction
with decreasing detector size could be attributable to an imperfect
correction of the aberrations of the eye.

Images of the photoreceptor mosaic at 1° from the foveal center
captured with a custom AOSLO (4.3 mm pupil) with detector sizes
1.0 and 0.5 ADD. The images are displayed on a logarithmic scale.
The photoreceptor mosaic is better resolved with decreasing detector
size.
Commercial Relationships: Nripun Sredar, None;
Oladipo E. Fagbemi, None; Alfredo Dubra, Athena Vision/Meira
GTX (C), US 8,226,236 (P)
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In vivo imaging of the choriocapillaris using adaptive optics
enhanced indocyanine green ophthalmoscopy
Hae Won Jung1, Jianfei Liu1, Alfredo Dubra2, Johnny Tam1.
1
National Eye Institute, National Institutes of Health, Bethesda, MD;
2
Department of Ophthalmology, Stanford University, Palo Alto, CA.
Purpose: In vivo imaging of the choriocapillaris has been difficult
due to its thinness and location behind the retinal pigment epithelial
(RPE) cells, which contain light-absorbing melanin granules.
Indocyanine green (ICG) can be used to visualize the choroidal
vasculature, but conventional ICG imaging is unable to reliably
visualize the mesh-like structure of the choriocapillaris. We explore
the feasibility of using adaptive optics enhanced indocyanine green
ophthalmoscopy (AO-ICG) to image the choriocapillaris in the living
human eye (IOVS 2016;57:4376-4384).
Methods: A custom-built adaptive optics scanning light
ophthalmoscope (AOSLO) was used to image eyes from 5 subjects
with no history of ocular or systemic diseases (age range 22-47 years;
ex/em 790/810-840nm; imaging light power measured at cornea 125
µW; detection pinhole size 3-6 Airy units). AO-ICG videos were
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acquired at the fovea during intravenous injection of ICG, and then
post-processed to remove eye motion. Stabilized AO-ICG videos
were further averaged at various intervals within the dye transit to
extract the choriocapillaris signal. Images were compared to three
previously-published histological images to quantitatively assess
sizes of observed pores.
Results: In all subjects and in agreement with our previous findings,
there was a rapid uptake of ICG into punctate spots which hindered
the visualization of the choriocapillaris. These spots colocalized with
outlines of RPE cells which could be visualized from simultaneouslycaptured and co-registered darkfield images. Thus, videos were
separated into two portions corresponding to the rise in signal
from the transit of the initial injection bolus and a residual signal
approximately 0.5-1 minutes later. This resulted in two images of
the combined choriocapillaris and RPE signals in which the first
portion contained a stronger choriocapillaris signal when compared
to the second. Subtraction of these two images revealed a mesh-like
structure that resembled the choriocapillaris. The area of imaged
pores at the fovea, 307±73 µm2 (n=199), was not significantly
different compared to those measured from histology, 249±122 µm2
(n=133) (mean±SD, p=0.42).
Conclusions: AO-ICG can be used to visualize perfusion of the
choriocapillaris in the living human eye which may lead to new
insights about the onset and progression of diseases such as age
related macular degeneration.
Commercial Relationships: Hae Won Jung, None; Jianfei Liu,
None; Alfredo Dubra, Athena Vision / Meira GTX (C), US Patent
8,226,236 (P); Johnny Tam, None
Support: NIH Intramural Research Program; NIH - U01EY025477;
NIH - R01EY025231; Glaucoma Research Foundation Catalyst for a
cure initiative
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Two-Photon laser scanning Ophthalmoscope for Indocyanine
Green Angiography
Norris Gyi1, Gopal Swamy Jayabalan2, 1, Xiao Wen Mao3, Howard
V Gimbel1, Michael E. Rauser1, Josef F. Bille2, Joseph T Fan1.
1
Eye Institute, Loma Linda University, Redlands, CA; 2University of
Heidelberg, Heidelberg, Germany; 3Department of Basic sciences,
Loma Linda University, Loma Linda, CA.
Purpose: To evaluate the retinal and choroidal vasculatures using the
near-infrared two-photon laser scanning ophthalmoscope.
Methods: A compact femtosecond laser with 50 MHz repetition rate,
270 fs pulsewidth, 780 nm central wavelength, with a tunable output
power up to 500 mW was used as a light source for two-photon
imaging. The Brown Norway rats with jugular vein catheterization
were used in this study. The indocyanine green dye (IC-GREEN
with sterile aqueous solvent) was injected through the catheter
to monitor the choroidal circulation. Furthermore, the mixture of
fluorescein (10% AK-FLUOR, Akron) and indocyanine green dye
was administered in a single injection to characterize the retinal and
choroidal vessels. The dosages of dyes were administered according
to the rat’s body weight.
Results: The choroidal vasculatures were clearly seen using the twophoton Indocyanine green angiography (ICGA). The simultaneous
fluorescein angiography (FA) and ICGA characterized the retinal and
choroidal vessels with a single injection. The video of the two-photon
FA and two-photon ICGA was recorded to capture the immediate
effect of the FA and ICGA flow through the vessels. The retinal
vessels and capillaries were seen immediately after the injection, and
later the choroidal vessels were distinct. The simultaneous FA and
ICGA using two-photon ophthalmoscope offers longer duration of

effective time than the two-photon FA. The early-phase to late-phase
of the angiograms were recorded. The ICGA followed by FA, and FA
followed by ICGA was evaluated as well.
Conclusions: The retinal and choroidal vessels can be acquired in a
real-time scanning with a single light source, and no additional filters
for FA or ICGA are needed. The combination of FA and ICGA using
the two-photon ophthalmoscope will help researchers to characterize
the phenotype of retinal diseases in animal models, and also to
classify the type of choroidal neovascularization (classic, occult or
mixed) in age-related macular degeneration (AMD) animal models.

The early-phase (A) and mid-phase (B) of simultaneous FA and
ICGA using two-photon laser scanning ophthalmoscope.
Commercial Relationships: Norris Gyi, None;
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Handheld Adaptive Optics Scanning Laser Ophthalmoscope for
in vivo Imaging of Cone Photoreceptors
Francesco LaRocca1, Derek Nankivil1, Gar Waterman1,
Theodore DuBose1, James Polans1, Brenton Keller1,
Anthony N. Kuo2, 1, Joseph A. Izatt1, 2, Sina Farsiu1, 2. 1Biomedical
Engineering, Duke University, Durham, NC; 2Ophthalmology, Duke
University School of Medicine, Durham, NC.
Purpose: Visualization of individual photoreceptors close to the
fovea with the current generation of large footprint tabletop adaptive
optics (AO) scanning laser ophthalmoscope (SLO) systems is
largely limited to patients that are able to sit upright. We describe
a handheld AOSLO (HAOSLO) system that utilizes a light and
compact AO framework and custom optics and mechanics to achieve
photoreceptor visualization near the fovea with potential applications
for neonatal imaging.
Methods: A compact deformable mirror (DM) with 69 actuators and
a 10.5 mm pupil diameter was used as the adaptive element to correct
for wavefront distortions. The optical system incorporated nine
custom achromatic lenses that were designed with a consideration
for manufacturability via a tolerance stack analysis in optical design
software. The handheld probe, weighing less than 400 grams,
permitted a 1.4° x 1.6° field of view and 2.5 µm lateral resolution at
a speed of 8.3 frames per second. Optical aberrations were corrected
without a wavefront sensor by using a stochastic parallel gradient
descent algorithm similar to that of [Porter et al. Opt. Express (2011)]
until the mean intensity of the acquired image was maximized. To
improve the convergence time, a Zernike polynomial control basis
was used instead of the DM’s actuator basis and downsampling was
applied to the acquired image during sensorless correction to increase
the iteration rate from 8.3 Hz to 41.5 Hz.
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Results: The handheld probe design was fabricated, calibrated, and
used to acquire retinal images of four undilated, healthy human adult
volunteers after dark adaptation. High-resolution retinal images
visualizing the photoreceptor mosaic were acquired as close as 1.4°
from the fovea (Figure 1).
Conclusions: We have demonstrated the first HAOSLO system and
have tested it to achieve photoreceptor visualization near the fovea
in four adult volunteers. The use of this technology may provide
a compact solution for imaging photoreceptors near the fovea in
patients that are supine or under anesthesia and should also be
suitable for use with neonates and young children.

Figure 1. a) Photograph of HAOSLO in handheld use. The handheld
probe has a form factor of 10.3 x 5.3 x 11.2 cm. b) 1° field of view
retinal image (single frame) acquired with the probe after sensorless
AO correction on a dark-adapted adult volunteer at a location 1.4°
superior to the fovea. Scale bar, 0.25°.
Commercial Relationships: Francesco LaRocca, None;
Derek Nankivil, None; Gar Waterman, None; Theodore DuBose,
None; James Polans, None; Brenton Keller, None;
Anthony N. Kuo, Leica Microsystems (P), ClarVista (C);
Joseph A. Izatt, Leica Microsystems (P), Leica Microsystems (R);
Sina Farsiu, None
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Examining the human retina with a compact multimodal
adaptive optics line scanning ophthalmoscope
Marco Lombardo1, R D. Ferguson2, Nicusor Iftimia2, Mircea Mujat2,
Daniela Giannini1, sebastiano serrao1, Giuseppe Lombardo3.
1
IRCCS Fondazione GB Bietti, Rome, Italy; 2Physical Sciences
Inc., Andover, MA; 3Istituto per i processi chimico-fisici, Consiglio
Nazionale delle Ricerche, Messina, Italy.
Purpose: Compact high-resolution retinal imagers may accelerate
the translation of adaptive optics technology to the clinic. This study
assessed the capability of a multimodal compact adaptive optics (AO)
line scanning ophthalmoscope (LSO) for imaging the human retina
when using multiple detection options.
Methods: Four imaging modalities of the compact AO retinal imager
were tested: enface bright field, enface dark field, enface bright
field with polarization, and cross-sectional with Optical Coherence
Tomography (OCT). In the bright-field mode, quasi-confocal imaging
is obtained by illuminating the retina with a scanning light source,
which is collected by a line-array CMOS sensor for high contrast
imaging of the retinal photoreceptors. In the dark-field detection
mode, the light back-scattered from the retina is displaced and
collected by a time-domain integration (TDI) line camera in order to
resolve retinal vascular structures. In the polarized detection mode,
the eye is illuminated with linearly polarized light and the light
exiting the eye is filtered with an analyzer. High-resolution OCT is

performed simultaneously during LSO imaging of the retina. All the
imaging modalities have been tested in adult volunteers.
Results: In the bright-field mode, images of the photoreceptor
mosaic are collected across the central and peripheral retina at highresolution. Cones close to the fovea (<1 degree) can be visualized
in healthy adult subjects. In the dark-field detection mode, images
of the microvasculature are acquired with high contrast. In the
polarized detection mode, high-resolution images of the retinal nerve
fiber bundles are acquired with the polarizer oriented for maximum
throughoutput (i.e., parallel to major axis of bundles). AO-OCT
provided high-resolution cross-section images of the retina in
corresponding regions of LSO imaging.
Conclusions: The multimodal AO retinal imager is able to collect
high-resolution enface and cross-section images of the human
retina. The combination of complementary detection options
provides a holistic approach for in-depth investigation of the retinal
photoreceptors, capillaries and nerve fiber bundles.
Commercial Relationships: Marco Lombardo, None;
R D. Ferguson, Physical Sciences Inc (E); Nicusor Iftimia,
Physical Sciences Inc (E); Mircea Mujat, Physical Sciences
Inc (E); Daniela Giannini, None; sebastiano serrao, None;
Giuseppe Lombardo, None
Support: The Italian Ministry of Health grant CC-2353295
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Automatic detection of cones in multi-modal adaptive optics
scanning light ophthalmoscope images of achromatopsia
David Cunefare1, Christopher S. Langlo2, Alfredo Dubra3,
Joseph Carroll2, Sina Farsiu1, 4. 1Biomedical Engineering, Duke
University, Durham, NC; 2Ophthalmology, Medical College of
Wisconsin, Milwaukee, WI; 3Ophthalmology, Stanford University,
Stanford, CA; 4Ophthalmology, Duke University, Durham, NC.
Purpose: To develop an automatic method for detecting cones
in low-contrast “clinical grade” adaptive optics scanning light
ophthalmoscope (AOSLO) images of subjects with achromatopsia
(ACHM).
Methods: The automatic matched-filter based algorithm combined
filter responses from simultaneously captured split detector and
confocal AOSLO images to detect the cone locations. The parameters
for our algorithm were trained on 40 pairs of images from 3 ACHM
subjects, and the algorithm was validated on an additional 40 pairs
from 3 previously unseen ACHM subjects. One-to-one matches
between the automatic results and manual markings on the split
detector images (made independently of the corresponding confocal
images) were found in order to calculate measures of sensitivity and
false discovery rate across the validation set. A second manual grader
qualitatively compared the results of automated and manual cone
detection in each image.
Results: Figure 1 shows a qualitative example of the automatic
segmentation compared to expert manual marking. Of the 1871
cones that were manually detected (46.8 ± 23.8 cones per image)
the automated method had an average sensitivity of 0.88 and false
discovery rate of 0.20. The average computation time was 11
milliseconds per image.
Conclusions: There was an overall good agreement between
automatic and manual grading. Manual grading of cone locations in
AOSLO images of diseased eyes is difficult and subjective (Abozaid,
et al. Adv Exp Med Biol, 854, 2016), and qualitative assessment by
the second grader revealed that in several cases, cones missed by
the grader were detected by the algorithm. These potential errors in
manual grading negatively impacted the quantitative performance
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metric for the automatic method. Consensus of multiple graders will
be used to improve accuracy of manual grading in future studies.

Figure 1: a) Split detector AOSLO image of cones in an ACHM
subject. Green (automatic) and yellow (manual) asterisks denote
a correctly identified cone, cyan is a cone missed by the algorithm
(false negative), and red is a location marked by the algorithm but not
manually (false positive). Examples of false positives that are likely
cones missed by the manual grader are pointed to with orange arrows.
b) Corresponding confocal AOSLO image with the overlay of orange
arrows from (a) pointing to potential cone structures.
Commercial Relationships: David Cunefare, None;
Christopher S. Langlo, None; Alfredo Dubra, US Patent 8,226,236
(P), Athena Vision (C), Meira GTx (C); Joseph Carroll, AGTC (F),
Meira GTX (C); Sina Farsiu, None
Support: Foundation for Fighting Blindness, R01EY017607,
P30EY001931, R01EY025231, U01EY025477, P30- EY005722
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Assessment of second order statistics for evaluating the spatial
distribution of the cones in adaptive optics images of the human
retina
Daniela Giannini1, Marco Lombardo1, sebastiano serrao1,
Giuseppe Lombardo2, 3. 1IRCCS Fondazione GB BIETTI, Rome,
Italy; 2Istituto per i Processi Chimico-Fisici, Consiglio Nazionale
delle Ricerche, Messina, Italy; 3Vision Engineering Italy srl, Rome,
Italy.
Purpose: To evaluate the distribution of the cones in adaptive optics
(AO) images of the retinal photoreceptor mosaic with second order
spatial statistics functions.
Methods: The second order statistics included the G(r), K(r),
and g(r) functions. The G(r) function is the cumulative frequency
distribution of the nearest neighbor distances, the K(r) function is the
cumulative version of the density recovery profile and g(r) is the pair
correlation function, which measures the probability of finding a cone
at distance of r from a reference cone. Each function was validated
using a simulated mosaic, which was generated with a random model
(Inhibition Poisson point process) having a-priori knowledge of
minimal distance between the cones at the given retinal eccentricity.
In addition, AO images of the parafoveal cone mosaic were acquired
in twenty healthy subjects and ten patients with retinal disorders. All
the metrics were calculated using 204x204 µm sampling area. The
random cone mosaic was used as a reference system to characterize
spatial correlations in the distributions of the cones in real retinal
mosaics. The metrics used included the sum of the Euclidean
differences between the curve profile of each function. In addition,
the G(r) function was modeled as a stretch logistic function and the
slope was used for comparison between healthy and diseased retina.

Results: The departures from simulated cone mosaics of the K(r) and
g(r) functions showed significant differences between healthy eyes
and retinal diseases (P=0.007 and P=0.002, respectively). The slope
of the modeled G function showed significant differences between
healthy and diseased retina (P=0.02).
Conclusions: Deviations of spatial statistics of the cone coordinates
in real retinal mosaics from those of the random model based on
inhibition Poisson point process provide a measure of the degree of
spatial correlation between cones. The G(r) and g(r) functions show
high sensitivity to discriminate between healthy and diseased retinas.
The K(r) function provides a measure to evaluate the cluster pattern
in the cone mosaic.
Commercial Relationships: Daniela Giannini, None;
Marco Lombardo, None; sebastiano serrao, None;
Giuseppe Lombardo, None
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Adaptive Optics scanning system for high resolution imaging of
retina and cornea
david merino1, Marc Biarnes2, Raffaella Mercatelli3, Miriam Garcia2,
Lucia Lee Ferraro2, Luca Menabuoni4, Alex Malandrini4,
Francesco S. Pavone5, 3, Francesca Rossi6, Fulvio Ratto6,
Riccardo Cicchi3, 5, Jordi Monés2, Pablo Loza-Alvarez1.
1
Superresolution Light Nanoscopy Facility, ICFO-Institut de Ciencies
Fotoniques, The Barcelona Institute of Science and Technology,
Castelldefels, Spain; 2Institut de la Macula, Barcelona, Spain;
3
National Institute of Optics, National Research Council, Sesto
Fiorentino, Italy; 4Unita Operativa Oculistica, Nuovo Ospedale Santo
Stefano, Prato, Italy; 5LENS - European Laboratory for Non-linear
Spectroscopy, Sesto Fiorentino, Italy; 6Institute of Applied Physics,
Nello Carrara, Sesto Fiorentino, Italy.
Purpose: Adaptive optics (AO) has become increasingly popular,
although it seems difficult to spread its use to the clinic. Amongst
other factors, this is due to the high cost of AO equipment. We have
designed and implemented an AO enhanced system that can take
high resolution images of both retina and cornea, to widen its field of
application and make up for the cost involved.
Methods: Our device has been designed based on an AO scanning
laser ophthalmoscope (AOSLO) system. A superluminescent diode
(SLD) with 830nm wavelength is used to generate in vivo retinal
images. To image the cornea, a high numerical aperture objective can
be included by turning a flipping mount. A Ti:sapphire (Ti:Sa)
femto-second pulsed laser source at 810nm has been coupled to the
system to generate corneal images. This beam is focused with the
objective, and we use appropriate fluorescence filters to generate
two photon excitation (TPE) autofluorescence and second harmonic
generation (SHG) images of excised human corneal samples. The
light of the Ti:Sa laser scattered back from the cornea is used to drive
the AO loop, similarly to the case of retinal imaging.
Results: The cone mosaic in living patients has been observed using
our device in AOSLO mode, as shown in Fig.1. The field of view can
be easily modified from ~1° to ~4° for easier identification of retinal
features.
Corneal epithelium cells (TPE imaging) along with collagen lamellae
(SHG imaging) have been observed in an excised human cornea
without previous staining. An increase of ~20% in the overall signal
of the images was observed in these multiphoton images when AO is
used.
Conclusions: We present a unified system that combines two
advanced imaging techniques enhanced with AO. This hybrid
implementation represents the first scanning imaging system able to
target both the anterior and the posterior part of the eye. The results
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prove that we have successfully overcome the technical difficulties
related to the implementation of each technique (AO enhanced SLO,
TPE autofluorescence and SHG imaging), and also their combination
into our unique system. AO has proven suitable in order to enhance
corneal imaging through multiphoton techniques, and the use of
backscattered light to drive the AO loop has been demonstrated.

a) AOSLO retinal images from a healthy subject, superimposed to a
conventional infrared image.
b) Multiphoton images of a human corneal sample acquired with and
without AO.
Commercial Relationships: david merino, None; Marc Biarnes,
Bayer (R); Raffaella Mercatelli, None; Miriam Garcia,
None; Lucia Lee Ferraro, None; Luca Menabuoni, None;
Alex Malandrini, None; Francesco S. Pavone, None;
Francesca Rossi, None; Fulvio Ratto, None; Riccardo Cicchi,
None; Jordi Monés, Alcon (R), Ophthotech (C), Alcon (C),
Ophthotech (R), Notal Vision (C), Novartis (C), Roche (R), Roche
(C), Bayer (C), Novartis (R), Bayer (R), Notal Vision (I), Genentech
(C), Alcon (F), Ophthotech (F), Ophthotech (I), Allergan (C), Bayer
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Enhanced retinal vascular microstructure in flood illuminated
adaptive optics ophthalmoscopy
Elena Gofas Salas1, 3, Pedro Mecê1, 2, Cyril Petit1, Kate Grieve3, 4,
Jose A. Sahel3, 5, Michel Paques3, 4, Serge Meimon1, 4.
1
ONERA - The French Aerospace Lab, Châtillon, France; 2Quantel
Medical, Clermont-Ferrand, France; 3Vision Institute, Quinze-Vingts
National Ophthalmology Hospital, Paris, France; 4PARIS Group:
Paris Adaptive-optics for Retinal Imaging & Surgery, Paris, France;
5
Department of Ophthalmology, The University of Pittsburgh School
of Medicine, Pittsburgh, PA.
Purpose: Non-invasive imaging of the retinal microvasculature
remains challenging. Offset aperture imaging in adaptive optics
scanning light ophthalmoscopy (AOSLO) has revealed the fine
structure of retinal vessels including blood vessel walls (Chui et al.
2012). It has been hypothesized that contrast enhancement in offset
aperture arises from the detection of multiply scattered light.
To date, such contrast enhancement has not been demonstrated using
flood illuminated adaptive optics ophthalmoscopy (FIAO). Here we
tested the hypothesis that forward scatter in the region of the lamina
cribrosa (LC) can be capitalized on to obtain similar enhancement of
the microvasculature in FIAO.
Methods: Images of vascular regions of interest (2.4°×2.4° field
of view) near the optic nerve head were obtained in five healthy
subjects (ages: 24–45; 4 men and 1 woman) without pupil dilation.
Images were acquired at 200 Hz using a FIAO prototype built at the
Quinze-Vingt National Ophthalmology Hospital. Image sequences

(10 seconds; 2000 images) were registered and averaged and error
maps calculated.
Results: In the region of the LC, a strong reflection from the LC
backlights the vessels, acting as a source for forward scatter imaging.
Here we obtained structural images of second order arteries (~90
micron diameter) that revealed several layers of mural cells. Images
were similar in appearance to AOSLO offset aperture images of an
artery of similar size reported in the literature (Chui et al. 2012). In
some images, both forward and backscattering signals were visible
simultaneously in different zones of the image. Red blood cells were
revealed with substantially higher contrast in the forward scattering
zones.
Conclusions: Preliminary results tend to confirm the hypothesis that
the structural resolution enhancement of retinal vessels obtained with
the offset aperture method in AOSLO could be achieved with FIAO
in the region of the LC. Furthermore, it suggests that the main effect
of shifting detection away from the optical axis in confocal AOSLO
is to select for light that is more forward scattered.
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Longitudinal Adaptive Optics Imaging Reveals Changes in
Photoreceptors and the Underlying Retinal Pigment Epithelium
in Eyes with Reticular Pseudodrusen
Jianfei Liu, Hae Won Jung, Catherine A. Cukras, Johnny Tam.
National Eye Institute, National Institutes of Health, Bethesda, MD.
Purpose: Reticular pseudodrusen (RPD) are dynamic lesions that
have been observed in the early stages of many diseases, including
age-related macular degeneration and late-onset retinal degeneration
(L-ORD). This study aims to quantify the extent of damage to the
cells affected by the onset and progression of RPD using multimodal
adaptive optics (AO) retinal imaging: confocal and split detection
modalities to assess cone photoreceptors, and AO-enhanced
indocyanine green (AO-ICG) imaging to assess the retinal pigment
epithelium (RPE).
Methods: Longitudinal adaptive optics imaging was performed in
both eyes of a 56-year-old patient with L-ORD (S163R mutation in
C1QTNF5) over two visits spaced 8 months apart. Using confocal
AO imaging, the RPD lesions were classified into five categories:
new, growing, stable, shrinking, and disappearing, based on the
intervisit change in size of their hyperreflective cores. For both visits,
cone photoreceptor inner segment effective diameters were measured
at sites of RPD lesions and then compared between lesion categories.
The RPE underlying the RPD was assessed using AO-ICG during the
second visit.
Results: Out of a total of 118 RPD lesions from both eyes, 48%
were observed to be shrinking or disappearing, 32% growing or
appearing, and 20% stable across the two visits. The percentage
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of RPD lesions in each RPD lesion category did not significantly
change with eccentricity from the fovea. Defects in the RPE were
observed using AO-ICG beneath 45% of RPD lesions. Of the RPD
lesions that showed RPE defects, there was no apparent relationship
between the size of the RPE defect and visit to visit area change
of the RPD lesion, suggesting that RPE defects can occur at any
point throughout the lifecycle of RPD. In contrast, we observed
that cone photoreceptor swelling occurs at the timepoint when the
hyperreflective RPD core is formed (i.e. new RPD category) with an
average effective diameter increase of 47.5% (p<0.001). Following
the initial swelling, there was no recovery of cone diameter even in
the cases of RPD lesion resolution (i.e. RPD disappearing category).
Conclusions: Multimodal AO imaging reveals that cone
photoreceptors become swollen upon formation of the RPD
hyperreflective core with no recovery in size in areas of disappearing
RPD lesions. In contrast, RPE defects occur across all RPD lesion
categories.

Commercial Relationships: Jianfei Liu, None; Hae Won Jung,
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Do subretinal drusenoid deposits have a spectral fingerprint?
Yuhua Zhang1, Xiaolin Wang1, Boyu Gu1, Mark E. Clark1,
C. Douglas Witherspoon1, Gerald McGwin Jr.1, 2, Cynthia Owsley1,
Christine Curcio1. 1Ophthalmology, Univ of Alabama at Birmingham,
Birmingham, AL; 2Epidemiology, Univ of Alabama at Birmingham,
Birmingham, AL.
Purpose: Retinal imaging using near-infrared (NIR) reflectance
at wavelength ~820 nm provides high sensitivity for detecting
subretinal drusenoid deposits (SDD), also called pseudodrusen. We
imaged well-characterized SDD with lights of different wavelengths
in the NIR region, using high-resolution multi-spectral adaptive
optics scanning laser ophthalmoscopy (AOSLO).
Methods: The AOSLO was equipped with a supercontinuum laser
(NKT Photonics A/S, Denmark) that provides imaging lights over
a spectral range of 650 – 1200 nm. An acousto-optical tunable
filter was used to tune a single wavelength for spectral imaging.
AOSLO was used to image the macula of a patient with age-related
macular degeneration at 8 wavelengths (680 nm, 700 nm, 720 nm,
750 nm, 780 nm, 800 nm, 820 nm, and 840 nm). The progression
stage of each individual lesion has been characterized yearly over
a 5-year follow-up by multimodal imaging, using a 3-stage grading
system for spectral domain coherence tomography. At the last visit,
individual SDD lesions were examined by AOSLO to evaluate
variations in reflectivity with different spectral light. A normalized

spectral reflectivity of individual lesions was defined by the ratio of
reflectivity in the lesion core to reflectivity in nearby photoreceptor
mosaic that was undisturbed by SDD. Twenty-two stage 3 SDD were
measured.
Results: High resolution AOSLO images acquired at different
wavelengths allowed SDD spectral reflectivity assessed at individual
lesion level. Data from the subject indicate SDD reflectivity in the
NIR (680 - 840 nm) region may vary with wavelength, with greater
reflectivity at 720 nm and 820 nm (Figure 1). However, due to small
sample size, variability is large.
Conclusions: We demonstrate that AOSLO multi-spectral imaging
can be used to characterize the spectral reflectivity of SDD, with the
goal of generating a spectral fingerprint of SDD in the NIR region.
Ongoing research will investigate more lesions in more subjects.
This approach, if extended to longer wavelengths and combined with
histology and mass spectrometry of donor eye samples, may enable
the molecular bases of SDD to be studied in vivo.

Figure 1 SDD spectral reflectivity assessed by multi-spectral AOSLO.
The error bars indicate ±1 standard deviation.
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Xiaolin Wang, None; Boyu Gu, None; Mark E. Clark, None;
C. Douglas Witherspoon, None; Gerald McGwin Jr., None;
Cynthia Owsley, None; Christine Curcio, Novartis (C), Genentech
(C), Janssen Cell Therapy (C), Merck (C)
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from Research to Prevent Blindness, EyeSight Foundation of
Alabama, Buck Trust of Alabama, the Dorsett Davis Discovery Fund,
the Alfreda J. Schueler Trust, and NIH P30 EY003039.

These abstracts are licensed under a Creative Commons Attribution-NonCommercial-No Derivatives 4.0 International License. Go to http://iovs.arvojournals.org/ to
access the versions of record.

ARVO 2017 Annual Meeting Abstracts
Program Number: 306 Poster Board Number: B0505
Presentation Time: 8:30 AM–10:15 AM
Longitudinal Analysis of Cone Structure in Patients with Central
Retinal Vein Occlusion (CRVO) and Cystoid Macular Edema
(CME)
Nicholas Rinella1, Jia Qin1, Austin Roorda2, Mina M. Chung3,
Hongxin Song3, Joseph Carroll4, Lynn W. Sun4, Jessica I. Morgan5,
Robert F. Cooper5, Toco Y. Chui6, 7, Richard B. Rosen6,
Barbara A. Blodi8, Ingrid U. Scott9, Travis C. Porco1, 10,
Jacque L. Duncan1. 1Department of Ophthalmology, University of
California San Francisco, San Francisco, CA; 2School of Optometry
and Vision Science Graduate Group, University of California
Berkeley, Berkeley, CA; 3Flaum Eye Institute, Center for Visual
Science, University of Rochester, Rochester, NY; 4Department of
Ophthalmology, Medical College of Wisconsin, Milwaukee, WI;
5
Scheie Eye Institute, Department of Ophthalmology, University of
Pennsylvania, Philadelphia, PA; 6Department of Ophthalmology, New
York Eye and Ear Infirmary of Mount Sinai, New York, NY; 7Icahn
School of Medicine at Mount Sinai, New York, NY; 8Department
of Opthalmology and Visual Sciences, University of Wisconsin
Madison, Madison, WI; 9Hershey Eye Center, Pennsylvania State
University, Hershey, PA; 10Proctor Foundation, University of
California, San Francisco, San Francisco, CA.
Purpose: To study cone photoreceptors over 12 months in patients
with CRVO and CME in the Study of COmparative Treatments for
REtinal Vein Occlusion 2 (SCORE2) using adaptive optics scanning
laser ophthalmoscopy (AOSLO) imaging.
Methods: Subjects enrolled in SCORE2 were evaluated at 1 of 5
sites. After baseline imaging, subjects received monthly intravitreal
anti-VEGF injections for 6 months, and were then randomized
to either continued monthly or treat-and-extend (TAE) treatment
arms. AOSLO images were obtained twice at baseline within 1
month after the first injection, and at 6 and 12 months. At least 10
regions of interest (ROIs) were selected by a single investigator
from the baseline images where at least 50 cones could be counted
reliably. The same ROIs were analyzed by 1 independent grader
from each study site who evaluated cone spacing using a density
recovery profile program after detailed instruction. An independent
investigator reviewed all cone selections from all graders and
judged them as acceptable or unacceptable. Statistical analysis was
performed using a mixed linear regression analysis of inter-grader
and inter-visit variability.
Results: Of 8 subjects evaluated at baseline, 3 had at least 10 ROIs
in both baseline AOSLO montages; 2 were imaged successfully at
6 and 12 months, while no quantifiable images were obtained in the
third patient at 6 or 12 months due to poor patient cooperation. Both
subjects with follow-up images were randomized into the TAE group
and received 11 and 10 injections, respectively; subjects had 11 and
14 ROIs, respectively, with visible cones at all 4 study visits. Of 500
ROIs analyzed by 5 graders, cone markings were deemed acceptable
at 378 and unacceptable at 122. Analyzing only the acceptable
measures, graders differed significantly in cone spacing measures
(interclass correlation coefficient = 0.27, 95% confidence
interval = 0.20 – 0.34). Controlling for grader, there was no evidence
of change in cone spacing over time.
Conclusions: Cone spacing measures in eyes with CRVO-associated
CME were associated with significant inter-grader variability, but
controlling for grader, we found no evidence of change in cone
spacing over time. The study demonstrates challenges associated
with cone spacing measures in eyes with CRVO-associated CME
performed by independent graders in a multicenter trial.
Commercial Relationships: Nicholas Rinella, None; Jia Qin,
None; Austin Roorda, Canon, Inc (F), University of Rochester (P),

University of Houston (P); Mina M. Chung, Canon, Inc (F), Glaxo
Smith Kline (C); Hongxin Song, None; Joseph Carroll, Optovue,
Inc (F), AGTC (F); Lynn W. Sun, None; Jessica I. Morgan,
Canon, Inc (F), US Patent 8226236 (P); Robert F. Cooper,
None; Toco Y. Chui, None; Richard B. Rosen, Opticology (C),
NanoRetina (C), OD-OS (C), Carl Zeiss Meditech (C), Advanced
Cellular Technologies (C), Genentech (C), Clarity (C), Regeneron
(C), Optovue (C), Allergan (C); Barbara A. Blodi, None;
Ingrid U. Scott, None; Travis C. Porco, None; Jacque L. Duncan,
None
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High resolution imaging analysis of female carriers and patients
of choroideremia with CHM gene mutation
Kiyoko Gocho1, Keiichiro Akeo1, Daiki Kubota1, Satoshi Katagiri2,
Sachiko Kikuchi1, Takaaki Hayashi2, Kunihiko Yamaki1,
Hiroshi Takahashi3, Shuhei Kameya1. 1Ophthalmology, Nippon Med
Univ, Chiba Hokusoh Hosp, Inzai, Japan; 2Ophthalmology,
The Jikei University School of Medicine, Tokyo, Japan;
3
Ophthalmology, Nippon Medical School, Tokyo, Japan.
Purpose: To report the high resolution imaging features of Japanese
patient and female carriers of choroideremia using adaptive
optics(AO) and other imaging modalities.
Methods: Four carriers and one patient of choroideremia underwent
comprehensive ophthalmological examinations including AO fundus
camera (rtx1™ Imagine eyes, France), spectral domain optical
coherence topography (SD-OCT) and fundus autofluoresence (FAF).
Cone density was measured by peak density method and compared
with the data of 34 normal controls. The mutation analysis of the
CHM gene was performed by Sanger sequencing. The protocol
conformed to the tenets of the Declaration of Helsinki and was
approved by the IRB of The Jikei University and Nippon Medical
School.
Results: Three female carriers 1, 2, 3, (sister of patient 9 y.o, mother
37 y.o and grandmother 65 y.o, female) and one patient
(6 y.o, male) are from same family. They had same CHM mutation,
c.646delA, p.T216LfsX16. Carrier 4 (47 y.o. female) is mother
of two choroideremia patients, and she had splice site mutation,
c.820-2A>T. All of carriers did not complain any symptoms. The
BCVA of all carriers were over 20/20. Fundus examination of carrier
2 showed mild degeneration in only periphery of retina, the other
carriers showed diffuse degeneration except fovea. AF imaging
showed mottled hypoautofluoresence in area of degeneration. Foveal
SD-OCT of the carriers showed nearly normal, although peripheral
SD-OCT of carriers and patient showed diffuse disruptions of
interdigitation and ellipsoid zones. Cone density was measured at 2
to 8 degree temporal from the fovea in every 1 degree, using 50 x 50
micron square images. Cone counting was performed by AO detect
(Imagine eyes) with manual correction. Patient showed lower cone
density more than 2 SD of normal control data in every eccentricities
counted. The carrier 1 and 2 showed lower cone density only at 7 and
8 degrees and carrier 3 and 4 showed slightly reduced cone densities
in all eccentricities.
Conclusions: AO cone counting showed reduction of photoreceptors
in female carriers of choroideremia mainly at peripheral region.
Subclinical symptom without any complain of female carriers
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might be associated with peripheral degeneration and foveal
sparing. To elucidate the mechanism of peripheral degeneration and
foveal sparing of female carriers may help preventing the disease
progression of choroideremia patients.
Commercial Relationships: Kiyoko Gocho, spouse-Imagine
eyes (I), spouse-Imagine eyes (E); Keiichiro Akeo, None;
Daiki Kubota, None; Satoshi Katagiri, None; Sachiko Kikuchi,
None; Takaaki Hayashi, None; Kunihiko Yamaki, None;
Hiroshi Takahashi, None; Shuhei Kameya, None
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Possible S-cone mosaic investigated with adaptive optics optical
coherence tomography
Ravi S. Jonnal1, Iwona Gorczynska1, 2, Justin V. Migacz1,
Mehdi Azimipour1, Robert J. Zawadzki1, John S. Werner1.
1
Ophthalmology, UC Davis, Sacramento, CA; 2Faculty of Physics,
Astronomy, and Informatics, Nicolaus Copernicus University, Torun,
Poland.
Purpose: Histological studies of the retina have shown that the axial
properties of S-cones differ from their L/M counterparts. This study’s
purpose is to measure such differences in the living human retina
using adaptive optics optical coherence tomography (AO-OCT).
Methods: Two normal subjects were imaged at a retinal location 1°
temporal to the fovea, selected because of its high S-cone density.
Volumetric images subtending approximately 1° in lateral dimensions
were acquired. B-scans were flattened to the predominant inner-outer
segment junction (IS/OS) reflection and aligned with one another, and
areal projections of that layer and underlying layers were generated.
Results: Volumetric images contained quasi-hexagonally tiled,
laterally distributed mosaics at the depths of IS/OS and cone outer
segment tips, with appearance and spatial frequencies (75 - 80 cyc/
deg) consistent with histological measurements of cone photoreceptor
density. Most cones (>95%) contain a bright reflection at the
predominant IS/OS depth, but some (<5%) possess a reflection 6 - 9
μm distal to it, with many of those lacking the predominant IS/OS
reflection.
Conclusions: These observations are consistent with a small minority
of cones possessing a longer inner segment, which is observed in
histological measurements of S-cones. However, many ambiguities
persist. Some of the cones possessing the distally displaced IS/OS
reflection also possess a reflection at the predominant IS/OS depth.
The latter may be due to light blurred from neighboring cones.
Alternatively, it may originate from the cone’s IS/OS, with the distal
reflection originating somewhere in the outer segment.

Two projections of IS/OS at 1°. (Top left) The predominant IS/
OS band in en face projection. (Top right) Corresponding en face
projection 8 μm below the predominant band. Bright spots in the
latter usually have corresponding dim spots in the former, which
can be observed in the pseudocolor composite (bottom left).
(Bottom right) The two subsets of cones--the majority that reflect
at the predominant IS/OS band depth and the minority that reflect
at the distal location--have different axial profiles, plotted here in
red and blue, respectively. The blue axial profile is consistent with
histological measurements of human S-cones. Scale bars 20 μm.
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Validation of an adaptive optics scanning laser ophthalmoscope
prototype in patients with degenerative retinal diseases.
The LITE study
LUCIA LEE FERRARO1, 2, david merino3, Marc Biarnes Perez1, 2,
Miriam Garcia Planas1, 2, Anna Borrell2, Pablo Loza3, Jordi Monés1, 2.
1
Institut de la Macula, Barcelona, Spain; 2Barcelona Macula
Foundation, Barcelona, Spain; 3ICFO Institute of Photonic Sciences,
Barcelona, Spain.
Purpose: To report the clinical validation of a newly designed and
implemented confocal adaptive optics scanning laser ophthalmoscope
(AOSLO) device in the context of the LITE (“Development of
advanced laser imaging techniques for the anterior and posterior
eye”) study.
Methods: A prospective, observational, 1-year study was conducted
at the Institut de la Màcula (Barcelona, Spain) between August 2015
and November 2016 to validate the instrument. After testing the
device in healthy subjects, patients with Stargardt’s disease(STG)
or retinitis pigmentosa(RP) were enrolled and visited at baseline,
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3, 6 and 12 months. At each visit complete ophthalmic exam and
retinal imaging were performed, in addition to AOSLO in regions of
interest.
Results: Twenty-two patients were screened and 16 met the
eligibility criteria: 5 healthy, 6 with STG and 5 with RP. Patients with
degenerative diseases had a median of 47 years old (range, 35 to 64),
there were 45.5% (5/11) females and 81.8% (9/11) were right eyes.
Median baseline best-corrected visual acuity (BCVA) was 78 letters
(range, 54 to 91) and median macular sensitivity was 16.8 dB (range,
3.5 to 27.8). AOSLO imaged a regular mosaic of photoreceptors in
healthy individuals (Figure 1). In STG and RP patients (Figure 2)
AOSLO showed irregular mosaics even in normal-appearing areas,
according to fundus autofluorescence(FAF) and/or spectral domain
optical coherence tomography(SD-OCT). These findings highlight
the sensitivity of AOSLO imaging tools for assessing retina mosaic
structure; moreover, damage to the outer retinal layers identified on
AOSLO precedes that seen with current state-of-the-art instruments.
Conclusions: The newly developed AOSLO provided high-quality
images of the photoreceptors(or lack thereof) in STG and RP, and
may provide insights into disease progression and pathogenesis.

AOSLO image of a healthy patient at 0,5° in the superior meridian.

Images of a patient with RP. FAF(A)-guided SD-OCT(B) images at
Month6, showing near-normal outer retinal appearance inside the
hyperreflective ring(blue arrowhead). AOSLO images of the blue
square at Month0 (C) and Month6 (D) show irregular retinal mosaic.
FAF(E)-guided SD-OCT(F) images at Month6, showing loss of outer
retinal layers in the hyperreflective ring (red arrowhead). AOSLO
images of the red square at Month0 (G) and Month6 (H) show
progressive loss of retinal details.
Commercial Relationships: LUCIA LEE FERRARO;
david merino, None; Marc Biarnes Perez, The 7th Framework
Programme of the European Union (F); Miriam Garcia Planas,
The 7th Framework Programme of the European Union (F);
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Correlation of cone spacing with retinal thickness and
microperimetry in patients with inherited retinal degenerations
and healthy subjects
Katharina G. Foote1, 2, Irina De la Huerta2, Kevin Gustafson2,
Angela Baldwin2, Shiri Zayit-Soudry2, Jia Qin2, Nicholas Rinella2,
Travis C. Porco2, Austin Roorda1, Jacque L. Duncan2.
1
University of California, Berkeley, Berkeley, CA; 2Ophthalmology,
University of California, San Francisco, San Francisco, CA.
Purpose: The current study proposes to use high resolution measures
of macular structure and function over 36 months in patients with
retinal degeneration (RD) and age-similar normal subjects.
Methods: 4 eyes of 4 patients with RD and 10 eyes from 6 healthy
subjects were studied at baseline and 36 months later. Adaptive
Optics Scanning Laser Ophthalmoscopy (AOSLO) was used to image
the central 5 degrees. Regions of interest (ROIs) with unambiguous
cones were chosen to measure cone spacing by 1-2 graders in
random order using a density recovery profile. AOSLO images were
precisely aligned with images acquired with spectral-domain optical
coherence tomography (SD-OCT, Spectralis, Heidelberg Engineering,
CA, USA) and fundus-guided microperimetry (MP1, Nidek, CA,
USA) images to permit correlation between measures of retinal
structure and function. SD-OCT images were segmented manually
to measure inner and outer segment (IS and OS) length at locations
corresponding to ROIs. Fundus guided microperimetry was measured
in the central 10 degrees. 8-12 ROIs were used from each montage
that corresponded to horizontal and vertical SD-OCT scans acquired
through the fovea. Correlations between cone spacing, OS, IS length,
and sensitivity were assessed using Huber robust regression.
Results: 41 ROIs from patients and 98 ROIs from healthy eyes were
measured. Cone spacing was inversely correlated with IS length
(P = 0.0007), and OS length (P=0.0002) when all eyes were analyzed
together. Cone-mediated sensitivity was not significantly correlated
with cone spacing (P = 0.2). We detected no significant change in
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cone spacing, IS or OS length or MP1 sensitivity over 36 months in
the 4 patients studied.
Conclusions: Cone spacing correlated with IS and OS length in
all subjects, but not with cone mediated sensitivity. Cone spacing
increases with eccentricity in the macula but sensitivity is stable
throughout the central macula in normal eyes due to a ceiling effect,
possibly accounting for the lack of correlation between cone spacing
and sensitivity. Although we observed no significant change over 36
months in this small study, the correlations observed suggest that high
resolution images of cone structure can be used to assess patients
with RD over time, proving they may be appropriate outcome
measures for clinical trials.
Commercial Relationships: Katharina G. Foote, None; Irina De
la Huerta, None; Kevin Gustafson, None; Angela Baldwin, None;
Shiri Zayit-Soudry, None; Jia Qin, None; Nicholas Rinella, None;
Travis C. Porco, None; Austin Roorda, University of Rochester (P),
University of Houston (P); Jacque L. Duncan, None
Support: NIH grant EY023591; NIH grant EY014375; NIH grant
EY002162; FDA grant R01-41001; Foundation Fighting Blindness;
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Adaptive optics optical coherence tomography angiography in
healthy volunteers and patients
Matthias Salas1, 2, Marco Augustin1, Laurin Ginner1, 2,
Bernhard Baumann1, Rainer A. Leitgeb1, 2, Julia Hafner3,
Sonja Prager3, Markus Ritter3, Ursula Schmidt-Erfurth3,
Wolfgang Drexler1, Michael Pircher1. 1Center f. Medical Physics
& Biomedical E, Medical University of Vienna, Wien, Austria;
2
Christian Doppler Laboratory for Innovative Optical Imaging and
Its Translation to Medicine, Medical University of Vienna, Wien,
Austria; 3Department of Ophthalmology and Optometry, Medical
University of Vienna, Medical University of Vienna, Wien, Austria.
Purpose: To investigate the benefits of adaptive optics (AO)
technology for optical coherence tomography angiography (OCTA)
in healthy volunteers and patients.
Methods: For this study we used an AO-OCT system with a compact
design. Correction is achieved with a guide star, a Shack-Hartman
wave front sensor and a deformable mirror. The AO-OCT covers
a field of view of 2°x2° and is operated at 840nm with 200kHz
A-scan rate. The axial resolution within the retina is ~5µm. The
transverse diffraction limited resolution is ~4µm. To achieve motion
contrast four B-scans are acquired at the same sample location. The
instrument was tested in healthy volunteers and in patients with
diabetic retinopathy (DR) and Stargardt disease. For a comparison
with state of the art OCTA systems, images were also recorded with
commercial devices.
Results: Projections artefacts and limited transverse resolution
in OCTA represent challenges for accessing the true extension of
capillaries and for distinguishing between the different capillary
plexuses. Improved contrast for retinal vessels could already be
observed in AO-OCT intensity images. AO-OCTA data showed
quantitative and qualitative higher contrast than AO-OCT intensity
images. In comparison with standard OCTA the transverse resolution
is greatly improved (Fig.1 A,B). This allows assessing the true
extension of retinal capillaries. In addition, projection artifacts are
greatly suppressed using AO-OCTA. In patients with DR AO-OCTA
showed improved contrast of feeding vessels of microaneurysm
(green arrows Fig.1 C,D) and the visualization of a capillary loop that
cannot be clearly seen in the intensity image (red arrows Fig.1 C,D).
Recently vascular abnormalities in patients with Stargardt disease

have been reported. Apart from the improved transverse resolution
that enables to calculate a more accurate vessel density, the improved
contrast allows to visualize capillaries embedded in the nerve fiver
layer (blue arrow Fig.1 E,F).
Conclusions: The higher numerical aperture associated with AOOCT greatly reduces projection artifacts in angiographic data. This
allows a clearer separation between different vascular beds. Using
AO-OCTA the contrast of vessels is improved. Results in patients
emphasize the potential of this technique to visualize capillaries
embedded in highly scattering media. AO-OCTA may represent a
valuable tool for monitoring the progression of vasculature changes.

Commercial Relationships: Matthias Salas, Imagine
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(F); Michael Pircher, Imagine Eyes (F)
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Vision Research Foundation (MVRF, USA)
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High resolution imaging in MAK-related retinal degeneration
Young Ju Lew1, 2, Jia Qin1, Nicholas Rinella1, Travis C. Porco3, 5,
Austin Roorda4, Jacque L. Duncan1. 1Ophthalmology, University
of California, San Francisco, San Francisco, CA; 2Ophthalmology,
Kim’s Eye Hospital, Seoul, Korea (the Republic of); 3Proctor
Foundation, University of California, San Francisco, San Francisco,
CA; 4School of Optometry and Vision Science Graduate Group,
University of California, Berkeley, Berkeley, CA; 5Epidemiology,
Biostatistics and Ophthalmology, University of California, San
Francisco, San Francisco, CA.
Purpose: Retinal degeneration associated with mutations in the
male germ cell associated kinase (MAK) gene is associated with
preservation of the nasal visual field and foveal vision, although
cystoid macular edema (CME) and intraretinal cystoid spaces (ICS)
can occur which can reduce visual acuity. We sought to describe the
characteristics of MAK-related retinal degeneration using optical
coherence tomography angiography (OCT-A) and adaptive optics
scanning laser ophthalmoscopy (AOSLO).
Methods: In this study, 3 patients with rod-cone degeneration
underwent genetic testing which revealed disease-causing mutations
in the MAK gene. Patients were clinically evaluated, observing visual
acuity, kinetic perimetry, SD-OCT, OCT-A and AOSLO.
We compared the foveal avascular zone (FAZ) area, vessel densities
(VD) of the superficial capillary plexus (SCP), deep capillary plexus
(DCP) and choriocapillaris (CC) in the central macula from OCTA
images in all 3 patients, and the cone spacing of one patient from
AOSLO images, with data from 3 age-similar normal subjects.
Results: The patients were 25, 56 and 81 years old. The visual
acuity was 20/20-20/32 in two of the patients, and 20/60- 20/70 in
the 56 year old patient with severe CME. Kinetic visual field tests
showed relatively preserved nasal fields in all patients until advanced
stages of disease. Although the FAZ area and DVP density were not
significantly different from normal (P = 0.64 and 0.54, respectively),
the SVP density and CC density were significantly lower in patients
(P = 0.004 and 0.016, respectively, Hotelling’s T2) compared to
normal subjects. Cone photoreceptor spacing was at the upper limits
of normal at all locations where cones were unambiguously identified
despite ICS in the youngest patient.
Conclusions: Vascular density was significantly reduced in the SCP
and CC compared to age-similar normal subjects, but FAZ area,
DVP density and cone spacing were not significantly different from
normal subjects. Atrophic changes of the retinal pigment epithelium
during disease progression may cause reduction of VD in the
choriocapillaris. Reduced vessel density in the superficial retinal
vessels around the fovea may contribute to CME and ICS, which
can cause reduced visual acuity in patients with MAK-related retinal
degeneration.
Commercial Relationships: Young Ju Lew, None; Jia Qin, None;
Nicholas Rinella, None; Travis C. Porco, None;
Austin Roorda, Canon, Inc (F), University of Rochester (P),
University of Houston (P); Jacque L. Duncan, None
Support: NIH EY002162, NIH EY 024239, Foundation Fighting
Blindness, Research to Prevent Blindness, That Man May See,
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Foundation Research Network Grant 2014-A-003-NET, the Hedco
foundation and the Pritzker foundation
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Imaging the porcine retina using adaptive optics scanning light
ophthalmoscopy
Alison L. Huckenpahler1, Alexander E. Salmon1, Benjamin S. Sajdak1,
Alfredo Dubra2, Joseph Carroll1, 3. 1Cell Biology, Neurobiology &
Anatomy, Medical College of Wisconsin, Milwaukee, WI; 2Byers
Eye Institute, Stanford University, Palo Alto, CA; 3Ophthalmology &
Visual Sciences, Medical College of Wisconsin, Milwaukee, WI.
Purpose: We sought to examine the living porcine retina using an
adaptive optics scanning light ophthalmoscope (AOSLO) due to its
physiological similarity to humans.
Methods: A wild-type domestic swine (age: 5 months) was imaged
on five occasions using a custom AOSLO, covering an area between
5° and 30° nasal to the optic nerve. Anesthesia was induced using
telazol (6 mg/kg) and propofol (2 mg/kg) and maintained using
2-4% isoflurane. Body temperature was regulated using a Hot-dog
convection heating pad (Augustine Temperature Management, Eden
Prairie, MN) set to 39°C. Pupils were dilated with one drop each of
2.5% phenylephrine and 1% tropicamide, and isotonic saline drops
were used during imaging to maintain corneal hydration. Dark-field,
non-confocal split-detection, and confocal AOSLO images were
captured using 790nm light. We obtained horizontal and vertical
montages at 25° and 7-22° from the optic nerve, respectively.
Eccentricity-matched regions were identified at separate time-points.
Estimates of cone and RPE density were obtained at 20 separate
retinal locations along these strips.
Results: Cone photoreceptors were seen on confocal and splitdetection, while the RPE was visualized with dark-field imaging.
An average cone density of 12,147 ± 952 cones/mm2 was observed,
which is consistent with previous histological data.1 RPE cells for
the same areas were found to have an average density of 1,736 ± 105
cells/mm2, which is also consistent with histological data.2,3 Cone
density differed in eccentricity-matched images by ~1.3% and RPE
density differed by ~6.0% between imaging sessions.
Conclusions: The photoreceptor mosaic and RPE of the porcine
retina can be imaged consistently using AOSLO. The ability to noninvasively obtain quantitative estimates of cone and RPE cell density
could enable longitudinal studies of retinal disease and treatment
efficacy.
1
Hendrickson PMID:12076087
2
Mannerström PMID: 11869882
3
Zhang PMID:22201976
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Results: Of 65 aged macaques evaluated, we identified drusenoid
deposits in 20 animals (30.7%). These drusenoid deposits were
categorized into two classes based on distinct AREDS classification
and imaging characteristics – 1) soft drusen (35%) that are larger
(up to 250 mm), variable in size, appear as hyporeflective deposits
between the retinal pigment epithelium and Bruch’s membrane on
SD-OCT, and have variable autofluorescence; and 2) punctate hard
deposits (65%) that are smaller (less than 63 mm), more uniform
in size, not visible on SD-OCT, and may be hyperautofluorescent.
There are no disruption of outer retinal layers overlying either
lesion type, no hyperreflective foci, and no significant thinning of
any retinal layers when compared to normal eyes. Single-nucleotide
polymorphisms in ARMS2 associated with macular drusen in rhesus
monkeys occurred with similar frequencies in animals with either
type of deposits.
Conclusions: Multimodal imaging revealed some drusenoid lesions
in rhesus macaques that resemble typical AMD drusen in humans,
but many are punctuate deposits that more likely represent lipoidal
degeneration and can be distinguished by OCT and FAF imaging,
helping to refine our understanding of drusenoid lesions in rhesus
macaques as a model for human AMD.
(A) The dashed box on the SLO image of the pig retina shows an area
imaged with AOSLO in panels B-D. (B) The confocal image shows
cone waveguiding, while (C) the split-detection image shows the
corresponding cone inner segments. (D) Dark-field images show the
RPE, though some “bleed-through” of cones can be seen. Scale bar:
100µm.
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Multimodal Imaging of Drusenoid Lesions in Rhesus Macaques
Glenn Yiu1, Christian Munevar1, Eric Tieu1, Brittany M. Wong2,
David Cunefare2, Sina Farsiu2, Laura Garzel3, 1, Jeffrey Roberts3, 1,
Sara M. Thomasy1. 1University of California, Davis, Davis, CA;
2
Duke University, Durham, NC; 3California National Primate
Research Center, Davis, CA.
Purpose: Nonhuman primates are the only mammals to possess a
true macula similar to humans, and spontaneously develop drusenoid
deposits that are characteristic of age-related macular degeneration
(AMD). Our goal is to characterize the structural and imaging
characteristics of different types of drusenoid lesion in rhesus
macaques in vivo, as compared to drusen found in human AMD.
Methods: Aged rhesus macaques (>20 years) underwent complete
ophthalmic examination, including dilated funduscopy. Fundus
photos of eyes with drusenoid deposits were subjected to grading
using the age-related eye disease study (AREDS) system for
evaluating AMD lesions in humans. Different ocular imaging
modalities, including spectral domain optical coherence tomography
(SD-OCT), blue-peak fundus autofluorescence (FAF), and infrared
reflectance (IR) were employed to characterize the lesions. Average
thickness of retinal layers across the central 3mm were measured by
semi-automated segmentation of SD-OCT images through the fovea.
Genetic polymorphisms with known association with macular drusen
in rhesus monkeys were assessed.
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Longitudinal repeatability of imaging perfused retinal capillaries
in normal human and non-human primate eyes using adaptive
optics
Gwen Musial1, Lakshmi P. Rajagopalan2, Nimesh B. Patel2,
Alex W. Schill2, Hope M. Queener2, Suman Adhikari2, Jason Porter1, 2.
1
Biomedical Engineering, University of Houston, Houston, TX;
2
College of Optometry, University of Houston, Houston, TX.
Purpose: The ability to consistently image retinal vasculature in vivo
has applications in the study of optic nerve head (ONH) and retinal
disease. We assessed the intersession repeatability of imaging and
quantifying perfused retinal capillaries in vivo in normal eyes using
an adaptive optics scanning laser ophthalmoscope (AOSLO).
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Methods: Confocal and split detector AOSLO reflectance videos
of the retinal nerve fiber layer and superficial retinal vasculature
were simultaneously acquired at the same depth in 2 normal rhesus
monkeys and 3 normal human subjects in 2 or more sessions
separated by ≥ 1 week. Locations ~100 to 850 µm from the ONH
rim were imaged radially from the superotemporal to inferotemporal
region. Perfusion images were created by computing the standard
error of each pixel’s intensity over time within stabilized split
detector videos. Major retinal vasculature was removed and
remaining capillaries were traced. Resulting binary images of the
same eye from different time points were registered using a crosscorrelation technique. Capillary density (percentage of pixels with
traced capillaries), mean capillary tortuosity (ratio of the actual length
of an unbranched capillary segment to the linear distance between its
endpoints) and mean length of unbranched capillary segments were
computed in areas commonly imaged across sessions.
Results: Images of perfused vasculature were subjectively similar
across sessions. Capillary density ranged from 2.0 to 3.4% in
monkeys and 1.9 to 3.8% in humans with comparable Coefficients
of Variation [CVs] (23.8% and 20.7%, respectively). Mean capillary
tortuosity ranged from 1.323 to 2.686 (CV=26.8%) in monkeys
and 1.177 to 1.801 (CV=15.2%) in humans. The mean length of
unbranched capillary segments ranged from 61.8 to 114.6 μm
(CV=20.1%) in monkeys and 111.7 to 167.7 μm (CV=14.8%) in
humans. No significant differences in any parameter were found
between sessions across monkey and human eyes (P>.05;
Mann-Whitney).
Conclusions: Superficial perfused retinal capillaries can be
consistently and noninvasively imaged in normal monkey and human
eyes using an AOSLO. Mean capillary tortuosity and mean length of
unbranched capillary segments provide complimentary information
on capillary architecture (in addition to density) and can be applied
to images acquired with other modalities (e.g. optical coherence
tomography angiography).
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optics scanning light ophthalmoscope (AOSLO) with fluorescence
capabilities. Time-lapse imaging was conducted at the same retinal
location using 188 uW of 796 nm light for image registration
and 53 uW of 488 nm light for fluorescence excitation (520/35
nm collection). Such light intensities are not expected to create
phototoxic damage. Videos were captured at 25 Hz at fixed intervals
to produce time-lapse sequences over >1.5 hr.
Results: Dynamic process motility was observed in microglia in
the uninjured retina (N=7 cells, 2 mice). While somas remained
stationary over the 1.5 hr imaging interval, we observed highly
active process remodeling in the healthy retina (Fig. 1). All imaged
microglia showed some form of process motility, including
extensions, retractions and de novo sprouts in the en face plane.
Tracking the same cells over time, we observed a single process
retraction that migrated 111 μm over 55 minutes, net velocity 2.0
μm/min (Fig. 2). On shorter time scales, movement of branches
showed accelerations and decelerations. The fastest measured process
velocity was 6.38 μm/min, the slowest showed no change, indicating
process permanence over 1.5 hr.
Conclusions: Consistent with reports in the brain, we observed rapid
process motility in the CX3CR1-GFP mouse retina. In vivo retinal
process motility was comparable to velocities reported in the brain
and from ex vivo retinal preparations. This dynamism suggests that
constant surveillance of the neural parenchyma is a feature of the
healthy retina in vivo.
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Time-lapse imaging of retinal microglia in vivo show dynamic
process motility at rest
Jesse B. Schallek2, 1, Aby Joseph3, 1. 1Center for Visual Science,
University of Rochester, Rochester, NY; 2Flaum Eye Institute,
University of Rochester, Rochester, NY; 3The Institute of Optics,
University of Rochester, Rochester, NY.
Purpose: Microglia are immune cells in the central nervous system
that have a ramified appearance and undergo rapid remodeling in
response to neural injury. Brain microglia are also dynamic at rest as
their processes provide constant surveillance of tissue health. While
reports have shown that retinal microglia somas migrate in response
to injury, less is known about microscopic process remodeling in the
uninjured retina. Here we image processes motility without
injury using adaptive optics ophthalmoscopy over the course of
minutes-to-hours using transgenic mice with fluorescent microglia.
Methods: CX3CR1-GFP transgenic mice (Jackson labs, stock
005582) express green fluorescent protein in microglia, monocytes
and other immune cells that express the CX3CR1 chemokine receptor
that is important for immune cell adhesion and migration. Healthy,
10 week old mice were anesthetized and imaged with an adaptive
These abstracts are licensed under a Creative Commons Attribution-NonCommercial-No Derivatives 4.0 International License. Go to http://iovs.arvojournals.org/ to
access the versions of record.

ARVO 2017 Annual Meeting Abstracts
Commercial Relationships: Jesse B. Schallek; Aby Joseph,
Canon Inc. (F)
Support: Research reported in this publication was supported
by the National Eye Institute of the National Institutes of Health
under Award No. P30 EY001319 and F32 EY023496. The content
is solely the responsibility of the authors and does not necessarily
represent the official views of the National Inst. of Health. This study
was also supported by an Unrestricted Grant to the University of
Rochester Department of Ophthalmology, a Stein Innovation Award
(to D.R. Williams) and a Career Development Award (J. Schallek)
from Research to Prevent Blindness, New York, NY. Work was also
supported by the Dana Foundation- David Mahoney Neuroimaging
Grant and a research grant from Canon Inc.

These abstracts are licensed under a Creative Commons Attribution-NonCommercial-No Derivatives 4.0 International License. Go to http://iovs.arvojournals.org/ to
access the versions of record.

