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Assessing cone photoreceptor structure in patients with 
mutations in the OPN1LW/OPN1MW gene array
Emily J. Patterson1, Melissa Kasilian2, Angelos Kalitzeos2, 
Conor P. Malone3, Matthew Carrigan4, Andrew Green7, 8, 
G. J. Farrar7, Maureen Neitz5, Paul F. Kenna3, 4, 
Michel Michaelides2, 6, Joseph Carroll1. 1Ophthalmology & Visual 
Science, Medical College of Winconsin, Milwaukee, WI; 2UCL 
Institute of Ophthalmology, London, United Kingdom; 3The 
Research Foundation, The Royal Victoria Eye & Ear Hospital, 
Dublin, Ireland; 4The Ocular Genetics Unit, Trinity College, Dublin, 
Ireland; 5Department of Ophthalmology, University of Washington, 
Seattle, WA; 6Moorfields Eye Hospital, London, United Kingdom; 
7Department of Clinical Genetics, Our Lady’s Hospital for Sick 
Children, Dublin, Ireland; 8UCD School of Medicine and Medical 
Science, University College Dublin, Dublin, Ireland.
Purpose: Blue cone monochromacy (BCM) is a cone dysfunction 
syndrome associated with mutations in the OPN1LW /OPN1MW gene 
array. Although the condition typically manifests with poor visual 
acuity, nystagmus, photophobia, and color vision defects, the severity 
of the phenotype is highly variable. Here we examined the genotype, 
clinical phenotype and cone structure in subjects with a clinical 
diagnosis of BCM.
Methods: Eleven males (aged 10 to 51 years) with suspected 
BCM were recruited and had their OPN1LW/OPN1MW gene 
arrays characterized. In 10 subjects, thickness and integrity of the 
retinal layers was evaluated using optical coherence tomography 
(OCT). Confocal and split-detection images of the cone mosaic 
were acquired using adaptive optics scanning light ophthalmoscopy 
(AOSLO). Imaging took place either at the Medical College of 
Wisconsin or at Moorfields Eye Hospital, London. Cone density was 
measured at foveal and parafoveal regions of interest using semi-
automated cone-counting software in 9 subjects. Color vision was 
screened using the AO-HRR; 5 subjects also completed the Rayleigh 
match and 4 of those completed the Color Assessment and Diagnosis 
test.
Results: Genotypes varied and included deletions of the locus 
control region, point mutations and OPN1LW/OPN1MW interchange 
variants; as the latter can yield minor amounts of correctly spliced 
transcript, a BCM diagnosis is questionable in such cases. While all 
subjects had severe red-green color vision defects, some subjects 
demonstrated residual discrimination along the tritan axis. OCT 
revealed reduced retinal thickness (31 - 77% of normal), and 
reflectivity in confocal AOSLO was diminished for all subjects. 
Foveal inner-segment (IS) integrity was highly variable  
(661 - 35,041 cones/mm2) with large differences in cone packing 
geometry observed between subjects.
Conclusions: While the number of waveguiding cones was reduced, 
we found evidence of remnant cone IS structure in all subjects, albeit 
to a variable degree. In contrast to previous observations in patients 
with BCM, some subjects had a contiguous IS arrangement at the 
fovea. These data suggest that many BCM patients may be viable 
candidates for gene therapy efforts to restore cone function.

AOSLO reveals highly variable cone packing and reflectivity. While 
confocal images (left) show reduced waveguiding, there is evidence 
for remnant IS structure in split-detection images (right).
Commercial Relationships: Emily J. Patterson; Melissa Kasilian, 
None; Angelos Kalitzeos, None; Conor P. Malone, None; 
Matthew Carrigan, None; Andrew Green, None; G. J. Farrar, 
None; Maureen Neitz, None; Paul F. Kenna, None; 
Michel Michaelides, None; Joseph Carroll, MeiraGTx (F), 
MeiraGTx (C), Optovue (F), AGTC (F)
Support: NIH grants P30EY001931 R01EY017607 P30EY001730, 
NIHR TRC-RD, Fighting Blindness Ireland, Health Research Board 
of Ireland, and Wellcome Trust
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Reliability of Counting Cone Inner Segments in Choroideremia
Grace K. Han1, Robert F. Cooper1, 3, Drew Scoles1, Jean Bennett1, 2, 
Albert M. Maguire1, 2, Tomas S. Aleman1, 2, Jessica I. Morgan1, 2. 
1Scheie Eye Institute, Department of Ophthalmology, Perelman 
School of Medicine, University of Pennsylvania, Philadelphia, 
PA; 2Center for Advanced Retinal and Ophthalmic Therapeutics, 
Department of Ophthalmology, University of Pennsylvania, 
Philadelphia, PA; 3Department of Psychology, University of 
Pennsylvania, Philadelphia, PA.
Purpose: Recent advances in adaptive optics scanning light 
ophthalmoscopy (AOSLO) have allowed the visualization of 
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cone inner segments (IS) and enabled quantification of IS cone 
density in normal and diseased retina (Scoles, et al. IOVS, 2014). 
Understanding the reliability of IS cone density measurements 
is essential for using changes in IS cone density as an outcome 
measure in longitudinal studies of disease progression and 
assessment of experimental intervention. Here, we examine the inter-
observer reliability for measuring IS cone density in patients with 
Choroideremia.
Methods: The central two mm of 11 eyes from 11 Choroideremia 
subjects age 9 to 37 were imaged along the horizontal and vertical 
meridians using nonconfocal split detection AOSLO. AOSLO 
images were semi-automatically montaged using a custom MATLAB 
algorithm (Chen, et al. Biomed. Optics Ex., 2016). Regions of 
interest (ROIs) containing cone IS were selected at 190, 350, 500, 
and 900 μm in all four directions from the fovea. An ROI was 
included for density analysis if the image fell within the patient’s 
central island of intact retina but excluded if the ROI fell outside of 
the atrophic border, resulting in 136 ROIs. Three trained observers 
(previously shown to exhibit high agreement in normal images, Han 
G, et al. IOVS 2016;57:ARVO E-abstract 4640) manually identified 
the cone IS using custom software. Cone density was extracted from 
each ROI, and intraclass correlation coefficients with 95% confidence 
intervals (CI) were calculated to assess the inter-observer agreement 
in cone density measurements.
Results: Cone IS density was consistent with our previously reported 
cone densities in Choroideremia. Inter-observer agreement for cone 
density measurements was good at 350 and 500 μm (0.684, CI 0.526-
0.810 and 0.741, CI 0.0.594-0.851) and moderate at 190 and 900 μm 
(0.543, CI 0.372-0.696 and 0.527, CI 0.283-0.739). Overall inter-
observer agreement in cone density was lower for Choroideremia 
images than for normal images.
Conclusions: The dependence on inter-observer agreement with 
retinal eccentricity is consistent with the expected difficulty 
associated with identifying cone IS at different retinal locations 
in Choroideremia. Cone identification appeared consistent within 
observers, however further study of intra-observer repeatability is 
required. These studies will be important for using cone density as an 
outcome measure to assess disease progression in Choroideremia.
Commercial Relationships: Grace K. Han; Robert F. Cooper, 
None; Drew Scoles, None; Jean Bennett, Limelight (F), Spark 
Therapeutics (S), Sanofi (C), Biogen (F), Gensight Biologics (S), 
Spark Therapeutics (P); Albert M. Maguire, Spark Therapeutics (F); 
Tomas S. Aleman, None; Jessica I. Morgan, AGTC (F), University 
of Rochester US Patent 8226236 (P), Canon, Inc. (F)
Support: NIH U01EY025477, U01EY025864, Foundation 
Fighting Blindness, Research to Prevent Blindness Stein Innovation 
Award, the F. M. Kirby Foundation, the Paul and Evanina Mackall 
Foundation Trust.
Clinical Trial: NCT01866371
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Short-term evolution of diabetic hard exudates monitored by 
adaptive optics
prisca loganadane, Maher Saleh, Bernard Y. Delbosc. Ophtalmology 
retina, University Hospital of Besançon, Besançon, France.
Purpose: Diabetic hard exudates can be responsible of visual 
decrease when they are located in the macular area. The aim of this 
study was to assess the evolution of diabetic hard exudates over an 
eight-week period, using a high resolution adaptive optics camera.
Methods: Prospective observational study. Six eyes of four patients 
presenting diabetic maculopathy with hard exudates were studied. 
Selection criteria were intended to ensure good image quality. A 

multimodal imaging of an area of clinically visible exudates was 
conducted, encompassing retinography, spectral domain OCT and 
adaptive optics imaging. Images were acquired for two months, on 
a weekly basis. A time-lapse video of the region of interest imaged 
using adaptive optics was obtained for each eye studied.
Results: Two patterns of progression were identified on adaptive 
optics:
 1- Some eyes showed exudates dislocation concomitant with the 
regression of the underlying macular edema with hard exudates being 
progressively replaced by a multitude of focis of smaller size (n=2). 
In one eye, exudates regressed despite a worsening of the macular 
edema.
2- Other eyes displayed an increase in size of hard exudates (n=3). 
In one eye, hard exudates increased progressively according to a 
circinate pattern centered on a retinal microanevrysm.
Conclusions: This is the first report documenting precisely the 
change in appearance of diabetic hard exudates in such a short period 
of time. During follow up, hard exudates seemed to break-up on 
a multitude of focis before their resorption. At the opposite, some 
exudates increased in size. Additional studies assessing the efficacy 
of the different treatments available for diabetic hard exudates are 
warranted.
Commercial Relationships: prisca loganadane; Maher Saleh, 
None; Bernard Y. Delbosc, None
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Modeling retinal arterial diameters and velocities at bifurcations
Ting Luo, Alberto De Castro, Lucie Sawides, Thomas Gast, 
Kaitlyn Sapoznik, Raymond L. Warner, Stephen A. Burns. School of 
Optometry, Indiana University Bloomington, Bloomington, IN.
Purpose: Murray’s law describes the vascular requirement of tissues 
based on minimizing energy requirements for blood distribution. We 
examine the predictions of a derivation of Murray’s law that includes 
the variation in viscosity of blood with vessel size (the Fåhræus-
Lindqvist effect).
Methods: We derived the interaction of viscosity, vessel size, and 
blood velocity at vascular branches in four steps. 1) The energy cost 
of a vascular bifurcation includes the work to overcome friction 
between blood and vessel walls (Poiseuille’s law) and the energy 
requirement for maintaining blood volume. 2) The change in 
viscosity with blood vessel radius was incorporated into the  
energy cost equation (step 1) by fitting the viscosity function to 
vessel size. 3) The energy cost (step 2) was minimized to determine 
the relation between blood flow and radius. 4) Volume conservation 
(flow into a branching must equal the flow out, flow=velocity x cross 
sectional area) established the relation between velocity in parent and 
daughter branches.
Size data were measured in 26 healthy subjects (203 arteriolar 
bifurcations) using confocal and multiply scattered light AOSLO 
images. Velocity data were from 3 normal subject (30 arteriolar 
bifurcations) using AOSLO temporal offset imaging. Size and 
velocity data were averaged and fit using the Matlab curve fitting 
toolbox.
Results: This modeling predicts that the exponent in Murray’s law 
varies from 2 to 3 depending on vessel size. Vessels smaller than 
40μm would have an average of 2.24, larger vessels would be close 
to the classical prediction of 3. The diameter measurements gave an 
exponent of 2.15 (1.89-2.41, 95% confidence interval) for vessels 
less than 40μm and an exponent of 2.74 (2.54-2.94) for vessels 
between 40 and 100μm. Velocity data for small vessels (<30μm) had 
an exponent of 2.56 (2.08-3.04). The large confidence interval for 
velocity precludes rejecting an exponent of 3, and arises from the 
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variance of blood velocity measurements and the relatively small 
sample size. However the velocity data are consistent with the model 
in that the smaller size and slower velocity vessels had smaller fitting 
exponents.
Conclusions: This model may allow better understanding of the 
relation between the changes in vascular branching with diseases 
such as diabetes which effect the local viscosity of blood (which 
includes both hematological and other local factors, such as vascular 
walls) in the living human retina.
Commercial Relationships: Ting Luo, None;  
Alberto De Castro, None; Lucie Sawides, None; Thomas Gast, 
None; Kaitlyn Sapoznik, None; Raymond L. Warner, None; 
Stephen A. Burns, None
Support: NIH/NEI 1R0EY024315
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Flicker evoked changes in retinal capillary blood flow 
measured using a dual channel Adaptive Optics Scanning Laser 
Ophthalmoscope
Raymond L. Warner1, Alberto De Castro2, Lucie Sawides2, Ting Luo1, 
Kaitlyn Sapoznik1, Stephen A. Burns1. 1Optometry, University of 
Indiana, Bloomington, Bloomington, IN; 2Laboratorio de Optica, 
Universidad de Murcia, Murcia, Spain.
Purpose: To use dual channel Adaptive Scanning Laser 
Ophthalmoscope (AOSLO) to measure capillary blood velocity in the 
human retina with visual stimulation.
Methods: The retina of four healthy subjects from ages 23-62 were 
imaged with the Indiana dual channel AOSLO. Channels were 
offset 50 lines vertically to produce a temporal separation of 3.2 ms. 
Capillaries around the fovea were imaged simultaneously in both 
channels, each using a 500μm offset aperture, in three 1-minute 
sessions: (1) No flicker (Uniform), (2) Full-Field Flicker at  
a 20 Hz rate and (3) Uniform again, resulting in approximately 
8 hundred-frame-videos (at 33Hz) for each subject under each 
condition.
Red blood cells (RBC) traveling through selected capillaries were 
detected using a local-temporal variance mask, and the local average 
were computed within a capillary segment over 3 frames. The 
same frames in the second channel were averaged to measure the 
displacement and thus the velocity (mm/s) (Figure 1) (de Castro 
et al., 2016). The velocity of RBCs were computed over time and 
compared between sessions to measure the effect of onset/offset 
flicker.
Results: Capillary blood velocity measurements were possible in all 
four subjects. Individual capillaries varied in velocity and pulsatility. 
The speed of RBCs under Full-Field Flicker condition increased in all 
subjects, on average from 2.3mm/s under uniform field stimulation 
(session1) to 2.7mm/s during flicker stimulation (session2). 
Following offset flicker stimulation (session3), the velocity decreased 
back to 2.2 mm/s. Average velocity under the flicker stimulation is 
significantly higher than those under the uniform field after visual 
stimulation (p <0.05; one-tailed t-test with 95% confidence interval).
Conclusions: The use of a dual channel AOSLO allows 
measurements of RBC velocities in retinal capillaries. Visual 
stimulation produces measurable differences in velocity, although 
individual capillaries differ in their response within the same region. 
The temporal resolution can provide insight into the pulsatility and 
average blood flow in retina capillaries.

Average image of red blood cells in two channels. Cells in one 
channel (B) were detected in another channel (A) 3.2 ms earlier 
having moved by 18.2 μm. (C) Shows the variance mask used to 
distinguish vessels from the background with the region selected.
Commercial Relationships: Raymond L. Warner, None; 
Alberto De Castro, None; Lucie Sawides, None; Ting Luo, None; 
Kaitlyn Sapoznik, None; Stephen A. Burns, None
Support: NIH/NEI 1R0EY024315
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Individual variability of foveal location determined by spectral 
domain optical coherence tomography
Robert A. Sharpe1, David Williams2, Rupal Trivedi1, Jeffrey Blice1. 
1Ophthalmology, Medical University of South Carolina, Charleston, 
SC; 2Naval Hospital Jacksonville, Jacksonville, FL.
Purpose: The location of the fovea is key in evaluating and treating 
a variety of macular diseases. Prior studies suggest that, overall, there 
is a significant amount of variability in the fovea’s location, but little 
is known regarding this variability. The purpose of this study is to 
retrospectively measure the location of the fovea relative to the optic 
nerve head using spectral domain optical coherence tomography  
(SD-OCT) to determine individual and population group differences 
in anatomically normal eyes.
Methods: Macular SD-OCTs from a single SPECTRALIS® 
(Heidelberg Engineering) were analyzed retrospectively over a 
2-year period. Images were included if the OCT revealed normal 
anatomy and included the optic disc. Images were excluded if the 
eye carried any pathology that could cause anatomic distortion. Basic 
demographic data were obtained including age, sex, race, refractive 
error and ocular diagnoses. Measurements were performed using the 
Heidelberg Eye Explorer software. Location of fovea was determined 
by the foveal depression and ellipsoid line contour in conjunction 
with the signal corresponding to the foveal light reflex. Distances 
were measured from the midpoint of the temporal rim of the optic 
nerve head.
Results: One hundred nine eyes from 81 patients were included and 
had a mean age of 56.9 ± 12.5 years. Fifty-four percent were female. 
Regarding race, 52% and 44% of patients self-identified as black 
and white, respectively, while 2% self-identified as Hispanic and 
2% as Asian. Mean spherical equivalent was -0.26 ± 1.62 in the 101 
phakic eyes. On SD-OCT imaging, mean overall distance of fovea 
from optic disc was 583 ± 310 μm and 3644 ± 239 μm for vertical 
and horizontal axes, respectively. There was no significant difference 
in position between eyes in an individual (p > 0.07). For race, mean 
distance of fovea from optic disc was greater blacks as compared to 
whites both vertically and horizontally by 160 μm (p = 0.01) and 115 
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μm (p = 0.01), respectively. No correlation was observed for foveal 
position with regard to sex or refractive error.
Conclusions: SD-OCT provides a precise modality to measure the 
position of the fovea relative to the optic nerve. Significant variability 
exists regarding location of the fovea in healthy eyes, and differences 
in foveal location may correlate with race.
Commercial Relationships: Robert A. Sharpe, None; 
David Williams, None; Rupal Trivedi, None; Jeffrey Blice, None
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A two-year longitudinal study of cone photoreceptor density 
in normal subjects using adaptive optics scanning light 
ophthalmoscopy
Kevin Jackson1, Grace K. Han1, Gui-Shuang Ying1, 
Jessica I. Morgan1, 2. 1Scheie Eye Institute, Department of 
Ophthalmology, Perelman School of Medicine, University of 
Pennsylvania, Philadelphia, PA; 2Center for Advanced Retinal and 
Ophthalmic Therapeutics, Department of Ophthalmology, University 
of Pennsylvania, Philadelphia, PA.
Purpose: For the past 15 years, adaptive optics scanning light 
ophthalmoscopy (AOSLO) has allowed noninvasive, routine 
observation of the human cone mosaic and enabled quantification 
of cone density versus retinal eccentricity in both normal and 
disease retina. Despite the potential for AOSLO to quantify disease 
progression at the cellular level, there remain few longitudinal 
studies investigating changes in cone density as a measure of disease 
progression. Here, we undertake a prospective, longitudinal study to 
investigate the variability of cone density measurements in normal 
subjects over two years.
Methods: The cone mosaics of fourteen eyes of nine subjects ages 
18 to 54 with no known pathology were imaged along the temporal 
meridian at baseline and two years using confocal AOSLO. Images 
from each study visit at five retinal locations (190, 350, 500, 900, and 
1500 μm from the fovea) were manually aligned and square regions 
of interest (ROIs) 85 μm per side were cropped from each aligned 
image, resulting in 140 ROIs. Semi-automated custom software 
was used to identify cones in each ROI (graded blind and in random 
order) and cone density was extracted from each image. Cone density 
at baseline and at 2 years was compared for each retinal location. 
The inter-eye correlation was accounted for by using generalized 
estimating equations.
Results: Mean (standard deviation) baseline cone densities were 
87,300 (14,000), 61,800 (9,400), 46,800 (7,500), 29,300 (3,200), 
and 17,600 (2,600) cones/mm2 at 190, 350, 500, 900, and 1,500 μm, 
respectively. The mean difference (95% confidence limit for the 
agreement) between 2 year and baseline cone densities were 200 
(-14,600 – 15,100), 300 (-5,700 – 6,300), 1,300 (-2,400 – 4,900), 
900 (-1,600 – 3,300), and 1,300 (-3,900 – 6,600) cones/mm2 at 190, 
350, 500, 900, and 1,500 μm, respectively. These changes were not 
statistically significant (p-values: 0.92, 0.83, 0.58, 0.42, and 0.09).
Conclusions: While a measurable change in cone photoreceptor 
density did not occur over two years in our subjects, high variability 
of changes in cone density measurements between two time points 
was observed, despite careful image alignment between time points. 
This inter-visit variability must be considered when planning 
prospective longitudinal clinical trials using changes in cone density 
as an outcome measure for assessing retinal disease progression.
Commercial Relationships: Kevin Jackson, None; Grace K. Han, 
None; Gui-Shuang Ying, Janssen Research & Development (C), 
Chengdu Kanghong Biotech Co (C); Jessica I. Morgan, US Patent 
8226236 (P), Canon, Inc (F), AGTC (F)

Support: NIH U01EY025477 NIH U01EY025864, Foundation 
Fighting Blindness, Research to Prevent Blindness Stein Innovation 
Award, the F. M. Kirby Foundation, the Paul and Evanina Mackall 
Foundation Trust
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Longitudinal repeatability of in vivo cone density measurements 
in normal eyes from confocal and split detector adaptive optics 
images
Suman Adhikari1, Alex Schill1, Gwen Musial2, 
Hanieh Mirhajianmoghadam1, Hope M. Queener1, Jason Porter1, 2. 
1College of Optometry, University of Houston, Houston, TX; 
2Department of Biomedical Engineering, University of Houston, 
Houston, TX.
Purpose: The ability to assess whether changes in the photoreceptor 
mosaic have occurred over time (such as for diseased eyes or clinical 
trial-related applications) depends on the longitudinal variability 
of the imaging and quantification techniques. We examined the 
intersession repeatability of cone density measurements made in 
normal eyes using an adaptive optics scanning laser ophthalmoscope 
(AOSLO).
Methods: Confocal and split detector AOSLO images of the 
photoreceptor mosaic were simultaneously acquired at the same 
retinal locations in 8 normal subjects (age: 25-38 years) across 
2 different sessions separated by ≥ 6 months. Axial length was 
measured (Lenstar) and used to laterally scale AOSLO images. Cone 
densities were calculated from 0.3 mm to 3.0 mm eccentricities (0.3 
mm increments) in each of four major meridians and compared (1) 
between corresponding confocal and split detector images at baseline 
and (2) in regions commonly imaged longitudinally across sessions 
following registration for both modalities.
Results: Good structural correspondence was observed between 
confocal and split detector images of the same retinal locations. 
Across subjects, there were no significant differences in baseline cone 
density measurements between confocal and split detector images 
at any eccentricity in any meridian (P>.05; paired t-test). Likewise, 
there were no significant differences in cone density measurements 
made at any location between sessions for confocal or split detector 
images (P>.05; paired t-test). Mean intersession differences in cone 
density ranged from 44-600 cones/mm2 and 100-985 cones/mm2 for 
confocal and split detector images, respectively. The Coefficients 
of Repeatability for confocal and split detector images ranged from 
7,318 cones/mm2 (2.4%) to 11,069 cones/mm2 (12.2%) and from 
6,973 cones/mm2 (3.8%) to 10,593 cones/mm2 (11.4%), respectively.
Conclusions: These intersession repeatability data in normal 
human eyes may be used for comparison with future studies that 
longitudinally examine changes in cone density in eyes with 
retinal degeneration. The similar performance of each modality for 
quantifying cone density indicates that split detector AOSLO imaging 
may be a valuable alternative to confocal imaging, particularly in 
examining cones in diseased eyes with compromised outer segment 
structure that may not be visible in confocal images.
Commercial Relationships: Suman Adhikari, None; Alex Schill, 
None; Gwen Musial, None; Hanieh Mirhajianmoghadam, None; 
Hope M. Queener, None; Jason Porter, None
Support: NIH Grant P30 EY007551; University of Houston College 
of Optometry Student Vision Research Support Grant
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Diurnal Time Course of Cone Photoreceptor Disc Shedding in the 
Living Human Eye
Furu Zhang, Zhuolin Liu, Kazuhiro Kurokawa, Donald T. Miller. 
School of Optometry, Indiana University, Bloomington, IN.
Purpose: Photoreceptor outer segments (OS) undergo periodic 
shedding of small packets of membranous discs at their distal ends. 
This process, called disc shedding, is fundamental to maintaining 
health of the outer retina and believed to follow a diurnal rhythm. 
While disc shedding has been studied extensively in animal models, 
little is known in humans. In this study we took advantage of our 
recent discovery of the optical signature of disc shedding in the  
living human eye using adaptive optics-optical coherence 
tomography (AO-OCT) [1] to investigate the diurnal properties  
of this elusive event.
Methods: Two healthy subjects free of ocular disease were imaged 
at 3° temporal retina (1.5°×1.5° FOV) with the Indiana AO-OCT 
system. Subjects were entrained to a 16/8 hour awake/sleep cycle for 
three days preceding the experiment. On the day of the experiment, 
the subjects awoke 2 hours before the entrained wakeup time, and 
the experiment started 1 hour later. Volume videos were acquired 
every 15 minutes for 17 hours. One subject stayed under stable room 
light during the entire experiment, while the other was also exposed 
to three 10-minute intervals of natural light over the day. B-scan and 
average A-scan time traces of each tracked cone were generated with 
the post-processing method described by Kocaoglu et.al [1]. Both 
time-trace presentations were used to detect disc shedding events as 
manifested by spatial (axial) and temporal changes in inner segment/
outer segment junction and cone outer segment tip reflections. In one 
subject, the OS length of each cone at each time point was measured.
Results: Thousands of cones were successfully imaged and tracked 
over the 17 hour period in both subjects. Shedding events were 
detected in 79.5% and 72.6% of the tracked cones. Similar to 
previous animal studies, shedding prevalence exhibited a diurnal 
rhythm. But unlike almost all other diurnal animal models studied, 
shedding peaked shortly after the entrained wakeup time. Consistent 
with this, traces of the average cone OS length across the 17 hours 
implied maximum shedding shortly after the entrained wakeup 
time. Distinct from these diurnal changes, a significant but transient 
increase in shedding followed exposure to natural light.
Conclusions: Human cone photoreceptor shedding exhibits a diurnal 
rhythm that peaks in the morning and is sensitive to natural light.
[1] Kocaoglu, et al. Biomed. Opt. Express 7.11 (2016): 4554-4568.
Commercial Relationships: Furu Zhang, None; Zhuolin Liu, 
None; Kazuhiro Kurokawa, None; Donald T. Miller, None
Support: R01EY018339
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Imaging photoreceptor/RPE/choriocapillaris complex with 
adaptive optics optical coherence tomography
Kazuhiro Kurokawa, Zhuolin Liu, Donald T. Miller. School of 
Optometry, Indiana University, Bloomington, IN.
Purpose: Histopathological studies have shown that age-and  
disease-related changes in the photoreceptor/retinal pigment 
epithelium/choriocapillaris (PR/RPE/CC) complex begin at the 
molecular and cellular levels. Thus, detection and monitoring at 
this scale provide the greatest promise for improved diagnosis and 
intervention. Here we demonstrate that cellular-level morphometry 
of this complex in normal eyes and eyes with drusen can be achieved 
using adaptive optics-optical coherence tomography (AO-OCT).

Methods: Two healthy subjects (24 and 50 years old), and a third (68 
years old) with small (<63 μm) to medium drusen (>=63 μm to <125 
μm) were imaged with the Indiana AO-OCT system. The system 
operated at a 500 KHz or 1 MHz A-line rate and acquired multiple 
AO-OCT volume videos of the same patch of retina at 7° temporal to 
the fovea. To enhance RPE cell contrast, AO-OCT volumes with an 
interval of more than 3 s were selected for post processing to allow 
organelle motility to decorrelate speckle between volumes.  
A custom OCT angiographic method was applied to enhance contrast 
of CC vessels. AO-OCT volumes were registered and averaged in all 
three dimensions using a GPU-accelerated, 3D-image-registration 
algorithm. This approach preserved the one-to-one mapping of 
cellular structure across the entire depth of the PR/RPE/CC complex. 
From the processed AO-OCT volumes, density measurements were 
extracted for cone photoreceptors, RPE cells, and CC capillaries, the 
latter defined as the ratio of lumen area to total area in the en face 
image of CC.
Results: Photoreceptors, RPE cells, and CC capillaries were 
successfully individuated in all subjects. Measured densities for the 
two healthy subjects without drusen were 10,654 and 7384 cells/mm2 
(cones); 5,036 and 3,964 cells/mm2 (RPE cells); and 62% and 53% 
(CC). Measured densities at regions adjacent to a 50 μm drusen in the 
third subject were 8,550 cells/mm2 (cones), 4,494 cells/mm2 (RPE), 
and 44% (CC). Above the drusen, cone and RPE cells were visible, 
and cone density was 8,303 cells/mm2. Interestingly of the six small 
drusen detected with AO-OCT in the imaged 1.5° x 1.5° retinal patch, 
only one was detected with Spectralis OCT.
Conclusions: AO-OCT combined with intensity and angiographic 
processing enables visualization and morphometric analysis of 
cellular structures that compose the PR/RPE/CC complex even 
around drusen.
Commercial Relationships: Kazuhiro Kurokawa, None; 
Zhuolin Liu, None; Donald T. Miller, None
Support: NEI R01EY018339
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Relationship of Pupil Entry Position and Cone intensity in  
Flood-Illuminated Adaptive Optics Imaging
Gareth Harman, Mark E. Pennesi. Genetics, Oregon Health and 
Science University - Ophthalmic Genetics, Portland, OR.
Purpose: To examine the relationship between the pupil entry 
position and reflectivity of cones imaged. We hypothesize that 
reflectivity will decrease in intensity as the camera alignment is 
moved from on-axis to off-axis relative to fixation.
Methods: The dominant eye of six healthy individuals was imaged 
using the rtx1 (Imagine Eyes, Orsay France) flood-illuminated 
adaptive optics camera at nine different positions along the horizontal 
axis (figure 1). Each image acquisition produced a file containing 
40 images. Custom post-processing was performed on each image 
using MATLAB (Mathworks, Natick Massachusetts) and included 
sharpening and vignetting adjustment. Fifteen images with the 
highest summed pixel difference between the original image and the 
Gaussian filtered image were selected and registered together using 
i2k Retina Pro (DualAlign, LLC). Twenty cones of interest were 
selected, and intensity values of the cones were compared across 
imaging acquisition positions.
Results: Relative to on-axis imaging, average cone intensity remains 
unchanged .25 mm from ‘on-axis’ position in either horizontal 
direction. However, beyond .3 mm, average cone intensity dropped 
by 20%. Suprisingly, beyond .5 mm, average cone intensity began to 
increase (see figure 2).



ARVO 2017 Annual Meeting Abstracts

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.

Conclusions: Compared to imaging on axis, imaging off axis along 
the horizontal plane with the rxt1 flood-illuminated adaptive optics 
camera produces differences in average cone intensities. Data 
suggests that average cone intensity decreases as the camera is moved 
further from the on-axis point of entry. The increased intensity of 
cones noted at the extreme ranges of off-axis images could be the 
product of induced blur and distortion. Further examination will 
be necessary to examine the relationship between blur and entry 
position.

Commercial Relationships: Gareth Harman, None; 
Mark E. Pennesi, None
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Presentation Time: 8:30 AM–10:15 AM
Optimizing stimulus dimensions for single cone stimulation
Alexander Meadway, Alex McKeown, Lawrence Sincich. Dept of 
Optometry and Vision Science, University of Alabama Birmingham, 
Birmingham, AL.
Purpose: Adaptive optics microstimulation can target single cone 
photoreceptors to measure threshold responses in vivo. Given the 
variation in cone dimensions, we used a modelling approach to 
estimate stimulus dimensions that optimally confine light delivery to 
a single cone.
Methods: A waveguide model using 3D semi-vectorial finite 
difference beam propagation (FD-BPM) has been developed. 
The model propagates an electric field down a simplified cone 
photoreceptor and computes the field amplitude (Fig 1). Inner 
segments (IS) have myoid and ellipsoid compartments and are 
tapered parabolically from the IS to a cylindrical outer segment (OS). 
The model simulates 7 photoreceptors in a hexagonal pattern and 
estimates the power absorbed in each cone. Stimuli were positioned 
over the central cone, modelled with 543 nm light while varying 
pupil diameter, IS diameter, and stimulus size. The model did not 
include intraocular light scatter.
Psychophysical validation of the model was performed using 
increment thresholds in 2 subjects measured at 3° eccentricity with 
543 nm light, using stimuli deployed in the model. A subject’s 
threshold is assumed to be inversely proportional to the sum of 
the captured light across the 7 modelled cones. We compared the 

threshold ratio for beam sizes of 5.8 vs. 2.7 mm, while ensuring 
constant power, to assess whether perceptual performance matched 
model predictions.
Results: The confinement of light absorption to single cones exceeds 
95% in a regime where stimuli are about half the diameter of the 
cone IS and the pupil is larger than ~4 mm diameter, for 4 to 6 μm 
diameter cones (Fig. 2). The modelled dependence of light absorption 
on beam size was in agreement with psychophysical threshold ratios, 
for 3 stimulus conditions. The predicted vs measured (with SEM) 
ratios were: 0.84 vs. 0.74 ± 0.07 for 8.1 μm squares, 0.88 vs. 0.81 ± 
0.09 for 9.9 μm circles and, 1.11 vs. 1.08 ± 0.12 for 4.5 μm squares.
Conclusions: An FD-BPM model of light propagation for 
microstimuli in photoreceptors was developed and validated using 
increment thresholds. Optimal light coupling is a multidimensional 
function of stimulus size, IS size, and large pupil size under adaptive 
optics stimulus conditions.

Orthoslice of modelled light propagation in a single cone
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Percentage of total light absorbed by only target cone (IS diameter  
4 and 6 μm) with varying stimulus and pupil size.
Commercial Relationships: Alexander Meadway, None; 
Alex McKeown, None; Lawrence Sincich, None
Support: NIH Grant R01-EY023581, NIH Grant P30-EY003039, 
NIH Grant R01-EY023591, Eyesight Foundation of Alabama
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Foveal crowding resolved with adaptive optics
Daniel R. Coates1, Phanith Touch2, Dennis M. Levi3, 
Ramkumar Sabesan2. 1Institute of Psychology, University of Bern, 
Bern, Switzerland; 2Department of Ophthalmology, University of 
Washington School of Medicine, Seattle, WA; 3School of Optometry, 
University of California, Berkeley, Berkeley, CA.
Purpose: Contour interaction (crowding) is the substantial 
interference of neighboring contours on target identification, and 
has been studied primarily in the visual periphery, with conflicting 
results for foveal stimuli. While the cortical locus for peripheral 
crowding is well established (with a large extent up to half the 
eccentricity), disentangling the contributing factors in the fovea is 
more challenging due to optical limitations. Here, we used adaptive 
optics to overcome ocular aberrations and employed high-resolution 
stimuli to precisely characterize foveal contour interactions.
Methods: Stimuli (white light) were displayed on a DLP projector 
and relayed to the eye via an adaptive optics system through a 6mm 
artificial pupil. Subjects’ pupils were dilated and accommodation 

was paralyzed. Relative vergence between the wavefront sensing 
beacon (840nm) and the projector was subjectively minimized using 
trial lenses. Accuracy in identifying the orientation of a Tumbling-E 
was measured with AO and with only sphero-cylindrical correction. 
Optotype sizes ranged from 20/8 to 20/20 and viewing time was 
unlimited. When flanked, Tumbling Es appeared on all 4 sides of 
the target, with edge-to-edge spacings from 0 (abutting) to 1.6 arc-
min. Performance vs. flanker spacing was modeled with a modified 
logistic function (enhanced for flanker facilitation at close spacings) 
and fit with Markov chain Monte Carlo (2000 fits per condition). 
Critical spacing was computed as the flanker distance yielding 95% 
of asymptotic (unflanked) performance.
Results: Correcting higher-order aberrations improved acuity for 
each subject by ~0.18 logMAR (Mean AO thresholds: -0.38±0.07; 
non-AO: -0.20±0.08), allowing the testing of small stimuli 
inaccessible without AO. Flanked performance vs. spacing curves 
were consistent across correction type and target size, with identical 
slopes and shape defined solely by per-condition asymptotic 
performance. Flankers within 0.4 arc-min improved performance for 
most (8 of 11) conditions. Critical spacings ranged between 0.5 and 
1.2 arc-min (mean=0.75), anti-correlated with stimulus size (r=-0.7).
Conclusions: Under optimal foveal viewing conditions, the zone 
of interference from surrounding contours is 0.5-1.2 arc-min, 
significantly smaller than earlier estimates (2-5 arc-min), but large 
enough to implicate non-optical factors. A single parametric template 
captures the complex shape of flanker interactions across a variety of 
conditions.
Commercial Relationships: Daniel R. Coates, 
None; Phanith Touch, None; Dennis M. Levi, None; 
Ramkumar Sabesan, None
Support: Unrestricted grant from the Research to Prevent Blindness, 
Burroughs Wellcome Fund Careers at the Scientific Interfaces Award, 
NIH P30 EY001730, M.J. Murdock Charitable Trust, Swiss National 
Science Foundation grant PP00P1_163723, NIH RO1 EY020976
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Construction and validation of a novel method to measure 
tolerance of aniseikonia
Therese Krarup, Ulrik C. Christensen, Jens F. Kiilgaard, Morten la 
Cour. Eye department, Rigshospitalet, Copenhagen, Denmark.
Purpose: No method exists to measure aniseikonia tolerance on 
stereopsis. The brain can compensate for 2-3% of aniseikonia, 
(i.e. 2-3 diopters of anisometropia), without affecting stereopsis, 
however, a significant proportion of anisometropic patients suffer 
from stereopsis problems due to surgical induced aniseikonia. We 
hypothesized that an individual difference in tolerances of aniseikonia 
exists, and set to develop a method to measure endurable aniseikonia 
without impairing stereopsis.
Methods: We included 21 eye-healthy phakic individuals aged 
above 50 years. All participants were tested with best corrected near 
and distance visual acuity, cover/uncover test, eye dominance test, 
optimal stereopsis (TNO-test), slit lamp examination, and ocular 
coherence tomography. We examined how stereopsis was affected by 
aniseikonia induced by size glasses from 1-9% larger image on the 
right (+1 - +9%) eye to 1-9% larger image on the left eye  
(-1 - -9%). Stereopsis was examined with a blinded TNO-test 
showed in random order. Aniseikonia Range (AR) was defined as the 
percentage aniseikonia in which optimal stereopsis is maintained. We 
retested five patients to examine reproducibility.
Results: We examined 21 individuals, median age 65 (95% CI: 62-66 
years), median corrected distance visual acuity 88.5 ETDRS (95% 
CI: 87-90), median corrected logarithmic near visual acuity 1.05, 
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median spherical equivalent 0.47 ± 2.03, 43% right eye dominant, 
57% left eye dominant, 3 (14%) participants with esophoria. Median 
stereopsis with optimal correction 60“ ± 27.4. We report a large 
inter-individual differences in AR (Figure 1) with 4 participants with 
AR of ≤ 1% (19%), 1 with AR 2-4% (4.7%), 1 with AR 5-7% (4.7%), 
3 with AR 8-10% (14%), 4 with AR 11-13% (19%) and 8 with AR 
>13% (38%). In the five participants that were retested the test/retest 
variance in AR was 0.
Conclusions: We present a novel and reliable method of how to 
measure AR and the amount of aniseikonia a person can endure 
without impairing stereopsis. We report large inter-individual 
differences in tolerance of aniseikonia. Further studies are needed to 
examine consistency of AR and usefulness in predicting stereopsis 
problems after refractive surgery with anisometropia.

Commercial Relationships: Therese Krarup, None; 
Ulrik C. Christensen, None; Jens F. Kiilgaard, None; Morten la 
Cour, None
Support: Synoptikfond
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Adaptive optics visual simulator with extended dioptric range
Nikolai Suchkov1, 2, Enrique-Josua Fernandez2, Bart Jaeken1, 
Pablo Artal2. 1Voptica S.L., Murcia, Spain; 2Laboratorio de Optica, 
Universidad de Murcia, Murcia, Spain.
Purpose: Adaptive optics visual simulators (AOVS) are already 
commercially available instruments allowing to predict the impact 
of different optical aberration patterns on vision (i.e., VAO, Voptica 
SL, Murcia, Spain). This type of instrument allows measuring and 
modifying the eye’s aberration while performing visual testing. 
Current systems present some limitations when high ametropes or 
pathologic patients are tested due to the limited measuring/correcting 
range. To solve this problem, we have developed a new AOVS 
instrument with a large range of operation that would virtually cover 
any eye.
Methods: The instrument incorporates a Hartmann-Shack wavefront 
sensor (HS) and a liquid crystal on silicon spatial light modulator 
(LCOS-SLM) for measuring and manipulating aberrations 
respectively. These are coupled to a variable lens with a defocus 
range of ± 10D to modify defocus independently of the LCOS-SLM. 
Proper calibration and characterization of the variable lens was 

performed and linked by the software to the sensor and the modulator. 
The temporal response of the variable lens was in the order of 10-
30 ms and presented a low chromatic dispersion yielding a high 
optical quality for the entire range of use. An additional motorized 
diaphragm with variable diameter ranging from 0.5 to 8.2 mm at the 
exit pupil plane was also incorporated. Visual stimuli were presented 
to the subjects by means of a high definition (HD) resolution digital 
light processing projector. For both optical and visual measurements, 
the variable lens compensated for the most of a subject’s defocus, 
leaving the rest of the operation to the other components.
Results: The new AOVS was successfully used in three high myope 
patients: S1 (female, 21 yo, refraction -10D, astigmatism -1D, 90°), 
S2 (female, 21 yo, refraction -7D, astigmatism -3.5D, 165°) and S3 
(female, 20 yo, refraction -12D). In all of the cases, refraction and 
aberrations were measured with HS after pre-compensation of the 
defocus. Visual acuity and contrast sensitivity were measured for 
different optical conditions, including correction of defocus and high 
order aberrations.
Conclusions: A new AOVS with a large dioptric range of operation 
has been developed. It is capable of accurately measuring subjects 
with high myopia and elevated amounts of aberrations. This type 
of instrument would extend the range of application of the visual 
simulation to nearly every patient, regardless of their optical 
conditions.
Commercial Relationships: Nikolai Suchkov, Voptica S.L. (E); 
Enrique-Josua Fernandez, Voptica S.L. (I), Voptica S.L. (P); 
Bart Jaeken, Voptica S.L. (E); Pablo Artal, Voptica S.L. (P), 
Voptica S.L. (I)
Support: European Union’s Horizon 2020 Marie Sklodowska–Curie 
grant No 675137 (MyFUN), European Research Council Advanced 
Grant ERC-2013-AdG-339228 (SEECAT) & SEIDI, Spain (grant 
FIS2013-41237-R), “Fundación Séneca,” Murcia, Spain (grant 
19897/GERM/15).
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Simulating multifocal intraocular lenses with a spatial light 
modulator and a tunable lens: a computational evaluation
Vyas Akondi, Enrique Gambra, Maria Vinas, Sara Aissati, 
Carlos Dorronsoro, Daniel Pascual, Susana Marcos. Visual Optics 
and Biophotonics lab, Instituto de Optica CSIC, Madrid, Spain.
Purpose: Vision simulators based on spatial light modulator (SLM) 
or tunable lens allow presbyopic patients to experience multifocal 
vision prior to intraocular lens (IOL) implantation. The pros and cons 
of these modalities are examined using computer simulations.
Methods: The phase of multifocal IOLs -diffractive trifocal, 
refractive bifocal and extended depth of focus (EDOF) IOLs- was 
estimated using geometrical profiles and pseudophakic computer 
eye models. Phase wrapped to the interval [0 2π] is addressable on a 
phase-only 8-bit SLM (pixel resolution: 1920 x 1080; pixel pitch: 8 
μm). Tunable lens (0.2-1 kHz) based simulators (SimVis) work on the 
principle of time multiplexing and time coefficients for a multifocal 
design are optimized using through-focus (TF) Visual Strehl (VS) 
ratio metric. The accuracy in representing the IOLs, light efficiency, 
effects of pupil size and corneal aberrations were studied. The quality 
was assessed as the RMS difference between TF VS with the actual 
lens profile and the simulated lens.
Results: Light efficiency (~51%) in SLM is limited by pixel 
diffraction (87% fill-factor gives 73% diffraction efficiency at 555 
nm) and reflectivity (70%). SLM’s non-modulating portion (13%) 
leads to unwanted zero-order that can be avoided by 16-level blazed 
grating. The estimated RMS error in addressing a 4-mm multifocal 
phase pattern on the SLM (500 x 500 pixels) due to phase wrapping 
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and limited pixel resolution is 0.02 μm, 0.06 μm and 0.04 μm for 
diffractive trifocal, refractive bifocal and EDOF IOLs. Use of 250 x 
250 pixels alone results in TF VS RMS difference of 0.01. SimVis 
allows high light efficiency (96%) binocular see-through experience. 
To achieve TF VS RMS difference lower than 0.03, it needs 6, 13, 19 
time coefficients for diffractive trifocal, refractive bifocal and EDOF 
IOLs. Reduction in pupil size from 4-mm to 3-mm causes TF VS 
RMS difference of 0.05 for trifocal diffractive IOL, though a look-up 
table of time coefficients for different pupil sizes nullifies this effect 
in SimVis. Also, the corneal aberrations affect the tunable lens based 
simulator in a similar manner as they affect SLM based simulator and 
real IOLs.
Conclusions: Simulations suggest that SimVis offers a light efficient, 
less bulky and sufficiently accurate solution in comparison with the 
SLM based simultaneous vision simulators.
Commercial Relationships: Vyas Akondi, 2Eyes Vision S. L. (I); 
Enrique Gambra, 2Eyes Vision S. L. (E); Maria Vinas, 2Eyes 
Vision S. L. (I); Sara Aissati, None; Carlos Dorronsoro, 2Eyes 
Vision S. L. (I), ES-P201531397 (P), OEPM P201331436 (P); 
Daniel Pascual, 2Eyes Vision S. L. (I); Susana Marcos, OEPM 
P201331436 (P), 2Eyes Vision S. L. (I), ES-P201531397 (P)
Support: The research leading to these results has received funding 
from Consejería de Educación, Juventud y Deporte of Comunidad 
de Madrid and the People Programme (Marie Curie Actions) of the 
European Union’s Seventh Framework Programme ( FP7/2007-2013) 
under REA grant agreement n°291820 to VA, Spanish Government 
Grant FIS2014-56643-R and European Research Council (ERC) 
(ERC-2011-AdG 294099) to SM.
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Adaptive Alvarez Lens for Vision Assessment and Correction
Guoqiang Li, Zengzhuo Li. Depts of Ophthal and Vis Sci and ECE, 
Ohio State University, Columbus, OH.
Purpose: The current commercially available phoropter that is used 
in clinic is bulky and is not user friendly (cannot be operated by 
the subject). The measurement is not accurate enough either as the 
increment power of the individual lenses is 0.25D (diopter). It would 
be attractive to develop a compact photopter with continuously 
tunable power which can be operated by the subject himself/herself. 
Such a compact lens with continuously tunable power from positive 
to negative values can also be used for various vision corrections, 
including presbyopia, myopia, hyperoper, and low vision. Here we 
present a demonstration of the adaptive Alvarez lens that is made in 
our lab and meets these requirements.
Methods: Alvarez lens is a type of varifocal composite lens that 
is based on lateral shift of two transmissive refractive plates, each 
having a plano surface and a surface shaped in a two-dimensional 
cubic profile. The two cubic surfaces are conjugate, rotationally 
asymmetric, and aspheric. They are made and mounted to be the 
inverse of each other, so that when both plates are placed with their 
vertices on the optical axis, the induced phase variations cancel 
out and there is no power. However, a relative lateral translation of 
one plate results in a quadratic phase profile—or, in other words, 
optical power. In this first demonstration, tunable spherical power is 
considered and the cubic profile was selected as z(x,y)=A(xy2+x3/3), 
where A = 0.004 mm-2. For 20 mm aperture, the peak-to-valley 
difference in z direction across this area is 0.3771 mm. The two plates 
were fabricated in house using a diamond turning machine.
Results: In this example, the power of the overlapped area is equal 
to 0.8δx diopter, where δx is the offset between the two plates. This 
indicates that, when the offset between the two plates is changed 

from -10mm to 10 mm, the power can be continuously tuned from 
-8D to +8D. An optical testing setup with fine mechanics was built 
to mount and test the Alvarez lens. For the lens with 20 mm aperture, 
linear power change has been observed for the offset range [-3 mm, 
+3 mm]. Larger offset range will be applied to lenses with larger 
aperture in the near future. Visual acuity testing experiments will be 
performed using a model eye.
Conclusions: The adaptive Alvarez lens with 20 mm aperture and 
continuously tunable power has been designed, fabricated, and tested. 
It is promising for visual assessment and correction.

Commercial Relationships: Guoqiang Li, None; Zengzhuo Li, 
None
Support: NIH/NEI R01 EY020641
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First demonstration of human visual performance through 
refractive-index modified ophthalmic devices written in hydrogels
Len Zheleznyak1, 2, Gustavo Gandara-Montano2, Scott MacRae4, 3, 
Krystel R. Huxlin4, 3, Jonathan D. Ellis2, 5, Geunyoung Yoon4, 3, 
Wayne H. Knox2, 1. 1Clerio Vision, Inc., Rochester, NY; 2The Institute 
of Optics, University of Rochester, Rochester, NY; 3Center for 
Visual Science, University of Rochester, Rochester, NY; 4Flaum Eye 
Institute, University of Rochester, Rochester, NY; 5Department of 
Mechanical Engineering, University of Rochester, Rochester, NY.
Purpose: We previously showed that femtosecond laser-induced 
refractive index (RI) change can be used to create high quality, 
customized, optical devices in hydrogels and cornea (Gandara-
Montano et al., 2015; Savage et al., 2014). Here, we investigated 
human visual performance through such devices written in hydrogel 
phase plates.
Methods: A scanning system consisting of a pair of X-Y 
galvanometer scanning mirrors, relay optics, and a microscope 
objective (field of view: 88x245 μm) was used to focus a 400 nm 
wavelength femtosecond laser into plano hydrogel phase plates 
(Contamac). RI change was inscribed to produce a -1.5 D sphere 
over a 6 mm diameter optical zone, in the form of a phase-wrapped 
Fresnel lens consisting of a mosaic of ~1400 stitched segments 
(limited by the scanner field of view). For vision testing, an adaptive 
optics vision simulator was used to correct native aberrations in 5 
cyclopleged, visually-intact subjects (2 female, average age: 25±5 
years) over a 6 mm pupil, while they viewed a white-light stimulus 
through a 5.8 mm artificial pupil. We then measured through-focus 
visual acuity (VA) and contrast sensitivity (CS) at subjective best 
focus with hydrogel phase plates in a plane optically relayed to the 
subjects’ pupil. Performance was assessed in two double-masked 
conditions: viewing through an untreated phase plate (UPP) or 
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through a treated phase plate (TPP) containing the -1.5 D  
Fresnel lens.
Results: The average difference in subjective best focus between 
the UPP and TPP was -1.55±0.17 D, matching closely the intended 
change in refractive power. Peak VA with the UPP and TPP was 
-0.22±0.06 and -0.16±0.06 logMAR, respectively (p=0.047, paired 
Student t-test). At the peak spatial frequency (3.4 cycles/deg), CS 
was 73.7±42.5 and 65.3±38.0 with the UPP and TPP, respectively 
(p=0.478, paired Student’s t-test). From 1 to 30 cycles/deg, CS with 
the TPP was degraded by 7.7±8.8% as compared to the UPP, however 
this difference was not statistically significant (p=0.089, paired 
Student’s t-test).
Conclusions: Femtosecond laser-induced RI change is a promising 
method for correcting the eye’s refractive error and creating high 
quality visual devices. Future work will focus on larger field of view 
laser scanning systems with fewer stitched zones and expanding the 
ophthalmic devices towards more complex customized wavefront and 
presbyopia corrections.

Commercial Relationships: Len Zheleznyak, Clerio Vision, 
Inc. (E), Clerio Vision, Inc. (P), Clerio Vision, Inc. (R); 
Gustavo Gandara-Montano, None; Scott MacRae, None; 
Krystel R. Huxlin, Clerio Vision, Inc. (F), Clerio Vision, Inc. (C), 
Clerio Vision, Inc. (P); Jonathan D. Ellis, Clerio Vision, Inc. (C), 
Clerio Vision, Inc. (R), Clerio Vision, Inc. (P), Clerio Vision, Inc. (F); 
Geunyoung Yoon, Ovitz (C), Johnson and Johnson (F), Coopervision 
(F), Bausch and Lomb (F), Ovitz (F); Wayne H. Knox, Clerio 
Vision, Inc. (R), Clerio Vision, Inc. (P), Clerio Vision, Inc. (F)
Support: NYSTAR-CEISC09013, UR-SAC Incubator program, 
NSF-STTR1549700, and Clerio 058149-002.
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Optical bench testing of gradient-index Fresnel lenses written 
with femtosecond laser induced refractive index change
Gustavo Gandara-Montano1, Len Zheleznyak1, 2, Wayne H. Knox1, 2. 
1Institute of Optics, University of Rochester, Rochester, NY; 2Clerio 
Vision, Inc., Rochester, NY.
Purpose: Femtosecond (fs) laser induced refractive-index change has 
previously been used to write 150um diameter hydrogel microlenses 
(Gandara-Montano et al., 2015). The purpose of this study was to 
investigate the optical quality of large refractive corrective devices 
(6mm diameter) created with this technology.
Methods: Seven Fresnel lenses (sphere: -3 to +10D, cylinder: -1.5D) 
were created with a 6mm diameter optical zone. Each lens was 
produced within a plano hydrogel by focusing a 400nm fs-laser and 
a galvo-scanning system (field of view: 245x88um). The lenses were 
comprised of a stitched mosaic with ~1400 individual rectangles. 
Optical quality was assessed over a 5.8mm diameter pupil with a 

custom-built Shack-Hartmann wavefront sensor and an optical bench 
for imaging the monochromatic point-spread function (543nm, design 
wavelength), from which the normalized area under the Modulation 
Transfer Function (aMTF, from 0 to 60cyc/deg) was computed.
Results: The measured writing error was 0.01±0.25D of the desired 
target. Induced higher order RMS was 0.15±0.04um. The spherical 
lenses had an average aMTF of 0.70±0.23 (range: 0.31 to 0.97). 
A correlation between aMTF and induced diopters was observed 
(R-squared = 0.71) where higher powers had lower aMTF.
Conclusions: The ability to create high-quality ophthalmic devices 
with fs-laser processing was demonstrated over a large optical 
zone. Despite stitching-induced scatter, the wavefront data of the 
lenses showed a strong agreement between the desired and obtained 
structures. Increasing scanning system field of view to reduce tiling 
will be the basis of future work.
Commercial Relationships: Gustavo Gandara-Montano, None; 
Len Zheleznyak, Clerio Vision, Inc (E), Clerio Vision, Inc (P); 
Wayne H. Knox, Clerio Vision, Inc (F), Clerio Vision, Inc (P)
Support: NYSTAR-CEISC09013, UR-SAC Incubator program, 
NSF-STTR1549700, and Clerio 058149-002
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Wavefront-customized soft contact lenses for high-order 
aberration correction in normal eyes
Donnie Akers1, George Asimellis1, Lefteris Karageorgiadis2, 
Costas Katsoulos2, Nikos Vasileiou2. 1Optometry, University 
of Pikeville, Pikeville, KY; 2Eye Art Contact Lens Laboratory, 
Thessaloniki, Greece.
Purpose: To evaluate the change in spherical aberration and coma in 
normal eyes, by employing wavefront-customized hydrogel contact 
lenses.
Methods: Seven customized, computerized numerically controlled 
lathe cut hydrogel contact lenses were designed and fabricated 
incorporating specific amounts of spherical aberration (SA) and 
coma. Each lens was designed to have only one non-zero Zernike 
aberration coefficient. The lenses were fitted on three normal  
subjects (total three eyes). Wavefront aberrometry was performed 
pre- (naked eyes) and post- fitting.
Results: Regarding SA, modulation of the aberration was achieved 
in a consistent fashion towards the same polarity of the aberration, 
ranging from ~60% to +200% of the intended change. Regarding 
coma, lenses that employed coma of the same sign with the subject’s 
coma, increased the coma of the eye-lens combination. Lenses with 
opposite coma than the ocular coma decreased the on-eye aberration 
coma, and even reversed it.
Conclusions: Modulation of on-eye spherical aberration and coma 
in a predictable manner employing custom-designed hydrogel lenses 
was achieved in normal eyes. Such lenses can be very useful in 
normal eyes with subtle high-order aberrations. Wavefront correction 
dispensing can be personalized, based on the design of customized 
contact lenses.
Commercial Relationships: Donnie Akers; George Asimellis, 
None; Lefteris Karageorgiadis, Eye Art Contact Lens Laboratories 
(P); Costas Katsoulos, None; Nikos Vasileiou, None
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Performance of Spherical and Wavefront-Guided Scleral Lenses 
in Keratoconus
Roxana T. Hemmati, Gareth D. Hastings, Lan Chi Nguyen, 
Jason D. Marsack, Raymond A. Applegate. University of Houston 
College of Optometry, Bellaire, TX.
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Purpose: The purpose of this study is to compare the measured 
optical performance of a spherical scleral lens (Sph) design and 
wavefront-guided scleral lens (WFG) design using the metrics of high 
order root mean square (HORMS) wavefront error and visual Strehl 
ratio (VSX) compared to age-matched normals over a 5mm pupil.
Methods: Wavefront error was measured 3 times using a COAS 
HD wavefront sensor, scaled to 5mm and averaged on each eye of 
4 subjects (8 eyes) with keratoconus (KC) for 3 conditions: 1) with 
no correction, 2) with a Sph and 3) with a WFG. Average Zernike 
coefficients for each eye and each condition were then used to 
calculate both HORMS and logVSX and were compared to  
age-matched normals.
Results: On average, the Sph reduced HORMS levels by 65% 
(range: 49% to 88%) compared to the uncorrected eye. Two of the 8 
eyes achieved normal levels of HORMS during wear of the Sph. The 
addition of the WFG correction to the Sph further reduced HORMS 
allowing at least 1 eye of each subject to reach age-matched normal 
levels (6 of 8 eyes). When compared to the uncorrected eye, the WFG 
lens showed an average reduction of 77% in HORMS (range: 70% 
to 89%). When considering logVSX, only 1 eye in 1 subject reached 
age-matched normal levels with the Sph. When compared to an 
uncorrected eye, logVSX improved by an average of 41%  
(range: 25% to 57%). The addition of the WFG correction to the 
Sph showed an improvement in all 8 eyes. When compared to an 
uncorrected eye, logVSX improved by an average of 56%  
(range: 42% to 69%). Two eyes in 1 subject achieved age-matched 
optimized levels of logVSX with the WFG lens correction.
Conclusions: Although the Sph reduced levels of HORMS, the 
additional reduction with the WFG correction allowed typical levels 
of HORMS to be achieved in the majority of eyes and improved 
visual image quality as quantified by logVSX. Using a metric like 
VSX, that has been shown to be predictive of visual performance, 
may help explain the observation that some subjects with low 
HORMS continue to experience reduced perceived image quality 
while wearing either the Sph or WFG lenses.
Commercial Relationships: Roxana T. Hemmati, None; 
Gareth D. Hastings, None; Lan Chi Nguyen, None; 
Jason D. Marsack, None; Raymond A. Applegate, None
Support: NIH EY019105
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Optimizing scleral lens prescriptions in highly aberrated eyes
Lan Chi Nguyen, Gareth D. Hastings, Roxana T. Hemmati, 
Raymond A. Applegate, Jason D. Marsack. Optometry, University of 
Houston, Houston, TX.
Purpose: Given the limitations of manufacturing and fitting 
wavefront-guided scleral contact lenses (WFG) that target higher 
order aberrations (HOAs), this investigation models visual image 
quality to examine whether the actual benefits afforded by WFG 
lenses in highly aberrated eyes might equally result from an 
optimized sphero-cylindrical correction. Secondly, we quantify the 
potential improvement in visual image quality that could be achieved 
by escalating the complexity of the correction from spherical to 
WFG, with and without optimization.
Methods: Wavefront error (WFE) data were collected using the 
COAS HD wavefront sensor on 8 highly aberrated eyes of 4 subjects 
corrected with 1) a spherical scleral contact lens and 2) a wavefront-
guided scleral contact lens targeting aberration through the 5th radial 
order. The visual image quality metric visual Strehl (VSX) was 
calculated for each of the WFEs. An optimization algorithm that 
seeks the best VSX as a function of sphere and sphero-cylindrical 
corrections was applied to each of the WFEs. The clinically 

meaningful comparisons for VSX were 1) sphere lens (Sph) to 
optimized spherical lens (opSph) 2) sphero-cylindrical lens (SCA) 
to optimized sphero-cylindrical lens (opSCA); 3) SCA to WFG; 
4) opSCA to WFG. A significant difference was defined as a just 
noticeable difference (JND) in blur (change in log VSX of 0.049; and 
6.1 JNDs in one line of VA)[i].

[i] Ravikumar et al. 2011 J Cataract Refract Surg.
Results: The results for the above comparisons were 1) Sph to 
opSph: opSph was better than Sph for 6 eyes (range 4 to 20 JNDs), 2) 
SCA to opSCA: opSCA was better than SCA for all 8 eyes (range 2 
to 27 JNDs); 3) SCA to WFG: WFG was better than SCA for 7 eyes 
(range 1 to 28 JNDs); 4) opSCA to WFG: opSCA was better for 6 
eyes (range 3 to 16 JNDs) and WFG was better for 2 eyes (1 JND).
Conclusions: Our findings suggest that better visual image quality 
can be achieved in most cases by objectively optimizing traditional 
corrections or by applying WFG prescriptions. The 6 of 8 eyes where 
the theoretical opSCA lens outperformed actual WFG lens indicate 
that better visual image quality can potentially be achieved with this 
simpler form of corrections in some patients with highly aberrated 
eyes.
Commercial Relationships: Lan Chi Nguyen, None; 
Gareth D. Hastings, None; Roxana T. Hemmati, None; 
Raymond A. Applegate, University of Houston (P); 
Jason D. Marsack, University of Houston (P)
Support: NIH EY019105
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APPLYING MEASURED LEVELS OF RIGID LENS HORMS 
REDUCTION TO A LARGE, SIMULATED SAMPLE OF 
KERATOCONIC WAVEFRONT ERRORS
Jason D. Marsack1, Gareth D. Hastings1, Roxana T. Hemmati1, 
Lan C. Nguyen1, Jos Rozema2, 3, Raymond A. Applegate1. 1Optometry, 
University of Houston, Houston, TX; 2Ophthalmology, Antwerp 
University Hospital, Antwerp, Belgium; 3Faculty of Medicine and 
Health Sciences, University of Antwerp, Antwerp, Belgium.
Purpose: The mainstay of correction for the highly aberrated eye is 
the rigid (corneal, scleral, hybrid) contact lens, which serves to mask 
a percentage of the higher order aberration (HOA) originating from 
the anterior corneal surface. The purpose of this study was to apply 
the percentage of higher order root mean square (HORMS) reduction 
observed in a sample of eyes during scleral contact lens wear to 
a large, simulated population of eyes with keratoconus (KC) and 
compare the remaining level of uncorrected HORMS to levels seen in 
the normal population.
Methods: Wavefront aberration data were quantified over a 5mm 
pupil from eight highly aberrated eyes of four subjects under two 
conditions: 1) uncorrected and 2) in the presence of a spherical 
scleral contact lens correction (sSCL). An average % reduction 
in HORMS with the sSCL was calculated for the 3rd and 4th radial 
orders, as well as for total higher order RMS. A population of 1000 
aberration structures simulating 5mm keratoconus wavefront error 
were produced using a statistical wavefront model. To generalize the 
efficacy of typical rigid lens corrections to the larger population of 
individuals with keratoconus, the average reduction in HORMS was 
then applied to the 1000 simulated aberration structures.
Results: The average reduction in total HORMS during sSCL wear 
was 65% ± 13%, similar to levels observed in the literature for rigid 
lens wearing post-surgical eyes. When examined by order, levels 
of reduction were 68% ± 12% for the 3rd order and 53% ± 28% for 
the 4th order. Of the 1000 simulated eyes, only 0.3% fell within the 
normal range of (HORMS < 0.342um) when evaluated uncorrected. 
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When typical levels of HORMS reduction were applied, this number 
increased to 21.9%. The level of masking needed to ensure correction 
of 95% of the simulated sample to typical levels of HORMS is 90%.
Conclusions: Passive correction reduces HOA in the 3rd and 4th 
orders. When the efficacy of rigid lenses is applied to the larger 
population of simulated KC eyes, there is a segment that will 
continue to suffer from elevated levels of higher order aberration. It 
is hypothesized that those with the most to gain from personalized, 

wavefront-guided contact lens corrections will originate from this 
group.
Commercial Relationships: Jason D. Marsack; 
Gareth D. Hastings, None; Roxana T. Hemmati, None; 
Lan C. Nguyen, None; Jos Rozema, None; Raymond A. Applegate, 
University of Houston (P)
Support: NIH EY019105


