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Program Number: 2492
Presentation Time: 8:30 AM–8:45 AM
Visual acuity and optical resolution in two-photon infrared vision
Pablo Artal1, Silvestre Manzanera1, Katarzyna Komar2, 
Adrian Gambin1, Maciej Wojtkowski3. 1Laboratorio de Optica, 
Universidad de Murcia, Murcia, Spain; 2Faculty of Physics, Nicolaus 
Copernicus University, Torun, Poland; 3Institute of Physical 
Chemistry, Polish Academy of Sciences, Warsaw, Poland.
Purpose: Humans can detect infrared light at wavelengths over 1000 
nm perceived as visible light of the corresponding half wavelength. 
This is due to a two-photon (2P) process and requires the use of 
pulsed light sources well focused in the retina. Although this effect 
was known for several decades, the spatial properties of 2P vision in 
comparison to normal vision are not yet elucidated.
Methods: We developed an experimental system to measure, for the 
first time, both the visual and optical resolution of the eye when is 
stimulated with infrared and compared with visible light. The setup 
is based on a set of scanning mirrors to project letters on the retina 
using either pulsed infrared light (around 500 femtoseconds pulse 
duration) 1043 nm or continuous green light at 543 nm. Considering 
the diffraction effects, two different artificial pupil diameters were 
used, 1 mm in visible and 2 mm in infrared, to assure that the 
scanning spots were equal in size for both wavelengths. Visual acuity 
(VA) was measured using a standard adjustment method to determine 
the smallest letter size that was distinguishable for each wavelength 
for a range of defocus values. An additional optical path allowed us 
to record the double-pass images of a point source in the retina for 
both wavelengths using an electro multiplying CCD camera. Both 
VA and double-pass images were obtained as a function of defocus 
in 6 normal volunteers. The experimental double-pass images were 
compared with those recorded in an artificial model eye.
Results: Although there was some variability between subjects the 
average best VA was found to be similar for both visible (0.00±0.10 
LogMAR) and infrared light (0.01±0.06 LogMAR). The difference 
in focus (1.5 D) between the best VA positions for both wavelengths 
is in agreement with the longitudinal chromatic aberration (~1.4 D). 
Numerical simulations and measurements in the model eye show 
that the double-pass images were similar in size for both visible and 
infrared light after correction of the diffraction effects.
Conclusions: The spatial resolution of two-photon vision is the 
same as in normal visible light. Vision triggered by a non-linear 
process in the infrared does not provide any advantage in terms of 
visual acuity. However, the use of 2P infrared vision may have some 
future potential applications for vision in those cases where the 
optical media is opaque to visible wavelengths while keeping some 
transparency in the infrared.
Commercial Relationships: Pablo Artal, None; 
Silvestre Manzanera, None; Katarzyna Komar, None; 
Adrian Gambin, None; Maciej Wojtkowski, None
Support: European Research Council Advanced Grant  
ERC-2013-AdG-339228 (SEECAT), SEIDI, Spain  
(grant FIS2013-41237-R) & “Fundación Séneca,” Murcia, Spain 
(grant 19897/GERM/15).

Program Number: 2493
Presentation Time: 8:45 AM–9:00 AM
Photopic spatial summation in the central retina assessed with 
adaptive optics
William S. Tuten1, 4, Robert F. Cooper1, 4, Pavan Tiruveedhula2, 
Alfredo Dubra3, Austin Roorda2, David H. Brainard1, 
Jessica I. Morgan4, 5. 1Psychology, University of Pennsylvania, 
Philadelphia, PA; 2School of Optometry and Vision Science 
Graduate Group, University of California, Berkeley, Berkeley, CA; 
3Ophthalmology, Stanford University, Stanford, CA; 4Scheie Eye 
Institute, Ophthalmology, University of Pennsylvania, Philadelphia, 
PA; 5Center for Advanced Retinal and Ophthalmic Therapeutics, 
Ophthalmology, University of Pennsylvania, Philadelphia, PA.
Purpose: Anatomical and physiological evidence suggests that 
spatial pooling of cone signals in the primate fovea is minimal, 
but linking these findings to their perceptual correlates in humans 
is challenging, in part due to uncertainties introduced by optical 
aberrations and fixational eye movements. We used an adaptive 
optics scanning light ophthalmoscope (AOSLO) with high-speed 
retinal tracking to bypass these obstacles and examine the spatial 
characteristics of photopic signal integration in the central retina.
Methods: A multi-wavelength AOSLO was used to image the retina 
and deliver stimuli to three targeted locations along the temporal 
meridian between the fovea and 3.25 degrees. Three subjects with 
no known retinal pathology participated. Increment thresholds were 
assessed using monochromatic (λ = 550 nm) circular stimuli of 
varying diameter (0.4 to 9.3 arcmin) presented against a dim red 
background (8 cd/m2). At each size and eccentricity, thresholds were 
measured three times using 20-trial adaptive staircases. Parallel  
full-frame imaging in the infrared (λ = 790 nm) and stimulus 
channels enabled compensation for transverse chromatic aberration. 
Average log thresholds were plotted against log stimulus area 
and fit using a two-segment linear regression with the two slopes 
constrained to be -1 and 0; the spatial summation area was taken 
as the intersection of the two segments. When image resolution 
permitted, the number of cones comprising the summation area was 
counted directly from the AOSLO images.
Results: In the fovea, the summation area was 4.2 ± 0.7 arcmin2 
(mean ± 1 SD). Extant histological data (Curcio et al, 1990) indicate 
that this area corresponds to approximately 19 cones. At 2 and 3.25 
degrees, summation areas increased to 7.8 ± 1.5 and 32.1 ± 11.2 
arcmin2. We determined directly from our AO images that, for our 
subjects, these areas correspond to 11 ± 1.5 and 24 ± 8.4 cones.
Conclusions: The spatial summation area for detection was measured 
in the central retina using diffraction-limited, retinally-stabilized 
stimuli. In the fovea, the majority of ganglion cells belong to the 
midget class and are thought to be driven by a single cone; however, 
the neural summation area in this region spans multiple cones, 
suggesting that either our stimulation paradigm favors detection 
by a coarser retinogeniculate pathway (e.g. magnocellular) or that 
additional summation occurs post-retinally.
Commercial Relationships: William S. Tuten, None; 
Robert F. Cooper, None; Pavan Tiruveedhula, None; 
Alfredo Dubra, US Patent 8,226,236 (P), Meira GTX (C), Athena 
Vision (C); Austin Roorda, University of Rochester, University of 
Houston (P); David H. Brainard, None; Jessica I. Morgan, AGTC 
(F), Canon, Inc (F), US Patent 8226236 (P)
Support: NIH U01EY025477; NIH R01EY023591; NIH 
R01EY025231; Foundation Fighting Blindness; Research to Prevent 
Blindness Stein Innovation Award; F. M. Kirby Foundation; Paul and 
Evanina Mackall Foundation Trust; Glaucoma Research Foundation 
Catalyst for a Cure Initiative
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Program Number: 2494
Presentation Time: 9:00 AM–9:15 AM
The effect of moderate myopia on rod and cone photoreceptor 
densities in human eyes using AO-SLO imaging
Elaine Wells-Gray, Stacey S. Choi, Nathan Doble. College of 
Optometry, Ohio State University, Columbus, OH.
Purpose: It is known from histology and adaptive optics  
(AO)-scanning laser ophthalmoscopy (SLO) imaging that cone 
photoreceptor density tends to be lower in myopic eyes compared 
to emmetropes. The aim of this study was to use AO-SLO imaging 
to further examine the role of myopia on photoreceptor packing 
by examining variations in both rod and cone densities at retinal 
locations ranging from the fovea to mid-periphery (30°) in healthy 
human subjects.
Methods: The right eyes of 6 heathy human subjects age 22–27 
with spherical refractive error ranging from +0.25 D to -4.25 D were 
imaged using AO-SLO at retinal locations ranging from 30° temporal 
(TR) to 30° nasal (NR) of the fovea. Subjects were grouped as either 
emmetropic (n=3, spherical equivalent (SE) = +0.25 D to -0.75 D) 
or myopic (n=3, SE = -2.375 D to -4.25 D). The AO system used 
a Shack-Hartmann wavefront sensor and a 97 actuator deformable 
mirror to measure and correct for aberrations, with 680 nm light used 
for both imaging and AO correction. Field of view was 0.7°  
x 1.0°. Frames were registered to remove eye motion and averaged to 
increase signal to noise ratio. At each location, cone and rod densities 
were measured.
Results: 
Rod density was lower for myopes at all locations except 3° TR and 
3° NR (where density was higher by 3.8% and 2.2% respectively). 
The greatest differences were observed at 15° TR, 5° NR, and 10° 
NR where rod densities were 27.5%, 27.1%, and 27.2% lower for 
myopes (85,500 vs 118,000 rods/mm2; 57,700 vs 79,100 rods/mm2; 
and 84,600 vs 116,100 rods/mm2). Differences were statistically 
significant at 15° TR, 10° NR, 25° NR, and 30 ° NR (p<0.1). 
Averaged over all locations, rod density was 16.4% lower for myopes 
(standard deviation 10.4%). For cones, density was lower for myopes 
at all locations except 3°NR and 20°NR (where cone densities were 
higher by 1.9% and 0.2%, respectively). The greatest difference was 
observed at 15° TR, where cone density was 29.8% lower for myopes 
(5,300 vs 7,560 cones/mm2). Differences were statistically significant 
at 10° TR, 15° TR, 5° NR, and 25°NR (p<0.1). Averaged over all 
locations, cone density was 10.8% lower for myopes (standard 
deviation 8.7%).
Conclusions: The ability to accurately measure and monitor 
changes in photoreceptor density may lead to better understanding 
of the progression of myopia in adults and children, and also has 
implications for the study of retinal diseases.
Commercial Relationships: Elaine Wells-Gray, None; 
Stacey S. Choi, None; Nathan Doble, None
Support: NIH grant EY020901, and DOD TATRC grant 
W81XWH-10-1-0738

Program Number: 2495
Presentation Time: 9:15 AM–9:30 AM
Impact of Long-Term Neural Adaptation to Ocular Aberrations 
on Phase Perception
John T. Pirog1, 2, Antoine Barbot2, Geunyoung Yoon2, 1. 1Institute 
of Optics, University of Rochester, San Antonio, TX; 2Flaum Eye 
Institute, University of Rochester, Rochester, NY.
Purpose: Optical aberrations degrade the amplitude and phase 
relationships among spatial frequencies (SFs) in the retinal image. 
Furthermore, long-term exposure to optical aberrations progressively 
alters visual processing through neural adaptation mechanisms 

[Sabesan & Yoon, 2009; Barbot & al., 2016]. The goal of this study 
is to test the hypothesis that neural compensation for phase shifts 
between SFs is one of the mechanisms underlying this adaptive 
process.
Methods: Three subjects with Keratoconus (KC)–a corneal 
disease that progressively degrades optical quality in normally-
developed visual systems–were tested under full adaptive optics 
(AO) correction. Subjects reported the appearance of suprathreshold 
horizontal compound grating stimuli consisting of a fundamental 
frequency F (6 c/deg) and a secondary frequency 2F (12 c/deg). 
We manipulated the relative phase shift between the F and 2F 
components and asked subjects to judge whether the 2F component 
was phase shifted upwards or downwards relative to the F. Normal 
subjects (n=2) were tested under full AO correction and under AO-
induced vertical coma (±0.33 and ±0.66 µm). Data were fitted with 
a Weibull psychometric function to estimate the point-of-subjective 
equality (PSE)–the phase shift at which subjects perceived the 2F to 
be upwards or downwards 50% of the time.
Results: Under AO-correction, normal eyes accurately perceived 
the phase shift in the 2F frequency, with a PSE centered on 0° shift 
(-0.58±2.4°). Under induced vertical coma, normal eyes’ PSEs shifted 
either leftward or rightward with negative and positive vertical coma 
(±0.33 µm: ±11±4.5°; ±0.66 µm: ±24.6±2.4°), respectively. This 
shift was proportional to the magnitudes of induced coma suggesting 
that normal eyes are sensitive to alterations in phase relationships. 
Under full AO-correction, however, KC patients showed substantial 
alterations in perceived phase relationships, ranging from -16.94° to 
+26.25°, which may be explained by the habitual large-magnitude 
ocular aberrations.
Conclusions: We developed a method to accurately measure and 
assess sensitivity to phase shifts between SFs under various optical 
conditions. Our preliminary data additionally shows that under 
aberration-free conditions, KC eyes show measurable alterations in 
phase relationships between SFs. Altogether, our findings seem to 
suggest a neural compensatory mechanism for phase through long-
term exposure to ocular aberrations.
Commercial Relationships: John T. Pirog; Antoine Barbot, None; 
Geunyoung Yoon, Bausch and Lomb (F), Ovitz (F), Ovitz (C), 
Johnson and Johnson (F), Coopervision (F)
Support: NIH/NEI EY014999 and Research to Prevent Blindness

Program Number: 2496
Presentation Time: 9:30 AM–9:45 AM
Neural re-adaptation to improved optical quality with customized 
aberration correction
Antoine Barbot1, 2, Ramkumar Sabesan3, Tara C. Vaz1, 
Deborah S. Jacobs4, Duje Tadin2, Krystel R. Huxlin1, 2, 
Geunyoung Yoon1, 2. 1Ophthalmology, Flaum Eye Institute, Rochester, 
NY; 2Center for Visual Science, University of Rochester, Rochester, 
NY; 3Ophthalmology, University of Washington, Seattle, WA; 
4Boston Fondation For Sight, Boston, MA.
Purpose: Long-term adaptation to severely degraded optical quality 
due to large magnitude of ocular aberrations results in visual deficits 
in neural processing, especially at high spatial frequencies  
(Sabesan & Yoon 2009; Barbot et al. 2016). Here, we investigated 
whether neural plasticity induces visual recovery during the passive 
re-adaptation to improved optical quality.
Methods: Two advanced keratoconus subjects (4 eyes) were 
recruited for the study. Each subject was clinically fitted in both 
eyes with a PROSE (Prosthetic Replacement of the Ocular Surface 
Ecosystem) with conventional spherical optics. This lens is similar  
in principle to a scleral lens except that a customized peripheral 
haptic aligned with the sclera provides high-positional stability.  
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A custom-developed Shack-Hartmann wavefront sensor was used 
to assess image rotation and decentration of the lens with respect to 
the pupil center, and to measure residual aberrations of each KC eye 
wearing conventional PROSE. Customized PROSE with a wavefront-
guided front surface were then designed and manufactured. Residual 
ocular aberration of each eye and binocular visual performance 
(acuity and contrast sensitivity) with the custom PROSE were 
measured for up to 60 hours (KC1) and 27 hours (KC2), allowing us 
to quantify changes in optical and visual performance over time.
Results: Customized PROSE considerably reduced the amount of 
residual optical aberrations (RMS right after fitting–conventional: 
2.49±1.01 µm; custom: 0.41±0.18 µm). Improved optical quality 
with the fitted custom PROSE was stable over time (mean variation: 
.049±.02 µm and .042±.02 µm). Under this stable improved optical 
quality, both KC subjects showed a significant amelioration in high-
contrast visual acuity, by 1.5 lines (0.04 to -0.1 logMAR) and 1.3 
lines (-0.02 to -0.15 logMAR), respectively. Contrast sensitivity also 
improved following PROSE fitting by 2.85±29%, 68.5±1.7% and 
80±1.5% at 4, 8, 16 c/deg, respectively.
Conclusions: Passive neural re-adaptation to improved ocular optics 
helps recover deficits in neural processing imposed by long-term 
adaptation to large ocular aberrations, suggesting that interactions 
between optical and neural factors play a major role in visual 
functions. Future work will focus on further enhancement of this 
neural re-adaptation process by combining the use of customized 
vision correction technology with active visual training over longer 
time periods.
Commercial Relationships: Antoine Barbot, None; 
Ramkumar Sabesan, None; Tara C. Vaz, None; 
Deborah S. Jacobs, None; Duje Tadin, None; Krystel R. Huxlin, 
None; Geunyoung Yoon, Bausch and Lomb (F), Ovitz (F), Ovitz (C), 
Johnson and Johnson (F), Coopervision (F)
Support: NIH/NEI EY014999 and Research to Prevent Blindness

Program Number: 2497
Presentation Time: 9:45 AM–10:00 AM
Effect of crystalline lens’ aberrations on AO-simulation of IOLs 
in phakic eyes
Silvestre Manzanera1, Carmen M. Lago1, Lucia Hervella2, 
Lucie Sawides1, Eloy Villegas1, Pablo Artal1. 1Laboratorio de Optica, 
University of Murcia, Murcia, Spain; 2Voptica, Murcia, Spain.
Purpose: Adaptive optics visual simulators (AOVS) allow the 
prediction of visual outcomes with intraocular lenses (IOL) before the 
actual cataract surgery is performed. The effective phase profile of the 
IOL is induced in the phakic eye and visual performance is measured. 
While in this case the retinal image is affected by the cornea, lens 
and the induced IOL, after surgery the lens will not be present. In this 
context, we evaluate the impact of the lens’ aberrations on the AO 
simulation of IOLs in phakic subjects.
Methods: The experiment was performed monocularly using 
our AOVS laboratory prototype in 5 subjects. For each eye, the 
aberrations of the cornea and the whole eye were first measured and 
the lens’ aberrations estimated by direct subtraction. Visual acuity 
(VA) at best focus and two different contrasts (100% and 20%) was 
measured for 5 different conditions. The case with natural lens’ 
aberrations (case Natural), when the spherical aberration (SA) of the 
lens was either corrected (case –SA) or doubled (case +SA), and with 
all high order aberrations of the lens corrected (case –WA) or doubled 
(case +WA). Through-focus high contrast VA was also measured for 
a diffractive IOL for the cases ‘Natural’ and ‘-WA’. Three different 
pupil sizes, 3, 4.5 and 6 mm were tested for all conditions.
Results: In average, for the 4.5 mm pupil high contrast VA was 
found to be similar for all tested cases. The changes with respect to 

the Natural case were 0.00±0.20 (case -SA), 0.01±0.22 (case -WA), 
-0.02±0.17 (case +SA) and 0.04±0.24(case +WA) units of LogMAR. 
Observed differences were similar for the 3 and 6 mm pupils except 
for case ‘+WA’ at the largest pupil with a difference of 0.08±0.23 
units of LogMAR. For low contrast VA the absolute values of the 
differences were in average double than those found for high contrast 
but resulting in p<0.05 only for cases ‘+WA’ (4.5, 6 mm) and ‘-WA’ 
(3, 4.5 mm pupil). There were no differences in the measurements 
with the diffractive IOL profile for all the conditions.
Conclusions: Lens’ aberrations in phakic eyes play a minor role in 
the AO visual simulation of IOLs. AOVS can be accurately used prior 
to cataract surgery to predict future visual outcomes. In some special 
cases, the particular aberrations of the lens should be subtracted when 
inducing the IOL phase for an even better prediction.
Commercial Relationships: Silvestre Manzanera, Voptica 
(I); Carmen M. Lago, None; Lucia Hervella, Voptica (E); 
Lucie Sawides, None; Eloy Villegas, Voptica (I); Pablo Artal, 
Voptica (I)
Support: European Research Council Advanced Grant  
ERC-2013-AdG-339228 (SEECAT); SEIDI, Spain  
(grant FIS2013-41237-R); “Fundación Séneca,” Murcia, Spain  
(grant 19897/GERM/15)

Program Number: 2498
Presentation Time: 10:00 AM–10:15 AM
Image Quality Analysis of Keratoconic Eyes Corrected with 
Spectacles and RGP Contact Lenses
Shrikant R. Bharadwaj1, 2, Vinay Kumar Nilagiri1, 2, 
Sangeetha Metlapally3, Clifton Schor3. 1Prof. Brien Holden Eye 
Research Centre, L V Prasad Eye Institute, Hyderabad, India; 2Brien 
Holden Institute of Optometry and Vision Sciences, L V Prasad Eye 
Institute, Hyderabad, India; 3Vision Science Group, University of 
California Berkeley, Berkeley, CA.
Purpose: It is a common clinical observation in eyes with 
keratoconus that 1) high-contrast visual acuity is better with RGP 
contact lenses (CL’s) than with spectacles and 2) visual acuity tends 
to remain similar for a range of sphero-cylindrical refractions, 
more so with spectacles than with CL’s. This study determined the 
optical basis for these clinical observations through a computational 
image quality (IQ) analysis in cases with bilateral keratoconus when 
corrected with spectacles and RGP CL’s, vis-à-vis, age-matched 
controls.
Methods: Best-corrected normalized peak IQ (no units), dioptric 
location of peak IQ (i.e. best focus in diopters) and depth of focus 
(DOF; dioptric range where IQ is better than 70% of peak IQ) of the 
right eye of 12 cases (21.1±4.9yrs) and 20 controls (20.5±1.0yrs) 
were derived from a through-focus analysis of logNS IQ metric from 
-4D to +4D defocus in 0.01D steps, induced over the subjects own 
higher-order aberrations (HOA’s). Lower-order aberrations were set 
to 0µ in all analyses. HOA’s were measured using the IRX3 Imagine 
Eyes® wavefront aberrometer for 5mm pupil diameter following 
cycloplegia.
Results: Median (25th to 75th IQR) logMAR acuity of cases was 
significantly better with RGP CL’s [0.04 (-0.02 to 0.12)] than with 
spectacles [0.29 (0.10 to 0.52)] (p<0.001). Median RMS deviation 
of HOA’s (HORMS), peak IQ, best focus and DOF were 1.9µ (1.5 to 
2.4µ), -1.5 (-1.7 to -1.3), 0.5D (-0.6 to 1.4D) and 1.1D (0.6 to 2.6D), 
respectively, with spectacles, and 0.6µ (0.5 to 0.8µ), -1.1  
(-1.2 to -1.0), -0.7D (-1.2 to -0.2D) and 0.4D (0.3 to 0.8D), 
respectively, with RGP CL’s (p≤0.02 for all). All outcome measures 
of cases were significantly different from controls [logMAR acuity: 
-0.1 (-0.2 to -0.1); HORMS: 0.3µ (0.2 to 0.4µ); peak IQ: -0.7  
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(-0.8 to -0.6); best focus: -0.2D (-0.5D to -0.02D); DOF: 0.2D (0.2D 
to 0.3D)] (p≤0.008 for all).
Conclusions: Results of this computational analysis provide optical 
correlates of the aforementioned clinical observations, and reflect an 
improvement in the eye’s optical quality with RGP CL’s, vis-à-vis, 
spectacles. The difference in best focus with RGP CL’s and spectacles 
indicates that the clinical subjective endpoint of refraction of these 

eyes may shift significantly with the modality of optical correction. 
Even while RGP CL’s improve optical quality of keratoconic eyes 
over spectacles, it still remains inferior to that of age-matched 
controls.
Commercial Relationships: Shrikant R. Bharadwaj; 
Vinay Kumar Nilagiri, None; Sangeetha Metlapally, None; 
Clifton Schor, None


