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Near-infrared autofluorescence imaging reveals the retinal 
pigment epithelial mosaic in the living human eye
Charles E. Granger1, 2, David R. Williams1, 2, Ethan A. Rossi3. 
1The Institute of Optics, University of Rochester, Rochester, NY; 
2Center for Visual Science, University of Rochester, Rochester, NY; 
3Department of Ophthalmology, School of Medicine, University of 
Pittsburgh, Pittsburgh, PA.
Purpose: Individual retinal pigment epithelial (RPE) cells have 
previously been imaged using short wavelength autofluorescence 
(SWAF) excitation of lipofuscin in adaptive optics scanning light 
ophthalmoscopy (AOSLO). Fluorescence imaging of RPE cells at 
longer wavelengths could be safer. Near-infrared autofluorescence 
(NIRAF), thought to originate from melanin in the RPE and 
choroid, has been observed in commercial confocal scanning laser 
ophthalmoscopy but the mosaic has not been resolved in vivo at these 
wavelengths. Imaging RPE cells via fluorophores in the NIR could 
provide new information about RPE morphology in the living eye.
Methods: A near-infrared superluminescent diode (790 nm cutoff) 
was used for simultaneous NIRAF excitation and reflectance imaging 
in AOSLO. The light from the eye was split into reflectance and 
NIRAF (805–900 nm) channels. Automated placement of the NIRAF 
detector and confocal pinhole maximized signal collection. NIRAF 
images were acquired at many retinal locations in five normal human 
eyes and one with early drusen. Excitation powers of 60–120 µW 
were used for 50–100 s exposures over a 1.5° square field of view. 
NIRAF images were co-registered using the reflectance channel as a 
motion reference. In three subjects, NIRAF images were compared to 
previously acquired SWAF images.
Results: High resolution NIRAF images revealed individual RPE 
cells in all eyes, at the fovea and extending to the most distant 
eccentricities tested (~15 degrees). Cells appeared similar to SWAF 
images with a dark center and bright border. Cells were co-localized 
in each modality, though NIRAF permitted additional cells to be seen 
beneath retinal vasculature (Fig. 1).
Conclusions: Individual RPE cells can be imaged with NIRAF in 
AOSLO at typical reflectance imaging light levels. This method 
reduces many of the challenges associated with SWAF RPE 
imaging including light safety concerns and the need for chromatic 
aberration compensation. Additional cells may be seen beneath 
retinal vasculature in NIRAF due to lower absorption of longer 
wavelengths by blood. NIRAF imaging may allow improved clinical 
implementation of RPE cell imaging in normal and diseased eyes, 
and additionally provide a complementary view of fluorophores 
within cells.

SWAF and NIRAF RPE images from separate time points at 12° 
temporal. Cell visibility is increased beneath vasculature (arrows) in 
NIRAF.
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In vivo imaging of human retinal ganglion cells with AO-OCT
Zhuolin Liu, Kazuhiro Kurokawa, Furu Zhang, Donald T. Miller. 
School of Optometry, Indiana University, Bloomington, IN.
Purpose: Glaucoma is a neurodegenerative disorder characterized 
by the progressive loss of retinal ganglion cells (RGC) and is a 
leading cause of blindness worldwide. While effective therapeutics 
exist, early detection of RGC loss has remained elusive regardless 
of method. Here we propose a new method based on adaptive optics 
optical coherence tomography (AO-OCT) that permits visualization 
of individual RGC soma in vivo and thus the potential for direct 
detection of cell loss.
Methods: Four healthy subjects (age: 24-50 yrs) were imaged at five 
macular locations (1.5°-3°, 3°-4.5°, 6°-7.5°, 8°-9.5°, and  
12°-13.5°) temporal to the fovea using the Indiana AO-OCT  
system. Corresponding nasal locations were also imaged for one 
of the subjects. For each retinal location, 1.5°x1.5° field-of-view 
AO-OCT videos were acquired with system focus at the RGC 
layer. Volumes were registered in three dimensions with subcellular 
accuracy and averaged to increase image contrast of RGC somas. 
In post processing, spatial coordinates of RGC soma centers were 
identified and marked manually using custom software. Soma 
coordinates were used to determine soma stack depth, density, and 
diameter. Voronoi analysis was used for RGC density measurement 
with exclusion of blood vessels.
Results: A 3D mosaic of RGC somas was observed in every subject 
and retinal eccentricity imaged, a total of 25 locations. The stack 
depth reached a maximum of 4 to 5 somas near 3°, decreased rapidly 
towards the fovea and more slowly to a minimum stack depth of one 
further away. A stack depth of two or more somas was observed up to 
8°-9.5° and a single depth at 12°-13.5°. In the two subjects processed 
to date, average soma densities (cells/mm2) were 16,741 (1.5°-3°), 
19,824 (3°-4.5°), 12,921 (6°-7.5°), 8,928 (8°-9.5°), and 3,743  
(12°-13.5°). The distribution (average ± stdev) of soma diameter 
increased from 13.0±2.8µm at 1.5°-3° to 14.5±3.3 µm at 12°-13.5°. 
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The vast majority of the somas were of small size (12-15 µm), but 
notably larger somas (20-22 µm) were also observed and became 
more numerous with retinal eccentricity. Our measurements of soma 
stack depth, density, and diameter are consistent with histologic 
reports [1].
Conclusions: AO-OCT imaging permits visualization and 
quantification of human RGC somas across the macula. To the best of 
our knowledge, this is the first report of the 3D distribution and size 
of RGC soma in the living human eye.
[1] Curcio CA, et al. J.Comp.Neurol. 1990.
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Two-photon fluorescence lifetime ophthalmoscopy of intrinsic 
fluorophores on a cellular scale in the living macaque
James Feeks1, 2, Sarah Walters1, 2, Christina Schwarz2, 
Jennifer J. Hunter3, 2. 1The Institute of Optics, University of 
Rochester, Rochester, NY; 2Center for Visual Science, University 
of Rochester, Rochester, NY; 3Flaum Eye Institute, University of 
Rochester, Rochester, NY.
Purpose: Fluorescence lifetime imaging quantifies the decay times of 
fluorophores and is sensitive to the environment of the fluorophore, 
which may be useful for early detection of changes in cell health. 
By combining fluorescence lifetime imaging with adaptive optics 
two-photon excited fluorescence ophthalmoscopy, we provide a novel 
technique to interrogate at a cellular level the properties of intrinsic 
fluorophores involved in cellular metabolism and the visual cycle.
Methods: For adaptive optics fluorescence lifetime imaging 
ophthalmoscopy (AOFLIO), a single photon counting detector and 
time-correlated single photon counting module were added to the 
fluorescence detection path of a two-photon adaptive optics scanning 
light ophthalmoscope. AOFLIO was performed in 2 macaques. 
Fluorescence was excited using 7 mW of 730 nm light and emission 
<550 nm collected for 150 s. Fluorescence lifetimes were determined 
for each pixel containing >500 photons by fitting exponential decay 
curves to photon arrival time histograms. Cones and rod regions were 
identified using the simultaneously collected fluorescence intensity 
image. For comparison, fluorescence lifetime images of fixed 
macaque retina were captured using the microscope arm of the same 
instrument. Wilcoxon rank-sum test was used to test for significance.
Results: AOFLIO of the photoreceptor mosaic revealed significantly 
different (p = 0.001) mean lifetimes for cones (260 ± 60 ps; n = 731 
cones) and rod regions (200 ± 18 ps; 8 locations in 2 macaques)  
(fig. 1). Some cones were difficult to distinguish in the intensity 
image but were identifiable in the lifetime image. In contrast, lifetime 
measurements of fixed macaque rods and cones showed no significant 
differences (p = 0.75).
Conclusions: AOFLIO using two-photon excitation makes possible 
measurements of the fluorescence lifetime of intrinsic retinal 
fluorophores at a cellular scale in the living macaque. AOFLIO 
revealed differences in fluorescence lifetime between rods and 
cones in vivo but not in fixed retina, emphasizing the importance of 
investigating retinal processes in their natural environment. AOFLIO 
may be a new method for distinguishing cell classes in the retina by 
their fluorophore composition or environment.

Fig. 1. Two-photon excited fluorescence images of in vivo macaque 
photoreceptors. Cones can be distinguished by their longer 
fluorescence lifetime.
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Spectral sensitivity of the cone photoreceptor intrinsic reflectance 
response
Robert F. Cooper1, 2, William S. Tuten1, 2, Alfredo Dubra3, 
David H. Brainard2, Jessica I. Morgan1, 4. 1Ophthalmology, 
Scheie Eye Institute, University of Pennsylvania, Philadelphia, 
PA; 2Psychology, University of Pennsylvania, Philadelphia, PA; 
3Ophthalmology, Stanford University, Stanford, CA; 4Ophthalmology, 
Center for Advanced Retinal and Ophthalmic Therapeutics, 
University of Pennsylvania, Philadelphia, PA.
Purpose: Adaptive optics (AO) videos of the human cone mosaic 
have shown that visible light stimuli induce changes in infrared 
reflectivity. We have recently demonstrated that this infrared 
reflectance response is irradiance-dependent, suggesting a causal 
link between intrinsic reflectance and cone function. Such a link 
predicts that the spectral sensitivity of the reflectance response should 
approximately follow the luminous efficiency function. Here, we test 
this prediction.
Methods: Five subjects were imaged using an AO scanning light 
ophthalmoscope. After 2 minutes of dark adaptation, 1x1° videos 
were obtained 0.6° from the fovea using a 790nm imaging light. Four 
seconds after the start of each video a 2 second stimulus of varying 
wavelength and irradiance was delivered to half of the imaging raster. 
Temporal reflectance signals were extracted at each cone location 
and standardized to their pre-stimulus values. The standard deviation 
(SD) of reflectance was calculated separately for the stimulated and 
unstimulated cones at each time point, and the unstimulated SD was 
subtracted from the stimulated SD to obtain the reflectance response. 
For each subject, responses were measured at 2 wavelengths (550 
and 510nm) and 4 retinal irradiances per wavelength (390, 140, 
17 and 2nW/degree2). These data were combined with previously 
reported data for the same subjects/procedures, obtained using a 
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675nm stimulus with luminosity-matched irradiances. From these 
data, response amplitude versus irradiance plots at each of the three 
wavelengths were used to estimate the irradiance needed to obtain a 
criterion peak amplitude. These irradiances were normalized by the 
value for 550nm and inverted, providing a relative spectral sensitivity 
at 510 and 675nm. These were compared to the corresponding values 
from the CIE luminous efficiency function.
Results: A wavelength and intensity-dependent intrinsic reflectance 
response was observed in all subjects. The mean spectral sensitivities 
obtained for 510 and 675nm were 0.56 (range: 0.23-0.85) and 0.034 
(range: 0.007-0.067), respectively, in agreement with predictions 
from the luminous efficiency function at the same wavelengths 
(510nm: 0.52, 675nm: 0.03).
Conclusions: The measured spectral sensitivity of the cone intrinsic 
reflectance response approximated the luminous efficiency function, 
consistent with a link between the response and photopigment 
isomerizations.
Commercial Relationships: Robert F. Cooper, None; 
William S. Tuten, None; Alfredo Dubra, US Patent 8,226,236 (P), 
Meira GTX (C), Athena Vision (C); David H. Brainard, None; 
Jessica I. Morgan, US Patent 8,226,236 (P), AGTC (F), Canon, Inc. 
(F)
Support: NIH U01EY025477, Foundation Fighting Blindness, 
Research to Prevent Blindness Stein Innovation Award, the F. 
M. Kirby Foundation, the Paul and Evanina Mackall Foundation 
Trust,NIH R01EY025231,Glaucoma Research Foundation Catalyst 
for a Cure Initiative
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Differences in the distribution of cone density for younger vs. 
older healthy subjects
Ann E. Elsner, Joel A. Papay, Stephen A. Burns. Optometry, Indiana 
University, Bloomington, IN.
Purpose: Older subjects with healthy eyes have relatively lower 
cone densities than younger subjects, measurable in living eyes with 
adaptive optics scanning laser ophthalmoscope (AOSLO) despite 
large intra-Individual differences. We compared for each eye the 
distribution of cone density and retinal layer thicknesses at specific 
eccentricities as a function of meridian. We probed the extent to 
which older eyes have higher cone densities than younger eyes in 
specific locations, e.g. the parapapillary nasal retina.
Methods: To quantify aging changes at specific retinal locations, 
we used individual nasal, temporal, inferior, and superior meridian 
cone densities from the Indiana AOSLO aging norms. The 8 younger 
subjects were 24–32 yr, mean 27.2 yr. The 8 older subjects were 
51–65 yr, mean 56.2 yr). The effects of myopia on cone density 
and layer thickness were minimized by constraining refractive error 
and axial length. Spherical equivalent was +1.00 to -3.75 diopters 
for younger subjects and +2.50 to -3.75 D for older subjects. Using 
linear regression and 2 factor ANOVAs, we compared focal results, 
e.g. ratio of cone density for a given meridian to the average of all 4 
meridians.
Results: The ratio of cone density in the nasal retina to the average 
for all 4 meridians increased with retinal eccentricity, from 1.07 at 
300 microns to 1.25 at 1890 microns nasal to the fovea for older 
subjects, but only from .975 to 1.02 for younger subjects. This trend 
was not observed consistently for temporal retinas, and inferior 
and superior retina have lower cone density ratios overall. ANOVA 
comparing nasal vs. temporal retina indicated that both older and 
younger subjects had higher cone densities in the nasal than in 
temporal retina (p = .0006, p = .019, and p = .0016) at 1890, 2070, 
and 2160 microns nasal to the fovea, respectively. The tendency 

for the cone density ratio to be greater in parapapillary nasal retina 
occurs consistently in older eyes, and the interaction (meridian X age 
group) was statistically significant at 1890 microns nasal to the fovea 
(p = .0495).
Conclusions: Cone density, known to decrease systematically with 
increasing distance from the fovea, is relatively preserved in older 
eyes in nasal retina that is temporal to the peripapillary region. 
The parapillary region may offer relatively more resources for 
preservation of cones in aging.
Commercial Relationships: Ann E. Elsner, None; Joel A. Papay, 
None; Stephen A. Burns, None
Support: NIH grants EY026105, EY007624, EY004395
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Enhanced imaging of retinal vessels using a configurable aperture 
AOSLO
Kaitlyn Sapoznik, Ting Luo, Raymond L. Warner, Alberto De Castro, 
Lucie Sawides, Stephen A. Burns. Indiana University School of 
Optometry, Bloomington, IN.
Purpose: Multiply-scattered light retinal imaging enables 
visualization of retinal structures not apparent in confocal images. We 
tested the hypothesis that using a spatially programmable aperture 
could improve visualization of retinal features with an AOSLO.
Methods: A dual-beam AOSLO system was used to obtain confocal 
and multiply-scattered light images of the retinal vasculature in 5 
normal subjects. The first multiply scattered light channel (810 nm) 
is obtained using an offset aperture. A second imaging channel (780 
nm) generated three simultaneous images. The first was a confocal 
image and the remaining two multiply-scattered light channels were 
obtained by re-imaging the region outside the confocal aperture 
onto a micro-mirror array (TI-DLP 6500). MATLAB was used to 
program aperture shapes and display them on the array. The on-state 
of the array was reflected to one detector, the off state to another. 
We compared imaging with a split detection arrangement oriented 
at 0 and 45 degrees to a split annulus aperture (Fig. 1), rotated in 
45 degree increments and also using different radii. Videos were 
captured for each condition.
Results: Digital control of apertures allowed multiple comparisons 
within a single imaging session. Feature contrast depended 
systematically with aperture configuration. For instance as the inner 
radius of a split annulus was increased, vessel wall contrast decreased 
96% in one subject. In all subjects at highest inner radius remaining 
contrast was almost entirely from moving red blood cells. Contrast 
between the vessel walls and adjacent retina varied with aperture 
type and angle (Fig. 1). Varying the rotation for split detection and 
split annular apertures changed the visibility of flow and structures 
orthogonal to the orientation. Split annuli provided excellent visibility 
of mural cells for both venules (Fig. 1B) and arterioles (Fig. 2).
Conclusions: Varying rotation of split detection and split annuli 
apertures enables enhanced visualization of the retinal vessel walls. 
The configurable aperture approach, which could be changed from 
frame to frame, should allow rapid imaging of retinal cellular features 
in a controlled manner.
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Fig. 1. Aperture configuration impacts image contrast. Comparison 
of imaging using a split detector (A) and a split annulus (B). White 
rectangles indicate sample areas for contrast calculation. Note the 
inferior branch of the venule (3) wall structure is more apparent in B.
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Retinal cell refractive model describes the source of the contrast 
in split-detector ophthalmoscopy
Andres Guevara-Torres1, 2, Christina Schwarz1, David R. Williams1, 2, 
Jesse B. Schallek3, 1. 1Center for Visual Science, University of 
Rochester, Rochester, NY; 2The Institute of Optics, University 
of Rochester, Rochester, NY; 3Flaum Eye Institute, University of 
Rochester, Rochester, NY.
Purpose: Split-detector and offset aperture imaging are two 
recent approaches in ophthalmoscopy that enable visualization of 
translucent cells such as ganglion cells in the living eye. However, 
the mechanism producing optical contrast is not fully understood. 
Here we develop and test an optical model based on changes in 
refractive index in combination with deeper backscattering layers that 
gives rise to the asymmetric contrast that characterizes split-detector 
and offset aperture images of retinal cells.
Methods: The model treats retinal cell bodies at the illumination 
focal plane as tiny spherical lenses. When a focused beam is scanned 
across a cell, the illuminating beam is deviated from the optical 
axis in the direction consistent with the optical power of that cell. 
Beams passing through the left and right of the cell will be steered 
into opposite directions. In each case, the deviated beams strike 
layers beneath the cell that scatter the light back toward the detector. 
Lateral displacement of the detector from the optical axis, which is 
used in split-detector and offset methods then favors light passing 
through one side of the cell over the other. This was computationally 
modelled in MATLAB using Fourier optics. Predictions from this 
model were verified through simulation as well as experimental 
tests in the living macaque and mouse retinas using adaptive optics 
scanning light ophthalmoscopes with split-detector and offset 
capabilities.
Results: Computer simulations based on cell shapes and refractive 
indices produced images with the same asymmetry observed 
empirically, one side of the cell appearing light and the other dark. 
The model also predicted the contrast polarity seen on the convex 
edges of red blood cells surrounded by plasma. Further instructed by 
a prediction of this model, we experimentally observed an increase in 
image quality when the detector is displaced axially towards deeper 
reflective layers (photoreceptors-choroid) and a decrease in quality 
when the detector was displaced by the same amount towards the 
vitreous.
Conclusions: Both simulations and experimental data from living 
eyes support this refined optical model of the source of contrast in 
offset aperture and split-detector images. The model not only offers a 
new framework to explain the source of contrast, but also prescribes 
a method to optimize image quality and contrast in this new imaging 
modality.
Commercial Relationships: Andres Guevara-Torres, University 
of Rochester (P), Canon Inc. (F); Christina Schwarz, None; 
David R. Williams, Canon Inc. (R), University of Rochester (P), 
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