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Purpost. Dysfunction of the retinal pigment epithelium (RPE) underlies numerous retinal
pathologies, but biomarkers sensitive to RPE change at the cellular level are limited. In this
study, we used adaptive optics optical coherence tomography (AO-OCT) in conjunction with
organelle motility as a novel contrast mechanism to visualize RPE cells and characterize their
3-dimensional (3D) reflectance profile.

MerHobs. Using the Indiana AO-OCT imaging system (4. = 790 nm), volumes were acquired
in the macula of six normal subjects (25-61 years). Volumes were registered in 3D with
subcellular accuracy, layers segmented, and RPE and photoreceptor en face images extracted
and averaged. Voronoi and two-dimensional (2D) power spectra analyses were applied to the
images to quantify RPE and cone packing and cone-to-RPE ratio.

Resurts. Adaptive optics OCT revealed two distinct reflectance patterns at the depth of the
RPE. One is characterized by the RPE interface with rod photoreceptor tips, the second by the
RPE cell nuclei and surrounding organelles, likely melanin. Increasing cell contrast by
averaging proved critical for observing the RPE cell mosaic, successful in all subjects and
retinal eccentricities imaged. Retinal pigment epithelium mosaic packing and cell thickness
generally agreed with that of histology and in vivo studies using other imaging modalities.

Concrusions. We have presented, to our knowledge, the first detailed characterization of the
3D reflectance profile of individual RPE cells and their relation to cones and rods in the living
human retina. Success in younger and older eyes establishes a path for testing aging effects in
larger populations. Because the technology is based on OCT, our measurements will aid in
interpreting clinical OCT images.
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he retinal pigment epithelial (RPE) is a monolayer of

cuboidal cells that lie immediately posterior to and in direct
contact with photoreceptors. Retinal pigment epithelium has a
fundamental role in the support and maintenance of photore-
ceptors and choriocapillaris. Its role is diverse, including
nutrient and waste transport, reisomerization of all-trans-retinal,
phagocytosis of shed photoreceptor outer segments, ion
stabilization of the subretinal space, secretion of growth
factors, and light absorption. It long has been recognized that
dysfunction of any one of these can lead to photoreceptor
degeneration and the progression of retinal disease, most
notably age-related macular degeneration, but also Best’s
disease, Stargardt’s disease, retinitis pigmentosa, and others.!

Much of what we know about the RPE and its interaction
with photoreceptors comes either from in vitro studies using
cultured RPE or animal models.'-* While these studies use
powerful methods, they are invasive, ultimately destroying the
tissue, and require extrapolation to not only the in vivo case,
but to the human eye. Over the last three decades, noninvasive
optical imaging methods have been established to probe
properties of the RPE in the living human eye using
autofluorescence,> multiply scattered light,°'2 and thickness
segmentation.'3 14

In recent years, high-resolution adaptive optics (AO)
imaging systems have advanced RPE imaging to the single cell
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level, providing first observations of individual RPE cells and
cell distributions in the living human eye.'> Such observations
hold considerable promise to elucidating age-? and disease-
related changes in RPE cell structure and density, both of which
remain poorly understood. The ability to measure the same
tissue repeatedly in longitudinal studies makes AO imaging
systems attractive for assessing disease progression and
treatment efficacy at the cellular level. Despite this potential
and early success, however, RPE imaging remains challenging
and has been largely confined to imaging select retinal locations
of young, healthy subjects.

Regardless of AO imaging modality used, two fundamental
properties of the retina inhibit RPE imaging: the waveguide
nature of photoreceptors that obscure spatial details of the
underlying RPE mosaic and the low intrinsic contrast of RPE
cells. Direct imaging of RPE cells with AO scanning laser
ophthalmoscopy (AO-SLO) has been demonstrated under
restricted conditions where the photoreceptors are absent, as
for example in localized regions of diseased retina,'® and in the
scleral crescent in the normal retina.'” For the rest of the retina,
other more advanced techniques are required. A dual-beam AO-
SLO has been used with autofluorescence of lipofuscin!>1® to
enhance RPE cell contrast, providing the most detailed study to
date of the RPE mosaic in the living primate eye. Extension of
this method to more clinical studies, however, remains
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challenged by the intrinsically weak autofluorescent signal and
difficulty to image near the fovea owing to the strong
excitation light that bleaches photopigment, causes subject
discomfort, and is absorbed by the macular pigment. More
recently, Scoles et al.'® demonstrated direct resolution of the
RPE mosaic using dark-field AO-SLO with near-infrared light,
though leakage from adjacent choroid and photoreceptors
reflections could not be eliminated.'®

Adaptive optics optical coherence tomography (AO-OCT)
also has been investigated??2! in large part because of its
micrometer-level axial resolution that can section the narrow
RPE band and avoid reflections from other retinal layers.
However, speckle noise intrinsic to OCT masks retinal
structures of low contrast, for example, RPE cells. Attempts
to minimize this noise have included bandpass filters centered
about the expected fundamental frequency of the RPE mosaic.
These first AO-OCT approaches revealed the complexity of the
problem and the need for improvements.

In this study, our solution was to combine AO-OCT with
subcellular registration and segmentation. We found the
combination of the two critical. First, this enabled us to
segment contributions of RPE cells from rod outer segment
tips (ROST), which for conventional OCT are unresolved and
identified as a single band by the International Nomenclature
for Optical Coherence Tomography Panel.?? Second, it enabled
us to average the registered RPE signal across time points
sufficiently spaced that the natural motion of cell organelles
enhanced cell contrast. With this method, we characterized
the three-dimensional (3D) reflectance profile of individual
RPE cells, including the contribution of ROST, as well as RPE
cell packing geometry, and spatial relation to the overlying
cone photoreceptors.

METHODS

Description of AO-OCT Imaging System

The Indiana AO-OCT system used in this study has been
described by Liu et al.?3 Relevant to this study, the AO-OCT
system used a single light source, a superluminescent diode
with central wavelength of 790 nm and bandwidth of 42 nm,
for AO-OCT imaging and wavefront sensing. Nominal axial
resolution of the system in retinal tissue (7 = 1.38) was 4.7 um
with axial pixel sampling at 0.93 pm/px. The systems acquired
A-scans at a rate of 250 KHz. The data stream from the system
was processed and displayed using custom CUDA software
developed for parallel processing by an NVIDIA Titan Z general
purpose graphic processing unit.>$2> Real-time visualization of
A-scans, fast and slow B-scans, and C-scan (en face) projection
views of the retinal layers of interest occurred at 20 frames per
second.

Experimental Design and Subjects

Six subjects, ranging in age from 25 to 61 years (S1 =25, S2 =
31, S3 =35, S4 =36, S5 =48, and S6 =61 years old) and free of
ocular disease, were recruited for the study. All subjects had
best corrected visual acuity of 20/20 or better. Eye lengths
ranged from 23.56 to 26.07 mm (S1 = 24.04, S2 =23.73, S3 =
24.96, S4 = 26.07, S5 = 25.4, and S6 = 23.56 mm) as measured
with the IOLMaster (Zeiss, Oberkochen, Germany) and were
used to correct for axial length differences in scaling of the
retinal images following the method of Bennett et al.2® All
procedures on the subjects adhered to the tenets of the
Declaration of Helsinki and were approved by the Institutional
Review Board of Indiana University. Written informed consent
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was obtained after the nature and possible risks of the study
were explained.

Intensity of the AO-OCT beam was measured at 400 uW at
the cornea and below the safe limits established by the
American National Standards Institute (ANSD?” for the retinal
illumination pattern used and length of the experiment (details
below). The right eye was cyclopleged and dilated with one
drop of tropicamide 0.5% for imaging and maintained with an
additional drop every hour thereafter. The eye and head were
aligned and stabilized using a bite bar mounted to a motorized
XYZ translation stage.

Adaptive optics OCT volumes were acquired at two retinal
locations, 3° and 7° temporal to the fovea, on all subjects.
These locations were selected as the RPE is known to have
different concentrations of melanin and lipofuscin, and, thus,
may provide a means to differentiate light scatter contributions
from the two organelles. Concentrations follow an inverse
relation with melanin peaking in the fovea and lipofuscin in the
periphery, generally at 7° or beyond.>?82° This inverse relation
is largely age-independent albeit the overall concentrations of
melanin and lipofuscin are age-sensitive with melanin decreas-
ing and lipofuscin increasing. While imaging the foveal center
would have maximized the difference in melanin concentra-
tion with that at 7°, AO-OCT images at 3° are easier to process
because the AO-OCT scan pattern is less distracting to the
subject and results in less eye motion artifacts. For each retinal
location, 30 to 35 AO-OCT videos (each ~4 seconds in
duration) were acquired at 3-minute intervals over approxi-
mately 90 minutes. For one subject (§5), the 90-minute
experiment was repeated 2 days later resulting in a total of
64 AO-OCT videos for that subject’s 3° location. Each video
consisted of 10 volumes acquired at a rate of 2.8 Hz. Volumes
were 1° X 1° at the retina and A-scans sampled at 1 pm/px in
both lateral dimensions. A fast B-scan rate of 833 Hz reduced,
but did not eliminate, eye motion artifacts.

Before collection of the AO-OCT volumes, system focus was
adjusted to optimize cone image quality, determined by visual
inspection of cones in en face images that were projected
axially through the portion of the AO-OCT volume that
contained the cone inner/outer segment junction (IS/OS; also
called the ellipsoid zone??3%) and cone outer segment tip
(COST) reflectance bands.3!

3D Image Registration and Data Analysis

Three-dimensional registration was applied to the entire AO-
OCT volume, followed by layer segmentation and data analysis
to the following four principle reflections: IS/OS, COST, ROST,
and RPE. These three processing steps were realized with
custom algorithms developed in MATLAB (Mathworks, Natick,
MA, USA). Registration and segmentation were based upon our
previously published registration algorithms,3%33 and data
analysis algorithms were new for this study.

The best AO-OCT volume of each 10-volume video was
selected based on the criteria of cone visibility in the en face
projection, minimal eye motion artifacts, and common overlap
with the other volumes selected for the same retinal location.
For some time points that we imaged, we could not meet this
selection criteria and therefore, volumes were not selected for
these points. This selection resulted in 24 to 35 volumes for
each retinal location with subject S5 having 64 volumes for 3°
because of the additional imaging session. All further
processing was applied to these selected volumes.

Critical in our method to individuate RPE cells was
correction of eye motion artifacts in all three dimensions as
these can be many times larger than the cellular features we
wanted to extract from the volumes. For axial segmentation,
we first registered each A-scan in the AO-OCT volume using a
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Ficure 1. Adaptive optics OCT cross-sectional and en face images
extracted from the photoreceptor-RPE complex in a 25-year-old
subject (S1) at 7° temporal retina. (a) Averaged B-scan and correspond-
ing A-scan profile of a registered AO-OCT volume reveal distinct
reflectance bands within the complex labeled IS/OS, COST, ROST, and
RPE. En face projection views of (b) single and (c¢) averaged registered
frames are shown for IS/OS + COST, ROST, and RPE layers. For brevity,
IS/OS and COST are shown combined due to their similar appear-
ance.3%38 Averaged, registered frames reveal darkened cone projec-
tions that are surrounded by a halo of elevated reflectance at ROST. A
similar pattern occurs at RPE, but of coarser grain and no apparent
relation to the cone mosaic. (d) Magnified views of the yellow
highlighted subregion in (c) provide better visualization of cellular
detail. For comparison, copies of the magnified images also are shown
with cell locations marked. (e) The same magnified cone view is shown
with all three marks superimposed. In the Supplementary Video S1,
frames #14, #24, #30, and #35 pertain to IS/OS, COST, ROST, and RPE,
respectively. As expected at 7° retinal eccentricity, the cone reflection
at I1S/0S (#14) appears multimodal and at COST (#24) single mode.>*
Scale bar: 50 pm.

two-step iterative cross-correlation method. Next, the IS/OS,
COST, ROST, and RPE layers were identified in each A-scan
using an automated algorithm based on multiple one-dimen-
sional cross-correlations.>?

Next, lateral eye motion was corrected using our stripe-wise
registration algorithm that we had validated previously for
investigations into cone photoreceptor temporal proper-
ties.3233 Because all pixels along an A-scan are acquired
simultaneously, eye motion is the same along the entire A-scan.
Thus, registration of the ROST and RPE images entailed stripe-
wise registration of the projected cone layers (IS/OS + COST)
from which registration coordinates then were applied directly
to the underlying ROST and RPE layers. In principle we could
have applied the stripe-wise registration directly to ROST and
RPE, but lack of robust image features in either case made this
difficult and there was little benefit to do so.

Finally, the motion-corrected cone (IS/OS 4 COST), ROST,
and RPE images were averaged across the selected volumes to
generate averaged, registered en face images for cone, ROST,
and RPE, an example of which is given in Figure 1. For
reference purposes, the depth at which the en face images
were extracted was measured relative to the IS/OS layer (zero
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location). The IS/OS was selected as the reference depth owing
to its strong reflectance and narrow axial extent.

The geometric arrangement of cone and RPE cells was
analyzed using Voronoi maps, a mathematical construct
frequently used for quantifying cell association in retina
tissue.3>'>16.19 Voronoi maps were generated using cone cell
centers that were identified automatically in the AO-OCT images
using previously described MATLAB code.?? Retinal pigment
epithelial cell centers were selected manually. From these maps
the following metrics were computed: Nearest neighbor
distance (NND), number of nearest neighbors, mean of Voronoi
side lengths, mean standard deviation of Voronoi side lengths,
Voronoi cell area, cell density, and cone-to-RPE ratio. Cell density
was defined as the ratio of total number of RPE cells (selected
cells in the Voronoi maps) to total area of RPE cells (summation
of the selected cell areas). Cone-to-RPE ratio was defined as the
ratio of cone to RPE cell densities.

Two-dimensional (2D) power spectra were computed of the
cone, ROST, and RPE en face images and served three purposes:
to compare frequency content of the three layers, quantify
average RPE cell spacing and density, and determine signal-to-
noise ratio (SNR) of the RPE signal in the images. Cell spacing
was determined from the radius of the ring of concentrated
energy in the power spectra corresponding to the cone and RPE
mosaic fundamental frequencies. All conversions to row-to-row
spacing assumed triangular packing. The SNR was defined as the
RPE peak signal (cusp of concentrated energy) divided by the
average noise floor in the power spectrum, and was calculated
for different numbers of images averaged (1, 10, 24, and
maximum images registered).

Additional 3D Data Analysis

To further characterize the ROST reflectance and axial
separation of IS/OS, COST, ROST, and RPE with retinal
eccentricity, AO-OCT data from a previously reported exper-
iment** were reanalyzed for subject S5. In that study, AO-OCT
volumes were acquired at eight retinal eccentricities along the
temporal horizontal meridian (0.6°, 2°, 3°, 4°, 5.5°, 7°, 8.5°, and
10°). The additional retinal eccentricities (eight instead of two)
and finer A-scan sampling (0.6 instead of 1.0 pm/px) provided
better assessment of rod presence with eccentricity (including
the rod-free zone3%) and individuation of rods. Best focus was
placed at the photoreceptor layer. Note that because volume
videos were acquired at effectively only one time point for
each retinal location, the RPE cell mosaic could not be
assessed.

At each retinal location, 10 AO-OCT volumes of the same
video were axially registered and then from each an averaged
A-scan and projected fast B-scan computed. For each A-scan,
the IS/0S, COST, ROST, and RPE peak locations were identified
manually and their depth location determined relative to IS/OS.
Depth location was averaged over the 10 volumes. From the
best volume (least apparent motion artifacts), en face images
were extracted of cone and ROST layers, and then superim-
posed as a false-color image denoting depth.

RESULTS

3D Imaging of Photoreceptor-RPE Complex

Volumetric patches of retina were successfully imaged and
registered in all six subjects and two retinal eccentricities.
Representative single and averaged, registered images acquired
at 7° retinal eccentricity in one subject are shown in Figure 1
(Supplementary Video S1 shows en face flythrough of the
averaged, registered volume). The averaged B-scan and averaged
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Ficure 2. Power spectra of en face images of Subject 1 at 7° temporal
retina. Left: Circumferential-averaged power is shown for cone (dash
dot), ROST (solid), and RPE (dot) layers. Right: Two-dimensional
power spectra displayed as grayscale image. To better visualize the ring
of concentrated energy, the 2D power spectra are cropped at 56 cyc/
deg (5.3 pum spacing).

A-scan profile in Figure la reveal distinct reflectance bands
within the photoreceptor-RPE complex. These are labeled IS/
OS, COST, ROST, and RPE with their corresponding single-frame
en face projections shown in Figure 1b. As expected, the single
en face frame (Fig. 1b, top) reveals a regular pattern of bright
punctate reflections, each originating from an individual cone
cell and consistent with that reported previously with AO-
OCT.2131,32,34,36-38 {Jplike the cone reflection, a regular pattern
is not evident in single-frame images of the ROST (Fig. 1b,
middle) and RPE layers (Fig. 1b, bottom). However, a pattern
emerges when registered images of the same patch are averaged.
This is illustrated in Figure 1c (middle and bottom) for the
averaging of 26 frames. Rod outer segment tips and RPE layers
reveal a regular pattern, but with reflectance inverted from that
of cones, that is, darkened punctate reflections in a bright
surround. The ROST and RPE appear similar, not unexpected

(S1, 25) N=35 (S2,31)N=33 (S3, 35) N=26
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TaBLe. Measured Row-To-Row Spacing Based on Analysis of Power
Spectra in Figure 4

s1 S2 $3 S4 S5 S6  Mean *+ SD
3°,um 134 122 133 155 144 140 138 = 1.1
7°,um 128 13.0 134 146 140 143 137 *0.7

given they originate within the conventional RPE reflectance
band?23° and are separated in depth by just 10 pm.

However, on closer inspection, the two mosaic patterns are
spatially distinct, in terms of the location and spacing of the
darkened punctate reflections. These differences, as well as
those with the overlying cone mosaic pattern, are evident in
Figures 1d and le. To aid the comparison, the bright spots in
the cone projection and dark spots in the ROST and RPE layers
(see Fig. 1d) are manually marked. Figure le demonstrates the
one-to-one correspondence between cone (cyan cross) and
darkened spot (red dot) in the ROST, with a psuedo-shadow
typically forming underneath each cone. In contrast no
correspondence is apparent between cones (or equivalently
their psuedo-shadow locations in ROST) and RPE (purple
Voronoi map). In fact, for the magnified view shown, there are
approximately two times more cones (bright spots) than dark
spots in RPE.

Figure 2 shows power spectra of the en face images in
Figure 1 (cone projection, ROST, and RPE layers). Rings of
concentrated energy are evident in the three power spectra,
substantiating the observation of regular mosaics in the en face
images of Figure 1c. However the rings of ROST and RPE locate
at different frequencies in the power spectra, supporting the
observation of different spatial cell arrangements in the two
layers. The circumferential-averaged power spectra of cone
and ROST (which has a less distinct cusp of energy) have local
maxima at 31.8 cyc/deg (row-to-row spacing of 9.4 pm
assuming triangular packing), while that of RPE has a local
maxima at 23.4 cyc/deg (row-to-row spacing of 12.8 pum).

Averaged, registered RPE images from all six subjects and at
both retinal eccentricities are displayed in Figure 3. While faint,
a regular pattern of darkened spots is present in the 12 RPE
images along with a concentrated ring of energy in the
corresponding 2D power spectra. A more quantitative view of
the power spectra is shown in Figure 4, plotted as circumfer-
ential-averaged power with intersection of the ring evident as a

(S4,36) N=32 (S5, 48) N=64 (S6, 61) N=29

Ficure 3. Averaged, registered RPE images for all six subjects imaged at 3° (fop) and 7° (bottom) temporal to fovea. Corresponding 2D power
spectra reveal rings of concentrated energy whose radii are consistent with RPE cell spacing. Subjects are ordered by increasing age. N is the total
number of images averaged. Image size varies with overlap of the images. Note that some power spectra contain a line of elevated power along the
horizontal meridian, an artifact due to the stripe-wise registration method used.
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Ficure 4. Circumferential averages of the twelve 2D power spectra
displayed in Figure 3. Cusps in the traces denote the fundamental
frequencies of the darkened spot arrays in RPE images, which were
interpreted as the RPE cell mosaic. For visualization purposes, spectra
are normalized to the same DC level and displaced vertically in groups
by subject.

cusp in the trace. Assuming triangular spacing, the Table
converts these peak (fundamental) frequencies to row-to-row
spacings resulting in 13.8 = 1.1 (3°) and 13.7 = 0.7 (7°) pm for
the six subjects. These spacings are consistent with that
expected of the RPE cell mosaic. Given that we know of no
other cellular structure at this depth in the retina with this
regularity, we interpret the mosaic to be the RPE cell mosaic and
each darkened spot in the mosaic to be an individual RPE cell.

To better characterize the retinal eccentricity dependence
of ROST and RPE, Figure 5 presents our reanalysis of
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previously reported AO-OCT data on subject S5. Across the
eight retinal eccentricities imaged, clear and systematic
differences in ROST reflectance and axial separation of the
layers are evident in cross-section (averaged A-scan and B-
scan) and en face views.

Voronoi Analysis of RPE Layer

Voronoi analysis was applied to the RPE images to determine
packing properties of the RPE cell mosaic. To illustrate, Figure
6 shows the cone and RPE cell mosaics from the same
averaged, registered AO-OCT volume acquired 3° temporal to
fovea of Subject 5. The photoreceptor and RPE cell mosaics are
shown in Figures 6a and G6b, respectively. As evident in the
Figure, the RPE cell mosaic is more coarsely tiled than the cone
mosaic of the same retinal patch. For analysis, cell locations of
each cell type were identified as depicted in Figures 6¢ and 6d.
Difference in density and area of the two cell types are evident
when cell centers of the two are superimposed (Fig. 6¢). Using
cone centers and Voronoi mapping of the RPE mosaic, the
average number of cones per RPE cell for this retinal patch is
4.0:1. Superposition of the 2D power spectra of the two layers
demonstrates a clear difference in fundamental frequency
denoted by the two rings of concentrated power (Fig. 0f).
Corresponding row-to-row spacing is 7.2 and 14.4 pm for
cones and RPE cells, respectively, confirming the spatially
coarser tiling of the RPE cells.

As illustrated by the constructed 3D view in Figure 7
(Supplementary Video S2 shows 360° rotational view of the
same volume), simultaneous imaging of the RPE and cone
layers by AO-OCT enables volume rending with true one-to-
one mapping of cellular structures at different depths. In this
case the Voronoi map is superimposed at the depth of RPE
and enables the number of cones per RPE cell to be
computed.

Because of potential subjectivity in our Voronoi analysis due to
the manual selection of RPE cell centers, we tested for agreement
between two trained technicians who independently mapped

Ficure 5. Adaptive optics OCT cross-sectional and en face images extracted from the photoreceptor-RPE complex of a 48-year-old subject (S5) at
eight retinal eccentricities. (a) Clinical OCT is shown for comparison, a Spectralis OCT B-scan that bisects the fovea along horizontal meridian of the
same subject. IS/OS and COST bands are distinct, but RPE and ROST bands are undifferentiated. (b) Adaptive optics OCT averaged B-scans and
corresponding A-scan profiles (yellow trace) of volumes reveal distinct reflectance bands within the complex labeled IS/OS, COST, ROST, and RPE.
Note the increase in ROST peak with retinal eccentricity. (¢) En face projection views of single frames are shown with depth color coded; that is, IS/
OS + COST (yellow) and ROST (blue) layers. The blue punctate reflections are consistent with individual rods that surround cones (yellow), which
themselves become increasingly larger outside the fovea and displace adjacent rods. White denotes overlap of cone and rod reflections, which,
while infrequent, occurs at retinal locations closer to fovea. This apparent overlap is likely attributable to limitations in the AO-OCT resolution and
segmentation of COST and ROST, cell end tips that get increasingly narrow and close together in the fovea.
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Ficure 6. Voronoi and power spectral analysis applied to averaged, registered (a) cone and (b) retinal pigment epithelium images of Subject 5 at 3°
temporal retina. Averaging contained 64 frames. (¢) Identified cone centers are superimposed on cone image in (a) and marked with yellow crosses.
(d) Retinal pigment epithelium Voronoi map is superimposed on RPE image in (b), and RPE cell centers are marked with red dots. Color key for
number of nearest neighbors is: purple: 4, blue: 5, green: 6, yellow: 7, and red: 8. (e) To compare difference in cell distribution, cone and RPE cell
centers in (¢) and (d) are superimposed on RPE image in (b). (f) Two-dimensional power spectra of (a) and (b) are superimposed and color coded

(RPE cells, cyan; cones, yellow).

RPE centers in all six subjects and two retinal locations. Of these
12 datasets, we found one (83, 7°) outlier that yielded a difference
in measured density of 29% between technicians and fell outside
the 95% confidence range of a Bland-Altman test. Average
absolute difference between the other 11 was 3.4% in terms of
cell density and 1.8% when converted to cell spacing assuming
triangular packing. Based on this test and the observation that
RPE cells in the (S3, 7°) image were notably less clear than in the
others, we excluded this image from the Voronoi analysis. Note
that while manual cell identification was determined unreliable
for this image, its power spectrum still yielded a ring of energy at
the expected RPE frequency (see Figs. 3, 4).

Results of our Voronoi analysis are summarized in Figures 8
to 10, which show RPE number of nearest neighbors, Voronoi
side length, cell area, cell density, and cone-to-RPE ratio for the
six subjects and two retinal eccentricities imaged. Analysis is
based on a total of 2997 RPE cells.

R —

100 pm

Ficure 7. Adaptive optics OCT volumetric reconstruction of the
photoreceptor-RPE complex on Subject 5 at 3° temporal to fovea. Red
and green spots denote reflections from opposing ends of individual
cone photoreceptor outer segments (IS/OS in red and COST in green).
A Voronoi map of the underlying RPE cells (cyan) is superimposed at
the depth of RPE (see Supplementary Video S2).

DISCUSSION

3D Reflectance Profile of Photoreceptor-RPE
Complex

Our AO-OCT study revealed that the RPE band observed in
conventional OCT is actually composed of two distinct, but
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Ficure 8. (A) Prevalence of nearest neighbors of RPE cells across
subjects and retinal eccentricities examined. (B) Mean and mean
standard deviation of the Voronoi side lengths are plotted as function of
subject age.
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Ficure 9. Average RPE cell area at 3° (black) and 7° (gray) temporal to
the fovea in the six subjects. Markers and error bars are the average
and standard deviation of the measured Voronoi areas, respectively.

faint bands. Both bands were visible regardless of age and
separated in depth by approximately 10 um (see Fig. 1a). We
labelled these as ROST and RPE. Other AO-OCT and OCT
studies also have reported two subbands in the RPE
layer?1:37:3% and appear to correspond to ROST and RPE in
this study. However, unlike these other studies, we observed
the double band in every subject (6 subjects) and retinal
location (3° and 7° in the six subjects and 2° to 10° in one
subject) imaged, except near the foveal center, that is, 0.6°.
This suggested that the double band is likely present across
much of the retina, further supported by the fact that the band
appears to depend on fundamental properties of rods and RPE
cells (discussed below).

It should be noted that in the younger eyes an additional
more posterior band also is apparent, thus, making the double
band actually a triple band, as for example Figure 1a, which
shows a faint band immediately below that labeled RPE. In
older subjects, this additional band is not evident, for example
in Figure 5. The additional band is likely attributable to Bruch’s
membrane, but further analysis is required and beyond the
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Ficure 10. Retinal pigment epithelial cell density and cone-to-RPE
ratio are shown as a function of subject and retinal eccentricity.
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Ficure 11. Axial displacement of COST, ROST, and RPE from IS/OS as

a function of retinal eccentricity. Displacements were measured on a
10-volume average at each of the eight retinal eccentricities of S5.
Schematic on right depicts depth location of the four main reflections
in the Photoreceptor-RPE complex used in this study.

scope of this study. Here, we limited our analysis to the dual
band.

Our best characterization of the depth profile of the dual
band is with the AO-OCT measurements in Figures 5 and 11,
obtained on Subject S5 from 0.6° to 10° retinal eccentricity.
These measurements reveal not only the variation in the ROST
peak with retinal eccentricity, but also the peak’s axial
separation from other prominent reflections in the photore-
ceptor-RPE complex, namely IS/OS, COST, and RPE. As shown
in Figure 11, the ROST-to-IS/OS separation (defined as the rod
OS length) is relatively constant across retinal eccentricities, on
average 34.81 = 0.99 um, which is consistent with the
histologic value of 32 pm summarized by Spaide and Curcio,>®
but shorter than the 40 to 45 pm reported near the optic disc
using ultrahigh-resolution OCT.?® In contrast the COST-to-IS/OS
separation decreases from 29.07 to 20.07 um over the same
retinal eccentricity range, a 31% reduction and consistent with
histology.“® The subcellular space (SS) between ROST and
COST increases from 7.27 um at 2° to 14.71 um at 10°, while
the separation between ROST and RPE remains relatively
constant at 8.11 * 0.58 um regardless of retinal location.
Across all six subjects in our study, the separation between
ROST and RPE was 8.93 = 1.00 um. This separation does not
necessarily correspond to actual RPE thickness, but is
consistent with histologic values of thickness reported in the
macula (10.3 * 2.8 pm).?8

Closer examination of the double band (ROST and RPE)
reveals that neither is a true band, that is, exhibiting uniform
reflectance, but instead consists of spatially distinct mosaics of
different grain. The ROST mosaic is characterized by darkened
punctate reflections in a bright surround, with the darkened
spots lying under cones, thus, appearing as cone (pseudo-)
shadows. This arrangement was observed in all subjects
examined though varied with retinal eccentricity. While not
apparent in the averaged images, numerous single images and,
in particular, those acquired in S5 using finer A-scan sampling
of 0.6 um/px (see Fig. 5¢), revealed the bright surround was
pixeled with many punctate reflections (blue) that our system
could only partially individuate, a size suggestive of rod
photoreceptors. This observation of rod structure is consistent
with earlier AO-OCT reports of rod-like reflections at this
retinal depth.21:23:37 A reflection at this depth also is consistent
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Ficure 12. Signal-to-noise ratio of RPE fundamental frequency at (fop
left) 3° and (top right) 7° retinal eccentricity as a function of AO-OCT
images averaged. Retinal pigment epithelium fundamental frequency
and noise were determined from the power spectrum of the registered,
averaged image. Images were acquired at 3-minute intervals. Signal-to-
noise ratio increase follows the square root of the number of images
(dashed curves). Bottom: Representative RPE images of the same
retinal patch for one subject (S§5) are shown with different levels of
averaging (1, 10, 24, and 64 of images). Scale bar: 50 pm.

with where rod outer segments abut the RPE cell bodies based
on histology.>°

As further evidence of a ROST attribution, the punctate
reflections become increasingly more prevalent with increased
retinal eccentricity as shown by the increase blue regions in
Figure 5c. Note that traces of blue - albeit small - appear at
0.6°, which lies within the rod-free zone.?> This is likely not
attributable to rods, but rather the inability of our method to
separate COST from the apical portion of the RPE due to their
increasingly close proximity in the foveal region. Prevalence of
ROST also can be assessed by its reflectance in cross-section, as
for example in the averaged B-scan and A-scan profiles of
Figure 5b. As evident in the yellow A-scan traces, the ROST
reflectance peak increases monotonically with retinal eccen-
tricity starting with no evidence of a ROST peak at 0.6° and a
substantive one at 10°, resulting in the second strongest peak
in the entire A-scan profile. This trend is consistent with what
we know of rod density, absent near the fovea and increasing
outward with a maximum density at 15° to 20° retinal
eccentricity.

In general our findings suggested that ROST is a superpo-
sition of two mosaics, a coarse one created by cone (pseudo-)
shadows and a much finer one created by rod OS tip
reflections.

The RPE mosaic also consisted of darkened spots in an
elevated surround, but of coarser grain and no apparent
relation to the cone mosaic. This finding should not be
unexpected given the basal location of the RPE cell nuclei and
match of the darkened spot spacing to that of RPE cells (see
cell density comparison below). The darkened spots likely
correspond to the cell nuclei since their low refractive index (n
~ 1.4; Ref. 41) relative to surrounding organelles (e.g., melanin
at n ~ 1.7) and their large size C>)L) results in highly
anisotropic scatter (strong forward scatter and weak back
scatter). In addition, size of the darkened spots compared
favorably to that reported with other in vivo imaging
modalities'>'® and with histology.342 It should be noted that
an alternative explanation is that the darkened spots are
generated by clusters of melanin granules - rather than RPE
nuclei - which apically shield the nuclei from light expo-

IOVS | Special Issue | Vol. 57 | No. 9 | OCT540

sure.**3 This explanation seems plausible at visible wave-
lengths where melanin absorbs strongly, but at the near
infrared wavelengths of our AO-OCT, melanin absorption is at
least 7 times less.**

The elevated reflection that surrounds the darkened spots
most likely originates from scatter of organelles in the
cytoplasm, the predominate ones being melanin and lipofuscin
granules. Of these, melanin is known to be a strong scatterer
owing in part to its high refractive index (z ~ 1.7). In addition,
growing evidence points to melanin as the source of the strong
OCT signal in the RPE layer.'3%5 This makes melanin the likely
source of the elevated surround in our images. Consistent with
this expectation is the higher SNR we measured for RPE cells at
3° compared to at 7° (see Fig. 12 and discussion in next
section). Because of the inverse concentration of melanin and
lipofuscin with retinal eccentricity,?® we would expect the
opposite, that is, higher contrast at 7°, had lipofuscin been the
key scatterer. A further test would have been to analyze
reflectance of the cytoplasm as a function of depth in the RPE
cell as melanin and lipofuscin also are nonuniformly distribut-
ed in this dimension.?®2° However, the ROST reflection in the
apical half was too strong and masked contributions of
organelles there.

Based on this collection of evidence, we interpreted the
mosaic observed in the RPE band to be the RPE cell mosaic.

Organelle Motility and Volume Averaging

We found volumes acquired over 90 minutes at 3-minute
intervals generated different noise patterns across the RPE
image, suggesting this time interval was long enough for
sufficient organelle (e.g., melanin) motility to occur. Averag-
ing these volumes reduced the prevalence of noise and
increased the RPE cell signal, which increased clarity of the
RPE mosaic. In contrast, we observed little improvement in
RPE cell clarity when volumes acquired over seconds (<6
seconds) were averaged, as opposed to minutes. While it
remains to be determined what the optimal timing acquisi-
tion parameters should be, we can gain insight into the
benefit that accrues from averaging. To do this, we
systematically computed SNR for the RPE mosaic as a
function of number of images averaged across subjects and
retinal eccentricities.

Figure 12 plots the results of the SNR analysis along with
representative RPE images of different averaging. As evident in
the plot, SNR improves proportional to the square root of
images averaged, expected if the noise patterns are indepen-
dent. More images always resulted in higher SNR, indicating
that images were registered with an accuracy better than the
size of RPE cells. In fact, averaging over two 90-minute sessions
(85, 3% provided the highest SNR. Visual inspection of the
averaged images found those with the best RPE mosaic clarity
had the highest SNR. Our results indicate that even more
averaging than we had done will benefit RPE cell clarity, but
this comes at the expense of longer image acquisition, which
imposes a practical limit.

In this study, we did not optimize the time required to
perform the experiment and process the images, an
important consideration for assessing clinical utility. Data
collection was over 90 minutes followed by several hours of
postprocessing and data mining of the images. While
obviously too long to be of clinical benefit in the current
form, we anticipate the total time can be decreased
substantially. In fact, we have recently demonstrated the
same number of images can be captured in one-third the
time, that is, 30 instead of 90 minutes, without loss in RPE
cell clarity, and even shorter times appear possible (Liu Z, et
al. IOVS 2016;57:ARVO E-Abstract 2807). As for postprocess-
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ing, we see no fundamental limit that prevents reducing the
principle steps of image registration, RPE cell identification,
and Voronoi and spectral analysis using more powerful data
processing tools, such as parallel computing. Also, while
some of the steps already are automated (e.g., Voronoi and
spectral analyses), others are not, in particular RPE cell
identification, which was done manually. Automating iden-
tification would lead to further reductions.

RPE Mosaic Characterization Using Voronoi and
Power Spectra Analyses

Cell density measurements from power spectra and Voronoi
are sensitive to different properties of the mosaic regularity.
The former is sensitive to the dominant cell packing frequency
and the latter to local variations in the frequency and
irregularities at the cell level. To determine the extent to
which these differences manifest themselves for density
measurements of the RPE mosaic, we tested their correlation
on the same images. Results are shown in Figure 13 and reveal
an R? of 0.76. Average absolute difference between measure-
ment points in the Figure is 9.4% of the average cell density,
corresponding to a difference in row-to-row cell spacing of
0.64 um assuming triangular packing. While this average
difference is relatively small, individual differences from the
same RPE image are notable in the plot and do not appear
systematic. In general Voronoi estimates a higher density than
power spectra, perhaps because local irregularities in the
mosaic are of generally finer fidelity. Interestingly, we
processed RPE images from the study of Morgan et al.'> using
power spectra and when compared to their reported Voronoi
density measurements found a similar trend.

Comparison to Other RPE Studies

It is difficult to compare our RPE density measurements to other
studies owing to differences between subjects, retinal locations,
and age, but a few notable comparisons are made here. To
facilitate, we chose to use density measurements from the
Voronoi analysis instead of power spectra as the former better
aligns to the methods used in the literature, some of which were
based on Voronoi. From our Voronoi analysis, average RPE cell
density for the six subjects at 3° and 7° temporal retinal
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eccentricity (Fig. 10) were 4975 * 651 cells/mm? and 4780 =
354 cells/mm?, respectively. Two in vivo imaging studies used
autofluorescence AO-SLO'> and darkfield AO-SLO' to image
RPE cells in normal, relatively young subjects. For autofluores-
cence AO-SLO, three subjects (25-30 years) were imaged along
the superior vertical meridian starting at 5°, 6.25°, and 15° from
fixation. Retinal pigment epithelium density at the most relevant
locations of 5°, 6.25°, and 7.5° in two subjects ranged from 5090
to 5970 cells/mm? with an average of 5645 cells/mm?, which is
elevated compared to the 4780 + 354 cells/mm? measured at 7°
in the present study. Analysis of the same AO-OCT volumes, but
at the photoreceptor layer yielded cone density measurements
of 11,032 * 1174 cells/ymm? that is consistent with histology>>
and in vivo® cone packing studies. This suggests the source of
the RPE difference is unlikely to be caused by an error in our
AO-OCT system, image acquisition, or common data processing
steps for RPE and cone cells. For dark-field AO-SLO, seven
subjects (19-40 years) were imaged at the foveal center and 10°
temporal to fixation with measurements limited to NND. While
our 3° measurements were too distant to compare to foveal
densities, our average NND at 7° was 12.2 = 1.6 pm compared
to 13.4 = 0.6 pm at 10° by Scoles et al.'® The difference
between these two is not statistically significant (7 > 0.05).

From histology considerable variation has been reported.
Panda-Jonas et al.“” measured RPE density in 53 eyes confined
to annuli concentric to the fovea. In the first annulus (2-5 mm,
or approximately 6.7°-16.7°) density along the temporal
meridian was 3392 * 528 cells/mm?. While average age
(58.6 years) was higher than in the present study (39.3 years),
accounting for the 0.3% decrease per year as observed by
PandaJona et al.*7 decreases our 7° measurements to 4503
cells/mm?, which is still 33% higher. However, Watzke et al.4®
reported RPE density in 20 normal eyes, 10 below the age of 50
years for two retinal locations that straddle our 3° and 7°
measurements. They report 5893 = 809 cells/ymm? within 250
pm of fovea (<1°) and 4834 * 764 cells/mm? at 4 mm
(~13.3°) temporal to the fovea. Our density measurements are
consistent with this range. Finally, in the most recent study,
Ach et al.> measured RPE density in 20 normal eyes, 10 at or
below age of 51 years. For these 10, average RPE density across
the perifovea (~2°-10°) was 5091 * 823 cells/mm?, which is
statistically not significant from our 3° and 7° measurements. In
general, there is a large variation in RPE densities reported
from in vivo and histology studies, including in our own study.
This variation points to the importance of in vivo measure-
ments that can track individual differences over time and to
detect those cellular changes associated with disease, as for
example with AMD.*°

Our density measurements were spaced relatively close (3°
and 7°) and, thus, did not lend themselves to test for a retinal
eccentricity dependence. Indeed, no statistical significance
was found with Voronoi (paired #test, P = 0.58) nor power
spectra (paired #test, P = 0.92) measurements. We also tested
for an age dependence across the age range examined: 25 to 61
years. The regression line in Figure 10 shows a decrease in
density with age, but this was not statistically significant (P =
0.30). No statistical significance also was found for the
corresponding power spectra measurements, but the P value
was lower (P = 0.11) and the 95% confidence interval for the
regression slope was —56.3 to 7.09 cells/mm?/y. The statistical
power of just six subjects used in the present study obviously is
limited, but the fact that we have demonstrated that RPE
packing now is measureable in younger and older eyes
establishes a clear path for testing aging effects in a larger
population. Such tests have not been conducted in vivo
(regardless of imaging modality) and may shed important
insight into the aging controversy reported with histologic
studies. These studies have reported densities showing no
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change with age,™® a decrease with age,¥”°%5! or different

aging effects depending on retinal location.?52-55

Finally, we examined RPE cell regularity. From Voronoi
analysis (Fig. 8), the most prevalent number of nearest
neighbors regardless of subject and retinal eccentricity was
six. Prevalence for six neighbors was 50.49 = 3.66% at 3° (843
of 1659 cells) and 54.58 = 3.01% at 7° (733 of 1338 cells), both
consistent with histology in humans?® (49.63 * 8.74% for <51
years group). Prevalence of six neighbors was significantly
larger than the next two most prevalent associations: five (P <
0.05, #-test) and seven (P < 0.05, #-test). By grouping the three
youngest (average = 30.3 years) and three oldest (average =
48.3 years) subjects, prevalence of six nearest neighbors
decreased from 52.8% to 51.2% with age. This corresponds to a
decrease of approximately 124 RPE cells with six nearest
neighbors. This suggestive decrease in cell regularity with age
is consistent with the findings of Ach et al.> using the same
Voronoi metric, but a larger sample size is required to test.
Other Voronoi metrics may be more sensitive to packing
regularity. For example, the mean standard deviation of the
Voronoi side lengths (Fig. 8B) indicates a gradual increase with
age (P = 0.05), which points to a decrease in cell regularity.

Cone-to-RPE Ratio

Our AO-OCT method captures volume images of the retina
and, thus, other layers can be extracted from the same volume,
enabling a direct spatial comparison on a cell by cell basis.
Figure 6 illustrates this for the spatial arrangement of cone
photoreceptors relative to the underlying RPE cells of one
subject and Figure 10 quantifies the ratio of these two cell
types for all six subjects and two retinal eccentricities. Unlike
RPE cell density, which showed no significant difference
between 3° and 7°, cone-to-RPE ratio did. The ratio was
significantly lower at 7° (2.31 = 0.23:1) than at 3° (3.78 =
0.53:1; P < 0.05), a factor of 1.6 decrease. This decrease
originates from the reduced cone density at the larger retinal
eccentricity. For our six subjects, average cone density
decreased by a factor of 1.64, close to the 1.6 decrease in
cone-to-RPE ratio.

We found limited histologic human data in the literature to
compare to our ratio measurements. Gao et al.>! reported
ratios of 24.09:1 at the fovea and 0.89:1 at the equator. Our 3°
and 7° ratios fall within this range. Panda-Jonas et al.*” reported
an average cone-to-RPE ratio of 1.10 = 0.24 across the
temporal meridian from approximately 6.7° to 16.7°. Our 7°
ratio is a factor of two higher, a portion of which was
attributable to the decrease in cone density with retina
eccentricity.

We know of no in vivo human data to compare to our
present study. For nonhuman primates, Morgan et al.!®
reported in vivo measurements in two macaques, one at 4.5°
nasal, 4.5° inferior (5.43:1), and another at 6° temporal, 4.5°
superior (4.08:1). This time, our 7° ratio is a factor of two
lower. Differences between these measurements and in the
present study include differences in subjects, retina locations,
and primate species.

CONCLUSIONS

We present, to our knowledge, the first detailed characteriza-
tion of the 3D reflectance profile of individual RPE cells and
their surrounding complex in the living human retina. This was
made possible using state-of-the-art technology in AO and OCT,
but equally critical novel contrast enhancement of the RPE cell
based on its own naturally occurring organelle motion. While
AO-OCT remains primarily a laboratory method with promise
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of a clinical one, the most immediate impact is through our
retinal findings. Because our method is based on OCT, our
measurements represent a valuable resource for interpreting
the photoreceptor and RPE bands in clinical OCT.
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