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PURPOSE. To use high-resolution and contrast imaging techniques to reveal microscopic retinal structures, including individual retinal pigment epithelial (RPE) cells, in human eyes
with inherited retinal disease.
METHODS. Adaptive optics scanning laser ophthalmoscopy
(AOSLO) was used to image the macular region in patients with
retinal degenerative diseases, including two patients with
cone–rod dystrophy and one with bilateral progressive maculopathy. Images were processed, and the microscopic details
were analyzed. Fundus-related microperimetry was used to
assess visual function within retinal regions where no cones
were visible.
RESULTS. In addition to patches of intact cone photoreceptors,
AOSLO images revealed mosaics of RPE cells in regions where
it appeared that cones were missing. In cone–rod dystrophy
(CRD), the RPE cells were visualized in an annular region
surrounding a cone-preserved central area. RPE cell shape, size,
and distribution compared well with measurements from the
literature. Fundus-related microperimetry results indicated scotomas that corresponded to the locations where RPE cells were
visible.
CONCLUSIONS. For the first time, the mosaic of RPE cells has
been directly visualized by AOSLO. Patients with hereditary
retinal degenerations causing cone loss in the macula allowed
visualization of RPE cells in areas where cones were missing.
Regions with visible RPE cells demonstrated loss of visual
function measured using microperimetry. (Invest Ophthalmol
Vis Sci. 2007;48:2297–2303) DOI:10.1167/iovs.06-1450

T

he retinal pigment epithelium (RPE) is a single layer of cells
in the eye, located adjacent and posterior to the photoreceptor layer. The RPE has many important roles in vision,
playing an active role in the visual cycle, absorbing stray light,
forming a blood–retinal barrier between the retina and choroid, and maintaining the cones, including nourishment and
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phagocytosis of the cone and rod outer segments.1– 4 Dysfunction of the RPE layer, particularly relating to its role in the
visual cycle, is implicated in many disease processes, including
cone–rod dystrophy,5–7 retinitis pigmentosa,5,8 –11 age-related
macular degeneration,12 Best macular dystrophy,13 and Stargardt disease.14
The extent of current knowledge of RPE morphology and
structure in normal and diseased eyes has been obtained from
postmortem tissue,15–18 as direct visualization of the RPE in living
eyes has been very difficult. Given that (1) their size is larger
than 10 m in diameter and (2) they are a relatively strong
source of scatter in the retina (based on OCT images),19,20 they
should be visible in a well-focused retinal image. But several
factors conspire to limit their visibility. First, although a lot of
scattered light from the fundus comes from the RPE, it is
masked by the light that comes from the overlying photoreceptor mosaic, which is also a strong scattering layer.20 Second, even if the light from the RPE were to reach the camera
directly, the intrinsic contrast of the cells is limited. In fact, the
mechanisms by which direct, scattered light emerges from the
RPE layer to allow for its visualization in the living eye is
unknown. Finally, although the optics of an eye that is wellcorrected for defocus and astigmatism is sufficient to resolve
small features,21 their contrast is still limited at the 10-m scale
and so optical blur from aberrations imposes the final limit on
the visibility of the RPE layer.
Recently, major advances in the visualization of the RPE in
living primates was achieved with high-magnification, highresolution autofluorescence in an adaptive optics scanning
laser ophthalmoscope (AOSLO).22 These results are the first
demonstration that when proper contrast mechanisms and
imaging modalities are used, the mosaic of RPE cells can be
revealed.
In this study, we also used an AOSLO,23 but with direct
confocal imaging, to image directly the array of RPE cells in
several patients with retinal disease. The RPE cells were directly visible with infrared light imaging in regions where the
cones were presumed to be absent.

METHODS
This research adhered to the tenets of the World Medical Association
Declaration of Helsinki. Informed consent was obtained from the
subjects after we explained the nature and possible complications of
the study. The experiments were approved by the Committee for the
Protection of Human Subjects at the Berkeley and San Francisco campuses of the University of California. Clinical information, AOSLO cone
images, and quantitative cone analysis from patients 1 and 3 have been
reported elsewhere24 (Duncan JL et al. IOVS 2006;47:ARVO E-Abstract
5667).
All subjects underwent a complete eye examination by an ophthalmologist (JLD), including measurement of best-corrected visual acuity
(BCVA) with a Snellen chart. Acuities equal to or better than 20/20
were recorded as 20/20. Visual acuity was reported as the quotient of
the Snellen acuity (i.e., 20/20 ⫽ 1.0). Color fundus photographs taken
by outside ophthalmologists in the past were used when available, and
in one subject digital color fundus photographs and a fluorescein
angiogram were obtained (FF4 System; Carl Zeiss Meditec, Inc., Dub-
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lin, CA with software by Ophthalmic Imaging Systems, Inc., Sacramento, CA). Optical coherence tomography (OCT) images were obtained using the OCT system software (Stratus OCT 4.0.2; Carl Zeiss
Meditec, Inc.) to determine retinal thickness with the fast macular
protocol and 6-mm horizontal and vertical lines centered on the anatomic fovea. Retinal thickness was measured with calipers to mark the
vitread surface of the foveal dip and the first highly reflective band
sclerad to the vitread surface on a 6-mm horizontal scan. Pupils were
dilated with 1% tropicamide and 2.5% phenylephrine before full-field
electroretinography (ERG), which was performed after 45 minutes of
dark adaptation by using a Burian-Allen contact lens electrode, according to standards specified by the International Society for Clinical
Electrophysiology and Vision (ISCEV).25 Multifocal (mf)ERG testing
was performed in the light-adapted state (VERIS 5.1.10X, ElectroDiagnostic Imaging, Inc., Redwood City, CA) with a Burian-Allen contact lens electrode (Hansen Ophthalmic Development Laboratory,
Iowa City, IA), according to the ISCEV standards.26 Responses were
recorded using 16 30-second sequences in each eye. The stimulus
consisted of 103 elements covering the central 40° diameter of the
visual field, the flash intensity was 200 cd/m2, the intensity of dark
frames was less than 4 cd/m2, and the average luminance was 100
cd/m2. Fixation was monitored with an infrared eye camera. The signal
was amplified 100,000 times, and the bandwidth was set at 10 to 100
Hz. A single iteration of 17% spatial averaging was performed using the
VERIS software. Response amplitudes of the first-order waveform were
measured from N1 to P1 and the latency of the P1 response was
reported.

Presumed RPE cells in the mosaic were identified by hand with
custom software. The RPE cell locations were analyzed with a measurement called the density recovery profile (DRP), which is a method
devised by Rodieck33 to quantify the spatial arrangement of cells.34 The
DRP plots the average histogram of density of all cells surrounding
each cell in the mosaic as a function of distance from the central cone.
Specific features in the DRP provide useful information on the packing
structure. First, if the structure is regular (crystalline), then there will
be oscillations in the DRP corresponding the nearest, secondary, and
tertiary neighbors. The distance to the first peak in the DRP indicates
the nearest neighbor distance, the cell size and the cell spacing (assuming a regular close-packed mosaic of cells).

Genetic Testing

Functional Testing: AOSLO Microperimetry

Patient 3 was studied on a research basis for X-linked mutations at the
University of Michigan. Genetic tests were also performed on a feefor-service basis performed by CLIA-certified laboratories (The University of Iowa Diagnostic Laboratories and Carver Laboratory for Molecular Diagnosis, Iowa City, IA, and The University of Michigan
Ophthalmic Molecular Diagnostic Laboratory, Ann Arbor, MI). Seven to
9 mL of whole blood was obtained for molecular analysis of RDS and
ABCA4 in patient 2. Blood from patient 1 was sent for molecular
analysis of the CRX and ABCA4 genes.

With an SLO, it is possible to project stimuli directly onto the retina by
modulating the laser beam during the raster scan.35 Given the resolution of the AO-corrected image and the fact that the same laser is used
to project the stimuli, we can exactly identify the retinal location of the
projected stimuli to within a single cone photoreceptor in the
AOSLO.36 We used this feature to identify the location of the fovea of
the patient who underwent the microperimetry tests. The foveal location that was identified from this test was used to ensure correct
alignment between the microperimetry plots and the AOSLO images.

Imaging

RESULTS

To image the RPE cells, we used our latest generation of the AOSLO.27
Adaptive optics describes a set of methods for measuring and compensating for the aberrations of individual eyes.28 Our laboratory has
integrated adaptive optics into an SLO and, by removing the blur from
the eye’s aberrations, have shown real-time microscopic views of living
retina, including direct visualization of cone photoreceptors and the
flow of single white blood cells.29 The AOSLO is a confocal device,
giving it high contrast in the image plane as well as the ability to
perform optical slicing of tissue.30 Recently, we have completed a
second-generation AOSLO. This device is more compact, uses a low
coherence, infrared light source to reduce speckle artifacts and has an
overall improved electronic and system design. A series of videos, each
spanning a 1.2° ⫻ 1.2° field, were taken in a grid of retinal locations of
three patients. Adaptive optics was used to reduce blur from aberrations in each video at each retinal location.

Image Analysis
Each individual video was processed to generate a high signal-to-noise
static frame. The processing included three steps: correction of distortion in frames caused by the sinusoidal velocity profile of the scanning
mirror, removal of image frame distortion caused by eye movements,31,32 and frame averaging. No further processing or nonlinear
filtering was performed on the images. The series of static frames were
stitched together into a larger image with image management software
(Photoshop software; Adobe Systems Inc., Mountain View, CA). Unambiguous matches of microscopic features from frame to frame were
used to guide the matches.

Functional Testing: Microperimetry
Fundus-related microperimetry was performed in one of the patients
by using infrared illumination to image the retina and track retinal
landmarks specified at the start of the test (MP1; Nidek Technologies
America, Inc., Greensboro, NC). The central 8° visual field was tested
with a Goldmann III stimulus of 200-ms duration with a 4-2 threshold
strategy. Subjects were instructed to fixate on the center of four
crosses, each 2° in size at an eccentricity of 5°, and fixation was
monitored for both locations with respect to the fovea, judged by
anatomic landmarks and stability. Numeric microperimetry results
were exported, and results were overlaid with AOSLO images by using
a custom-written program (written in MatLab; The MathWorks, Natick,
MA).

Case 1: Cone–Rod Dystrophy
Patient 1 was a 41-year-old man with simplex CRD whose
vision was reduced to 20/80 OD and 20/200 OS. OCT (Carl
Zeiss Meditec, Inc.) images showed significant thinning in the
macula and an absence of the classic laminar appearance of the
photoreceptor layer. The composite AOSLO image from the
right eye of patient 1 is shown in Figure 1. In this image, sparse
cones with increased cone spacing are present near his preferred retinal locus. Beyond the region where cones are seen,
a region of hexagonal cells is present, corresponding to the
region of preserved RPE seen on fundus photography. This
image shows the largest number of visible RPE cells that we
have observed to date. The marks in the image at the top right
show the subset of RPE cells with positions manually identified
for analysis. The bottom right image shows the cone-preserved
region (central) and the visible RPE region (irregular annulus).
The presence of cones in the cone-preserved region was confirmed by asking the patient to fixate on a stimulus that was
projected directly on the retina by the AOSLO. When presented with a salient target, the patient’s fixation was very
stable, and visual observation of the fundus in the AOSLO
videos suggested that fixation was no worse than that of a
healthy fixating eye. The mosaic of cones is visible only in the
top right corner of the cone-preserved region. Cone spacing in
this region was about twice that of a normal healthy eye24
(Duncan JL et al. IOVS 2006;47:ARVO E-Abstract 5667) result-
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FIGURE 1. Composite image of a patient with cone–rod dystrophy. The complete image (left) spans approximately 4.25 ⫻ 3.3° (scale bar is 1°).
Top right: locations of the RPE cells that were used for the spacing analysis. Bottom right: cone-preserved region (central zone) and the extent
of the irregular annual zone where the RPE cells were visualized. The annular zone of RPE cells lie within the bull’s-eye lesion that can be seen
in a conventional fundus photograph.

ing in approximately a fourfold drop in density. Similar observations of low cone density in patients with CRD were also
reported by Wolfing et al.37 and Choi et al.38
RPE Cell Size and Density. Figure 1 shows the subset of
RPE cells that were manually selected for analysis (top right).
Not all cells have to be identified to complete a spacing analysis

by using the DRP method, and so only the most visible cells
were selected. The results of the DRP analysis are plotted in
Figure 2. The oscillatory nature of the DRP indicates that the
identified cells had a regular or crystalline packing structure,
consistent with RPE cells.18 The distance to the first peak was
at 3.04 minutes of arc, or approximately 15.2 m.

FIGURE 2. Density recovery profile for the subset of RPE cells identified in Figure 1. The nearest neighbor cells peak in density at 3.04
minutes of arc, which corresponds to an approximate distance of
15.20 m (assuming that 1° of visual angle corresponds to a 300 m
span on the retina). The average distance of the measured RPE cells
from the foveal center is approximately 1°. The regularity of the
packing and the consistency of cell size are clear from the oscillatory
nature of the DRP.

FIGURE 3. Microperimetry (MP; Nidek, Technologies America, Inc.,
Greensboro, NC) results superimposed on the AOSLO image. The
numbers indicate the attenuation scale in decibels; 20-dB sensitivity is
expected from normal subjects representing a differential luminance of
1.27 cd/m2. Absolute scotomas, indicated by empty squares and labeled 0, correspond to regions with visible RPE cells as well as regions
with RPE atrophy (hyperreflective regions). Measurable visual function
with reduced sensitivity is retained in the central region, where some
cones are preserved, albeit at lower density than in a normal eye. The
scale bar represents 1° of visual field, or approximately 300 m.
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FIGURE 4. Case 2: fundus photograph (top left), fluorescein angiogram at 48 seconds after injection
(top right) and AOSLO image (bottom). The fundus photograph shows
RPE mottling surrounding a central
region of preserved RPE where focal
yellow spots are present. On fluorescein angiography, the region of RPE
mottling demonstrated a window defect consistent with RPE loss, with
central hypofluorescence due to
blocking centrally in the region with
preserved RPE cells. The AOSLO image revealed a patchy foveal cone
mosaic with increased cone spacing.
The preferred retinal locus is indicated by the dashed circle in the image, but fixation was unstable compared with normal. RPE cells filled
the remaining area. To orient the
reader, three RPE cells in the bottom
left corner have been outlined. The
brighter RPE cells in the AOSLO image match the yellow spots in the
fundus photograph. The average size
of the RPE cells in this region is 14.85
m. Scale bar, 0.25° or ⬃75 m.

Functional Imaging Results. Nidek MP1 microperimetry
revealed a small central region with reduced vision surrounded
by an annular scotoma. Fixation was reported from the MP1 as
stable, remaining within 2° of the target 97% of the time and
within 4° 100% of the test session. Figure 3 shows an overlay
of the microperimetry results in an AOSLO image. The alignment between the microperimetry maps and the image was
guided by the foveal identification method, as described in the
Methods section.

form an annular pattern. The lighter areas are presumed to be
cones. In some regions the cone mosaic could be seen but the
cones did not appear with the same contrast and were not
contiguous as in a normal, healthy eye. Figure 5 shows the
same region as Figure 4 with the RPE cells and cones indicated.

Case 2: Bilateral Progressive Maculopathy
Figure 4 shows an image of a 49-year-old patient with bilateral
progressive central vision loss. She reported having had nyctalopia for the past 8 years, with subsequent development of
photophobia and reduced color vision. Best corrected visual
acuity was 20/100 OD and 20/70 OS. Full-field ERG testing
revealed normal rod- and cone-mediated retinal function, but
slightly delayed mixed scotopic a- and b-waves, and multifocal
ERG testing demonstrated reduced responses with delayed
timing throughout the central 30° in each eye. Molecular analysis revealed no disease-causing mutations in the genes for
ABCA4 or peripherin/RDS. OCT (Carl Zeiss Meditec, Inc.) images showed significant thinning in the macula and an absence
of the classic laminar appearance of the photoreceptor layer.
Fundus photographs and fluorescein angiography both suggest
the presence of RPE cells in the foveal region, surrounded by
an area of RPE atrophy. The AOSLO image showed a very
patchy cone mosaic, and RPE cells could be seen over much of
the macular region but, unlike in the CRD case, they did not

FIGURE 5. The subset of visible RPE cells that were selected for the
spacing analysis. Circles: RPE; crosses: a selection of unambiguous
cones, which tend to lie in the lighter regions of the image in this case.
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FIGURE 6. Left: retina of a patient with early-stage CRD at approximately 1° from the fovea. The cone spacing is greater than normal but the mosaic
is contiguous at this location. Right: a region ⬃2.5° from the fovea. The RPE cells are present between sparse cones (insets: RPE outlines). The
RPE cells at this location are 2.97 minutes in size or approximately 14.85 m. Scale bar, 0.5° or ⬃150 m.

The bright spots in the fundus photographs matched those in
the AOSLO image and appear to be hyperreflective RPE cells.

Case 3: Early Stage Cone-Rod Dystrophy
This 32-year-old man with a family history of X-linked CRD
demonstrated reduced cone function on full-field and mfERG
testing, despite retaining best-corrected visual acuity of 20/20.
OCT (Carl Zeiss Meditec, Inc.) images showed significant thinning in the macula with moderate lamination due to a thinned
but present photoreceptor layer. This patient had a deletion in
exon ORF (open reading frame) 15 of RPGR, resulting in the
frameshift mutation Glu481GlyfsX492. This novel mutation is
at the 3⬘ end of ORF15, where other mutations in patients with
XLCRD have been reported.39 More information about this
patient can be found in another paper.24
In this case, photoreceptors were visualized across most of
the macula although with increased spacing, or decreased
density, compared to normal.24 However, the cone mosaic
appeared patchy and nonuniform and RPE cell structure was
visible in some small regions. We identified the cells in the

regions where we were most confident that they could be seen
and measured the spacing. One such region is shown in the
Figure 6, right. For comparison, the Figure 6, left, shows a
region for the same subject where a contiguous cone mosaic is
resolved. It is not known whether there were functioning
cones present in the region where the mosaic of RPE cells was
visible in the right image.
The same patient was imaged 7 months later with the same
system. Figure 7 shows the same regions and that the RPE cells
are resolved on both visits.

DISCUSSION
RPE cells have been difficult to resolve in living eyes. To date,
there are no reports of visualization of these cells through
direct imaging in vivo. A recent publication by Gray et al.22
shows images of RPE cells obtained with AOSLO autofluorescence imaging in an anesthetized monkey eye.
Why are the RPE cells so difficult to see, especially when
they are purported to be one of the major sources of scattering

FIGURE 7. Images of the same retinal region taken 7 months apart. Despite differences in the appearance between the images, several RPE cells
are resolved (outlined in bottom left insets). The average size of the RPE cells in this region is 14.85 m. Scale bar, 0.25° or ⬃75 m.
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in OCT images?20 The reason is that, in a normal eye, the RPE
lies just posterior to the photoreceptors which are also strong
scattering sources. Although the AOSLO is confocal and has the
ability to optically section the retinal tissue,30 its axial resolution is modest compared with OCT, and so scattered light from
the photoreceptors and the RPE is contained in the same axial
section. Furthermore, the nature of the scattered light from the
RPE layer is likely to be affected by the presence of the
photoreceptors, and so even if scattered light from RPE is
collected by the detector, the structure of the cell mosaic may
not be apparent. In conditions in which the photoreceptor
layer is compromised or missing and the scattered light from
the photoreceptors is no longer present, the true structure of
the RPE is revealed. The high-contrast images of the AOSLO
instrument enhance the contrast of RPE cell structure to the
extent that RPE cells can be directly observed. Autofluorescence from lipofuscin, in contrast, is not wave-guided,40 and
so, even in a retina with intact photoreceptors, RPE structure
can be visualized using a good imaging system.22
Visualization of RPE cells using direct backscattered light
provides insight into the stages of disease progression in patients with retinal degenerations. Conventional clinical ophthalmoscopes cannot distinguish between regions with or
without intact photoreceptors, as long as the RPE is present.
For example, the retinal structure within a macular bull’s eye
lesion of RPE atrophy often appears uniform in a clinical
examination. However, with a combination of adaptive optics
imaging and fundus-related microperimetry we find very important changes within the center of the bull’s eye. The images
suggest that RPE cells remain, even after photoreceptors are
gone. Regions with no visible photoreceptors correspond with
absolute scotomas, and regions where photoreceptors remain
have increased spacing (reduced density) and reduced visual
function. Over time, we postulate that the RPE cells will become atrophic and appear as clinically visible regions of RPE
atrophy, but longitudinal measures are needed to test this
hypothesis.
Fundus autofluorescence has been used as a measure of
lipofuscin deposits in the RPE cells in patients with retinal
degenerations, including age-related macular degeneration,41
retinitis pigmentosa,42,43 Best macular dystrophy,44 and Stargardt disease.45 Although the present study does not include
autofluorescence imaging, AOSLO images may provide a novel
modality for imaging RPE cell structure in patients with retinal
degenerations. An advantage to the use of AOSLO to image RPE
cells is the infrared light source used, because shorter wavelengths of light such as those traditionally used to image
autofluorescence have been associated with damage in animal
models of retinal degeneration46,47 and with RPE cells in culture fed a component of lipofuscin, A2-E.48
The size of the RPE cells observed in the present study is
consistent with that observed in the literature. Gao and
Hollyfield15 report RPE cell center-to-center spacing ranging
from 12.45 m at the fovea to 13.87 m at 120 m from the
foveal center. Watzke et al.18 report center-to-center spacing
of 14 m in a region within 250 m of the foveal center.
Dorey et al.16 report the smallest RPE cell sizes of 10.13 m,
but these values were inferred from histologic cross-sections. All these reports are from excised human ocular
tissue. Our measurements range from 14.85 to 15.2 m in
regions ranging in eccentricity from 100 to 750 m from the
foveal center.
Further evidence that these are indeed RPE cells is their
regular packing structure. Primary, secondary, and tertiary oscillations of the DRP indicate that the cells are closely packed,
and a honeycomb appearance due to the hexagonal packing
structure is readily observed in the images. Similar hexagonal
packing is observed in en face microscopy imaging.18
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CONCLUSION
This is the first report showing direct visualization of the RPE
cells in a human eye. The visibility of RPE cells using direct
backscattered light identifies regions where photoreceptors no
longer scatter or wave-guide light and are no longer functioning. Visualizing the RPE and other retinal structures on this
scale may be useful in diagnosing or monitoring the progression of retinal disease. This work represents a first step toward
imaging the structural and basic functional properties in cases
of retinal degeneration in which RPE cells can be seen. Further
work is needed to identify the sources within the RPE cell that
scatter light. In addition, we plan to perform additional studies
using AOSLO to gain a better definition of the anatomic properties of the RPE cells visualized, using filters to image autofluorescence as a measure of lipofuscin content. We also plan to
use AOSLO to deliver stimuli with high resolution to assess
visual function in regions where RPE cells are seen. Finally, we
plan to observe patients in whom RPE cells are visible longitudinally, to determine whether the RPE cells are visible during
a stage in progressive degeneration or whether these visible
RPE cells represent a unique phenotype for a subset of retinal
diseases.
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