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Abstract: We demonstrate the capability of a new generation adaptive
optics scanning laser ophthalmoscope (AOSLO) to resolve cones and rods
in normal subjects, and confirm our findings by comparing cone and rod
spacing with published histology measurements. Cone and rod spacing
measurements are also performed on AOSLO images from two different
diseased eyes, one affected by achromatopsia and the other by acute zonal
occult outer retinopathy (AZOOR). The potential of AOSLO technology in
the study of these and other retinal diseases is illustrated.
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1. Introduction

In 1997, Liang et al. reported the first retinal imaging system equipped with adaptive optics
(AO), showing high resolution images from retinas of several healthy subjects where the cone
photoreceptor mosaic was clearly identified at different eccentricities [1]. Although the cone
photoreceptor mosaic had been observed before without the use of AO [2], using this
technique increased the resolution of the images obtained compared to those of traditional
fundus cameras.

AO imaging has been since widely used due to its potential to resolve microscopic
structure in the in vivo human retina, and it has been successfully combined with scanning
laser ophthalmoscopy (SLO) and optical coherence tomography (OCT) [3-7]. AO
ophthalmoscopy systems have been used to study and characterize normal human retina [8—
12], to characterize changes in retinal structure caused by several different degenerative
retinal diseases [13-23], and to assess progression of these diseases and responses to
treatment [24].

Although the improvement in image quality produced with AO enhanced systems is
clearly established [1,3-7], it seems to have fallen behind the theoretical predictions of image
resolution for aberration-free systems. Aberration-free systems are diffraction-limited, and
therefore only the numerical aperture of the eye limits the resolution of the images obtained
using them. In this sense, some retinal features such as foveal cones and rod photoreceptors
should be visible when imaged using AO-enhanced systems if the pupil size of the subject
imaged is large enough. Ongoing efforts to increase image quality of data obtained using AO
enhanced systems have employed post-acquisition image processing, AO loop control
development and the use of complex AO systems using more than one wavefront corrector
[25-27].

In this article the results obtained with a new generation adaptive optics scanning laser
ophthalmoscope (AOSLO) system are reported. In this system the optical design has been
meticulously developed to minimize astigmatism in the pupil plane. To demonstrate its
enhanced performance, the system has been used to image normal subjects and patients with
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retinal disease. This article presents data related to images of cone photoreceptors and
structures that appear consistent with rod photoreceptors.

2. Optical design
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Fig. 1. a) Optical design for a traditional AOSLO system with all the optical elements arranged
along the same plane [28]. b) and c) show the optical design of the system presented in this
paper from the light delivery beam and collection beam splitter (BS) to the eye. In b) and c) the
beam reaches the different optical elements in the same order as in a), so the labels can help
understand the light path. In b) and c) the optical elements are not arranged in just one plane,
but they are placed at different heights. b) shows the projection of the system on the xy plane,
and c) shows the same design projected on the yz plane.

In the new generation AOSLO system described here, the optical design has been based on
that developed by Zhang et al. [28], which is shown in Fig. 1a. Usually, SLO systems are built
using spherical mirrors rather than lenses. In this manner, back reflections from optical
elements of the system are eliminated, avoiding their effect on the wavefront sensor
measurements. However, in order to use spherical mirrors the light beam hits these elements
at a certain angle with respect to the optical axis, introducing astigmatism in the beam. In
traditional designs of retinal imaging systems, like the one shown in Fig. 1a, this incident
angle is always contained in the same plane as the beam travels through the different optical
elements. Astigmatism builds up after each reflection on a spherical mirror, and it is corrected
at the eye pupil plane along with the subject’s prescription by means of trial lenses (TL in Fig.
1a). The back reflections of these trial lenses and the cornea are filtered by means of an iris
labeled RF in Fig. 1a.

Astigmatism generated by beam reflections on a spherical mirror with incident angles in
perpendicular planes have opposite signs. Therefore, by alternating the incident angle plane
from horizontal to vertical, the overall astigmatism can be reduced [29]. Some systems have
already been built alternating the incident angle plane to avoid astigmatism build up [30-32].
The system presented in this paper was designed using this concept. The angles of incidence
of the beam on the spherical mirrors were optimized using Zemax (Bellevue, WA, USA) to
avoid astigmatism build up. Although alternating horizontal and vertical angles of incidence
would be the ideal case [29], the size of the deformable mirror box did not allow for this
possibility with the focal lengths of the spherical mirrors used. Figure 1b) and c) show the
resulting optimized design, used to obtain the results presented in this paper. The first two
telescopes (formed by S1-S2, both of 200mm focal length, and S3-S4, of 200mm and 100mm
focal length respectively) are contained in the xy plane, while the rest (S5-S6, of 100mm and
150 mm focal length respectively, and S7-S8 of 100mm and 200mm focal length respectively)
are contained in the yz plane, perpendicular to the previous one. Since the design does not fall
on a plane, two different projections are presented in Fig. 1b) along the xy plane and Fig 1c)
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along the yz plane. Also, for the purpose of clarity, the light delivery and collection arms are
not represented in Figs. 1b) and 1c), since no changes were introduced with respect to the
design shown in Fig. 1a).

A consequence of avoiding astigmatism build up, as opposed to relying on its correction in
the pupil plane using a trial lens, is an increase in the quality of the image of the pupil plane
onto the wavefront sensor. The reconstruction of the wavefront of the probing beam should
therefore be more accurate, and the quality of AO correction improved. The absence of
astigmatism build up also reduces beam-wandering in the pupil plane. Beam wandering blurs
the image of the wavefront pattern on the wavefront sensor, and reducing it improves the
fidelity of the wavefront measurement.

As a consequence of optical design improvement, the size of the confocal pinhole was
reduced in this system with respect to the system from Zhang et al. [28], from 75um to 25um.
This translates into an increase in the contrast of the acquired images due to better confocality
of the system, and better resolution.

The deformable mirror used is a 140 actuator, 5.5um maximum stroke MEMS mirror
(Boston Micromachines, Cambridge, MA, USA). The high number of actuators in this
deformable mirror allows good matching of the shape of the mirror with the wavefront
measured by the wavefront sensor.

The wavelength of the illuminating beam chosen was 830nm. Although a shorter
wavelength would produce a smaller diffraction spot, near infrared wavelengths such as the
one chosen are much more comfortable for the subject under study. This is a very important
point since imaging sessions are long and the results are better if the subject is comfortable,
especially when they are not experienced in the imaging process. The optical power reaching
the cornea was 300uW, which is more than 10 times below the maximum permissible
exposure (MPE) set by the ANSI laser safety standards for a system like the one described.

According to the Rayleigh criterion, the resolution for a diffraction-limited imaging
system like the one described here where the pupil is limited to a 6mm circle in the plane of
the eye pupil, the lateral resolution would be of 2.8um.

There are a series of very important constraints that rule the optical design of the system
described in this article. These constraints are mainly related to the system size, since it was
conceived to be deployed in a clinical environment. The focal lengths of the spherical mirrors
used in this system have been doubled with respect to those of Zhang et al. [28] in order to
remove astigmatism build up in the plane where the pupil of the eye is placed. However, the
new focal lengths allow all the optics to fit on a 600x600mm plate. This characteristic
provides the system with the versatility needed in terms of mobility and space occupied, as
these two qualities are very desirable in a clinical environment. Better image quality could be
achieved if such constraints were not present, as has been shown recently by Dubra et al.
[31,32]. However, the authors believe that the compromise reached between size and
performance of the system is very satisfactory.

The system is at this moment being used routinely to image both normal subjects and
patients with retinal diseases in a clinic environment.

3. Image acquisition methods

All research procedures described in this article were performed in accordance with the
Declaration of Helsinki. The study protocol was approved by the institutional review boards
of the University of California, San Francisco and the University of California at Berkeley.
All subjects gave written informed consent before participation in the studies.

Pupils of 3 normal subjects were dilated with 1% tropicamide and 2.5% phenylephrine
prior to AOSLO imaging. Videos of small patches (0.7° to 1.2° size squares) of the subjects’
retinas at different locations were recorded at 30 frames per second. Single frames of these
videos were warped due to sinusoidal scanning in the horizontal axis from the resonant
scanner used. The images were de-warped and scaled using images of a characterized model
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eye with MATLAB (MathWorks, Natik, MA, USA) software developed by Dubra et al. [33].
Involuntary eye movements were also corrected in order to average a number of stabilized
images and reduce noise [34]. The number of images averaged to reduce noise depended on
the subject, but more than 30 images were usually used. Images of different areas of the retina
were then assembled together after averaging to create a montage of a retinal area that covered
up to 13° eccentricity from the central fovea.

4. Study of normal healthy eyes
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Fig. 2. Cone spacing vs eccentricity: 1. Cone spacing computed from AOSLO images of 3
different healthy subjects (<> nasal direction, O inferior direction); 2. Cone spacing computed
from published histological images (black solid circles) by Curcio et al. [35]; 3. Cone spacing
in the temporal (solid line) and nasal (dotted line) directions inferred from density data reported
by Curcio et al. [35].

Montages from 3 different subjects were generated using the methods described in the
previous section. Subjects were 22 to 34 years old, 1 male and 2 female. 2 of them did not
wear glasses, and the third one needed a spherical correction of —3.25 diopters.

Figure 2 shows cone spacing measurements from these montages at different
eccentricities. Cone spacing was calculated as described by Rodieck [16,36], and in order to
transform angular separation in the retina into distances the assumption of 289 pum/deg was
followed [37,38]. The error bars show the range of cone-to-cone distances that include 95% of
the measurements performed. The same method was used to characterize cone spacing from
histological images from Curcio et al. [35]. Also, average cone density measurements
obtained from histological images by Curcio et al. were used to calculate cone spacing at
different eccentricities. No error bars could be determined for these data.

Since AOSLO images are obtained in vivo, the range of eccentricities where cone spacing
can be measured is limited, in contrast to the range of regions that can be studied in
histological sections. At high incidence angles, the subject’s pupil becomes effectively
elliptical, clipping the probing beam, and obstructing wavefront sensor measurements to
determine the aberrations of the eye. Also, oblique incidence in the eye introduces high
amounts of astigmatism in the beam which degrade the image quality, making it difficult to
obtain cone spacing measurements.

At low eccentricities (up to 10°), cone spacing measurements derived from AOSLO
images, histological images and cone density measurements are in agreement. However,
differences appear between data derived from histological images and cone density
measurements at high eccentricities. Each of the points in the graph showing cone spacing
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data from histological images is obtained from a particular image of a single subject.
However, cone density measurements are averaged over a series of subjects. This may explain
the differences between these two sources at high eccentricities. It should be mentioned that
AOSLO data presented here was collected at different directions from the fovea including
nasal and inferior to the fovea.

The authors believe the results presented in Fig. 2 validate the technique used to calculate
cone spacing, and similarly, distance measurements within the retinal images obtained using
AOSLO.

Fig. 3. AOSLO retinal image at 7° eccentricity for one of the healthy subjects showing the cone
photoreceptor mosaic and a finer structure filling in the space between these cone
photoreceptors (scale bar is 20um).

Figure 3 shows an image obtained using AOSLO at 7° eccentricity from one of the healthy
subjects mentioned above. The image shows the cone mosaic pattern, which has been reported
in previous reports from AO systems [39]. Cones in the image present a bright spot in their
center, fading to dark toward the edges of the aperture, which is compatible with the lowest
order wave-guide mode pattern described by Enoch et al. [40] as HE11 and more commonly
labeled as LPO1. The space between cones is filled by a smaller structure wherever cones are
far enough apart. Histology images show that close-packed mosaics of rod photoreceptors
occupy the space between cones at these eccentricities. The spacing between these structures
has been determined on AOSLO images for the 3 healthy subjects mentioned above using the
same methods described for cone photoreceptors and only using patches of images within
which there were no cones. In order to compare this structure to the expected size and spacing
of rod photoreceptors, the spacing between rods was also calculated from published
histological images from Curcio et al. [35]. In addition, rod spacing was inferred from
published rod density measures in the following way: first, the fraction of the retinal surface
area occupied by cones was removed from the total area using information of cone diameter at
different eccentricities [41]. Then, assuming rods are close-packed in hexagonal geometry to
tile the area between cones, the distance between rod photoreceptors was estimated from rod
density measurements [35]. These results are displayed in Fig. 4. This figure shows that the
results computed from AOSLO images are in clear agreement with rod spacing measured
from histological images. Furthermore, they correspond to recent reports on in-vivo rod
imaging [42]. This agreement strengthens the statement that the structures shown in AOSLO
images correspond to rod photoreceptors. The discrepancies with rod spacing calculated from
density data may be due to two different factors: first, overestimation of the area subtended by
cones calculated from cone diameter data, and second, errors related to the packing geometry
model chosen. Although hexagonal geometry is close to rod packing geometry, real rods do
not always arrange themselves regularly, especially when only a row of rods fits between
cones.
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However, the data presented here clearly shows that the smaller structures visible in
AOSLO images do not correspond to cone photoreceptors, and that the data obtained from
previously published histological images of rods is compatible in terms of spacing.
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Fig. 4. Rod spacing vs eccentricity. 1. Rod spacing computed from AOSLO images of 3
different healthy subjects (< nasal direction, [JO inferior direction); 2. Rod spacing computed
from published histological images (black circles) by Curcio et al. [35]; 3. Rod spacing in the
temporal (solid line) and nasal (dotted line) directions inferred from rod density published data
by Curcio et al. [35].

5. Study of diseased eyes
5.1. Achromatopsia

The left eye of a 39 year old male patient with incomplete achromatopsia caused by a
mutation in the cyclic nucleotide-gated channel, beta 3 (CNGB3) gene was imaged using
AOSLO following the procedures described in section 4.

Achromatopsia is a disease characterized by lack of color discrimination, low visual acuity
beginning at birth, and nystagmus. Electroretinograms (ERGs) show very little or no cone
function. Rod photoreceptors are responsible for visual function. Many genetic causes of
achromatopsia have been identified, including mutations in the cyclic nucleotide-gated
channel, beta-3 [43].

Genomic DNA was obtained from the patient’s white blood cells. DNA was directly
sequenced through the portions of the coding sequences of the CNGA3 and CNGB3 genes
that have been previously reported to harbor achromatopsia-causing genetic variations. One
homozygous sequence variation was present in the coding sequence of the CNGB3 gene, a
homozygous 1 base pair deletion of C at codon 283, predicted to result in a high-penetrance
disease-causing sequence variation. Color vision was examined using the Farnsworth
Dichotomous Test D-15 [44]. The data were analyzed using a web-based platform scoring
method [45], and the error scores were calculated using methods proposed by Bowman [46].
The Total Color Difference Score was 374.9 in the right eye (OD) and 294.8 in the left eye
(0S), and the Color Confusion Index (CCl = TCDS actual/TCDS normal) was 3.20 OD and
2.52 OS, consistent with pathologic color discrimination and a diffuse color discrimination
error.

Pupils were dilated with 1% tropicamide and 2.5% phenylephrine prior to obtaining OCT
and infrared SLO images (Spectralis HRA + OCT Laser Scanning Camera System,
Heidelberg Engineering, Vista, CA, USA).
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Normal eye

Achromatopsia

Eccentricity

Fig. 5. AOSLO retinal images at different eccentricities for a normal subject and a 39 year old
patient with achromatopsia. The patient’s prescription on the eye imaged was —4.50sph,
+0.50cyl, axis105 deg. Scale bar is 20 pm.

Figure 5 shows images obtained using AOSLO as described in section 3, comparing
patches of the retina at different eccentricities for a healthy subject and the patient with
achromatopsia. In the OCT image of the patient in Fig. 6, reflections corresponding to an
intact photoreceptor layer (external limiting membrane, ELM, and inner segment/outer
segment, IS/OS, junction layers) are present throughout the macular area imaged. These intact
structures provide support that the features seen in the AOSLO image are indeed
photoreceptors. The figure also shows an OCT image obtained from a normal subject for
comparison purposes.

Fig. 6. OCT image from a normal subject (left) and an achromatopsia patient (right). Due to
nystagmus it was difficult to acquire an OCT image at the exact center of the anatomical fovea
of the achromatopsia patient. The image presented is the closest to the anatomical fovea that
could be acquired. The image shows ELM (bright), IS (dark) and OS (dark) layers visible
throughout both images.

Spacing between photoreceptors present in the AOSLO images was calculated at different
eccentricities, and the results are shown in Fig. 7.

It is possible that the photoreceptors at the anatomic fovea are abnormal cones, since the
patient perceived some color vision. However, Fig. 7 shows spacing for these cone
photoreceptors is greater than normal at corresponding eccentricities. Also, the fovea in the
AOSLO montage appeared darker than what is typically observed in normal subjects. The
cause for this could perhaps be the fact that photoreceptors in that area are not normal cones,
or because other factors may influence photoreceptor reflectivity in achromatopsia.

Figure 5 shows dark spots evident at eccentricities 7° and 11°. These dark spots are
observed throughout the retina and, although they may represent cones, they are too far apart
to be considered normally spaced. The low reflectivity areas observed in AOSLO images may
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be a consequence of diffuse abnormalities of cone function and structure caused by mutation
in the CNGB3 gene [47]. Figure 7 also shows photoreceptor spacing calculated for larger
eccentricities. In this case spacing is too small for the photoreceptor cells identified to be
considered cones, as reported by Carroll et al. [47], and the cells imaged are more consistent
with rods, albeit with larger spacing.
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Fig. 7. Cone (squares) and rod (circles) spacing calculated from AOLSO images for 3 different
healthy subjects (open symbols), a patient with achromatopsia (black filled symbols) and a
patient with AZOOR (grey filled symbols).

From all the data compiled, the scenario is compatible with the patient having abnormal
cones at the anatomical fovea that have increased spacing and reduced density compared with
normal subjects. However, the cones retain some function, which provide the patient with
residual, but abnormal, color vision. These abnormal cones are not as reflective as normal
cones, which is compatible with the fact that the patient’s fovea is darker than that of normal
subjects studied using AOSLO. Also, low reflectivity of abnormal cones would appear at
higher eccentricities as dark spots, also observed in AOSLO images. Finally, the
measurements of photoreceptor spacing in the current image show structures that are larger
than normal rods, although smaller than normal cones.

Histological studies on achromatopsia have come to different conclusions as to whether
central photoreceptors in patients with achromatopsia represent abnormal foveal cones or rods
[48-50]. The findings in this paper are compatible with the conclusion that abnormal cones
are observed in the fovea of this patient, and that photoreceptors imaged in the retinal
periphery are most likely rods with abnormally increased spacing [48].

5.2. AZOOR

Acute zonal occult outer retinopathy (AZOOR) is a rare disease characterized by focal
photoreceptor abnormalities, in which photoreceptors may be present but have abnormal
function [51,52]. Patients report an acute onset of scotoma, also associated with photopsia,
and often the scotoma has been observed to grow, usually up to a period of six months. Some
reports conclude that the cause of the visual field loss is related to degeneration of the
photoreceptor outer segments, and that they are detectable in OCT images as irregularities or
absence of the 1S/OS junction layer [53-55].

The left eye of a patient that was diagnosed with AZOOR was studied. This 46 year old
woman presented with acute onset of photopsias within a relative scotoma beginning from 4
to 6 degrees nasal to fixation in the left eye. Figure 8 shows the visual field (Pattern Deviation
plots, Humphrey 30-2, Carl Zeiss Meditec AG) as well as imaging results. OCT images of this
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eye showed reflections of the ELM and the 1S/OS junction through the relative scotoma.
Although the reflections were decreased in intensity within the relative scotoma, their
presence was consistent with the presence of a contiguous array of waveguiding
photoreceptors. AOSLO images at different eccentricities were also acquired as detailed in
section 3 on the area of the retina corresponding to the OCT scan shown in Fig. 8. Some
patches of the montage assembled with these images are shown in Fig. 9. Areas outside the
relative scotoma (in this case 1.5° and 2.5°) show a typical photoreceptor mosaic, also seen in
the pictures of a normal eye in Fig. 5. However, images within the relative scotoma (6° and 7°
in this case), do not show the usual mosaic structure. The cone mosaic appears normal around
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Fig. 8. Visual field, infrared scanning laser ophthalmoscope image and OCT B-scan of an
AZOOR patient. The two visual fields on the top panel show the deviation from normal
(pattern deviation) over a 60 degree visual field. The numbers on the left field indicate the
sensitivity difference from normal in decibels. The right field plots the probability that the
visual sensitivity is part of a normal distribution. The relative scotoma starts between 4 and 6
degrees to the right of the fovea. The SLO fundus image (middle panel) spans 30 degrees and
the location of the OCT B-scan (bottom panel) is indicated by the dashed white line. The arrow
at 4.5 degrees corresponds to the point beyond which the regular mosaic of cones is no longer
visible (Fig. 9). The OCT B-scan shows reflections, corresponding to an intact ELM and 1S/OS
junction, that persist into the relative scotoma, although the magnitude of the reflection is
reduced.
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the relative scotoma, but is not seen within it. The edge of the area of the relative scotoma was
imaged and is shown in the bottom image of Fig. 9. The interface between the areas with and
without cones is very well-defined.

Cone spacing was calculated in regions of the AOSLO montage, and the results are shown
in Fig. 7. Cones appear normally spaced outside the relative scotoma, and correspond to
retinal regions with normal visual function. Within the relative scotoma, cones are not
visualized, and the spacing of the visible structures corresponds better with spacing from rods
of healthy eyes, although with increased spacing. This suggests that, in this patient with
AZOOR, significant loss of cone photoreceptors within the relative scotoma has occurred,
while the rods have remained relatively unaffected. The increased spacing of the rods
compared to normal may have occurred because they have spread out to fill in the spaces left
behind by degenerated cones. A more extensive report of this and other AZOOR patients,
including functional and structural testing, is part of a second manuscript [56].

1.5° 2.5° 6° 7°

4.5°

Fig. 9. AOSLO images from an eye of a 46 year old female patient affected by AZOOR. The
top images correspond to 4 different eccentricities. Images at 1.5° and 2.5° eccentricity are
outside the scotoma, while images at 6° and 7° eccentricity are within it. The bottom image,
centered at 4.5° eccentricity, corresponds to the edge of the area where cones are not visible.
The patient’s prescription was —1.50 sph, +1.25 cyl, axis 90 deg. Scale bar is 20pm.

6. Conclusion

Results obtained using a new generation AOSLO system to study healthy and diseased eyes
are presented. Data related to cone spacing compared favorably to histological data. Also,
some features in the images acquired using the new generation AOSLO system are compatible
with rod photoreceptors.

AOSLO images for a patient with achromatopsia were also analyzed. Spacing and
reflectivity of clearly-visualized structures were characterized and appeared consistent with
abnormal cone or rod photoreceptors. Photoreceptor spacing was also analyzed and the results
confirmed previous reports of AO retinal images in a patient with a different mutation in the
CNGB3 gene, and retinal images from patients with achromatopsia derived from histological
data.

AOSLO images from an eye affected by AZOOR were also analyzed. Normal retina was
observed in the areas with normal visual function. Discontinuity in the cone photoreceptor
mosaic in the area of the relative scotoma was observed [51,52]. Photoreceptor spacing in the
area of the relative scotoma is consistent with the existence of rod photoreceptors.
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AOSLO has been shown to be able to detect not only the cone photoreceptor mosaic, but
also that of rods. Both cone and rod photoreceptors were detected and characterized not only
in healthy subjects but also in patients with different diseases. This feature opens the
possibility of using AOSLO images to study new parameters in retinal diseases to improve
understanding and to facilitate the development of possible treatments.
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