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Abstract

This review starts with a brief history and description of adaptive optics (AO)
technology, followed by a showcase of the latest capabilities of AO systems
for imaging the human retina and by an extensive review of the literature on
clinical uses of AO. It then concludes with a discussion on future directions
and guidance on usage and interpretation of images from AO systems for
the eye.
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AO: adaptive optics

OCT: optical
coherence tomography

SHWS:
Shack–Hartmann
wavefront sensor

1. INTRODUCTION

The use of adaptive optics (AO) converts an ophthalmoscope into a microscope, allowing visual-
ization of and optical access to individual retinal cells in living human eyes in ways not previously
possible (Liang et al. 1997). This microscopic access is driving a paradigm shift in how we use
ophthalmoscopy to study vision and visual dysfunction.

AO is a technology that was originally developed by astronomers to sharpen images by com-
pensating for the blur-inducing optical aberrations caused by turbulence within the atmosphere
of the Earth. In the field of vision science, AO compensates for optical aberrations in the optics of
the eye and can be applied to any ophthalmoscope modality, including full-field fundus cameras,
scanning laser ophthalmoscopes (SLOs), and optical coherence tomography (OCT) systems. This
review concerns only the first two modalities, as they have yielded the majority of clinical research
published to date. In addition, OCT has had such a profound impact in the field of ophthalmology
that it warrants its own dedicated review.

AO technology for ophthalmoscopy is relatively young, and new technical developments; new
applications; and new approaches to the analysis, interpretation, and presentation of results are
appearing monthly. Considering this, the review places as much emphasis on emerging applications
of AO technology that are relevant for clinical ophthalmic applications (Section 3) as on what has
already been learned (Section 4). The aim is to offer guidance on exciting new clinical directions
that AO users and developers should consider. Another aim is to point out some areas of AO
research, specifically those related to image analysis and interpretation, that beg for more attention
(Section 5).

2. WHAT IS ADAPTIVE OPTICS?

An AO system involves two important steps: measuring the optical imperfections of the eye and
compensating for them. This compensation is generally done over the largest pupil size possible to
maximize the numerical aperture (see the sidebar What Is the Difference Between a Microscope
and an Ophthalmoscope?).

Aberrations in the eye can be measured in several ways, but the Shack–Hartmann Wavefront
Sensor (SHWS), which made AO possible, seems, by all accounts, to be the best available approach
to measure aberrations in the human eye. Junzhong Liang was the first to develop a SHWS for
the human eye as part of his PhD research for Heidelberg University with Josef Bille (Liang et al.
1994), and the SHWS was further refined at the University of Rochester (Liang & Williams 1997).

Recognizing the enabling potential of SHWS technology for ophthalmic applications,
Junzhong Liang and Donald Miller, led by David Williams, built the world’s first AO retinal cam-
era (Liang et al. 1997). The key technology was a deformable mirror that could be shaped in such
a way as to give it an aberration equal and opposite to that of the eye, as measured by the SHWS.
Thus, the aberrations in the beam of light emerging from the eye effectively would be cancelled
by the aberrations of the mirror. For more details on AO technology, the reader is referred to the
following texts (Miller & Roorda 2009, Porter 2006, Roorda 2011, Williams 2011). The benefits of
using AO for ophthalmoscopy were realized immediately, as the images from the first AO fundus
camera were the first to show resolved arrays of human cone photoreceptors (Liang et al. 1997).

It is no coincidence that the fundus camera was the first ophthalmic imaging modality adopted
for AO. Fundus cameras employ simple optical principles and involve little more than a camera
forming an image on a light-sensitive film (or CCD) of the light emerging from the retina through
the optics of the eye. Thus, implementing AO is only a matter of placing the corrector at an
appropriate location between the camera and the eye. In fact, any ophthalmic device that involves
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WHAT IS THE DIFFERENCE BETWEEN A MICROSCOPE
AND AN OPHTHALMOSCOPE?

θθ

Microscopes and ophthalmoscopes are essentially the same, ex-
cept that in an ophthalmoscope, the optics of the eye always
serve as the objective lens, and the sample is always the retina or
some other part(s) of the ocular fundus. The same rules govern
the image quality in both. Specifically, the numerical aperture
(NA) is given by the following equation:

NA = n · sin(θ ) = n · sin
(

arctan
(

D
2 · f

))
,

where n is the index of refraction of the media in which the
light is focused, θ is the half angle of the focused beam at the
sample, D is the entrance pupil diameter (beam size), and f is
the focal length. For a human eye, NA ranges from 0.03 to
0.2 (for a 1–7-mm pupil). In contrast, microscope optics can

be designed with very steep focusing angles and NA values that are greater than 1. The resolution R (the smallest
resolvable distance between two point objects) is related to the NA and often quantified with the following equation:

R = λ

2 · NA
,

where λ is the wavelength of the light passing through the system.
An ophthalmoscope can potentially resolve features as small as 1.3 µm (using a 7-mm beam and 550-nm light),

whereas a microscope with an NA of 1 can resolve 0.275 µm. However, the equation for R applies to only diffraction-
limited systems (those for which the only limit to resolution is the diffraction of light). Aberrations in the eye make
the resolving power of an ophthalmoscope much worse; thus, adaptive optics are needed.

passing light into or out of the eye could benefit from AO. The benefit is limited not only to
ophthalmoscopes, but also to vision testing systems (Fernández et al. 2009, Guo et al. 2008, Roorda
2011, Sawides et al. 2010, Schwarz et al. 2014, Yoon & Williams 2002). One ophthalmic imaging
technology that is particularly well-suited for AO is the scanning laser (or light) ophthalmoscope
(SLO). Invented in 1980 by Robert Webb (Webb et al. 1980), the SLO forms an image over time
by continually recording and logging the light scattered from a single focused spot on the retina as
it is scanned across the retina, generally in a raster pattern. Because they are able to record movies
of the retina at video rates, SLOs can be used in a vast number of ways. The most common mode
of imaging is confocal imaging, which uses a small aperture (confocal pinhole) positioned close
to the detector and optically conjugate to the focused spot on the retina. The confocal pinhole
blocks scattered light from reaching the detector, with the exception of light arriving from near
the plane of focus. The use of this confocal pinhole thereby enables optical sectioning, which
is the primary advantage of confocal microscopes over conventional light-field microscopes. In
the human eye, the confocal pinhole allows for some optical sectioning (although this ability is
not close to the axial sectioning ability of OCT), but it also provides high-contrast images of the
structure of interest.

The first application of AO to an SLO was reported by Roorda et al. (2002). That paper
demonstrated the video-rate imaging and confocal advantages of the SLO in the measurement
of blood cell velocity and rudimentary optical sectioning. The complexity of the design and the
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AOSLO: adaptive
optics scanning laser
ophthalmoscope

SNR: signal-to-noise
ratio

reliance on partially coherent light sources (Putnam et al. 2010) were limiting factors in using
SLOs early on, but these limitations have mostly been overcome as a result of innovative optical
design (Dubra & Sulai 2011) and the availability of better light sources (Zhang et al. 2006).
Today, AOSLOs in research labs are producing en face retinal images with higher contrast and
resolution than any other imaging modality. In fact, the best AOSLOs appear to have achieved a
resolution that is effectively at the diffraction-limit for eyes with clear optical media (Dubra et al.
2011).

The implementation of AO in an ophthalmoscope is only the first step in realizing its full range
of benefits. Consider, for comparison, the field of microscopy. Today, the use of a microscope
to look at scattered or transmitted light from biological specimens represents only one of many
possible applications. Almost every modern use of the microscope employs contrast agents, fluo-
rescent labels, or innovative illumination and detection schemes, and the arsenal of tools available
to the microscopist is expanding. Although standard approaches that involve recording scattered
light from the retina have proven useful for both fundus camera and SLO modalities, the reflected
or scattered light does not provide specific information about the function or health of a retinal
cell. Even the simple notions that a visible cone is healthy or that an invisible cone indicates visual
dysfunction have been questioned (Wang et al. 2015). However, this review describes the expand-
ing array of more innovative uses of AO technology within these modalities, and it argues that we
have witnessed only the very beginning of what can be done. Put simply, AO offers microscopic
optical access, and the ophthalmoscopist must determine how to employ that access.

3. STATE OF THE ART IN ADAPTIVE OPTICS
IMAGING TECHNOLOGY

This section showcases the capabilities of current AO systems and is intended to show that AO
is still a developing technology. Had we focused solely on clinical applications, this review would
have failed to give the reader an appreciation of the potential capabilities of AO, as actual clinical
studies can be complicated with an emerging technology. The time with a patient is limited; the
patients and the operators are often less familiar with the technology than are those who build it;
and many patients may not have optimal fixation, lens clarity, tear film stability, or patience, all of
which can compromise the quality of the data collection. Nevertheless, AO is already having an
impact in ophthalmology as shown in Section 4.

3.1. Imaging Structure

Visualizing microscopic structure in the retina requires a combination of resolution, contrast,
and a sufficient signal-to-noise ratio (SNR) (for definitions of these terms, see the sidebar Image
Quality Metrics). AO offers sufficient resolution in all cases, but sufficient contrast and SNR can
be reached in many different ways. In this section, we showcase the best images of all the retinal
structures imaged to date in healthy eyes using all the current AO imaging modalities, with the
exception of AO-OCT. Most imaging modalities included here have been used on humans, but
we have added insets to figures taken from animals to indicate the species when applicable.

3.1.1. Nerve fiber layer. Axons of the ganglion cells traverse across the surface of the retina,
forming the nerve fiber layer (NFL). The NFL is a relatively strong source of backscatter, and its
microstructure has been resolved with confocal AOSLO imaging (Huang et al. 2014, Takayama
et al. 2012) and AO fundus cameras (Ramaswamy et al. 2014). Figure 1 shows a confocal AOSLO
image of discrete, individual, nerve fiber bundles originating from the temporal raphe. This region
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IMAGE QUALITY METRICS

Image quality can be defined using three metrics: resolution, contrast, and the signal-to-noise ratio (SNR).

Resolution is the ability of an imaging system to allow two adjacent structures to be visualized as being separate or
the distinctness of an edge in the image (i.e., its sharpness).

Contrast is the difference in luminance and/or color that makes an object (or its representation in an image or
display) distinguishable.

The SNR is the ratio of the power between the signal strength and the background noise.

The following images of a letter E against a background illustrate the differences.

Limited by blur Limited by contrast Limited by noiseLimited by noise

Although these qualities can be considered independently, they are related. For example, improved resolution
(offered by AO) improves the contrast of higher frequencies, thereby increasing the overall contrast and SNR. But,
an image of a low-contrast and/or low-SNR object with low contrast may never be visualized, no matter how high
the resolution.

Nerve fiber
bundle

0.5 deg

Figure 1
This confocal adaptive optics scanning laser ophthalmoscope (AOSLO) image shows the location at which
nerve fiber bundles originate, temporal to the fovea (not shown, but located to left of the image). The line
separating bundles that traverse above and below the fovea is the called the temporal raphe. In the original
paper, the authors carefully map its location relative to the fovea and optic disk and show individual
variability and changes with age. Figure adapted with permission from Huang et al. (2014).
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1 deg

Figure 2
Fluorescence adaptive optics scanning laser ophthalmoscope (AOSLO) image of the retina of a living mouse
expressing yellow fluorescent protein (YFP) in a fraction of its ganglion cells (GCs). This image shows a
monostratified ON GC. ON or OFF types were identified by resolving—through confocal optical
sectioning—the sublamina of the dendrites within the inner plexiform layer. Figure adapted with permission
from Geng et al. (2012).

GC: ganglion cell

is vulnerable to vision loss in glaucoma, and closer examination of it will help provide both a better
understanding of it and an ability to monitor changes in this structure.

3.1.2. Ganglion cells. Although the NFL is directly visible, the originating ganglion cells (GCs)
have proven more elusive. Their relatively large size makes them resolvable, but they are weakly
scattering (low SNR) and, in back-reflected light, do not seem to possess the intrinsic contrast
that might reveal their structure. To date, visualization of the GCs in living eyes has only been
possible using extrinsic fluorophores. Specially designed AOSLO systems in conjunction with ex-
trinsic fluorophores of various types have been employed to visualize GCs in monkeys (GCaMP3)
(Yin et al. 2014), rats [enhanced green fluorescent protein (eGFP)] (Geng et al. 2009), and mice
[(GCaMP3) (Yin et al. 2013) and yellow fluorescent protein (YFP)-expressing GC-specific ge-
netic strains (Geng et al. 2012)]. Figure 2 shows an example of a GC imaged in a YFP-expressing
mouse. The image is especially well resolved partly because the mouse has a higher numerical
aperture then the human (see the sidebar What Is the Difference Between a Microscope and an
Ophthalmoscope?), offering higher potential resolution (Geng et al. 2011). In fact, the GC image
shown here approaches the resolution typically obtained for in vitro preparations of the same cell.
Today, the use of fluorescent agents, other than sodium fluorescein, indocyanine green (ICG),
and fluorescent-conjugated annexin V, is not permitted in humans. Nevertheless, the ability to
image these cells in mice has a major potential clinical impact, as mice are the most common
animal model for studying retinal disease.

3.1.3. Vasculature. A healthy vascular network is crucial to the health and function of the retina.
The standard clinical method to visualize the vasculature in a living human retina is to boost
its contrast by recording fluorescence emission from systemically injected sodium fluorescein or
ICG. Backscattered light in confocal AOSLO and AO fundus cameras has been only moderately
successful in visualizing the microvasculature (Martin & Roorda 2009, Popovic et al. 2011).

24 Roorda · Duncan
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aa bb

dc

0.5 deg

0.5 deg0.5 deg 0.5 deg0.5 deg

1 deg

Pericytes

Perfusion

Mural cellsMural cells

Figure 3
(a) Fluorescein angiography (FA) of a human retina with adaptive optics scanning laser ophthalmoscopy
(AOSLO). This particular implementation employed oral fluorescein, offering a longer time course for
imaging and avoiding risks associated with injection. The use of AOSLO offers higher contrast and higher
resolution over conventional FA. (b) Image of the microvascular structure of a human retina using offset-
pinhole AOSLO. Arrows point to purported individual mural cells that compose the arteriole walls. Panel
adapted with permission from Chui et al. (2013). (c) Motion contrast image from split-detector AOSLO
recordings of a vessel and capillary network in a normal human eye. Panel adapted with permission from
Sulai et al. (2014). (d ) A combination of confocal AOSLO motion contrast of perfusion (magenta) and
fluorescent AOSLO images of tagged pericytes ( green) in a mouse retina reveals the colocation of these
structures. Panel adapted with permission from Schallek et al. (2013).

Departures from conventional AO systems that detect backscattered light have proven to be
the most effective modalities for all aspects of vascular imaging. An obvious first example is the
combination of fluorescein angiography (FA) and AO. This combination takes advantage of the
high contrast of FA and the high resolution of AO and has yielded stunning images (Gray et al.
2006, Pinhas et al. 2013) (see Figure 3a). But, although sodium fluorescein is very useful, FA is
invasive, generates its signal over a limited time course, and is not without side effects.

The biggest advances in vascular imaging have emerged through the use of nonconfocal
AOSLO detection schemes (large pinhole, offset pinhole, dark-field, and split-detector) and

www.annualreviews.org • Adaptive Optics Ophthalmoscopy 25
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through the use of motion contrast. These alternate detection schemes, which either block the
direct backscattered component (split-detector or dark-field AOSLO) or are designed to admit
more multiply-scattered light (offset pinhole), can extract more signal from the actual blood flow
and more details of the microvascular structure. Figure 3b shows an arteriole in which purported
mural cells composing the vessel wall are visualized.

Another new source of contrast, motion contrast, emerged as a result of the ability to record
AO-corrected videos of the retina. In a video of the retina, scatter from most features remains
relatively constant, but scattering and shadowing from blood cells generate a dynamic signal.
By processing the videos to highlight only the dynamic element of the signal, exquisite vascular
maps have been generated. Figure 3c shows one example of a motion contrast perfusion image
extracted from an AOSLO video acquired with a split detector (Sulai et al. 2014). Incidentally,
similar motion contrast approaches are also emerging in OCT angiography.

In microscopy, acquisition and cross-registration of images that encode different aspects of
structure and function are effective tools for understanding complex systems (e.g., multiple fluo-
rescent labels in microscopy), and similar benefits are beginning to be realized for retinal imaging.
Figure 3d shows a fluorescent image of pericytes overlayed onto a motion contrast image of the
retinal vasculature.

3.1.4. Bipolar cells. To date, no AO system has reported on the visualization of bipolar cells.
Similar to GCs, bipolar cells are resolvable but lack the scatter and intrinsic contrast to be readily
seen by reflectance. Thus, fluorescent labeling is the most likely approach by which these cells
will be seen.

3.1.5. Henle fibers. Moving deeper into the retina, one study reported an image of purported
Henle fibers, which are the elongated axons of cone and rod cells that connect to their tangentially
displaced bipolar cells near the fovea (Scoles et al. 2014a). Similar to the NFL, the Henle fiber layer
is formed by an array of highly oriented fibers that tend to exhibit strong orientation-dependent
scattering characteristics (Lujan et al. 2011). Under normal conditions, Henle fibers do not run
perpendicular to the imaging beam and are generally not seen. In the case of Best’s vitelliform
disease (shown in Figure 4), however, the large subretinal lesion has distorted the inner retina,
reorienting the fibers and giving rise to sufficient scatter to reveal their structure.

3.1.6. Photoreceptors. Photoreceptors were the first microscopic structures in the retina to
be studied using AO, and they have remained the most studied thus far. These cells are of direct
interest to researchers, as they comprise the first neurons in the human visual system. Importantly,
similar to the bipolar cells, the nuclei of the photoreceptors have not been resolved using an AO
system. Rather, AO systems image the light scattered and emitted from the waveguiding portions
of the cells (the inner and outer segments); the waveguiding property of cones gives them excellent
scattering properties and intrinsic contrast (Roorda & Williams 2002). Advances in ophthalmic
AO technology over the years have led to significant improvements in our ability to image these
cells, to the point where it is now possible to record clear mosaics of rods and cones across much
of the macular region. AO fundus cameras have had moderate success in imaging foveal cones and
rods (Doble et al. 2011), but, as evidenced by the images in Figure 5a, confocal AOSLO has been
the clear winner in this regard (Dubra et al. 2011).

Although confocal AOSLO has the best spatial resolution of all modalities, the confocal aspect
of this technique also limits the information that can be collected, and thus sometimes gives a
false impression of retinal structure (see Figure 13). Two alternate approaches to imaging the
photoreceptor array are shown in Figure 5b,c. Figure 5b shows an image of the peripheral cone
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0.5 deg0.5 deg

Figure 4
Confocal adaptive optics scanning laser ophthalmoscopy (AOSLO) image of a patient with Best’s disease.
Purported Henle fibers run vertically across most of the image. The larger, more horizontally oriented
structures are from the nerve fiber layer. Figure adapted from Scoles et al. (2014a).

mosaic taken using split-detector AOSLO (Scoles et al. 2014b). The compromise to resolution
inherent to this technique results in a failure to resolve the intervening rods (for comparison, see
Figure 5a), but the cones, or their inner segments, are unambiguous and take on an embossed
appearance similar to that of in vitro microscope images using Nomarski optics (Curcio et al. 1990).
The fact that this technique does not rely on direct backscattered light (including waveguided light)

aa bb cc

0.25 deg0.25 deg 0.25 deg0.25 deg 0.5 deg0.5 deg

Figure 5
(a) Confocal adaptive optics scanning laser ophthalmoscope (AOSLO) image of a healthy human retina showing a complete mosaic of
cones (large cells) and rods (intervening smaller cells) at a location 10 deg temporal to the fovea. Panel adapted from Cooper et al.
(2011). (b) Split-detector AOSLO image of a healthy human retina showing an array of cone inner segments at a location 10 deg from
the fovea. Owing to their small size, the rods, which fill the intervening space between the cones at this location, are too small to be
resolved. Panel adapted from Scoles et al. (2014b). (c) two-photon fluorescence AOSLO image of the retina of a macaque monkey
showing the array of photoreceptors (confirmed by taking a confocal AOSLO image at the same location). The appearance of a mosaic
in the two-photon image indicates that the fluorophores are contained within the photoreceptor. Image courtesy of J. Hunter,
R. Sharma, and D. Williams.
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AMD: age-related
macular degeneration

RP: retinitis
pigmentosa

means that these structures might be visible even when the cone is not waveguiding and scattering
normally. The potential visibility of these structures may prove useful in identifying whether or
not photoreceptor inner segments remain after the outer segments, or other structural features
that give rise to the waveguided photoreceptor reflection, are not present. Such a case is reported
in Figure 13.

Finally, the group in Rochester (Hunter et al. 2011) has managed to acquire images of the
cone photoreceptor array in a macaque monkey using two-photon fluorescence imaging of the
intrinsic fluorophores in the photoreceptors. The implications of such an image are profound,
as the two-photon fluorescence signal indicates the presence of specific molecules in the retina.
Resolved in this way, these signals may serve as effective biomarkers for retinal or photoreceptor
health. Recent results from that lab have shown significant improvements in efficiency and have
expanded the scope of what can be visualized (Sharma et al. 2013), but the approach is not yet
ready for use in living human eyes.

3.1.7. Retinal pigment epithelium. The retinal pigment epithelium (RPE) plays a crucial role
in retinal health and function, and RPE cells are implicated as the primary affected cell type in
several diseases, most notably age-related macular degeneration (AMD). RPE cells are relatively
large and fall easily within the resolution limits of the AOSLO system. OCT images also suggest
that the RPE layer is a relatively strong backscatterer. However, visualization of these cells has
proven difficult for AO fundus cameras and even for confocal AOSLOs. The first reports of visible
RPE cells were in selected cases of cone and rod degenerative diseases (Roorda et al. 2007). These
reports were working from an idea that in a healthy retina, the strong spatially resolved signal
from the photoreceptors masked the relatively weaker scattering from the RPE, allowing the RPE
to be revealed only when the photoreceptors were missing. In that case, OCT images from the
same locations supported the presence of RPE cells and the lack of photoreceptor cells.

Figure 6a shows an example image of an RPE mosaic taken from a patient with retinitis
pigmentosa. In confocal AOSLO, the mosaic is revealed because the scattered light comes from
the vicinity of junctions between the cells, whereas the cell centers are hyporeflective. The source
of scattered light is not known, but it coincides with lipofuscin accumulation (see Figure 6b).

Fundus autofluorescence (FAF) has been used to measure lipofuscin content in the retina,
most prevalently in the RPE cells (Delori et al. 1995), and one group discovered that the same
fluorescent signal could be used in an AOSLO system to resolve the RPE cells (Morgan et al. 2009).
Figure 6b shows an image of the RPE mosaic taken from the healthy human retina. Although this
technique is less comfortable to the patient and carries the risk of potential phototoxicity (Hunter
et al. 2012, Morgan et al. 2008), it offers a distinct advantage in that the FAF signal can be used
not only to resolve cells, but also to quantify their molecular content (in this case, the presence of
lipofuscin).

Once again, nonconfocal AOSLO detection schemes have recently proven effective to image
cells not visible with confocal methods. By blocking the direct backscatter from the waveguiding
photoreceptors and by preferentially detecting multiply scattered light, Figure 6c shows how dark-
field AOSLO imaging can be used to record images of RPE mosaics in healthy human retinas
(Scoles et al. 2013). Corresponding confocal AOSLO images recorded simultaneously and at the
same location show the overlying photoreceptor mosaic.

3.1.8. Lamina cribrosa. The final structures that benefit from AO imaging are in the region of
the optic disk. In particular, AO has been used to reveal the microstructure of the lamina cribrosa
(LC), a porous network comprising beams of flexible collagenous tissue that form the passageway
for retinal vessels and nerve fibers to enter and leave the eye. Change in the structure of the LC
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aa bb cc

0.5 deg

Figure 6
(a) Confocal adaptive optics scanning laser ophthalmoscopy (AOSLO) image of the retinal pigment epithelium (RPE) mosaic at a
location 3 deg inferior to the fovea in a patient with autosomal dominant retinitis pigmentosa (RP). The lack of overlying visible or
functional photoreceptors in this region allowed the RPE cells to be seen. (b) AOSLO fundus autofluorescence (FAF) image of a
healthy human retina. By resolving the FAF signal, the mosaic of RPE cells is readily visible. The dark shadows in this panel are cast by
the overlying blood vessels. The FAF uses short-wavelength light, which is especially susceptible to absorption by the overlying blood
vessels (see the subsection titled “Analysis and Interpretation” for more discussion), in both directions. Panel adapted with permission
from Morgan et al. (2009). (c) Dark-field AOSLO image of a foveal RPE mosaic in a healthy human retina. The same location imaged
in confocal AOSLO mode shows a complete mosaic of photoreceptors. Panel adapted with permission from Scoles et al. (2013).

that results from a pressure imbalance is suggested to contribute to ischemia and/or cause axonal
damage to the optic nerve, leading to glaucoma. Thus, improved views of this structure may reveal
both the mechanical changes that occur and their possible implications for optic nerve health.
Figure 7 shows an example image of the LC from a nonhuman primate retina (Ivers et al. 2011).
Although AOSLO lacks the depth resolution and sensitivity of OCT methods to view the LC (for

0.5 deg

Figure 7
Detailed image of the collagen beams that compose the inner surface of the lamina cribrosa (LC) in a
nonhuman primate. Morphometric analysis of LC pore size and pore elongation have been found to be
sensitive to changes in ocular pressure in animal models. Figure adapted with permission from Ivers et al.
(2011).
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comparison, see Nadler et al. 2014, Vienola et al. 2012), this technique generated the highest-
resolution images of the LC surface structure ever obtained. Significant changes have been
found in LC structural parameters in nonhuman primates with experimentally induced glaucoma
(Sredar et al. 2013, Vilupuru et al. 2007) and in humans with glaucoma (Akagi et al. 2012).

3.1.9. Subretinal structures. The previous subsections cover most of the structures in normal
eyes that have been visualized using AO ophthalmoscopes. To date, no images of subretinal
structures obtained with AO systems have been published, with the exception of some choroidal
vascular details seen through geographic atrophy (GA) (this condition offers a window to the
choroid and sclera). The main challenge to imaging subretinal structures is the weak signal arising
from these layers. A combination of longer wavelengths and heterodyne detection (OCT), possibly
with the addition of more innovative collection optics and AO, will likely be the key to imaging
subretinal structures at cellular-level resolution.

3.2. Associating Function with Structure

The potential for AO imaging to offer new insights into eye disease and to accelerate efforts to
treat it is exciting, but it is important to understand that structural information only tells some
of the story. Any assessment of visual health is incomplete unless the functional consequences
of the observed structure are understood. This section highlights several ways in which AO has
been used to directly measure functional properties of retinal cells. It is divided into two sections:
objective and subjective functional tests.

3.2.1. Objective functional tests. Cellular-level retinal photopigment densitometry using single
acquired frames has been used to reveal important properties of cone photopigments (Hofer et al.
2005a; Masella et al. 2014a,b; Roorda & Williams 1999). The added dimension of time resolution
in AO imaging though the use of video, first with AOSLO (Roorda et al. 2002) and subsequently
through a new generation of high-frame-rate AO fundus cameras (Bedggood & Metha 2013, Rha
et al. 2006), has broadened the scope of functional vision testing.

Encouraged by the discovery of significant light-induced optical scattering changes in pho-
toreceptors found using an OCT system and an in vitro preparation (Bizheva et al. 2006), several
groups used AO to perform similar measures, but with the advantage of improved lateral resolu-
tion. Importantly, the source of a detected signal change in systems using incoherent light results
only from absorption by the tissue or from changes in its structure and/or refractive index that
give rise to changes in the magnitude of the scattered light. In contrast, changes in the detected
light signal using coherent or partially coherent light can also arise from interference in systems.
The latter signals can be very high contrast, masking the former. Grieve & Roorda (2008) used
low-coherence light in a confocal AOSLO setup to look at average scattering changes over time.
They used a 30-Hz system and found changes on the order of 5% with multisecond time courses.
Three groups have used partially coherent light and high-speed AO fundus cameras to record
fast changes in photoreceptor scattering in response to light stimulation. In all cases, significant
fluctuations of the light scattered from the photoreceptors were observed. When using partially
coherent light (light with coherence lengths less than the twice the length of the photoreceptor
outer segments), the source of these signal fluctuation is not well understood (Bedggood & Metha
2012b, 2013; Rha et al. 2006, 2009). However, when imaging with light of longer coherence
lengths (greater than twice the length of the outer segments), a useful component of the inter-
ference signal that is directly related to the outer segment length can be recorded. Jonnal et al.
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(2010) were able to use this signal to measure the growth rate of human cone outer segments. The
combination of interferometry and AO was able to reliably measure an impressively slow growth
rate of 93–113 nm/h!

To date, intrinsic signals from other, less reflective neurons in the retina have not been observed
directly with AO systems. The only functional optical recording from inner retinal neurons using
AO has relied on the use of neural activity–dependent fluorescent dyes (calcium indicators, G-
CaMP3) in mice (Yin et al. 2013) and in monkeys (Yin et al. 2014). These fluorescence-based
approaches are not yet ready for use in humans, but the accelerating development of effective
virus-based cellular delivery systems for gene therapy, along with the possibility that these vectors
may also be approved to carry fluorescent payloads, means that these techniques may translate to
human use sooner than we might have anticipated.

One of the most fruitful objective functional measures has been that of blood flow. Cellular
access combined with high frame rate imaging has allowed for better characterization of hemo-
dynamics than ever before. Figure 8 includes a link to a short video from a high-frame-rate AO

Video  CLICK TO VIEWFrame 1Frame 1

Frame 2Frame 2

Figure 8
Two subsequent frames of a video of a patient with type 1 diabetes taken using a 400 frame-per-second
adaptive optics fundus camera. One of the hyporeflective red blood cells ( yellow circle) in frame 1 appears
displaced to the left in the next frame. A white blood cell in the upper left of each frame (black arrow) shows
similar movement. The blue circle indicates a microcyst that resides in the same plane as the vasculature.
The slow-moving blood cells are much better appreciated in the video. Video courtesy of P. Bedggood and
A. Metha, University of Melbourne.

www.annualreviews.org • Adaptive Optics Ophthalmoscopy 31

A
nn

u.
 R

ev
. V

is
. S

ci
. 2

01
5.

1:
19

-5
0.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
 A

cc
es

s 
pr

ov
id

ed
 b

y 
U

ni
ve

rs
ity

 o
f 

C
al

if
or

ni
a 

- 
B

er
ke

le
y 

on
 1

1/
18

/1
5.

 F
or

 p
er

so
na

l u
se

 o
nl

y.

http://www.annualreviews.org/doi/story/10.1146/multimedia.2015.11.11.390


VS01CH02-Roorda ARI 30 October 2015 18:35

fundus camera; in that video, individual red and white blood cells can be tracked as they move
through the capillaries (Bedggood & Metha 2012a). Tam et al. (2011b) used videos taken in an
AOSLO system to differentiate between the pathways that white and red blood cells prefer to take
through the capillary network, identifying what they called “leukocyte preferred paths.” Finally,
Zhong et al. (2011) modified their AOSLO to switch between raster and line scan modes. They
used the raster scan mode to identify and target blood vessels. Once targeted, switching to the
line scan mode enabled extremely high-rate imaging of flow through the larger retinal blood ves-
sels. The ability to measure functional properties of the microvasculature has implications beyond
ophthalmic applications: It may offer a new way to study systemic disorders such as Alzheimer’s
disease and diabetes. We discuss the use of AO to study vasculature in diabetes and other diseases
in Section 4.2.

A final objective functional measure is that of fixation stability and eye movements. Having
a microscopic image of a living retina means that we can also know the direction that the eye
is pointing on the same scale. Putnam et al. (2005) used this property to measure the locus of
fixation in a human eye. With the advent of higher-frame-rate AO imaging came the ability to
measure fixational eye movements dynamically. In fact, an AOSLO system can track motion at
much higher rates than its frame rate by analyzing the small distortions that are present within
each acquired frame. Capitalizing on this property, analyses of AOSLO videos have generated the
most accurate fixational eye movement statistics ever recorded (Stevenson & Roorda 2005).

The ability to measure eye movements might be useful to diagnose or to better understand
some eye diseases and neurological disorders. The ability to track and compensate for the motion
of the eye might also make imaging patients with abnormal eye movements, such as nystagmus,
easier. Finally, the measurement of eye movement can facilitate functional testing at targeted
locations (see Section 3.2.2). Routine eye tracking for the broader clinical population remains a
challenge, however, as the field sizes of typical AO systems are small and the movements associated
with many eye diseases are relatively large.

3.2.2. Subjective functional tests. AO systems can also be used to control the optical proper-
ties of light delivered to the retina. AO for vision correction was used early on to show expected
improvements in contrast sensitivity (Liang et al. 1997, Yoon & Williams 2002), but the correla-
tions of structure and function are where the full technology was really demonstrated. Hofer et al.
(2005b) used AO-corrected light delivery to study color percepts elicited by stimulation of individ-
ual cones. Rossi & Roorda (2010) performed AO-corrected vision tests to study the relationship
between cone spacing and acuity at and near the fovea. Finally, Makous et al. (2006) used their AO
system to test visibility of brief, cone-sized flashes of light for a subject who, by all appearances in
the AO retinal image, had an incomplete cone mosaic. Approximately 1/3 of the cones were not
visible in the AO retinal images for this subject, leaving visible gaps in the cone mosaic. Makous
et al. inferred from their results that these cone-sized gaps were indeed microscotomas.

As impressive as these early results were, the technology was only able to deliver AO-corrected
stimuli; it was not able to target those stimuli to particular cells or specific retinal locations. To
overcome those limitations, Roorda and collaborators (Arathorn et al. 2007) built a system that
combines AO-imaging, eye tracking, and AO-corrected stimulus delivery to visualize, track, and
target individual cells with AO-corrected light stimuli. By performing the imaging and eye track-
ing in real time, they achieved stimulus delivery with an accuracy of better than 1.3 µm. Further
refinements to the image-processing algorithms (Yang et al. 2010) and subsequent development
of tools to measure and correct for transverse chromatic aberration (Harmening et al. 2012) cul-
minated in the ability to reliably perform vision testing experiments on single cone photoreceptors
(Harmening et al. 2014).
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A system with this precise targeting capability holds promise for identifying important
structure–function relationships in eye disease (Tuten et al. 2012), in which structural changes can
be very focal. Section 4.2 presents a specific example of the use of AO microperimetry for patients
with macular telangiectasia type II.

4. HOW IS ADAPTIVE OPTICS SCANNING LASER OPHTHALMOSCOPY
BEING USED CLINICALLY?

4.1. Characterization of Eye Disease

The previous sections focused on the capabilities of current AO systems. Over time, we can expect
to see many of these new approaches translate to clinical applications. Nevertheless, AO is already
having an impact in ophthalmology. The charts in Supplemental Figure 1 plot publication trends
that indicate how AO is being used in ophthalmology today. Three main trends can be drawn
from these charts: The total number of published papers continues to increase, AOSLO systems
are producing an increasing fraction of papers over time, and clinical applications are accounting
for an increasing fraction of these papers over time. Dozens of clinical papers report on the use
of AO imaging to better characterize a disease. These are valuable studies, especially those that
report on a clinically or genetically well-characterized disease. Supplemental Table 1 shows a
categorized list of ocular diseases with citations to all of the relevant papers that have reported on
them using AO systems.

4.2. New Discoveries About Eye Disease

Characterization of eye disease is important, and we can expect to see dozens of new papers in this
field focusing on numerous diseases. This section discusses three diseases in particular, diabetes,
AMD, and macular telangiectasia, and it expands on how AO specifically has been used to make
entirely new discoveries or to provide new insights about the mechanisms for these diseases and
their progression.

4.2.1. Diabetes and other vascular diseases. Several AOSLO studies of diabetes have made
new discoveries. In a cohort of patients with no diabetic retinopathy, Tam et al. (2011a) used
confocal AOSLO with motion contrast to perform a series of high-resolution structural and
functional analyses of the retinal microvasculature near the fovea. In the patient cohort (dia-
betes without retinopathy), trends were observed in several metrics, including blood cell ve-
locity, foveal avascular zone (FAZ) size, and capillary density at the edges of the FAZ. These
metrics were no different from normal controls, however, possibly because the measurements
are variable in a normal population, and too few subjects were enrolled in each cohort to de-
tect a difference. One measurement—that of vessel tortuosity—did show a difference: Capillaries
around the FAZ in the diabetic patients were more tortuous than those in the normal popula-
tion. Tam et al. (2011a) hypothesized that the less tortuous vessels, which serve as the leukocyte
preferred paths and transport the majority of white blood cells from arterioles to venules, were
lost, leaving the more tortuous capillaries behind. This supposed vessel loss was too small to
be detectable as an enlargement of the FAZ or as a reduction of capillary density, for reasons
described above, but it emerged in the tortuosity analysis. The loss of the leukocyte preferred
paths was suggested to initiate a more rapid degeneration as leukocytes would have to find a
new path from arterioles to veins through more tortuous, and consequently more vulnerable,
paths.
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In a study of patients with mild to moderate nonproliferative diabetic retinopathy, Burns et al.
(2014) used offset pupil AOSLO and found significant vessel remodeling, and their setup revealed
microvascular abnormalities with exquisite detail. Quantitatively, they found larger than normal
capillary diameters (8.2 ± 1.1 versus 6.1 ± 0.75 µm for diabetic and normal retinas, respectively)
around the FAZ. In arterioles, they found thicker vessel walls in diabetic versus normal retinas, as
quantified by the wall-to-lumen ratio (1.1 ± 0.87 versus 0.42 ± 0.28 µm for diabetic and normal
retinas, respectively).

Finally, Dubow et al. (2014) published a study using AOSLO FA to classify a rich and diverse
array of microaneurysms in retinas affected by diabetes and other vascular diseases (see Figure 9a).
In one patient with a central retinal vein occlusion, they showed regression of a microaneurysm in
response to treatment with vascular endothelial growth factor (VEGF). A related paper reporting
on the same patient presented five different ways in which AO imaging can visualize individual
microaneurysms (Chui et al. 2014). Figure 9b highlights two microaneurysms that have quite
different appearances. These papers make an excellent case for the use of AO imaging to better
identify and classify vascular abnormalities and to track changes in vascular structures over time.
These highly sensitive measures, which would not have been possible without the resolution and
contrast offered in AO systems, can indicate the earliest structural indications of disease and may
provide useful biomarkers for disease progression or response to treatment.

4.2.2. Age-related macular degeneration. AMD is a common eye disease and is a lead-
ing and significant cause of vision loss among people age 50 and older (https://www.nei.nih.
gov/eyedata/amd). Although this disease is highly prevalent and extensively studied, the primary
affected cells and the nature of its progression remain poorly understood (Lim et al. 2012). Sev-
eral recent AO studies shed light on this important disease and promise to accelerate efforts to
understand and treat it. For example, Zayit-Soudry et al. (2013) measured properties of cones
over time in several AMD patients. They showed clear examples of cone disruption over some
drusen and in areas of GA, and the cone mosaics in the retinas of AMD patients often exhibited
somewhat abnormal reflective characteristics, but no progressive increase in cone spacing that
might indicate a steady loss of cones was detected in their longitudinal study of the same regions
over 12–21 months. [Compare this result with the progressive loss in cone density and increase in
cone spacing for retinitis pigmentosa reported by Talcott et al. (2011).] This result suggests that
cone loss is likely to occur as a consequence of other structural changes in AMD, such as the loss
of RPE cells in GA. Similarly, Godara et al. (2010) found undisrupted cone mosaics over early
drusen. These findings are supported by histology, in which photoreceptor disruptions were seen
only over the drusen, not in the areas adjacent to them ( Johnson et al. 2003). By comparison,
AOSLO studies of cones over reticular pseudodrusen showed earlier and more prevalent loss of
cone visibility (Meadway et al. 2014, Zhang et al. 2014), and cones in the surrounding areas had a
normal appearance (see Figure 10). This loss pattern may result from direct damage to photore-
ceptors by subretinal drusenoid deposits beneath them, in contrast to the case of typical drusen,
which exist beneath RPE cells that could sustain the overlying photoreceptors.

Although photoreceptors may suffer collateral damage from other changes occurring in AMD,
the RPE may undergo the earliest structural changes. The autofluorescence images collected with
an AOSLO setup and shown in Figure 11 find disruptions in the uniformity of the RPE layer in
AMD patients (Rossi et al. 2013).

Finally, an AO fundus camera was used to visualize and track clumps of melanin granules in
the vicinity of GA in patients with AMD (single frame shown in Figure 12). Gocho et al. (2013)
were the first to observe a dramatic movement of these granules over time, suggesting a potential
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Figure 9
(a) Adaptive optics scanning laser ophthalmoscope (AOSLO) fluorescein angiography image of a patient
with hypertension. A myriad of microaneurysm types are seen here, as are the fine details of the associated
microcapillary network. Panel adapted with permission from Dubow et al. (2014). (b) This panel comprises
four subpanels, each of which shows a close-up of one location (dashed white box in panel a) imaged using one
of four different modes in the same AOSLO system: (i ) fluorescein angiography, (ii ) confocal, (iii ) motion
contrast, and (iv) offset pinhole. A video recorded with offset-pinhole AOSLO can be seen by clicking on
panel iv. Collectively, these images represent the most detailed characterization of single microaneurysm
from a human eye in history. Panel adapted with permission from Chui et al. (2014).

important role of melanin in the progression of GA and identifying a possible biomarker for
disease progression.

4.2.3. Macular telangiectasia. Macular telangiectasia type 2 (Yannuzzi et al. 2006) is less preva-
lent than diabetes or AMD, but a recent paper using a combination of AOSLO imaging and AO
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Figure 10
Multimodal imaging of subretinal drusenoid deposits (SDDs, or pseudodrusen) in a patient with age-related
macular degeneration. (a) Confocal adaptive optics scanning laser ophthalmoscope (AOSLO) image. The
yellow and red arrows indicate prominent stage 3 and stage 2 SDDs, respectively, characterized by a
hyporeflective ring and no discernible cones over the SDD. Cones that appear to be normal can be resolved
outside of the SDD. The green line indicates the location of the optical coherence tomography (OCT)
b-scan shown in panel b. (b) Spectral domain (SD)-OCT b-scan showing a wider field image of the same
structure. The dashed white box indicates the region depicted in the AOSLO image in panel a. Figure
adapted with permission from Zhang et al. (2014).

0.5 deg0.5 deg

Figure 11
Adaptive optics scanning laser ophthalmoscope autofluorescence image of the retinal pigment epithelium
(RPE) mosaic in a patient with age-related macular degeneration (AMD). Analysis of this mosaic, and of
other mosaics from AMD patients, showed that the RPE regularity is disrupted in this disease. Figure
adapted with permission from Rossi et al. (2013).
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0.5 deg0.5 deg

Figure 12
Image of melanin granules taken with an adaptive optics fundus camera (rtx1, Imagine Eyes Inc., Orsay,
France). The granules (dark regions) are readily visible in age-related macular degeneration patients in the
vicinity of geographic atrophy (lighter background regions); the authors report that these granules are highly
active, appearing, disappearing, and moving many micrometers over the course of weeks. Figure adapted
with permission from Gocho et al. (2013).

microperimetry highlights two discoveries that might prove relevant to many retinal degenerative
diseases (Wang et al. 2015). Patients with early stages of macular telangiectasia can present with
small discrete lesions in the photoreceptor layer close to fixation. Outside of these lesions, cones ap-
pear to be relatively normal. When tracking these lesions over time, Wang et al. (2015) found that
although the overall size of the lesions expanded, some areas showed recovery of normally reflect-
ing cones. Cone spacing measurements indicated that these recovered cones had normal spacing.
As it is unlikely that new cones were generated, these cones probably were present throughout
the study but were lacking the physical structure that gave rise to a visible reflection. To investi-
gate further, the group used AO microperimetry to measure the visual function of the recovered
cones as well as at other targeted regions across the lesion. They found normal sensitivity in the
recovered cones and measureable, but reduced, function in parts of the lesion that appeared to be
devoid of cones in both OCT and confocal AOSLO. Previous studies using OCT have reported
recovery of the inner and/or outer segment reflection in some diseases, and those using AOSLO
have reported recovery of cones (Ooto et al. 2011, 2012), but the study by Wang et al. (2015)
is the first to report both functional and structural recovery of a clear and unambiguous array of
cones. It is also the first definitive measure of visual function in a region in which AO imaging
would otherwise have suggested a complete lack of cones.

This study reinforces the notion that one must be cautious about inferring function directly
from structure. It also highlights the need for new imaging methods to reveal structure. For
example, split-detector AOSLO imaging was not available for this study, but, had it been used, it
might have found a complete mosaic of inner segments in both the part of the lesion that retained
visual function and the part that recovered normal reflectivity. The study also lends support to the
idea that recoverable cones might exhibit a characteristic appearance with OCT (Chhablani et al.
2012, Landa et al. 2012). The specific characteristic in question is the preservation of the external
limiting membrane above relatively transparent (dark) tissue in the region in which reflections
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consistent with the inner and/or outer segments and the posterior tips of the outer segments are
normally seen.

4.3. Adaptive Optics as a Tool for Clinical Trials

Perhaps the most immediate benefit of AO will be in evaluating new treatments to cure, prevent, or
slow the progression of eye disease. The ability of an AO ophthalmoscope to resolve cells and return
to the same cells day after day offers the ability to track disease progression on an unprecedented
cellular scale. Measuring disease progression on this scale has normally been possible only in animal
models and required sacrificing animals with and without treatment at various stages of disease
progression. AO offers two advantages: First, the microscopic imaging can be done noninvasively
in humans. Second, imaging the same cells in the same human eye longitudinally reduces noise
caused by differences in treatment response between individual patients, possibly making clinical
trials more efficient and conclusive.

To date, the only published report in which AO images of photoreceptors were used to evaluate
disease progression and response to an experimental treatment for retinal degeneration was one
by Talcott et al. (2011), in which the efficacy of using ciliary neurotrophic factor (CNTF) to
treat patients with retinitis pigmentosa was evaluated. Analysis of a subset of three participants
from a larger, multicenter Phase 2 clinical trial in which one eye was treated with CNTF and
the fellow eye served as a control showed a significant difference: The cone density declined less
rapidly in the treated eye compared with the fellow eye over 24–32 months. Although assessing
whether a treatment is working involves much more than simply monitoring the preservation of
visible cones, AO technology offers the potential to make the path of drug development for eye
disease faster and more cost effective. Currently, quantitative measures from AO images are being
employed as primary and adjunct outcomes in three known clinical trials involving a treatment.
The first is a larger trial studying cone photoreceptor spacing as the primary outcome measure in
response to CNTF treatment of 30 patients with retinal degeneration and is currently enrolling
patients (http://www.clinicaltrials.gov, trial NCT01530659). A second, similar CNTF trial is
underway for the treatment of macular telangiectasia type 2 (http://www.clinicaltrials.gov, trial
NCT01949324). Longitudinal measures of cone spacing and cone coverage are being collected
in an ancillary study within this trial. Finally, photoreceptor survival as assessed from AO images
will also be used to provide a secondary outcome in a Pfizer-sponsored stem cell therapy trial for
AMD currently being conducted at University College London (http://www.clinicaltrials.gov,
trial NCT01691261).

4.4. Prescreening for Suitable Patients

This is an exciting time in the battle to treat and cure retinal degenerative disease. Gene therapy
trials (Bainbridge et al. 2008, Hauswirth et al. 2008, Maguire et al. 2008), retinal prosthetics
(Weiland et al. 2011), and stem cell therapies (Schwartz et al. 2012, Schwartz et al. 2015) are all
showing promising results. And, thanks to the National Eye Institute Audacious Goals Initiative
to “Regenerate Neurons and Neural Connections in the Eye and Visual System” (http://www.
nei.nih.gov/audacious/), the ability to offer solutions to patients with previously untreatable
diseases is now more likely than ever to become a reality. However, careful identification of the
diseases that are amenable to treatment will be especially important in the early stages of this
effort, as will identification of patients who are at a stage of progression that is most amenable to
treatment. Microscopic AO imaging will likely play an important role in screening which patients
are most likely to benefit.
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Achromatopsia is an excellent example of a disease whose treatment success may benefit from
improved screening. Achromatopsia is a rare condition, affecting 1 in 30,000 individuals, but it
is particularly relevant to this discussion as it is slated for gene therapy trials in the near future
(http://www.achromacorp.org/PathToCure.html). It is present at birth or in early infancy,
and its symptoms include reduced acuity, photophobia, complete lack of or reduced color vision,
and nystagmus. Electroretinogram (ERG) measurements show a loss of cone function but nor-
mal rod function. Mutations in the CNGA3 and CNGB3 genes, which encode aspects of cone
phototransduction, account for approximately 70% of achromatopsia cases (Kohl et al. 2005).

Although the gene is known, the prospects for whether gene therapy will benefit this condition
depend on the state of the retina. If a cone is present but dysfunctional, the prognosis is much better
than if the cone has degenerated completely. In fact, OCT studies have shown that achromatopsia
patients suffer varying degrees of degeneration. Sundaram et al. (2014) suggested that cones are
indeed present in some cases but not in others. The first AO studies of this disease showed a
marked lack of reflection in the regions in which cones would normally reside, leaving holes in
the cone mosaic (Genead et al. 2011). More recently, the use of split-detector AOSLO imaging
revealed mosaics of intact inner segments in the regions in which confocal AOSLO images showed
hyporeflectivity in the same locations (see Figure 13). This very specific finding is the perhaps
the best indication for recoverable cones (Dubis et al. 2014), namely, those in which restoration
of the nonmutated gene stands a good chance of restoring their complete structure and function.

4.5. Early Diagnosis

Dozens of published reports on AO ophthalmoscopy tout early detection and diagnosis of eye
disease as one of the key benefits of the technology, yet no reports have been published in which
such an early detection or diagnosis has been made. This is not surprising, given that AO oph-
thalmoscopy is an emerging technology and that studies to validate the reliability and significance
of the findings observed in AO images are ongoing. These new views of the retina require careful

a b c

0.5 deg

Figure 13
Images showing the value of split-detector imaging for prescreening patients. All images are from the same location of a single patient
with achromatopsia. (a) Confocal adaptive optics scanning laser ophthalmoscopy (AOSLO) image. Holes (black) are present where the
cones might normally reside. The visible spots ( gray and white dots) are from intact functional rods. (b) Split-detector AOSLO image
showing a mosaic of structures, presumably the inner segments of the cones. (c) Overlay of the confocal image ( pink) with the
split-detector image (blue), revealing that the mosaic of cells corresponds directly with the gaps in the mosaic from panel a. In this case,
it appears that although the cones are dysfunctional in this patient, a mosaic of inner segments is present. It has been suggested that
patients with this phenotype are most likely to benefit from gene therapy. Figure adapted with permission from Scoles et al. (2014b).
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NIR: near-infrared

interpretation (see Section 5), and most ophthalmologists are unfamiliar with them. Nevertheless,
as known diseases continue to be characterized and new microscopic phenotypes continue to be
discovered, AO imaging will be used to characterize the earliest stages of these diseases. More-
over, the massive growth in our understanding of the genetics of eye disease suggests that it is
just a matter of time before cohorts of subjects with well-known risk factors for eye disease will
be studied and followed with AO imaging prior to developing any clinical symptoms. In addition,
natural history studies of disease progression that include AO images will demonstrate the sen-
sitivity and validity of this imaging technology. Finally, as treatments emerge, the importance of
early diagnosis will increase.

5. DISCUSSION

The results presented in this review aimed to show the promise of AO and associated technologies
for clinical applications. By all indications, AO will become increasingly important in ophthal-
mology. In terms of optical quality, the most recent results suggest that AO ophthalmoscopes—at
least for normal eyes—have achieved the diffraction limit (Dubra et al. 2011). Nevertheless, many
potential improvements to these systems could make them more robust for patients. Seemingly
minor improvements such as better fixation targets, better pupil and head alignment, and simpler
operation will help reduce imaging times and make these systems more useable by any ophthalmic
technician. Hopefully, manufacturers of commercial AO systems will be able to help the field by
solving many of the ergonomic problems. The real future technical advances in AO imaging, as
suggested by so many of the examples we have selected, will be in how AO is used. For example,
OCT systems, which are not part of this review, can benefit tremendously from AO. Impressive
work in this field is already underway in several labs (Felberer et al. 2014, Jonnal et al. 2012,
Zawadzki et al. 2014, Zawadzki et al. 2009).

5.1. Analysis and Interpretation

Perhaps the most important area in which advances can be made is in the analysis and interpretation
of retinal images. A careless or unprincipled interpretation of an AO image can lead to erroneous
conclusions. Such conclusions will not only compromise our collective understanding of a disease,
but they will diminish the perceived value of AO technology. A proper analysis and interpretation
begins with a strong understanding of the imaging system and how it interacts with the retina.
In the following subsections, we offer a systematic approach to understanding and interpreting
images from AO ophthalmoscopes.

5.1.1. Understand the imaging modality. Every imaging modality is designed to record a
specific type of signal, and failing to understand the implications of this can lead to erroneous
interpretations. Figure 14 shows a striking example of differences in how images of melanin
pigment appear when taken using five different modalities. In a color fundus photograph, melanin
clumps appear dark and brownish. In OCT, they are hyperreflective. Similar hyperreflectivity is
seen in AOSLO images in near-infrared (NIR) light. However, an NIR AO fundus camera sees the
melanin pigment as dark. The hyperreflectivity of melanin granules is what makes them appear
bright in OCT and NIR AOSLO; in a full-field AO fundus camera, however, this reflectivity
seems to be offset by an even greater one integrated from all depths of the surrounding retinal
structure, thereby giving the same granules negative contrast.

A deep understanding of the imaging modality can lead to innovative adaptations of it. For
example, confocal AOSLO effectively detects direct backscattered light from the plane of focus.
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1 deg

a b c d e

Figure 14
Images of melanin pigment taken using five different imaging modalities. Panels a–d show registered images from a single patient with
idiopathic macular telangiectasia type 2, panel e is cropped from the image of an age-related macular degeneration (AMD) patient with
geographic atrophy shown in Figure 12. (a) Color fundus photo: pigment appears dark and brownish in color. (b) Fundus
autofluorescence from a Heidelberg SPECTRALIS R©: pigment appears dark. (c) Adaptive optics scanning laser ophthalmoscopy:
pigment is hyperreflective in near-infrared (NIR) (840 nm) light. (d ) Optical coherence tomography (OCT) b-scan (scan location
indicated by the black line in panel c): pigment is hyperreflective in NIR light. (e) Adaptive optics fundus photography: pigment is
hyporeflective. Panel e adapted with permission from Gocho et al. (2013).

Thus, offsetting or enlarging the confocal pinhole or selectively blocking the confocal light and
detecting the light outside of the confocal aperture can preferentially detect multiply scattered
light. AO offers exquisite control of the optics, allowing for equally precise control of the how
the light is detected. As such, alternate AOSLO detection schemes such as offset pinhole AOSLO
(Chui et al. 2012), dark-field AOSLO (Scoles et al. 2013), and split-detector AOSLO (Scoles et al.
2014b) are poised to have a major impact on the field.

5.1.2. Understand the optical role of the retina and how it interacts with the imaging
modality. The retina comprises a diverse group of optically active structures. Absorption and
scattering by the blood vessels, for example, cast shadows into the deeper retinal layers, especially
when using short-wavelength light (see Figure 6b for an example). The characteristic structure of
the vasculature makes identification of these structures as shadows and not actual scattering changes
easy in the deeper layers, but this distinction may not be as obvious in the case of microaneurysms
(Ooto et al. 2013) unless one takes a multimodal approach (see Section 5.1.3.).

The waveguiding cones are another example. Cones and rods are optical fibers, and their axes
typically point toward the center of the pupil. The small reflection from a healthy cone (maybe 1%
at most) is efficiently guided back toward the pupil, making the cone readily visible in a properly
focused AO retinal image. If the cone is not aligned properly, however, it will no longer be an
efficient backreflector. Although improper alignment is unlikely to explain the variation in cone
reflectivity seen in typical AO images from normal eyes (Roorda & Williams 2002), it is likely
one of the reasons why cones at the edge of drusen appear dark (see Figure 10). Nevertheless,
a failure to visualize a cone does not immediately imply a missing cone or even a lack of cone
function (see Section 4.2 or Wang et al. 2015). The reflection from a cone might be weak, and
the dynamic range of the camera might not be high enough to detect it, but the dynamic range of
light sensitivity in humans can be very high (Rodieck 1998).

The regular arrangement of fibers in the NFL, as well as that in the Henle fiber layer (HFL),
gives rise to strong backscatter for light that is normally incident to their surfaces. This property
makes the NFL highly visible in confocal AOSLO and in OCT. The HFL has the same scattering
properties as the NFL but is less visible because the fibers do not run tangential to the retinal
surface. Figure 4 shows that in cases in which retinal pathology deforms these structures, they
can become visible.
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Most of the inner retinal cells (ganglion cells, Müller cells, bipolar cells, photoreceptor nuclei)
are transparent by design and have not been seen directly with AO imaging. Phase-sensitive
approaches that have already revealed otherwise transparent inner segments, such as split-detector
AOSLO (see Figures 5b and 13), might find some success for other transparent retinal cells.

In contrast to the inner layers of the retina, the RPE and other subretinal structures are highly
absorptive and multiply scattering. Thus, confocal detection approaches are generally not suitable
for these structures. The best images of deep retinal layers will come from systems that are more
sensitive to weak signals (e.g., OCT), use longer wavelengths (e.g., 1060 nm) to reduce effects of
multiple scattering and avoid absorption by melanin, preferentially detect a depolarization signal,
or use nonconfocal AOSLO detection.

A better understanding of retinal optics (Putnam et al. 2010) offers an opportunity to take ad-
vantage of them. For example, the cone photoreceptor contains two relatively discrete reflections:
one from near the inner segment–outer segment junction and one from the cone outer segment
tips (COST) ( Jonnal et al. 2014). When light of the proper coherence length is used, these two
reflections become mutually coherent (an optical condition that allows them to constructively
or destructively interfere with each other), in effect forming a local interferometer. Jonnal et al.
(2010) capitalized on this feature to measure the growth rate of outer segments.

5.1.3. Use multimodal imaging whenever possible. As any single imaging modality has only a
limited ability to reveal retinal structure or function, it is useful to integrate the results from mul-
tiple modalities whenever possible. This integration is especially important for new technologies,
for which there is often far less amassed experience in reading and interpretation of the images.
As a simple example, multimodal systems that integrate wide-field fundus views for identifying
specific regions of interest and then targeting high-resolution imaging to those regions are prov-
ing to be very useful in a clinical setting (Huang et al. 2012). But the advantages of multimodal
systems go far beyond the obvious ergonomic benefits. The combination of OCT and AO oph-
thalmoscopes (SLO or AO fundus cameras) is an excellent example. Figure 10 shows how two
modalities combined reveal a unique phenotype associated with reticular pseudodrusen.

To make the best use of multimodal information, accurate registration of the images from
different modalities is very important. This idea is not new; the Heidelberg SPECTRALIS R©,
among other commercial systems, is an example of excellent integration of SLO and SD-OCT.
Similar efforts in modern AO research labs are demonstrating the benefits of multimodal imaging
on a microscopic scale (Felberer et al. 2014).

In microscopy, specific fluorescent labels are commonly used to colocalize targets within and
between cells, and the information they provide is extremely valuable. Analogous approaches
are only beginning to be applied to ophthalmoscopy. Although the scale of colocalization in the
retina is much coarser than in other tissues, the knowledge gained will be just as useful, and the
colocalized measures can also be more diverse, incorporating structural, molecular, and functional
information. This review contains six examples of colocalization: Figure 3d, which shows pericytes
and perfused capillaries; Figure 9, which shows four different modes of AOSLO imaging (five
including the movie); Figure 10, which shows AOSLO and OCT; Figure 13, which shows split-
detector and confocal AOSLO; and Figure 14, which shows images from a color fundus camera,
fundus autofluorescence, confocal AOSLO, OCT, and an AO fundus camera.

5.1.4. It is safer to make conclusions about what can be seen in an image than about what
cannot. As mentioned previously, all imaging modalities are limited in terms of the phenomena
that they record. This is both good and bad. FA, for example, detects fluorescent light coming from
dye injected into the bloodstream, thereby serving to enhance contrast. Also, confocal AOSLO is
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sensitive only to direct backreflections from the plane of focus, enhancing contrast and subserving
optical sectioning. These technologies, by design, do not detect other aspects of the signal. The
fact that neither of these modalities visualizes the RPE cells does not mean that the RPE cells
are absent. Dark-field AOSLO, by comparison, does not show photoreceptors but does show
the RPE mosaic (see Figure 6c or refer to Scoles et al. 2013). To date, none of the modalities
mentioned above has visualized ganglion cells, but no one would suggest that these cells are not
present. Perhaps the best example of something that is not seen is in achromatopsia, where holes
in the cone mosaic seen with confocal AOSLO are readily seen as a mosaic of inner segments
using split-detector AOSLO imaging (see Figure 13). For this reason, judicious use of multiple
modalities to assess retinal structure and function often helps researchers to make conclusions
about the presence or absence of cells.

Consider the example of cone density, a seemingly simple measure of the number of cones per
unit area. An accurate measurement of cone density requires that every single cone in the selected
area be identified. If an obscuration within the inner retinal layers renders the underlying cones
dark, then a decision to not consider these regions as containing potential cones will lead to a
measurement artifact of reduced density. In patients with retinal disease, subtle disruptions of the
inner retinal structure are common and can give rise to deep shadows in the layers of the retina.
A more conservative approach might be to measure cone spacing, which is less prone to these
artifacts if computed correctly (Duncan et al. 2007).

5.1.5. Determine whether a given image is a bad image of a healthy retina or a good image
of a diseased retina. This problem remains unsolved in the field of AO imaging, even though AO
ophthalmoscopes have access to more information that can bear on the quality of an image than
any other imaging modality does. The AO control loop generally aims to minimize the wavefront
errors, and continuously recorded metrics such as the residual wavefront aberration error can
potentially be used as indicators of the quality of the correction. If undetectable aberrations such
as those caused by tear film changes or cataracts remain, however, the aberration correction might
be far worse than the AO system is reporting. Also, the focus setting of an AO ophthalmoscope
is generally decoupled from the AO control, so a system with a perfect AO correction could still
generate a poor image resulting from improper focus on the structures of interest.

The best approach to assessing the quality of the image ultimately has to reside in the image
itself. Image quality metrics such as standard deviation or contrast will be useful (Larocca et al.
2013, Sulai & Dubra 2014). In confocal AOSLO imaging, gauging the magnitude of light detected
through the pinhole is a simple and effective strategy (Hofer et al. 2011, Li et al. 2009), although
this strategy has some shortcomings (Sulai & Dubra 2014).

5.1.6. Use automated image analysis tools with caution. AO systems can collect a tremendous
amount of data in a short period of time, resulting in a profound need for automated methods to
generate and analyze images. Automated systems to assemble montages (collections of AO images
that have been stitched together to form larger images) are already being developed and used
(Huang et al. 2012), but the scope for automation goes far beyond that.

By far, the bulk of the automation effort in AO ophthalmoscopy has focused on automatic iden-
tification of photoreceptors from AO images. Not only are the photoreceptors the most commonly
imaged structures, but also, photoreceptor metrics such as density, spacing and regularity have
been used for decades to understand many aspects of vision, from acuity (Geller et al. 1992, Hirsch
& Curcio 1989) to degenerative eye disease (Milam et al. 1998). Several cell-counting algorithms
have been developed and improved upon, and these algorithms are regularly used (Chiu et al.
2013, Cooper et al. 2013, Li & Roorda 2007, Xue et al. 2007). By all indications, these algorithms

www.annualreviews.org • Adaptive Optics Ophthalmoscopy 43

A
nn

u.
 R

ev
. V

is
. S

ci
. 2

01
5.

1:
19

-5
0.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
 A

cc
es

s 
pr

ov
id

ed
 b

y 
U

ni
ve

rs
ity

 o
f 

C
al

if
or

ni
a 

- 
B

er
ke

le
y 

on
 1

1/
18

/1
5.

 F
or

 p
er

so
na

l u
se

 o
nl

y.



VS01CH02-Roorda ARI 30 October 2015 18:35

are very effective for identifying cones in good images from normal eyes. However, the success of
these algorithms should never be assumed to have concomitant success with diseased eyes. Aside
from a few filters designed to avoid impossible events such as finding cones that are too close
together, these algorithms do little more than detect bright spots in an image. They are just as
likely to detect “cones” in a speckly image of the NFL or within the bright light reflected from an
area of GA as they are to find actual cones.

Therefore, current automated approaches to identify cones should be used with caution, if at
all, for studying patients. If the algorithms described above are used, then employing a multimodal
approach to provide additional evidence that cones are present (for example, by confirming that the
reflections associated with cones are seen in the same region using OCT) is a wise course of action.

6. CONCLUSIONS

Over the past 25 years, we have witnessed tremendous advances in the field of ophthalmoscopy,
and this review provides a snapshot of the part that AO has played during this period. History
reminds us that we cannot anticipate future developments, so it is risky to predict exactly how AO
will be employed in ophthalmoscopy, even in the next decade. AO is not a stand-alone technology,
however; it is a general approach that offers microscopic optical access to the retina of a living
eye. Thus, similar to other enabling technologies (digital cameras, light sources, faster signal
processing), AO will certainly continue to play a role in future developments in ophthalmoscopy
in our lifetimes.

SUMMARY POINTS

1. AO technology can be used as an adjunct to any ophthalmic imaging technique. To
date, AO has been used in fundus cameras, confocal scanning laser ophthalmoscopes,
microperimetry systems, and OCT systems.

2. AO is useful not only for conventional scattered-light imaging, but also for other imaging
approaches. Examples include confocal, fluorescence, and phase-sensitive imaging.

3. Researchers have used AO systems to resolve cones, rods, microvasculature, red blood
cells, leukocytes, RPE cells, and nerve fibers in humans. In animals, fluorescence-based
AO systems have also been used to resolve ganglion cells and to measure their function.

4. AO systems are being used to make new discoveries about vision in healthy and diseased
eyes.

FUTURE ISSUES

1. The translation of innovative imaging methods from microscopy to AO ophthalmoscopy
will continue to expand the scope of imaging applications. Examples include, but are not
limited to, structured illumination, fluorescence lifetime imaging, Raman spectroscopy,
and hyperspectral imaging.

2. The lack of reliable automated imaging analysis tools remains a barrier for moving AO
ophthalmoscopy into more mainstream clinical use.
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3. The ability of AO ophthalmoscopes to image at a cellular level over time ensures that
these systems will continue to prove useful for clinical trials involving the testing of new
therapies for treating eye disease.

4. AO ophthalmoscopy will continue to make steps toward the imaging of functional and
metabolic activity of cells, thereby making more sensitive measures of retinal health.
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Adaptive Optics Ophthalmoscopy 
Roorda and Duncan 
 

 

Supplemental Figure 1: These charts plot eye and vision related AO papers published to the end of 
2014. General AO papers are those whose results are generally applicable to any AO modality (e.g.: use 
of woofer tweeter deformable mirrors to optimize AO correction). Papers reporting combined 
technologies (e.g. AOSLO and AOOCT were divided equally between their respective categories. Clinical 
science papers were defined as those that report AO retinal images or AO data acquired from patients 
with disease. Basic science papers are those that report a new AO-based technology, a new imaging 
target, a novel AO image analysis, or report on a basic property of retinal structure or physiology (e.g. 
mapping of the trichromatic cone mosaic). Vision applications include those studies that use AO to study 
how optics and blur affect vision, but do not involve retinal imaging in any form.  
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Supplemental Table 1: AO clinical publications tabulated by disease and retinal location imaged 
 
Inner Retinal Disease and Neuropathies 

Glaucoma:  
Nerve fiber layer: (Chen et al 2015, Scoles et al 2014a, Takayama et al 2012)  
Lamina cribrosa: (Akagi et al 2012, Lombardo et al 2013c, Sredar et al 2013)  
Cones: (Choi et al 2008, Werner et al 2011)  

Epiretinal membrane: (Lombardo et al 2013b, Ooto et al 2011b, Scoles et al 2014a)  
Gunn’s dots: (Paques et al 2015, Scoles et al 2014a)  
Optic nerve drusen with non arteric ischemic optic neuropathy (cone imaging): (Choi et al 2008, Scoles et 

al 2014a)  
Optic atrophy: (Gocho et al 2013a, Scoles et al 2014a)  
Optic neuritis: (Scoles et al 2014a)  
Multiple sclerosis: (Scoles et al 2014a)   
Parkinson’s disease: (Scoles et al 2014a)  

Retinal Vasculature Disease 
Diabetes 

Vasculature: (Arichika et al 2014a, Burns et al 2014, Chui et al 2014, Deak & Schmidt-Erfurth 
2013, Dubow et al 2014, Lombardo et al 2013a, Pinhas et al 2014, Scoles et al 2014a, 
Stepushina & Bol'shunov 2011, Tam et al 2012, Tam et al 2011)  

Hard exudates: (Burns et al 2014, Roorda et al 2006)  
Cones: (Lombardo et al 2014, Tam et al 2012)  

Hypertension: (Arichika et al 2014b, Chui et al 2014, Koch et al 2014, Pinhas et al 2014, Stepushina & 
Bol'shunov 2011)  

Branch retinal vein occlusion: (Akagi-Kurashige et al 2014, Chui et al 2014, Scoles et al 2014a)  
Central vein occlusion: (Chui et al 2014)  
Central macular arteriovenous malformation: (Telander et al 2010)  
Retinal vasculitis: (Errera et al 2014) 
Hyperlipidemia: (Pinhas et al 2014) 
Sickle cell disease: (Pinhas et al 2014) 

Ocular Toxicity and Trauma 
Ocular siderosis: (Faure et al 2014)  
Hydroxychloroquine retinal toxicity: (Jacob et al 2015, Stepien et al 2009)  
Chloroquine maculopathy: (Bae et al 2014)  
Response to surgeries 

Laser photocoagulation for hemiretinal vein occlusion and proliferative diabetic retinopathy: 
(Han et al 2012)  

Macular translocation for AMD: (Muthiah et al 2014)  
Retinal detachment surgery: (Saleh et al 2014)  

Ocular trauma  
Blunt force: (Flatter et al 2014, Langlo et al 2014, Stepien et al 2012)  
Solar retinopathy: (Roorda et al 2006)  
Laser injury: (Kitaguchi et al 2009)  
Macular holes: (Debellemaniere et al 2014, Hansen et al 2015, Kitaguchi et al 2008, Ooto et al 

2012, Ooto et al 2014, Scoles et al 2014a, Yokota et al 2013)  



Outer retinal disease (not including inherited retinal degenerations with known gene 
mutations) 

Age-related macular degeneration (AMD) 
Photoreceptors and/or drusen: (Boretsky et al 2012, Godara et al 2010c, Land et al 2014, 

Meadway et al 2014, Mrejen et al 2014b, Obata & Yanagi 2014, Querques et al 2014, 
Querques et al 2012, Zayit-Soudry et al 2013, Zhang et al 2014)  

Retinal pigment epithelium: (Rossi et al 2013b)  
Geographic atrophy: (Gocho et al 2013b, Zayit-Soudry et al 2013)  
Inner retina: (Scoles et al 2014a)  

Macular telangiectasia type 2: (Jacob et al 2015, Massamba et al 2011, Ooto et al 2011a, Ooto et al 2013, 
Scoles et al 2014a, Wang et al 2015)  

Albinism: (Godara et al 2010a, Marmor et al 2008, McAllister et al 2010, Wilk et al 2014)  
Central serous chorioretinopathy: (Ooto et al 2010, Scoles et al 2014a)  
Birdshot choroidoretinopathy: (Scoles et al 2014a)  
Rubella retinopathy: (Scoles et al 2014a)  
Inflammatory retinopathies 

AZOOR: (Merino et al 2011, Mkrtchyan et al 2012, Nakao et al 2014)  
Acute macular neuroretinopathy: (Garnier et al 2015, Hansen et al 2013, Mrejen et al 2014a)  
Acute posterior multifocal placoid pigment epitheliopathy: (Hong et al 2014, Jacob et al 2015, 

Mrejen et al 2013)  
Unilateral acute idiopathic maculopathy: (Ooto et al 2011c)  
Multiple evanescent white dot syndrome: (Boretsky et al 2013)  

Other maculopathies 
Bilateral maculopathy: (Godara et al 2010b)  
Central ring scotoma: (Joeres et al 2008)  
Bull’s eye maculopathy: (Bessho et al 2008)  

Inherited retinal degenerations 
RHO (autosomal dominant retinitis pigmentosa): (Choi et al 2006, Duncan et al 2007, Menghini et al 2015, 

Park et al 2014) 
CNBA3 ,CNGB3, GNAT2, PDE6C (achromatopsia): (Carroll et al 2008, Dubis et al 2014, Genead et al 2011, 

Merino et al 2011, Scoles et al 2014b, Sundaram et al 2014, Vincent et al 2013b)  
OPN1LW/OPN1MW /OPN1SW  

(blue cone monochromacy): (Carroll et al 2010, Cideciyan et al 2013, Rossi et al 2013a) 
(red-green color vision defects): (Carroll et al 2009, Carroll et al 2012, Carroll et al 2004, Makous 

et al 2006, McClements et al 2013, Rha et al 2010, Wagner-Schuman et al 2010) 
(tritan defects): (Baraas et al 2007)  

REP1 (Choroideremia): (Morgan et al 2014, Scoles et al 2014a, Syed et al 2013)  
RS1 (X-linked retinoschisis): (Duncan et al 2011a) 
CLRN1 (Ushers type III): (Ratnam et al 2013)  
CDHR1 (autosomal recessive retinal degeneration): (Duncan et al 2012)  
FAM161A (autosomal recessive retinal degeneration): (Duncan et al 2014)  
SNRNP200 (autosomal dominant retinitis pigmentosa): (Bowne et al 2013)  
CYP4V2 (Bietti crystalline dystrophy): (Gocho et al 2014)  
NR2E3 (enhanced S-cone syndrome): (Park et al 2013)  
KCNV2 (cone dystrophy): (Vincent et al 2013a)  



GRM6 (congenital stationary night blindness): (Godara et al 2012)  
GRK1 (Oguchi disease): (Godara et al 2012)  
Peripherin/RDS (retinal degeneration): (Duncan et al 2011b)  
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