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Abstract: Adaptive optics (AO) retinal imaging has become very popular in the past few years,
especially within the ophthalmic research community. Several different retinal techniques, such
as fundus imaging cameras or optical coherence tomography systems, have been coupled with
AO in order to produce impressive images showing individual cell mosaics over different layers
of the in vivo human retina. The combination of AO with scanning laser ophthalmoscopy has
been extensively used to generate impressive images of the human retina with unprecedented
resolution, showing individual photoreceptor cells, retinal pigment epithelium cells, as well as
microscopic capillary vessels, or the nerve fiber layer. Over the past few years, the technique
has evolved to develop several different applications not only in the clinic but also in different
animal models, thanks to technological developments in the field. These developments have
specific applications to different fields of investigation, which are not limited to the study of
retinal diseases but also to the understanding of the retinal function and vision science. This
review is an attempt to summarize these developments in an understandable and brief manner
in order to guide the reader into the possibilities that AO scanning laser ophthalmoscopy offers,
as well as its limitations, which should be taken into account when planning on using it.
Keywords: high-resolution, in vivo retinal imaging, AOSLO

Introduction

Approximately 20 years have passed since the first adaptive optics (AO) system for
retinal imaging was presented in 1997.! Over this time, AO has gained popularity in
the ophthalmic research community due to its capability to drastically improve the
quality of retinal images by correcting the specific aberrations introduced by the cornea
and lens of the individual’s eye.

AO has been combined with techniques including scanning laser ophthalmoscopy
(SLO), fundus cameras, and optical coherence tomography (OCT)." Probably, the
most significant achievement of AO-assisted imaging is the observation of the indi-
vidual cell mosaics throughout the in vivo retina at different depths.*!° Individual
cone photoreceptor cells have been observed in the in vivo human retina without using
AO;'" however, it is very difficult to observe these cells in the central fovea without AO
because they are very densely packed. Using AO, not only cone but also rod photore-
ceptor structure has been studied in healthy subjects’® and in patients suffering from
different retinal diseases.'"™"> AO retinal imaging has helped to assess progression of
the disease as well as response to novel treatments'® or even to observe spontaneous
regeneration of photoreceptor outer segments.'” Figure 1 shows some adaptive optics
scanning laser ophthalmoscopy (AOSLO) images from an in vivo healthy human
retina, where the cone and rod photoreceptors can be observed.
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Figure | Image of the retina of a healthy subject acquired using AOSLO showing
both cone and rod photoreceptors.

Notes: The image on the left is taken around 6.5° measured down from the fovea
(A). Image (B) shows a zoomed-in section of image (A); cones are marked in green
and rods in red.

Abbreviation: AOSLO, adaptive optics scanning laser ophthalmoscopy.

This review focuses on AOSLO, which has been probably
one of the most widespread AO-assisted retinal imaging
techniques. In reflectance AOSLO, the light scattered back
from the retina is used to generate an image by focusing it
onto a pinhole that is placed in a plane conjugate to the layer
of the retina that is being imaged. This provides the technique
with optical sectioning capabilities.'®?! Using AO correc-
tion of the aberrations introduced by the eye, an increase in
the resolution and contrast of AOSLO images compared to
conventional SLO has been reported.”

This review briefly introduces recent advances in this
technology, in an effort to guide the reader through different
achievements that AOSLO has enabled over the years.

Woavefront-sensing technology

Usually, AO systems are composed of two main elements:
a wavefront sensor (WS), which can measure the aberration
that the subject’s lens and cornea introduce in the imaging
beam, and a wavefront corrector, usually a deformable
mirror (DM), which can correct the aberration by physically
changing its surface shape to match that of the aberration
measured. As a result, AO can enable an aberration-free or
a diffraction-limited system.

Generally, in AO retinal imaging systems, a small
percentage of the light that is scattered back from the retina is
sent to the WS to measure the ocular wave aberration. There
are different WS approaches implemented in the eye, such as

laser ray tracing and pyramid or curvature WS.?>>* However,
probably due to its simplicity and robustness, one of the most
widespread WS types for AO retinal imaging is the Shack—
Hartmann WS.* In this type of devices, the light propagates
through a lenslet array, and each of these lenslets focuses the
light onto a spot on a charge-coupled device (CCD) camera.
Aberrations on the beam change the position where these
lenslets focus the light, and this displacement of the spots
on the CCD is used to reconstruct the wavefront.

Probably, one of the main applications of AO may be
the study of degenerative diseases that often affect elderly
patients. It is common that these patients present cataracts or
media that are not too transparent due to their advanced age.
This can produce an increased background on the Shack—
Hartmann WS signal due to the scattering of light, limiting
its performance. Sometimes the disease that affects the patient
can produce a reduction in the reflectivity of the retina, and
this can also translate into limited performance of the WS.

It is possible to implement an AO retinal imaging system
eliminating the WS, thus avoiding its poor performance.
Furthermore, all the light scattered back from the eye can be
used to generate the images and increase the signal-to-noise
ratio (SNR). In order to implement a wavefront sensorless AO
system, a metric that gives information on the quality of the
image is needed. In the case of a confocal system, a simple
quantity, such as the overall intensity in the image, may
be sufficient.?* However, other more complicated metrics
can be used, eg, different definitions of image sharpness.?”’
Once a metric has been chosen, an iterative algorithm is
used to determine the shape of the wavefront corrector
that maximizes this metric. There are different algorithms
that can be used to optimize it, such as random searches or
genetic algorithms, which have been implemented before in
AO microscopy.?®

Wavefront sensorless AO has been reported in AOSLO,
choosing the overall image intensity as the image quality
metric and iterative stochastic parallel gradient descent as
the algorithm to optimize it.?* The main drawback of this
kind of systems is that it usually takes a considerable time
for the iterative algorithm to converge to an optimal correc-
tion. This may become a problem when imaging the in vivo
retina, where eye motion and blinking may be challeng-
ing. Recent methodology using ultrahigh-speed graphics-
processing-unit-based platforms combined with a specific
algorithm has allowed for much faster implementations
of this technique that has been applied to generate in vivo
en-face OCT images of the human photoreceptor mosaics at
different eccentricities.*
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DM technology

At the time when the first applications of AO for retinal
imaging were implemented, DMs had, in general, limited
stroke values and limited number of actuators that were fit
into relatively large pupil sizes. These limitations made it dif-
ficult for devices available at the time to accurately reproduce
the wavefront measured by the WS. One of the first solutions
to this problem is to precompensate the aberration using trial
lenses that correct the lower-order aberrations of the subject.!
This way, the DM corrects only the higher-order aberra-
tions, which in general require lower stroke. However, this
approach requires manually changing the graduation of trial
lenses for each patient, which can be a tedious process.

Another strategy that has been followed to obtain the best
results from the technology available has been to use more
than one DM with different capabilities that complement each
other. In general, this strategy for the correction of aberration
is referred to as the woofer—tweeter configuration, in which
two DMs are used.’*** One of them, the woofer, presents
high stroke; however, since it is usually equipped with a
low number of actuators, it can only reproduce smoother
surfaces with low spatial frequencies. This mirror is com-
monly related to the correction of lower-order aberrations,
such as defocus and astigmatism, which are quite stable
throughout the imaging process. The second mirror, com-
monly referred to as the tweeter, usually has a lower stroke
but a large number of actuators and, therefore, can reproduce
surfaces with high spatial frequencies. The combination of
these two DMs has allowed for the automatic correction of
wavefront with large range and higher-order aberrations.
These two mirrors are implemented together in the same AO
loop system where some complex algorithms are required in
order to obtain optimum results.’?*

Currently, DMs with high stroke values (up to ~100 pm)
and hundreds of actuators that are squeezed in small pupil
sizes (=7 mm) can be found in the market. By using this
new technology of DMs, the design of AOSLO systems can
become simpler and more versatile.

Optical design

Traditionally, not only SLO but also OCT systems tend
to avoid the use of lenses in their design because of the
spurious reflections that may generate on their surfaces. In
AOSLO systems, these reflections may affect not only the
quality of the images but also the performance of the WS,
since the amount of light that is scattered back from the
retina can be comparable to that reflected from the optics
of the system, even if they are appropriately antireflection

coated.* To avoid these reflections from relay optics, off-
axis spherical mirrors are used rather than lenses. However,
this approach introduces astigmatism, which decreases the
quality of the image of the pupil of the eye that is created
on the WS and has an impact on the performance of the
AO system. By taking into account not only the quality
of the beam focused onto the retina but also the quality of
this pupil image on the WS, the quality of the AO correc-
tion achieved is also improved. A straightforward way to
reduce astigmatism is to use spherical mirrors with long
focal lengths, reducing the off-axis angle. However, this
may increase the overall size of the system.** Another way
to minimize astigmatism is to adopt optical designs that
are not confined to just one single plane. By alternating the
angle of the reflection of the beam of these mirrors from
the horizontal to vertical directions, astigmatism can be
minimized.*>** AOSLO systems designed using this con-
cept have reported the capability of observation of not only
individual cone photoreceptors but also rod photoreceptors,
which have a size that is close to the limit of the resolution
of the eye. These were observed not only in healthy subjects
but also in patients suffering from several different retinal
diseases.”!? Figure 2 shows some AOSLO images of healthy
and diseased retinas, where both cone and rod photorecep-
tors can be observed.

Despite the larger size of these systems, another advantage
ofthe use of spherical mirrors instead of lenses is that mirrors
do not present chromatic aberration. Thus, several channels
using different excitation and imaging wavelengths can be
implemented simultaneously on the same optical system.
For example, a dedicated light source can be used in order
to image and detect aberrations, and also another to excite
autofluorescence (AF) or fluorescence from exogenous and
endogenous agents,”’ as it is described in more detail in the
“Fluorescence and AF imaging” section. These different
channels can be implemented along with the conventional
reflectance AOSLO imaging system. In this way, different
retinal imaging modalities can be implemented in one system,
and complementary information extracted from each one can
be used to better characterize the retina.

Recently, a different approach on the implementation of
AOSLO systems has been reported in which light polariza-
tion is used to avoid spurious reflections in optical setups that
use lenses.*® In this approach, a quarter wave plate is placed
in front of the cornea, so that the light that is scattered back
from the retina conserving its polarization state changes its
angle of the polarization to be 90° after passing twice through
the plate. A polarizing beam splitter is used to discriminate
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Figure 2 Cone and rod photoreceptor mosaic for healthy and diseased in vivo retinas.

Eccentricity

4.5°

Notes: (A) AOSLO retinal images at different eccentricities of a healthy subject compared to those from an achromatopsia patient. Scale bar is 20 um. (B) AOSLO images of an
AZOOR patient. The retina seems normal up to an eccentricity of 4.5, where a lesion is found, and extends up to 7. In the lesion, cones are not observed, although rods seem
present. Scale bar is 20 um. Copyright ©201 |. Adapted from Merino D, Duncan JL, Tiruveedhula P, Roorda A. Observation of cone and rod photoreceptors in normal subjects
and patients using a new generation adaptive optics scanning laser ophthalmoscope. Biomed Opt Express. 2011;2(8):2189-2201, with permission from The Optical Society.'?
Abbreviations: AOSLO, adaptive optics scanning laser ophthalmoscopy; AZOOR, acute zonal occult outer retinopathy.

the light scattered from the lenses, which does not change
its polarization. The main advantage of this technique is that
lenses do not present astigmatism as spherical mirrors do,
and the size of the system can be drastically reduced without
a great impact on the image quality. The performance of
lenses and retarding plates is dependent on the wavelength
of the light beam, and this approach may not be suitable for
the implementation of imaging channels using different light
wavelengths. Furthermore, fluorescence and AF signal does
not preserve the polarization of the excitation beam, and the
polarization cannot be used to select retinal fluorescence
signal. Nonetheless, this technique has been successfully
combined with OCT to simultaneously produce SLO and
OCT images with pixel-to-pixel correspondence. This
approach has been used to image individual photoreceptor
cells throughout the retina® and also the retinal vasculature.*

These achievements are further discussed in the “Simultane-
ous AOSLO and OCT” section.

Confocal and nonconfocal imaging
One of the main advantages of AOSLO is the fact that it is
based on a confocal configuration. This translates into the
capability for optical sectioning to generate images of planes
at different depths in the retina.?*

As shown in Figures 1 and 2, reflectance AOSLO has
allowed for the observation of the photoreceptor mosaics in
the living retina, since these cells present quite high scattering
characteristics compared to other layers in the retina. Further-
more, the optical sectioning capabilities of AOSLO have been
used to study elevations within the photoreceptor layer, which
can be relevant to different diseases, such as age-related
macular degeneration, where the evolution of photoreceptor
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mosaic has been studied over time,*' or in different types of
elevations associated with the disease.!>4!4

Other microscopic features that lay in other layers
of the retina have also been observed thanks to optical
sectioning capabilities of AOSLO. For example, images
of the nerve fiber layer (NFL) have been used to assess
abnormalities in patients with different retinal diseases,
correlating these results with frequency-domain OCT.##
Also, the Henle fiber layer has been observed in patients
with diseases that may affect the laminar arrangement of
the retinal layers.*

Another popular application of AOSLO is blood vessel
and capillary imaging. Although the observation of blood
vessels in layers between photoreceptors and NFLs has
been reported since the first implementation of AOSLO
was reported,?*?' image analysis techniques have allowed
for the observation of small capillary vessels around the
fovea. In these experiments, images of the photoreceptor
layer are acquired over a certain period of time. Due to the
absorption of light with long wavelengths by blood and
blood vessels themselves, a variation in time on the contrast
of AOSLO images is observed. This variation has been used
to enhance the contrast of parafoveal capillary images and
also to characterize the speed of blood components, such as
leukocytes or erythrocytes, through them.*”-** This method
has allowed for the whole mapping of the parafoveal capil-
lary network and the precise determination of the foveal
avascular zone.*”**3! Figure 3 shows the capillary bed around
the foveal avascular zone acquired using temporal changes
of reflectance as contrast source. It is important to notice
here that no exogenous contrast agents are needed in this
technique, and since it is noninvasive it has been extensively

Figure 3 Capillary vessel structure around the foveal avascular zone.

Notes: (A) Traditional fluorescence angiography image acquired using Spectralis
HRA (Heidelberg Engineering, Heidelberg, Germany). (B) Image of the same subject
obtained by using time changes of reflectivity as a source for contrast. Courtesy of
Dr Johnny Tam. Scale bar is 100 um.

Abbreviation: HRA, Heidelberg retinal angiograph.

used to characterize changes in retinal vasculature related to
diabetes and diabetic retinopathy.’>

Another microscopic feature observed in the in vivo
human retina using AOSLO is the cell mosaic in the retinal
pigment epithelium (RPE). This was first observed in areas
where the photoreceptors have disappeared due to different
retinal diseases, such as cone—rod dystrophy and bilateral
progressive maculopathy.* However, the observation of
RPE cells in healthy subjects has been challenging because
this layer lays just posterior to the photoreceptor layer. Light
scattered from the RPE layer is masked by the strong scat-
tering signal from the photoreceptors. A similar situation is
also observed in the small vessels that lay just behind the
NFL; the highly scattering properties of this layer make it
difficult to observe less scattering capillaries. Recent stud-
ies using forward scattered photons imaging have extended
into imaging of the in vivo human retina using AOSLO
the concepts of nonconfocal imaging previously developed
in microscopy. In forward scattered photons imaging, the
confocal pinhole is moved away from the optical axis of
the system and also increased in size. In confocal imaging
systems, this pinhole usually allows for the in-focus photons
to reach the detector; however, when it is displaced, these
in-focus photons are blocked, and only the photons that
have been scattered multiple times can reach the detector.
For this reason, this technique is called nonconfocal imag-
ing. Different implementations of nonconfocal imaging
have been reported, in which the confocal pinhole has been
replaced by different geometrical shapes, including a circle,
an annulus, a circle with a filament across the center, and
a circle combined with a knife edge. These configurations
were tested on the same imaging system in order to determine
the aperture configuration that optimizes contrast, specifi-
cally to study retinal vascular structure. The conclusion of
this work is that this optimal configuration corresponds
to the split-detection scheme.> In this technique, the non-
confocal aperture used is a circle that is divided into two
symmetrical areas by a filament that crosses it through its
center. The photons reaching each of these areas are sent to
different detectors. Images are then generated by measur-
ing the differences in intensity between the two detectors,
which are divided by their sum. Using nonconfocal imaging
techniques, an increase in the contrast of features that were
masked by the effect of more scattering structures in the
confocal image has been observed, such as the case of RPE
cells in healthy retinas masked by the effect of neighboring
photoreceptor cells, or the case of capillary vessels that are
positioned close to the NFL.5%>” Figure 4A shows an image
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Figure 4 Comparison of autofluorescence to dark-field RPE imaging in a healthy subject at 3° superior and 9° temporal from fixation.
Notes: (A) Dark-field image. (B) Autofluorescence images collected using 565 nm excitation and 625+45 nm emission. The scale bar is 100 um. Copyright ©2013. Reprinted
from Scoles D, Sulai YN, Dubra A. In vivo dark-field imaging of the retinal pigment epithelium cell mosaic. Biomed Opt Express. 2013;4(9):1710-1723, with permission from

The Optical Society.””
Abbreviation: RPE, retinal pigment epithelium.

of the RPE cell mosaic in a healthy subject acquired using
split-detection AOSLO.

Despite the challenges in understanding the source of
contrast of these images, the use of this split detection has
provided impressive images and has recently been applied
to image the in vivo mice retina. The mouse eye has a high
numerical aperture compared to that of human subjects,
which translate into images with better resolution. Under
these conditions, the observation of individual retinal cells
has been achieved not only in the photoreceptor layer but
also in the most transparent layers of the retina, such as the
outer nuclear layer. In addition, horizontal cells have been
observed in the outer plexiform layer without the use of con-
trast agents for the first time in vivo using split detection.>®
Figure 5 shows some images from different layers of the
mouse retina acquired using split-detection AOSLO.

Fluorescence and AF imaging

AF imaging is a tool very commonly used in ophthalmology,
and it is applied to observe the RPE of patients.>® An excita-
tion beam in the blue region of the spectrum is used to excite
intrinsic fluorescence on the lipofuscin granules that accu-
mulate in the cytoplasm of RPE cells through the processes
of the visual cycle and phagocytosis. As mentioned earlier,
the use of different excitation and detection wavelengths
can be easily implemented in AOSLO systems that have
been built using spherical mirrors, since they do not present
chromatic aberration. This feature has been exploited in order
to combine fluorescence and AF imaging with conventional
reflectance AOSLO imaging.

AF AOSLO systems have allowed for the observation of
the RPE cell mosaic in healthy subjects. As detailed in the
“Confocal and nonconfocal imaging” section, the observation
of RPE cells has been challenging in healthy subjects due
to their proximity to the photoreceptor layer.®*! Even when
using nonconfocal imaging, contrast in RPE cell mosaic can
be low,” as it is shown in Figure 4A. By using optical filters
to block scattered light from the photoreceptors and only
allowing AF signal from RPE cells to reach the detector, these
have been observed thanks to the high resolution capabilities
of AF AOSLO.%” Figure 4B is an AF AOSLO image acquired
in a healthy subject showing the RPE cell mosaic. Further-
more, by automatically correcting for chromatic aberration
introduced by the eye itself on the images acquired using
AF AOSLO, RPE cells have also been observed in patients
suffering from age-related macular degeneration.®!

Fluorescence imaging of the retina has not been limited
to intrinsic tissue fluorescence but also contrast agents have
been used to image the human retina in vivo. In particular,
intravenous and oral fluorescein have been used to visualize
retinal capillaries in animal models and also in healthy human
subjects.®?% The results show that all retinal capillary beds
can be imaged using clinically accepted fluorescein dosages
at safe light levels. These results show that fluorescein signal
in the retinal capillaries peaks at different times depend-
ing on whether it is administered orally or intravenously.
Although specific peak and disappearance times vary across
individuals, in general, orally administered fluorescein can
be imaged for a longer period of time in the retina; how-
ever, fluorescence intensity also peaks at a later time when
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Figure 5 Images of a murine retina acquired by means of split detection AOSLO.

Notes: The left panel shows a through focus sequence of en-face images starting at the OPL and finishing slightly below the photoreceptor layer. The image on the right
is an axial reconstruction of the retina along the optical axis generated using 38 different en-face images. The depths at which images (A-E) are acquired are marked on
the image on the right. (A) The boundary of the OPL and INL is anatomically confirmed by the presence of the deepest layer of retinal vessels (white arrowhead). Images
(B-D) represent different depths on the retina. The exact positions on the retina where (B—D) can be found are marked on the axial reconstruction on the right panel. The
multilayered structure of the photoreceptor somata is captured in en-face images from different focus depths within the ONL. (E) The finer structure of the monolayer of
photoreceptor distal segments in the PRL. The right panel shows the axial rendering of 38 en-face images separated by equal dioptric steps as measured by the AO control
software. Tick marks in the image represent data from a single imaged plane. Lines in between represent linearly interpolated pixels in the x—z representation. Distinct
features in the en-face images (black arrows) are colocalized in the axial representation. Copyright ©2015. Reprinted from Guevara-Torres A, Williams DR, Schallek |B.
Imaging translucent cell bodies in the living mouse retina without contrast agents. Biomed Opt Express. 2015;6(6):2106-2119, with permission from The Optical Society.”®
Abbreviations: AO, adaptive optics; AOSLO, adaptive optics scanning laser ophthalmoscopy; INL, inner nuclear layer; ONL, outer nuclear layer; OPL, outer plexiform
layer; PRL, photoreceptor layer.

compared to intravenous administration. AOSLO fluorescein
angiography has been applied to image microaneurysms
in patients with vascular retinopathies, such as diabetic or
hypertensive retinopathy, and branch and central retinal
vein occlusion.®

AF and fluorescence imaging using AOSLO has raised
some concerns related to subjects’ discomfort and safety. As

it is explained in more detail in the “Safety issues” section,
changes in the AF signal acquired using AOSLO from the
retina have been observed in animal models and also in
humans when using this technique, even when the intensity
of the illumination beams was below the limits set by safety
standards.®>-%¢ Reports comparing the results acquired using
fluorescence and AF AOSLO with forward scattered photons
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imaging seem to show that nonconfocal imaging techniques,
such as split detection, may be suitable alternatives to
fluorescence and AF not only to image the human RPE cell
mosaic®’ (as it is shown in Figure 4) but also to acquire images
of the capillary network in the human retina.*

Despite these safety concerns, AOSLO fluorescence
imaging of the in vivo retina is a suitable technique to be
used in animal models, where different techniques to tag
certain retinal cells with fluorescence molecules are avail-
able, and other retinal cell types beyond the photoreceptor
mosaic or the RPE cells can be observed.” In particular,
ganglion cells have only been observed in vivo in retinas
using exogenous fluorescence imaging techniques. In par-
ticular, primates were injected with a fluorescent dye in the
lateral geniculate nucleus of the thalamus, and after allowing
retrograde transport of the dye to the ganglion cells for a few
days, images of the retina of the animal were acquired, and
individual ganglion cells could be observed using AOSLO
fluorescence imaging.

In the case of murine retinas, individual ganglion cells
have been observed to study their function. For that, a gene
that produced intense expression of calcium indicator has
been delivered to mice retinas with intracranial injection
of rabies vector. The response of this indicator to different
exposures to light has been studied on these mice over days
in order to study the function of ganglion cells.”!

Other cellular structures such as microglia and pericites
have also been observed in retinas of transgenic mice.”” 7 By
labeling via transduction from retrograde viral vector, retinal
cellular structure has been tagged in order to be imaged using
fluorescence AOSLO.™

Simultaneous AOSLO and OCT

Over the past few decades, OCT has become one of the
most important retinal imaging techniques to be used in the
clinic. Its high axial resolution, of just a few microns, and
high sensitivity are used to generate images of the different
layers of the retina.

OCT systems have been successfully combined with AO
in the past, showing impressive three-dimensional recon-
struction images of the retina with unprecedented resolution,
ie, below 3x3x3 um?.° However, it has proved challenging to
provide information on individual cells in the retina.”

Since the optical setups for AOSLO and Adaptive Optics
Optical Coherence Tomography (AOOCT) systems are very
similar, efforts have been devoted to build AO-assisted retinal
imaging systems that can provide, simultaneously, SLO and
OCT images of the fundus of the in vivo human eye. This is

a very interesting option, since the system is able to provide
two different images with pixel-to-pixel correspondence
between them, which can complement the information they
provide about the subject’s retina.** The main advantage of
this implementation is that OCT images can benefit from
high axial resolution compared to SLO ones, while the SLO
image, which usually presents higher SNR, can be used as
a reference in order to eliminate the effect of saccade and
microsaccade eye movements on the OCT image. Using
this approach, it has been possible to report the observation
of individual cells in different retinal layers, such as the
photoreceptor layer and RPE, but it has also been possible
to observe differences in contrast on different layers of the
retina, such as the external limiting membrane and inner
and outer segments, which are still a challenge for AOSLO
systems due to their limited axial resolution.* Furthermore,
the same technique has also been used to image the vascula-
ture of the in vivo human retina, including vessel walls and
individual erythrocytes inside the vessels.*

Two-photon excitation fluorescence
imaging

As mentioned earlier, fluorescence imaging of the retina can
be very useful, not only in the diagnosis of different retinal
diseases using AF but also in research, since it allows for the
observation of retinal features tagged with extrinsic fluores-
cent dyes. However, as it has also been pointed out and is
further discussed in the “Safety issues” section, some concerns
have arisen related to the use of blue light for AF excitation.”
Two-photon excitation fluorescence (TPEF) may provide a
solution to these issues, since in TPEF the light source that is
used for excitation is usually in the infrared area of the light
spectrum, which is safer and more comfortable for the subject.
TPEF has great potential to monitor retinoid changes in the
human eye, since it could reveal details of molecular processes
in the retina and RPE. Retinyl esters and all-trans-retinal con-
densation products are two types of retinoid fluorophores that
are present in the retina and RPE. TPEF has been used in the
past to understand metabolism, structure, signal transduction,
and signal transmission in the eye.”’

In TPEF microscopy, pulsed laser sources are tradition-
ally used. Light pulses concentrate high peak power in short
periods of time, where photon density can be very high,
while keeping the average power low. Furthermore, high
numerical objectives concentrate these pulses in space, and
fluorescence is only generated in a small volume around the
focal point, where the light is tightly focused and high photon
densities needed for two photon absorption are reached. Due

submit your manuscript

750

Dove

Clinical Ophthalmology 2016:10


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Adaptive optics scanning laser ophthalmoscope imaging

to this reason, TPEF microscopy provides optical sectioning
capabilities, since fluorescence is only generated on the focal
plane of the microscope objective.

In the case of in vivo applications, the numerical aperture
(NA) is dominated by the eye, and it is therefore set to a
value of NA ~0.23 in humans, which is a limiting factor to
efficiently generate nonlinear fluorescence signal. Further-
more, just as in the case of fluorescence imaging, the power
of the laser beam used to observe two-photon absorption in
the retina is limited for the safety of the subject. For these
reasons, the implementation of TPEF imaging techniques
in vivo has proven challenging in both humans and animal
models. Despite these limitations, AOSLO TPEF imaging
has been implemented in the primate retina, showing the
photoreceptor cone mosaic using TPEF.”® Exposure times
used to generate these images were very long (>10 minutes).
In order to register AOTPEF images, the AOSLO images
were used. Similar to what has been explained in the case of
simultaneous AOOCT/SLO imaging, AOSLO and AOTPEF
images present pixel-to-pixel correspondence, and AOSLO
signal was used to register both reflectance AOSLO and
AOTPEF images over the acquisition time. More recent
studies provide an insight into what may be the potential of
applying this technique in vivo in the human eye.”

Numerical aperture in the mouse eye, NA ~0.49, is two
times greater than that of the human eye, and this translates
into a maximum lateral resolution of 0.7 um in mice (1.4 um
in humans) and 6 um in the axial direction (25 um for
humans). Although murine eyes present high aberrations that
have posed a challenge in the past, AO has been successfully
used to correct them.”8! All this indicates that the murine
eye can be appropriate for the successful implementation of
this technique. TPEF AOSLO has been used to image gan-
glion cells labeled with green fluorescent protein in the eyes
of mice®! and also photoreceptor cells and endogenous and
artificial fluorophores in retinas affected by genetic disorders,
environmental stress, or drug therapy.®

Image stabilization
In point-scanning techniques such as SLO and OCT in which
images are generated by scanning the retina point by point,
saccadic and microsaccadic eye motion keeps the retina
moving while the images are being acquired, introducing
distortion. This is not a problem for techniques such as fundus
cameras, in which the whole retinal image is acquired at once
and in a very short period of time.

Eye motion is especially a problem in the case of AOSLO,
in which applications are usually devoted to observe small

areas in the retina, and motion effects may be comparable to
the image size itself. Therefore, precise saccadic and micro-
saccadic motion correction is essential in order to provide
high-quality and high-resolution retinal images.

There are several methodologies available to determine
eye motion during image acquisition, and some of them have
been implemented into AOSLO imaging systems. One of the
most commonly used approaches to avoid eye motion effects
is image post processing.®*%* Once an image sequence has
been acquired over a period of time, specific software is used
in order to register them, so that they can be averaged together
to reduce noise and increase their SNR and quality. In the
process of registration, information on the motion of the eye
during image acquisition can be estimated and studied. As
mentioned earlier, this information can also be very valuable
to stabilize different imaging modalities that are recorded at
once in the same multimodal imaging system, such is the
case of TPEF AOSLO” or AOSLO/OCT images.*

Image stabilization has also been implemented during
acquisition of the images, using different methods, which
rely on optical stabilization®*” or digital registration.®® One of
the main interests in correcting the eye motion during image
acquisition is to enable psychophysical experiments where
accurate control of the position of the retina that is stimulated
is needed. These psychophysical studies have revealed how
the motion of the retina can affect the way the brain processes
visual stimuli,® or how parameters such as photoreceptor
size,” or even disease'® can affect perception.

Image analysis

Image analysis is crucial in order to standardize the use of
AOSLO in the clinic, and the interpretation of the information
provided by this imaging technique should be very carefully
analyzed.”" It seems necessary that the information that
AOSLO images may encode can be efficiently deciphered
and related to health and disease indicators. These indicators
probably will become more reliable and meaningful as the
use of the technique increases.

The difference of these indicators has been suggested
in order to characterize the physical distribution of photo-
receptor cells over the retina. Voronoi analysis has been
suggested as a method to analyze AOSLO images of cell
mosaics. Using this method, the number of neighbors of
each cell in the mosaic is determined according to their
distance. This analysis has been used to provide quantitative
information from AOSLO images, as it is a way to assess
the regularity of individual cell mosaics.®>** In addition, the
link between cone reflectivity and photoreceptor health and
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function has been studied, although it has been shown that
reflectivity cannot be related to photoreceptor health and
that low reflecting cones on healthy subjects show normal
function.?*%

However, up to date, one of the most widely used
parameters chosen to objectively characterize the in vivo
retina is the cone and rod density with eccentricity.”’
Sometimes, photoreceptor spacing has been preferred rather
than density, since it does not require to identify every single
photoreceptor cell in an area in order to be calculated.”
Changes in the density of cone and rod photoreceptors
with eccentricity from the fovea, and also the variability
of this parameter across subjects, have been widely studied
in the past.”® 1% These experiments have allowed for the
validation of the technique and have helped confirm that the
features observed on the image are indeed photoreceptors.
Histological measurement of photoreceptor density has been
compared to information acquired across different AOSLO
systems.'>!”! This validation is extremely important in order
to appropriately interpret novel imaging techniques, such as
AOSLO, where new information is revealed. This parameter
has been determined not only on healthy subjects but also
on patients suffering from different diseases!®!*192-1% and
has also been used to determine disease progression and
even treatment efficacy.'® Finally, some methods have been
developed in order to automatically detect the position of
individual photoreceptor cells in AOSLO images,’!010
although they should be used carefully when assessing
diseased retinas.”!

Safety issues

The reports of AOSLO often detail the laser power used,
which is usually well below the safety limits dictated by
laser safety regulations (or in general the American National
Standards Institute’s laser safety standards). These regula-
tions describe what is called the maximum permissible
exposure, the maximum laser power over a certain pupil area
on the cornea that is safe to apply on the subject.

Some findings in the past few years have raised some
concerns about these safety limits. These concerns were
mainly triggered by the observation of changes in the AF
signal in the RPE layer of primates after they were observed
using AOSLO.%6 In these experiments, the RPE cell mosaic
was imaged in vivo using a blue laser source. Although the
amount of light used to perform these experiments was below
the safety limits, a reduction in the AF signal was observed
on those areas illuminated. Furthermore, these changes
observed became permanent depending on the power used

for illumination. These changes have also been observed in
the case of human subjects when using infrared light sources,
even when as in the previous case, the amount of light used
was below the maximum permissible exposure.®®

These concerns have triggered a debate on the safety
limits for in vivo retinal imaging, especially since these tech-
niques are ultimately aimed at imaging patients who suffer
from different retinal diseases, and it may be possible that
these retinas are more vulnerable to high light levels.

Conclusion

AOSLO technology has enabled very important achieve-
ments in the in vivo retinal imaging. Maybe, one of the
most representative ones is the capability to show in vivo
cell mosaics throughout the healthy and diseased retina
over different retinal layers, such as the photoreceptor layer
or the RPE. This feature has proven very interesting in the
study of different retinal diseases; in the case of degenerative
processes, it allows for very precise characterization of their
progression, or even regeneration.

The versatility of AOSLO systems has allowed the
development of many different applications beyond the study
of individual photoreceptor cells, such as capillary vessels
imaging through fluorescein angiography, RPE or NFL
imaging through AF, and nonconfocal imaging, which greatly
extends the possible applications of the technique to many
other fields, such as diabetic retinopathy or glaucoma.

AOSLO technology is also helping to understand the pro-
cess of vision through psychophysical experiments that can link
the anatomy of the retina with the perception of the subject.

Furthermore, the study of animal models is also extend-
ing our knowledge of the retina and help ophthalmologists
to study and understand chemical processes and function of
different types of cells in vivo.
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