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Purpose: To assess the performance of adaptive optics scanning laser ophthalmoscopy
(AOSLO) in a large sample of eyes with or without age-related macular degeneration
(AMD) and with cataracts or intraocular lenses (IOLs).

Methods: Patients with various degrees of AMD and age-similar normal subjects under-
went fundus photography. Cataract severity and IOL clarity were assessed by fundus
reflex photographs. In phakic eyes, lenticular opacity was graded as nuclear, cortical,
or posterior subcapsular cataract. In eyes with IOLs, lens clarity was assessed by poste-
rior capsule opacification (PCO). Quality of AOSLO images of themacular photoreceptor
mosaicwas classified as good, adequate or inadequate by humangraders in a subjective
assessment of cone visibility.

Results: A total of 159 eyes in 80 subjects (41 males, 39 females, aged 72.5 ± 11.5
years, 16 normals) were examined. Seventy-nine eyes had IOLs, and 80 eyeswere phakic.
AOSLOproducedgood images in 91eyes (57%), adequate images in eight eyes (5%), and
inadequate images in 27 eyes (17%). AOSLO did not acquire images in 33 eyes (21%),
because of dense lenticular opacity, widespread PCO, or problems specific to individual
subjects.

Conclusions:AOSLO images considered at least Adequate or better for visualizing cone
photoreceptors were acquired from 62% of study eyes.

Translational Relevance: AOSLO can be used as an additional imaging modality to
investigate the structure of cone photoreceptors in research on visual function in AMD
and in clinical trials involving older patients.

Introduction

Adaptive optics scanning laser ophthalmoscopy
(AOSLO)1 has been demonstrated as an impor-
tant high-resolution imaging modality for study-
ing photoreceptor morphology in healthy and
diseased eyes thereby elucidating mechanisms of
photoreceptor degeneration and loss.2–4 It has been
developed with confocal imaging mode1 and noncon-
focal mode.5–7 Cones are reliably imaged by both
modalities,2,4 whereas rods have been imaged by

confocal AOSLO only in healthy eyes or in eyes in
certain disease states.8–12

Our long-term goal is to establish the relation-
ship between retinal structure and cone- and rod-
mediated visual function at all stages along a subretinal
drusenoid deposit (SDD)-driven pathway to advanced
age-relatedmacular degeneration (AMD) distinct from
that driven by drusen.13–18 First seen in 1990,19 SDD
(also called reticular pseudodrusen or pseudodrusen)
was established as extra cellular lesions located between
the retinal pigment epithelium (RPE) and photorecep-
tors with optical coherence tomography (OCT) and
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histology in 201020 and later shown to portend poor
vision.16,21 Histology shows deflection, shortening, and
disappearance of both cones and rods around SDD
in AMD eyes.14 Our current approach is longitudinal
imaging the cone photoreceptor structure in parafovea
and perifovea using confocal AOSLO in subjects with
and without intermediate to advanced AMD.18,22,23

Imaging elderly patients with AMD is challenged
by age-related degradation of ocular optics, in several
aspects. First, in most aging eyes, pupil size decreases24
and ocular wavefront aberration increases.25–28
Second, many older patients have cataract,29 which
significantly impairs wavefront detection and correc-
tion by adaptive optics (AO).3 Third, of the elderly
who have had cataract surgery and implanted intraoc-
ular lenses (IOL), the clear optical window is reduced
(<7 mm).30 More than 25% will develop posterior
capsular opacification (PCO) or fibrosis on the IOL
due to proliferation and transformation of remaining
lens epithelial cells.31,32 While capsulotomy via laser
can open the opacified posterior capsule, the clear
aperture for imaging often has an irregular shape.33
This may not only reduce the useful optical pupil size
but also complicate light scattering and impede AO
operation. Furthermore, age- and pathology-related
scattering in the lens, vitreous and retina, can markedly
reduce the photons available for imaging. Conse-
quently, AOSLO has been mostly used in research
applications involving young and middle-aged adults
who generally have good ocular media clearity.3 To
translate AOSLO for patient care and clinical trials
for AMD and other conditions affecting older adults,
the impact of lens opacity on AOSLO imaging of
aged eyes deserves to be critically assessed. This may
be achieved by characterizing lens opacity, including
pseudophakic lens capsule opacification, and correlat-
ing these findings with AOSLO image quality.

As a relatively new imaging technique, AOSLO
does not have any established grading systems for
assessing its image quality. Resolution, signal to noise
ratio, contrast, and sharpness may be affected both by
imaging system performance and by retinal pathology.
Because AOSLO’s major technical advantage is high
image resolution that reveals individual photorecep-
tors2,4 and confocal AOSLO imaging of photorecep-
tors relies on the waveguiding property of photorecep-
tors,34 we proposed an heuristic grading method using
cone photoreceptor visibility as a main criterion for
assessing AOSLO image quality in this study. While
rods are affected early in AMD and will be more useful
for studying pathophysiology,35 they are at the resolu-
tion limit of AOSLO8 and are thus difficult to image
in aged eyes. On the other hand, cones are surrounded

and supported by rods,35 and both are affected in
AMD.13,14,35 Thus, cone reflectivity may help infer rod
health status. We enrolled 80 elderly participants with
andwithoutAMD.To assessAMDpresence and sever-
ity, we acquired color fundus photographs following
the Age-Related Eye Disease Study (AREDS) imaging
protocol.36 We assessed the subjects’ lens opacities
using stereoscopic digital fundus reflex photographs
following the AREDS2 lens opacity grading system.37
We found that the AOSLO could acquire useful cone
photoreceptor images in the majority of older eyes.

Methods

Compliance

This study involving human participants followed
the tenets of the Declaration of Helsinki and the
Health Insurance Portability and Accountability Act
of 1996. It was approved by the Institutional Review
Board at the University of Alabama at Birmingham
and the University of California–Los Angeles. Written
informed consent was obtained from participants after
the nature and possible consequences of the study were
explained.

Subject Recruitment

Study patients with AMD and age-similar subjects
in normal chorioretinal health were recruited from
the clinical research registry of the Department of
Ophthalmology and Visual Sciences of the University
of Alabama at Birmingham and through its Retina
Service. A clinical research coordinator identified from
the medical record patients who had been previously
diagnosed with AMDwith best-corrected visual acuity
(BCVA) of 20/400 or better. A senior researcher (CO)
reviewed the selected clinical charts. Exclusion criteria
included diabetes, glaucoma, history of retinal vascular
occlusions and hereditary retinal dystrophy. The inclu-
sion criteria for normal subjects were age >50 years
old, no history of ocular and systemic disease, and
BCVA of 20/25 or better. Refractive errors determined
from the medical record were within ±6 D spherical
and ±3 D cylinder for all participants.

AMD Presence and Severity

Color digital 30° fundus photographs were taken
(FF450 Plus fundus camera; Carl Zeiss Meditec,
Dublin, CA, USA) after pupil dilation. Photographs
were graded by a masked, experienced grader (M.E.C.)
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using the Age-Related Eye Disease Study (AREDS)
9-step severity scale for AMD.36 To include patients
with advanced AMD, we extended this grading
system with two additional steps: step 10 for central
geographic atrophy and step-11 for neovascularization.
Thus, disease severity ranged from early to advanced
(AREDS steps 2–11). Participants in normal macular
healthmet the criteria for AREDS grade 1 in both eyes.

AOSLO

The instrument has been described38 and is summa-
rized here. The AOSLO works in the confocal imaging
mode using an infrared low coherence light source
(Superluminescent diode HP 840; Superlum Ltd,
Moscow, Russia; λ = 840 nm, �λ = 50 nm) that
minimizes light interference artifact. The AO system
consists of high-speed components (custom designed
Shack-Hartmann wavefront sensor and deformable
mirror) that enable a closed-loop frequency up to
100 Hz.11 The deformable mirror has 97 actuators
with stroke up to 30 μm to compensate for the
increased wave aberration in aged eyes. AOSLO retinal
image registration was aided by high-speed sub-pixel
image registration software based on a parallel graphic
processing unit technique.38,39

The AOSLO was implemented with control strate-
gies for correcting wave aberration in pupils with irreg-
ular shapes and non-uniform illumination. The zonal
correction algorithm minimized local wavefront gradi-
ents or slopes,40,41 and the modal correction method
minimizes the Zernike modes of the wavefront.1,42 The
Zernike mode-based algorithm was used for cases with
missing wavefront sampling points due to locally thick
cataract or irregularly shaped pupils. Additionally, to
mitigate the effect of nonuniform light spots due to
lens opacity on the Shack-Hartmann wavefront sensor,
we designed a two-step exposure method. This entailed
taking two snapshots of the wavefront with a longer
then shorter exposure time. Saturated light spots taken
in the long exposure were replaced by spots imaged
with the short exposure.

Imaging Protocol

After the consenting process, the participant under-
went BCVA measurement by the Electronic Visual
Acuity (EVA) protocol.43 Then the subject’s pupil was
dilated with one to two drops of 1.0% tropicamide and
2.5% phenylephrine. After 15 to 20 minutes, AOSLO
was performed; the subject’s head was aligned and
stabilized using a head-mount with a chin-rest. The
subject was instructed to fixate on a target consisting
of a moving green light dot on a calibrated grid, shown

on the back of grid paper, through a dichroic mirror.
At the beginning of every image acquisition session, we
ensured subject fixation on the target and focused the
imaging light on cone inner segments. During imaging,
the dot was moved along the grid to direct the subject’s
view. At each grid point, the light dot stopped for three
to five seconds, during which time 45 to 75 frames were
acquired. Video was recorded continuously across an
area of 15° × 15° to 20° × 20°. An AOSLO session
often lasted 30 to 45minutes for imaging both eyes. For
eyes with successfully acquired images, montages were
created.

After AOSLO imaging, three-field digital color
fundus photographs36 and stereoscopic fundus reflex
photographs of both eyes were taken using theAREDS
protocol. The subject’s gaze was directed by a fixation
target to avoid the impact of the optic nerve head
on fundus reflex. Image focus was maintained on
the pupillary margin. The photographer (M.E.C.) was
certified by the AREDS Reading Center at the Univer-
sity of Wisconsin.

Grading of the Lens Opacity

We assessed the lens opacity of the subjects follow-
ing the method reported by Domalpally and co-
workers.37 The lens of the study eye was classified as
phakic (original) or pseudophakic (with IOL). Lens
status was ascertained using fundus reflex images. In
general, a single central light reflex indicates a phakic
lens. More than one reflex indicates a pseudophakic
IOL. Furthermore, eyes with IOLs may have a lens
capsule visible on the back or edge of the lens.

Currently available lens opacity grading systems are
designed for evaluating cataract in eyes with original
lenses only.37,44–46 There is no published systematic
method for estimating opacity in eyes with pseudopha-
kic IOLs. To assess lens opacity in subjects with origi-
nal lenses and in those with IOLs, we adopted the
AREDS Clinical Lens Grading Protocol. This system
classifies opacity into three types: nuclear opalescence
(by nuclear cataract [NC]), cortical opacity (by corti-
cal cataract: CC), and posterior subcapsular (PSC)
opacity. The severity of each type is divided into
six grades: 0.0, no cataract; 1.0, cataract standard
1; 2.0, cataract standard 2; 3.0, cataract standard 3;
4.0, completely opacified; 8, cannot evaluate).46 For
phakic subjects, we assessed PSC and CC using the
fundus reflex photograph (Fig. 1). As opacity caused
by NC could not be assessed from the fundus reflex
image, we used the notation of lens clarity in the
patient’s most recentmedical record. For pseudophakic
subjects, we evaluated PCO by position and coverage
(Fig. 1), similar to the assessment of PSC and CC. The
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Figure1. Color fundus reflex image (left) and enhanced red channel imagewith themodifiedAREDSgrid (right). Color fundus reflex imager
shows cortical cataract. To assess the extent of cataract, the red channel image is overlaid with a modified AREDS lens grid.37,45

Figure 2. Grading of the image quality of AOSLO. Shown is the
fundus of a patient with AREDS grade 6. Yellow circle on right panel
delimits the central 20° (i.e., themacula). The gray image is anAOSLO
montage overlaid on the color fundus photograph. Grid squares are
1° × 1°. Cone photoreceptor visibility was examined in each grid
square and classified as ‘resolved’or ‘unresolved.’

red channel of the fundus reflex image was extracted
using image processing software (Adobe Photoshop
CC, Adobe Systems Inc, San Jose, CA). Brightness
and contrast were optimized to display lens clarity.
Lens opacity was assessed within the central 5-mm-
diameter zone of a modified AREDS lens grid (Fig. 1).
Opacity was expressed as percentage of 16 subfields
and the central circle of the lens grading grid.37 The
total opacity degree was in 10 grades (0–9), with 0
representing perfectly clear lens and larger number
indicting deteriorated clarity.

Grading of the AOSLO Image Quality

To evaluate the AOSLO image quality, we put a
sampling grid with a 1° interval over the macula
(Fig. 2). We classified the visibility of cones in each

grid square as “resolved” or “unresolved.” The (patch
of) image was deemed ‘cone-resolved’ if cones were
clearly seen in a characteristic mosaic pattern anywhere
within this grid (Figs. 3A, 3C, and 3D), whereas the
image would be considered as “cone-unresolved” if
cones were not clearly revealed (Fig. 3B). Figure 3
presents examples illustrating cone visibility quality in
AOSLO images of eyes at different stages of AMD. In
eyes at AREDS grade 1, an image with well-resolved
cones shows a contiguous cell mosaic across the entire
1° × 1° grid (Fig. 3A). In eyes with dense lenticular
opacity, AOSLO could produce blurry retinal images
with large vascular structures only (Fig. 3B). This
image patch is “cone-unresolved.” In eyes with AMD,
cone reflectivity may be affected by AMD’s extracel-
lular lesions at early and intermediate stages and by
atrophic or neovascular processes at advanced stages.
Cone appearance is determined by cell visualization
near or outside the affected area. If (clusters of) cones
are imaged with the characteristic mosaic pattern (red
arrowheads, Figs. 3C and 3D), the image is considered
as “cone-resolved.”

Based on the percentage of cone-resolved images
across the whole montage, we classified the entire
AOSLO montage as one of 3 grades: good, adequate,
and inadequate. For good image quality, in a large
montage ≥ 15° × 15° (but not necessarily square),
cone photoreceptors were resolved on ≥ 90% of the
entire montage (Supplementary Figs. S1 and S2). For
adequate image quality, a large montage ≥ 15° ×
15° could be made, and cones were resolved on ≥
75% but < 90% of total sampling points (Supple-
mentary Fig. S3). For Inadequate image quality,
images could be acquired but cones were resolved on
<75% of retinal montage (Supplementary Fig. S4).
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Figure 3. Cone visualization in AOSLO images. A. An image
showing well-resolved cones was taken in the eye of a normal
subject (AREDS AMD grade 1). Hyporeflective bands are shadows
cast by a retinal capillary (green arrowheads). Cones are manifest as
reflective dots packing in a contiguous mosaic pattern (red arrow-
heads). B. An image with unresolved cones taken in the eye of a
normal subject (AREDS grade 1). While a retinal vessel is imaged
(green arrowheads), a cone mosaic is not visible. C. An image
showing resolved cones taken in the eye of a patient with AREDS
grade 8. Although cones lose reflectivity due to perturbation by
subretinal drusenoid deposits (stage 3, magenta arrowheads; stage
1, white arrows), the characteristic conemosaic is still visible outside
the area directly affected by the lesion (red arrowheads). D. An
image showing resolved cones taken in the eye of a patient with
AREDS grade 7. Characteristic cone mosaic (red arrowheads) is
visible outside an atrophic area (yellow arrowheads). All the images
are 1° × 1° and were acquired at approximately 2° superior to the
foveal center. Corresponding pupil images and lens clarity of these
eyes are shown in Figure 5.

To verify the reliability of AOSLO image quality
grading, two authors assessed the images indepen-
dently, and agreement was determined by Cohen’s
κ statistic.

Results

A total of 80 subjects (41 males and 39 females,
aged 72.5 ± 11.5 years) were enrolled (Table), and
159 eyes were examined. One eye was excluded due
to cornea damage. Sixteen subjects (age 68.3 ± 8.7
years old) were in normal chorioretinal health, i.e.,
both eyes were of AREDS grade 1. Sixty-four subjects
(age: 74.7 ± 7.0 years old, P = 0.001) with AMD in

Figure 4. Frequency of opacity grades stratified by lens in the
study eyes. Total eyes: 159. Eyes with phakic lenses: 79; eyes with
pseudophakic intraocular lenses: 80.

at least one eye were graded at AREDS 2-11. Dilated
pupil diameters of normal subjects and patients with
AMDwere 6.1± 1.0 mm and 6.2± 0.9 mm (P= 0.35),
respectively. However, pupil shape in most eyes was
irregular. The average diameter of pupils undergoing
AOSLO imaging was 5.6 mm. The BCVA (converted
to logarithm of the minimum angle of resolution)
of normal subjects and patients with AMD was
0.10 ± 0.11 and 0.23 ± 0.29 (P = 0.006), respec-
tively. The opacity of normal subjects and patients with
AMD was 2.0 ± 1.7 and 3.2 ± 2.0 mm (P = 0.001),
respectively.

AOSLO can image cone photoreceptors in patients
with various stages of AMD through cataracts or
IOLs, with individual opacities caused by NSC,
PSC, CC, or PCO, up to grade 2.5 (Figs. 4–6). Of
159 eyes, the AOSLO produced Good images in
91 eyes (57%), Adequate images in 8 eyes (5%), and
Inadequate images in 27 eyes (17%). Cones could be
imaged with Good quality when overall lens clarity was
better than grade 6 (Fig. 6A) in subjects of all stages
of AMD (Fig. 6B). Good and adequate images could
be acquired from 25% to 100% of eyes with AMD at
different stages (Fig. 6C). AOSLO produced good and
adequate images in 61% of normal eyes and in 63% of
AMD eyes, respectively.

Forty-two (n = 42) eyes were imaged with the
Zernike modal control (26 good images, 4 adequate,
12 inadequate). Seven (n= 7) eyes were imagedwith the
two-step wavefront detection (four good images, zero
adequate, three inadequate), and 77 eyes were imaged
with the zonal control algorithm.

AOSLO could not obtain images in 33 eyes
(21%) for these reasons. First was a high degree
of overall opacity > 6.5 (15 eyes, 9 subjects). In
these cases, the wavefront sensor could not provide
reliable detection of wave aberration forAO correction.
No high-resolution retinal images could be acquired.
Second was a small pupil < 5 mm (11 eyes, seven
subjects). Under this condition, the useful pupil was
smaller than that necessary for taking advantage of



Adaptive Optics Imaging of Aged Human Eyes TVST | July 2020 | Vol. 9 | No. 8 | Article 41 | 6

Table. Characteristics of the Study Eyes

AREDS* Grades Number of Eyes Percentage of Sample Logmar (Mean ± SD)

1† 31 19% 0.10 ± 0.11
1‡ 11 7% 0.17 ± 0.16
2 16 10% 0.14 ± 0.14
3 3 2% 0.07 ± 0.05
4 13 8% 0.11 ± 0.13
5 9 6% 0.20 ± 0.19
6 32 20% 0.10 ± 0.10
7 10 6% 0.24 ± 0.19
8 7 4% 0.22 ± 0.17
9 4 3% 0.23 ± 0.08
10 14 9% 0.55 ± 0.47
11 9 6% 0.58 ± 0.44

LogMAR, Logarithm of the Minimum Angle of Resolution.
*Age-Related Eye Disease Study.
†Both eyes were AREDS grade 1.
‡One eye was AREDS grade 1.

Figure 5. Enhanced red channel of the color fundus reflex images
showing pupil shape and lens clarity. Insets show the sampling
points on the Shack-Hartmann wavefront sensor through the irreg-
ular pupil. Corresponding retinal images taken from these eyes are
shown in Figure 3. A. Overall opacity grade is 3.5, including nuclear
opacity (NUC) 2.5 andcortical cataract (CC) 1. B.Overall opacitygrade
is 7.5, including NUC 2.0 and CC 3, and PSC 2.5. C. IOL with cortical
posterior capsular opacification (PCO grade 1). D. IOL with cortical
PCO grade 2.5.

AO wavefront compensation. Third was problems
specific to individual subjects, such as sleep, droop-
ing eyelid, inability to keep eye open, and failure to

attend the AOSLO imaging session (seven eyes, four
subjects). These subjects were neither further imaged
by AOSLO nor offered another imaging session.
There was a high agreement between the two raters’
assessment of the AOSLO image grade, κ = 0.92
(95% CI, 0.88 to 0.96), P < 0.001.

Discussion

In this study, we evaluated AOSLO performance in
imaging cone photoreceptors in elderly human subjects
across a range of ocular opacities due to cataracts
in phakic lenses and posterior capsular opacification
(including eyes that had been treated with laser capsu-
lotomy) of IOLs. Our data indicate that AOSLO can
produce images good or adequate for assessing cones
in more than 60% of study eyes. Notably these eyes had
not undergone a comprehensive prescreening of ocular
optics.

AO-assisted en face imaging, including AO flood
illumination fundus camera and AOSLO, is a power-
ful tool for research on AMD that may also play
an important role in diagnosis and treatment of
AMD in large clinical settings.47 The major benefit
of AO imaging is high spatial resolution that enables
AO correction for aberrations caused by the ocular
optical defects.2–4,48 Complex light scattering, light
reduction, and pupil irregularity caused by cataract,
posterior capsular opacification of the IOL, and capsu-
lotomy cannot be compensated by the AO. Confo-
cal imaging rejects out-of-focus scattering, thereby
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Figure 6. AOSLO image quality in study eyes. A. Distribution of AOSLO images considered good, adequate, inadequate, and AOSLO failed
to acquire images, with different lens opacities. B. Distribution of AOSLO images considered good, adequate, inadequate, and AOSLO failed
to acquire images, with different AREDS grades. C. Good and adequate images acquired in eyes with different AREDS grades.

enhancing image contrast of cone structure and optical
properties.2–4 In a previous study of AMD using
AOSLO, subjects were carefully selected by an experi-
enced clinical expert to have a pupil ≥7 mm and
to lack dense cataract or other media opacities.49 In
this study, a relatively large number of older subjects
were enrolled. The main initial assessment of optical
quality was visual acuity on medical records (normal
20/25, AMD 20/400). Subjects underwent no further
examination of optical media before AOSLO imaging.
Although the percentage of eyes in which AOSLO did
not acquire useful images may seem large (33 eyes in
25 consented subjects, 21% of the sample), 18 eyes were
not imaged due to nontechnical reasons that might
occur in any study of older adults. Since AOSLO’s
image resolution is fundamentally determined by the
pupil size, a large pupil is desirable, which is typically
achieved by pharmacologic dilation. If the pupil is
small, e.g., <5 mm (11 eyes, seven subjects), the benefit

of the AO is diminished. Thus we strive to image eyes
with a pupil large enough to take advantage of AO, and
we used mydriatic drugs (1.0% tropicamide and 2.5%
phenylephrine) most commonly used in ophthalmic
and optometric practices.

Although good image quality was best achieved in
eyes with low lens opacity (Fig. 6A), we also found
that good image quality could be achieved in eyes with
AMD at any stage (Figs. 6B and 6C). In a study involv-
ing a group of 40 asymptomatic subjects with known
genetic relative risk for developingAMD, Land and co-
workers50 reported that cones were discernable in 55%
of the study eyes using confocal AOSLO. Our study
included clinically diagnosed AMD patients across all
stages and older normal subjects (mean age 72.5 years
vs. 61.4 years in the Land study). Thus we demon-
strate here that AOSLO can image cones in older eyes
with a satisfactory quality with an even larger success
rate. We believe that in future applications, the AOSLO
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can achieve higher rates of good image quality, with
close attention to the pupil state and ocular media in
patients who lack characteristics that preclude AOSLO
imaging.

It is worth mentioning our strategies to facilitate
imaging through aged eyes. First, we devised wavefront
reconstruction methods specific to technical challenges
imposed by cataract and posterior capsule opacifica-
tion. Our AOSLO operates with a classic AO, i.e.,
a wavefront sensor to measure wave aberration and
a deformable mirror to compensate the aberration
dynamically through a closed-loop feedback control
scheme. This regime requires accurate measurement
of wave aberration over the entire pupil aperture.
Missing light spots on the sub-apertures of the Shack-
Hartmann wavefront sensor makes the wavefront
reconstructionmatrix41,51 ineffective. This problem has
been a leading cause of failure of AO in our zonal
correction algorithm. Under this situation, wavefront
reconstruction using Zernike modes as we did is an
effective solution, since it can reconstruct the wavefront
even when some sampling spots were missing.

Second, while fixation stability is not hampered
in older adults with good acuity (i.e., normal, early
AMD, and intermediate AMD),52,53 it is problematic
in advanced AMD impacting central vision, making
it difficult to maintain image topography inside the
eye. Spatial properties (e.g., density, spacing) of the
cone mosaic is highly dependent on distance from
the fovea, which is therefore captured in addition
to specific regions of interest in large montages.54
A large montage in turn requires continuous record-
ing of retinal images while the eye is following a
moving fixation target. To compensate for intrinsi-
cally dynamic variations of the ocular wave aberra-
tion and variation introduced by eye movements to
follow the target,40,55–58 it is critical for the AO to
operate with high speed. Our AOSLO is equipped
with a custom Shack-Hartmann wavefront sensor that
ensures a high frequency closed-loop up to 100 Hz
and robust correction for wave aberration.11,59 Despite
reduced back-scattered imaging light in aged eyes that
prevents operation at 100 Hz in all eyes, we could
maintain a loop frequency of ≥50 Hz in most eyes,
to ensure that wave aberration was corrected during
continuous image acquisition.

Since we used the visibility of cones as the main
criterion for image quality, it is necessary to estimate
the actual image resolution achieved in aging eyes. In
this study, while the pupil could be dilated to 6.2 mm
diameter on average, pupils were irregularly shaped
in most eyes. Consequently, the AO correction was
conducted on an average pupil diameter of 5.6 mm,
which theoretically yields an image resolution ∼3.0 μm

with an imaging light wavelength of 840 nm. Therefore,
it is conceivable that in most eyes cone photorecep-
tors can be resolved at 0.5° from the foveal center and
beyond. In contrast, rods cannot be reliably resolved
in the macula. Given the significance of rods in AMD
pathophysiology,35,60 short wavelength light can be
considered in studies targeting rod structure.8,12 In
addition, AOSLO using off-axis imaging technique7 or
split-detection61 are useful for imaging cones in AMD,
especially when cone misalignment or shortening due
to by pathology impacts waveguiding.

Study strengths include quantification of AOSLO
imaging performance in a large number of aged eyes,
without strict prescreening for ocular media character-
istics. Of the study eyes, natural lenses and IOLs each
appeared in half of the total eyes, which reflects the
IOL characteristics of older adults in our geographic
region.62 Our grading system and estimation of AO
image qualitymay assist prediction of AOSLO imaging
outcome and help investigators decide the subject
number and budget for clinical trials. Limitations
addressable in future work include subjective image
quality based upon cone visualization only, which is
a necessary first step before determining repeatability
of cone assessments. Another limitation is that lens
opacity grading was based upon fundus reflex only and
does not include nuclear cataract. A slit lamp exami-
nation can be used to assess cataract presence and
severity using the Lens Opacities Classification System
III.63 Simple and inexpensive diagnostic methods of
lens status are thus desirable. In conclusion, despite
challenges from optics of the aging eye, AOSLO has
promise for large clinical trials for older patients with
retinal diseases and for observational studies relating
cellular morphology to visual function.
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