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PURPOSE. To study the relationship between macular cone
structure, fundus autofluorescence (AF), and visual function in
patients with Stargardt disease (STGD).

METHODS. High-resolution images of the macula were obtained
with adaptive optics scanning laser ophthalmoscopy (AOSLO)
and spectral domain optical coherence tomography in 12 pa-
tients with STGD and 27 age-matched healthy subjects. Mea-
sures of retinal structure and AF were correlated with visual
function, including best-corrected visual acuity, color vision,
kinetic and static perimetry, fundus-guided microperimetry,
and full-field electroretinography. Mutation analysis of the
ABCA4 gene was completed in all patients.

RESULTS. Patients were 15 to 55 years old, and visual acuity
ranged from 20/25–20/320. Central scotomas were present in
all patients, although the fovea was spared in three patients.
The earliest cone spacing abnormalities were observed in re-
gions of homogeneous AF, normal visual function, and normal
outer retinal structure. Outer retinal structure and AF were
most normal near the optic disc. Longitudinal studies showed
progressive increases in AF followed by reduced AF associated
with losses of visual sensitivity, outer retinal layers, and cones.
At least one disease-causing mutation in the ABCA4 gene was
identified in 11 of 12 patients studied; 1 of 12 patients showed
no disease-causing ABCA4 mutations.

CONCLUSIONS. AOSLO imaging demonstrated abnormal cone
spacing in regions of abnormal fundus AF and reduced visual
function. These findings provide support for a model of disease
progression in which lipofuscin accumulation results in homo-

geneously increased AF with cone spacing abnormalities, fol-
lowed by heterogeneously increased AF with cone loss, then
reduced AF with cone and RPE cell death. (ClinicalTrials.gov
number, NCT00254605.) (Invest Ophthalmol Vis Sci. 2011;52:
3281–3292) DOI:10.1167/iovs.10-6538

Stargardt disease/fundus flavimaculatus (STGD/FF) is charac-
terized by autosomal recessive inheritance, reduced visual

acuity, central vision loss, and characteristic yellow-white
flecks at the level of the retinal pigment epithelium (RPE).1–4

Histologic analyses show the accumulation of lipofuscin, a
lipid-containing fluorophoric byproduct of photoreceptor di-
gestion, within RPE cells.5–9

Disease-causing mutations in the ABCA4 gene can be iden-
tified in up to 80% of patients with autosomal recessive
STGD.10–17 ABCA4 encodes a photoreceptor-specific adeno-
sine triphosphate-binding cassette transporter, ABCR, which is
a phospholipid flippase found within the rims of rod and cone
outer segments.10,15,18–20 Abnormal ABCR leads to the intra-
cellular accumulation of N-retinylidene-N-retinylethanolamine
(A2E) in RPE cells.19,21,22 A2E is the major fluorophore of
lipofuscin, and its quantity in the fundus can be tracked by
fundus autofluorescence (AF).23–27 Fluorescein angiography of
STGD/FF shows a characteristic “dark choroid” in which cho-
roidal fluorescence is blocked by lipofuscin deposition within
the RPE,2,28 and AF shows abnormally high levels of lipofuscin
in RPE cells.29 Abnormalities in AF intensity, texture, and
distribution have been characterized in patients with ABCA4
mutations.11,12,23,27,29–34

Elevated levels of A2E within RPE cells may create a
predisposition to apoptotic cell death through photo-
oxidative damage35–37 or toxic effects on normal RPE cellu-
lar processes.38 – 41 Accumulation of A2E in RPE cells was
hypothesized to be the earliest measurable abnormality in
patients with ABCA4 mutations, with subsequent death of the
A2E-laden RPE cells and ultimately of the overlying photore-
ceptors.11 However, the precise relationship between focally
increased autofluorescence, focally decreased autofluores-
cence, and RPE atrophy is not monotonic,34 and the exact
mechanism of vision loss in patients with A2E accumulation,
such as STGD, is not clearly understood.

Although several groups have reported on retinal structural
changes in eyes with STG/FF using spectral domain optical
coherence tomography (SD-OCT),42–46 it has been difficult to
visualize the effects of A2E deposits on photoreceptors at the
cellular level in living eyes because irregularities of the eye’s
optics limit the resolution of retinal images with all methods
commonly used.47 Adaptive optics can compensate for optical
aberrations and improve the resolution of retinal images in
normal eyes and in eyes with inherited retinal degenera-
tions.48–60 The present study sought to evaluate the relation-
ship between AF abnormalities and vision loss using high-
resolution imaging methods including SD-OCT and adaptive
optics scanning laser ophthalmoscopy (AOSLO) in STGD pa-
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tients. Clearer understanding of the relationship between AF
abnormalities and retinal structure in living patients with dis-
ease-causing mutations in ABCA4 may refine the models of
pathogenesis in patients with STGD.

METHODS

All studies adhered to the tenets of the Declaration of Helsinki. In-
formed consent was obtained from the subjects after explanation of
the nature and possible consequences of the study. The experimental
protocols were approved by the institutional review boards of the
University of California at San Francisco and at Berkeley.

Clinical Examination

Twelve subjects with STGD, ranging in age from 15 to 55 years, and 27
age-matched healthy subjects were studied. Each patient and healthy
subject underwent a complete eye examination. Best-corrected visual
acuity (BCVA) was measured using a standard eye chart according to
the Early Treatment of Diabetic Retinopathy Study (ETDRS) protocol.
Color vision was examined using the Farnsworth Dichotomous Test for
Color Blindness (D-15; Psychological Corporation, New York, NY)
followed by Lanthony’s Desaturated D-15 Test (Richmond Products,
Inc.; Albuquerque, NM) if there were no crossing errors on the Farn-
sworth panel. The data were analyzed using a Web-based platform
scoring method (http://www.torok.info/colorvision), and the error
scores were calculated using methods proposed by Bowman61 and
Lanthony62 for the Farnsworth and Lanthony tests, respectively. Auto-
mated perimetry was performed with a visual field analyzer (Hum-
phrey Visual Field Analyzer II; 750-6116-12.6; Carl Zeiss Meditec, Inc.,
Dublin, CA) 10–2 Swedish interactive threshold algorithm with mea-
surement of foveal thresholds using a Goldmann III stimulus on a white
background (31.5 asb) and exposure duration of 200 ms. Goldmann
kinetic perimetry was performed using V-4e and I-4e targets. Pupils
were dilated with 1% tropicamide and 2.5% phenylephrine. Color
fundus photographs and fluorescein angiography studies were ac-
quired using a digital fundus camera (50 EX; Topcon, Livermore, CA).
AF images were taken using either a digital fundus camera equipped
with AF filters (Ophthalmic Imaging Systems, Inc., Sacramento, CA),
similar to a system previously described,63 or a scanning laser ophthal-
moscope system (Spectralis 3.1 HRA�OCT; Heidelberg Engineering,
Vista, CA) using a 488-nm light source for excitation after reducing the
power at the camera and using the 95% sensitivity setting, as previously
described.23 SD-OCT images were obtained with the same scanning
laser ophthalmoscope system used to acquire some AF images as
described above (Spectralis 3.1 HRA�OCT; Heidelberg Engineering)
using the infrared beam of the superluminescent diode (central wave-
length, 870 nm). Scans averaged 100 A-scans/B-scans for 30° horizontal
and vertical images through the locus of fixation, and 10 A-scans/B-
scans for the 19 horizontal scans used to acquire the 20° � 15° volume
scans. In the figures, all scans through fixation are 100-frame line
B-scans, whereas scans located eccentric to fixation (such as over focal
autofluorescence abnormalities or flecks) are 10-frame B-scans from
the volume scan. In the figures, all scans through fixation are 100-frame
line scans, whereas scans located eccentric to fixation (such as over
focal autofluorescence abnormalities or flecks) are 10-frame scans from
the volume scan. Fundus-guided microperimetry (MP-1; Nidek Tech-
nologies America Inc., Greensboro, NC) tested 45 locations within the
central 8° visual field, as previously described,57–59 using a white
Goldmann III stimulus of 200-ms duration with a 4-2-1 threshold strategy
on a white background. Stability of fixation at the preferred retinal
locus (PRL) was evaluated by asking subjects to focus on the center of
four 2° crosses located 5° eccentric to fixation. Numeric microperim-
etry results were superimposed onto AF and AOSLO images after image
scaling and registration using image editing (Photoshop; Adobe, Moun-
tain View, CA) and custom-written (MatLab; The MathWorks, Natick,
MA) software. Mean � 1 SD normal values across the central 10° were
as follows: for subjects aged 20, 19.9 � 0.4 dB; for subjects aged 21 to

40, 19.5 � 1.1 dB; for subjects aged 41 to 60, 19.3 � 1.3 dB (Midena
et al., IOVS 2006;47:ARVO E-Abstract 5349). Full-field electroretinog-
raphy (ERG) was performed after 45 minutes of dark adaptation using
a Burian-Allen contact lens electrode (Hansen Ophthalmic Develop-
ment Laboratory, Iowa City, IA), according to International Society for
Clinical Electrophysiology and Vision standards, as previously de-
scribed.57–59,64

Genetic Testing

Whole blood was obtained from each patient, and genotyping was
carried out through the National Ophthalmic Disease Genotyping Net-
work (eyeGENE; National Eye Institute, Bethesda, MD; University of
Michigan Ophthalmic Molecular Diagnostic Laboratory, Ann Arbor, MI;
University of California, San Diego, San Diego, CA; Columbia University
Medical Center, New York, NY; and GeneDX, Gaithersburg, MD).
Mutation analysis of the ABCA4 gene was carried out by sequencing
the complete coding region in 10 of the 12 patients using dideoxy
sequencing. Mutation analysis of two additional patients was carried
out by sequencing the coding region on the Illumina (San Diego, CA)
platform, and the sequence changes detected were confirmed by
dideoxy sequencing (Smaoui N, GeneDX, personal communication,
2010).

AOSLO Imaging and Image Processing

AOSLO images were obtained57–59 and processed to create montages
from all patients and from 27 age-matched healthy subjects. Quantita-
tive cone spacing measures were performed on images from 8 of the
12 patients in whom unambiguous cone mosaics were observed;
quantitative cone spacing measures were not possible in 4 of the 12
patients (F6P1, F8P1, F9P1, and F10P1) because of the lack of unam-
biguous cone mosaics in the montage, as a result of unstable fixation
and/or cone atrophy in areas of reduced vision. Images of all 12
patients are shown in Supplementary Figures S1 to S13 (http://
www.iovs.org/lookup/suppl/doi:10.1167/iovs.10-6538/-/DCSupplemental).
Supplementary Figure S1 shows AF, SD-OCT, and AOSLO montages
acquired surrounding each subject’s preferred locus of fixation. Sup-
plementary Figures S2 to S13 show large, high-resolution AOSLO im-
ages for each patient. The eye with better visual acuity or more stable
fixation was chosen for imaging studies. The preferred locus of fixation
was determined by having the subject fixate on a blinking black circle
that was modulated within the laser raster. Because the laser that
formed the image was used to modulate the fixation spot, the fixation
locus was encoded onto the recorded video and determined with
micrometer accuracy. Additional videos were recorded in the parapap-
illary regions.

Cone Spacing Analysis

Scales of the macular images were calculated using a calibrated stan-
dard grid captured before each imaging session. Regions of the image
in which a contiguous cone mosaic, identified as regions containing a
close-packed arrangement of reflective spots, was clearly visualized
were selected for spacing measurements. The presence of cones in
each region was further established by the visualization of the inner
segment-outer segment (IS/OS) junction in registered SD-OCT scans.
Individual cones within the mosaic were identified manually, and the
average nearest-neighbor spacing was determined using the first peak
in the density recovery profile.51,65 Cone spacing was chosen over
cone density as a measure of photoreceptor distribution because it
provided the most robust and conservative assessment for comparison
among eyes. Cone spacing measures quantify average cone spacing in
selected regions only and cannot be extrapolated to predict spacing in
surrounding regions. In diseased eyes, particularly of the types in this
study, there were many regions within each AOSLO image in which no
unambiguous cone mosaics were resolved. Cone spacing, therefore,
should be considered only one aspect of image analysis.
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Statistical Analysis
To compare the difference in cone spacing between the eyes of
patients with STGD and normal eyes, spacing measurements of all
subjects were plotted against their corresponding locations on the
retina. Locations of parafoveal cones were measured as eccentricity in
degrees relative to the anatomic fovea, whereas locations of parapap-
illary cones were measured as eccentricity in degrees relative to the
optic nerve head (ONH) to account for interindividual differences in
the foveo-papillary distance. Distance to the ONH was defined as the
perpendicular distance between the cone mosaic and the tangent of
the scleral rim. Cone spacing for STGD patients was compared with
the mean from 27 age-matched healthy subjects, as previously de-
scribed.57–59 Least-squares fit was used to generate a curve predicting
the mean normal cone spacing with 95% confidence intervals at each
eccentricity. Cone spacing data were quantified using z-scores, the
number of standard deviations from the mean at the eccentricity
measured. Measurements within �2 SD, or z-scores between �2 and
�2, were considered normal. P � 0.05 was considered statistically
significant.

RESULTS

STGD patients ranged in age from 15 to 55 years. Visual acuity
ranged from 20/25 to 20/320. Full-field ERG amplitudes and
implicit times were normal for all stimuli tested for all patients.
Healthy subjects ranged in age from 14 to 72 years, and their
BCVA was between 20/15 and 20/20.

Mutation analysis of the ABCA4 gene identified at least two
heterozygous mutations in seven patients, including two sib-
lings from a pedigree, one mutation in four patients, and no
mutations in one patient. Although the presence of two or
more mutations in the ABCA4 gene is necessary to cause
STGD, approximately 25% of patients with a diagnosis of STGD
are reported to carry one or no mutations in this gene.17 We
did not observe correlations between phenotype and geno-
type. Findings from clinical examinations and genetic analysis
for patients are summarized in Table 1.

Abnormal Autofluorescence, SD-OCT, and AOSLO
in Patients with STGD

AOSLO imaging revealed regions of abnormal cone structure in
the maculae of all patients with varying degrees of abnormality,
described here in order of increasing severity. In several pa-
tients with advanced macular atrophy, unstable fixation re-
sulted in AOSLO image quality that was not adequate to permit
quantitative cone spacing measures (Supplementary Fig. S1,
http://www.iovs.org/lookup/suppl/doi:10.1167/iovs.10-6538/-/
DCSupplemental).

Cone Structure in Areas of Homogeneous
Autofluorescence without Clinical Flecks

The least severe structural abnormalities were observed in
regions of homogeneous AF without clinically evident flecks or
RPE abnormalities, in which AOSLO images revealed contigu-
ous cone mosaics of normal or near-normal spacing where
unambiguous cones were visualized (Figs. 1B1–1B3). In re-
gions of homogeneous AF, cone spacing values often fell
within normal limits (z-scores ��2). However, cones were
sparse and not regularly arranged at the fixation locus (Fig.
1B4). Finally, in regions of RPE atrophy at the anatomic fovea,
unambiguous cones were not reliably seen (Fig. 1B5), corre-
sponding to loss of the IS/OS junction on SD-OCT (Fig. 1C).

Cone Structure in Patients with Central Fixation
and Heterogeneous Autofluorescence

Based on anatomic landmarks from the SD-OCT images, includ-
ing the base of the foveal pit and the center of the region at the

fovea lacking inner retinal neurons, we concluded that fixation
was at or near the anatomic fovea in three patients (F1P1,
F2P1, F11P1) in whom AF was heterogeneous and irregular
(Figs. 2A, 2D, 2G). F1P1 showed an island of coarse, hyperre-
flective cones at the anatomic fovea surrounded by a hypore-
flective annulus with a radius from 0.25 to approximately 1° in
which cones were not clearly visualized (Fig. 2B1). Cones were
irregularly packed. In selected regions within the central 4°
where we could identify contiguous mosaics, cone spacing
was variable, showing regions with normal, reduced, and in-
creased cone spacing (z-scores � �2.47–4.60). Sensitivity loss
was patchy, with values ranging from 1 to 18 dB; foveal sen-
sitivity was reduced by 1 log unit (10 dB) (Fig. 2B). Foveal
cones in F2P1 were also hyperreflective and disorganized, with
increased spacing at fixation (z-score � 4.38). Across most of
the image, hyperreflective spots, suggestive of cones, were
visible, but few close-packed mosaics could be identified.
Where mosaics were identified, we found a mix of normal and
increased cone spacing (Fig. 2E1). Sensitivity was well pre-
served and normal (20 dB) at most locations despite the patchy
cone mosaic, but it was reduced by almost 2 log units (2 dB) in
a hyporeflective region temporally, where unambiguous cones
could not be visualized. SD-OCT images at the foveas of both
F1P1 and F2P1 showed disruption of the IS/OS junction, loss of
the outer nuclear layer, and decreased foveal thickness (Figs.
2C, 2F).

Foveal structure was preserved in an island surrounded by
RPE atrophy in F11P1 (Figs. 2G, 2H). Cone spacing was in-
creased near the fovea (z-scores � 3.91–8.44), and sensitivities
were reduced by greater than 1.5 log units despite visual acuity
of 20/25. The SD-OCT image of F11P1 showed preserved
retinal and RPE structures at the fovea; however, the RPE was
thickened and associated with shadows posteriorly, and the
IS/OS junction was attenuated (Fig. 2I). In each patient with
central fixation, foveal cones were coarse and hyperreflective.
In F1P1, foveal fixation was retained even when greater sensi-
tivity values were measured eccentric to the fovea (Fig. 2B).

Although all three patients retained foveal fixation, we
found that F1P1 and F2P2 adopted an eccentric fixation locus
for some tasks. F1P1 used the anatomic fovea to fixate a
blinking black target that was modulated within the 840-nm
scanning raster but resorted to an eccentric location to fixate
the 532-nm fixation light. Conversely, F2P1 used an eccentric
location to fixate a dim blinking spot within the raster but used
the anatomic fovea to track the 532-nm fixation light.

Relationship between Cone Structure and
Clinical Flecks

Flecks characteristic of STGD were observed in some patients
in transitional regions between centrally reduced AF, repre-
senting RPE atrophy, and homogeneous AF at greater eccen-
tricities. Focal hyperautofluorescent regions correlated with
yellow flecks were associated with subretinal hyperreflective
deposits on SD-OCT (Figs. 3E–E2). AOSLO images showed
highly reflective structures over the flecks (Fig. 3E1). SD-OCT
scans through focal hyperautofluorescent flecks revealed
dome-shaped deposits in or on the RPE layer (Fig. 3E2). The
deposits disrupted the layer of the IS/OS junction, with larger
deposits elevating or penetrating the external limiting mem-
brane (ELM). The IS/OS junction was absent in both images,
correlating with the lack of visible cone mosaics in this region
(Fig. 3E). Both hyperautofluorescent and hypoautofluorescent
flecks were observed in association with highly reflective struc-
tures on AOSLO (Figs. 3G, 3H), which most likely did not
represent wave-guiding cones because they were not arranged
in a contiguous mosaic and were not associated with an intact
IS/OS junction on the corresponding SD-OCT images.
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Lack of Unambiguous Cones in Transitional
Regions between Atrophy and More Normal
Outer Retinal Structure
The transition zone between centrally reduced AF and homo-
geneous AF at greater eccentricities showed dim reflectance

containing sparse cones with increased cone spacing in AOSLO
images (Fig. 3D, between black dashed lines). In patient F1P1,
a dim region with sparse cones was observed within the region
of heterogeneous AF; cone contiguity and packing regularity
increased with increased distance from the fovea and proxim-
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ity to the optic nerve (Fig. 4A). Horizontal SD-OCT scans across
the region showed a transition from preserved retinal layers to
outer retinal layer disruption, then complete loss of the IS/OS
junction layer correlating with the transition to sparse, and then
absent, cones (Fig. 4B). Similar transition zones of hyporeflectivity
and absence of cones were found in AOSLO images of F5P1 (Fig.
3D) and F7P1 (not shown). The transition zone showed interme-

diate sensitivity corresponding to the lack of outer retinal layers
on SD-OCT and lack of cones on AOSLO (Fig. 4A3).

Lack of Cones Where OCT IS/OS Layers Are Missing

Regions of hypoautofluorescence corresponded to bright areas
on AOSLO in which unambiguous cones were not visualized
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sition zone between intact and ab-
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cent regions on AF (G1), but in other
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and SD-OCT showed outer retinal atrophy (Figs. 3F1, 3F2).
Figure 3F1 shows the AOSLO image of a region of atrophy in
the left eye of F5P1, revealing bright, oversaturated areas de-
void of cones, likely caused by scattering of infrared light from
pigment. SD-OCT scans showed extensive loss of outer retinal
layers, from the IS/OS junction to the inner nuclear layer, in
regions of central RPE atrophy and reduced AF (Fig. 3F2).

Preserved Cone Structure at Preferred
Retinal Loci

Fixation was extrafoveal in nine patients with central atrophy;
seven patients had superior or superonasal fixation, and two
had inferonasal fixation. On SD-OCT, the retinal locus of extra-
foveal fixation was located in a transition zone in which the
outer nuclear layer and the inner and outer segment layers
were present but thin and disrupted (Fig. 5). Although retinal
layers and cone spacing often appeared more normal distal to
the locus of fixation, fixation was located at a region closest to
the anatomic fovea with preserved cone mosaics despite com-
promised cone spacing (as in Fig. 1B).

Parapapillary Cone Sparing in Patients with STGD

AOSLO images of patients with STGD showed cone spacing
and packing that was best preserved and most similar to nor-
mal near the ONH (Figs. 6A, 6B). Figure 6C shows cone
spacing approaching normal beyond 5° from the fovea in all
patients. Cone spacing fell within the normal range in the
parapapillary region in all patients (Fig. 6D). AF was most
homogeneous in an annulus at least 0.6 mm wide,12 extending
temporally from the ONH edge in all patients, even those with
heterogeneous AF beyond the ONH (F2P1, F4P1). In all pa-
tients the IS/OS junction was most normal adjacent to the ONH
(example shown in Supplementary Fig. S1 [http://www.iovs.
org/lookup/suppl/doi:10.1167/iovs.10-6538/-/DCSupplemental],
patient F4P1).

Intervisit Progression

We studied two patients longitudinally using AOSLO, AF, and
SD-OCT (F1P1 and F2P1; Fig. 7). During three visits over 27
months, the region of heterogeneous AF adjacent to the central
region of reduced AF extended in all directions in F1P1. In-
creased hypoautofluorescent and hyperautofluorescent spots
were observed, with reduced AF centrally and increased AF at
greater eccentricities. Because of a problem with detector
saturation, we were unable to make reliable cone spacing
measurements on the images obtained in the first visit. Be-
tween the second and third visits (12.5 months apart), AOSLO
images of F1P1 showed no systematic changes in cone spacing
in retinal regions common to both visits where unambiguous
cone mosaics were identified. However, over the course of the
three visits, there was an apparent loss of the foveal cones,
with concurrent reduction in visual acuity from 20/40 (ETDRS
score � 75) to 20/50 (ETDRS score � 68) and decreased
central visual sensitivity on microperimetry (Figs. 7A1–2, 7B1–
2). The AOSLO image at fixation from the third visit, 27 months
after the first, revealed scattered regions in which polygonal

structures characteristic of RPE cells57 were present between
sparse foveal cones (Fig. 7C1, arrows). This was accompanied
by further reduction of the central visual sensitivity, although
visual acuity remained stable at 20/50 (ETDRS score � 67; Fig.
7C2). At the third imaging session, patient F1P1 used the
anatomic fovea when asked to look at a small, dim, blinking
target but used an eccentric retinal location approximately 3°
nasal to the anatomic fovea to view the larger, bright, steady
fixation target (Fig. 7C1). Although cone photoreceptors did
not appear as a complete and contiguous mosaic anywhere in
this patient, the cones were more readily visible at the new PRL
than at the anatomic fovea, and, where cones could be mea-
sured, their spacing was within normal limits for that eccen-
tricity. This shift in the PRL explains the poor overlap of the
AOSLO montage from the latest visit compared with the first
two and limited our ability to make more extensive compari-
sons of cone spacing between sessions.

F2P1 was examined twice in 27 months. AF images from the
two visits appeared similar, though the number of hyperauto-
fluorescent spots increased in the posterior pole in the more
recent image (Figs. 7D, 7E). AOSLO images showed coarse,
disorganized cones at the fovea at both visits, with preserved
visual sensitivity at the fovea but decreased sensitivity at sev-
eral locations (Figs. 7D1–2, 7E1–2). Visual acuity was stable, if
not improved, during this interval; acuity measured 20/63
(ETDRS score � 61) at the first visit and 20/50–2 (ETDRS
score � 63). However, microperimetry showed reduced sen-
sitivity at a number of locations near the fovea at the second
visit (Fig. 7E2) compared with the first (Fig. 7D2). Cone spac-
ing was increased in some regions throughout the central
macula, though many regions had cone spacing that fell within
normal limits. The patient used the anatomic fovea to fixate the
532-nm fixation light but used an eccentric location to fixate
the dim red blinking spot modulated within the 840-nm raster.
The PRL location was in a similar direction for both visits (2.5°
nasal), but, at the second visit, the mean location had shifted
down by approximately 1°.

DISCUSSION

STGD is associated with an accumulation of lipofuscin within
RPE cells, which contains A2E, a fluorophore shown to be
toxic to RPE cells.35,36,39,66,67 We used AOSLO, SD-OCT, AF,
and fundus-guided microperimetry to study macular cone
structure, lipofuscin deposition, and visual function in patients
with STGD and investigated longitudinal progression in two
patients over 27 months. In 4 of 12 patients, disease severity
resulted in unstable fixation and extensive cone loss in the
macula, which precluded the acquisition of AOSLO images of
cones that were of sufficient quality to perform quantitative
cone spacing measures. AOSLO may be less useful than AF and
SD-OCT for evaluating retinal structure in patients with ad-
vanced macular atrophy. However, in the remaining eight
patients, our results showed abnormal AF in association with
abnormalities of cone morphology and packing structure, sug-
gesting a correlation between increased AF and loss of photo-
receptor cells.

Central scotomatous region S uperiorly shifted PR LF3P1FIGURE 5. SD-OCT scan through the
anatomic fovea (white arrow in inset
AF image) and PRL of fixation (black
plus sign in inset) of patient F3P1
with eccentric fixation and central
atrophy. The region of eccentric fix-
ation was located in a transition zone
where the outer nuclear layer and
the IS and OS layers were present but
were thin and disrupted.
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Consistent with previous studies,14,31,68–71 the present
study demonstrated abnormal AF in the macula of all STGD
patients. AF can be used to track lipofuscin accumulation and
provides an indirect way of assessing the overall health of RPE
cells over a large area,72,73 but the relatively low resolution of
this imaging modality precludes the investigation of individual
cellular structures. We have correlated high-resolution images
of cone photoreceptor structure with AF and observed abnor-
malities of cone structure in order of increasing severity.

We observed normal or near-normal cone spacing, cross-
sectional retinal structure, and visual sensitivity in regions of
homogeneous AF. For example, F3P1 showed homogeneous
AF without clinical flecks outside the fovea, corresponding to
near-normal cone spacing. Closer to the fovea, cone spacing
was increased in an area with focal increased AF near the
central region of atrophy (Fig. 1). Flecks on examination and
AF provided signs of clinical disease, with the flecks corre-
sponding to dome-shaped deposits in the RPE layer seen on
SD-OCT. Deposits elevated and disrupted the IS/OS junction
and ELM layers (Fig. 3E). Hyperreflective regions seen on
AOSLO images were observed with both hyperautofluorescent
and hypoautofluorescent regions (Figs. 3G, 3H), demonstrating
that AOSLO image reflectivity does not correlate with the
quantity of lipofuscin accumulation in RPE cells. Nonhomoge-
neous hypoautofluorescent regions in the transitional zone
between centrally reduced AF and peripheral homogeneous AF
showed increased cone spacing on AOSLO, consistent with
cone loss (Fig. 3D). In regions of complete macular atrophy,
AOSLO images showed bright oversaturated areas where cones
were not seen, consistent with SD-OCT scans revealing exten-
sive loss of outer retinal layers (Fig. 3F).

In some patients with extensive heterogeneous AF through-
out the posterior pole, AOSLO images showed densely packed
cones in contiguous mosaics interspersed with hyporeflective
areas where few or no cones were seen (Figs. 2D, 2E). AOSLO
images of these regions did not reveal well-defined changes in
reflectivity or cone structure, suggesting more generalized de-
generation of the RPE and the outer retina. Despite diffuse AF
abnormalities, cone spacing abnormalities showed the same
pattern seen in patients without extensive AF heterogeneity,
with the most severe cone spacing abnormalities in the macula
and more normal cone spacing near the ONH.

In addition, AOSLO images of STGD patients with central
atrophy showed an annulus of decreased reflectance and
sparse cones at the edge of the central atrophy. AOSLO images
of F1P2 (Fig. 5), F3P1 (Fig. 1), F5P1 (Fig. 3), and F7P1 each
show a parafoveal ring of decreased reflectivity corresponding
to the edge of the scotoma in each patient. The AOSLO image
in F1P1 (1 of 3 patients in the study who retained foveal
fixation) showed a similar dim parafoveal ring in a region with
progressive loss of visual function when imaged longitudinally.
Over time, patient F1P1 showed progressively reduced foveal
sensitivity, loss of cone reflectivity at the foveal center, expan-
sion of the region of dim reflectance around the fovea, and
evidence of intermittent use of an extrafoveal retinal locus for
fixation (Fig. 7).

Lack of visible cones in dim regions of the AOSLO image
may be attributed to poor image quality, scattering from media
anterior to the photoreceptors, abnormal wave guiding prop-
erties in cones with abnormal outer segments or cones residing
over abnormal RPE cells, or photoreceptor loss. The focal
nature of the dim regions in which cones were not visualized
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makes poor image quality and scattering from media anterior to
the photoreceptors less likely explanations. Elevations at the
level of the RPE (Fig. 3E) or lipofuscin accumulation within
RPE cells may affect properties of light reflected off the RPE
cells and may prevent normal wave guiding through cone inner
segments. Additionally, cones in the process of degeneration
may lose their reflective properties but may retain visual func-
tion. In fact, the high dynamic range of SD-OCT often confirms
the presence of IS/OS junctions, even though the cone mosaic
is not directly visible with AOSLO. However, visualization of
scattered RPE cells in the fovea of patient F1P1 (Fig. 7C1), in
association with reduced visual acuity and visual sensitivity,
suggests photoreceptors have been lost in at least some regions
where cones are not visualized.

Recent studies31,70,74–76 have correlated AF patterns with
changes in visual function. In our study, dense central scoto-
mas corresponded to reduced AF, consistent with atrophy of
the RPE and overlying photoreceptors. Reduced visual sensi-
tivity extended into regions with heterogeneous AF surround-
ing central RPE atrophy. Other studies have reported larger
scotomas when centrally reduced AF was surrounded by re-
gions of decreased AF rather than increased AF.70 The ob-
served relationship between scotoma size and AF abnormality
suggests that abnormalities of lipofuscin deposition correlate
with reduced visual function. In the present study, all patients
with eccentric fixation used a PRL within regions in which a
contiguous cone mosaic was present, although cone spacing
was often abnormal. The PRL corresponded to a transitional
zone between complete loss of the IS/OS junction layer in the
central scotomas and preserved outer retinal layers distally,
consistent with findings of a previous study.77 The present
study extends this observation with AOSLO images, showing
that the PRL was located at the region closest to the anatomic
fovea, where a contiguous cone mosaic was present (Figs. 1,

5). This observation suggests that a contiguous cone mosaic
plays an important role in mediating visual acuity in patients
with retinal degeneration.

A combination of imaging and functional modalities was
used to monitor retinal changes over time in two patients with
STGD. AOSLO images showed an increase in the width of a
parafoveal ring of hyperreflective cones in F1P1, with concur-
rent degradation of cone mosaics centrally. The disappearance
of visible foveal cones corresponded to a loss of central visual
sensitivity and visual acuity and to intermittent use of extrafo-
veal fixation. The appearance of visible RPE cells at the fovea
suggests that photoreceptor atrophy may precede RPE atrophy
in the progression of STGD, although our images give no
information about the health of the remaining RPE cells. In
F2P1, cone spacing remained abnormal over 27 months, in
association with reduced sensitivity measured with micrope-
rimetry. In each of these patients, visual acuity remained stable
despite evidence of progressive increases in cone spacing and
reduced visual sensitivity, suggesting that visual acuity is an
insensitive measure of cone loss and disease progression at the
fovea in STGD. Although the small number of patients studied
longitudinally is not adequate to predict how AOSLO cone
spacing measures may change over time in other patients with
STGD, our data suggest that in conjunction with measures of
rod- and cone-mediated function,78 measures of macular cone
structure using AOSLO and SD-OCT may provide useful infor-
mation about disease progression and response to experimen-
tal therapies as they are developed.

The longitudinal changes observed in this study support
published models of STGD progression.11 In patients with
early disease, the accumulation of lipofuscin deposits in RPE
cells produces focally increased AF and yellow flecks on fundus
photography. Lipofuscin accumulation within RPE cells is fol-
lowed by the death of overlying cones, leading to a decrease in
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photoreceptor density. With disease progression, excessive
accumulation of lipofuscin leads to RPE atrophy, observed as
decreased AF. In the present study, cone loss and abnormal
wave guiding properties resulted in increased cone spacing
and increased cone reflectance, followed by decreased visibil-
ity of cones in AOSLO images. In patients with advanced
disease, uniformly decreased AF in combination with a loss of
outer retinal structures on SD-OCT and a lack of visible cones
on AOSLO indicate atrophy of RPE cells and photoreceptors.
Although we did not perform measures of retinoid cycle slow-
ing, we have compared our findings with the model of disease
progression described by Cideciyan et al.11 in STGD/ABCA4-
related retinal degeneration (see Table 2).

Finally, the observation that AF is most normal in the annu-
lar region surrounding the optic nerve head in patients with
STGD at all clinical stages corroborates previous study re-
sults,12,31,79 although the parapapillary region may not be
spared in up to 2% of patients.30 In the present study, AF was
most homogeneous in an annulus, at least 0.6 mm wide,12

surrounding the optic disc in all patients, even those with
extensive AF abnormality beyond the ONH (as in Fig. 2D).
AOSLO images of the parapapillary region in STGD patients
were nearly indistinguishable from normal, and cone spacing
values were closest to normal at this location in all subjects.
Several theories have been proposed to explain the phenom-
enon of parapapillary sparing, including lower rates of lipofus-
cin accumulation because of the decreased ratio of photore-
ceptor to RPE cells near the ONH, increased survival around
the ONH caused by neurotrophic factors, and increased lipo-
fuscin clearance near the ONH as a result of local changes in
the choriocapillaris.12 The results of the present study provide
support for the observation that retinal and RPE structure is
preserved in the parapapillary region in STGD patients and
extend the observation beyond AF and visual function to in-
clude images of preserved cone structure.
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