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Purrose. We evaluated the incongruous observation whereby flecks in recessive Stargardt
disease (STGD1) can exhibit increased short-wavelength autofluorescence (SW-AF) that
originates from retinal pigment epithelium (RPE) lipofuscin, while near-infrared AF (NIR-AF),
emitted primarily from RPE melanin, is usually reduced or absent at fleck positions.

MerHops. Flecks in SW- and NIR-AF images and spectral-domain optical coherence
tomography (SD-OCT) scans were studied in 19 STGD1 patients carrying disease-causing
ABCA4 mutations. Fleck spatial distribution and progression were recorded in serial AF
images.

Resurts. Flecks observed in SW-AF images typically colocalized with darkened foci in NIR-AF
images; the NIR-AF profiles were larger. The decreased NIR-AF signal from flecks preceded
apparent changes in SW-AE Spatiotemporal changes in fleck distribution usually progressed
centrifugally, but in one case centripetal expansion was observed. Flecks in SW-AF images
corresponded to hyperreflective deposits that progressively traversed photoreceptor-
attributable bands in SD-OCT images. Outer nuclear layer (ONL) thickness negatively
correlated with expansion of flecks from outer to inner retina.

Concrusions. In the healthy retina, RPE lipofuscin fluorophores form in photoreceptor cells
but are transferred to RPE; thus the SW-AF signal from photoreceptor cells is negligible. In
STGD1, NIR-AF imaging reveals that flecks are predominantly hypofluorescent and larger and
that NIR-AF darkening occurs prior to heightened SW-AF signal. These observations indicate
that RPE cells associated with flecks in STGD1 are considerably changed or lost. Spectral-
domain OCT findings are indicative of ongoing photoreceptor cell degeneration. The bright
SW-AF signal of flecks likely originates from augmented lipofuscin formation in degenerating
photoreceptor cells impaired by the failure of RPE.

Keywords: ABCA4, lipofuscin, optical coherence tomography, fundus autofluorescence,
recessive Stargardt disease, retinal pigment epithelium, scanning laser ophthalmoscope

Recessive Stargardt disease (STGD1) is characterized by an
increase in the fluorescent compounds comprising the
lipofuscin of retinal pigment epithelium (RPE) cells. These
fluorophores are all-trans-retinaldehyde adducts that undergo
accelerated formation due to reduced or absent activity of the
adenosine triphosphate binding cassette transporter 4 (AB-
CA4).12 The augmented accumulation of RPE lipofuscin
pigments confers a vermillion color to the fundus under white
light imaging,> altered gray level intensities in fundus autofluo-
rescence (AF) images,>*> and often, but not always, a dark
choroid in fluorescein angiograms.® The adverse effects of
accelerated lipofuscin deposition also lead to the demise of RPE
cells that is visualized as areas of decreased short-wavelength
autofluorescence (SW-AF) and near-infrared autofluorescence
(NIR-AF).7'# Particularly conspicuous in SW-AF fundus images
obtained from patients with STGD1 are intensely fluorescent
foci (flecks) that vary in size and shape; some are surrounded
by a halo of reduced autofluorescence.” With disease progres-
sion, flecks typically emerge along the central to peripheral axis
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of retina in somewhat regular patterns.!® While in SW-AF
images the flecks are usually hyperautofluorescent, in NIR-AF
images, flecks are most often hypoautofluorescent.® With time,
the SW autofluorescence of flecks undergoes decay.!?

The SW-AF of flecks denotes a link to lipofuscin and RPE.
Indeed, it has been suggested that flecks reflect lipofuscin-
engorged RPE cells, displaced and stacked RPE, and/or
remnants of RPE cell lysis.!!'1? At the same time, flecks visible
in SW-AF images have been equated with hyperreflective
material in the RPE/Bruch’s membrane and photoreceptor cell-
attributable bands in optical cross sections of retina (optical
coherence tomography, OCT).'>!4 Nevertheless, there has
been difficulty reconciling the intraretinal position of flecks
with the autofluorescence usually associated with the lipofus-
cin in RPE. Thus the structural basis and location of flecks are
poorly understood, and these lesions are still assumed to be
positioned at the level of RPE.!5-17

Here we have sought to understand how the SW-AF signal
that is assumed to originate primarily from RPE lipofuscin can
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TaBLe. Summary of Demographic, Clinical, and Genetic Data
BCVA, logMAR
Patient Sex Age Race/Ethnicity oD (O8] ABCA4 Mutations
1 F 35.52 Caucasian 0.8 0.8 p- [G1961E]; c. [IVS15+1G>A
2 M 12.00 Caucasian 0.5 0.5 p- [L541P; A1038V]
3* M 9.00 Caucasian 1 1 p. [W855*]; [T1526M]
4 F 47.55 Caucasian 1.3 1.3 p- [L541P; A1038V]; [G1961E]
5% F 16.47 Caucasian 0.6 0.6 p. [T972N]; [L2027F]
6* M 16.98 Caucasian 1.3 1.3 p- [K346T]; [T11171]
7 F 23.80 Caucasian 0.6 0.4 p- [R11618]
8* F 28.67 Caucasian 13 1.3 p. [P1380L]; [P1380L]
9 M 42.83 Caucasian 0.9 0.4 c. [571-1G>T
10* M 13.89 Caucasian 0.4 0.4 p. [L541P; A1038V]; [L2027F]
11* F 20.20 Caucasian 0.9 0.9 p- [P1380L]; [G1961E]
12 M 27.61 African-Arab 0 0 p. [R1300%]; [R2106C]
13* M 46.93 Caucasian 0.3 0.4 p. [C1490Y]; [G1961E]
14* M 26.82 Caucasian 0 0 c. [3050+5G>Al; p. [G1961E]
15 M 48.36 African American 0 0 p. [G991R]; c. [570+1798A>G]
16* F 24.44 Caucasian 0.2 0 p- [G863A]; c. [5898+1G>A
17 F 35.33 Caucasian 0.9 0.1 p- [IN1799D]
18* F 52.33 African American 0.2 0.3 p. [W339G]; [R2107H]
19 F 54.03 Caucasian 0.3 0.2 p. [R2077W]

BCVA, best-corrected visual acuity; logMAR, logarithm of the minimum angle of resolution; OD, right eye; OS, left eye.

* The variants were confirmed on different chromosomes.

be increased at fleck positions wherein NIR-AF emitted
primarily by melanin in RPE is reduced or absent. Examining
flecks across multiple modalities, we have evaluated SW- and
NIR-AF patterns, assessed the spatial distribution of flecks with
time, and studied the structural changes in retina at the
positions of flecks.

METHODS

Patients and Genetic Testing

Images from 19 patients (age range, 9-54 years) were studied
retrospectively after selection on the basis of the presence of
flecks visible in fundus SW-AF images and the availability of
SW-AE, NIR-AE and spectral-domain optical coherence
tomography (SD-OCT) images. Clinical diagnosis of STGD1
was confirmed by a retinal specialist (ST). The ABCA4
microarray was used for initial screening of most patients
followed by direct Sanger sequencing to confirm identified
changes, as previously described.'® followed by next-gener-
ation sequencing if only one mutated ABCA4 allele or no
ABCA4 mutations were identified by the array.!® More
recently recruited patients were screened immediately by
next-generation sequencing. Demographic, clinical, and
genetic information is presented in the Table. The study
was carried out with the approval of the Institutional Review
Board of Columbia University and complied with the Health
Insurance Portability and Accountability Act of 1996. All
patients were enrolled in accordance with the tenets set out
in the Declaration of Helsinki. Informed consent was
obtained prior to enrollment.

Image Acquisition

Short-wavelength AF images were acquired at 488-nm excita-
tion using a Spectralis HRA+OCT (Heidelberg Engineering,
Heidelberg, Germany). A previously described protocol was
followed to acquire high-quality SW-AF images that could be

used for quantitative analysis.? Briefly, the beam of light was
centered in the dilated pupil (at least 7-mm diameter), and the
camera was aligned in all three dimensions to obtain an image
with maximum uniformity. The fundus image was focused to
reach maximum AF signal intensity and sharpness, and the
detector sensitivity was adjusted to avoid nonlinear effects
(image saturation). Photopigments were bleached for 20 to 30
seconds while focus and alignment were adjusted.?® Multiple
images were acquired in video format (9-12 frames). After
imaging, videos were examined for image quality and the
frames were then aligned, averaged, and saved in nonnormal-
ized mode (no histogram stretching).

Spectral-domain OCT scans were also acquired with the
Spectralis HRAHOCT. Typically, horizontal 9-mm scans through
the macula were acquired in high-resolution mode (minimum
of 9, maximum of 100 single scans were averaged). The scans
were automatically registered to a simultaneously acquired
near-infrared reflectance (NIR-R) fundus image, which was
later used for point-to-point correlation with other fundus
images (see section below). For patients with multiple visits,
the follow-up function of the Spectralis was used for precise
scan placement. This function enabled the tracking of fleck
evolution in SD-OCT scans over time.

Nonnormalized NIR-AF images (30° X 30° field; sensitivity
96) were acquired with an HRA2 (Heidelberg Engineering) as
an average of up to 100 single frames using the indocyanin-
green angiography mode (787-nm excitation) without injection
of dye after focusing the fundus image in NIR-R mode. As in the
SW-AF imaging protocol, care was taken to obtain high-quality
images with maximum field uniformity.

Image Analysis

All images of each eye were aligned using i2kRetina software
(DualAlign LLC, Clifton Park, NY, USA). This processing
allowed for correlation of NIR-AF to SW-AF and serial images.
Following registration, one Photoshop (Photoshop CS3;
Adobe, San Jose, CA, USA) file was created for each eye, and
all the images available for the corresponding eye were
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organized as layers of registered images. This disposition of
overlaid images allowed for analysis of specific areas in
different imaging modalities and at different intervals of time.

To calculate fleck brightness, mean gray level (*standard
deviation, SD; 54 flecks) within the outlined fleck area was
determined and the recorded zero gray level was subtracted.
The gray level value was then normalized to the mean gray
level of an adjacent nonfleck area (684 pixels) that was also
outside the dark halo. A new layer was subsequently created,
and a mask was generated at the selected area using the paint
bucket tool. The magic wand allowed for selection of the mask
at a later time.

To analyze flecks spatiotemporally within SW-AF images, a
thresholding approach was utilized in Photoshop. First, in
each SW-AF image, five nonfleck, nondiseased fundus areas
(4356 pixels each) were selected by the operator. The mean
gray level intensity (and SD) at these nonfleck fundus
positions was determined. Threshold gray level was then
calculated as the mean plus three times the standard
deviation. Flecks having gray level intensities greater than
the threshold were then manually selected and colored coded
to indicate the visit (first visit, blue; second, yellow; third,
pink). In an SW-AF image field, uniformity is highest out to an
eccentricity of 20°%%; thus this global thresholding approach
was a good approximation. To study the distribution and
spatial changes of flecks in wide-angle images, i2kRetina
software was used to create fundus montages from multiple
55° field SW-AF images.

The bar visible at the top of some SW-AF images is an
internal fluorescence reference installed in the confocal
scanning laser ophthalmoscope for quantitative fundus AF
studies.

SD-OCT Analysis

Flecks visible in SD-OCT cross sections (total of 94 flecks in
both eyes of 19/19 patients) were selected for study if they
presented as isolated profiles in the SW-AF images of the right
eyes. The nomenclature used for identification of reflectivity
bands in SD-OCT has been previously published.?!

The hyperreflective deposits traversing photoreceptor-
attributable band in the SD-OCT were qualitatively scored in
terms of their extents relative to the cone interdigitation zone
(Z; interdigitation of cone outer segments and RPE apical
processes) and whether they interrupted or displaced the
ellipsoid zone (EZ) and external limiting membrane (ELM).
Fleck height was measured on the Heidelberg Eye Explorer
software (version 5.10.2) using the measure distance tool.
Outer nuclear layer (ONL) thickness was measured at the
position of the fleck center (if detectable) and at 150 pm nasal
and temporal to the fleck.

Statistical Analyses

Statistical analysis was performed using PRISM 6 (GraphPad
Software, Inc., La Jolla, CA, USA).

RESULTS

Short-wavelength AF and NIR-AF images were analyzed in 19
patients (age range, 9-54 years; mean 30.7 years) (Table). For
those patients imaged serially, the age reported is the age at
last follow-up visit. Two disease-causing ABCA4 variants were
detected in 14 patients and one mutation in the remaining 5
patients. Clinical and genetic findings are presented in the
Table. Short-wavelength AF images from serial visits were
available from 10 patients (two visits, 6 patients; three visits,
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4 patients); 2 of these 10 patients also had serial NIR-AF
images.

Flecks in SW-AF and NIR-AF Images

Images of STGD1 patients presented with a central area of
abnormally reduced SW-AF signal (19/19 patients) surrounded
by a heterogeneous region of hypo- and hyperautofluorescence
across the macula (Fig. 1). Retinal flecks were readily
identifiable in SW-AF images as hyperautofluorescent foci of
varying shape and size (Fig. 1). Flecks were located in the
perifoveal areas or were more diffusely distributed throughout
the fundus. Some flecks presented as isolated inclusions;
others contacted each other, producing a web-like appearance
(Figs. 1B, 1C). Flecks could have distinct borders or their edges
could be less well defined (Fig. 1). As previously reported,®
some flecks visible as bright foci in SW-AF images were
surrounded by a halo of reduced SW autofluorescence (Fig.
10).

In all patients, dual imaging of NIR-AF and SW-AF was
performed. The bright foci identified as flecks in SW-AF images
typically colocalized with darkened foci in NIR-AF images (19/
19 patients) (Figs. 1D-F), but the NIR-AF profiles were often
slightly larger (Figs. 1B, 1E; 1C, 1F). Additionally, in patient 5, in
whom longitudinal SW-AF and NIR-AF images were acquired
within a 6-month interval, we observed flecks presenting with
hypofluorescence in NIR-AF images before elevated SW-AF
(Fig. 2). Flecks that were visible as foci in SW-AF images could
be situated within or adjacent to large areas of atrophy
detected with NIR-AF imaging (Figs. 1A, 1D).

Spatial Distribution of Flecks

In 10 patients, serial SW-AF images were acquired, thus
permitting longitudinal tracking of individual flecks and an
analysis of fleck distribution with time. For the analysis of
fleck distribution, 1606 flecks were included based on their
detection in SW-AF images. As previously reported,!® spatio-
temporal changes in fleck distribution were usually consistent
with centrifugal spread (8/10 patients) (Fig. 3), although in
one patient (patient 14) a pattern was not discernible.
Additionally, in patient 2 the pattern of fleck expansion
followed a centripetal direction on SW-AF (Figs. 4A, 4B),
which was also visible in NIR-AF images (Figs. 4C, 4D). As
shown in Figure 4, the directions of fleck progression were
best illustrated in wide-field images. In some cases, two
systems of fleck expansion could be identified, one that
encircled the fovea and a second that formed outside the
arcades (Figs. 4A, 4B, 4E, 4F). Occasionally, flecks exhibited a
bright center in both SW- and NIR-AF images; and on these
occasions, the flecks tended to be at the frontlines of the
spatial progression (Fig. 3]) and the NIR-AF fleck profile
included a dark halo.

SD-OCT Analysis

Flecks identified in SW-AF images corresponded to locations
in SD-OCT images where hyperreflective deposits traversed
photoreceptor-attributable OCT bands (Fig. 5). Optical
coherence tomography bands at the position of the fleck
were melded into barrel- or pyramidal-shaped deposits. In
some cases the hyperreflective deposit appeared to be a
thickening of the area attributable to the IZ band, while in
other flecks the deposits extended through the EZ and ELM
and impinged on ONL (Figs. 5B, 5D, 5F 5H). Reduced
reflectivity of the EZ and ELM bands could also be observed
adjacent to the fleck material (Figs. 5E 5H). Fleck height
increased and ONL thickness decreased as the hyperreflective
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Ficure 1. Autofluorescent flecks viewed in short-wavelength autofluorescence (SW-AF) (A-C) and near-infrared autofluorescence (NIR-AF) (D-F)
images of patient 16 (A, D), patient 4 (B, E), and patient 17 (C, F). Flecks can be widespread (A, D) or limited to perifoveal areas (B, E) and can be
isolated (C, F) or in contact with one another (area in [A] indicated by arrowbeads). Flecks identified as bright profiles in SW-AF images are most
often dark in NIR-AF images (B, E; C, F). Flecks that exhibit SW hyperautofluorescence (arrows in [A-C]) can sometimes have central NIR-AF
intensity (arrows in [D-F]). In SW-AF images, flecks can exhibit a dark halo ([C] inset 2). The area of bright SW-AF signal in flecks ([B] inset I; [C]

small rectangles) is typically smaller than the area of low NIR-AF of flecks ([E] inset 1; [F] small rectangles).

deposit progressively incorporated photoreceptor-attribut-
able OCT bands (Figs. 6A, 6B). When flecks were viewed at
the fundus using SW-AE they varied in fluorescence intensity
(Figs. 2, 4); however, the brightness of flecks did not differ as
a function of fleck radial expansion in SD-OCT images.
Specifically, as flecks extended radially and successively
interrupted the 1Z, EZ, and ELM bands, the fluorescence
intensity of the flecks did not noticeably change (Fig. 6C). The

absence of a correlation was the same whether the values
were normalized or not normalized (not shown) to adjacent
nonfleck retina.

Typically, the hyperreflective deposits corresponding to
flecks in SW-AF images did not displace outer retinal layers
inward. Rather, the EZ and/or ELM bands were interrupted at
the fleck while being continuous on either side of the fleck
(Fig. 7). Extension of the hyperreflective deposits up into the

FIGURE 2.

Serial short-wavelength autofluorescence (SW-AF) (A, C) and near-infrared autofluorescence (NIR-AF) (B) imaging in recessive Stargardt
disease (STGD1). Patient 5. Short-wavelength AF image in (C) was obtained 6 months after image in (A). Hypoautofluorescent flecks are visible in
the NIR-AF image (B) before appearing hyperautofluorescent in SW-AF images ([A] versus [C]).



Investigative Ophthalmology & Visual Science

NIR-AF and SW-AF and SD-OCT Imaging of Flecks

IOVS | July 2015 | Vol. 56 | No. 8 | 5033

FiGURre 3.

Spatial-temporal progression of fleck distribution. Longitudinal changes in fleck distribution demonstrated using short-wavelength

autofluorescence (SW-AF). Flecks were identified using the thresholding technique described in the Methods. The spreading of flecks in these
patients exhibits a centrifugal pattern. Temporal progression is indicated: first visit, blue; second visit 1 year later, yellow; third visit after another
year, pink. Patient 5 (A-D), patient 6 (E-G). The black borders visible in some parts of figure were created by i2ZKRetina software during automatic

image registration and alignment.

ONL-attributable band was readily visible due to the contrast
with the hyporeflectivity of the latter. Thinning of ONL over
the fleck was observed (Fig. 6B); this thinning increased as the
fleck extended from the IZ to ELM and then ONL-attributable
bands. For seven flecks, ONL over the fleck was not
detectable. The inner retina did not appear to be altered. As
shown in Figure 8, resorbed flecks detectable because of
fading of fleck AF in SW-AF images!” was associated with a
conversion from hyperreflectivity to hyporeflectivity at the
fleck position identified by SD-OCT. Thus flecks that in serial
images exhibited SW-fluorescence fading were hyporeflective
in SD-OCT images (Fig. 8).

DIscussIoN

Although the natural history of ABCA4-related disease is not
fully understood, it is well known that SW-AF emission at the
fundus is increased.?%> A generalized increase in NIR-AF signal
has also been reported in STGD1 patients,???3 together with
more localized alterations in intensity.®2% Indeed, it has been
noted that in STGD1, NIR-AF imaging provides a means to
visualize RPE changes that precede SW-AF abnormalities.® The
NIR-AF signal emanates primarily from RPE melanin, although
there is also a contribution from choroidal melanocytes.?5-28
On the other hand, SW-AF is emitted by the fluorescent
bisretinoids of RPE lipofuscin that originate in photoreceptor
cells. In the healthy eye, these bisretinoids are kept to a
minimum in photoreceptor cells due to a fully functional
ABCA4 protein, efficient reduction of retinaldehyde, daily
shedding of outer segment membrane, and phagocytic transfer
to RPE.

Retinal flecks are also a prominent clinical feature of
STGD1. Thus it is important to achieve an understanding of the
structural underpinnings and disease processes responsible for

the emergence of AF flecks. We observed here that the
spatiotemporal appearance of flecks in the STGD1 fundus
usually progressed centrifugally, as previously described,!®
although in one case we observed centripetal expansion.
Occasionally flecks exhibited brightness in both SW-AF and
NIR-AF images; but far more frequently, the intense SW-AF of
flecks colocalized with darkened foci in NIR-AF images. This
difference in the SW-AF and NIR-AF signaling of flecks is
consistent with earlier reports.®1° Flecks identified in SW-AF
images also corresponded to hyperreflective deposits travers-
ing photoreceptor-attributable bands in SD-OCT scans. Outer
nuclear layer thinning over the hyperreflective fleck deposit
was observed; and as flecks expanded radially they progres-
sively interrupted, rather than displaced, the IZ, EZ, and ELM
bands. Instead of reflecting a range of fleck types, we view the
outer to inner expansion of fleck deposits in SD-OCT scans as
being indicative of stages in the degeneration of photoreceptor
cells within individual flecks. The photoreceptor cell degen-
eration observed by SD-OCT is consistent with the decreased
sensitivity detected with microperimetric testing of fleck
versus nonfleck areas.?®

Since in the current work image acquisition was preceded
by bleaching of photoreceptor visual pigment, it is unlikely
that RPE autofluorescence unmasking secondary to outer
segment degeneration and photopigment loss can account for
the hyperautofluorescence of flecks in SW-AF images.
Additionally, the reduced or absent NIR-AF at positions of
flecks is unlikely to be due to reduced light transmission since
tissue absorption is negligible at wavelengths of 600 to 1300
nm.3°

Because flecks emit a SW-AF signal, it has been assumed
that they represent the presence of RPE in STGD1.1%31 In
addition to large areas of macula that are devoid of RPE,
reports of histopathological studies have included lipofuscin-
filled enlarged RPE cells with increased lipofuscin and
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FIGURE 4.

Spatial progression of fundus flecks. Short-wavelength autofluorescence (SW-AF) wide-field (A, B, E, F) and near-infrared

autofluorescence (NIR-AF) (C, D) images. Patient 2 (A-D), patient 5 (E, F). Centripetal and centrifugal patterns of fleck spreading are indicated
with arrows. (A) A 55° field; (B, E, F) montages created as described in the Methods. The pattern of spread is also visible in NIR-AF images (C, D).

apically displaced or reduced melanin in STDG1.11:32:33
Some of these enlarged cells extend above the surrounding
RPE monolayer,>>3% and cell lysis has been observed.3?
Unexpectedly, one study describing these swollen cells
reported normal levels of lipofuscin.?* Taken together, these
observations are indicative of RPE abnormalities, but it is not
known whether these aberrant cells correspond to the
fundus flecks observed in SW-AF images and SD-OCT scans.
Disease-related foci of elevated SW-AF3> can originate from
superimposed RPE cells such as those shown to sometimes
occur®® within the junctional zone of geographic atrophy
(GA) in AMD. These abnormalities probably account for the
increased, not decreased, NIR-AF signal surrounding areas of
GA.373% The distortion of the RPE monolayer by sub-RPE
drusen is also reported to create patterns of increased SW-
AF3° We note, however, that while drusen displace outer
retinal layers,“®4! in our study flecks were not associated
with a similar displacement of photoreceptor-attributable
reflectance bands (Fig. 6). Thus we cannot conclude that
flecks represent an expansion of the RPE/Bruch’s membrane
complex.

The finding in the current study that in NIR-AF images
flecks are predominantly hypofluorescent could reflect
abnormal RPE cells with reduced or absent melanin.!! This
could be the situation if RPE cells flatten and spread to cover
adjacent sites of RPE cell loss, as has been suggested.532
These cells might retain the SW-AF signal from lipofuscin;

alternatively, lipofuscin and melanin density could both be
decreased by cellular spreading. It is worth noting that in
retinitis pigmentosa, areas of retina peripheral to a central
hyperautofluorescent ring exhibit reduced NIR-AF signal#?
attributable to attenuated RPE having greatly reduced
numbers of melanosomes.344 These cells have likely spread
to replace other members of this population that have
migrated to perivascular sites and formed bone spicule
pigmentations.>

There remains an additional possibility to explain the
change in NIR-AF: that the absence or reduction of NIR-AF in
advance of the increase in SW-AF of flecks denotes a loss of
RPE cells. If this were the case, the absence of RPE at
positions of flecks would exclude these cells as the origin of
the SW-AF emission. As an alternative source of the SW-AF of
flecks, we suggest that this emission derives from photore-
ceptor outer and inner segments that are degenerating
secondary to RPE atrophy. The notion of SW-AF being
generated from inner and outer segments is supported by
previous reports of the presence of lipofuscin-like material in
the inner segments of photoreceptor cells of the STGD1
retina.?? Additionally, when outer segment phagocytosis fails
as in the Royal College of Surgeon rat, the outer segment
debris accumulating in the subretinal space emits an
autofluorescence.“-48 Moreover, in mutant mouse retina,
the inner and outer segments of photoreceptor cells
projecting into the center of photoreceptor cell rosettes emit
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Ficure 5. Short-wavelength fundus autofluorescence (SW-AF) images (A, C, E, G) registered to spectral-domain optical coherence tomography (SD-
OCT) scans (B, D, E H). The location of each horizontal SD-OCT scan is illustrated by a dashed white line superimposed on the SW-AF image. Flecks
are visible as hyperreflective radial deposits in SD-OCT images; these hyperreflective aberrations progressively incorporate photoreceptor cell-
associated hyperreflectivity bands identified as EZ (ellipsoid zone), ELM (external limiting membrane), and ONL (outer nuclear layer). Choroidal
reflectivity below the fleck is blocked in (H). Patient 4 (A, B), patient 9 (C, D), patient 11 (E, F), patient 19 (G, H).
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Ficure 6. Quantitative analysis of flecks. (A) Fleck height increases as fleck hyperreflectivity expands radially to 1Z (interdigitation zone), to EZ
(ellipsoid zone) also, and to external limiting membrane (ELM) also. Individual values (open circles), mean values (thick borizontal lines), and 95%
confidence intervals (thin horizontal lines) are plotted. Fleck height (94 flecks) was measured in both eyes of all 19 patients. (B) Outer nuclear
layer (ONL) thickness is reduced as fleck hyperreflectivity expands in the direction of inner retina. Thickness of ONL over 87 flecks was measured
in both eyes of all 19 patients. For 7 flecks, ONL over the fleck was not detectable. (C) Fleck brightness measured as grayscale levels and normalized
to adjacent off-fleck gray levels. Fleck gray levels were obtained from right eyes of all 19 patients (54 flecks). Numbers of values are indicated in
parentbeses. Statistically significant differences as indicated (P < 0.05) were determined by one-way ANOVA and Tukey’s multiple comparisons test.

an AE* Indeed, the lipofuscin biosynthetic pathway could be
accelerated in disabled photoreceptor cells that are unable to
sustain the work of reducing reactive all-trans-retinaldehyde
generated when visual pigment absorbs photons. Amplified
bisretinoid formation in photoreceptor cells would lead to

increased fundus AF intensity.>® The subsequent decrease in
SW-AF in old flecks'® that is accompanied by reduced
reflectivity in SD-OCT images (Fig. 8) could be due to
autofluorescence photobleaching and/or resolution of the
degenerating debris.>!

Ficure 7. Retinal fleck imaged by confocal scanning laser ophthalmoscopy using short-wavelength autofluorescence (SW-AF) (A-C) and SD-OCT
(D-F) (patient 19). Horizontal SD-OCT scans at level shown by white line in (A-C). Images in (B) and (E) were acquired 4 months after images in
(A) and (D). Images in (C) and (F) acquired 8 months after images in (A) and (D). Fleck (arrows) interrupts photoreceptor-associated
hyperreflectivity bands.
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Ficure 8. Resorbing flecks in SW-AF and SD-OCT images (patient 1). Images in (B) and (D) were acquired 2.3 years after images in (A) and (O).
Flecks having reduced brightness in the SW-AF image in (B) ([B] versus [A], arrows) also exhibit hyporeflectivity in the SD-OCT scan ([D] versus
[CD. Expanded views of the outlined areas in (A) and (B) and shown as insets; expanded views of outlined areas in (C) and (D) are shown below.

One of the limitations of this work is that we did not have
specimens that would have allowed us to correlate SW-AE
NIR AE and SD-OCT findings with histopathological changes.
In addition, SD-OCT imaging has its limitations. For instance,
the hyperreflectivity of the RPE/Bruch’s membrane-attribut-
able band in SD-OCT images cannot be readily differentiated
from the signal of similar intensity originating from the
hyperreflective material constituting flecks.

When information related to the integrity of the RPE
monolayer is provided by NIR-AF and is combined with
evidence from SW-AF and SD-OCT imaging, it is generally
concluded that RPE alterations precede photoreceptor cell
degeneration in STGD1.82252 The SD-OCT findings reported
here, including interrupted IZ and ELM and ONL thinning,
indicate that fundus flecks track photoreceptor cell degener-
ation in STGD1. By giving consideration to photoreceptor cells
as the source of the heightened SW-AF intensity of flecks, we
also allow for therapeutic implications. Since heightened
bisretinoid levels in photoreceptor cells could be toxic,
thereby accelerating photoreceptor degeneration, interven-
tions that limit bisretinoid production®® may directly aid in
preserving photoreceptor cells. Perhaps therapeutic effective-
ness could be assessed by evaluating fleck numbers and
progression.
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