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Abstrakt (Deutsch)

Einleitung: Es wird davon ausgegangen, dass die kurzwellige
Fundusautofluoreszenz (SW-AF) von Lipofuszin im retinalen Pigmentepithel
(RPE) hervorgerufen wird und die Nahinfrarot-Fundusautofluoreszenz (NIR-AF)
von Melanin. Bei Patienten mit Morbus Stargardt (STGD1) wurden SW-AF und
NIR-AF mit durch optische Koharenztomographie (SD-OCT) gewonnenen

strukturellen Informationen korreliert.

Methodik: Vierundzwanzig STGD1 Patienten (45 Augen; Alter: 8-61 Jahre) mit
nachgewiesenen krankheits-assoziierten ABCA4 Mutationen wurden prospektiv
untersucht. SW-AF, NIR-AF und SD-OCT Aufnahmen wurden generiert.

Ergebnisse: Funf Phanotypen wurden identifiziert basierend auf Charakteristika
der zentralen Lasion und Ausdehnung der Fundusveranderungen. Zentrale
Areale mit reduziertem NIR-AF Signal waren typischerweise groRer als Areale
mit reduziertem SW-AF Signal und das reduzierte NIR-AF Signal zeigte meistens
Ubereinstimmung mit Arealen in den SD-OCT Aufnahmen, in denen die ellipsoid
zone (EZ) verloren gegangen war (Gruppe 1; r, 0.93, p<0.0001). Bei Patienten,
die eine zentrale Lasion mit sich Uberlappenden parafovealen Ringen mit
erhohtem NIR-AF und SW-AF Signal haben (Gruppe 3), war der EZ Verlust stark
korreliert mit dem inneren Durchmesser des NIR-AF Ringes (r, 0.89, p<0.0001)
und der dullere Rand des NIR-AF Ringes lag weiter peripher als der auliere
Rand des SW-AF Ringes.

Schlussfolgerungen: Die Lasionsareale waren besser abgrenzbar in NIR-AF
Aufnahmen als in SW-AF Aufnahmen. In den meisten Fallen zeigte sich ein EZ
Verlust nur an Orten, wo NIR-AF vermindert oder erloschen war, was darauf
hindeutet, dass es in der Pathogenese von STGD1 zuerst zur RPE Atrophie und
dann zur Degeneration von Photorezeptoren kommt. Da innerhalb des zentralen
Fundusareals mit EZ Verlust SW-AF haufig erhoht war, konnten degenerierende

Photorezeptoren Lipofuszin beschleunigt produzieren. Es werden Mechanismen



erortert, die einem erhohten NIR-AF Signal in Verbindung mit einem erhohten
SW-AF Signal zugrunde liegen konnten.

Abstrakt (Englisch)

Purpose: Short-wavelength (SW) fundus autofluorescence (AF) is considered to
originate from lipofuscin in retinal pigment epithelium (RPE) and near-infrared
(NIR) AF from melanin. In patients with recessive Stargardt disease (STGD1), we
correlated SW-AF and NIR-AF with structural information obtained by spectral
domain optical coherence tomography (SD-OCT).

Methods: Twenty-four STGD1 patients (45 eyes; age 8 to 61 years) carrying
confirmed disease-associated ABCA4 mutations were studied prospectively. SW-
AF, NIR-AF and SD-OCT images were acquired.

Results: Five phenotypes were identified according to features of the central
lesion and extent of fundus change. Central zones of reduced NIR-AF were
typically larger than areas of diminished SW-AF and reduced NIR-AF usually
approximated areas of ellipsoid zone (EZ) loss identified by SD-OCT (group 1; r,
0.93, p<0.0001). In patients having a central lesion with overlapping parafoveal
rings of increased NIR-AF and SW-AF (group 3), the extent of EZ loss was
strongly correlated with the inner diameter of the NIR-AF ring (r, 0.89, p<0.0001)
and the eccentricity of the outer border of the NIR-AF ring was greater than that
of the SW-AF ring.

Conclusions: Lesion areas were more completely delineated in NIR-AF images
than with SW-AF. In most cases EZ loss was observed only at locations where
NIR-AF was reduced or absent, indicating that RPE cell atrophy occurs in
advance of photoreceptor cell degeneration. Since SW-AF was often increased
within the central area of EZ disruption, degenerating photoreceptor cells may
produce lipofuscin at accelerated levels. Consideration is given to mechanisms
underlying hyper-NIR-AF in conjunction with increased SW-AF.
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Purposk. Short-wavelength (SW) fundus autofluorescence (AF) is considered to originate from
lipofuscin in retinal pigment epithelium (RPE) and near-infrared (NIR) AF from melanin. In
patients with recessive Stargardt disease (STGD1), we correlated SW-AF and NIR-AF with
structural information obtained by spectral-domain optical coherence tomography (SD-OCT).

MerHoDps. Twenty-four STGD1 patients (45 eyes; age 8 to 61 years) carrying confirmed disease-
associated ABCA4 mutations were studied prospectively. Short-wavelength AE NIR-AE and
SD-OCT images were acquired.

Resurts. Five phenotypes were identified according to features of the central lesion and extent
of fundus change. Central zones of reduced NIR-AF were typically larger than areas of
diminished SW-AF and reduced NIR-AF usually approximated areas of ellipsoid zone (EZ) loss
identified by SD-OCT (group 1; r, 0.93, P < 0.0001). In patients having a central lesion with
overlapping parafoveal rings of increased NIR-AF and SW-AF (group 3), the extent of EZ loss
was strongly correlated with the inner diameter of the NIR-AF ring (7, 0.89, P < 0.0001) and
the eccentricity of the outer border of the NIR-AF ring was greater than that of the SW-AF ring.

Concrusions. Lesion areas were more completely delineated in NIR-AF images than with SW-
AFE In most cases, EZ loss was observed only at locations where NIR-AF was reduced or
absent, indicating that RPE cell atrophy occurs in advance of photoreceptor cell degeneration.
Because SW-AF was often increased within the central area of EZ disruption, degenerating
photoreceptor cells may produce lipofuscin at accelerated levels. Consideration is given to
mechanisms underlying hyper-NIR-AF in conjunction with increased SW-AE

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

Fundus imaging has been central to the clinical diagnosis and
monitoring of patients with recessive Stargardt disease
(STGD1). For instance, fluorescein angiography can be used to
identify STGD1 patients, the masking of choroidal fluorescence
by RPE lipofuscin (dark choroid) being considered a sign of
STGD1,! in most cases.? Noninvasive imaging by confocal laser
scanning ophthalmoscopy has revealed that patients with
STGD1 present with abnormalities in fundus autofluorescence
(AF) patterns; these abnormalities include spatial heterogene-
ities that confer AF texture,®* AF intensity loss,> and hyper-
autofluorescent foci (flecks).®” STGD1 also is associated with
elevated intensities of fundus AF%® due to an exaggerated build-
up of the vitamin A-aldehyde-adducts that constitute the
lipofuscin of RPE cells.”1° The accelerated formation of these
lipofuscin fluorophores occurs in photoreceptor cells due to
mutations in the gene encoding the ATP-binding cassette (ABC)
transporter ABCA4.'1-'% And finally, with imaging by optical
coherence tomography (OCT), changes in the reflectivity bands
have disclosed photoreceptor cell loss!> with RPE/Bruch’s

Copyright 2014 The Association for Research in Vision and Ophthalmology, Inc.
www.iovs.org | ISSN: 1552-5783

membrane thinning and pronounced sub-RPE hyperreflectivity
being indicative of RPE atrophy.%-1¢

Besides short-wavelength (SW) excitation, fundus AF can be
elicited by near-infrared (NIR) excitation. Although fundus AF
generated by SW exciting light originates predominantly from
RPE lipofuscin,!” NIR-AF is emitted from melanin in both RPE
and choroid, with the contribution from the choroid varying
according to the race and iris color of an individual.'®

Despite the utility of SW- and NIR-AF imaging in STGD1
disease, some observations have been perplexing. For instance,
although both modalities are thought to originate from RPE,
discrepancies can occur as to the boundaries of geographic
atrophy (GA). Specifically, zones of RPE atrophy appear larger
in NIR-AF images than in SW-AF images.'®!® Additionally, in
areas of atrophy, the ellipsoid zone (EZ) in spectral-domain (SD)
OCT images can be absent at fundus locations wherein the RPE
appears to be intact based on the presence of a SW-AF
signal.2%2! These incongruities are important, as the interpre-
tations speak to the issue of whether photoreceptor cell
degeneration precedes or follows RPE loss in STGD1 disease.

8134

7



Investigative Ophthalmology & Visual Science

NIR-AF, SW-AF, and OCT in STGD1

Imaging by SW-AF and NIR-AF in tandem can provide
complementary information. To better appreciate the clinical
significance of AF patterns and to understand the origins of
NIR-AF and SW-AF in the presence of retinal disease, we sought
to establish correlations with underlying retinal structure. In
this multimodal study, we have therefore compared changes in
NIR-AF and SW-AF with structural features visible in SD-OCT
images. In the latter case, particular attention was given to the
integrity of the EZ.

METHODS

Subjects

The study cohort consisted of 24 prospectively recruited
patients (45 eyes; 22 families; 10 patients were female) with
early to intermediate disease stages. For the purpose of this
study, patients with advanced disease (loss of the NIR-AF signal
throughout the 30° field, complete EZ disruption throughout
the 9-mm SD-OCT scan) were excluded. The mean age of the
patients was 26.5 years (range, 8 to 61 vyears). Clinical,
demographic, and genetic data for all patients are presented
in Table 1. At least one known mutation in the ABCA4 gene
was detected in all patients and two mutations were detected
in 16 (67%) of 24 patients. Patients had a complete eye
examination and the clinical diagnosis of STGD1 was
confirmed by a retinal specialist. All procedures adhered to
the tenets of the Declaration of Helsinki, and written informed
consent was obtained from all subjects after a full explanation
of the procedures was provided. The protocol was approved
by the Institutional Review Board of Columbia University.

Genotyping

The ABCR600 microarray (Asper Biotech, Inc., Tartu, Estonia;
www.asperbio.com), which detects the 632 currently known
mutations in the ABCA4 gene, was used for initial screening in
most patients. Detected variants were confirmed by direct
Sanger sequencing. More recently when ABCA4 mutations
were not detected by the microarray, next-generation sequenc-
ing of the entire ABCA4 open reading frame and adjacent
intronic sequences was performed on the Roche 454
platform.??

Imaging

Pupils were dilated with topical 1% tropicamide and 2.5%
phenylephrine. Short-wavelength AF images (30°, 488-nm
excitation) were acquired with the Spectralis HRA+OCT
(Heidelberg Engineering, Heidelberg, Germany) after bleaching
of photopigments for 20 seconds in AF mode.?? In addition, a
horizontal 9-mm SD-OCT image through the fovea was
recorded with the Spectralis and automatically registered to a
simultaneously acquired near-infrared reflectance (NIR-R)
fundus image. Near-infrared AF images (30°, 787-nm excitation)
were acquired with the HRA2 (Heidelberg Engineering) using
the indocyanine-green angiography mode (without dye injec-
tion). Even though the intensity of NIR-AF is considerably less
than the intensity of SW-AE through the eye-tracking function
of the HRA2 and averaging of up to 100 single frames, high-
quality NIR-AF images were obtained. Color images were
acquired with a FF450-HR fundus camera (Carl Zeiss Meditech,
Jena, Germany). All images of the same field were aligned to
the NIR-R image of the SD-OCT scan using i2kRetina software
(DualAlign LLC, Clifton Park, NY, USA). This process allowed us
to subsequently correlate NIR-AE SW-AE and SD-OCT in the
axis of the SD-OCT scan. To illustrate the overlap of AF rings in
SW- and NIR-AF images, inner and outer ring borders were

IOVS | December 2014 | Vol. 55 | No. 12 | 8135

outlined in Adobe Photoshop CS5 (Adobe Systems, Inc., San
Jose, CA, USA) using the lasso tool. The interior of the rings
were then shaded in red (NIR-AF) and blue (SW-AF), and the
images were merged.

Two independent operators (MM, WL) analyzed scaled
images from patients in groups 1, 3, and 4 (defined below)
using the ruler tool in Photoshop CS5 (Adobe, San Jose, CA). In
SD-OCT images, distances were measured from the nasal to
temporal limits of continuous EZ loss in a transverse plane
through the fovea. For group 1, the diameter of the central area
of reduced SW-AF and NIR-AF was measured. In SW-AF images
of groups 3 and 4, the diameter of the hyperautofluorescent
ring was measured in relation to both the inner and outer
border of the ring. In NIR-AF images of group 3 the diameter of
the hyperautofluorescent ring (in relation to both inner and
outer borders) was measured. In NIR-AF images of group 4, the
diameter of the low NIR-AF lesion was measured in a plane
through central fovea (note that in group 4, NIR-AF rings were
not present). Measurements were obtained as pixel values and
were then converted to millimeters. Intraclass correlation
coefficients (ICCs) were computed to estimate interoperator
reliability. Measurements of the two operators were then
averaged. Pearson correlation coefficient » was calculated to
assess the relationship between EZ loss and the parameters
measured in the SW-AF and NIR-AF images. Groups 2 and 5
were not amenable to quantitative analysis. In group 2, fundus
changes were already too extensive, whereas in group 5,
fundus changes were often very localized and subtle.

RESULTS

In a healthy subject (Fig. 1) the distribution of the NIR-AF and
SW-AF signal follows a characteristic pattern. Centrally, the
NIR-AF signal is high due to increased optical density of
melanin in an area approximately 8° in diameter.'®24 Con-
versely, the SW-AF signal of the central macula and especially
the fovea is reduced due to absorption of the excitation light by
photopigment. Outside the central macula, the NIR-AF and SW-
AF signals are both relatively uniform, although large choroidal
vessels can be visible on NIR-AF in some subjects.'®2> In SD-
OCT images, the outer nuclear layer (ONL) corresponds to a
hyporeflective layer and external limiting membrane (ELM),
EZ, interdigitation zone (IZ), and RPE/Bruch’s membrane (RPE/
BM) are represented by four hyperreflective bands, as
indicated in Figure 1 (assignment of SD-OCT layers is based
on published nomenclature).?¢

In STGD1, fundus changes often first manifest in the central
macula and later progress toward the periphery. Accordingly,
some STGD1 patients in this study had fundus changes that
were confined to central macula, whereas others presented
with more widespread disease. To account for these differenc-
es, we grouped patients based on phenotypic features
expressed in the NIR-AF and SW-AF images: group 1, central
lesion with jagged border; group 2, lesion with extensive
fundus changes; group 3, central lesion with smooth border
and hyperautofluorescent SW-AF and NIR-AF ring; group 4,
central lesion with smooth border and no hyperautofluores-
cent NIR-AF ring; group 5, discrete central lesions better
visualized in NIR-AF images. Due to the high symmetry of
fundus changes in STGD1, fellow eyes were always assigned to
the same group. Images from all eyes included in the study
were used to define the groups, whereas only representative
images are presented in the figures.

In Figure 2, images from patients 17 and 1 are presented as
examples of group 1 (5/24 patients; Table 1). Patients
exhibited a central lesion with generalized mottling and jagged
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NIR-AF, SW-AF, and OCT in STGD1
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Tasie 1. Summary of Demographic, Clinical, and Genetic Data
BCVA, logMAR ABCA4 Mutation

Patient No. Age Sex Ethnicity Iris Color oD os Allele 1 Allele 2 Patient Group
1 35.5 F White Brown 0.8 0.8 p-G1961E C.2382+1G>A 1
2 11.4 M White Hazel 0.5 0.6 p-[L541P;A1038V] 4
3 8.2 M White Hazel 0.9 0.9 p.[L541P;A1038V] 4
4 17.9 M Indian Brown 0.7 0.9 p-G1961E €.6729+4_+18del 3
5 12.1 M White Green 0.8 0.7 p-G1961E p.P1380L 3
6 46.4 M Black Brown 0.3 0.8 p.-T1526M 2
7 42.6 F White Brown 13 1.3 p-G1961E p.[L541P;A1038V] 2
8 42.8 M White Blue 0.9 0.4 c.571-1G>T 1
9 246  F White Hazel 03 0.2 p.G1961E p.N9GD 5
10 219 F White Brown 0.3 0.4 p.G1961E p.N9GD 5
11 253 M White Brown 0.0 0.3 p-G1961E p-Q1003* 3
12 85 M White Green n/a n/a) p.[L541P;A1038V] p.L2027F 4
13 19.7 M White Brown 0.9 0.9 p-G1961E p-[L541P;A1038V] 5
14 22.4 F ‘White Brown 0.8 0.8 p.R212C 3
15 20.2 M White Brown 0.9 0.9 p.G1961E p.P1380L 1
16 27.6 M Arabic Brown 0.0 0.0 p-R1300* p-R2106C 3
17 26.8 M White Blue 0.5 0.5 p-G1961E ¢c.3050+5G>A 1
18 249 F White Hazel 0.9 0.9 p.G1961E p.C2150R 5
19 132 M White Blue 0.9 1.0 p.W821IR p.C2150Y 3
20 61.0 F ‘White Green 2.0 0.0 €.250_251insCAAA 2
21 36.3 F White Blue 13 0.1 p-N1799D 1
22 14.1 F ‘White Green 1.0 0.9 p-R1108C p.Q1412* 2
23 18.6 M White Brown 0.9 0.9 p-G1961E p.A1773V 3
24 53.3 F White Blue 0.3 0.2) pP-R2077W 2

BCVA values in parenthesis indicate fellow eyes that were not included in the study. BCVA, best-corrected visual acuity.

borders on NIR-AF and SW-AE The central area of EZ loss
(indicated by vertical dashed lines) identified on the SD-OCT
scan corresponded to reduced NIR-AF signal at positions
traversed by the SD-OCT scan line. Within the area of EZ loss,
the SW-AF signal also exhibited altered levels of intensity but

SW-AF SD-OCT NIR-AF

FiGure 1.
eye. Outer nuclear layer, ELM, EZ, 1Z, RPE/BM. Assignment of retinal
layers in the SD-OCT is based on published nomenclature.2¢

Near-infrared AE SW-AE and SD-OCT images of a healthy

the area of low SW-AF was smaller than the area of low NIR-AE
leaving the impression of a larger lesion on NIR-AE

Images from patients 24 and 7 (Fig. 3) are representative of
group 2 (5/24 patients; Table 1), the latter being characterized
by lesions with more extensive fundus changes. The central
area of EZ loss (indicated by vertical dashed lines) was located
within regions of low NIR-AE However, low NIR-AF also was
observed at eccentricities where EZ was visible yet interrupt-
ed. While the low NIR-AF areas appeared confluent, areas of
abnormal and normal SW-AF were difficult to distinguish
unless the signal was very bright (flecks) or very dark
(atrophy). Abnormal SW-AF appeared to overlap with areas
of low NIR-AE but the latter area was larger and easier to
delineate.

Images from patients 4, 23, 16, and 14 are presented in
Figure 4 as examples of group 3 (7/24 patients; Table 1). All
patients had central lesions that were relatively round and had
smooth borders on NIR-AF and SW-AF (bull’s-eye lesions). In
these patients, a central area of low and mottled AF was
surrounded by a high AF ring in both modalities. The central
area of EZ loss (indicated by vertical dashed lines) correlated
with these areas of altered NIR and SW signal. However, in
patient 14, an area of low NIR-AF mottling extended beyond
the area of EZ loss. In 6 of 7 patients, the high AF rings were
homogeneous. In patient 16, the high NIR-AF ring was
interrupted by foci of reduced NIR-AF signal and the SW-AF
ring contained some bright flecks nasally. The foveal sparing
observed in the SD-OCT image of patients 11 and 16 was
visible in the NIR-AF image as a circular area that did not have a
reduced NIR-AF signal. Conversely, the dark signal on SW-AF
due to the presence of macular pigment could be misinter-
preted as atrophy.

In Figure 5, the spatial correspondence of the high NIR-AF
and SW-AF rings (group 3) are shown for patients 4 and 23
(Table 1; Fig. 4). The NIR-AF (red) and SW-AF (blue) rings
overlapped (superimposition of red and blue produces

9
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Patient 17

SW-AF SD-OCT NIR-AF

FIGURE 2.

IOVS | December 2014 | Vol. 55 | No. 12 | 8137

Patient 1

Central lesion with jagged border (group 1). Near-infrared AE SW-AE and SD-OCT images of patients 17 and 1. Horizontal axis and extent

of SD-OCT scan indicated by arrow in corresponding NIR-AF and SW-AF images. Area of central EZ loss indicated by dashed lines.

magenta) but the NIR-AF ring extended slightly more
peripherally. This was also the case for the remaining patients
with a round central lesion and a homogeneous high AF ring
on both NIR-AF and SW-AF (six patients). The NIR-AF ring
extended more peripherally into locations where the EZ was
still partially intact.

In Figure 6, images of patients 12, 3, and 2 (group 4, 3/24
patients; Table 1) are presented. These patients also had a

Patient 24

SW-AF  SD-OCT NIR-AF

central lesion with a round and smooth border but showed
features that were different from the patients presented in
Figure 4. The central area of EZ loss (indicated by dashed lines)
extended further peripherally than the area of low NIR-AE The
EZ gradually thinned toward the lesion and the ELM appeared
pronounced. Patients 2 and 3 had a hyperautofluorescent SW-
AF ring but a high NIR-AF ring was not visible. The area of low
NIR-AF appeared to correlate with the central area of ELM loss.

Patient 7

Fiure 3. Lesions with extensive fundus changes (group 2). Near-infrared AE SW-AE and SD-OCT images of patients 24 and 7. Horizontal axis and
extent of SD-OCT scan indicated by arrow in corresponding NIR-AF and SW-AF images. Area of central EZ loss indicated by dashed lines.
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Patient 16 Patient 14

Ficure 4. Central lesion with smooth border and hyperautofluorescent SW-AF and NIR-AF ring (group 3). Near-infrared AE SW-AE and SD-OCT
images of patients 4, 23, 16, and 14. Horizontal axis and extent of SD-OCT scan indicated by arrow in corresponding NIR-AF and SW-AF images. Area

of central EZ loss indicated by dashed lines.

In patient 12, the EZ loss was accompanied by decreased but
not absent NIR-AE In this patient, thinning of the SD-OCT
reflective band attributable to RPE/BM was not obvious and
the amount of choroidal hyperreflectivity, indicative of RPE
atrophy, also was not pronounced. In patients 2 and 3, the NIR-
AF signal within the lesion was noticeably lower and there was
more choroidal hyperreflectivity accompanied by clearly
visible RPE/BM thinning.

Patients 13 and 9 in Figure 7 (group 5, 4/24 patients; Table
1) had a central area of EZ disruption (indicated by vertical
dashed lines). The NIR-AF signal was bright centrally; the
intensity of this brightness was similar to that in healthy eyes.

Patient 4

SW-AF SD-OCT NIR-AF

FIGURE 5.

However, the distribution of the high NIR-AF signal was
abnormal. Corresponding changes in the SW-AF signal were
difficult to discern due to the presence of macular pigment in
this area. Interestingly, patient 13 had an area of low and
mottled NIR-AF in a circular area outside the area of EZ loss. In
both patients, SD-OCT abnormalities extended beyond the area
of EZ loss. At the level of the ONL/ELM junction, hyper-
reflective dots were present, most noticeably in patient 13. In
patient 9, parafoveal flecks were visible on NIR-AF but less
visible on SW-AE

We assessed the relationship between the central area of
continuous EZ loss and signals visible in the SW-AF and NIR-AF

Patient 23

Spatial correspondence of high NIR-AF and SW-AF rings. Near-infrared AE SW-AE and SD-OCT images of patients 4 and 23. Horizontal

axis and extent of SD-OCT scan indicated by arrow in corresponding NIR-AF and SW-AF images. The position of the high NIR-AF ring (red) and the
high SW-AF ring (blue) were superimposed and indicated in each modality. Near-infrared AF, SW-AE and SD-OCT images of patients 4 and 23 are also

presented in Figure 4.
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nt 2

g

Patie

:
4 ?.
W

Ficure 6. Central lesion with smooth border and no hyperautofluorescent NIR-AF ring (group 4). Near-infrared AE SW-AE, and SD-OCT images of
patients 12, 3, and 2. Horizontal axis and extent of SD-OCT scan indicated by arrow in corresponding NIR-AF and SW-AF images. Area of central EZ

loss indicated by dashed lines.

images for groups 1, 3, and 4. Results are presented in Table 2.
For group 1 patients, calculation of Pearson correlation
coefficient revealed a strong positive correlation between the
extent of EZ loss and the area of reduced NIR-AF (r=0.93; n =
10, P < 0.0001); the correlation between the extent of EZ loss
and the area of reduced SW-AF was more modest (r=0.65; n=

SW-AF SD-OCT NIR-AF

10, P = 0.04). For group 3 patients, calculation of Pearson
correlation coefficient revealed a strong positive correlation
between the extent of EZ loss and the inner border of the NIR-
AF ring (r = 0.89; n = 14, P < 0.0001); this correlation was
stronger than the correlation between EZ loss and the inner
border of the SW-AF ring (r = 0.74; n = 14, P = 0.0027). The

Patient 9

Ficure 7. Discrete central lesions better visualized in NIR-AF images (group 5). Near-infrared AE SW-AE and SD-OCT images of patients 13 and 9.
Horizontal axis and extent of SD-OCT scan indicated by arrow in corresponding NIR-AF and SW-AF images. Area of EZ disruption at fovea indicated

by dashed lines.
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Tasie 2. Relationship Between the Central Area of Continuous EZ Loss and Signals Visible in the SW-AF and NIR-AF Images for Groups 1, 3, and 4
Group 17 Central Lesion Extent of
With Jagged Border EZ Loss*t Hypo-SW-AFt Hypo-NIR-AFt
Mean length = SEM 3.290 = 0.1833 3.85 * 0.17 4.11 = 0.20
ICC 0.973 0.96 0.95
7, relative to EZ — 0.65 0.93
P, 2-tailed — 0.04 <0.0001
n 10 10 10
r? — 0.43 0.87
Hypo-SW-AF Hypo-NIR-AF

Group 3 Central Lesion: Smooth Extent of Ring: Ring: Ring: Ring:
Border and SW- and NIR-AF Rings EZ Loss*t Inner Diametert Outer Diametert Inner Diametert Outer Diametert
Mean length = SEM 2.11 = 0.14 1.82 = 0.14 2.25 = 0.16 1.89 + 0.14 2.44 + 0.13
ICC 1.00 1.00 0.98 0.98 0.99
7, relative to EZ — 0.74 0.76 0.89 0.86
P, 2-tailed — 0.0027 0.002 <0.0001 <0.0001
n 14 14 14 14 14
r? — 0.54 0.57 0.79 0.74

SW-AF NIR-AF
Group 4 Central Lesion: Smooth Extent of Ring: Ring: Diameter of
Border With No NIR-AF Ring EZ Loss*t Inner Diametert Outer Diametert Hypo-AF Lesiont
Mean length = SEM 3.04 * 0.39 2,13 + 0.24 2.85 * 0.13 2.50 £ 0.30 3.04 £ 0.39
ICC 1.0 1.0 0.95 0.99 1.0
7, relative to EZ — 0.96 0.84 0.98 —
P, 2-tailed — 0.04 0.37 0.02 —
n 4 4 4 4 4
r? — 0.92 0.70 0.95 -

n, number of eyes.

* Nasal to temporal outer limits of EZ loss in a horizontal plane through the fovea.

T Units of measurement are in millimeters.

coefficient of determination, 72, in the case of the NIR-AF ring,
indicated that 79% of the variance in EZ loss could be
explained by variance in the position of the inner border of
NIR-AE The 7? value describing the relationship between SW-
AF ring and EZ was 0.54. In contrast to group 3 patients,
analysis of the SD-OCT, NIR-AE and SW-AF images of group 4
patients revealed that the perifoveal extent of EZ disruption
was greater than the central area of reduced NIR-AF and
reached eccentric positions outside the SW-AF ring diameters
(inner and outer). Determination of Pearson correlation
coefficient revealed a strong positive correlation between the
extent of EZ loss and both the inner diameter of the SW-AF ring
(r, 0.96; n=4; P=0.04) and the diameter of the reduced zone
of NIR-AF (lesion) (r, 0.98; n = 4; P = 0.02). For all
measurements that were performed in groups 1, 3, and 4,
the ICC revealed excellent agreement between operators
performing the quantitative analysis (Table 2).

DiIscussION

In the present study we compared NIR-AF and SW-AF in a
cohort of genetically confirmed STGD1 patients and correlated
these modalities with SD-OCT. Both the lipofuscin-associated
SW-AF signal and the melanin-associated NIR-AF signal
recorded at the fundus are thought to originate in RPE.2”
Choroidal melanocytes also are a source of NIR-AF; this
contribution varies with iris color.'® In STGD1 patients, SW-
AF emission at the fundus is increased* due to augmented RPE

lipofuscin. Unexpectedly, however, an overall increase in NIR-
AF signal is also observed in STGD1.10:28

As noted in previous studies!®2%3° and also shown here,
central lesions in STGD1 often present as areas of reduced SW-
and NIR-AE Although there were similarities between SW-AF
and NIR-AF patterns in our cohort, we also observed
differences. For example, within the area of central EZ loss,
the NIR-AF signal was typically low while the SW-AF signal was
increased, decreased, or similar to surrounding areas (for
example, in Fig. 2, patients 1 and 17). The zone of reduced
NIR-AF was also typically larger than the area of low SW-AF
(Fig. 2, patients 1 and 17; Fig. 3, patients 7 and 24; Fig. 0,
patients 2 and 3). When present, flecks had a low NIR-AF signal
in most cases, while the corresponding SW-AF signal was often
elevated or similar to SW-AF intensities in surrounding areas
(examples in Fig. 3). In addition, even when parafoveal SW-AF
and NIR-AF rings overlapped, the outer border of the NIR-AF
ring was generally situated at a more eccentric position (Fig. 5).
Finally, in some cases we observed low NIR-AF mottling in
fundus areas where the EZ was at least partially intact and the
SW-AF signal appeared to be unaltered (Fig. 4, patient 14; Fig.
7, patient 13). Visual examination of the NIR-AF images along a
horizontal axis through the fovea disclosed that of the 24
patients we studied, 20 presented altered NIR-AF signal at and
peripheral to the central zone of EZ disruption. In groups 1
(central lesion with jagged border), 3 (central lesion with
smooth border and SW- and NIR-AF rings), and 4 (central lesion
with no NIR-AF ring) the extent of central EZ loss was strongly
correlated with the change in NIR-AF signal.
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When the EZ loss in SD-OCT images was observed only at
locations where NIR-AF was reduced or absent, the implication
is that RPE cell dysfunctioning and, perhaps death, occurs in
advance of photoreceptor cell degeneration. Indeed, because
in some patients the area of low NIR-AF exceeded the area of
EZ loss (examples in Fig. 3), there can be cases in which a
decline in NIR-AF can be predictive of EZ loss in SD-OCT
images.

The rings of SW-AF observed in some STGD1 patients (Fig.
4) mark an annular zone wherein bisretinoid formation
appeared to be increased even beyond the already elevated
levels detected in the STGD1 fundus.*® In keeping with our
imaging protocol, photoreceptors were bleached before image
acquisition in SW-AF mode; thus, it is unlikely that RPE AF
unmasking due to outer segment degeneration and photopig-
ment loss can account for the rings of increased SW-AE On the
other hand, because the central area of EZ loss often
encompassed zones of hyperautofluorescent SW-AF (Fig. 2,
patients 1 and 17; Fig. 3, patient 24; Fig. 4, patients 4, 14, 16,
and 23; Fig. 6, patients 3 and 2), we suggest that the
hyperautofluorescence of the SW-AF ring may be attributable
to abnormally increased lipofuscin synthesis in disabled or
degenerating photoreceptor cells. In support of this postulate,
we note that RPE lipofuscin is well known to be formed in
photoreceptor cells®! and there are multiple reports indicating
that in STGD1 and RP, aberrant lipofuscin-like fluorescence can
be detected in human photoreceptor inner segments.3?-34 In
addition, degenerating inner segments/outer segments of
Rdh87~/Abca4”~ mice emit an AF when excited by SW
light.3>

Because the NIR-AF signal is considered to be generated by
melanin, the loss or diminution of NIR-AF at positions where
SW-AF is present (for example, Figs. 2, 3, and 6 [patients 2 and
3] is also puzzling. This discrepancy could reflect abnormal
RPE cells with reduced or absent melanin but retention of the
SW-AF signal from lipofuscill.3(‘ In addition, however, the
possibility also exists that at least in some cases, the absence or
reduction of NIR-AF may denote a loss of RPE cells. Thus, if
both the NIR-AF and SW-AF signals originate from RPE, how
can one account for an SW-AF signal that is present or even
brighter than surrounding fundus, while NIR-AF is reduced or
absent? As discussed above, one interpretation is that SW-AF
can be increased in the presence of disabled and/or
degenerating photoreceptor cells.

Without the benefit of NIR-AF as an additional means of
tracking RPE changes in STGD1 patients, investigators were
previously perplexed by the frequency with which absent SW-
AF underestimated the extent of photoreceptor cell abnormal-
ities detectable as EZ disruption in SD-OCT images.?° Here,
however, we observed that in most cases reduction in the NIR-
AF signal spatially exceeded the disruption in EZ; this finding
likely indicates that RPE cell loss precedes photoreceptor
degeneration. In a subgroup of three patients (Fig. 6), however,
the area of EZ loss extended further than the area of reduced
NIR-AFE Interestingly, these patients were the youngest in our
cohort and all carried the complex allele L541P/A1038V. The
latter mutations are located in the exocytoplasmic domain-1
and nucleotide binding domain-1 and confer severe and
relatively early-onset retina-wide disease.3”-%° In recent work
using quantitative fundus AE we also reported that the L541P/
A1038V complex allele confers particularly high levels of
fundus AE* At positions where EZ is disrupted, the NIR-AF
signal may be detectable even if the RPE cells are dysfunction-
al. Alternatively, this pattern could indicate that in these cases
photoreceptor cells die first.

In STGD1 patients, the increase in SW-AF intensity is
paralleled by a generalized increase in the NIR-AF signal.!®-28
This upturn in NIR-AF in STGD1 can be demonstrated in
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inferonasal fundus where a demarcation line attributable to the
optic fissure becomes visible in NIR-AF images of STGD1
patients while not being detectable in the healthy eye.?® By
way of explaining the overall increase in NIR-AF signal and the
NIF-AF hyperautofluorescent rings in STGD1 (Fig. 4), we have
found no evidence that the bisretinoids of RPE lipofuscin can
absorb and emit fluorescence in the NIR range.?> The
hyperautofluorescent rings in NIR-AF images are also unlikely
to be due to a change in transmission in the retinal layers that
are anterior to the RPE (unmasking), as tissue absorption at
wavelengths between 600 and 1300 nm is relatively low.! The
amount of melanin in choroidal melanocytes or in RPE cells is
not known to vary so abruptly. Furthermore, pigmentary
changes matching the distribution of the hyperautofluorescent
NIR-AF rings are not observed in color fundus photographs
(Supplementary Fig. S1). Because NIR-AF originates in melanin,
one might wonder whether the increased NIR-AF intensity is
generated by overlapping/superimposed RPE cells, as is
observed at the borders of geographic atrophy in AMD.%2
However, thickening of the RPE/BM attributable hyperreflec-
tive layer was not visible in SD-OCT images, as can sometimes
be observed with GA.*> Nevertheless, the absence of SD-OCT
changes is not confirmatory, because the optical axial depth
resolution of the Spectralis SD-OCT is approximately 7 pm.
Although the high AF in the junctional zone of GA often
presents as foci, " the signal emitted at the AF rings under
discussion is continuous and relatively uniform.

As an alternative, we suggest that NIR-AF may be increased
if the distribution of lipofuscin-containing organelles relative to
melanosomes in the RPE cell allows the lipofuscin to modulate
the NIR-AF signal originating from melanin. The broadband
absorbance spectrum of melanin leads to density-dependent
self-absorbance of the fluorescence emitted by neighboring
melanin molecules.®> But if the packing density of melano-
somes at the apex of RPE is altered in STGD1 due to the
increased fractional volume of lipofuscin, quenching of the
NIR fluorescence emission by secondary absorbance could be
reduced. The interspersion of melanosomes with lipofuscin
storage bodies, which do not absorb at NIR wavelengths,
would enable more pronounced release of the fluorescence
emission of melanin, with the latter being detected as
enhanced NIR-AE The organelles involved in this interaction
could be melanosomes (melanin) and secondary lysosomes
(ipofuscin) and/or the complex organelles described as
melanolipofuscin.©

Limitations of the study included its relatively small number
of patients. Accordingly, given the considerable clinical
heterogeneity of ABCA4-associated disease, the large numbers
of disease-associated mutations (>800), and the frequency of
complex alleles (10% of patients) and compound heterozygos-
ity,¥7 we could not extract genotype-phenotype correlations
from our sample of patients. Precise alignment between the AF
images and the SD-OCT scan is necessary to prevent
measurement error. We did not systematically monitor the
alignment between simultaneously acquired NIR-R images and
horizontal SD-OCT scans; horizontal alignment error with the
Heidelberg Spectralis is on average 13.90 pm.4®

In summary, we found that SW-AF changes were often not
obvious at fundus locations where abnormalities were visible
on NIR-AE As noted above, within lesion areas, the low NIR-AF
region was generally larger than the area of low SW-AF; in
many cases the low NIR-AF signal corresponded spatially to EZ
loss. This relationship is important because EZ integrity is
essential for visual function.® This finding also underscores
the clinical utility of NIR-AF imaging. The underuse of NIR-AF
as compared with SW-AF may be related, in part, to the
popularity of the Spectralis HRA+OCT. The OCT module in the
Spectralis compromises NIR-AF signal intensity, resulting in
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suboptimal NIR-AF image quality compared with confocal
scanning laser ophthalmoscopy without OCT (e.g., HRA2 and
Spectralis HRA), which are still commercially available but less
commonly found in retinal practices. Nevertheless, NIR-AF has
advantages over SW-AE On the operational side, patients are
not disturbed by the NIR-AF light; this improves patient
cooperation during image acquisition, especially in young
children and photophobic patients. Concerns that have been
raised about long-term effects of SW light in patients with
retinal disorders'® do not apply to NIR light. Diseased versus
nondiseased areas are easier to delineate in the NIR-AF images
because of better contrast. Perhaps this observation is
attributable to fewer gradations of signal. All of these issues
favor the inclusion of NIR-AF as an outcome measure in clinical
trials addressing ABCA4-related disease.
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Correlations Among Near-Infrared and Short-Wavelength Autofluorescence

and Spectral-Domain Optical Coherence Tomography in Recessive Stargardt

Disease

Tobias Duncker, Marcela Marsiglia, Winston Lee, Jana Zernant, Stephen H. Tsang,

Color NIR-AF

SW-AF

Rando Allikmets, Vivienne C. Greenstein, Janet R. Sparrow

Patient 20 Patient 24 Patient 14

v

Comparison of NIR-AF, SW-AF and color fundus photographs in
Patients 20, 24 and 14. In Patient 20, the area of foveal sparing is
delineated by an increased NIR-AF signal. As in healthy eyes, the fovea
exhibits increased pigmentation in both color and NIR-AF images. On SW-
AF, the distinction between atrophy and foveal sparing is less clear. In
Patient 24, the foveal NIR-AF signal is partially preserved, suggesting
relative foveal sparing (see Fig. 3, SD-OCT). An area of a pale atrophy on
color could be mistaken as a fleck but exhibits a diminished NIR-AF and
SW-AF signal. In Patient 14, the high NIR-AF ring does not correspond to
any obvious changes on color. The fundus area of NIR-AF mottling appears
qualitatively normal on color and SW-AF.
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