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Purpose:Tocompare thedetectionof retinal pigment epithelium (RPE) atrophy in short-
wavelength (SW-AF) and near-infrared autofluorescence (NIR-AF) images in Stargardt
disease (STGD1) patients.

Methods: SW-AF andNIR-AF images (115 eyes from 115 patients) were analyzed by two
independent graders. Hypoautofluorescent (hypoAF) areas, indicative of RPE atrophy,
were measured, and the two modalities were compared.

Results: Patients were segregated into four groups: nascent (6 [5%]), widespread (21
[18%]), discrete (55 [48%]), and chorioretinal atrophy (33 [29%]). The areas of hypoAF
were larger in NIR-AF compared to SW-AF images in discrete (3.9 vs. 2.2 mm2, P< 0.001)
and chorioretinal atrophy (12.7 vs. 11.4 mm2, P= 0.015). Similar findings were observed
qualitatively in nascent and widespread atrophy patients. Using the area linear model
(ALM), lesion area increased at similar rates in SW-AF and NIR-AF images of discrete
atrophy (0.20 vs. 0.32mm2/y, P= 0.275) and chorioretinal atrophy (1.30 vs. 1.74mm2/y, P
= 0.671). Using the radius linear model (RLM), the lesion effective radius also increased
similarly in SW-AF and NIR-AF images in discrete (0.03 vs. 0.05 mm2/y, P = 0.221) and
chorioretinal atrophy (0.08 vs. 0.10 mm2/y, P = 0.754) patients.

Conclusions: NIR-AF reveals a larger area of RPE atrophy in STGD1 patients compared
to SW-AF images, but rates of lesion enlargement in the two modalities are similar.

Translational Relevance: Measurements of RPE atrophy by AF imaging are crucial for
monitoring STGD1 disease progression and given our findings we advocate greater use
of NIR-AF for patients.

Introduction

Recessive Stargardt disease (STGD1) is the most
common form of juvenile macular degeneration and
is characterized by a progressive loss of central vision,
with onset of symptoms usually occurring during the
teenage years.1,2 In affected individuals, mutations
are present in the ABCA4 gene, which encodes
the adenosine triphosphate (ATP)-binding cassette
transporter in photoreceptors.3 When functional,
ABCA4 helps clearing all-trans-retinaldehyde and
thus attenuates excess accumulation of the toxic

bisretinoid fluorophores that constitute the lipofus-
cin in the retina.4 Reduced or absent transporter
activity as in STGD1 results in more rapid accumu-
lation of lipofuscin in the retinal pigment epithe-
lium (RPE) cells, the end result of which is RPE
and photoreceptor cell degeneration.5–7 Although
STGD1 is clinically heterogeneous, macular atrophy
and yellow-white flecks in the posterior pole or
mid-periphery are often observed on fundoscopic
examination.8,9

The diagnosis and monitoring of STGD1 in
individuals is reliant on noninvasive imaging modal-
ities, including short-wavelength fundus autofluores-
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cence (SW-AF) and near-infrared autofluorescence
(NIR-AF) imaging. The autofluorescence signal
captured in SW-AF images (488 nm excitation) origi-
nates primarily from the bisretinoid fluorophores that
constitute RPE lipofuscin, with contributions also
from photoreceptor cells in diseased states.10,11 The
signal captured by NIR-AF (787 nm excitation) arises
from melanin in the RPE with a smaller contribu-
tion from the choroid.12 Albeit with smaller patient
cohorts, multiple studies have reported that the areas
of RPE atrophy on NIR-AF images exceed those on
SW-AF images in STGD1 patients.13–16 In addition,
it has been reported that the larger hypoAF area on
NIR-AF images exceeds the region of ellipsoid zone
(EZ) band loss, suggesting that RPE cell loss occurs
before photoreceptor loss.13 Previous studies from
our group in retinitis pigmentosa have also suggested
that NIR-AF images reveal a larger extent of retinal
damage compared to SW-AF images.17,18

In this study, we analyze a large cohort of genet-
ically confirmed STGD1 patients and compare the
measurements of hypoAF areas of RPE atrophy in
both SW-AF and NIR-AF images. Furthermore, we
also compare the rates of atrophic lesion enlargement
on both SW-AF and NIR-AF images and explore
the presentation of different phenotypes of STGD1 in
these imaging modalities.

Methods

This retrospective longitudinal study followed the
tenets of the Declaration of Helsinki. Procedures were
defined, and informed patient consent was obtained as
detailed by the protocol no. AAAI9906 approved by
the Institutional Review Board at Columbia University
Medical Center.

Patients

We conducted a retrospective review of patients
with a clinical diagnosis of STGD1 confirmed by
sequencing of the ABCA4 gene. The unequivocal
diagnosis of STGD1 is established when biallelic
variants in the gene ABCA4 are documented, because
retinal disease caused by other genes such as CRX
and PRPH2 can phenotypically mimic STGD1.19
Thus patients with only a single identified possibly
pathogenic variant were excluded from this study. The
biallelic variants were considered to be pathogenic
or likely pathogenic by criteria as per the American
College of Medical Genetics and Genomics guidelines
for the interpretation of sequence variants.20 Patients

were also included if SW-AF and NIR-AF imaging
were performed on the same clinic visit, because it
is routine practice in this clinic for STGD1 patients
with confirmed diallelic ABCA4 variants to be imaged
with both imaging modalities. Patients with end-stage
disease were excluded, because high-quality images
could not be obtained.

Clinical Examination and Image Acquisition

Pupils were dilated (>7 mm) with phenylephrine
hydrochloride (2.5%) and tropicamide (1%) before
imaging. Clinical examination included a slit-lamp and
fundoscopic examination, best-corrected visual acuity,
spectral-domain optical coherence tomography (SD-
OCT) imaging, and short-wavelength (SW-AF, 488 nm
excitation) and near-infrared autofluorescence (NIR-
AF, 787nm excitation). SW-AF imagingwas performed
using the SpectralisHRA+OCT (Heidelberg Engineer-
ing, Heidelberg, Germany) whereas NIR-AF imaging
was performed using the Heidelberg Retina Angio-
graph 2 scanning laser ophthalmoscope (HRA2-SLO;
Heidelberg Engineering) using the indocyanine green
angiography mode (without injection of dye).

Image Analyses and Measurements of Lesion
Area

A total of 115 patients (115 right eyes) were
analyzed for this study by two independent observers
(RJ and YN). Because of the heterogeneity of STGD1,
patients were stratified into four groups that we defined
on the basis of the morphology of the areas of RPE
atrophy: (1) nascent atrophy, (2) widespread atrophy,
(3) discrete atrophy, and (4) chorioretinal atrophy
(Table 1). We defined RPE atrophy as areas of hypoAF
signal in SW-AF and NIR-AF images compared to
what is observed in healthy subjects. For both the
nascent andwidespread atrophy groups, the AF images
were analyzed qualitatively because the areas of RPE
atrophy were either diffuse or not well delineated and
thus could not be measured. On the contrary, the
discrete and chorioretinal atrophy groups presented
with areas of atrophy with clear and well-delineated
borders that allowed a quantitative analysis of lesion
size to be performed.

The hypoAF areas of patients in the discrete
and chorioretinal atrophy groups were measured
using the semi-automated software tool RegionFinder
(Heidelberg Engineering), similar to other studies.21,22
Intraobserver and interobserver measurement repro-
ducibility using this software has previously been
validated.23,24 Two authors (RJ and YN) performed
these measurements to mitigate bias and error. The
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Table 1. Division of Patient Cohort Into Groups Based on the Phenotype of Retinal Pigment Epithelium Atrophy

Morphology of Age at Most Common ABCA4
RPE Atrophy N (%) Presentation (yrs) Allelic Variant (N, %)

Total 115 33 ± 16 p.G1961E (42, 37%)
Nascent 6 (5) 28 ± 8 p.G1961E (5, 83%)
Widespread 21 (18) 30 ± 16 p.P1380L (6, 29%)
Discrete 55 (48) 26 ± 11 p.G1961E (25, 45%)
Chorioretinal 33 (29) 50 ± 13 p.N1868I (9, 27%)

Data are summarized as mean ± standard deviation where appropriate. N = number of patients; yrs = years.

Pearson correlation was used to analyze the measure-
ment agreement by the two graders (SW-AF: r= 0.999,
P < 0.001; NIR-AF: r = 0.999, P < 0.001). Bland-
Altman analyses were performed to further charac-
terize measurement agreement and reproducibility
(Supplementary Fig.). Given the high level of correla-
tion and agreement of the measurements between the
two graders, the average of the two values was calcu-
lated for each measurement and used for subsequent
analyses. A paired Student’s t-test was used to test for
a difference in size of the areas of atrophy as observed
in SW-AF versus NIR-AF images.

Calculations of the Rates of Lesion Area
Enlargement

For patients in the discrete and chorioretinal
atrophy groups with two separate visits, we calculated
the rate of lesion area enlargement with two methods.
InMethod 1, we defined the rate of lesion enlargement
as the difference in lesion size between the first and
subsequent visit divided by the length of follow-up. As
such, we referred to thismethod as theALM, because it
assumes a linear relationship between time and enlarg-
ing lesion area. The overall rate for the cohorts was
calculated by performing a linear regression on individ-
ual patient rates, and the slope of the corresponding
line was used as the rate of lesion enlargement. We
calculated the rate of lesion enlargement for both SW-
AF and NIR-AF imaging modalities in each of the
two aforementioned patient groups (discrete and chori-
oretinal atrophy). The different rates of lesion enlarge-
ment were compared by using the analysis of covari-
ance model. In addition, we explored the relationship
between rate of lesion enlargement and baseline lesion
size by calculating Pearson correlation coefficients (r
values) between these two variables.

In Method 2, we defined rate of lesion enlargement
by using the RLM as described by Shen et al.25 This
model proposes that the effective radius (the square
root of [lesion area/π ]) of lesions grows linearly with

time, with the corresponding outcome measure being
the rate of effective radius growth of the corresponding
lesion area.25 As performed inMethod 1, we calculated
the overall rate of effective radius growth by perform-
ing a linear regression on individual patient rates, and
the slope of the corresponding line was taken as the rate
of effective radius growth.

For both methods, we used Pearson correlation
coefficients (r values) to analyze the relationship
between rate of lesion enlargement and baseline lesion
size. The statistical analyses, Bland-Altman plots, and
linear regressions were performed using the GraphPad
Prism 8 software (GraphPad Software, SanDiego, CA,
USA).

Results

The average age of the cohort was 33 ± 16 years
(mean ± SD). Complete patient genotypes and age
profile are summarized in the Supplementary Table.

Phenotypic Groups

Six patients (5%) were categorized as presenting
with nascent atrophy (Fig. 1A). We defined nascent
atrophy as early, atrophic changes confined to the
macula, which presented as small, poorly delineated
areas of hypoAF on SW-AF and NIR-AF images. The
hypoAF areas appeared larger in NIR-AF images in all
patients.

Twenty-one patients (18%) presented with
widespread RPE atrophy (Fig. 1B). Widespread
atrophy was defined as changes presenting with flecks
throughout the posterior pole and with disease extend-
ing beyond themacula.Macular hypoAFwas observed
in both SW-AF and NIR-AF images, whereas the
majority of flecks were hyperAF in SW-AF images
and hypoAF in NIR-AF images. As with the nascent
atrophy phenotype, hypoAF regions were larger in
NIR-AF images.
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Figure1. Phenotypes of recessive Stargardt disease in SW-AF andNIR-AF. (A) Patients characterized as presentingwith nascent RPE atrophy
exhibited early atrophic changes observed as small areas of hypoAF confined to themacula. (B) Patients that presentedwithwidespread RPE
atrophy phenotype exhibited disease that extended beyond themacula and throughout the posterior pole. Macular hypoAF was observed
on both SW-AF and NIR-AF images, with the majority of flecks appearing as hyperAF on SW-AF images and hypoAF in NIR-AF images. (C)
Patients that presentedwith the discrete RPE atrophy phenotype exhibitedwell-delineated areas ofmacular hypoAF in both SW-AF andNIR-
AF images. On SD-OCT scans, fragmented remnants of the EZ band and collapse of the overlying retinal layers were visible in the lesion area.
Transmission of the SD-OCT signal into the choroid was also observed, further suggestive of RPE atrophy. (D) Patients that presented with
the chorioretinal RPE atrophy exhibited well-demarcated areas of hypoAF on SW-AF and NIR-AF images, with the intensity of the hypoAF
comparable to that of the optic disk. On SD-OCT scans, complete disappearance of the outer retinal layers and thinned retinawere observed,
with a high level of signal transmission beyond the retina.

Fifty-five patients (48%) presented with discrete
areas of RPE atrophy (Fig. 1C). Discrete atrophy
presented as well-delineated, well-demarcated macular
hypoAF areas in both SW-AF and NIR-AF images.
In 33 patients, the hypoAF area was surrounded by a
ring of hyperAF in both imaging modalities, whereas
22 patients either did not have a surrounding hyperAF
ring (n = 8) or presented with a surrounding mottled
ring of hyperAF intertwined with hypoAF (n = 14). In
SD-OCT scans, fragmented remnants of the EZ band
and collapse of the overlying retinal layers were visible
in the lesion area. Transmission of the SD-OCT signal
into the choroid was also observed, further suggestive
of RPE atrophy.

Thirty-three patients (29%) presented with chori-
oretinal atrophy (Fig. 1D). We defined chorioretinal
atrophy as well-demarcated areas of RPE atrophy,
suggested by the dense hypoAF regions observed in

SW-AF and NIR-AF images. The lack of AF signal
in these areas was comparable to that observed at
the optic disk, as opposed to patients with discrete
atrophy, where the hypoAF areas were not as dark.
In SD-OCT scans, chorioretinal atrophy was suggested
by the complete disappearance of the outer retinal
layers, collapse of the inner retinal layers, and an
overall thinned retina in the atrophic areas. A higher
level of signal transmission into the choroid was
observed compared to patients with discrete atrophy.
On fundoscopy, the underlying white sclera was visible
in these areas of chorioretinal atrophy.

Lesion Areas and Rates of Enlargement

We measured the areas of macular hypoAF in
discrete and chorioretinal patients (Fig. 2). In patients
with discrete atrophy, we observed that the area of
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Figure 2. Bland-Altman plots showing the difference in size of the atrophic lesions in SW-AF and NIR-AF. For both patients with discrete (A)
and chorioretinal atrophy (B), the size of the atrophic lesions appeared larger in NIR-AF images compared to SW-AF images. The numbers in
parentheses represent the 95% confidence intervals for both the mean and the limits of agreement (±1.96 SD).

Table 2. Rates of Lesion Enlargement According to the Area Linear Model (Area Enlargement Rate) and Radius
Linear Model (Effective Radius Enlargement Rate)

Area Enlargement
Rate (95% CI; mm2/y)

Effective Radius Enlargement
Rate (95% CI; mm/y)

Group No. Follow-up Length (yr) SW-AF NIR-AF P Value* SW-AF NIR-AF P Value*

Discrete 29 2.7 ± 1.8 0.20
(0.05–0.35)

0.32
(0.15–0.49)

0.275 0.03
(0.01–0.05)

0.05
(0.03–0.07)

0.221

Chorioretinal 21 2.6 ± 1.6 1.30
(0.06–2.6)

1.74
(0.03–3.4)

0.671 0.08
(0.02–0.09)

0.10
(0.03–0.09)

0.754

Rates are reported for bothSW-AFandNIR-AF imaging for patients in thediscrete andchorioretinal groups.Data are summa-
rized as mean ± SD where applicable.

*P-value calculated by the analysis of covariance model.

atrophy was greater in NIR-AF images than in SW-
AF images (3.9 ± 0.4 mm2 vs. 2.2 ± 0.2 mm2, P <

0.001). Similarly, in patients with chorioretinal atrophy,
the atrophic areas were greater in NIR-AF (12.7 ± 2.4
mm2) as compared to SW-AF images (11.4 ± 2.1 mm2,
P = 0.015).

Imaging from a follow-up visit was available for
29 patients in the discrete group (average follow-up
time: 2.7 ± 1.8 years) and 21 patients in the chorioreti-
nal group (average follow-up time: 2.6 ± 1.6 years),
where we observed disease progression (Fig. 3). We
calculated rates of lesion enlargement for these patients
using linear regressions with both the ALM and RLM
models (Fig. 4). When using the ALM, we observed
an area enlargement rate of 0.20 mm2/y (95% confi-
dence interval [CI]: 0.05–0.35) in SW-AF and 0.32
mm2/y (95% CI: 0.15–0.49) in NIR-AF images (P =

0.275) in the discrete group, whereas this rate was 1.30
mm2/y (95% CI: 0.06–2.60) in SW-AF and 1.74 mm2/y
(95% CI: 0.03–3.44) in NIR-AF images (P = 0.671)
in the chorioretinal atrophy group (Figs. 4A, 4B) .
When using the RLM model, we observed an effec-
tive radius enlargement rate of 0.03 mm2/y (95% CI:
0.01–0.05) in SW-AF and 0.05 mm2/y (95% CI: 0.03–
0.07) in NIR-AF images (P = 0.221) in the discrete
group, whereas this rate was 0.08mm2/y (95%CI: 0.02–
0.09) on SW-AF and 0.10 mm2/y (95% CI: 0.03–0.09)
in NIR-AF images (P = 0.754) from the chorioreti-
nal group (Figs. 4C, 4D). These results are summarized
in Table 2.

We also compared the enlargement rates from each
imaging modality in the two phenotypes. Using the
ALM model, we observed a faster rate of enlarge-
ment in the chorioretinal atrophy group (SW-AF:
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Figure 3. Progression of recessive Stargardt disease in SW-AF and NIR-AF. Patient 10 (A, B) presented with a phenotype showing discrete
RPE atrophy at presentation (visit 1, A). On a follow-up visit five years later (visit 2, B), the areas of atrophy had increased in size in both SW-AF
and NIR-AF images. Patient 46 (C, D) exhibited a phenotype of chorioretinal atrophy at visit 1 (C) and visit 2 (D) five years later, with the
atrophic lesions also increasing in size between the two visits. The measured areas of atrophy are delineated in green.

Figure 4. Rates of lesion enlargement calculated from linear regressions. The graphs demonstrate linear regressions for calculating the rate
of lesion enlargement observed on SW-AF and NIR-AF images with the area linear model for discrete atrophy (A) and chorioretinal atrophy
(B) patients. Similar graphs for rates calculated with the radius linear model are presented for patients with discrete (C) and chorioretinal
atrophy (D).
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1.30 mm2/y; NIR-AF: 1.74 mm2/y) compared to the
discrete atrophy group (SW-AF: 0.20 mm2/y; NIR-AF:
0.32 mm2/y) in both SW-AF (P = 0.036) and NIR-
AF (P = 0.039) images. In the RLM model, however,
similar rates of enlargement were observed in the chori-
oretinal atrophy group (SW-AF: 0.08 mm/y; NIR-AF:
0.10 mm/y) compared to the discrete atrophy group
(SW-AF: 0.03mm/y;NIR-AF: 0.05mm/y) in both SW-
AF (P = 0.069) and NIR-AF (P = 0.106) images.

We analyzed the correlation between baseline lesion
size and rates of lesion enlargement. We observed
a significant correlation between the ALM rates of
enlargement and baseline lesion size in chorioreti-
nal atrophy patients (SW-AF: r = 0.655, P = 0.001;
NIR-AF: r = 0.774, P < 0.001). In patients with
discrete atrophy, however, a significant correlation was
only observed in enlargement rates obtained from
NIR-AF images (r = 0.424, P = 0.022), as opposed
to rates obtained from SW-AF images (r = 0.262,
P = 0.169). When analyzing the enlargement rates
obtained using the RLM, no significant correlation
with baseline lesion size was observed in patients with
discrete atrophy (SW-AF: r= −0.083,P= 0.668; NIR-
AF: r = 0.179, P = 0.350) or in patients with chori-
oretinal atrophy (SW-AF: r = −0.157, P = 0.496;
NIR-AF: r = −0.035, P = 0.881) for either imaging
modality.

Discussion

We analyzed a large cohort of STGD1 patients
and compared the extent of RPE atrophy in SW-
AF and NIR-AF images. From both our quali-
tative and quantitative analyses, we observed that
hypoAF areas appear larger in NIR-AF images. This is
clearly observed, for example, in patients with nascent
(Fig. 1A) and widespread (Fig. 1B) atrophy. Similarly,
when we quantitatively analyzed the patients with
discrete and chorioretinal atrophy, we also observed
that the lesions appeared greater in NIR-AF images.
Our results from this study with a large patient cohort
(115 eyes from 115 patients) are in accordance with
previous studies reporting analyses of both imaging
modalities in smaller cohorts of STGD1 patients.13–15
For example, two earlier publications from our group,
Greenstein et al.13 (15 eyes from 15 patients) and
Duncker et al.14 (45 eyes from 24 patients), also demon-
strated in that the areas of atrophy in NIR-AF images
are larger than those observed in SW-AF images. Of
note, the cohort in this present study contains 13
patients from the study by Greenstein et al.13 and
19 patients from the study by Duncker et al.14 study,

with 13 patients present in all three studies. Based on
qualitative assessment, Kellner et al.15 observed similar
findings in a cohort of 16 patients. In a recent prospec-
tive study of 44 patients (88 eyes), Muller et al.16
studied AF abnormalities by measuring their eccen-
tricity along a foveopapillary trajectory, rather than
measuring the area, and found larger abnormalities in
NIR-AF images. More recently, a study by Cicinelli
et al.26 (54 eyes from 28 patients) reported that rates
of RPE atrophy obtained from SW-AF and NIR-AF
images are similar, but that the agreement decreased
as the rate increased. As compared to these previ-
ous studies, the strength of ours is not only the much
larger cohort size (115 eyes from 115 patients), but also
the analysis based on phenotypic presentation and the
calculations of lesion enlargement rates with two differ-
ent models (ALM, RLM).

As described previously, ALM assumes a linear
relationship between time and enlarging lesion area,
and it has been used widely in multiple studies to
characterize lesion enlargement in STGD1, includ-
ing the ProgStar studies designed to characterize
the natural history of STGD1.21,22,27–31 Using this
model, we observed similar rates of lesion enlargement
between SW-AF and NIR-AF images in each of the
discrete and chorioretinal group.Nevertheless, the rates
observed for both imaging modalities were faster in the
chorioretinal group compared to the discrete. These
results suggest that STGD1 progresses differently
based on phenotype and/or disease stage, which has
been suggested by previous studies by Fujinami et al.28
and Cicinelli et al.,26 albeit both with different pheno-
typic characterizations to ours. In the ProgStar studies,
hypoAF areas defined as “definitely decreased autoflu-
orescence (DDAF)” roughly correspond to the chori-
oretinal atrophy grouping in the current study, whereas
“questionable decreased autofluorescence (QDAF)”
correspond to the areas we refer to as discrete.21,22
The investigators conducting the prospective study
reported that areas of DDAF increased by 0.76 mm2/y,
whereas the total area of decreased AF, the sum of the
DDAF and QDAF areas, increased by 0.64 mm2/y.21
Based on a retrospective study, the rates were also
reported to increase by 0.51 mm2/y for DDAF and
0.35 mm2/y for total area of decreased AF.22 Never-
theless, a weakness of the ALM is that the calcu-
lated rates of enlargement are dependent on the size
of the baseline lesion as previously described.25 We
also observed that our enlargement rates from both
imaging modalities correlate with baseline lesion size
in the chorioretinal atrophy group, whereas only the
enlargement rate fromNIR-AF images correlated with
baseline lesion size in the discrete group. As such,
given that the baseline lesion sizes were larger in the



Autofluorescence Measurements in Stargardt Disease TVST | January 2021 | Vol. 10 | No. 1 | Article 3 | 8

Figure 5. Role of genotype, age, and other potential factors in the presenting phenotype of recessive Stargardt disease. Patient 78 (28
years old, A), Patient 43 (30 years old, B), and Patient 98 (62 years old, C) all presentedwith recessive Stargardt disease caused by the variants
c.3050+5G>A and p.G1961E. Patient 98 presented with a chorioretinal phenotype of RPE atrophy, suggestive of more advanced disease,
whereas both Patients 78 and 43 presented with a less-severe discrete phenotype of RPE atrophy. Similarly, Patient 68 (72 years old, D) and
Patient 70 (76 years old, E) are both of similar age and both carry the pathogenic variants p.D1532N and p.G1961E, yet Patient 70 presented
with a more advanced phenotype. These images suggest that the presenting phenotype of recessive Stargardt disease is influenced by
genotype, age, and other potential factors such as environmental.

chorioretinal group compared to the discrete group
(SW-AF: 11.4 mm2, NIR-AF: 12.7 mm2 vs. SW-AF:
2.2 mm2, NIR-AF: 3.9 mm2), we considered this differ-
ence in baseline lesion size to be a confounding factor
in the calculation of ALM rates and could explain why
faster enlargement rates in the chorioretinal atrophy
group were observed.

As opposed to the ALM, the lesion enlargement
rates obtained using the RLMmodel have been shown
to be independent of baseline lesion size.25 When we
reanalyzed this relationship in the current study, we also
did not find a significant correlation for either imaging
modality in either the chorioretinal or discrete atrophy
groups. Similar to the ALM, we observed similar
enlargement rates in SW-AF and NIR-AF images for
both the discrete and chorioretinal groups. Unlike the

ALM, however, we did not observe a difference in
enlargement rates between discrete and chorioretinal
atrophy groups. As we hypothesized earlier, the differ-
ence in rates observed with the ALM was likely due
to the difference in baseline lesion size between the
two groups. The rates we obtained using the RLM
approach are similar to those reported by Shen et al.25
(0.104 mm/y; 95% CI: 0.086–0.123 mm/y).

Through analyses of the discrete and chorioretinal
phenotypes with multiple imaging modalities, we can
conclude that disease is more severe in the chorioretinal
phenotype. On AF images, for example, the apparent
darker hypoAF areas suggest a greater degree of RPE
atrophy. This observation is further suggested when we
examine SD-OCT scans, where the outer retinal layers
are completely atrophied in chorioretinal patients and
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sub-RPE hypertransmission of OCT signal is more
pronounced (Figs. 1C, 1D). Furthermore, in a previ-
ous study from our group, we observed more signifi-
cant atrophy of the choriocapillaris as detected byOCT
angiography in patients with chorioretinal atrophy
compared to patients with discrete atrophy.32 Despite
the difference in disease severity between these two
phenotypes, however, we observed a similar rate of
lesion enlargement between the two groups, suggest-
ing that the process of RPE atrophy is similar amongst
different STGD1 phenotypes.

Although we describe four phenotypic groups in
this study, we acknowledge that the clinical pheno-
type is just a snapshot of the patient’s disease at a
given time. Moreover, a particular less-severe pheno-
type could advance to a more severe phenotype based
on the patient’s age, genotype, and other uncharac-
terized genetic/environmental factors. For example, a
large portion of patients with the nascent and discrete
phenotypes harbored the p.(G1961E) variant (83% and
45%, respectively, Table 1), indicating that this variant
is typically associated with a disease form confined to
the macula. Previous studies have similarly reported
that fundus changes associatedwith this variant tend to
localize to the foveal and parafoveal area.33–35 Further-
more, patients 43, 78, and 98 in Figures 5A to 5C all
had the same genotype; they were compound heterozy-
gous for the c.3050+5G>A and p.(G1961E) variants.
Patients 78 and 43 were 28 and 30 years old, respec-
tively, and both had a phenotype of discrete RPE
atrophy, whereas patient 98, a 62-year-old, also had
the same genotype, but phenotypically his disease was
more severe because he exhibits chorioretinal atrophy.
This would suggest that as these patients age, their
phenotype progresses from discrete RPE atrophy to
chorioretinal atrophy. The patients with chorioretinal
atrophy in our study were indeed generally older as
compared to the patients in other groups (Table 1).
Similarly, patients 68 and 70 were compound heterozy-
gous for the p.(D1532N) and p.(G1961E) variants and
were of similar age (72 and 76 years, respectively),
but patient 68 presented with widespread RPE atrophy
whereas patient 70 exhibited the more severe chori-
oretinal atrophy (Figs. 5D, 5E). This difference may
indicate that other factors such as the environment or
modifier genes in addition to age and genotype are
involved in determining the phenotype.

Our study presents with some limitations. Because
we conducted measurements and reported rates of
lesion enlargement with units of either mm2 in the
ALM or mm in the RLM, we are aware that there
is uncertainty in the absolute magnitude of these
measurements and rates because of individual differ-
ences in axial length between individual subjects that

the measuring software does not account for. Further-
more, we acknowledge that a patient can progress
from one phenotype to another, although this was not
observed in any of the patients from this study.

In conclusion, we used two different models to
analyze the rates of lesion enlargement in both SW-
AF and NIR-AF imaging. When comparing the two
models, we found it to be more advantageous to use
the RLM due to its independence from baseline lesion
size. We also did not observe a significant difference
in the rates of lesion enlargement obtained from SW-
AF and NIR-AF images for either model of analysis.
This finding suggests that although the areas of RPE
atrophy appear larger in NIR-AF images, the underly-
ing process of atrophy progression is detected similarly
by both imaging modalities. Furthermore, NIR-AF
imaging confers other important advantages over SW-
AF. Given that NIR-AF images detect a larger area
of RPE atrophy, NIR-AF imaging may be superior
in detecting lesions that are missed by SW-AF images
in patients with an early disease stage. Additionally,
there have been concerns regarding the frequent use of
SW-AF imaging.36 As such, NIR-AF imaging confers
important advantages that warrant amore frequent use
in the monitoring of STGD1 patients.
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