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Purpose: To investigate the interreader and intermodality agreement for grading of
retinal pigment epithelium (RPE) atrophy lesion size in ABCA4-related retinopathy
using green (GAF) and blue fundus autofluorescence (BAF) imaging.

Methods: In this cross-sectional case series, 97 eyes of 49 patients with RPE atrophy
secondary to ABCA4-related retinopathy underwent GAF- (518 nm excitation light)
and BAF- (488 nm excitation light) imaging using confocal scanning laser
ophthalmoscopy (Spectralis HRA, Heidelberg Engineering, Heidelberg, Germany).
Lesions with definitely decreased autofluorescence (DDAF) and questionably
decreased autofluorescence (QDAF) in GAF and BAF imaging were analyzed
separately by five independent readers using semiautomated software (RegionFinder,
Heidelberg Engineering). Intermodality and interreader agreements were assessed for
the square-root lesion size, lesion perimeter, and circularity.

Results: GAF- and BAF-based measurements of DDAF and QDAF showed high
intermodality and interreader agreement concerning square-root lesion size, as well as
shape descriptive parameters (perimeter and circularity). Interreader agreement of
square-root lesion size was slightly, hence not significantly higher for GAF-based
grading ([95% coefficients of repeatability, intraclass correlation coefficient] DDAF:
0.215 mm, 0.997; QDAF: 0.712 mm, 0.981) compared to BAF-based grading (DDAF:
0.232 mm, 0.997; QDAF: 0.764 mm, 0.978). However, DDAF-measurements revealed
distinctly more reproducible results than QDAF-measurements. Foveal sparing did not
interfere with intermodality agreement.

Conclusions: Both GAF- and BAF-based quantification of RPE atrophy showed very
reliable results with possible superiority of GAF in the context of less energetic
excitation light.

Translational Relevance: The high interreader agreement qualifies the use of DDAF
progression in GAF and BAF imaging as potential morphologic outcome measure for
interventional clinical trials and disease monitoring.

Introduction

ABCA4-related retinopathy (Online Mendelian
Inheritance in Man # 601691) is among the most
frequent causes for retinal dystrophy-related loss of
vision in the working age.1–4 The disease is caused by
biallelic mutations in the ATP-binding cassette sub-
family A member 4 (ABCA4) gene, that leads to

dysfunction of the encoded protein product (AB-

CA4).5,6 Subsequently, excessive amounts of lipofus-

cin accumulate in the lysosomal compartment of

retinal pigment epithelium (RPE) cells, which has

been shown to exert toxic effects on the RPE and

photoreceptors leading to RPE atrophy.5–7

RPE lipofuscin contains multiple molecular con-

stituents with autofluorescent properties that can be
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visualized with fundus autofluorescence (AF) imaging
using blue excitation light (BAF, 488 nm).8–10 Thus,
ABCA4-related retinopathy is characterized by an
overall increased BAF intensity11,12 that contrasts
with hypoautofluorescent areas of RPE atrophy
allowing semiautomated quantification of atrophic
areas.13–15 Quantification of atrophic areas might be
of interest as a clinical endpoint for interventional
clinical trials as already established in geographic
atrophy secondary to age-related macular degenera-
tion (AMD).16 Recently, shape descriptive parameters
such as lesion perimeter and circularity have been
proposed as prognostic biomarkers for AMD in this
context.17

The progression rate of RPE atrophy in ABCA4-
related retinopathy has been reported to be slower
compared to AMD.15,18,19 Furthermore, the identifi-
cation of RPE atrophy in ABCA4-related retinopathy
appears to be more challenging as it encompasses
variable stages toward complete atrophy ranging
from questionable (QDAF) to definitely (DDAF)
decreased AF.20,21 A previous study correlated OCT-
findings in QDAF and DDAF and found signifi-
cantly thinner outer retinal layers (outer nuclear layer
and combined layers between external limiting
membrane and Bruch’s membrane) in the latter case,
considering QDAF as a transition state between
healthy retina and DDAF.22 As both RPE atrophy
manifestations may be present within the same eye,
more sophisticated measurement approaches are
required.20,21

An innovative AF imaging modality has been
proposed, using green excitation light (GAF, 518
nm) that lies outside the absorption maximum of the
macular pigment.23,24 Since macular pigment (lutein,
zeaxanthin, and meso-zeaxanthin) absorbs short-
wavelength excitation light, the evaluation of the
fovea in BAF imaging is challenging.24–26 Hence,
GAF imaging may be more accurate in the determi-
nation of small, central lesions including the
differentiation between foveal involvement and
foveal sparing. Furthermore, ex vivo data suggest
that green-light compared to blue-light illumination
may reduce lipofuscin mediated light-induced retinal
toxicity—a concern given that ABCA4-related reti-
nopathy represents the prototypical lipofuscin accu-
mulation disease.27–29

However, advantages of GAF-based grading,
including higher patient comfort due to excitation
light with lower energy, have only been shown for
AMD in two recent studies.17,25 To date, comparisons
of GAF and BAF imaging concerning the evaluation

of RPE atrophy secondary to ABCA4-related reti-
nopathy have not been carried out. In the view of
future therapeutic clinical trials in this field, valid and
reliable biomarkers are mandatory.30–33

Herein, we investigated the interreader and inter-
modality agreement for semiautomated grading of
RPE atrophy secondary to ABCA4-related retinopa-
thy using GAF and BAF imaging. We tested the
hypothesis that there are no differences in lesion size,
perimeter, and circularity measurements as well as the
interreader correlation among both assessed AF
modalities.

Methods

This monocenter cross-sectional case series was
performed at the Department of Ophthalmology of
the University of Bonn, Germany. The study was in
adherence with the Declaration of Helsinki. Institu-
tional Review Board approval (Institutional Review
Board of the University of Bonn, Germany; ethics
approval ID 316/11 and 288/17) and patients’
informed consent were obtained.

Patients with ABCA4-related retinopathy were
defined by the presence of at least one disease causing
mutation in ABCA4 in Sanger sequencing with
multiplex ligation-dependent probe amplification
analysis or next-generation sequencing34 and a
phenotype consistent with ABCA4-related retinopa-
thy,30 and were recruited from the retinal dystrophy
clinic at the Department of Ophthalmology, Univer-
sity of Bonn, Germany. In accordance to previous
reports, RPE-atrophy was defined as ‘‘DDAF’’ in
case of demarcated lesions with �90% darkness or as
‘‘QDAF’’ in case of demarcated lesions with 50% to
90% darkness (optic disk served as reference with
100% darkness).20,35 Minimum lesion size was defined
as 0.05 mm2 (each single atrophic area in cases of
multifocality).14,16,20,36 Exclusion criteria contained
insufficient pupil dilation, additional retinal patholo-
gy, previous vitreoretinal surgery, or other ocular
comorbidities substantially affecting visual function
and/or imaging quality.

Imaging

All patients underwent a complete ophthalmologic
examination. Prior to imaging, pupils were dilated
using 0.5% tropicamide and 2.5% phenylephrine to at
least 7 mm diameter. The imaging protocol consisted
of simultaneous BAF (488 nm excitation) and GAF
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(518 nm excitation) imaging using confocal scanning
laser ophthalmoscopy (cSLO; Spectralis HRA, Hei-
delberg Engineering, Heidelberg, Germany). An
emission spectrum of 530 to 720 nm was used and
the field of view was set to 308 3 308 (centered on the
fovea). Within the manufacturer’s software, a mini-
mum of 16 frames per image were automatically
aligned and averaged to optimize the signal-to-noise
ratio.

Image Processing

Measurements of RPE atrophy lesions in GAF
and BAF images were performed by five experienced
masked readers (PLM, MMM, PTM, JB, and PC),
using the semiautomated RegionFinder software
(Heidelberg Engineering, version 2.6.3), which has
been previously validated for quantification of RPE
atrophy in AMD.14 Briefly, the grading task was
carried out on separate days and in random order.
The readers set at least one seeding point inside of
each atrophic region with DDAF by selecting the
pixel with the lowest FAF signal (darkest gray value).
Subsequently, the growth power for each seeding
point was increased resulting in the inclusion of
adjacent pixels depending on the gray value, until the
delineation just exceeded the boundaries of the
DDAF. Finally, the growth power had to be
decreased by one increment below this threshold.14

The growth limit function was used if the segmenta-
tion algorithm included the edges of the image frame
and retinal vessels or macula pigment were excluded
from the measured lesion area through the automated
‘‘vessel detection,’’ ‘‘shadow correction,’’ or by
placing manual constraints, respectively. Interreader
variability may be introduced at each of these steps.
After saving of the grading results for DDAF, all
DDAF lesions were transferred to constraints in
order to quantify atrophic regions with QDAF in the
same manner (Fig. 1).

Compared to RPE atrophy lesion size, shape
descriptive factors may be more susceptible to small
differences of the actual underlying delineations, as
has been shown for AMD.17 Therefore, the exported
images were transferred to ImageJ (Bethesda, MD) to
measure the (cumulative) lesion circularity and
(cumulative) lesion perimeter using a custom-built
plug-in as previously described.17,37 Further, eyes
were classified into foveal involvement or noninvolve-
ment, according to the extent of RPE atrophy in/near
the fovea.23

Electroretinogram

Electroretinogram (ERG) was performed in accor-
dance to ISCEV standards using a Ganzfeld stimu-
lator and Burian–Allen bipolar corneal electrodes
(Toennies Multiliner Vision 1.70, Hochberg, Ger-
many). Based on full-field ERG, patients can be
categorized according to the classification developed
by Lois et al.38: group 1 contained eyes with normal
responses on scotopic and photopic full-field ERG,
group 2 eyes with normal scotopic responses but
reduced (over 2 standard deviations) photopic B-wave
and 30-Hz flicker amplitudes, and group 3 eyes with
ERG reductions involving both rod- and cone-driven
responses. Previously published data had shown the
prognostic value of this ERG-based classification for
disease progression.18,38,39

Statistical Analysis

Statistical analysis was performed using the
software environment R (version 3.2.3, The R
Foundation for Statistical Computing, Vienna, Aus-
tria)40 similar to previous published data.17 Briefly,
area measurements were square-root transformed to
obtain normally distributed data. Further, square-
root transformed RPE atrophy lesion size has
previously been suggested as clinical endpoint for
upcoming clinical trials concerning macular degener-

Figure 1. Grading of GAF and BAF images. Measurements of
DDAF to QDAF decreased AF (�90% darkness and 50%–90%
darkness, respectively) were performed semiautomatically based
on GAF (top) and BAF (bottom) images. In a first step, DDAF (blue
area, middle) was annotated based on gray levels. Then, DDAF
delineations were transferred to constraints (red lines, right) in
order to measure QDAF (blue area, right). Despite absorption due
to macular pigment, the high AF intensity in ABCA4-related
retinopathy usually allows distinct demarcation and validation of
foveal involvement.
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ation in order to reduce the dependence of growth
rates on baseline lesion size.41,42 Mixed-effects models
considering imaging modality as fixed effect (GAF
versus BAF) and visit as well as reader as random
effects were used for the analyses. Significance of the
imaging modality was determined using likelihood
ratio tests comparing a reduced model (without the
fixed effect) with the full model. Intraclass correlation
coefficients (ICCs; two-way random, absolute agree-
ment), 95% coefficients of repeatability (CRs), and
coefficients of variation (CVs) were determined for
lesion size, perimeter, as well as the circularity in both
AF modalities.43,44 Bland-Altman plots were gener-
ated for visualization of limits of agreement. Spear-
man’s rank correlation coefficients (q) were calculated
between the absolute differences among measure-
ments and the mean values to determine whether
measurement variability increases with lesion size.44

Results

Cohort Characteristics

We included both eyes of 48 patients and only one
eye (OD) of one patient due to history of total
rhegmatogenous retinal detachment in the left eye. The
mean age was 39.1 6 19.3 years (6SD; range, 9–86
years; 33 women). RPE atrophy was present in all 97
eyes. Hereof, seven eyes showed only DDAF, 40 eyes
only QDAF, and 50 eyes both DDAF and QDAF.
Foveal noninvolving RPE atrophy was present in 21
eyes, mostly present in patients with late-onset (�45
years) of first reported symptoms (14 of 21 eyes). Forty
eyes were assigned to full-field ERG-based group 1, 37
eyes to group 2, and 20 eyes to group 3 (Table 1).
Forty-five patients were found to have two disease-
causing mutations. Three patients only revealed one
disease-causing mutation but showed a phenotype
consistent with ABCA4-related retinopathy.30

RPE Atrophy Lesion Size: Intermodality
Agreement

Both AF modalities (GAF and BAF) did not
reveal any significant difference concerning DDAF
and QDAF lesion size (Table 2). In fact, the overall
mean square-root DDAF and QDAF lesion size in
GAF images was only slightly larger compared to
BAF-based measurements (0.004 and 0.009 mm,
respectively).

To evaluate individual (eye) measurement variabil-
ity between both AF modalities, the limits of

agreement (highlighted as dashed lines in the Bland-
Altman plots; Fig. 2) were investigated. Limits of
agreement were more narrow for DDAF (�0.106 to
0.114 mm) compared to QDAF (�0.235 to 0.252 mm),
indicating higher individual (eye) intermodality agree-
ment in DDAF measurements. However, the variabil-
ity increased with larger DDAF (q¼ 0.478, P , 0.001)
and QDAF (q ¼ 0.605, P , 0.001) lesion sizes
according to Spearman’s rank correlation coefficient
(q) for absolute differences and mean values.

In line with these findings, eyes assigned to ERG-
based group 3 (i.e., widespread disease manifestation
consistent with presence of large amounts of hypo-
autofluorescent flecks in our cohort; Table 2, Fig. 3)
showed the least intermodality agreement (Fig. 2): In
DDAF lesion size measurements, the limits of
agreement (mean differences) were wider in group 3
with �0.166 to 0.205 mm (0.019 mm) compared to
group 2 with �0.050 to 0.044 mm (�0.003 mm) and
group 1 with�0.018 to 0.011 mm (�0.003 mm). This
effect was even more obvious in QDAF lesion size
measurements with limits of agreement (mean differ-
ences) of�0.390 to 0.525 mm (0.068 mm) for group 3,
�0.191 to 0.149 mm (0.021 mm) for group 2, and
�0.101 to 0.114 mm (�0.006 mm) for group 1.

Table 1. Demographic and Clinical Data of All
Included Patients and Eyes

Eyes (patients) 97 (49)
Mean age 6 SD (range) in years 39.4 6 19.2 (9–86)
Sex, n (%)

Male 15 (31.3)
Female 33 (68.7)

Lens status, n (%)
Phakic 90 (92.8)
Pseudophakic 7 (7.2)

ERG-based classification, n (%)
Group 1 40 (41.2)
Group 2 37 (38.1)
Group 3 20 (20.6)

RPE atrophy
DDAF, n (%) 57 (58.8)
QDAF n (%) 90 (92.8)

Foveal involvement, n (%)
Foveal atrophy 75 (77.3)
Extrafoveal atrophy 22 (22.7)

Thereof foveal sparinga 14 (14.4)
a Foveal sparing was defined as an intact, residual foveal

island being surrounded by more than 2708 of DDAF
areas.15
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Shape Descriptive Factors: Intermodality
Agreement

Despite being more susceptible to small differences

of the underlying delineation, both AF modalities did

not reveal any significant differences concerning

DDAF perimeter, QDAF perimeter, DDAF circular-

ity, and QDAF circularity with a mean difference of

0.163, 0.567, �0.002, and 0.003 mm, respectively
(Table 2).

Individual (eye) intermodality agreement was
again investigated by limits of agreement in the
Bland-Altman plots (Fig. 2): Concerning perimeter
measurements, the limits of agreement (GAF versus
BAF) were distinctly narrower for DDAF (�0.782 to
1.107 mm) than for QDAF (�8.211 to 9.345 mm), as

Table 2. Intermodality Agreement in Dependence on Included Eyes and Subgroups

Group
Grading Modality GAF, Mean 6 SD BAF, Mean 6 SD v2(1) P Valuea

All eyes (n ¼ 97)
DDAF (n ¼ 57)

Square-root lesion size [mm] 2.874 6 1.551 2.870 6 1.546 0.319 0.572
Perimeter [mm] 22.368 6 24.316 22.202 6 24.096 1.709 0.191
Circularity [AU] 0.418 6 0.264 0.420 6 0.264 0.288 0.591

QDAF (n ¼ 90)
Square-root lesion size [mm] 2.325 6 1.855 2.316 6 1.824 0.251 0.616
Perimeter [mm] 55.254 6 74.452 54.686 6 72.982 0.458 0.499
Circularity [AU] 0.245 6 0.283 0.242 6 0.277 0.344 0.557

Group 1 (n ¼ 40)
DDAF (n ¼ 9)

Square-root lesion size [mm] 1.504 6 0.737 1.507 6 0.735 0.239 0.625
Perimeter [mm] 6.535 6 3.410 6.495 6 3.397 1.032 0.310
Circularity [AU] 0.722 6 0194 0.735 6 0.191 1.490 0.222

QDAF (n ¼ 39)
Square-root lesion size [mm] 1.148 6 0.619 1.142 6 0.619 0.392 0.531
Perimeter [mm] 11.036 6 11.442 10.867 6 11.039 0.768 0.381
Circularity [AU] 0.419 6 0.296 0.409 6 0.285 0.957 0.328

Group 2 (n ¼ 37)
DDAF (n ¼ 30)

Square-root lesion size [mm] 2.655 6 1.422 2.658 6 1.425 0.291 0.589
Perimeter [mm] 16.239 6 10.163 16.169 6 10.003 0.561 0.454
Circularity [AU] 0.458 6 0.232 0.457 6 0.228 0.072 0.788

QDAF (n ¼ 33)
Square-root lesion size [mm] 2.158 6 1.171 2.179 6 1.202 0.638 0.425
Perimeter [mm] 44.898 6 45.848 45.676 6 46.380 0.755 0.385
Circularity [AU] 0.152 6 0.213 0.148 6 0.216 0.355 0.551

Group 3 (n ¼ 20)
DDAF (n ¼ 18)

Square-root lesion size [mm] 3.924 6 1.406 3.905 6 1.399 0.980 0.322
Perimeter [mm] 40.500 6 34.913 40.111 6 34.672 1.067 0.302
Circularity [AU] 0.200 6 0.133 0.200 6 0.129 0.015 0.969

QDAF (n ¼ 28)
Square-root lesion size [mm] 5.179 6 1.647 5.111 6 1.539 0.991 0.320
Perimeter [mm] 170.043 6 78.266 166.147 6 76.466 1.040 0.308
Circularity [AU] 0.038 6 0.072 0.051 6 0.122 3.667 0.056

a P values were obtained using likelihood ratio tests.
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has been described above for the lesion size measure-
ments. Of note, perimeter measurements had higher
values and therefore higher absolute variability (Table
2). In this context, eyes with higher perimeter values
(i.e., due to multifocal hypofluorescent flecks espe-
cially in groups 2 and 3; Fig. 3) also showed more
pronounced individual variability (q ¼ 0.697, P ,

0.001 and q¼0.834, P , 0.001 for DDAF and QDAF
perimeter, respectively). In DDAF perimeter mea-
surements, the limits of agreement (mean differences)
were wider in group 3 with�1.949 to 1.806 mm (0.378
mm) and group 2 with �0.530 to 0.671 mm (0.070
mm) compared to group 1 with�0.090 to 0.170 (0.040
mm). In QDAF perimeter, the effect was even more
pronounced as limits of agreement (mean differences)
ranges�12.468 to 20.259 mm (3.896 mm) for group 3,
�6.902 to 5.346 mm (�0.778 mm) for group 2 and
�1.343 to 1.681 (0.169 mm) for group 1 (Fig. 2).

The circularity calculations of the GAF- and BAF-
based grading data did not reveal any significant
differences (Table 2). Despite higher circularity
values, the limits of agreement (GAF versus BAF)
were narrower for DDAF (�0.037 to 0.034) compared
to QDAF (�0.131 to 0.137), indicating easier demar-
cation of DDAF lesions. In this context, highest
DDAF and QDAF circularity was calculated in
group 1 eyes that usually showed a single lesion
restricted to central fovea, and lowest circularity was
found in group 3 eyes with highest amounts of
multifocal hypofluorescent flecks in our cohort,
likewise in both AF modalities (Fig. 2, Table 2).

RPE Atrophy Lesion Size: Interreader
Agreement

The CR (i.e., the value below which the difference
between two measurements will lie with a probability

Figure 2. Intermodality agreement. The Bland-Altman plots demonstrate the intermodality agreement of both AF modalities (GAF
versus BAF) concerning DDAF (top) as well as QDAF (bottom) square-root lesion size (left), perimeter (middle), and circularity (right)
separated for ERG-based group classification38 (group 1, black dots; group 2, yellow triangles; group 3, blue squares). The solid line
indicates the mean difference and the dashed lines indicate the 95% limits of agreement. Overall, GAF- and BAF-based gradings showed
similar results. However, DDAF measurements revealed higher levels of agreement compared to QDAF.
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of 0.95), CV and ICC indicated that the square-root
DDAF lesion size grading had excellent interreader
agreement, with slightly more congruent results in
GAF images (Table 3; Supplementary Fig. 1). Despite
the fact that CV and ICC take the underlying bigger
QDAF lesion size into account, the square-root QDAF
lesion size measurements showed lower interreader
agreement compared to DDAF. This may indicate less
reliable QDAF measurements. Nevertheless, the GAF-
and BAF-based QDAF lesion size grading interreader
agreement was overall still excellent (Table 3; Supple-
mentary Fig. 1).

Each subgroup revealed excellent interreader
agreement concerning DDAF and QDAF lesion size
measurements, without relevant differences between
both AF-modalities despite a consistent trend toward
more congruent results for GAF-based measure-
ments. Nevertheless, group 3 eyes revealed slightly
lower interreader agreement—in particular for the

CR and ICC of QDAF lesion size grading—com-
pared to groups 1 and 2, most likely due to the
challenging demarcation of the multifocal hypoauto-
fluorescent flecks and atrophic areas that are typically
found in these eyes (Fig. 3, Table 3).

Shape Descriptive Factors: Interreader
Agreement

Equivalent to lesion size, interreader agreement for
RPE atrophy lesion perimeter and lesion circularity
were analyzed. The DDAF-based CR, CV, and ICC
for both shape descriptive factors were excellent
overall and for each subgroup (Table 3). In contrast,
the partially challenging demarcation of many QDAF
areas also revealed distinctly lower interreader agree-
ment for perimeter and circularity, especially for
group 3 eyes with widespread disease manifestation.
The overall slightly higher interreader agreement for

Figure 3. Exemplary images of eyes separated by ERG-based classification. Two exemplary eyes of each ERG-based group38 are
presented to demonstrate the high variability of ABCA4-related retinopathy and therefore different levels of interreader and intermodality
agreement. The phenotypic spectrum of group 1 eyes ranges from eyes with only a central area of QDAF to eyes with DDAF surrounded
by QDAF or flecks. Group 2 eyes typically revealed one or multiple well-circumscribed areas of DDAF with multiple hypo-and
hyperautofluorescent flecks up to/over the vascular arcades. Group 3 usually contains eyes with multiple widespread
hypoautofluorescent areas. Of note, images of both AF modalities differ only slightly, most obviously in the very mild phenotype of
the first group 1 eye (top left).
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Table 3. Interreader Agreement in Dependence on Included Eyes and Subgroups

Group
Grading Modality AF Modality CR CV [%] ICC (95% CI)

All eyes (n ¼ 97)
DDAF (n ¼ 57)

Square-root lesion size GAF 0.215 mm 2.70 0.997 (0.996–0.998)
BAF 0.232 mm 2.92 0.997 (0.995–0.998)

Perimeter GAF 4.203 mm 6.78 0.996 (0.994–0.998)
BAF 4.382 mm 7.12 0.996 (0.994–0.997)

Circularity GAF 0.104 8.94 0.980 (0.971–0.987)
BAF 0.107 9.22 0.979 (0.969–0.986)

QDAF (n ¼ 90)
Square-root lesion size GAF 0.712 mm 11.05 0.981 (0.974–0.987)

BAF 0.764 mm 11.90 0.978 (0.970–0.984)
Perimeter GAF 36.353 mm 23.73 0.970 (0.959–0.978)

BAF 36.141 mm 23.84 0.969 (0.958–0.978)
Circularity GAF 0.215 31.61 0.929 (0.905–0.949)

BAF 0.222 33.08 0.922 (0.896–0.944)
Group 1 (n ¼ 40)

DDAF (n ¼ 9)
Square-root lesion size GAF 0.111 mm 2.66 0.997 (0.992–0.999)

BAF 0.100 mm 2.39 0.998 (0.994–0.999)
Perimeter GAF 0.554 mm 3.06 0.996 (0.990–0.999)

BAF 0.554 mm 3.08 0.997 (0.992–0.999)
Circularity GAF 0.148 7.42 0.928 (0.830–0.980)

BAF 0.163 7.98 0.912 (0.797–0.976)
QDAF (n ¼ 39)

Square-root lesion size GAF 0.277 mm 8.72 0.974 (0.959–0.985)
BAF 0.300 mm 9.48 0.970 (0.953–0.983)

Perimeter GAF 5.613 mm 18.35 0.970 (0.951–0.983)
BAF 5.681 mm 18.86 0.967 (0.947–0.980)

Circularity GAF 0.296 25.47 0.882 (0.820–0.929)
BAF 0.288 25.43 0.880 (0.819–0.928)

Group 2 (n ¼ 37)
DDAF (n ¼ 30)

Square-root lesion size GAF 0.124 mm 1.68 0.999 (0.998–0.999)
BAF 0.152 mm 2.06 0.998 (0.997–0.999)

Perimeter GAF 1.753 mm 3.89 0.996 (0.993–0.998)
BAF 1.753 mm 3.91 0.996 (0.993–0.998)

Circularity GAF 0.096 7.53 0.978 (0.963–0.988)
BAF 0.097 7.64 0.977 (0.961–0.988)

QDAF (n ¼ 33)
Square-root lesion size GAF 0.650 mm 10.87 0.961 (0.936–0.978)

BAF 0.722 mm 11.97 0.955 (0.926–0.975)
Perimeter GAF 23.356 mm 18.77 0.967 (0.946–0.982)

BAF 23.683 mm 18.71 0.967 (0.946–0.982)
Circularity GAF 0.135 31.97 0.950 (0.919–0.972)

BAF 0.166 40.38 0.928 (0.884–0.959)
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GAF-based measurements of shape descriptive fac-
tors was not significant and even inconsistent in the
different subgroups (e.g., QDAF circularity in group
3 showed higher ICC in BAF-based grading; Table 3).

Foveal Noninvolvement: Intermodality and
Interreader Agreement

Recent AMD studies showed that highest dis-
agreement between readers and variations between
both AF-modalities are present in eyes with foveal
noninvolvement. It was concluded that the differ-
ences most likely derived from the difficult assess-
ment of foveal involvement of RPE atrophy
secondary to AMD in BAF-based images.17,25

Therefore, an additional subgroup analysis concern-
ing the eyes with foveal noninvolvement was
conducted in this study; however, there were no
significant differences in this phenotypical subgroup
between both AF-modalities concerning DDAF
lesion size ([likelihood ratio test] v2(1) ¼ 1.228, P ¼
0.268), QDAF lesion size (v2(1) ¼ 0.101, P ¼ 0.751),
DDAF perimeter (v2(1) ¼ 2.107, P ¼ 0.147), QDAF
perimeter (v2(1) ¼ 0.332, P ¼ 0.565), DDAF
circularity (v2(1) ¼ 3.162, P ¼ 0.075), and QDAF
circularity (v2(1) ¼ 0.009, P ¼ 0.927). Even the
interreader agreement was not different between
GAF- and BAF-based grading and in the same range
as the overall results presented above: DDAF lesion
size (ICC: GAF, 0.996; BAF, 0.997), QDAF lesion
size (ICC: GAF, 0.980; BAF, 0.977), DDAF

perimeter (ICC: GAF, 0.996; BAF, 0.997), QDAF
perimeter (ICC: GAF, 0.964; BAF, 0.966), DDAF
circularity (ICC: GAF, 0.980; BAF, 0.975), and
QDAF circularity (ICC: GAF, 0.950; BAF, 0.885).
Of note, RPE atrophy was evaluated as foveal
noninvolving in the same 21 eyes (GAF and BAF)
by all five independent readers with total congruen-
cy, suggesting less influence of macular pigment on
BAF images in ABCA4-related retinopathy.

Discussion

To our knowledge, this is the first study that
systematically investigated interreader and intermo-
dality agreement for semiautomated grading of RPE
atrophy lesion size, perimeter, and circularity second-
ary to ABCA4-related retinopathy using GAF and
BAF imaging. Both GAF and BAF imaging were
demonstrated to allow for reproducible area mea-
surements of RPE atrophy. GAF-based quantifica-
tion revealed slightly albeit not significantly higher
interreader agreement. Hence, not only conventional
BAF-based, but also the innovative GAF-based
grading may be suitable as a tool for progression
assessment (i.e., clinical endpoint) in ABCA4-related
retinopathy.

In contrast to our results, recent studies described
significant differences between GAF and BAF-based
measurements of GA secondary to AMD, most
pronounced in eyes with foveal noninvolvement.17,25

Table 3. Continued

Group
Grading Modality AF Modality CR CV [%] ICC (95% CI)

Group 3 (n ¼ 20)
DDAF (n ¼ 18)

Square-root lesion size GAF 0.351 mm 3.22 0.992 (0.984–0.997)
BAF 0.361 mm 3.33 0.991 (0.983–0.996)

Perimeter GAF 7.333 mm 6.53 0.995 (0.989–0.998)
BAF 7.333 mm 6.59 0.994 (0.988–0.997)

Circularity GAF 0.089 16.22 0.944 (0.894–0.976)
BAF 0.087 15.73 0.943 (0.893–0.975)

QDAF (n ¼ 28)
Square-root lesion size GAF 1.264 mm 8.81 0.928 (0.865–0.968)

BAF 1.326 mm 9.36 0.910 (0.835–0.960)
Perimeter GAF 74.532 mm 15.81 0.892 (0.803–0.952)

BAF 73.806 mm 16.03 0.889 (0.799–0.951)
Circularity GAF 0.081 76.82 0.857 (0.746–0.935)

BAF 0.124 86.67 0.878 (0.780–0.945)
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Various possible explanations may be considered.
Firstly, previous publications using quantitative AF
demonstrated that ABCA4-related retinopathy exhib-
its high AF intensity,10–12 while AMD exhibits rather
low AF levels.45 Thus, central shadowing of BAF-
images due to macular pigment may be less pro-
nounced in ABCA4-related retinopathy (Figs. 1, 3).
Therefore, grading of foveal involvement of RPE
atrophy secondary to ABCA4-related retinopathy was
very congruent in our cohort. In contrast to those
AMD studies, eyes with foveal noninvolvement also
showed excellent interreader agreement of BAF-based
measurements in our cohort, leading to more
congruent results between both AF modalities in
our study. Of note, very mild phenotypes with less
elevated AF levels might potentially be more affected
by blue light absorption due to macular pigment as
can be seen in one example of Figure 3.11 In these
cases, very early and faint changes, such as granular
appearance and/or hypoautofluorescence, might the-
oretically be slightly better detectable with GAF
imaging. Secondly, ‘‘shadow correction’’ and the
possibility of manual constraints in the newer Region-
Finder software may account for enhanced grading.
Thirdly, optic media opacities (i.e., cataract or
vitreous floaters) have been described to reduce the
transmission of short-wavelength light possibly lead-
ing to less sharp lesion boundaries in BAF compared
to GAF.46 Of note, our subjects were on average
younger compared to the published AMD cohorts,
which may have caused increased image quality due
to lower prevalence of media opacities. Fourthly,
before GAF and BAF images are acquired, the focus
usually is adjusted in the infrared-reflection (IR)
mode. Whenever switching to GAF or BAF, the focus
has to be readjusted due to chromatic aberrations. In
contrast to both AMD studies, we used the simulta-
neous GAF and BAF mode that compensated for this
source of error between BAF and GAF images as the
focus should be set to enable sharp images of both AF
modalities. Thus, evaluation of our acquired GAF
and BAF image quality did not reveal any noticeable
difference in sharpness (Figs. 1, 3).

For ABCA4-related retinopathy, it has been
speculated that BAF imaging may induce apoptosis
in RPE cells in the presence of excessive accumulation
of lipofuscin as observed in Abca4-knockout mice and
cell cultures, respectively.27,28,47–52 However, there is
no evidence of phototoxic effects in humans. Never-
theless, reduced-illuminance AF imaging (RAFI) has
been proposed to reduce the high-energetic light
exposure and potentially associated adverse effects.29

An adaption of the RAFI mode is recently examined
in ABCA4-related retinopathy by the multicenter
ProgStar study.30 Of note, in a small study cohort
BAF and RAFI were reported to show distinct
variability in the assessment of QDAF.53 Ex vivo
experiments with cultured human RPE cells demon-
strated that illumination with less-energetic green
light shows substantially fewer to no nonviable cells
as compared to illumination with blue light where a
dependence on exposure duration and A2E concen-
tration was found.27,48 Therefore, GAF imaging may
represent an alternative, given that it is theoretically
implementable in most cSLO devices (e.g., Heidelberg
Engineering Spectralis HRA with MultiColor imag-
ing). Furthermore, GAF is more patient friendly and
comfortable due to less blinding (anecdotal evidence
as described by each of our subject),17 giving an
additional benefit concerning imaging compliance in
study environment and/or clinical workup.

Clinical endpoints are inevitable for upcoming
therapeutic trials. RPE atrophy assessed by GAF or
BAF imaging as morphologic surrogate marker for
ABCA4-related retinopathy harbors great potentials
but also constitutes difficult challenges: (1) RPE
atrophy secondary to ABCA4-related retinopathy
presents in a variable manner from irregular hypo-
autofluorescent pattern to well-demarcated uniform
hypoautofluorescent areas. Indeed, some studies
suggested that QDAF may be considered as a
transition state between normal retina and
DDAF.22,36 DDAF and QDAF should therefore be
evaluated separately in order to avoid misinterpreta-
tions.20,30,36 (2) Subjective determinations of the
semiautomated grading bias the results the more
widespread and less demarcated the lesions are.
Hence, QDAF revealed distinctly higher intermodal-
ity as well as interreader variation compared to
DDAF. The different presentation of DDAF and
especially QDAF (i.e., most widespread and multifo-
cal in group 3) might therefore also account for
differences in the three ERG-based groups. Further-
more, the subjective determination mostly affects the
last (i.e., most eccentric) pixels of each lesion,
explaining why both shape-descriptive factors showed
consistently less reliable results compared to lesion
size measurement. This may implicate DDAF lesion
size to be the most accurate available morphologic
surrogate marker in ABCA4-related retinopathy to
date. (3) Ideal clinical endpoints should assess disease
progression prior to irreversible changes, because
treatment-effects may not be observable otherwise.
However, the presence of RPE atrophy signified the
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focal end-stage of ABCA4-related retinopathy disease
progression. As it is thought to occur after the
hitherto unknown point-of no return, changes within
the area of atrophy might be functionally relevant.
Progression rates and treatment effects might there-
fore be assessed by alterations in the surrounding area
including expansion of RPE atrophy. In the knowl-
edge of slower progression rates of RPE-atrophy in
ABCA4-related retinopathy compared to other retinal
degenerations like AMD,15,18,19 lowest grading vari-
ations should be aspired in order to correctly assess
true growth. Depending on our results, we might
therefore recommend the use of DDAF in GAF
imaging. However, there were no significant differ-
ences in interreader agreement compared to BAF-
related grading. Other imaging tools like quantitative
AF visualize earlier pathognomonic alterations (i.e.,
lipofuscin accumulation).10–12 However, the potential
as clinical endpoint cannot finally be evaluated as
longitudinal data are still pending. (4) Since there are
inconsistent reports concerning the correlation of
deep scotomata and the boundaries of RPE atrophy
secondary to ABCA4-related retinopathy,54–57 more
data are still needed. Large prospective multicenter
studies like ProgStar may provide the necessary
assurances that progression of atrophy can be
accepted as an anatomic endpoint to gauge the
functional relevant effects of future treatments.30

Intermodality and interreader variability was
limited in presence of very large lesions by the image
frame (308 3 308) defining the maximum measurable
lesion extent. Using wide-field imaging, the intermo-
dality and interreader variability for large lesions may
therefore possibly be larger. This might especially
affect group 3 eyes as well as QDAF lesions as they
usually are more widespread and eccentric. Further,
we did not obtain OCT imaging, which may be the
most common imaging modality besides AF ap-
proaching RPE atrophy (hypertransmission into
choroid). Yet, previous studies reported that the
agreement of RPE atrophy secondary to AMD was
better for BAF than OCT, most likely due to
hyposcattering of large choroidal vessels that lead to
segmentation artefacts.58 Still, future studies on
innovative technics such as swept-source OCT devices
or adaptive optics are of interest and merit further
investigations.59,60 Small study cohorts are common
as ABCA4-related retinopathy ranks among the rare
retinal diseases. Nevertheless, this is the overall largest
study to provide a systematic investigation of the
interreader and intermodality agreement for semi-

automated grading of RPE atrophy using GAF and
BAF imaging to date.

In conclusion, in this study GAF- and BAF-based
quantification of RPE atrophy secondary ABCA4-
related retinopathy was proven to be reliable. The high
interreader agreement may especially validate DDAF
lesion size as clinical endpoint for future interventional
clinical trials. Both AF modalities showed comparable
results, suggesting a possible advantage of GAF in
terms of less energetic excitation light.
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30. Strauss RW, Ho A, Muñoz B, et al. The natural
history of the progression of atrophy secondary
to Stargardt disease (ProgStar) studies. Ophthal-
mology. 2016;123:817–828.

31. Charbel Issa P, Barnard AR, Herrmann P,
Washington I, MacLaren RE. Rescue of the
Stargardt phenotype in Abca4 knockout mice
through inhibition of vitamin A dimerization.
Proc Natl Acad Sci. 2015;112:8415–8420.

32. Schwartz SD, Hubschman J-P, Heilwell G, et al.
Embryonic stem cell trials for macular degener-
ation: a preliminary report. Lancet. 2012;379:
713–720.

33. Han Z, Conley SM, Naash MI. Gene therapy for
Stargardt disease associated with ABCA4 gene.
Adv Exp Med Biol. 2014;801:719–724.

34. Eisenberger T, Neuhaus C, Khan AO, et al.
Increasing the yield in targeted next-generation
sequencing by implicating CNV analysis, non-
coding exons and the overall variant load: the
example of retinal dystrophies. PLoS One. 2013;
8:e78496.

35. Fujinami K, Lois N, Mukherjee R, et al. A
longitudinal study of Stargardt disease: quantita-
tive assessment of fundus autofluorescence, pro-
gression, and genotype correlations. Invest
Ophthalmol Vis Sci. 2013;54:8181–8190.
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induced apoptosis: differential timing in the retina
and pigment epithelium. Exp Eye Res. 1997;64:
963–970.
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