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Abstract 46 

Purpose 47 

To compare the inter-modality and inter-reader agreement for geographic atrophy 48 

(GA) lesion size quantification in green-light-fundus-autofluorescence- (GAF, 49 

excitation=518nm) versus combined blue-light-fundus-autofluorescence (BAF, 50 

excitation=488nm) and near infrared reflectance- (NIR, 820nm) based grading.  51 

Methods 52 

Confocal-scanning-laser-ophthalmoscopy (cSLO) GAF, BAF and NIR images of 40 53 

eyes from 29 patients (mean age 79.7 years) with GA secondary to age-related 54 

macular degeneration were recorded according to a standardized protocol. GA areas 55 

were analyzed in GAF, BAF combined with NIR (BAF+NIR) or BAF alone, by four 56 

independent readers using a semi-automated software (RegionFinderTM, Heidelberg 57 

Engineering, Heidelberg, Germany). A mixed-effects model was used to assess the 58 

effect of image modality on the measured square-root lesion area. The coefficient-of-59 

repeatability (CR) and intraclass-correlation-coefficient (ICC) were assessed for the 60 

square-root lesion area, lesion perimeter and circularity. 61 

Results 62 

GAF-based measurements were on average 0.062mm (95%CI 0.04–0.08mm) larger 63 

than BAF+NIR-based measurements and 0.077 mm (95% CI 0.06 – 0.10 mm) larger 64 

than BAF-based measurements. Inter-reader agreement was highest for GAF-based 65 

analysis ([CR, ICC] 0.196mm, 0.995) followed by BAF+NIR (0.232mm, 0.992) and 66 

BAF alone (0.263mm, 0.991). The same was noted for the lesion perimeter and 67 

circularity. Post-hoc review revealed that inter-reader differences were associated 68 
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with media-opacification interfering with lesion-boundary-demarcation to a larger 69 

extent in BAF than in GAF.  70 

Conclusions 71 

CSLO-based GAF and combined BAF+NIR imaging with semi-automated lesion 72 

delineation allow for an accurate and reproducible quantification of GA. The slightly 73 

better inter-reader agreement using cSLO GAF suggests that its use may be 74 

preferable in clinical trials examining the change in lesion size as a clinical endpoint.  75 
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Introduction 76 

Geographic atrophy (GA) is the non-neovascular late-stage manifestation of age-77 

related macular degeneration (AMD).1,2 Currently, no approved therapy is available 78 

for GA while multiple interventional clinical trials are ongoing.3 Atrophy of the outer 79 

retina and retinal pigment epithelium (RPE) are characteristic for GA and may also 80 

develop in presence of the neovascular manifestations (choroidal neovascularization 81 

[CNV]) leading to a significant long-term vision loss despite treatment with anti-82 

vascular endothelial growth factor (VEGF) agents.2–4 83 

GA size quantification using blue-light autofluorescence (BAF, excitation 488 nm, 84 

emission 500-700 nm) confocal scanning laser ophthalmoscopy (cSLO) imaging 85 

combined with near-infrared reflectance (NIR, 820 nm) cSLO imaging is the primary 86 

outcome measure in various ongoing clinical trials investigating GA (NCT02247531, 87 

NCT02247479, NCT02087085, http://clinicaltrials.gov). The loss of RPE and its 88 

inherent fluorophores in GA correlates with well-defined areas of decreased 89 

autofluorescence .5,6 Manual, semi-automatic and automatic GA segmentation 90 

methods for BAF images have been described.7–13 The semi-automatic region-91 

growing image analysis approach has been integrated in the RegionFinderTM 92 

software (Heidelberg Engineering, Heidelberg Germany).9–11 Evaluation of the fovea 93 

in foveal-sparing GA with BAF imaging may be challenging, since macular pigment 94 

(lutein, zeaxanthin, and meso-zeaxanthin) absorbs short-wavelength excitation 95 

light.14,15 Thus, automated registration of BAF and NIR images has been 96 

incorporated into the software to allow for semi-automated delineation of the spared 97 

fovea in the NIR image and subsequent semi-automated quantification of GA 98 

areas.11 Further, the so-called ‘shadow correction’ can be used for the assessment of 99 

the fovea in BAF images.  100 

http://clinicaltrials.gov/
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In contrast to BAF imaging, green-light autofluorescence (GAF, excitation 518 nm) 101 

cSLO imaging is not significantly affected by macular pigment due to a lack of 102 

absorption.15 Thus, GAF imaging would probably result in an even more precise 103 

assessment of small, central changes including the differentiation between foveal 104 

atrophy and foveal sparing. Only one previous study has compared BAF to GAF 105 

imaging in GA.14 However, this study did not compare combined BAF+NIR imaging 106 

(as used in currently ongoing clinical trials) to GAF imaging.14 Furthermore, no 107 

manual constraints and no ‘shadow correction’ were used to exclude regions of 108 

foveal sparing from the lesion area measured.14Recently, the lesion perimeter (lesion 109 

circumference) and lesion circularity (the ratio of area to perimeter squared) have 110 

been reported to be prognostic biomarkers for upcoming GA progression (Pfau M, et 111 

al. IOVS 2016;57:ARVO E-Abstract 1613).16 However, no data on the inter-reader 112 

agreement of these biomarkers in GAF, BAF and NIR imaging have so far been 113 

published. 114 

 115 

The aim of this study was to systematically compare the inter-modality and inter-116 

reader agreement for cSLO GAF, cSLO BAF and cSLO BAF + cSLO NIR, 117 

respectively, based on semi-automated delineation of GA in a reading center setting. 118 

We tested the hypothesis that there are no differences in lesion size measurements 119 

among the assessed modalities. Further, we hypothesized that GAF-based grading 120 

exhibits the highest inter-reader agreement for the lesion area, perimeter and 121 

circularity, since fewer manual constraints are necessary with regard to measuring 122 

the foveal region. 123 

124 
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Methods 125 

Patients 126 

Patients were recruited from the prospective longitudinal, natural history DSGA 127 

(Directional Spread in Geographic Atrophy) and cross-sectional SIGHT (Sparing of 128 

the Fovea in Geographic Atrophy Progression) study (NCT02051998 and 129 

NCT02332343, http://clinicaltrials.gov)  130 

The inclusion and exclusion criteria for DSGA have been described previously.17 For 131 

inclusion into SIGHT, the study eye had to show contiguous well-demarcated GA 132 

either in a complete ring around the spared fovea or in a horseshoe pattern. Patients 133 

had to exhibit either uni- or multifocal GA in at least one eye. Exclusion criteria 134 

included any history of retinal surgery, laser photocoagulation, radiation therapy or 135 

other retinal diseases in the study eye as well as eyes with an area of atrophy 136 

exceeding> the 30 ° x 30 ° cSLO image frame. If both eyes of a patient met the 137 

inclusion criteria, both eyes were selected as study eyes.  138 

 139 

Imaging 140 

BAF and NIR images were obtained with a HRA 2 or Spectralis (Heidelberg 141 

Engineering, Heidelberg, Germany) device. BAF images were taken with an 142 

excitation wavelength of 488 nm and an emission spectrum of 500 – 700 nm using 143 

the high speed mode. NIR images were obtained at 820 nm wavelength. Further, 144 

GAF images (GAF excitation 518 nm) were obtained using the Spectralis device. The 145 

field of view was set to 30° x 30° with a resolution of 768 x 768 pixels and was 146 

centered on the fovea. Single BAF, NIR and GAF images were automatically aligned 147 

and averaged (up to 100 single frames) in order to maximize the signal-to-noise ratio 148 

using the manufacturer’s software.  149 

http://clinicaltrials.gov/
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 150 

Grading 151 

The readers (R1, R2, R3 and R4) were trained according to reading center standard 152 

operating procedures (GRADE Reading Center, Bonn, Germany). Measurements of 153 

atrophy areas were performed using the RegionFinderTM software (Heidelberg 154 

Engineering, version 2.6.3) as previously described. Briefly, the readers were asked 155 

to set at least one seeding point inside of each atrophic region by selecting the pixel 156 

with the lowest FAF signal (darkest grey value).10 Thereafter, the readers had to 157 

increase the growth power for each seeding point, which resulted in the inclusion of 158 

adjacent pixels depending on the grey value, until the delineation just exceeded the 159 

lesion boundaries.10 Finally, the growth power had to be decreased by one increment 160 

below this threshold.10 The growth limit function was used if the segmentation 161 

algorithm included the edges of the image frame. Further, retinal vessels or macula 162 

pigment were excluded from the measured lesion area through the automated 163 

‘vessel detection’ and ‘shadow correction’ or by placing manual constraints.10 For 164 

BAF+NIR-grading in foveal sparing, the readers were asked to delineate the spared 165 

fovea in the NIR image semi-automatically prior to semi-automated quantification of 166 

GA areas in the corresponding BAF image.11 Each visit was graded by each reader 167 

with (1.) BAF images only, (2.) BAF+NIR images and (3.) GAF images only. The 168 

grading task was carried out on separate days and in random order. With the 169 

currently available software version combined GAF+NIR-based grading was not 170 

possible. The graded annotated images were transferred to ImageJ (Bethesda, 171 

Maryland, USA) to measure the (cumulative) lesion circularity and (cumulative) lesion 172 

perimeter using a custom-built plug-in (Pfau M, et al. IOVS 2016;57:ARVO E-173 

Abstract 1613).16 Further, eyes were classified into foveal atrophy, extrafoveal 174 
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atrophy and foveal sparing according to the extent of GA in/near the fovea. Foveal 175 

sparing was defined as an intact, residual foveal island being surrounded by more 176 

than 270° of well-demarcated GA-areas .11 177 

 178 

Outcome measures and statistical analyses 179 

Statistical analyses were performed using the software environment R.18 Area 180 

measurements were square-root transformed to obtain normally distributed data. A 181 

mixed-effects model considering imaging modality as fixed effect (GAF vs. BAF+NIR 182 

vs. BAF) and visit as well as reader as random effects was used to assess whether 183 

measured lesion size is dependent on the image modality. For each imaging modality 184 

(GAF, BAF+NIR and BAF) the intraclass correlation coefficient (ICC, two-way 185 

random, absolute agreement), the 95% coefficient of repeatability (CR) and the 186 

coefficient of variation (CV) were determined.19,20 Moreover, the ICC, CR and CV 187 

were also determined for the perimeter and circularity measurements. For 188 

visualization, Bland-Altman graphs were plotted. Spearman's rank correlation 189 

coefficient (ρ) was calculated between the absolute differences and the mean values 190 

to determine whether measurement variability increases with lesion size.20  191 

192 
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Results 193 

Cohort characteristics 194 

A total of 40 visits of 40 eyes from 29 patients (age [mean ± SD] 79.7 ± 6.2 years, 20 195 

female) with GA secondary to AMD were included and graded (Figure 1). Foveal 196 

sparing was present in 22 out of 40 (55%) of these eyes. Out of the 40 eyes 31 197 

(77%) were pseudophakic (Table 1, Figure 2).  198 

 199 

Lesion size in dependence of grading modality 200 

A mixed-effects model considering reader and visit as random effects disclosed that 201 

the grading modality (GAF vs. BAF+NIR vs. BAF) significantly affected lesion size 202 

measurements (χ2(2)=55.257, p<0.001). Hereby, the square-root lesion area was on 203 

average 0.062 mm (95% CI 0.04 – 0.08 mm) larger for GAF- based measurements 204 

than for BAF+NIR-based measurements. Similarly, GAF-based measurements were 205 

on average larger by 0.077 mm (95% CI 0.06 – 0.10 mm) than BAF-based 206 

measurements. There were no significant differences in the square-root lesion areas 207 

between BAF- and BAF-IR- based measurements (0.01 mm; 95% CI -0.01 – 0.04 208 

mm). 209 

 210 

The differences between the measurements were plotted against their respective 211 

mean value (Bland-Altman plots) for graphical analysis (Figure 3). To assess whether 212 

measurement variability increased with lesion size, the Spearman's rank correlation 213 

coefficient (ρ) for absolute differences and mean values was calculated. It indicated 214 

for GAF- vs. BAF+NIR- (ρ= 0.195, p=0.23), for GAF- vs. BAF- (ρ=-0.172, p=0.29) and 215 

for BAF+NIR- vs. BAF- (ρ=-0.148, p=0.36) based measurements that lesion size did 216 

not significantly affect the inter-modality variability (Figure 3). In line with the mixed-217 

effects model, the mean differences of the Bland-Altman plots indicated that GAF-218 
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based measurements were larger than BAF+NIR- (0.062 mm) or BAF- (0.077 mm) 219 

based measurements (Figure 3). 220 

 221 

Since this difference between GAF- and BAF+NIR- or BAF-based grading was 222 

largely caused by 5 visits from 5 eyes (Figure 3), a detailed post hoc analysis of the 223 

images was carried out. The eye with the greatest GAF-BAF discrepancy is shown in 224 

Figure 4. The 84-year-old, pseudophakic, female patient presented with posterior 225 

capsular opacification. The contrast of the lesion as compared to the background 226 

signal was higher for the GAF than the BAF image. Especially the temporal lesion 227 

boundary was better demarcated in the GAF image. Since readers were instructed to 228 

increase the growth power of each seed until the defined area exceeded the lesion 229 

boundaries, the measurements tended to be slightly larger for the GAF images. In 230 

the BAF grading, the readers had to stop increasing the growth power prematurely 231 

due to low contrast segments of the lesion boundary. Further, some foci of 232 

questionably decreased autofluorescence (especially at the nasal margin of the 233 

lesion) were only visible in the GAF image (Figure 4). Figure 5 shows another eye 234 

with very low inter-modality agreement. Both, the GAF and BAF image did not allow 235 

for an accurate delineation of the lesion, whereas the lesion boundaries were 236 

clearcut in the NIR image. The assessment of foveal atrophy also resulted in some 237 

inter-reader differences. As shown in Figure 2, foveal GA foci can have a similar 238 

appearance compared to macular pigment in BAF images. This led to omission of 239 

foveal GA foci in some BAF based measurements or to an incorrect grading taking 240 

macular pigment for atrophy. 241 

 242 

Inter-reader agreement for lesion size measurements 243 
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The CR (i.e. the value below which the difference between two measurements will lie 244 

with a probability of 0.95) for the square-root area was 0.196 mm for the GAF-based 245 

grading, 0.232 mm for the BAF+NIR-based grading and 0.263 mm for the BAF-based 246 

grading. Likewise, the CV (2.87% for GAF, 3.49% for BAF+NIR, 3.98% for BAF) and 247 

ICC (0.995 for GAF, 0.992 for BAF+NIR, 0.991 for BAF), which take into account the 248 

underlying lesion size, indicated that GAF-based grading has the highest inter-reader 249 

agreement (Table 2). 250 

The highest inter-reader variability was observed for BAF-based measurements in 251 

the subset of eyes with foveal sparing (CR of 0.274 mm) followed by the BAF-based 252 

measurements in the subset of eyes without foveal sparing (CR of 0.263 mm). In 253 

contrast, in BAF+NIR-based measurements (CR of 0.218 [foveal sparing] and 0.248 254 

[non foveal sparing]) and GAF-based measurements (CR of 0.175 [foveal sparing] 255 

and 0.211 [non foveal sparing]), the inter-reader variability was lower in eyes with 256 

foveal sparing as compared to eyes without foveal sparing. 257 

 258 

Inter-reader agreement for lesion circularity and perimeter 259 

Despite equal lesion area measurements, the actual underlying delineations may 260 

differ, since minor grading differences seem to balance out. Therefore, the lesion 261 

perimeter (cumulative circumference) and lesion circularity were analyzed with 262 

regard to inter-reader reliability, as these lesion shapedescriptive factors are more 263 

susceptible to small differences of the actual underlying delineations. For the 264 

perimeter, the GAF-based grading (CR=3.92 mm; CV=6.94%; ICC=0.983) exhibited 265 

the highest inter-reader agreement followed by the BAF+NIR-based grading 266 

(CR=5.04 mm; CV=9.03%; ICC=0.972) and BAF-based grading (CR=5.25 mm; 267 

CV=9.69%; ICC=0.971). Likewise, GAF-based grading exhibited the best inter-reader 268 

agreement for lesion circularity (Table 3). 269 
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 270 

Major sources of inter-reader disagreement regarding perimeter and circularity were 271 

the extent of foveal involvement for BAF-based grading as exemplified in Figure 2. 272 

The foveal involvement was difficult to assess using only BAF due to macular 273 

pigment interference. Even with the shadow correction tool, which partially allowed 274 

for assessment of foveal involvement, the delineation of the spared fovea differed 275 

among readers because manual constraints had to be used. In contrast, BAF+NIR 276 

imaging allowed for an accurate recognition of foveal sparing - however, (semi-277 

automated) constraints had to be used to delineate the boundary of the spared fovea. 278 

In GAF-based grading, the least amount of constraints had to be used as illustrated 279 

in Figure 1. Generally, the use of constraints for BAF, BAF+NIR and GAF 280 

delineations, which was necessary for GA measurements in some eyes, appeared to 281 

be associated with a lower inter-reader agreement. Thus, GAF-based measurements 282 

relied mostly on the semi-automatically identified boundaries and were least 283 

dependent on manual or semi-automated constraint placements resulting in the 284 

highest inter-reader agreement. 285 

  286 
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Discussion 287 

This study demonstrates that GAF and BAF+NIR imaging allow for an accurate and 288 

reproducible quantification of GA lesions, and, therefore qualify as measurement 289 

tools for clinical trials testing the efficacy of interventions aiming at a slowing down of 290 

GA progression. Hereby, GAF based quantification exhibited the best inter-reader 291 

agreement. BAF-based measurements also resulted in an excellent inter-reader 292 

agreement. Yet, the inter-reader agreement was markedly lower than those obtained 293 

from GAF or BAF+NIR imaging – especially when measuring circularity and 294 

perimeter. Besides, GAF-based lesion size measurements tended to be minimally 295 

larger than BAF+NIR- (or BAF-) based measurements.  296 

To date only one study compared BAF vs. GAF imaging in GA.14 However, this study 297 

did not compare GAF-based grading to BAF+NIR-based grading, which serves as 298 

primary outcome measure in currently ongoing phase II and III trials (NCT02247531, 299 

NCT02247479, NCT02087085).10,11,14 Further, the authors concluded that lesion 300 

sizes in BAF images were larger than in GAF images because of centrally decreased 301 

blue-light autofluorescence due to macular pigment.14 However, it is conceivable that 302 

the newer version of the RegionFinderTM software with ‘shadow correction’ and 303 

manual constraints excludes more precisely regions of foveal sparing from the 304 

measured lesion area.14 Indeed, in our study, there was no relevant mean difference 305 

between BAF+NIR- and BAF-based grading. The fact that GAF-based grading 306 

resulted in minimally larger lesion size measurements than BAF- or BAF+NIR-based 307 

grading is most likely attributable to the minimally sharper contrast at lesion 308 

boundaries in a subset of GAF images. The readers were asked to set seeding 309 

points inside of atrophic regions, then to increase the growth power until the 310 

delineation exceeded the lesion boundaries and finally to decrease the growth power 311 
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by one increment below this threshold.10 Sharper lesion boundaries allowed for a 312 

greater increase of the growth power, while ill-defined lesion boundaries forced 313 

readers to restrict the growth power prematurely and to use manual constraints. 314 

The underlying reason for the higher contrast in GAF as compared to BAF images 315 

could be partially attributed to the aging crystalline lens (23% of the included eyes 316 

were phakic) reducing the transmission of short-wavelength light.21 Other media 317 

opacities including posterior capsular opacification and vitreous floaters appeared to 318 

affect the quality of BAF images more severely than that of GAF images. In addition, 319 

GAF images were more often in perfect focus than BAF images. Usually, the focus is 320 

initially adjusted in the NIR mode (for patient comfort) and then quickly re-adjusted 321 

for chromatic aberration after switching to the GAF or BAF mode. Since the optimal 322 

focus for GAF is closer to the focus of NIR, re-adjustment is easier for GAF imaging. 323 

Finally, patients tend to blink less (patient comfort) during GAF than BAF imaging, 324 

which facilitates the acquisition of high-quality images.  325 

BAF-based grading in eyes with foveal sparing exhibited the highest inter-reader 326 

variability in this study. BAF+NIR-based grading, which allowed for a semi-automatic 327 

delineation of the residual foveal island in NIR-images, resulted in a better inter-328 

reader agreement as compared to BAF-based grading underscoring the importance 329 

of semi-automation of the grading process.11 The highest inter-reader agreement was 330 

observed for GAF images that required the least constraints highlighting the 331 

importance of semi-automatic versus manual delineation for the inter-reader 332 

agreement. Especially in clinical trials, it is crucial to maximize the inter-reader 333 

agreement, since effect sizes are dependent on the underlying measurement 334 

variability.20 Thus, inter-reader agreement affects directly sample size determination.  335 
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Further studies will be needed to compare GAF imaging to other image modalities. 336 

The recently published Classification of Atrophy Meeting [CAM]–consensus 337 

recommended the use of color fundus photography (CFP), BAF, NIR and optical 338 

coherence tomography (OCT) in studies with GA.22 The inter-reader agreement of 339 

these modalities has been assessed previously and reported to be high in a number 340 

of studies (ICC values ranging from 0.95 [for CFP] to 0.99 [for BAF and OCT]).10,23–28 341 

However, the ICC was commonly reported as only outcome measure. It is difficult to 342 

compare the ICC across different study cohorts, since it is dependent on the variance 343 

of the trait (i.e. lesion size) within the cohort.19 Addition of a small number of eyes 344 

with either very large or very small GA lesions would result in markedly improved ICC 345 

values irrespective of the underlying image modality or grading method. The CR as 346 

recommended by Bland and Altman was used in our study because it is independent 347 

of the average lesion size and may be compared to different study cohorts in a more 348 

meaningful manner.20 With the advent of faster spectral domain and swept source 349 

OCT devices, OCT imaging appears to be a potential alternative to BAF or GAF 350 

imaging in the setting of GA.26 Typically, OCT-based segmentation methods rely on 351 

en face fundus or sub-RPE projection images that depict so-called hyper-352 

transmission into the choroid in regions of GA.13,26,29 Hereby, large choroidal vessels 353 

are typically hyposcattering and may result in segmentation artifacts.13 Thus, future 354 

studies should evaluate automated OCT-based segmentation in comparison to BAF 355 

or GAF images as the latter usually depict a higher contrast than OCT images.13 356 

Noteworthy, one previous study reported that the agreement between automatically- 357 

and manually-defined GA regions was better for BAF than OCT images.13 358 

Finally, GAF imaging tended to be more comfortable for patients than BAF imaging 359 

(anecdotal evidence). Furthermore, in ABCA4-associated retinopathy, there is some 360 

controversy with regard to BAF imaging as it was speculated that it may accelerate 361 
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accumulation of A2E and, thus, induce apoptosis in RPE cells with particularly high 362 

levels of A2E as observed in Abcr-knockout mice and cell culture, respectively.30–34 363 

Although, up to date there is no evidence of phototoxic effects in humans, both, in 364 

absence or presence of retinal diseases, Cideciyan and associates have proposed to 365 

apply reduced-illuminance BAF imaging to reduce light exposure, and, thus, to 366 

reduce a potential risk for adverse effects.33 Noteworthy, in cultured human RPE cells 367 

with internalized A2E, illumination with green-light was shown to result in 368 

substantially fewer non-viable cells as compared to illumination with blue-light.31 369 

Based on these results obtained by ex-vivo analysis and in animal models, it may be 370 

speculated that GAF imaging might be safer in patients with RPE atrophy (especially 371 

in association with ABCA4-associated retinopathy). 372 

Limitations of this study must be considered. First, the current version of the 373 

RegionFinderTM software does not allow for combined GAF+NIR grading. Potentially, 374 

combined GAF+NIR grading would further increase the inter-reader reliability in a 375 

subset of patients (cf., Figure 5). Second, the grading of the three modalities was 376 

performed by all readers in random order and on separate days. However, it cannot 377 

be fully excluded that readers re-recognized eyes. Third, OCT imaging which is the 378 

most promising image modality besides BAF and GAF imaging in GA was not 379 

included in this study. 380 

In summary, this study demonstrated that GAF and combined BAF+NIR imaging 381 

allow for reliable assessment of lesion size and shape in GA secondary to AMD, both 382 

clinically and particularly in clinical studies. Hereby, GAF based quantification 383 

exhibits higher inter-reader agreement. Since media-opacification appears to 384 

interfere with lesion-demarcation more strongly in BAF than in GAF, minor 385 
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differences in lesion size measurements between the different analysis approaches 386 

must be considered.  387 
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Figures 513 

Figure 1. Exemplary grading report 514 

The exemplary annotated images were based on blue-light autofluorescence (A) and 515 

green-light autofluorescence (B) images of a 71-year-old, pseudophakic male 516 

patient. While no manual constraints had to be used for the delineation of the GA 517 

lesion in the green-light autofluorescence (B) image, the reader had to use manual 518 

constraints (red lines) towards the fovea in the blue-light autofluorescence (A) image 519 

due to macular pigment interference. 520 

 521 

522 
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Figure 2. Atrophy border in close proximity to the fovea 523 

The upper row (A, B, C) shows the blue-light autofluorescence (BAF), the near 524 

infrared reflectance (NIR) and the green-light autofluorescence (GAF) images of an 525 

81-year-old, female patient with cataract. The contrast of the GA lesion against the 526 

background is higher for the GAF image as compared to the BAF image. The lower 527 

row (D, E, F) shows the images of a 79-year-old, pseudophakic, male patient. Overall 528 

the contrast of the GA lesion against the background is similar for the BAF and GAF 529 

images. However, based on the BAF image, it is challenging to determine whether 530 

the central spot with decreased autofluorescence represents atrophy or macular 531 

pigment (D, green arrow). The NIR and GAF images facilitate accurate grading and 532 

demonstrate that the spot indeed represents atrophy. 533 

  534 
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 535 

Figure 3. Bland-Altmann graphs for the inter-modality agreement 536 

The Bland-Altmann graphs show the measurement differences for the square-root 537 

lesion area of two modalities (y-axis) against their mean (x-axis). The solid line 538 

indicates the mean difference and the dashed lines indicate the 95% limits of 539 

agreement. Green-light autofluorescence- (GAF) based grading resulted on average 540 

in larger measurements as compared to combined blue-light autofluorescence with 541 

near infrared reflectance- (BAF+NIR) based grading and/or BAF-based grading (A, 542 

B) as indicated by the mean differences of -0.062 mm (BAF+NIR vs. GAF) and -543 

0.077 mm (BAF vs. GAF). BAF- compared to combined BAF+NIR- based grading 544 

exhibited no relevant mean difference (C).  545 
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Figure 4. Green- versus blue-light autofluorescence 546 

The blue-light autofluorescence (BAF) and the green-light autofluorescence (GAF) 547 

images of this 84-year-old, pseudophakic, female patient with posterior capsular 548 

opacification exhibited the greatest discrepancies. At location 1 (green box 1), the 549 

GAF images show atrophy while no distinct patch of decreased autofluorescence can 550 

seen in the BAF image (D1). Overall, the contrast at the temporal lesion boundary is 551 

markedly higher in the GAF than the BAF image and the near infrared reflectance 552 

(NIR) image. Towards the optic disc, multiple foci of questionably decreased 553 

autofluorescence are seen in the GAF image. These are not visible in the BAF image 554 

(D2).  555 

556 
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Figure 5. Near infrared reflectance versus autofluorescence imaging 557 

The green-light (GAF) and blue-light (BAF) autofluorescence images of this 92-year-558 

old, female patient with cataract are markedly different when compared to the near 559 

infrared reflectance (NIR) image. While the NIR image corresponds to the area of 560 

hyper-transmission in optical coherence tomography (D), the GAF and BAF images 561 

depict larger areas of decreased autofluorescence. The eye exhibited multiple 562 

features of age-related macular degeneration (AMD) including hyper-pigmentary 563 

changes, reticular pseudodrusen (subretinal drusenoid deposits) and soft drusen. 564 

However, the marked tessellated fundus appearance (in conjunction with pronounced 565 

choroidal thinning and obliteration of the choroid in proximity to the β-zone of the 566 

peripapillary atrophy) could be indicative of so-called age-related choroidal atrophy.35 567 

It could be argued that the eye should have been excluded from the analysis. 568 

However, eyes with GA lesions that are difficult to segment also be considered for 569 

real-world clinical trials.  570 
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Figure 6. Bland-Altmann graphs for inter-reader agreement 571 

The Bland-Altmann graphs show the measurement differences for the square-root 572 

lesion area of two readers (y-axis) against their mean (x-axis). The solid line 573 

indicates the mean difference and the dashed lines indicate the 95% limits of 574 

agreement. The rows show the pairs of readers. The columns show the image 575 

modality (blue-light autofluorescence [BAF], near infrared reflectance [NIR], green-576 

light autofluorescence [GAF]). There were no relevant systematic mean differences 577 

between the readers. Please note, the inter-reader variability was lowest for all pairs 578 

of readers of GAF-based measurements. Further, the measurement variability did not 579 

depend on the measurement value.  580 
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Tables 581 

 582 

Table 1. Demographic data of all patients 583 

Mean age ± SD (range) in years  79.73 ± 6.18 (67.7 – 92.2) 

Sex, n (%)  

 Male 9 (31) 

 Female 20 (69) 

Lens status, n (%)  

 Phakic 9 (23) 

 Pseudophakic 31 (77) 

Mean GA area ± SD in mm2 6.81 ± 5.13 

Foveal involvement, n (%)  

 Foveal atrophy 6 (15) 

 Foveal sparing* 22 (55) 

 Extrafoveal atrophy 12 (30) 

 584 

* Foveal sparing was defined as an intact, residual foveal island being surrounded by 585 

more than 270° of well-demarcated GA-areas.11 586 

  587 
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Table 2. Inter-reader agreement for square-root lesion area 588 

 

Coefficient of 
repeatability 

(in mm) 

Coefficient of 
variation 

(in %) 
ICC 

GAF 0.196 2.87 0.995 (0.99 – 0.997) 

BAF+NIR 0.232 3.49 0.992 (0.988 – 0.996) 

BAF 0.263 3.98 0.991 (0.985 – 0.995) 

  589 
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Table 3. Inter-reader agreement for lesion circularity and lesion perimeter 590 

 

Grading 
modality 

Coefficient of 
repeatability  

Coefficient 
of variation 

(in %) 
ICC 

Circularity GAF 0.035 21 0.9 (0.843 – 0.941) 

 BAF+NIR 0.040 24 0.87 (0.801 – 0.922) 

 BAF 0.044 24.9 0.85 (0.772 – 0.909) 

Perimeter GAF 3.92 mm 6.94 0.983 (0.971 – 0.99) 

 BAF+NIR 5.04 mm 9.03 0.972 (0.955 – 0.984) 

 BAF 5.25 mm 9.69 0.971 (0.951 – 0.984) 

 591 


