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Abstract

Purpose: In macula-wide analyses, spectral domain optical coherence tomography (SDOCT) 

features such as drusen volume, hyperreflective foci and OCT-reflective drusen substructures 

independently predict onset of geographic atrophy (GA) secondary to age-related macular 

degeneration (AMD). We sought to identify SDOCT features in the location of new GA prior 

to its onset.

Design: Retrospective study

Subjects: Age-Related Eye Disease Study 2 Ancillary SDOCT Study Participants

Methods: We analyzed longitudinally-captured SDOCT and color photographs from 488 eyes (of 

488 participants) with intermediate AMD at baseline. Sixty-two eyes with sufficient image quality 

demonstrated new onset GA on color photographs during study years two through seven. The area 

of new onset GA and one size-matched control region in the same eye were separately segmented 

and corresponding spatial volumes on registered SDOCT images at the GA incident year, and 

at two, three, and four years prior were defined. Differences in SDOCT features between paired 

precursor regions were evaluated through matched-pairs analyses.
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Main outcome measure: Localized SDOCT features two years prior to GA onset

Results: Compared to paired control regions, GA precursor regions at two, three and four 

years prior (n=54, 33 and 25, respectively) had greater drusen volume (p=0.01, p=0.003 and 

p=0.003 respectively). At two and three years prior to GA onset, they were associated with the 

presence of hypertransmission (p<0.001 and p=0.03), hyperreflective foci (p<0.001 and p=0.045), 

OCT-reflective drusen substructures (p=0.004 and p=0.03), and loss/disruption of: photoreceptor 

zone, ellipsoid zone, and retinal pigment epithelium (two-year p<0.001 and three-year p=0.005–

0.045). At four years prior, precursor regions were associated with photoreceptor zone thinning 

(p=0.007) and interdigitation zone loss (p=0.045).

Conclusions: Evolution to GA is heralded by early local photoreceptor changes and drusen 

accumulation, detectable 4 years prior to GA. These precede other anatomical heralds such as RPE 

changes and drusen substructure emergence detectable 1–2 years prior to GA. This study thus 

identifies earlier endpoints for GA as potential therapeutic targets in clinical trials.

Precis

Localized SDOCT-based features preceding onset of geographic atrophy in age-related macular 

degeneration are greater drusen volume, disruption of outer retinal layers, hyperreflective foci 

above drusen and OCT-reflective substructures within drusen.

Geographic atrophy (GA) is a hallmark feature of late nonexudative age-related macular 

degeneration (AMD), the leading cause of irreversible blindness in adults over the age 

of 65 in developed countries.1–3 Structural biomarkers that can improve the prediction of 

progression to GA will be useful in identifying patients at risk for vision loss from AMD.4

Precursors to GA on color photographs (CP) have been previously reported. In a 15-year 

population based prospective study, Klein et al. described localized changes in the retina 

prior to new onset of GA as large drusen and hyperpigmentation, followed by drusen 

regression and hypopigmentation, then by GA.5 In another retrospective cohort study 

of 89 eyes, most cases of GA (84%) formed in areas previously occupied by drusen.6 

Specifically, 35% were preceded by soft confluent drusen, 33% by drusenoid pigment 

epithelial detachments, 12% by calcified drusen, and 4% by a combination of drusen types 

in multifocal GA.6 However, evaluation of detailed retinal features that precede GA beyond 

drusen and pigmentation is limited on CP. Furthermore, precise measurement of drusen 

volume and rate of change is not possible on CP.

Spectral domain optical coherence tomography (SDOCT) provides reflectance-based cross­

sectional visualization of drusen and retinal structures at high (<5 μm) axial resolution.7 

In macula-wide assessments, several groups including ours have reported features on 

SDOCT, such as drusen area, drusen volume, subfoveal choroidal thickness, outer retinal 

tubulation, hyperreflective foci (HRF), subretinal drusenoid deposits and OCT-reflective 

drusen substructures (ODS), that predict progression to GA or enlargement of GA.8–17 We 

were interested to investigate a larger repertoire of SDOCT features that may focally precede 

development of GA and sought to quantify these features. We hypothesized that abnormally 

high or low drusen volumes, SDOCT features of HRF and ODS, as well as disruption in the 

photoreceptor and RPE layers may confer risk of localized GA progression. In this study, 
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we evaluate the range of features and the timeline of their onset on SDOCT as they focally 

precede new onset GA in intermediate AMD eyes from the prospective Age Related Eye 

Disease Study 2 (AREDS2) Ancillary SDOCT Study.

METHODS

Participants were AMD patients enrolled in the prospective, interventional Age-Related Eye 

Disease Study 2 (AREDS2, ClinicalTrials.gov identifier NCT00345176) and consented to 

participate in the AREDS2 Ancillary SDOCT Study (A2A SDOCT Study, ClinicalTrials.gov 

identifier NCT00734487). The study was approved by the Institutional Review Board (IRB) 

at each of 4 clinical sites. Informed written consent was obtained prior to enrollment 

from each study participant, and the research protocol followed tenets of human research 

as presented in the Declaration of Helsinki. Data were collected, stored, and managed in 

compliance with Health Insurance Portability and Accountability Act guidelines.

Study Design and Procedures

The A2A SDOCT study design was described previously.18 Participating sites recruited 

349 participants between 50 and 85 years of age with at least one eye with large drusen 

without central GA or AREDS2-determined choroidal neovascularization. At baseline and 

each annual study visit, each participant had AREDS2 CPs and A2A SDOCT Study imaging 

(100 SDOCT B-scans with 1000 A-Scans per B-scan across a 6.7 by 6.7 mm region) 

using the Bioptigen Tabletop SD-OCT system (Research Triangle Park, NC). Areas of GA 

were determined on CP by two graders (MVP and EML, arbitrated by CAT in cases of 

disagreement), using the Wisconsin Reading Center GA definition of “an area of partial or 

complete depigmentation of the RPE within the macula that is circular ≥433 μm in diameter, 

with at least two of the following three features: roughly round or oval in shape, sharp 

margins, and visible underlying choroidal vessels.”19

At the time of baseline imaging in the A2A Study, 33 participants were excluded for 

bilateral advanced AMD on SDOCT. Among the 488 eligible eyes from the remaining 316 

participants, 411 eyes had no GA at baseline and were therefore determined at risk of 

developing GA during the follow-up years. Eighty-three eyes developed new onset GA in 

follow-up years; 10 were excluded because they were from participants already contributing 

a study eye (right eye arbitrarily chosen) and 11 were excluded for poor SDOCT scan 

quality, leaving 62 eyes of 62 participants analyzed in this study (Figure 1). We did not 

differentiate between patients who were in the intervention vs. sham group in the original 

AREDS2 study.

Within eyes with new onset GA, graders used the proprietary software Duke OCT Retinal 

Analysis Program (DOCTRAP) Version 61.4.2 (MATLAB R2012a, Mathworks, Natick, 

Massachusetts) to mark regions of interest (ROI) on the CP. The GA ROI was a circular area 

of diameter adequate to encircle the margin of an individual region of new onset GA, one 

per eye. In the same eye, a circular control ROI of equal diameter and approximate distance 

from the foveal center, which could contain drusen, pigmentation, and/or normal-appearing 

retina but not GA, was marked for comparison. The choice between multiple possible 

control regions that fulfilled these criteria was arbitrary, though the furthest possible region 
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from the GA area was prioritized. Using the DOCTRAP software, each GA and control ROI 

pair was registered from CP to the corresponding location on SDOCT at GA incident year 

t, and then from SDOCT year onto the corresponding location at years t − 2, t − 3, and 

t − 4. Manual marking of the foveal center and optic nerve head on CP was required for 

image registration. Two years prior to GA onset (t − 2) was our primary timepoint. Upon 

completion of the analysis, we recognized that one year prior to GA and incident year of GA 

would also be valuable, and therefore added year t − 1 and year t to the retinal layer volume 

analysis.

The SDOCT scans through each GA precursor and matched control ROI were evaluated 

by a grader masked to the ROI designation and year of the visit. Among the outcomes 

measured were the following retinal volume measurements: RPE Drusen Complex (RPEDC) 

volume (defined as combined volume of drusen and RPE) volume, RPEDC Abnormal 

Thickening volume, RPEDC Abnormal Thinning (RAT) volume, Neurosensory Retinal 

(NSR) volume.12,13,20 The outcomes measured also included the following SDOCT features 

of the retina and RPE: RPE Elevation, external limiting membrane disruption, photoreceptor 

zone thinning, ellipsoid zone loss/disruption, interdigitation zone loss/disruption, RPE layer 

loss/disruption, hypertransmission,21 vitreomacular traction/epiretinal membrane, cystoid 

spaces, subretinal fluid, subretinal or intraretinal lesion (individual lesion types reported 

separately in results section), Hyperreflective Foci (HRF), and OCT-reflective Drusen 

Substructures (ODS). These study outcomes are detailed in Table 1.12,13,20,22,23 The results 

for each GA precursor ROI were compared to those in its corresponding control ROI at the 

same precursor year. For individual ROIs whose limits extended beyond the 5 mm diameter 

macular region, we calculated partial retinal volumes for the portion of the ROI that was 

within bounds. Similarly, for the qualitative grading of AMD-related features of the retina 

and RPE, ROIs whose limits extended beyond the 6.7×6.7mm SDOCT scanning field under 

consideration were graded in partiality for any portion of the region within bounds.

Data Analysis

At each precursor year, we compared continuous and categorical outcomes within GA 

ROIs to those within paired control ROIs. Retinal volume measurements were continuous 

outcomes and were standardized by dividing by the ROI area (which varied across each 

GA-control pair). Continuous outcomes were compared using the Wilcoxon Signed Rank 

Test for matched pairs. Categorical variables were AMD-disease features primarily graded 

as present or absent and were compared using the Bowker’s Test for matched pairs.

RESULTS

Sixty-two eyes had new onset GA on CP and corresponding SDOCT volumes at GA 

incident year. ROI diameters ranged from 0.41 mm to 3.78 mm (mean 1.07 ± 0.59 mm). At 

precursor years t − 1, t − 2, t − 3 and t − 4, there were 53, 54, 33 and 25 eyes, respectively, 

with one GA and one corresponding control ROI registered per SDOCT volume.
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Two-Year Precursor Regions

Analysis of precursor regions with respect to future GA presence or absence is shown 

in Table 2. Regions two years prior to GA onset were associated with higher RPEDC 

volume (mean: 0.0381 mm3 GA vs. 0.0320 mm3 No GA, p=0.01), but not with RPEDC 

Abnormal Thickening, RAT, or NSR volumes. Two-year GA precursor regions were also 

associated with photoreceptor zone thinning (66.7% GA vs. 24.1% No GA, p<0.001), 

ellipsoid zone loss (98.2% GA vs. 77.8% No GA, p<0.001), RPE layer loss (98.2% GA 

vs. 42.6% No GA, p<0.001), hypertransmission (68.5% vs. 20.4%, p<0.001), and a trend 

toward external limiting membrane disruption (95.6% GA vs. 84.4% No GA, p=0.059). 

Though a paired statistical analysis could not be conducted due to asymmetric data, 2-year 

GA precursor regions had a higher proportion of RPE elevation (100% GA vs. 81.5% 

No GA), interdigitation zone loss (100% GA vs. 94.0% No GA), and subretinal fluid 

(7.4% GA vs. 0.0% No GA). Interestingly, 2-year precursor regions were associated with 

a lower proportion of subretinal lesions (9.3% GA vs. 27.8% No GA, p=0.004), which 

were predominantly subretinal drusenoid deposits in the control group (Table 3). With 

regard to special SDOCT features, 2-year GA precursor regions were associated with HRF 

(55.6% GA vs. 20.4% No GA, p<0.001) and ODS (31.8% GA vs. 4.6% No GA, p=0.003). 

While we report photoreceptor zone thinning, RPE layer loss, and hypertransmission as 

binary variables, these outcomes were also given rank scores to provide a more detailed 

characterization of these features (Table 4).

Three-Year Precursor Regions

Regions three years prior to GA onset (Table 2) were associated with higher RPEDC 

volume (mean: 0.0408 mm3 GA vs. 0.0319 mm3 No GA, p=0.003), but not with greater 

RPEDC Abnormal Thickening, RAT, or NSR volumes. Three-year GA precursor regions 

were also associated with RPE elevation (i.e. drusen or pigment epithelial detachments, 

97.0% GA vs. 84.9% No GA, p=0.045), external limiting membrane disruption (95.5% 

GA vs. 77.3% No GA, p=0.045), photoreceptor zone thinning (54.6% GA vs. 27.3% No 

GA, p=0.01), ellipsoid zone loss (90.6% GA vs. 65.6% No GA, p=0.01), RPE layer loss 

(81.8% vs. 42.4%, p=0.005), and hypertransmission (48.5% GA vs. 24.2% No GA). Though 

a paired statistical analysis could not be conducted due to asymmetrical data, 3-year GA 

precursor regions had a higher proportion of subretinal fluid (6.1% GA vs. 0.0% No GA). 

Additionally, 3-year GA precursor regions were associated with a higher proportion of 

cystoid spaces (25.0% GA vs. 6.3% No GA, p=0.03), which were found as single, isolated 

features in each region (Table 3). With regard to special SDOCT features, 3-year GA 

precursor regions were associated with HRF (42.4% GA vs. 18.2% No GA, p=0.045) and 

with ODS (21.4% GA vs. 3.6% No GA, p=0.03). Rank scores were also compared between 

3-year GA precursor regions versus control regions (Table 4).

Four-Year Precursor Regions

Regions four years prior to GA onset (Table 2) were associated with higher RPEDC volume 

(mean: 0.0482 mm3 GA vs. 0.0388 mm3 No GA, p=0.003), higher RPEDC Abnormal 

Thickening volume (mean: 0.5470 mm3 GA vs. 0.0378 mm3 No GA, p=0.02), and lower 

RAT volume (mean: 0.6000 mm3 GA vs. 1.270 mm3 No GA, p=0.04), but not with 
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difference in NSR. Four-year GA precursor regions were also associated with photoreceptor 

zone thinning (48.0% GA vs. 12.0% No GA, p=0.003) and interdigitation zone loss (96.0% 

GA vs. 80.0% No GA, p=0.045). The 4-year GA precursor regions had a higher proportion 

of RPE elevation (100% GA vs. 84.0% No GA) and subretinal fluid (4.2% GA vs. 0.0% No 

GA). With regard to special SDOCT features, 4-year GA precursor regions were associated 

with a trend towards higher proportion of HRF (44.0% GA vs. 20.0% No GA, p=0.058), but 

no longer associated with ODS. Rank scores between 4-year GA precursor regions versus 

control regions are reported in Table 4.

One-Year Precursor and Incident Year Regions (Post Hoc Analysis)

Though mean RPEDC volume decreased as regions approached new onset GA, the observed 

pattern of persistently thick RPEDC even two years prior to GA elicited questions about the 

transition point of drusen collapse into area of atrophy. This prompted a post-hoc analysis 

of continuous variables alone, in regions one year prior to and at the year of new onset GA 

(Table 5). The results indicate that mean RPEDC volume is lower in one year compared 

to two year GA precursor regions (mean: 0.0367 mm3 vs. 0.0381 mm3, respectively). The 

difference in mean RPEDC volume in GA compared to paired control regions was no longer 

statistically significant (mean: 0.0367 mm3 GA vs. 0.0350 mm3 No GA, p=0.08). At GA 

incident year, the mean RPEDC volume was the same as that in the one year precursor 

regions (mean: 0.0367 mm3); however, the standard deviation was considerably higher 

(SD 0.03 vs 0.01). The mean RPEDC volume of GA regions again did not demonstrate a 

statistically significant difference compared to paired control regions (mean: 0.0367 mm3 

GA vs. 0.0323 mm3 No GA, p=0.83). Additionally at GA incident year, although volumes 

of RAT increased in regions with and without GA, the GA regions were associated with 

higher RAT volume (mean: 0.9316 mm3 GA vs. 0.8643 mm3 No GA, p=0.03) and lower 

NSR volume (mean: 0.2403 mm3 GA vs. 0.2497 mm3 No GA, p=0.02) when compared to 

the non-GA regions.

Change in Retinal Layer Volume Measurements Across All Study Years

Retinal Pigment Epithelial Drusen Complex (RPEDC) Volume—Figures 2a-b 

provide a graphical representation of the dynamic changes in RPEDC volume across study 

years. In Figure 2a, we show the mean of RPEDC volume in GA vs. control regions at 

each study year. Please note the two lines are not for statistical comparison, as this study 

is a paired analysis of individual values for GA and control regions. Mean RPEDC volume 

was higher in GA regions than in control regions at all precursor years (except t − 1) and 

at GA incident year (year t). In GA regions alone, mean RPEDC volume downtrended as 

eyes progressed from year t − 4 to t − 1 and was relatively stable from year t − 1 to year of 

GA incidence. Mean RPEDC volume in control regions demonstrated an initial downtrend, 

then was stable until year of incident GA except at year t − 1 when it transiently increased. 

Of note, the standard deviation in GA regions was high relative to control regions at GA 

incident year. In Figure 2b, we plotted the mean of the differences in RPEDC volume 

between each GA and control region pair (GA minus control) at each study year. At year t 

− 4, the difference was positive and relatively large; this decreased until year t − 1 and then 

increased at GA incident year.
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RPEDC Abnormal Thinning (RAT) Volume—Figures 2c-d provide a graphical 

representation of the dynamic changes in RAT volume across study years. In Figure 2c, 

we compared the mean of RAT in GA vs. control regions at each study year. Mean RAT is 

higher in control regions than in GA regions at all precursor years, though relatively equal 

at GA incident year (year t). In GA regions alone, mean RAT increased as eyes progressed 

from year t − 4 to year of GA incidence. Mean RAT in control regions demonstrated 

fluctuations throughout precursor years, though an overall downtrend to year t. In Figure 2d, 

we plotted the mean of the differences in RAT between each GA and control region pair 

(GA minus control) at each study year. The magnitude of difference was largest at years t − 

3, when the control regions were significantly thinner than GA regions.

RPEDC Abnormal Thickening Volume—Figures 2e-f provide a graphical 

representation of the dynamic changes in RPEDC Abnormal Thickening volume across 

study years. In Figure 2e, we compared the mean of RPEDC Abnormal Thickening volume 

in GA vs. control regions at each study year. Mean RPEDC Abnormal Thickening volume 

in GA regions alone demonstrated dynamic changes, with transient upward spikes at year t 

− 3 and GA incident year (year t). Relatively, mean RPEDC Abnormal Thickening volume 

in control regions were stably low. Of note, GA regions demonstrated a large standard 

deviation at year t − 3 and especially at GA incident year. In Figure 2f, we plotted the mean 

of the differences in RPEDC Abnormal Thickening volumes between each GA and control 

region pair (GA minus control) at each study year. The value fluctuated with the largest 

differences in year t − 3 and GA incident year.

Neurosensory Retinal (NSR) Volume—Figures 2g-h provide a graphical representation 

of the dynamic changes in NSR volume across study years. In Figure 2g, we compared 

the mean of NSR volume in GA vs. control regions at each study year. Mean NSR was 

higher in control regions than in GA regions at all years, including GA incident year (year 

t). In GA regions alone, mean NSR downtrended as eyes progressed from year t − 4 to 

t − 1, when it uptrended before falling at year of GA incidence. Mean NSR in control 

regions demonstrated a similar trend. In Figure 2h, we plotted the mean of the differences in 

NSR between each GA and control region pair (GA minus control) at each study year. The 

difference between paired regions was largest at year t − 1 and GA incident year.

DISCUSSION

We investigated a large selection of independent SDOCT features as localized precursors 

to new onset GA across a large population. Higher RPEDC volume preceded new onset 

GA across all precursor years. In the post hoc analysis, though not statistically significant, 

mean RPEDC volume continued to be higher in GA regions one year prior to GA onset 

and at GA incident year. The latter demonstrates that higher RPEDC volumes may co-exist 

with onset of GA, as opposed to demonstrating complete collapse. Furthermore, at GA 

incident year, though the mean RPEDC volume in GA regions had stabilized, their standard 

deviation was significantly larger. This may indicate a dynamic, highly variable drusen 

landscape that occurs in regions of new GA onset. Interestingly, though not statistically 

significant at every year, RAT volume (defined as volume of RPEDC abnormal thinning 

≤2 SD from the mean of a normative dataset for each pixel location in non-AMD eyes ) 
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was higher in control regions than in GA regions at all precursor years, which may indicate 

that abnormal thinning is not a localized but a generalized change in GA-destined eyes. 

RAT volume was significantly higher in GA regions compared to control regions at GA 

incident year. The volume of RPEDC Abnormal Thickening (defined as volume of RPEDC 

abnormal thickening ≥3 SD from the mean of a normative dataset for each pixel location 

in non-AMD eyes) were not significantly different in GA versus control regions, except 

at year − 4 when RPEDC Abnormal Thickening volume was higher in GA regions. The 

RPEDC Abnormal Thickening volume in GA regions demonstrated significant fluctuation 

in mean values throughout precursor years, compared to relative stability in control regions, 

indicating a highly tumultuous RPE environment. RPEDC Abnormal Thickening volume 

was also notably higher in GA regions compared to control regions at GA incident year, 

and with a large standard deviation, indicating co-existence of RPE thickening and thinning 

in regions of GA. Figure 3 demonstrates the findings of RPEDC thickening and thinning 

on color photograph, SDOCT, and SDOCT-derived thickness maps. Lastly, NSR volume 

was consistently lower in GA regions compared to paired control regions, though this 

was only significant at the GA incident year. Taken together with the other retinal layer 

volume measurements, this highlights that while GA and GA precursor regions consistently 

demonstrate progressive thinning of the neurosensory retina, measurement of RPE abnormal 

thinning and thickening in these regions are highly variable and largely co-existent. 

The dynamism in RPE volumes is supported by prior histopathological studies which 

demonstrate rounding, stacking, and anterior migration of the RPE layer and thickening 

of basal laminar deposits in pre-GA regions.24–29

The external limiting membrane, photoreceptor zone, ellipsoid zone, interdigitation zone 

and RPE were all disrupted, lost, or thinned two years prior to GA onset, with associated 

increase in choroidal signal, compared to control regions. At three years prior to GA onset, 

we found that all of the retinal layer associations, except interdigitation zone loss, persisted. 

At four years prior to GA onset, photoreceptor zone thinning and interdigitation zone loss 

were significant. The progressive loss of retinal layers across precursor years demonstrates 

a plausible order in deterioration of layers as a retina region develops GA: first, the area 

begins to lose the photoreceptor zone and interdigitation zone, followed by loss of the 

external limiting membrane, ellipsoid zone and RPE, and with hypertransmission as a later 

finding.

With regard to other OCT features, 3-year precursor regions had a higher proportion of 

cystoid spaces. These cystoid spaces were found as single, isolated entities in each region. 

We speculate that these “holes” are retinal pseudocysts, described in a previous study as 

empty spaces with no obvious wall, frequently within the inner nuclear layer and not 

associated with vitreoretinal traction, macular edema, or choroidal neovascularization.30 The 

study reported the presence of pseudocysts in a cross-sectional analysis of eyes with GA, 

and it is conceivable that these features appear at an earlier stage prior to localized onset 

of GA, as we have found. It has been speculated that retinal pseudocysts correspond to 

early loss of Muller cells and/or degenerative gliosis in atrophy pathogenesis.30,31 Two-year 

precursor regions also had a higher proportion of cystoid spaces though the difference was 

no longer statistically significant. We speculate that this is because the early changes in 

Muller cells has transitioned to more severe loss and atrophy at this stage. Additionally, 2­
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year precursor regions interestingly had a lower proportion of subretinal lesions than control 

regions in the same eye. The majority of the subretinal lesions were subretinal drusenoid 

deposit (Table 5). Several studies have demonstrated an association between subretinal 

drusenoid deposit and both forms of late-stage AMD, neovascular and atrophic.32–34 Our 

findings show a relatively large number of subretinal drusenoid deposits in both GA and 

control regions, indicating that they may be a macula-wide feature of pre-GA eyes rather 

than a regional one. In contrast, Marsiglia et al. demonstrated a spatial association between 

GA and reticular pseudrusen; specifically, incipient GA progressed significantly more often 

towards areas previously manifesting subretinal drusenoid deposit.35 Further studies are 

needed to determine whether subretinal drusenoid deposit may have a consistent localized 

effect on progression to GA.

Lastly, with regard to special OCT features, 2- and 3-year precursor regions had a higher 

proportion of both ODS and HRF. Neither were significant in 4-year precursors regions, 

though HRF demonstrated a trend. As corroborated by our previous studies and others, HRF 

and ODS are highly predictive of progression to GA.13,14,36 This analysis shows further that 

they occur in the region of GA, and at a time point two to three years prior to the onset of 

GA.

While conventionally characterized on CP, localized precursors to GA have also been 

studied on fundus autofluorescence and microperimetry. 37–47 More recently, there has been 

heightened investigation of localized precursors to GA on SDOCT.21,48 Guymer et al has 

shown in several studies that nascent GA, which is defined as the subsidence of the outer 

plexiform layer and inner nuclear layer and development of a hyporeflective wedge-shaped 

band within the limits of the outer plexiform layer, is a strong predictor for development of 

GA.49,50 In other studies based on SDOCT, heterogenous internal reflectivity of a drusenoid 

lesion and hyperreflective foci were found to be predictive of local atrophy onset, similar to 

the findings in our study. 16,36,51,52

Study limitations included fewer number of regions in earlier precursor years. Additionally, 

due to our custom image registration program, we were required to use ROIs that were 

circular in shape and therefore could not trace the exact contour of GA in this study. This 

also disallowed us to comment on the size of incident GA. Some ROIs were partial due 

to the 6.7×6.7mm limitation of the SDOCT scanning field; thus, some features present 

out-of-bounds may have been missed. Lastly, registration of ROIs from CP to OCT, and 

subsequently from OCT incident year to OCT precursor year, may have introduced error 

due to varying orientations of SDOCT volumes for the same subject across different years, 

location limitations due to fixed B-scan increments, and manual marking of foveae and optic 

nerve heads (required for image registration) on CPs. A broader limitation of the study was 

that our patients were selected from the aggregate group of AREDS2 participants; we did 

not differentiate between patients who included the interventional vs. sham groups of the 

original study. Therefore, it is possible that the natural history of the disease was altered in 

those participants who were in the intervention group designated to receive the AREDS2 

supplement.
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Prior studies by our group demonstrated several macula-wide features that predict 

progression to GA.12–14 Sleiman et al. created a GA risk assessment model based on the 

features we identified: hyperreflective foci, RPE layer atrophy/absence, choroid thickness 

in the absence of subretinal drusenoid deposits, photoreceptor outer segment loss, RPEDC 

volume, and RAT volume.53 Similarly, Lei et al. created an OCT-based scoring system based 

on four OCT features (drusen volume, intraretinal hyperreflective foci, hyporeflective foci 

within a drusenoid lesion, and subretinal drusen deposits) to predict progression to atrophy 

and late AMD.15 Our present study, in contrast, has shown that many of these features 

occur in the specific region of atrophy itself. It is important to note, however, that these 

associations are relative rather than absolute. While the significant SDOCT features in this 

study are associated with GA onset, they may not be necessary for an area to progress to 

GA. An area without these features may progress to GA. Similarly, as evidenced by some 

features being present in control regions as well, an area with these features can fail to 

progress to GA. Without evidence of how many other areas in the eye had these features and 

what percentage of them progressed to GA, the specific predictive value of these features 

cannot be determined with the data presented in this study. Lastly, since no one feature 

was exclusive to GA precursor regions, the individual value of each feature in predicting 

progression to atrophy is limited. The overall message in the present study is that areas that 

progressed to atrophy more often had a collection of these specific OCT features compared 

to areas that did not.

These localized changes likely correspond to biologically active sites in atrophy 

pathogenesis, as described in several prior studies by Curcio et al.26–28 Results of this 

group’s studies suggest RPE layer thickening due to cellular dysmorphia and thick basal 

laminar deposits as precursors to the GA.24,25 It is plausible that our findings of thickened 

RPEDC volume in GA precursor regions is correlated with these histopathologic findings. 

However, we understand that a limitation of this study is our inability to definitively 

correlate SDOCT findings with histology. Broadly speaking, further studies are needed 

to address the disconnect between OCT nomenclature and a cellular understanding of 

disease. In the present study, the co-existence of RPEDC thickening and thinning in regions 

progressing to GA suggests an early anatomic endpoint for late stage atrophic AMD. A 

correlation between these features on SDOCT and the molecular pathogenesis of AMD may 

help us identify therapeutic targets for GA.
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Appendix

*Age Related Eye Disease Study 2 (AREDS2) Ancillary SDOCT Study Group includes 

the following: Cynthia A. Toth,1,2 Wai Wong,3 Thomas Hwang,4 G. Baker Hubbard,5 

Sunil Srivastava,5,6 Michelle McCall,1 Katrina Winter,1 Neeru Sarin,1 Katherine Hall,3 Patti 

McCollum,4 Linda Curtis,5 Stefanie Schuman,1 Stephanie J. Chiu,1 Sina Farsiu,1 Vincent 

Tai,1 Monica Sevilla,1 Christopher Harrington,1 Randall Gunther,1 Du Tran-Viet,1 Francisco 

Folgar,1 Eric Yuan,1 Traci Clemons,7 Molly Harrington,7 Emily Chew3,8

1Duke Eye Center, 2AREDS2 Ancillary SDOCT Study Chair, 3National Eye Institute, 
4Devers Eye Center, 5Emory Eye Center, 6Cole Eye Institute, 7The Emmes Corporation, 
8AREDS2 Chair

Abbreviations/Acroynyms:

GA geographic atrophy

OCT optical coherence tomography

SDOCT spectral domain optical coherence tomography

RPE retinal pigment epithelium

CP color photograph

AMD age-related macular degeneration

AREDS2 Age-Related Eye Disease Study 2

ROI region of interest

RPEDC retinal pigment epithelium drusen complex

RAT RPEDC abnormal thinning

NSR neurosensory retina

OPL outer plexiform layer

HRF hyperreflective foci

ODS OCT-reflective drusen substructures
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Figure 1. 
Flowchart on subset of participants from Age-Related Eye Disease Study 2 (AREDS2) 

enrolled in the present study. This study included 62 eyes of 62 participants with new onset 

geographic atrophy (GA).
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Figure 2. 
a-b. Graphical representation of mean and mean of differences between geographic atrophy 

and control regions (GA – Control) with respect to retinal pigment epithelium drusen 

complex (RPEDC) volume across all study years.

c-d. Graphical representation of mean and mean of differences between geographic atrophy 

and control regions with respect to RPEDC abnormal thinning (RAT) volume across all 

study years.

e-f. Graphical representation of mean and mean of differences between geographic atrophy 

and control regions with respect to RPEDC Abnormal Thickening volume across all study 

years.

g-h. Graphical representation of mean and mean of differences between geographic atrophy 

and control regions with respect to neurosensory retinal (NSR) volume across all study 

years.

Note: The 2 lines were not statistically compared because the individual values were paired.
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Figure 3. 
Color photographs (CP), spectral domain optical coherence tomography (SDOCT) B-scans 

at the site of the green line on CP, and SDOCT-derived retinal pigment epithelium drusen 

complex (RPEDC) thickness maps for the 5 mm diameter macular region, at year of new 

onset geographic atrophy (GA) (bottom row) and at one (first row from bottom), two 

(second row from bottom), three (third row from bottom) and four (fourth row from 
bottom) years prior to new onset of GA for a single study eye. On thickness maps, the 

dark gray areas designate RPEDC which is in the normal range of thickness in contrast to 

red and orange tones which designate areas of RPEDC Abnormal Thickening volume and 

blue tones which designate RPEDC Abnormal Thinning (RAT) volume.12 The region of 

interest (ROI) containing new onset GA is shown on the CP and SDOCT-derived thickness 

map at GA incident year (white circles, bottom row) and project to the white lines on 

the B-scan. The white circles in the rows above track the locations of this ROI at one, 

two, three, and four years prior to new onset GA. (The control ROI is shown as a gray 

circle on the CP in the bottom row and as a tracked location in the rows above; however 

these ROIs are not projected onto the B-scans or thickness maps). The ROI containing 

new onset GA correspond to atrophic changes on the CP (increased visibility of choroidal 

vessels, sharp edges, roughly circular shape, depigmentation), B-scan (loss of photoreceptor 

zone and RPE, hypertransmission), and thickness map (blue tone). The 3-year, 2-year and 

1-year precursor regions correspond to drusen on CP; drusen, progressive thinning/loss of 

the external limiting membrane, photoreceptor zone, ellipsoid zone, interdigitation zone, 

and RPE, as well as hypertransmission on B-scan; thickened drusen on the thickness map. 

The 4-year precursor region is similar on the CP and thickness map; on B-scan, drusen, 

early thinning/loss of the photoreceptor zone, ellipsoid zone, interdigitation zone, and RPE 
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is apparent. Note the OCT-reflective drusen substructure (conical debris subtype, indicated 

with a red arrow) on the 3-year precursor B-scan, which collapses into an atrophic region in 

the 2-year precursor B scan. Adjacent to this atrophic region on the 2-year precursor B scan, 

there is a new OCT-reflective drusen substructure (conical debris subtype, also indicated 

with a red arrow).
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