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Abstract
Objective—To define quantitative indicators for the presence of intermediate age-related
macular degeneration (AMD) via spectral-domain optical coherence tomography (SD-OCT)
imaging of older adults.

Design—Evaluation of diagnostic test and technology.

Participants and Controls—One eye from 115 elderly subjects without AMD and 269
subjects with intermediate AMD from the Age-Related Eye Disease Study 2 (AREDS2) Ancillary
SD-OCT Study.

Methods—We semiautomatically delineated the retinal pigment epithelium (RPE) and RPE
drusen complex (RPEDC, the axial distance from the apex of the drusen and RPE layer to Bruch's
membrane) and total retina (TR, the axial distance between the inner limiting and Bruch's
membranes) boundaries. We registered and averaged the thickness maps from control subjects to
generate a map of “normal” non-AMD thickness. We considered RPEDC thicknesses larger or
smaller than 3 standard deviations from the mean as abnormal, indicating drusen or geographic
atrophy (GA), respectively. We measured TR volumes, RPEDC volumes, and abnormal RPEDC
thickening and thinning volumes for each subject. By using different combinations of these 4
disease indicators, we designed 5 automated classifiers for the presence of AMD on the basis of
the generalized linear model regression framework. We trained and evaluated the performance of
these classifiers using the leave-one-out method.
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Main Outcome Measures—The range and topographic distribution of the RPEDC and TR
thicknesses in a 5-mm diameter cylinder centered at the fovea.

Results—The most efficient method for separating AMD and control eyes required all 4 disease
indicators. The area under the curve (AUC) of the receiver operating characteristic (ROC) for this
classifier was >0.99. Overall neurosensory retinal thickening in eyes with AMD versus control
eyes in our study contrasts with previous smaller studies.

Conclusions—We identified and validated efficient biometrics to distinguish AMD from
normal eyes by analyzing the topographic distribution of normal and abnormal RPEDC
thicknesses across a large atlas of eyes. We created an online atlas to share the 38 400 SD-OCT
images in this study, their corresponding segmentations, and quantitative measurements.

Financial Disclosure(s)—Proprietary or commercial disclosure may be found after the
references.

Age-related macular degeneration (AMD) is the leading cause of irreversible blindness in
elderly Americans.1 To investigate the location and pattern of microanatomic retinal and
subretinal changes early in the disease process, several large-scale longitudinal studies using
in vivo spectral-domain optical coherence tomography (SD-OCT) are under way. In
comparison with the classic en face color fundus photograph, the cross-sectional view of the
retina from SD-OCT should better characterize the vitreoretinal interface, retina, geographic
atrophy (GA), retinal pigment epithelium (RPE), and drusen in eyes with non-neovascular
AMD.2–4 Drusen area and pigmentary abnormalities as seen on color fundus photographs
are measures of disease severity and predict the likelihood of progression to advanced
AMD.5–8 In SD-OCT, AMD disease severity is likely to be determined from quantification
of drusen3,9,10 and GA.11,12 Although eyes with later stages of intermediate AMD
containing excess drusen or non-central GA are easy to distinguish from normal eyes, it is
time-consuming to review multiple scans to identify distinguishing features especially when
they are sparse and minimal as in early disease. This is primarily due to the gradual changes
of the RPE toward GA (an abnormally thin RPE) or drusen (an abnormally thick RPE).

There have been several excellent reports on the average retinal layer thicknesses (including
the RPE) for different retinal diseases measured on SD-OCT images,13–15 and Pappuru et
al16 correlated outer retinal layer thicknesses and visual acuity in 100 eyes with non-
neovascular AMD. Our prospective study on 384 subjects is by far the largest quantitative
SD-OCT study conducted on RPE thickness and its abnormalities. In this article, we sought
efficient biometrics to detect eyes with intermediate non-neovascular AMD as seen on SD-
OCT and differentiate them from elderly control eyes, using the dataset from the Age-
Related Eye Disease Study 2 (AREDS2) Ancillary SD-OCT (A2A SD-OCT) Study. This
prospective, multicenter, multi-year, randomized trial is designed to determine whether early
AMD features quantified on SD-OCT can be used to predict vision loss and progression to
advanced disease. We sought the normal range and topography for retinal and RPE
measurements in both groups to relate findings from this study to measurements used in
previous AMD studies17 and large-scale clinical trials.18,19 The main goals of our article are
to demonstrate the location-specific normal range and distribution of the RPE and RPE
drusen complex (RPEDC, the axial distance from the apex of the drusen and RPE layer to
Bruch's membrane) and total retina (TR, the axial distance between the inner limiting and
Bruch's membranes) thicknesses within a 5-mm circle centered at the fovea and to
demonstrate the effectiveness of a novel method that uses these maps to distinguish normal
eyes from those with intermediate AMD.
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Methods
Dataset

For this study, we used the dataset from the A2A SD-OCT Study, which was registered at
ClinicalTrials.gov (Identifier: NCT00734487) and approved by the institutional review
boards of the 4 A2A SD-OCT clinics (Devers Eye Institute, Duke Eye Center, Emory Eye
Center, and National Eye Institute). With adherence to the tenets of the Declaration of
Helsinki, informed consent was obtained from all subjects.

The AREDS2 and A2A SD-OCT Study design and protocol for grading fundus photographs
(AREDS2) and SD-OCT images (A2A SD-OCT) have been described.20,21 In brief, subjects
who met the following inclusion criteria were enrolled: between 50 and 85 years of age,
exhibiting intermediate AMD with large drusen (>125 μm) in both eyes or large drusen in 1
eligible eye and advanced AMD in the fellow eye, with no history of vitreoretinal surgery or
ophthalmologic disease that might affect acuity in either eye. Age-appropriate control
subjects were enrolled with the same inclusion criteria as for AREDS2 except that they must
have had no evidence of macular drusen or AMD in either eye at the baseline visit or in the
follow-up years. Stereoscopic color fundus photograph pairs were taken at the baseline visit
as part of the AREDS2 protocol20 and then graded by certified readers at the Wisconsin
Fundus Photography Reading Center (University of Wisconsin, Madison, WI). For our
study, eyes assigned a Wisconsin drusen area score of “cannot grade” (drusen area was only
partially visible for the field under consideration, such as when an obscuring lesion or poor
photographic quality did not permit a reasonably confident assessment of drusen) at the
Wisconsin Center were excluded.

The SD-OCT imaging systems from Bioptigen, Inc (Research Triangle Park, NC), located at
the 4 clinic sites, were used to acquire volumetric rectangular (~6.7 × ~6.7 mm) scans as
previously published.21 To summarize, for all subjects, 0° and 90° rectangular volumes
centered at the fovea (defined as volumes acquired with the fast scan direction oriented
horizontally and vertically, respectively) with 1000 A-scans per B-scan and 100 B-scans per
volume were captured for both eyes. In the A2A SD-OCT Study, of the 345 participants
with AMD, 314 had at least 1 eye with intermediate AMD, and of the 122 control subjects
without AMD, 119 had no eye disease at baseline.21 From these, 1 eligible eye of each
subject had been randomly selected as the study eye as detailed by Leuschen et al.21 Eye
length was not measured. Certified SD-OCT readers assessed the scan quality for each
volume.21 For this study, we selected the 0° volumes by default, and any poor-quality (as
assessed by graders) 0° volumes were replaced by a 90° volume from the same visit; if both
scan volumes were poor, then the eye was excluded altogether. The excluded eyes were
mainly those that contained blank or extremely low-quality images due to blinks or imaging
errors or those volumes that exhibited significant eye motion or loss of fixation during
image acquisition. Thus, in this study, we analyzed 269 of the 314 eyes with intermediate
AMD and 115 of the 119 control (normal) eyes.

Quantitative Measurements
We isolated the RPEDC according to its definition and marking guidelines outlined in our
previous publication.22 This was accomplished by delineating the inner aspect of the RPE
plus drusen material and the outer aspect of Bruch's membrane. Thus, for macular SD-OCT
datasets with non-neovascular AMD, the RPEDC volume contained all drusen material
(including subretinal drusenoid deposits), whether above or below the RPE, and contained
all RPE material, whether normal or atrophied (an indicator of GA).
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We also delineated the inner aspect of the inner limiting membrane (ILM) to obtain the TR
volume (between the ILM and the inner aspect of Bruch's membrane) and neurosensory
retinal (NSR, from the ILM to the inner aspect of RPEDC) (Fig 1) volume.

Analysis Software
We imported all images into a custom program, the Duke OCT Retinal Analysis Program
(DOCTRAP), based in MATLAB (The MathWorks Inc, Natick, MA). The core algorithm of
this software is based on the generalized graph theory and dynamic programming
framework.23 DOCTRAP has the capability to automatically delineate retinal layer
boundaries for normal, AMD, and diabetic eyes22,23 in SD-OCT images. It also features a
graphical user interface (GUI) that allows for the manual correction of possible errors in the
automatic segmentation. We performed all other routine image processing and statistical
analysis processes using native functions in MATLAB.

Image Analysis Process
We delineated the boundaries of the RPEDC and TR regions for all eyes in 2 steps. First, we
used DOCTRAP (version 14.1.2) to automatically segment the target retinal layer
boundaries in both the normal patients and patients with AMD.22 Second, all SD-OCT
images were reviewed for possible manual correction after automated segmentation. We
used DOCTRAP's GUI for manual correction of possible segmentation errors by graders
certified by the Duke Advanced Research in Spectral Domain OCT Imaging laboratory, and
the location of the fovea was manually marked on its corresponding B-scan using a separate
GUI feature. The SD-OCT graders did not know which eyes were designated as AMD or
control on the basis of color fundus examination. We then used the accurate layer boundary
positions to generate RPEDC and TR thickness maps 100 × 1000 pixels in size and
interpolated these maps to 1001 × 1001 pixels to achieve equivalent resolutions in both en
face (X-Y) directions. Thickness values were converted from pixels to microns according to
axial resolutions specified in Table 1 of our recent publication.22

Next, we rotated all 384 thickness maps such that they were oriented with the superior retina
on top and the nasal retina to the right. Thickness maps were then registered (aligned)
according to the fovea. We limited our analysis to a 5-mm diameter cylinder centered at the
fovea to exclude parapapillary atrophy from the analysis and to avoid eliminating eyes from
the study because of “partial maps.” Representative thickness maps for control subjects and
subjects with AMD are illustrated in Figure 2.

For control and AMD eyes, we generated mean and standard deviation thickness maps for
the RPEDC (controls, Fig 3A, B; AMD, Fig 3C, D) and TR (controls, Fig 4A, B; AMD, Fig
4C, D, available at http://aaojournal.org). We created control upper and lower limit
thickness maps for the RPEDC (Fig 3E, F) and TR (Fig 4E, F, available at http://
aaojournal.org) that represent the bounds for “normal” RPEDC or TR thickness. The control
upper limit map was generated by adding 3 control standard deviation maps to a control
mean map, and the control lower limit map was generated by subtracting 3 control standard
deviation maps from a control mean map. For all thickness maps, we deemed thicknesses
outside 3 control standard deviations from the control mean as abnormally thick or thin, that
is, indicative of drusen or GA, respectively. We calculated an abnormal thickness score
(μm3) for each eye by (1) creating a difference map, defined as the individual thickness map
subtracted by the control upper limit map; (2) setting all negative difference values to zero;
and (3) summing all values on the difference map. We repeated these steps to generate an
abnormal thinness score (μm3) for each eye, with the difference map defined as the control
lower limit map subtracted from the individual thickness map. These abnormality scores
correspond to the total volumes of excess thickness and thinness, respectively.
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Statistical Analysis
We used the abnormality scores to blindly classify the eyes from our dataset into subjects
with AMD and control subjects. Our automated classifier was based on the generalized
linear model regression,24 as implemented by the MATLAB function glmfit.m, considering
the binomial distribution in the learning phase and logistic regression parameters for the
evaluation phase. We relied on the “leave-one-out” approach (a special case of the cross-
validation method) to optimally use our dataset.25 That is, we left 1 of the 384 eyes out of
our training dataset and used this eye to validate the classification performance. We iterated
this approach for all eyes in the dataset to not bias our estimated classification performance
with respect to any particular datum.

We compared the performance of 5 different methods: method 1, classifying eyes using only
TR volume as the predicting element for each eye; method 2, using only RPEDC volume;
method 3, using only the abnormal RPEDC thickness score; method 4, using abnormal
RPEDC thickness and thinness scores as the elements of a [2 × 1] prediction vector for each
eye; and method 5, using TR and RPEDC volumes and abnormal RPEDC thickness and
thinness scores as the elements of a [4 × 1] prediction vector for each eye. We generated the
receiver operating characteristic (ROC) curve26 for each classification method and used the
area under curve (AUC) of the ROC to compare classification performances.27 To obtain the
best classification results for each method, the prediction vector biomarkers (e.g., RPEDC
thickness, thinness score) were calculated on the basis of a set of cylinders with diameters
between 0.2 and 5 mm with step size of 0.1 mm centered at the fovea. For each method, we
chose the prediction vectors from the cylinder diameter that produced the highest AUC
value.

Results
Comparison of Thickness Maps in Control Subjects and Subjects with Age-Related
Macular Degeneration

The age range of the normal subjects was 51 to 83 years (mean, 66.6 years), and the age
range of the subjects with AMD was 51 to 87 years (mean, 74.6 years). Figure 5 shows the
mean and standard deviation of the TR and RPEDC thicknesses as a function of the distance
from the fovea. For control subjects, the RPEDC and TR were thickest at 0.5 mm (33.0±4.3
μm thickness) and 1.00 mm (317.0±19.3 μm) distances from the fovea, respectively. Of
note, the control eyes exhibited a statistical difference when comparing the RPEDC
thickness at the fovea (30.7±5.7 μm) with the maximum RPEDC thickness (Wilcoxon rank-
sum test, P < 0.0001). For subjects with AMD, the RPEDC thickness was maximum at the
fovea (56.3±48.4 μm) and decreased monotonically as a function of distance from the fovea.
Also in AMD eyes, the TR was at a 0.97 mm maximum distance from the fovea (329.5±33.7
μm). The RPEDC and TR thicknesses were on average significantly higher in the AMD eyes
compared with control eyes (e.g., RPEDC thickness was 35.08±11.8 μm in AMD eyes vs.
28.3±3.8 μm in control eyes at 1.5 mm away from the fovea, Wilcoxon rank-sum test, P <
0.0001).

However, the AMD and control thicknesses are largely overlapping for both the RPEDC and
TR (Fig 5). To better justify this claim, the histograms in Figure 6 (available at http://
aaojournal.org) show that (unlike other biomarkers) a simple thresholding of abnormal
RPEDC thickness score could correctly separate most subjects into the control and AMD
groups.

Figure 7 shows probability maps of abnormal thickening and thinning for the TR and
RPEDC in control and AMD eyes. For example, a probability of 22% on the abnormally
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thick RPEDC map for AMD eyes (Fig 7D) suggests that 0.22×269≈59 eyes have an
abnormally thick RPEDC at that location on the map. Figure 7D also shows that an
abnormally thick RPEDC was more likely near the fovea. As expected, abnormalities in the
TR thickening maps (Fig 7A, C) were less likely than in the RPEDC thickening maps (Fig
7B, D), making them inefficient metrics for distinguishing between control and AMD eyes.

For completeness, Figure 8 shows the mean NSR thickness for control and AMD eyes.
However, because NSR measurements are linearly dependent on the RPEDC and TR data,
we did not use the NSR for classification purposes in this article.

Using Thickness Maps to Distinguish Subjects with Age-Related Macular Degeneration
from Control Subjects

We used the 5 noted classification methods to distinguish AMD eyes from control eyes.
Figure 9 compares the AUC for these classification methods as a function of the analysis
cylinder radius centered at the fovea (Fig 9A) and their corresponding ROC curves at the
most efficient radius (Fig 9B). More specifically, the best AUC was 0.6843 for method 1
(using TR volume), 0.7801 for method 2 (using RPEDC volume), 0.9856 for method 3
(using the abnormal RPEDC thickness score), 0.9861 for method 4 (using abnormal RPEDC
thickness and thinness scores), and 0.9917 for method 5 (using TR and RPEDC volumes
plus abnormal RPEDC thickness and thinness scores). For methods 1 to 5, these AUC
values were achieved when their corresponding prediction vectors were estimated from data
limited to 4-mm, 1.4-mm, 2.4-mm, 2.1-mm, and 2.4-mm radius cylinders centered at the
fovea, respectively.

Discussion
Analyzing the topographic distribution of normal and abnormal RPEDC and TR thicknesses
across a large atlas of eyes allowed us to identify and validate quantitative biomarkers
capable of distinguishing AMD from control eyes with a high accuracy. The best AUCs
were achieved by the methods that used the abnormal RPEDC scores (methods 3–5). The
model with the best performance used all imaging biomarkers (method 5); however, the
abnormal RPEDC thickness score (method 3) was the single most discriminative biomarker
of intermediate AMD (Fig 9).

We did not assess imaging biomarker combinations other than the 5 methods described,
because method 5 achieved nearly optimal classification based on this dataset. To support
this conclusion, we note that 2 of the 269 subjects with AMD had an abnormal RPEDC
thickness and thinness scores of zero, whereas RPEDC abnormalities were occasionally
present in control eyes. We reviewed SD-OCT images from these subjects and noted only
slight abnormalities in their RPEDC thicknesses (Fig 10A, B, available at http://
aaojournal.org). In contrast, Figure 10C (available at http://aaojournal.org) shows an even
more prominent RPEDC abnormality found in a control subject without macular drusen
detected on color fundus photographs. These findings exemplify the main limitation of this
study, in which the gold standard for classifying subjects into control and AMD eyes was
determined by fundus examination and color fundus photography, despite its known
shortcomings.3 To avoid biasing results in favor of our proposed methodology, subjects
misclassified by the gold standard method were not excluded from the study. Fortunately,
such cases were rare (Fig 7A, B, E, F).

Quantitative biometry of the macula, RPE, and drusen represents a paradigm shift in the
diagnosis and classification of nonadvanced AMD. For more than a decade, the AREDS
classification system of color photographs has been the gold standard for AMD grading and
risk stratification.28 However, the classification of intermediate and advanced AMD and
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treatment algorithms for neovascular advanced AMD are being revisited with SD-OCT
imaging,21,29 and several recent studies have described confounding errors with color
photograph classification of intermediate AMD.3,21 We recently described how presumed
hyperpigmented RPE changes and hypopigmented atrophic changes actually have multiple
causes detected by SD-OCT that include intraretinal RPE migration, hyper-reflective drusen
cores, small cuticular drusen, subretinal fibrosis, and focal RPE atrophy.30 More relevant to
this report, we previously showed an improvement in the delineation of soft drusen size with
SD-OCT over conventional color photography.3 The advantages of SD-OCT have been
further validated by elegant studies of drusen morphology31 and drusen volume
analysis.32–34

Our validation of the novel RPEDC segmentation method presents several improvements
over previous studies of volumetric drusen analysis. We have tried to overcome several
limitations of measuring drusen thickness that were presented by Yehoshua et al.33 We
measure drusen volume from the RPE-photoreceptor interface to the RPE floor,
corresponding to the inner border of Bruch's membrane. This method captures pathology
such as sub-retinal drusenoid deposits that may be missed by other drusen-specific
methods.33 We did not implement a threshold for ignoring RPEDC thickness less than 10
pixels thick. Although designed to reduce spurious noise, these thresholds ignore small
formations such as basal laminar drusen, underestimate the cumulative drusen volume in the
region of interest, and fail to accurately capture volume loss due to GA. We analyzed the
RPEDC and TR volumes within a 5-mm diameter ring, rather than the AREDS standardized
6-mm diameter, to avoid the confounding influence of non–AMD-related parapapillary
atrophy on our cumulative volume measurements.

This validation report is based on subjects in a prospective observational study with
standardized follow-up and a control arm of age-matched healthy eyes. Unlike previous
studies, our study design enables direct biometric comparisons of AMD and control eyes in
the largest atlas published to date.

Analysis of the RPEDC and retinal thickness in normal and AMD eyes resulted in some
unexpected observations. It is interesting to note that the maximum RPEDC thickness for
control eyes changed as a function of distance from the fovea and was thickest at 0.5 mm
distance from the fovea (Fig 5). However, the observation that an abnormally thick RPEDC
was found mostly near the fovea for AMD eyes (Fig 5) is supported by previous studies.35

It is intriguing to note that the NSR is thicker in AMD versus control eyes at distances
greater than 1.175 mm from the fovea (Fig 8D). This finding might seem to differ with
previous reports on photoreceptor layer thinning over drusen in non-neovascular AMD eyes
using SD-OCT4 or histopathology.36 This could be explained by the fact that the NSR
includes all neurosensory layers and not just the photoreceptor layer and that these volumes
extend beyond the apex of drusen material. Our future studies will evaluate the thicknesses
of retinal layers relative to the underlying RPE.

More puzzling is the contrast of our results with the report of Wood et al37 that retinal
thickness, from the ILM to the center of the most posterior hyper-reflective line (RPE), is
reduced in the early AMD eyes compared with a control group at multiple locations within
2.0 mm of the fovea. This does not match our report on NSR thickness, which finds AMD
and control eyes statistically similar in locations within 1.175 mm of the fovea and NSR
thicker in locations beyond 1.175 mm of the fovea in AMD eyes. Indeed, there is a slight
difference between definitions of the corresponding layers. Retinal thickness in the article by
Wood et al37 extends to the middle of the RPE layer, whereas in our study it extends to the
inner aspect of RPEDC. The similarities or differences in exact level of AMD between these
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studies are unclear, because Wood et al37 described the eyes as having early AMD, yet
included eyes with pigmentary change and large drusen. The difference in retinal thickness
between these 2 studies may point to the limitations of the current broad categories used to
classify AMD on the basis of color fundus imaging. The remaining comparison studies used
smaller samples of 16 to 17 patients4,37 with a slight difference between the mean ages of
the participants across studies. A limitation of our study is that although the control eyes are
of an elderly population, the mean age of the controls was 8 years less than that of the
subjects with AMD. This could affect the retinal and RPE thicknesses, especially because
Bruch's membrane thickness has been reported to increase with age.38 However, we expect
that such an impact would be limited because the age-related Bruch's membrane thickness
difference in elderly subjects (60–80 years) is less pronounced and is on the order of a few
microns,38 whereas our reported RPEDC/ TR thickness differences between control and
AMD eyes is on the order of tens of microns (Fig 5).

We have made the entire dataset for this study freely available online at http://
people.duke.edu/wsf59/RPEDC_Ophth_2013_dataset.htm (accessed July 4, 2013) to
facilitate future studies by other groups. Included are all 38 800 SD-OCT images of control
and AMD eyes, the associated layer boundary segmentations, the RPEDC and TR thickness
maps for all eyes, the subject ages, the browsing software, and the statistical analysis. Such
information can be used for many other related AMD studies or for evaluating the efficacy
of current and future automated image processing algorithms,22,39,40 and can also be
leveraged by researchers without access to such a large pool of patient data. The control
patient dataset can also serve as the normative baseline for comparative studies of other
ocular and neurologic diseases.41

Previous studies report statistically significant differences in the thicknesses of retinal layers
measured on SD-OCT systems from different manufacturers.42,43 To make our results
globally applicable across different SD-OCT brands, we have conducted experiments using
a model eye (Proceedings of SPIE 7550, Ophthalmic Technologies XX, 75502F, 2010). Our
preliminary results indicate differences in measured thickness between and even within
manufacturers (e.g., a correction factor of 0.862 would be used to convert our reported
thicknesses at central fovea to those from Spectralis [Heidelberg Inc, Heidelberg,
Germany]). We will report a detailed analysis in an upcoming publication.

In conclusion, we have established efficient quantitative imaging biomarkers for
intermediate AMD as seen on SDOCT. These objective metrics can distinguish diseased
from control subjects with 99% precision. In our upcoming publications, we will analyze
follow-up images from the same subjects. The utility of RPEDC and TR volume as a
predictor of disease progression, or as a clinical trial end point, remains unclear. Changes in
drusen, as viewed on color fundus photographs, that led eyes to progress from level 2 to 3
AMD were not found to be correlated with visual acuity preservation in AREDS.44

Although thickness and volume measurements are currently not a surrogate for disease
progression or vision loss in AMD, upcoming studies will determine whether the reported
biomarkers can also be used as predictive measures for the progression of intermediate
AMD.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Definition of the target segmented layers and layer boundaries. A, Magnified foveal
spectral-domain optical coherence tomography (SD-OCT) image with 6.70 μm lateral
resolution and 3.24 μm axial resolution. B, Delineation of the target layer boundaries: the
inner aspect of the inner limiting membrane (ILM) in blue, the inner aspect of the retinal
pigment epithelium drusen complex (RPEDC) in green, and the outer aspect of Bruch's
membrane in yellow. A and B, These boundaries isolate the total retina (TR) (orange arrow
from blue to yellow), neurosensory retinal (NSR) (purple arrow from blue to green), and
RPEDC (red arrow from green to yellow).
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Figure 2.
Example total retina (TR) and retinal pigment epithelium drusen complex (RPEDC)
thickness maps created from control and non-neovascular age-related macular degeneration
(AMD) eyes. A, TR map of a control subject centered at the fovea. The location of the
foveal spectral-domain optical coherence tomography (SD-OCT) scan is annotated by the
purple line. B, TR map of a subjects with AMD annotated with the superior, nasal, inferior,
and temporal directions. All thickness maps in this article have this same orientation. C, TR
of another subject with AMD. D and E, Foveal scans of the maps in (A–C), respectively. G,
RPEDC thickness map of the normal subject in (A). H, RPEDC thickness map of the subject
with AMD in (B). Thickening around the fovea (red regions) is indicative of drusen. I,
RPEDC thickness map of the subject with AMD in (C). Thickening around the fovea
(yellow regions) is representative of drusen, whereas thinning (blue regions) is
representative of geographic atrophy (GA).
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Figure 3.
Statistical analysis of retinal pigment epithelium drusen complex (RPEDC) thickness maps
centered at the fovea. A, Mean RPEDC thickness map for 115 control subjects. B, Standard
deviation RPEDC thickness map for 115 control subjects. C, Mean RPEDC thickness map
for 269 subjects with age-related macular degeneration (AMD). D, Standard deviation
RPEDC thickness map for 269 subjects with AMD. E, Upper-limit RPEDC thickness map
(Fig 4A + 3 × Fig 4B) for control subjects (i.e., within 3 standard deviations) used to detect
drusenoid regions. F, Lower-limit RPEDC thickness map (Fig 4A – 3 × Fig 4B) for control
subjects (within 3 standard deviations of) used to detect geographic atrophy (GA) regions. N
= nasal; S = superior; T = temporal.

Farsiu et al. Page 14

Ophthalmology. Author manuscript; available in PMC 2015 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Average retinal pigment epithelium drusen complex (RPEDC) (A) and total retina (TR) (B)
thicknesses as a function of the distance from the fovea for control subjects (blue) and
subjects with intermediate age-related macular degeneration (AMD) (red). The error bars
represent 1 standard deviation. The differences in TR and RPEDC thicknesses in control and
intermediate AMD eyes were statistically significant for all measurement points.
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Figure 7.
Probability maps for abnormal total retina (TR) and retinal pigment epithelium drusen
complex (RPEDC) thickening (A–D) and abnormal TR and RPEDC thinning (E–H) in age-
related macular degeneration (AMD) and normal eyes. For example, a probability of 1% in
(B) suggests that 0.01×115≈1 control eye has an abnormally thick RPEDC, whereas a
probability of 22% in (D) suggests that 0.22×269≈59 AMD eyes have an abnormally thick
RPEDC.

Farsiu et al. Page 16

Ophthalmology. Author manuscript; available in PMC 2015 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 8.
Mean neurosensory retinal (NSR) thickness maps for (A) 115 control subjects and (B) 269
subjects with age-related macular degeneration (AMD). The maps are centered at the fovea
and 5 mm in diameter. C, Thickness map showing the mean AMD NSR map (B) subtracted
by the mean control NSR map (A). The NSR is significantly thicker in AMD versus control
eyes at distances >1 mm from the fovea. D, Average NSR thicknesses as a function of the
distance from the fovea for control subjects (blue) and subjects with intermediate AMD
(red). Error bars represent 1 standard deviation. In contrast to previous reports,37 the
differences in NSR thicknesses in control and intermediate AMD eyes were only statistically
significant (Wilcoxon rank-sum test, P < 0.05) for measurement points beyond 0.175 mm
from the fovea.
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Figure 9.
Distinguishing age-related macular degeneration (AMD) from control eyes using 5 different
imaging biomarkers. A, Variation of the area under the curve (AUC) of receiver operating
characteristic (ROC) per radius of analysis centered at the fovea for each method. B, The
ROC curve at the best radius from (A) for each method. Method 1: the total retina (TR)
volume (black dashed-dotted curve, AUC = 0.6843), method 2: the retinal pigment
epithelium drusen complex (RPEDC) volume (cyan solid curve, AUC = 0.7801), method 3:
abnormal RPEDC thickness score (dashed-dotted blue curve, AUC = 0.9856), method 4:
abnormal RPEDC thickness and thinness scores (red dotted curve, AUC = 0.9861), and
method 5: all 4 markers, including the TR and RPEDC volumes plus the abnormal RPEDC
thickening and thinning scores (solid green curve, AUC = 0.9917).

Farsiu et al. Page 18

Ophthalmology. Author manuscript; available in PMC 2015 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


