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Abstract

Purpose—To evaluate relationships between age-related macular degeneration (AMD) 

morphology on spectral domain optical coherence tomography (SDOCT) and visual function.

Design—Cross-sectional, observational.

Methods—From the Alabama Study on Early AMD baseline visit, visual acuity, cone-mediated 

sensitivity (Humphrey Field Analyzer, Carl Zeiss Meditec, Dublin, CA), rod-mediated dark 

adaptation (AdaptDx, MacuLogix, Hummelstown, PA), and SDOCT (Spectralis, Heidelberg 

Engineering, Germany) were obtained in one eye per subject with No Apparent Retinal Aging 

(N=15), Normal Aging (N=15), Early AMD (N=15), and Intermediate (N=46) AMD. The 

volumes of retinal pigment epithelium (RPE)-drusen-complex, RPE-drusen-complex abnormal 

thinning, RPE-drusen-complex abnormal thickening and inner and outer retina were calculated in 

specified regions using semi-automated SDOCT segmentation.
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Results—Better cone-mediated sensitivity was associated with greater RPE-drusen-complex 

volume (r=0.34, p<0.001) and less RPE-drusen-complex abnormal thinning volume (r=-0.31, 

p=0.003). Longer rod-mediated dark adaptation time, the duration for rod-mediated sensitivity to 

recover from photo-bleach exposure, correlated with lower RPE-drusen-complex volume (r=-0.34, 

p=0.005) and greater RPE-drusen-complex abnormal thinning volume (r=0.280, p=0.023). In 19 

eyes with subretinal drusenoid deposits (SDD) versus 47 eyes without SDD, rod-mediated dark 

adaptation time was longer (mean ±SD 13.5 ±7.0 versus 10.2 ±3.1 minutes, p=0.004), RPE-

drusen-complex abnormal thinning volume was greater (p<0.0001), and visual acuity and cone 

sensitivity did not differ.

Conclusion—Decreased function relates to structural markers on SDOCT in AMD. Because the 

RPE-drusen-complex includes the interdigitation of outer segments and RPE apical processes and 

SDD in eyes with AMD, slower dark adaptation might be related to structural abnormalities of the 

RPE, the RPE-photoreceptor interface, or both.

INTRODUCTION

Despite advances in medical and surgical care, age-related macular degeneration (AMD) 

remains an important cause of central vision loss in the United States.1 In AMD, the 

neurosensory retina in the macula is thought to degenerate in part due to the accumulation of 

extracellular deposits in the spaces found on either aspect of the retinal pigment epithelium 

(RPE). When deposits in the sub-RPE space coalesce into visible lesions, they are termed 

drusen. In the sub-retinal/pre-RPE space, lesions are termed subretinal drusenoid deposits 

(SDD), also known as reticular drusen or reticular pseudodrusen.2 The degeneration of 

photoreceptors is believed to be rooted in the failure of their support system (RPE, Bruch’s 

membrane, and the choroid). Photoreceptor degeneration in early AMD is associated with 

decreased light sensitivity in the macula and slowed dark adaptation despite normal visual 

acuity.3–5

This study is an initial step in phenotyping early and intermediate AMD using spectral 

domain optical coherence tomography (SDOCT). We hypothesized that early AMD 

classification by measurement of SDOCT structures and/or retinal function may better 

indicate disease stage than AMD solely classified by color fundus photography. We examine 

the relationship between morphology and function in early AMD by correlating severity of 

disease as assessed by SDOCT scans with macular function measured by visual acuity, 

cone-mediated light sensitivity, and rod-mediated dark adaptation. Our goal is to identify 

methods that reveal the relationship between AMD pathology and psychophysically 

measured cone- and rod-mediated function. The structural and functional markers studied 

herein have the potential to lead to improved endpoints integral to the design of large 

multicenter AMD clinical studies.

METHODS

The data source for our analysis was the Alabama Study on Early Age-Related Macular 

Degeneration (ALSTAR)6, a prospective study on the association between visual function at 

baseline in older adults in normal macular health and incident early AMD. The eligibility 

criteria for enrollment have been described.6 All participants provided informed written 
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research consent. The analysis of the ALSTAR study data was approved by both the 

University of Alabama Birmingham Institutional Review Board (IRB) under protocol 

X120724002, Phenotyping AMD: Relating retinal structure and function in early AMD, and 

the Duke University Health System IRB under protocol Pro00016373, Duke Advanced 

Research in SDOCT Imaging (DARSI) Laboratory. Data collected from SDOCT scans for 

all enrolled eyes were stored and managed in compliance with guidelines from the Health 

Insurance Portability and Accountability Act.

ALSTAR also assembled a sample of older adults who already had early or intermediate 

AMD in one or both eyes at baseline. A subsample of the ALSTAR baseline group was used 

for this proof of concept study relating morphology to function. For the current study, a 

subsample of eyes was assembled into four groups. Groups were defined by grading 3-field 

30° digital, color stereo-fundus photos (Carl Zeiss Meditec 450 Plus camera, Dublin CA) 

using the Beckman AMD Classification scale.7 The groups were as follows: No Apparent 

Aging changes (no drusen and no AMD pigmentary abnormalities); Normal Aging changes 

(only small drusen < 65 μm and no AMD pigmentary abnormalities); Early AMD (medium 

drusen > 65 and ≤ 125 μm and no AMD pigmentary abnormalities); and Intermediate AMD 

(large drusen > 125 μm and/or any AMD pigmentary abnormalities, without any area of 

geographic atrophy). The SDOCT grader was masked to all structural and functional 

characteristics of eyes. Across all groups, eyes were also categorized as yes or no for the 

presence of SDD based on SDOCT review by a masked grader at Duke for sub-retinal 

versus sub-RPE drusen.

Eyes were randomly selected (one eye per participant) from the total sample of eyes from 

ALSTAR patients at baseline who completed satisfactory SDOCT imaging (N = 1,243 eyes). 

There were originally 15 eyes in each of the categories of No Apparent Aging, Normal 

Aging, and Early AMD and Intermediate AMD. The sample size for Intermediate AMD was 

intentionally increased after qualitative review of the SDOCT revealed sparse and small 

drusen in the first 15 eyes with Intermediate AMD. Thus an additional 31 eyes (36 eyes, 

with 5 excluded due to insufficient image quality) were added prior to analysis, since there 

was considerably more variability in funduscopic appearance and SDOCT characteristics 

among eyes with Intermediate AMD than in the other groups.

Functional Testing

Best-corrected visual acuity for each eye was assessed via the Electronic Visual Acuity 

tester (EVA; JAEB Center, Tampa FL)8 under photopic conditions (100 cd/m2) and 

expressed as the logarithm of the minimum angle resolvable (logMAR).

Cone-mediated light sensitivity was measured at eight retinal loci by the Humphrey Field 

Analyzer (Carl Zeiss Meditec, Inc., Dublin, CA) in the 24° radius field using the 24-2 SITA 

protocol and a white stimulus on white background. The diameter of the target stimulus was 

0.43° of visual angle. Light sensitivity thresholds were expressed in decibel units (dB) of 

attenuation. In Figure 1 (bottom left), the white dots represent the eight test target locations 

where cone-mediated light sensitivity was measured within the region of SDOCT imaging as 

denoted by the green rectangle.
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Rod-mediated dark adaptation was measured psychophysically using AdaptDx (MacuLogix, 

Hummelstown, PA), a computer-automated dark adaptometer described previously.9–11 

Before testing, the eye was dilated with 1% tropicamide and 2.5% phenylephrine 

hydrochloride so that a pupil diameter of ≥ 6 mm was achieved. Trial lenses were added for 

the 30 cm viewing distance, if needed, to correct for optical blur. The fellow eye was 

occluded with an opaque patch. The participant then placed his/her head in the forehead-

chinrest of the adaptometer. An infrared camera behind the fixation light displayed the eye 

on a monitor viewed by the examiner, who positioned the participant’s test eye to the red 

fixation light using a reticule. The procedure began with a photo-bleach exposure to a flash 

(0.25 ms duration, 58,000 scotopic cd/m2 s intensity; equivalent ~ 83% bleach) while the 

participant was focused on the fixation light. This bleach has been shown to be sufficiently 

intense to generate impaired dark adaptation parameters in early AMD patients using a 20-

minute duration test protocol.10 The flash subtended 4° and was centered at 5° on the 

inferior vertical meridian (i.e., superior to the fovea on the retina). This position was also 

used for the test target for measuring light sensitivity. During threshold measurement, the 

participant was instructed to maintain fixation on the red fixation light and to press a 

response button when a flashing target first became visible within the bleached area. 

Threshold was estimated using a three-down/one-up modified staircase procedure described 

previously,10 and continued at 30 seconds intervals for 20 minutes. Log thresholds were 

expressed as sensitivity in dB as a function of time from bleach offset. The speed of dark 

adaptation was characterized by the “rod intercept time", defined as the duration required for 

sensitivity to recover to a criterion sensitivity value of 5.0 × 10−3 scotopic cd/m2 (3.0 log 

units of attenuation of the stimulus).10 The criterion sensitivity level is located in the latter 

half of the second component of rod recovery.12 An increase in the rod intercept time is 

caused by a slowing of the second component of rod-mediated dark adaptation and thus a 

rightward shift of the dark adaptation function. In Figure 1, the large green dot represents the 

location and size of the test target where rod-mediated dark adaptation was measured. Note 

that this is located within the region of SDOCT imaging denoted by the green rectangle.

Optical Coherence Tomography

Retinal vascular landmarks on the fundus photographs were used to register the fundus 

image onto the Scanning Laser Ophthalmoscope retinal image of the 20°X15° SDOCT 

volume (Spectralis, Heidelberg Engineering, Germany) which had 60 μm between B-scans. 

A retinal map was developed, specifying the locations and sizes of test targets for both dark 

adaptometry and cone-mediated light sensitivity measurements (Figure 1).

The SDOCT structures were qualitatively and quantitatively analyzed for regions of 12° 

(3.46 mm) diameter centered on the fovea (Figure 1 top right), 6° (1.73 mm) diameter 

centered on each of the eight cone sensitivity test sites (Figure 1 bottom left), and 6° (1.73 

mm) diameter centered on the dark adaptation site (Figure 1 bottom right). SDOCT analyses 

were masked to all color fundus photograph, functional and clinical data. Qualitative 

analysis included assessment of the vitreoretinal interface, hyperreflective foci within the 

retina, external limiting membrane, photoreceptor inner segment ellipsoid band,13 and 

interdigitation zone (where RPE apical processes and photoreceptor outer segments 
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interface). In our dataset, we found no SDOCT findings (e.g. fluid or gross atrophy) that 

would typically be associated with advanced AMD.

For quantitative SDOCT analysis, semi-automated segmentation of the inner retina, outer 

retina, and RPE was performed using proprietary software (Duke SDOCT Retinal Analysis 

Program, DOCTRAP V14.1.2, Duke University, Durham, NC).14, 15

Automated segmentation was reviewed for errors by trained graders. The foveal center was 

chosen manually based on the deepest site in the foveal pit. Retinal thickness was measured 

from the inner aspect of the internal limiting membrane to the inner aspect of the RPE plus 

drusen complex (Figure 2, between lines 1 and 3). Inner retinal layers were measured from 

the inner border of the internal limiting membrane to the inner border of the outer plexiform 

layer (Figure 2, between lines 1 and 2). Thickness of the photoreceptor layer was measured 

from the outer plexiform layer to the inner border of RPE or any overlying SDD material 

(Figure 2, between lines 2 and 3). RPE-drusen-complex thickness extended from the inner 

aspect of the RPE plus drusen material to the outer aspect of Bruch’s membrane (Figure 2, 

between lines 3 and 4). Thus, according to previously published definitions, the RPE-

drusen-complex volume contained all extracellular deposits internal to the RPE (SDD)2 and 

external to the RPE (basal laminar deposits, basal linear deposits/drusen), as well as RPE 

apical processes and cell bodies, whether normal, hypertrophic, or atrophied.14, 16

We calculated the volumes of the retina, inner and outer retina, and RPE-drusen-complex, by 

first centering the layer boundary positions on the fovea, then generating thickness maps 

73x1024 pixels in size. These maps were interpolated to 1001x1001 pixels to achieve 

equivalent resolutions in both en face (X-Y) directions. Thickness values were converted 

from pixels to micrometers according to the Spectralis SDOCT imaging axial resolutions. 

The volumes consisted of the thicknesses integrated over the 12° (3.46 mm) diameter region 

centered on the fovea (Figure 1 top right, black ring), within a 6° (1.73 mm) diameter region 

centered on each of the eight cone sensitivity test sites (Figure 1 bottom left, white rings), 

and within a 6° (1.73 mm) diameter region centered on the dark adaptation site (Figure 1 

bottom right, green ring). Several of the regions of OCT volumes were truncated at the 

margin of the SDOCT scan; these were at the same location for all eyes (Figure 3). Overlaid 

thickness maps and representative B-scans for each group are illustrated in Figure 3.

The RPE-drusen-complex abnormal thickening and abnormal thinning volumes were also 

computed. The volume of RPE-drusen-complex abnormal thickening, is a measure of RPE-

drusen-complex that exceeds three standard deviations above the mean of each SDOCT axial 

measurement point from the normative data set composed of the 15 No Apparent Aging 

subjects (Figure 4, orange tones).16, 17 RPE-drusen-complex abnormal thinning volume 

(mm3) is defined as the cumulative loss of volume from sites with volume loss of two or 

more standard deviations below the mean at each location based on the mapped SDOCT 

thicknesses from 15 No Apparent Aging subjects (Figure 4, blue tones).17, 18 RPE-drusen-

complex abnormal thinning is thus the cumulative absolute value of deviation of RPE-

drusen-complex thickness measurements below the macular site-specific normal range. 

Detailed methods have been published for these analyses in a larger AMD and control 
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population in the Age-Related Eye Disease Study 2 (AREDS2) Ancillary SDOCT 

Study.16, 17

A post hoc analysis was performed to compare OCT-based-drusen volume in intermediate 

AMD from this study (N = 46) to the baseline AREDS 2 Ancillary SDOCT Study 

Intermediate AMD group without geographic atrophy (N = 184). All volumes were 

calculated as described above over the same retinal area of 12° (3.46 mm) diameter centered 

on the fovea. The mean and standard deviation of drusen volume per mm2 were compared 

between groups using the Wilcoxon rank sums test.

Biostatistical Approach

We compared the three different functional assessments with their corresponding structural 

SDOCT assessment (by region): visual acuity (foveal centered region, black ring in Figure 

1), cone-mediated light sensitivity (six regions, white rings in Figure 1), rod-mediated dark 

adaptation as assessed by rod intercept time (single superior region, green ring in Figure 1) 

and to SDOCT assessments for the entire macular region. Analyses were performed for 

AMD subgroups based on fundus appearance using the Clinical Classification System, 

across the entire study population.

Statistical analysis was performed using JMP Pro V11 (SAS, Cary, NC) and SAS V9.4 

(SAS, Cary, NC). Demographic and visual functional characteristics were compared 

between groups using chi-square tests and analysis of variance (or non-parametric 

equivalents). Age-adjusted Spearman correlation coefficients were calculated for the 

association between functional and structural variables. Analysis of variance was also used 

to compare functional and structural variables between eyes with and without SDD, adjusted 

for age.

RESULTS

There were no significant differences in gender distribution and racial makeup among the 

four groups. The overall sample was 39.6% male and 98.7% Caucasian. Patients with 

intermediate AMD were older than patients in other groups (Table 1). After adjusting for 

age, there was no difference between groups in visual acuity (overall sample mean logMAR 

0.00), cone-mediated sensitivity (overall sample mean 31.3 dB), or rod-mediated dark 

adaptation (overall sample mean 11.2 min) (Table 1).

When functional outcomes were analyzed by quantitative structural SDOCT findings across 

the entire group, visual acuity was not correlated with SDOCT volumes, except for a 

borderline association between higher logMAR (signifying worse visual acuity) and 

decreased volume of the inner retina (Table 2, r=-0.21, p=0.05). Better cone-mediated 

sensitivity, however, was associated with greater RPE-drusen-complex volume (Table 2, 

r=0.34, p<0.001) and less RPE-drusen-complex abnormal thinning volume (Table 3, r=-0.31, 

p=0.003). No other retinal volume variables were related to cone-mediated sensitivity. 

Larger rod intercept times (signifying delayed rod-mediated dark adaptation) correlated with 

lower RPE-drusen-complex volume (Table 2, r=-0.34, p=0.005) and greater RPE-drusen-
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complex abnormal thinning volume (Table 3, r=0.28, p=0.02). No other retinal volume 

variables were related to rod-mediated dark adaptation.

When one considered the functional parameters relative to qualitative grading for presence 

of retinal SDOCT structures across the entire study group, visual acuity decreased in the 

presence of either vitreomacular attachment or epiretinal membrane (p = 0.02, p=0.0247 

respectively), and larger rod-intercept times were associated with hyperreflective foci (p = 

0.05). No other functional parameters were related to the qualitative grading of the retinal 

SDOCT structures across the group or by AMD group.

When evaluating quantitative SDOCT structural characteristics of the AMD groups, the 

RPE-drusen-complex volume, outer retina volume, inner retina volume, and retina volume 

were not significantly different among groups (Table 4). However, RPE-drusen-complex 

abnormal thickening volume and RPE-drusen-complex abnormal thinning volume were 

significantly different between AMD groups (Table 4, p=0.03, p<0.0001 respectively). 

Specifically, lower RPE-drusen-complex abnormal thickening volume differentiated the No 

Apparent Aging group from each of the other groups (all p<0.05, Figure 5), whereas greater 

RPE-drusen-complex abnormal thinning volume differentiated Intermediate AMD from 

each of the other groups (all p<0.05, Figure 6).

On qualitative grading, we did appreciate differences in SDOCT structures among the AMD 

groups. Notably, the interdigitation of outer segments and RPE apical processes was less 

apparent in the Early and Intermediate AMD groups than in the age-matched No Apparent 

Aging and Normal Aging groups (Figure 3). Atypical disease findings were identified on 

SDOCT that were not noted on clinical examination or fundus photographs. One eye in the 

Early AMD group had thinning of the retina along the upper arc of the SDOCT inner retinal 

thickness map (Figure 8 top row, fifth column) without visible abnormality on color fundus 

photograph (Figure 8 top row, first column). Furthermore, in an Intermediate AMD eye, a 

widespread pigment epithelial detachment on SDOCT was visible superior to the fovea as 

thickening, which is abnormal (Figure 8 middle row, second and third columns) and extends 

much further than the focal pigmentary change visible on a color fundus photograph (Figure 

8 middle row, first column). This region matches the thinning of the outer retina (light blue 

area) visible in the outer thickness map (Figure 8 middle row, fourth column). In another 

participant with intermediate AMD, drusen are visible along the superior arcade as depicted 

in the total, abnormal, and outer retinal thickness maps (Figure 8 bottom row, second, third, 

and fourth columns), although they are not as readily seen on color fundus photograph and 

inner retinal thickness map in another participant with early AMD (Figure 8 top row, first 

and fifth columns).

Between the 19 eyes with SDD and 47 eyes without, there was no difference in visual acuity 

and cone-mediated sensitivity (Figure 7). However, the rod-intercept differed significantly 

for eyes with SDD (mean 13.5, SD 7.0 minutes) versus those without deposits (mean 10.2, 

SD 3.1 minutes, p=0.004). For eyes with SDD, the RPE-drusen-complex volume was lower, 

RPE-drusen-complex abnormal thickening volume trended lower and there was greater 

RPE-drusen-complex abnormal thinning volume as compared to eyes without SDD (Table 5, 
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p=0.03, p=0.0668, p<0.0001 respectively). Subretinal drusenoid deposits did not 

differentiate any other retinal volumes.

DISCUSSION

Currently, early and intermediate AMD are lacking in reliable functional markers to serve as 

endpoints for clinical trials. Since the early stages of AMD progress gradually, standard 

functional endpoints such as visual acuity are often unaffected for years after a patient is 

diagnosed with AMD. By the time visual acuity is affected, the pathology has significantly 

advanced.19

We examined the relationship between morphology and function in aging and early and 

intermediate AMD by correlating retinal structure on SDOCT imaging with macular 

function as characterized by visual acuity, cone-mediated perimetry and rod-mediated dark 

adaptation. The purpose of this study was to develop methods that reliably evaluate the 

relationship between AMD pathology and psychophysically measured cone- and rod-

mediated function. Retinal imaging by SDOCT was utilized to identify key factors that can 

serve as useful markers of AMD stages.

Analysis of structural data revealed that abnormal volumes of RPE-drusen-complex were 

differentiated by Beckman AMD color fundus photography classification. RPE-drusen-

complex abnormal thickening volume was significantly different between No Apparent 

Aging and each of the other groups, but there was no difference found between the other 

groups (Figure 5). When contrasted with the lack of functional difference between groups, it 

appears that SDOCT volumes may be more sensitive predictors of AMD onset compared to 

functional parameters (Table 1). It was notable that RPE-drusen-complex abnormal thinning 

volume was significantly different between Intermediate AMD and each of the other groups, 

but not between the other groups (Figure 6), suggesting that RPE-drusen-complex abnormal 

thinning volume may represent a useful structural marker for Intermediate AMD in contrast 

to color fundus photography. There was no significant difference among the four AMD 

study groups in RPE-drusen-complex, retinal volumes, or inner and outer retinal volumes. It 

is important to note that our data pertain to the very low end of drusen volume. A lack of 

differentiation may be due to the difficulty of precisely assessing smaller drusen loads from 

color fundus photography, but also may reflect the mismatch between the volume of drusen 

as determined by SDOCT in contrast to that ascertained by fundus photograph review.

It was not surprising to find a lack of association between visual acuity and any AMD group, 

structural marker or other test of function in this study. In our study cohort, the thickness of 

outer retina also does not appear to be a predictor of letter acuity, cone or rod function in 

early AMD. In contrast, greater RPE-drusen-complex abnormal thinning volume appears to 

be associated with both worse cone and rod function in this population. The association of 

slowed dark adaptation with a thinned RPE-drusen-complex can be explained via two 

physiologic pathways: 1) structural differences appear in outer segments first,20–22 or 2) 

structural differences appear in the RPE and Bruch’s membrane (Bruch’s membrane) 

complex first.23–25 In the first pathway, changes in the outer segments lead to photoreceptor 

loss and atrophy, and over time adversely affect cone sensitivity and rod function. Our 
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findings may be due to early photoreceptor degeneration and/or cell death over thinned RPE-

drusen-complex, despite the lack of outer retinal thinning. This may be due to the earliest 

photoreceptor changes/loss involving the interdigitation zone, interdigitation of tips of cone 

and rod outer segments, their matrix sheaths and microvilli on the RPE apical surface 

(Figure 9 middle, right), anatomic structures which are subsumed in the RPE-drusen-

complex. This segmentation delineation has been utilized for aged eyes, because in AMD 

eyes the interdigitation zone may be difficult to distinguish from the RPE on many OCT 

systems including in the presence of SDD. Figure 9 illustrates the cellular and extracellular 

constituents of four outer retinal hyper-reflective bands: external limiting membrane, 

ellipsoid zone, interdigitation zone and RPE. Outer segments and apical process 

melanosomes contribute reflectivity to the interdigitation zone.26 RPE apical processes also 

contain many proteins in retinoid processing pathways,27 and thus diminution of 

interdigitation zone anatomical substrates could negatively impact dark adaptation. The 

interdigitation zone is affected early in several outer retinal diseases, including AMD.28–31 

The RPE-drusen-complex abnormal thinning volume found in this study could reflect a 

disease-associated change in interdigitation zone reflectivity. Such a change in reflectivity 

was identified in our qualitative SDOCT grading: the interdigitation zone was less apparent 

in the Early and Intermediate AMD groups compared to those with Normal or No Apparent 

Aging. This consideration could prompt development of methods suitable for further 

objectively quantifying the interdigitation zone.32 Although this interface is a strong 

candidate for a site of early functional losses, our current SDOCT data do not allow us to 

determine the relative contribution of the other layers in the RPE-drusen complex (SDD, 

RPE cell bodies, basal laminar deposit, and basal linear deposit/soft drusen).

In normal aging, Bruch’s membrane thickens and lipidizes, and basal laminar deposits 

accumulate in patches between the RPE and its basal lamina.23, 24 In addition the inner 

collagenous layer of Bruch’s membrane is even thicker in early AMD, thus compromising 

the diffusion of nutrients.33 A similar case for impaired transport could be made for SDD, 

which sit between RPE and photoreceptor outer segments.34 In a vascular insufficiency 

model of outer retinal aging, this thickening of Bruch’s membrane combines with changes in 

aging RPE and subretinal space to impair the translocation of retinoids to photoreceptors. 

This could lead to slowed dark adaptation by rods, which depend particularly on this supply 

route.25, 35, 36 For functional loss related to such deposits, a greater volume of deposits may 

have been required than was present in this group of aged and AMD eyes. For example, the 

RPE-drusen-complex abnormal thickening volume for the Intermediate AMD group in this 

study was 3.14 × 10−4 ± 17.44 × 10−4 mm3 for the central 12° (3.46 mm) diameter of the 

macula in contrast to 6.71 × 10−2 ± 13.77 × 10−2 mm3 in the Intermediate AMD group in the 

Age Related Eye Disease Study 2 Ancillary SDOCT Study.

The association of slowed dark adaptation and decreased cone sensitivity with a thinned 

RPE-drusen-complex could also be explained through a pathway of intracellular changes in 

the RPE as drusen material is removed and cells proceed into a less functional pre-atrophy 

stage.37 This explanation is plausible, given that SDD seem to confer an increased risk of 

progression to GA,38, 39 and this study found that eyes with SDD had greater RPE-drusen-

complex abnormal thinning volume (Table 5). The diffusion of nutrients may be 
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dysfunctional even without buildup of extracellular deposits, due to pathologic processes in 

the delicate balance of cell activity important for photoreceptor function.40

In this study, we found that decreased photoreceptor function relates to structural markers on 

SDOCT in aging eyes and early and intermediate AMD: worse cone-mediated sensitivity 

and slower rod-mediated dark adaptation were related to greater RPE-drusen-complex 

abnormal thinning volume. Eyes with slower rod-mediated dark adaptation were also more 

likely to have smaller RPE-drusen-complex volumes, while better cone-mediated sensitivity 

was associated with greater RPE-drusen-complex volume. Because RPE-drusen-complex 

includes the interdigitation of outer segments and RPE apical processes in healthy eyes and 

SDD in eyes with AMD along with the RPE and sub-RPE structures, worse visual function 

(slower rod-mediated dark adaptation and worse cone-mediated sensitivity) might be related 

to structural abnormalities at the RPE-photoreceptor interface.

This study is unique in having a patient cohort that is currently in good macular health, so 

that the earliest signs of AMD can be investigated. Ultimately, longer follow-up is warranted 

to accurately relate SDOCT biomarkers with AMD mechanisms, risk factors, and clinical 

progression. In order to investigate disease-related functional impairment in intermediate 

AMD, future studies can incorporate a larger patient cohort that spans a wider range of 

drusen volume to thoroughly assess the relationship between local microanatomy and 

function.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Macular locations used for structure-function analysis. The green rectangle delineates the 

area of spectral domain optical coherence tomography Spectralis imaging on a color 

photograph of the fundus (Top left). The large green spot represents the location and size of 

the test target where rod-mediated dark adaptation was evaluated. The small white spots 

represent the locations and sizes of 8 test targets where cone-mediated light sensitivity was 

measured. Total retinal pigment epithelium (RPE)-drusen-complex volume, abnormal 

volumes, and retinal volumes (outer, inner, and total) were calculated centered at the fovea 

within a 12° diameter signified by the black circle (Top right), within a 6° diameter at each 

of eight perimetry points outlined in white circles (Bottom left), and within a 6° diameter at 

the dark adaptation point outlined by the green circle (Bottom right). A consistent 

truncation of the volumes was applied at the margin of the area of OCT imaging for all eyes.
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Figure 2. 
Semi-automated segmentation of the inner retina, outer retina, and retinal pigment 

epithelium (RPE)-drusen-complex by Duke SDOCT Retinal Analysis Program V14.1.2. The 

inner retina is delineated from the internal limiting membrane to the inner aspect of the outer 

plexiform layer (between lines 1 and 2), while the outer retina is delineated from the inner 

aspect of the outer plexiform layer to the inner border of the RPE-drusen-complex (between 

lines 2 and 3). The RPE-drusen-complex extends from the inner aspect of the Retinal 

Pigment Epithelium plus drusen material to the outer aspect of Bruch’s Membrane (between 

lines 3 and 4), as seen in the color legend (Bottom right). Representative examples are 

shown for: No Apparent Aging (Top left), Early AMD (Top right), Intermediate AMD 

(Bottom left). Note the interdigitation zone is less apparent in the Early (Top right) and 

Intermediate AMD groups (Bottom left) than in the No Apparent Aging group (Top left).
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Figure 3. 
Color fundus photographs and retinal pigment epithelium (RPE)-drusen-complex volume 

maps in the four age-related macular degeneration study groups. Top row: Color fundus 

photographs with schematic overlay of dark adaptation site and perimetry sites (See Figure 

1). Middle row: Overlay of retinal thickness maps from Spectralis SDOCT on color fundus 

photography. Bottom row: Representative foveal B-scans are also shown for each: No 
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Apparent Aging (First column), Normal Aging (Second column), Early AMD (Third 
column), Intermediate AMD (Fourth column).
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Figure 4. 
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A map of abnormal retinal pigment epithelium (RPE)-drusen-complex thickness (Left) 
within the 12° diameter macular field of an eye with intermediate age-related macular 

degeneration (AMD), and an exaggerated schematic diagram (Right) of cross-sectional 

RPE-drusen-complex thickness within the region of the white box. At right, the black line, 

is the segmentation line of the inner border of the RPE-drusen-complex layer in this AMD 

eye, and the white line, is mean RPE-drusen-complex thickness calculated from the No 

(retinal) Aging dataset. In both images, the dark gray area is the normal range of RPE-

drusen-complex thickness based on the non-AMD dataset, with upper limit defined as ≥3 

standard deviations above the mean and lower limit defined as ≥2 standard deviations below 

the mean in the No Apparent Aging dataset. In both images, the orange tones, are the areas 

included in RPE-drusen-complex abnormal thickening volume, obtained from RPE-drusen-

complex thickness measurements greater than the normal range, and the blue tones, are the 

areas included in RPE-drusen-complex abnormal thinning volume, defined as the volume 

lost due to RPE-drusen-complex thickness measurements below the normal range. Note that 

RPE-drusen-complex abnormal thickening volume can decrease without necessarily 

increasing RPE-drusen-complex abnormal thinning volume.
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Figure 5. 
Drusen volume by age-related macular degeneration (AMD) classification group. Retinal 

pigment epithelium (RPE)-drusen-complex abnormal thickening volume was significantly 

differentiated between No Apparent Aging and each of the other groups, but not between the 

other groups (box delineates 25th and 75th percentile, whiskers the 95th percentile and bar 

the median).
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Figure 6. 
Retinal pigment epithelium (RPE)-drusen-complex abnormal thinning volume by age-

related macular degeneration classification group. RPE-drusen-complex abnormal thinning 

volume was significantly differentiated between Intermediate AMD and each of the other 

groups, but not between the other groups (box delineates 25th and 75th percentile, whiskers 

the 95th percentile and bar the median).
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Figure 7. 
Visual function in eyes with and without subretinal drusenoid deposits. Rod-mediated dark 

adaptation was significantly differentiated between eyes with and without subretinal 

drusenoid deposits, while visual acuity and cone-mediated sensitivity were comparable.

Sevilla et al. Page 33

Am J Ophthalmol. Author manuscript; available in PMC 2017 August 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Sevilla et al. Page 34

Am J Ophthalmol. Author manuscript; available in PMC 2017 August 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Sevilla et al. Page 35

Am J Ophthalmol. Author manuscript; available in PMC 2017 August 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Sevilla et al. Page 36

Am J Ophthalmol. Author manuscript; available in PMC 2017 August 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Sevilla et al. Page 37

Am J Ophthalmol. Author manuscript; available in PMC 2017 August 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Sevilla et al. Page 38

Am J Ophthalmol. Author manuscript; available in PMC 2017 August 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Sevilla et al. Page 39

Am J Ophthalmol. Author manuscript; available in PMC 2017 August 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Sevilla et al. Page 40

Am J Ophthalmol. Author manuscript; available in PMC 2017 August 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Sevilla et al. Page 41

Am J Ophthalmol. Author manuscript; available in PMC 2017 August 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Sevilla et al. Page 42

Am J Ophthalmol. Author manuscript; available in PMC 2017 August 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Sevilla et al. Page 43

Am J Ophthalmol. Author manuscript; available in PMC 2017 August 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Sevilla et al. Page 44

Am J Ophthalmol. Author manuscript; available in PMC 2017 August 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Sevilla et al. Page 45

Am J Ophthalmol. Author manuscript; available in PMC 2017 August 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Sevilla et al. Page 46

Am J Ophthalmol. Author manuscript; available in PMC 2017 August 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Sevilla et al. Page 47

Am J Ophthalmol. Author manuscript; available in PMC 2017 August 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. 
Color fundus photographs (Left column) versus spectral domain optical coherence 

tomography (SDOCT) quantitative maps of tissue volumes within the 12° (3.46 mm) central 

region (all other columns) demonstrate abnormalities revealed by SDOCT but not on color 

fundus photographs: Retinal pigment epithelium (RPE)-drusen-complex volume maps 

(Second column), RPE-drusen-complex abnormal thickening and thinning volume maps 

(Third column), outer retinal volume maps (Fourth column), and inner retinal volume 

maps (Fifth column). An eye with Early AMD (Top row), color fundus photograph 

showing normal and SDOCT quantitative maps showing minimum drusen. An eye with 

Intermediate AMD (Middle row), color fundus photograph showing normal and SDOCT 

quantitative maps showing large area of drusen. An eye with Intermediate AMD (Bottom 
row), color fundus photograph showing normal and SDOCT quantitative maps showing 

atrophy.
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Figure 9. 
Outer retinal anatomy relevant to interpreting retinal pigment epithelium (RPE)-drusen-

complex thinning in early AMD. Abbreviations: C, cone; ChC, choriocapillaris; ELM, 

external limiting membrane; EZ, ellipsoid zone; INL, inner nuclear layer; ISe, inner segment 

ellipsoid; IZ, interdigitation zone; M, Müller cell; ONL, outer nuclear layer; OPL, outer 

plexiform layer; OS, outer segment; R, rod; RPE, retinal pigment epithelium.

SDOCT image of the perifoveal region in a normal macula (Left). The four outer retinal 

hyperreflective bands (from inner to outer between the expansion lines) are 1, external 

limiting membrane (ELM), 2, ellipsoid zone (EZ), 3, interdigitation zone (IZ), and 4, RPE-

Bruch’s membrane complex. Contributory anatomical structures are expanded (not to scale) 

and schematized in middle panel. Cellular and extracellular components of the four outer 

retinal hyper-reflective bands include cones, rods, Müller cells, RPE, and Bruch’s membrane 

(Middle). Surrounding the photoreceptor inner and outer segments is a proteinaceous 

interphotoreceptor matrix (pale blue). Each individual photoreceptor is ensheathed by 
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specialized domains (bright blue). Histology of outer retina from a normal human eye 

(Right, http://projectmacula). In this specimen, spindle-shaped melanosomes (arrow) can be 

recognized within RPE apical processes, interdigitated with the OS.
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Table 3

Spearman correlations between drusen volume and retinal pigment epithelium-drusen-complex abnormal 

thinning volume indexed for visual acuity, cone-mediated sensitivity, and rod-intercept.

Visual Function Drusen Volume p-Value RAT Volume p-Value

Visual Acuity 0.017 0.876 0.017 0.875

Cone-mediated sensitivitya

  Mean −0.045 0.671 −0.312 0.003

  Minimum −0.053 0.616 −0.273 0.009

  Maximum −0.050 0.639 −0.328 0.002

Rod-mediated dark adaptationb −0.003 0.979 0.280 0.023

RAT = retinal pigment epithelium-drusen-complex abnormal thinning,

a
Mean sensitivity across zones 1 – 8,

b
N = 66 eyes

For the purposes of analysis, cone-mediated sensitivity was defined per subject as the average sensitivity across the 8 test targets within a 6° (1.73 
mm) diameter, and also the average of each eye’s lowest sensitivity target (minimum), and the average of the eye’s highest sensitivity points for 
each eye (maximum). Age-adjusted N = 91 eyes (unless otherwise noted).
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Table 5

Volumes of retinal layers in eyes with and without subretinal drusenoid deposits.

Parameter Eyes with
SDD

(N = 29)

Eyes
without

SDD
(N = 62)

Age-
adjusted
p-Value

RPEDC Volume mm3, M (SD) 0.25 0.26 0.0322

(0.022) (0.030)

Outer Retina Volume mm3, M (SD) 1.44 1.42 0.0901

(0.089) (0.061)

Inner Retina Volume mm3, M (SD) 1.34 1.37 0.1317

(0.109) (0.096)

Retina Volume ×10−4 mm3, M (SD) 2.78 2.79 0.9321

(0.17) (0.12)

Drusen Volume ×10−4 mm3, M (SD) 0.71 2.07 0.0668

(2.92) (14.95)

RAT Volume, M (SD) 4.2 0.357 <0.0001

(5.19) (1.40)

SDD = subretinal drusenoid deposits, RPEDC = retinal pigment epithelium-drusen-complex, M = mean, SD = standard deviation, RAT = retinal 
pigment epithelium-drusen-complex abnormal thinning
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