
Cone Structure in Subjects with Known Genetic Relative Risk for
AMD

Megan E. Land, BS, Robert F. Cooper, BS, Jonathon Young, Elizabeth Berg, PhD, Terrie
Kitchner, Qun Xiang, MS, Aniko Szabo, PhD, Lynn C. Ivacic, Kimberly E. Stepien, MD, C.
David Page, PhD, Joseph Carroll, PhD, Thomas Connor Jr, MD, and Murray Brilliant, PhD
Department of Ophthalmology (MEL, JY, KES, JC, TC, Jr.), Division of Biostatistics, Institute for
Health and Society (QX, AS, CDP), Medical College of Wisconsin, Milwaukee, Wisconsin,
Department of Biomedical Engineering, Marquette University, Marquette, Michigan (RFC),
Department of Computer Sciences, University of Wisconsin-Madison, Madison, Wisconsin (EB),
and Center for Human Genetics (TK, MB), Core Laboratory (LCI), Marshfield Clinic Research
Foundation, Marshfield, Wisconsin (TK)

Abstract

Purpose—Utilize high resolution imaging to examine retinal anatomy in patients with known

genetic relative risk (RR) for developing age-related macular degeneration (AMD).

Methods—Forty asymptomatic subjects were recruited (9 males, 31 females; 51–69 years,

mean=61.4 years). Comprehensive eye exam, fundus photography and high-resolution retinal

imaging using SD-OCT and adaptive optics (AO) were performed on each patient. Genetic RR

scores were developed using an age-independent algorithm. AO scanning light ophthalmoscope

(AOSLO) images were acquired in the macula extending to 10 degrees temporal and superior

from fixation and were used to calculate cone density in up to 35 locations for each subject.

Results—RR was not significantly predictive of fundus grade (p=0.98). Only patients with a

high RR displayed drusen on Cirrus or Bioptigen OCT. Compared to an eye with a grade of 0, an

eye with a fundus grade ≥ 1 had a 12% decrease in density (p<0.0001) and a 5% increase in

spacing (p=0.0014). No association between genetic RR and either cone density (p=0.435) or

spacing (p=0.538) was found. Three distinct AOSLO phenotypical variations of photoreceptor

appearance were noted in patients with grade 1–3 fundi. These included variable reflectivity of

photoreceptors, decreased waveguiding, and altered photoreceptor mosaic overlying drusen.

Conclusions—Our data demonstrate the potential of multimodal assessment in the

understanding of early anatomical changes associated with AMD. AOSLO imaging reveals a

decrease in photoreceptor density and increased spacing in patients with grade 1–3 fundi, as well

as a spectrum of photoreceptor changes, ranging from variability in reflectivity to decreased

density. Future longitudinal studies are needed in genetically characterized subjects to assess the

significance of these findings with respect to the development and progression of AMD.
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Age related macular degeneration (AMD) is a chronic, progressive disease resulting in the

loss of central vision. AMD is characterized by the formation of extracellular deposits

(drusen) between the retinal pigment epithelium (RPE) and Bruch’s membrane. The

presence of drusen is considered the earliest clinical sign of pathological changes associated

with AMD.1 As the disease progresses, the development of geographic atrophy (GA) of the

RPE and choriocapillaris, as well as choroidal neovascularization can occur. AMD

represents the leading cause of vision loss in the developed world,2 and owing to the

increasing life expectancy, morbidity related to AMD is projected to increase in prevalence

in the coming decades.3 Of those diagnosed with AMD, 85 – 90% of patients present with

nonexudative, or, “dry” AMD.4 Current clinical management of these patients involves

supplementation with antioxidant vitamins and zinc,5 as well as monitoring for

metamorphopsia, which would suggest choroidal neovascularization and progression to

“wet” AMD. However, many patients remain asymptomatic for quite some time,

representing a window of opportunity to intervene before devastating vision loss occurs.

Currently lacking, however, are objective structural biomarkers that can identify the earliest

anatomical changes associated with AMD.

Recent advances in clinical imaging, such as spectral domain optical coherence tomography

(SD-OCT), have greatly aided in the diagnosis and assessment of the progression of AMD,

and have provided critical information for clinical decision-making. With its excellent axial

resolution, SD-OCT has been used to characterize and classify different types of drusen.6

However, the lateral resolution of commercial SD-OCT is insufficient to visualize structures

at the cellular level, impeding the ability to characterize and recognize changes associated

with the disease in its earliest stages. Adaptive optics (AO) imaging tools represent a

potential solution to the inadequate resolution of traditional imaging modalities. While

histologic studies have shown photoreceptor loss in both exudative and nonexudative

AMD,7 the use of AO imaging tools represents an opportunity for in vivo analysis of

photoreceptor involvement in AMD. Recent studies using AO retinal imaging in the

assessment of photoreceptor density in patients with AMD have shown differing results.

Obata and Yanagi (2014) did not observe a difference in photoreceptor density between

subjects with AREDS grade 1 fundi and those with an AREDS grade of 2 or 3.8 However, a

decrease in density corresponding to age and axial length was noted.8 Boretsky et al. (2012)

showed that patients exhibiting extensive drusen or GA display diminished cone density

when compared to patients with small or intermediate drusen.9 However, Zayit-Soudry et al.

(2013) showed that patients with GA displayed continuous cone mosaics that were often of

normal spacing, and that spacing was stable over time despite signs of clinical

progression.10 Godara et al. (2010) showed that photoreceptor density and mosaic were

well-preserved overlying a basal laminar druse in an asymptomatic patient.11 In addition,

Querques et al. (2012) found an intact photoreceptor mosaic in a patient with large drusen,

further supporting that photoreceptor loss may not occur until later in the disease process.12

Mrejen et al. (2013) examined subjects with either conventional or pseudodrusen and found
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a significant reduction in photoreceptor density overlying both conventional drusen (nearly

22%) and pseudodrusen (over 90%).13 They also reported altered photoreceptor reflectivity

overlying pseudodrusen. In most cases this was manifested as a ring of hyporeflectivity

surrounding the deposit, however, photoreceptor structure was not discernible over many of

the subretinal drusenoid deposits.13

We sought to identify the earliest anatomical changes associated with AMD by screening

previously undiagnosed subjects (over the age of 50) selected primarily on the basis of

having a high or low genetic relative risk (RR) for developing AMD. Examining these

subjects provides an opportunity to further our understanding of the early stage of the

disease process as well as to correlate changes seen with standard clinical imaging to those

seen with AO imaging tools. This multimodal imaging approach may provide a more precise

method for monitoring disease progression and identifying those at risk for development of

the disease, ultimately allowing for intervention before vision loss.

MATERIALS AND METHODS

Genetic Relative Risk (RR) Algorithm

Genetic AMD RR scores were developed by comparing previously identified single

nucleotide polymorphisms (SNPs) associated with AMD (http://www.genome.gove/

gwastudies/) in 1,021 AMD cases (all ages) against 439 controls (individuals over age 70

with recent comprehensive eye exams that did not note AMD). The final algorithm was a

logistic regression model that incorporated 5 of the 24 tested SNPs (rs10737680 and

rs1329424 in CFH; rs3793917 in ARMS/HTRA1; rs641153 in C2/CFB; and rs493258 in

LIPC). Under ten-fold cross-validation, a robust form of hold-out testing, this approach

distinguishes cases from controls with an area under the receiver operating characteristic

(ROC) curve, or an AUC, of 0.667. This algorithm is age-independent. Patients in the high-

risk quartile had an RR above 1.4, while those in the low-risk quartile had an RR below 0.57

by age 70. Figure 1 displays the ROC curve and survival curves generated by the final

genetic RR assessment algorithm.

Human Subjects

This study adhered to the tenets of the Declaration of Helsinki and was approved by the

Medical College of Wisconsin and the Marshfield Clinic Research Foundation Institutional

Review Boards. Participants provided written informed consent after explanation of the

nature and possible consequences of the study. Thirty-five subjects included in the study

were selected on the basis of having either a high or low genetic RR as determined above,

while five asymptomatic adults with no diagnosis of AMD were prospectively recruited and

had their genetic RR measured after imaging. Researchers involved in the imaging aspects

of the study were masked to the genetic RR of the patients until all analyses were completed.

Subjects were randomized to have either their right or left eye included in the study, with

only one eye examined per subject. All subjects underwent a comprehensive ophthalmologic

examination as well as fundus photography and imaging as described below. Color fundus

photographs were evaluated and graded by a single ophthalmologist masked to the genetic

RR assessment of the patients. A fundus grade of 0 was assigned if no drusen were present.
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The remaining subjects were graded according to the severity scale for AMD as described in

AREDS report number 17.14 According to the AREDS nine-step severity scale described in

this report, the presence of multiple abnormalities is assessed including largest drusen size,

total drusen area, increased pigmentation, depigmentation, the presence of GA, and the

presence of soft, indistinct drusen. Only one of the abnormalities needs to be present to

achieve the given clinical grade, and the abnormality resulting in the highest possible grade

is used for determining classification. In this report, inclusion criteria for a fundus grade of 1

include the questionable (≥50% likelihood but <90% likelihood) presence of a drusen, total

drusen area between 63 and 125 µm, or the questionable presence of increased pigmentation,

depigmentation, GA, or soft drusen. Inclusion criteria for a grade of 2 include largest drusen

size <63 µm, total drusen area ≥125 µm but <250 µm, increased pigmentation area <63 µm,

depigmentation area <354µm, or the presence of soft, indistinct drusen. Inclusion criteria for

a grade of 3 include largest drusen size ≥63 µm but <125 µm, total drusen area ≥250 µm but

<354 µm, increased pigmentation area ≥63 µm but <125 µm, depigmentation area ≥354 µm

but <650 µm, or the presence of soft, indistinct drusen in one of three retinal zones.

Spectral-Domain Optical Coherence Tomography (SD-OCT)

Volumetric images of the macula were acquired using the Zeiss Cirrus HD-OCT (Carl Zeiss,

Meditec, Dublin CA, USA). Volumes were nominally 6 mm×6 mm and consisted of 128 B-

scans (512 A-scans/B-scan). The location of the foveal pit was determined using the

FoveaFinder algorithm on the Cirrus software (v. 6.5.0772). RPE composite maps generated

from Cirrus SD-OCT were evaluated for elevations, which would suggest the presence of

drusen. Outer retinal layer integrity was assessed using high-resolution SD-OCT (Bioptigen,

Inc., Durham, NC). Line scan sets were acquired (1000 A-scans/B-scan; 100 repeated B-

scans) through the foveal center. Scans were registered and averaged as previously described

to reduce speckle noise in the image.15

Microperimetry Testing

Microperimetry testing was obtained using an OPKO/OTI microperimeter (OPKO

Instrumentation, Miami, FL). The protocol previously described by Anastasakis et al.

(2011), was followed to obtain retinal sensitivity measurements.16 This involved using the

Polar 3 testing pattern, which includes 28 points arranged in 3 concentric circles (2.3, 6.6,

and 11 degrees in diameter).16 The stimulus was equal to the size of the Goldman III, with a

200-milisecond duration of presentation and 1.5 second interval between each stimulus

presentation. Two trials were performed for each eye tested.

Adaptive Optics (AO) Retinal Imaging

Prior to imaging, the subject’s eye was dilated and accommodation suspended using one

drop each of phenylephrine hydrochloride (2.5%) and tropicamide (1%). An AO scanning

light ophthalmoscope (AOSLO) was used to acquire images of the cone mosaic, and system

details have been described in detail elsewhere.17–19 The eye’s monochromatic aberrations

were compensated for using a deformable mirror (ALPAO S.A.S., Biviers, Grenoble,

France). Image sequences (150 frames each) were acquired using a 796nm superluminescent

diode (SLD) (Superlum, Carrigtwohill, Co. Cork, Ireland). Images were acquired at the
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macula as well as extending approximately 10 degrees along the superior and temporal

meridians.

Processing of AOSLO Image Sequences

In order to correct for distortions in the AOSLO images due to the sinusoidal motion of the

resonant optical scanner, we first estimated the distortion from images of a Ronchi ruling,

and then re-sampled the images over a grid of equally spaced pixels. After this

“desinusoiding”, the movies were manually inspected to identify reference frame(s) with

minimal distortion and maximal sharpness for subsequent registration using custom

software.20 Registration of frames within a given image sequence was performed using a

“strip” registration method, in which the images were registered by dividing the image of

interest into strips, aligning each strip to the location in the reference frame that maximizes

the normalized cross correlation between them.20 Once all the frames were registered, the 50

frames with the highest normalized cross correlation to the reference frame were averaged,

in order to generate a final image with an increased signal to noise ratio (SNR) for

subsequent analysis. Final images were then manually stitched together using Adobe

Photoshop (Adobe Systems, Inc., San Jose, CA) to generate a montage of the imaged area.

AOSLO montages, Cirrus maps, fundus photographs, and Bioptigen scans were manually

aligned using Adobe Photoshop (Adobe Systems Inc., San Jose, CA).

Analysis of Cone Density

Cone density was analyzed using the processed AOSLO images. To ensure the

measurements across subjects were acquired relative to a common anatomical feature, we

used the center of the foveal pit as determined by Cirrus OCT as the reference point for each

subject. Cone density was measured over a 37 × 37 µm sampling window (to facilitate

comparison with previous histological data21) at the foveal center and each of 34 additional

regions of interest (0.25, 0.5, 0.75, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 6.0, 7.0, 8.0, 9.0,

and 10.0 degrees relative to the location of foveal pit in both superior and temporal

directions). Not all locations could be assessed for each subject due to poor image quality,

the presence of vasculature, or incomplete montages. Images within 2 degrees of the fovea

were counted using a semi-automated program.22 Locations beyond 2 degrees were

manually counted by a single observer (MEL) using ImageJ (Wayne Rasband, National

Institutes of Health, Bethesda, MD; available at http://rsb.info.nih.gov/ij/index.html) due to

the presence of rod photoreceptors confounding the automated algorithm. Figure 2 shows

example images from regions of interest with cones marked for density and spacing

measurements.

Statistical Analysis

Analyses were performed in SAS 9.3. (SAS institute, Cary, NC) using the MIXED

procedure as the primary analyses. A general linear model analysis was used as this afforded

the ability to adjust for the within-person correlation in the setting of repeated measurements

as well as missing data (as a result of poor image quality, etc. as stated previously). For the

correlation, a Kroenecker product structure with autoregressive correlation (AR(1)) between

different angles along the same direction and unstructured correlation between the directions

was used (selected using the Akaike Information Criterion). Cone density and spacing, log-
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transformed for the analysis to stabilize the variance, were evaluated as a function of

measurement position, fundus grade, and genetic RR. Interaction terms were used to

evaluate whether the effect of measurement angle depended on the direction (temporal

versus superior), and whether the effect of fundus grade and genetic RR depended on

measurement location. The effects estimated on log-scale were back-transformed to and

interpreted as fold-changes on the original scale.

RESULTS

Subject Characteristics

Subjects ranged in age from 51–69 years of age with a mean of 61.4 years. Thirty-one

subjects were female, and nine were male. All patients had relatively preserved best-

corrected visual acuity (BCVA) with a range of 20/13 to 20/32 (+1). Color vision defects

identified included one male with protanopia, one male with deuteranomalous trichromacy,

and one female who was an obligate carrier for an unknown form of color blindness. All

others had normal color vision. Twenty-one subjects received a fundus grade of 0 (no drusen

present), 14 received a fundus grade of 1 (total drusen area of 63–125 µm), four received a

fundus grade of 2 (total drusen area of 125–250 µm with largest individual drusen size less

than 63 µm), and one subject received a fundus grade of 3 (total drusen area of 250–354 µm

with the largest individual drusen size 63–125 µm). Table 1 summarizes patient

demographics.

Genetic Relative Risk (RR)

Twenty subjects were in the high RR quartile, sixteen were in the low RR quartile, and four

were within the middle two risk quartiles. Of the 20 subjects in the high RR quartile; 11 had

a fundus grade of 0, six had a fundus grade of 1, two had a fundus grade of 2, and one had a

fundus grade of 3. Of the 16 subjects in the low-risk quartile, 10 had a fundus grade of 0,

five had a fundus grade of 1, and one had a fundus grade of 2. Of the four subjects within

the two middle risk quartiles, three had a fundus grade of 1, and one had a fundus grade of 2.

High genetic RR for AMD was not predictive of an increased fundus grade (p=0.98).

SD-OCT Findings

Abnormalities observed on Bioptigen SD-OCT included disruption of the inner segment

ellipsoid (ISe), disruption of the RPE, focal disruption of the outer segment and RPE layers

at the fovea, attenuation of the external limiting membrane (ELM), and the presence of

drusen. Twenty-one subjects had normal outer retinal structure on the Bioptigen SD-OCT.

Of these, 12 were in the high RR quartile, and nine were in the low RR quartile. Three

subjects had disruption of the ISe, with two of these subjects being in the high RR quartile,

and one in the low RR quartile. Six subjects had focal disruption of the outer segment and

RPE layers at the fovea, with two of these subjects being in the high RR quartile, and four in

the low RR quartile. One subject showed attenuation of the ELM and was in the high RR

quartile. One subject showed disruption of the ISe and RPE and was in the low RR quartile.

Three subjects had drusen evident on both Cirrus and Bioptigen SD-OCT. All three of these

subjects were in the high RR quartile. High genetic RR was not predictive of any

abnormality on Bioptigen SD-OCT (p=1). However, only subjects with a high genetic RR
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had drusen present on either Bioptigen or Cirrus SD-OCT. The small sample size of only

three patients with evident drusen precluded any statistical significance of this finding.

Microperimetry

Subjects were determined to have decreased foveal sensitivity if they scored below 20 dB on

both trials. In all other locations, a score below 10 dB on both trials was considered

decreased sensitivity. Twenty-one patients had decreased foveal sensitivity. Of these, 11

were in the high RR category, nine were in the low RR category, and one was within the

middle two quartiles. High genetic RR was not predictive of decreased foveal sensitivity

(p=0.95). Twenty-six subjects had sensitivity below 10 dB on both trials in one or more of

the other locations tested. Of these, 16 were in the high genetic RR category, and 10 were in

the low genetic RR category. High genetic RR was not predictive of decreased sensitivity in

these locations (p=0.12). Thirteen grade 0 subjects and 15 subjects with a fundus grade of 1

to 3 had decreased sensitivity at any location in both microperimetry trials. Fundus grade

was not predictive of decreased microperimetry sensitivity (p=0.71). Thirteen grade 0

subjects and 11 subjects with a fundus grade of 1 to 3 had decreased foveal sensitivity.

Increased fundus grade was not found to be associated with decreased foveal sensitivity

(p=0.97).

Adaptive Optics Photoreceptor Density

AO images for all subjects that had been assigned a fundus grade of 0 were examined. Of

these, only eight subjects displayed highly discernible cone morphology and were

subsequently used for analysis purposes. These eight subjects that had been assigned a

fundus grade of 0 were compared to previously published data obtained through either

histology or AO imaging.21,23 As shown in Figure 3, density measurements obtained in

these subjects corresponded closely with this previously published data. However, unlike

Song et al. (2001), our data did not show an age-related decrease in photoreceptor density.23

Data were also compared to a cohort of individuals (7 males, 2 females; mean age = 25

years) without ocular pathology that had previously been imaged using the same AOSLO

system. A general linear model analysis was utilized to examine cone density and there was

no significant difference in density between this group and the grade 0 subjects (p=0.165).

We next compared our grade 0 subjects to subjects with a grade 1 or 2 fundus to evaluate

differences in photoreceptor density as a function of fundus grade and genetic RR. As with

the grade 0 subjects, only subjects with highly discernible cone morphology were

subsequently used for analysis purposes (grade 1, n=11; grade 2, n=3). Figure 4 shows

example images from various regions of interest used for cone density and spacing

measurements.

Photoreceptor Density and Spacing as a Function of Grade and Genetic RR

A general linear model analysis was used to examine the association of fundus grade with

respect to cone density and spacing, controlling for photoreceptor density and spacing as

repeated measurements. Grade 1 and 2 subjects were combined due to the small number of

grade 2 subjects in this study population. The results show that subjects with a fundus grade

of 1 or 2 had a significant reduction in cone density and a significant increase in cone
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spacing. Compared to the 8 eyes with a grade 0 fundus for whom we analyzed cone density,

eyes with a fundus grade of 1 or more (n=14) had a 12% decrease in density (p<0.0001) and

a 5% increase in spacing (p=0.0014). These changes are assumed to be uniform across all

locations measured as the addition of an interaction term was not significant, in other words,

there was not enough evidence to suggest a non-uniform reduction in cone density across the

retinal locations assessed. A similar analysis was conducted using RR as a predictor of cone

density and spacing, however, no association between genetic RR and either cone density

(p=0.435) or spacing (p=0.538) was found.

AOSLO Qualitative Abnormalities

Three distinct patterns of qualitative photoreceptor abnormalities were noted on AOSLO.

These included abnormal reflectivity of photoreceptors, annular rings of hyporeflectivity

surrounding drusen with an intact overlying photoreceptor mosaic, and those with a

disrupted photoreceptor mosaic overlying drusen.

As shown in Figure 5, two grade 1 patients and one grade 2 patient showed a complete and

contiguous photoreceptor mosaic, however, there were several patches of photoreceptors

showing lower frequency changes in reflectivity. No overt abnormalities were noted in these

patients on SD-OCT other than subtle changes at the level of the RPE. Figure 6 displays the

second phenotype in which four grade 1 patients displayed annular rings of hyporeflectivity

on the edges of drusen. In this phenotype, the photoreceptor mosaic remained intact, but

displacement of the photoreceptor layer induced by space-occupying drusen disrupts the

waveguiding of the photoreceptors found on the edge of the drusen. The photoreceptors near

the edge of drusen were more easily visualized when displayed on a logarithmic scale.

Despite these alterations in waveguiding, a complete contiguous photoreceptor mosaic

remained, similar to previously published observations.11

Two grade 2 subjects and the grade 3 subject showed drusen with an overlying disruption of

the photoreceptor mosaic. Individual photoreceptors could not be visualized in these areas,

even when viewed on a logarithmic scale. This is represented in Figure 6. However, when

viewed on SD-OCT, these patients displayed an intact-appearing ISe band.

DISCUSSION

Our data demonstrate the potential of multimodal assessment for understanding early

anatomical changes associated with AMD. The combination of AOSLO, standard clinical

imaging, and genetic risk stratification provides a valuable approach to study this disease.

Many of the abnormalities noted on AOSLO were not visible with standard clinical imaging,

highlighting the sensitivity of AO imaging for studying the earliest anatomical changes

associated with AMD.

Genetic RR was not predictive of increased AREDS fundus grade. However, consistent with

the AREDS grading system, drusen anywhere within the arcades were considered for

grading purposes. Many of these drusen were not within the area visualized with OCT, and

are thus unlikely to interfere with daily visual functioning. Although it did not reach

significance, only patients with a high genetic RR displayed drusen visible on OCT, whereas
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none of the patients with low genetic RR had drusen seen on OCT. This suggests that

genetic RR may be useful in predicting the evolution of clinically disruptive drusen. Future

longitudinal studies with larger sample sizes of genetically characterized subjects will be

needed to further investigate this hypothesis.

Decreased foveal sensitivity on microperimetry was not found to be associated with high

genetic RR or increased fundus grade. Decreased sensitivity at any of the locations tested

was also not found to be associated with high genetic RR or increased fundus grade.

Previous studies utilizing microperimetry testing in subjects already with a diagnosis of

AMD (based on fundus appearance) have found a significant reduction in retinal sensitivity

overlying drusen as well as at the margins of GA.24 A significant correlation between retinal

sensitivity and drusen volume as well as absolute scotomas overlying areas of GA was also

noted.24 This suggests that a decrease in retinal sensitivity as measured by microperimetry

testing is likely a later change that worsens as the disease progresses.

Photoreceptor density measurements in our subjects corresponded closely with previously

published data.21, 23 However, our data did not demonstrate a decrease in photoreceptor

density related to age, as previously described.8,23 This may be because the subjects

included in this cohort in our study all had grade 0 fundi. Perhaps earlier studies not

accounting for fundus grade may have incorporated subjects with pre-clinical AMD,

resulting in decreased density measurements. Using flood-illuminated AO imaging, Obata

and Yanagi (2014) did not find a decrease in photoreceptor density in subjects with grade 2

or 3 fundi compared with grade 1 subjects.8 This is in contrast to our study’s findings,

however Obata and Yanagi (2014) only compared subjects with different grades of AMD

whereas ours included subjects with any classification of AMD and compared those to age

matched normals. This results in our study having an increased sensitivity to detect for the

earliest AMD-associated changes in photoreceptor density. In contrast to Zayit-Soudry et al.

(2013), our study found that subjects with a fundus grade of 1 or more showed a decrease in

cone density and an increase in cone spacing compared with eyes with a grade 0 fundus.10

Zayit-Soudry et al. (2013) evaluated eight eyes of seven patients with either intermediate

AMD or GA. They found that in the majority of cases, subjects had normal cone spacing

both in areas overlying drusen and on the border of GA and that this spacing remained

normal during the study’s follow up period (12 to 21 months).10 However, our findings of

decreased photoreceptor density in patients with increased fundus grade is similar to Mrejen

et al. (2013), who observed a significant reduction in photoreceptor density overlying both

drusen and pseudodrusen.13

Similar to findings in patients with AMD,10,13 qualitative photoreceptor abnormalities were

noted in our patients, including abnormal reflectivity of photoreceptors, annular rings of

hyporeflectivity surrounding drusen, and a disrupted photoreceptor mosaic overlying drusen.

The fact that some of the same photoreceptor changes were found in patients diagnosed with

bona fide AMD suggests that the changes seen in our patients are indeed linked to the

disease process. Previous studies have shown that changes at the level of the RPE can result

in alterations in photoreceptor reflectance on AO images.25 Although the exact mechanism

of drusen formation remains unclear, one hypothesis is that RPE cell degeneration may

create cellular debris that serves as the impetus of a chronic inflammatory state and that this
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chronic inflammatory state may initiate drusen formation.26 Thus, the subtle changes in

photoreceptor reflectivity may be one of the earliest anatomical changes associated with

AMD and could be indicative of RPE cell dysfunction. In this case, the three described

phenotypes would represent a continuum of disease states beginning with an altered RPE,

progressing to the formation of drusen, and ultimately to the deterioration of photoreceptors;

as the loss of photoreceptors is known to be associated with AMD as previously described in

histology7 and more recently by AO.9

Several challenges exist in the imaging of the aged eye. These patients are prone to several

age-related changes including smaller pupil size, media opacities, cataract formation, and

abnormalities in the tear film; all of which reduce the quality of images acquired using

AOSLO. The variation in image quality attained from various subjects represents a possible

limitation of studies like ours. Many areas had unacceptable image quality necessary for the

evaluation of photoreceptor density and spacing, and were subsequently omitted from

analysis. This could result in a more conservative estimate of the changes in photoreceptor

density and spacing as they relate to the earliest signs of AMD. More advances are needed in

AO technology, specifically with regard to improvements designed for imaging the aged

eye. In addition, it is often difficult to distinguish normal age-related changes from those

that indicate a disease state. For example, the presence of fine, hard drusen can be

considered a normal response to aging,27 however, they are also one of the criteria

considered for AMD grading using the AREDS severity scale for age-related macular

degeneration.14 Thus, future longitudinal studies will be needed in order to disambiguate

normal age-related anatomical changes from those specific to AMD progression. Although

limitations exist, the potential of AOSLO imaging to assist in better understanding,

diagnosis, and ultimately treatment of diseases such as AMD is great.
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Figure 1.
Genetic Risk Algorithm. (A) Receiver Operating Characteristic Curve illustrating the

performance of the binary classification of genetic relative risk for age related macular

degeneration at various discrimination thresholds. (B) Survival curve demonstrating

distribution of patients without AMD classified as either low or high genetic relative risk as

a function of age.
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Figure 2.
Photoreceptor Selection for Density Measurement. Example of selection of cone

photoreceptors at various locations for density and spacing measurements. (A) 0.25 Degrees

Superior from Fovea. (B) 5.0 Degrees Temporal from Fovea. The presence of rod

photoreceptors in peripheral locations necessitates manual cone photoreceptor detection.

Scale bar is 10µm.
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Figure 3.
Cone Density in Control Subjects vs. Previously Published Data. Shown are cone

photoreceptor density measurements (filled circles) along the superior and temporal

meridians in the grade 0 subjects along the superior (A) and temporal (B) meridia. Error bars

represent ±1 standard deviation. Dashed gray line and open circles represent previously

published normative data from Curcio et al. (1990) and Song et al. (2011), respectively.21,23

The cone density from our grade 0 subjects corresponds closely with these previously

published data sets.
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Figure 4.
Example Regions of Interest. Shown are AOLSO images of the cone mosaic from various

regions of interest along the temporal meridian in a single subject. Images are shown in

logarithmic display to minimize differences in individual photoreceptor brightness, making

visualization of cells in the mosaic easier. Labels in each panel represent the retinal

eccentricity of that image. Scale bar is 20µm.
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Figure 5.
Phenotype 1: Abnormal Reflectivity. In three subjects, no discrete drusen were present,

however, individual photoreceptors had more highly variable reflectivity in the AOSLO

images. (A) In JC_0926, lower-frequency changes in reflectance were observed and are

consistent with changes at the level of the RPE. (B) Shown for comparison is JC_0823, an

age-matched normal with a more uniform mosaic. Scale bar = 50µm. Corresponding SD-

OCT from the subject with abnormal reflectivity (C) and from the subject with a normal-

appearing mosaic (D). Vertical arrows indicate the region imaged with AOSLO shown in

panels A and B, respectively.
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Figure 6.
Phenotypes 2 and 3: Decreased waveguiding and disrupted photoreceptor mosaic. Drusen

were present in four subjects in which the overlying photoreceptor mosaic was undisturbed,

consistent with previous observations.11 Interestingly, the photoreceptors on the edge of

these drusen had diminished reflectivity. This is most likely due to the Stiles-Crawford

effect; where the three dimensional druse alters the trajectory of the reflected light. (A)
AOSLO image from subject JC_0803, displaying decreased waveguiding phenotype. (B)
Logarithmic view of AOSLO image. Scale bar = 50 µm. (C) Corresponding OCT, with

Land et al. Page 18

Optom Vis Sci. Author manuscript; available in PMC 2015 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



region imaged with AOSLO marked with vertical black arrow. In three subjects, drusen

were present and the overlying photoreceptor mosaic was disturbed. By viewing on a

logarithmic scale, it is evident that the photoreceptors are no longer discernable on the edge

of drusen. These photoreceptor changes were not detected on SD-OCT. (D) AOSLO image

from subject JC_1018, displaying disrupted photoreceptor mosaic. (E) Logarithmic view of

AOSLO image. Scale bar = 50µm. (F) Corresponding SD-OCT, with region imaged with

AOSLO marked with vertical white arrow.
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