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Abstract

Purpose—To investigate the association of spontaneous drusen regression in intermediate age-
related macular degeneration (AMD) with changes on fundus photography and fundus
autofluorescence (FAF) imaging.

Design—~Prospective observational case series.

Methods—Fundus images from 58 eyes (in 58 patients) with intermediate AMD and large
drusen were assessed over 2 years for areas of drusen regression which exceeded the area of circle
C1 (diameter 125pum; Age-Related Eye Disease Study grading protocol). Manual segmentation
and computer-based image analysis were used to detect and delineate areas of drusen regression.
Delineated regions were graded as to their appearance on fundus photographs and FAF images,
and changes in FAF signals were graded manually and quantitated using automated image
analysis.

Results—Drusen regression was detected in approximately half of study eyes using manual
(48%) and computer-assisted (50%) techniques. At year 2, the clinical appearance of areas of
drusen regression on fundus photography was mostly unremarkable, with a majority of eyes (71%)
demonstrating no detectable clinical abnormalities, and the remainder (29%) showing minor
pigmentary changes. However, drusen regression areas were associated with local changes in FAF
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that were significantly more prominent than changes on fundus photography. A majority of eyes
(64-66%) demonstrated a predominant decrease in overall FAF signal, while 14-21% of eyes
demonstrated a predominant increase in overall FAF signal.

Conclusions—FAF imaging demonstrated that drusen regression in intermediate AMD was
often accompanied with changes in local autofluorescence signal. Drusen regression may be
associated with concurrent structural and physiological changes in the outer retina.

Introduction

Methods

The presence of large soft drusen is a clinical hallmark of intermediate age-related macular
degeneration (AMD)? that is associated with an increased risk of progression to advanced
AMD.# Large soft drusen exhibit structural dynamism by demonstrating growth,® as well as
partial or complete regression, which can occur either spontaneously,®-8 or in response to
laser photocoagulation.9-12 What cellular mechanisms underlie drusen regression and how
retinal function and AMD progression are affected by its occurrence are incompletely
understood.13-16 Whether drusen regression can constitute a useful surrogate endpoint in
clinical trials on the prevention of AMD progression also remains a topic of some

debate 1718

The purpose of the current study is to examine the incidence of drusen regression in eyes
with intermediate AMD and to discover whether drusen regression in the short-term may be
associated with local changes in the overlying retina. As large soft drusen abut the adjacent
retinal pigment epithelium (RPE) layer, alterations in drusen size per se, and/or the
processes that drive or accompany drusen regression, may influence the health and
functioning of adjacent RPE cells. Fundus autofluoresence (FAF) imaging which relies
primarily on the fluorescence generated from bisretinoid compounds accumulated in RPE
cells!® 20 has been demonstrated to reveal clinically significant alterations in the anatomical
and physiological state of the outer retina.2l: 22 In the current study, we employed this
modality to discover whether the events surrounding drusen regression were accompanied
by changes in the outer retina. Our findings here are relevant to the significance of drusen
regression in the natural history of AMD and may be relevant to the mechanisms by which
large soft drusen confer risk on AMD progression.

Study Subjects

The present study is a prospective observational case series derived from fundus images
obtained from participants in the Age-Related Eye Disease Study 2 (AREDS2;
ClinicalTrials.gov Identifier #NCT00345176) protocol. Sixty participants were enrolled at
the National Eye Institute site for the AREDS2 study between March 2007 and July 2008
who met the following enroliment criteria at the baseline visit: (1) age between 50 to 85
years, and (2) presence of large drusen (=125 um in diameter) in both eyes, or large drusen
in one eye and advanced AMD (defined as the presence of choroidal neovascularization,
central geographic atrophy, or disciform scarring) in the fellow eye. Participants were
characterized by multimodal imaging at baseline and at 2 years. As the present study aims to
examine drusen changes in eyes with intermediate AMD over this time period, eyes that
contained or developed advanced AMD were identified and excluded from analysis. Eyes
that were (1) without advanced AMD at baseline, and (2) did not progress to advanced
AMD by the year 2 visit were identified as eligible eyes. Each study participant was
permitted to contribute at most one eye to the analysis; when both eyes were eligible, one of
the two eyes was randomly selected. This inclusion process resulted in a total of 58 eyes in
58 patients that constituted the population of study eyes analyzed in the present study.
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Informed consent was obtained from all study participants. The study design was
prospectively approved by the National Institutes of Health Combined Neuroscience
Institutional Review Board. Informed consent was obtained from all participants, and the
study was conducted in accordance with Health Insurance Portability and Accountability
Act regulations and adhered to the tenets of the Declaration of Helsinki.

Fundus imaging

Retinal imaging of study eyes was performed with color fundus photography, red-free
monochromatic fundus photography, and modified fundus camera-based fundus
autofluorescence (mFC FAF) imaging at study baseline and at the year 2 follow-up visit.
Participants had their pupils dilated to 6 mm or larger with two sets of 2.5% phenylephrine
and 1% tropicamide ophthalmic drops prior to imaging. Images were captured using a retina
camera with a 30° magnification setting according to a modified 3-standard fields color
fundus photography; Field 2 of the macula was used for image analysis. Color fundus photos
were obtained using an ultra-high resolution (2392 x 2048 pixels) color camera (Ophthalmic
Imaging Systems; Sacramento, CA). Monochromatic red-free fundus photographs were
captured using a 12-bit ultra-sensitive grayscale CCD (1376 x 1036 pixels; Ophthalmic
Imaging Systems; Sacramento, CA) and a Topcon factory-installed green filter (550-nm to
580-nm). FAF images were captured using a Topcon 50-EX retinal camera (Topcon Medical
Systems; Oakland, NJ) adapted for autofluorescence imaging using the modifications
described by Spaide23 and connected to an OIS WinStation™ 5000 digital capture system.
Band-pass filters for excitation (550 to 600nm) and emission (660 to 800nm) were used for
FAF imaging. Color images were stored in 24-bit RGB color format (8-bits for each of red,
green and blue channel data). Monochromatic red-free and mFC FAF images were stored in
8-bit grayscale format.

Image processing

For each study eye, fundus images from all three imaging modalities (color fundus
photography, monochromatic red-free fundus photography, and mFC FAF) at baseline and
year 2 were spatially registered using the ImageJ imaging processing software (version
1.44f; National Institutes of Health; Bethesda, MD) using the TurboReg plugin (version
June 19, 2008; Biomedical Imaging Group, Swiss Federal Institute of Technology Lausanne;
Lausanne, Switzerland) employing bilinear transformation. Color RGB images were
registered by splitting RGB channel data as an RGB stack, selection of landmarks in the
green channel, and recombining RGB channel data to create a registered color RGB image.
The accuracy of image registration was individually confirmed by two independent
reviewers (BT, MI) and the registration refined to achieve accuracy between imaging
modalities.

To facilitate the longitudinal comparison of fundus images, registered images from each
imaging modality at baseline and year 2 were normalized with respect to each other using
tools within ImageJ, which included (1) the automatic window and level adjustment tool and
(2) the rolling paraboloid background subtraction tool?# in order to achieve normalized
grayscale distributions in longitudinal images. Pre- and postprocessing images were
independently reviewed by three graders (BT, MI, NK) to verify the absence of image
obscuration or artifact.

Manual segmentation and grading of areas of drusen regression

Registered color and red-free fundus images at baseline and year 2 were inspected, and areas
of drusen regression at year 2 (relative to baseline) were identified. Areas of drusen
regression greater than, or equal in size to, circle C1 (of diameter 125 jum, as described in
the AREDS AMD grading protocol)2® were circumscribed by planimetry using the draw
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tool in ImageJ to delineate regions of interest (ROIs) within which drusen regression was
observed. Region of interest (ROI) outlines were overlaid onto color fundus photographs
and monchromatic red-free images at year 2, and the overall clinical appearance of these
ROIs was graded according to one of the three following categories: (1) No observable
clinical feature distinct from background, (2) development of new pigmentary changes at
year 2, or (3) development of new retinal or RPE atrophy at year 2. The same ROIs were
also overlaid onto mFC FAF images at baseline and year 2. The FAF patterns within the
ROIs were compared between baseline and year 2, and changes in overall FAF signal within
the ROIs at year 2 (relative to baseline) were manually graded according to one of the three
following categories: (1) predominant decrease in the overall level of autofluorescence, (2)
predominant increase in the overall level of autofluorescence, or (3) no overall change in the
overall level of autofluorescence

Computer-assisted delineation of areas of drusen regression

A semi-automated method of image processing was performed in parallel to manual
segmentation and grading. In order to automate the delineation of areas of drusen regression
in individual study eyes, monochromatic red-free fundus images at baseline and year 2,
which had been registered and normalized, were subjected to image subtraction using
ImageJ. The image calculator tool was employed to perform pixel-by-pixel image
subtraction of the year 2 image from the baseline image. As areas of drusen appear brighter
than the normal fundus background, areas of drusen regression appeared on the subtraction
image as areas of preferentially increased pixel intensity (Fig. 1, fop row). Standardized
automated thresholding using isodata binarization 26 was applied to the subtraction image to
sharply delineate general areas of drusen regression (Fig. 1, bottom lefi). Specific areas of
drusen regression were individually identified and tagged using the automated particle
analysis tool in ImageJ; ROIs with areas smaller than the area of circle C1 were excluded.
The remaining areas were used to define drusen-regression ROIls (Fig. 1, bottom midadle)
and characterized in the subsequent analysis of changes in FAF pattern (Fig. 1, bottom

right).

Computer-assisted quantification of fundus autofluorescence in fundus autofluorescence

images

We developed a semi-automated method to quantitatively characterize changes in FAF
within areas of drusen regression. As manual grading of areas of hyperautofluorescence and
hypoautofluorescence in FAF images relies on comparisons that the grader makes between
these areas and the overall level of “normal background” autofluoresence, our computer-
assisted algorithm simulated this comparison by first measuring the grayscale level of FAF
in areas that were considered to be of “normal background” autofluoresence. In this process,
two graders (BT, MI) independently inspected mFC FAF images at baseline and year 2 and
then manually delineated three separate ROls that were representative of “normal
background” autofluorescence (Fig. 2, fop /ef?). The use of this reference accounted for
individual variations in macular pigment distribution, which generally varies with distance
from the fovea.2’-2% The two graders were masked to whether an image was at “baseline” or
“follow-up.” The criteria used for the delineation of these “background” ROIs were that at
both baseline and at year 2, these areas should: 1) contain uniform levels of background
FAF; 2) be located outside areas of drusen, drusen regression, and other retinal pathology;
and 3) be selected in areas at the same approximate radial distance from the fovea as the
relevant drusen regression ROIs for that study eye. The background ROIs were
independently reviewed by a third grader (NK or WW) to verify conformity to these criteria.
The distribution of grayscale levels of all the pixels located in these “background” ROIs
within a given eye was represented in a histogram (Fig. 2, fop righf), and the mean +
standard deviation (SD) for this distribution was calculated.
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The drusen regression ROIs defined earlier for the same study eye were then superimposed
onto mFC FAF images from baseline and year 2 for characterization of the patterns of FAF
located within these ROIs relative to background levels (Fig. 2, bottom lef?). We defined a
given pixel within the ROI to have “increased FAF signal” when its grayscale level
exceeded that of the mean background grayscale level by greater than three times the
standard deviation (SD) of the background grayscale distribution (ie. when pixel grayscale
level > [mean background grayscale level + 3 SD]). Conversely, a pixel had “decreased FAF
signal” when pixel gray level < [mean background gray level - 3 SD] (Fig. 2, bottom right).
In this way, the numbers of pixels with (1) increased FAF (upper shoulder of histogram) and
(2) decreased FAF (lower shoulder of histogram) were computed in the drusen regression
ROIs of each eye for baseline and year 2 mFC FAF images separately. The absolute and
percentage changes in areas of increased and decreased autofluorescence signal were then
calculated between baseline and year 2. If the changes in the areas of increased and
decreased FAF were relatively equal (£5%), the overall change in FAF was categorized as
“no overall change in the overall level of autofluorescence.” If the change in the area of
either decreased or increased FAF predominated, then the overall change in FAF was
categorized as either “predominantly decreased” or “predominantly increased,” respectively.

Prevalence of drusen regression in eyes with intermediate age-related macular
degeneration

Study eyes (n= 58) were assessed for the presence of significant drusen regression between
baseline and year 2. Two methods of analysis were performed in parallel: (1) manual
segmentation and (2) computer-assisted delineation based on image subtraction. On manual
segmentation of baseline and year 2 follow-up fundus images of 58 study eyes, 28 eyes
(48%) were identified as demonstrating at least one area of drusen regression exceeding
circle C1 (125 um) in area. In comparison, computer-assisted delineation of drusen
regression identified a similar proportion of eyes (50%, n=29/58) as having met this
criterion. Agreement between the two methods was very good (Cohen’s x=0.91+0.05), with
27 eyes being similarly identified as having significant drusen regression by both methods.
One eye identified by manual segmentation was not identified by computed-assisted
delineation, while two eyes identified by computed-assisted grading were not identified by
manual segmentation. These three discordant eyes were “borderline” cases in which the
largest area of drusen regression was close to the area of circle C1.

Manual grading of clinical and fundus autofluorescence changes in areas of drusen

regression

For study eyes which were identified on manual segmentation to have met criteria for drusen
regression (n=28), multimodal fundus images (color, red-free, mFC-FAF) captured at
baseline and year 2 were registered and inspected in parallel. Figures 3-5 illustrate
representative examples of drusen regression and their appearance on multimodal imaging in
analyzed eyes. These representative individual examples illustrate that retinal areas of
drusen regression appeared clinically unremarkable on color and monochromatic
photography in the majority of cases. In these areas that were previously occupied by
drusen, the retina either had a normal clinical appearance or developed small amounts of
new pigment clumping. However, on FAF imaging, these same areas typically demonstrated
clear changes in the local patterns of autofluorescence that were considerably more
prominent than the clinically observable changes.

Avreas of drusen regression, delineated as “regions of interest” (ROIs), were overlaid on
color fundus and red-free photographs and graded (Fig. 6, fop). In the majority of graded
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eyes (71%, n = 20/28 eyes), these areas had a clinical appearance that was devoid of retinal
pathology and indistinguishable from neighboring fundus areas uninvolved with AMD
lesions (drusen or pigmentary changes). A minority of eyes (29%; n = 8/28 eyes) had some
evidence of new pigmentary changes that were not apparent at baseline. None of the graded
eyes was noted to have clinically evident geographic atrophy or neovascular change in the
areas of drusen regression.

These manually outlined “drusen-regression” ROIs were also overlaid onto mFC-FAF
images at baseline and year 2, and the FAF changes within these ROIs were qualitatively
graded (Fig. 6, botfom). In a majority of eyes (64%, n = 18/28), these ROIs were judged to
demonstrate a predominant decrease in FAF signal as drusen regressed in these areas. About
14% of eyes (n = 4/28) were judged to have a predominant increase in FAF signal, and 21%
(n = 6/28) had no net overall change in FAF signal.

Computer-assisted grading of fundus autofluorescence changes in areas of drusen

regression

In parallel to the manual grading of FAF changes, we developed a computer-assisted,
quantitative method of characterizing FAF changes that are associated with drusen
regression. FAF signals located within computer-defined “drusen regression” ROIs were
normalized with respect to background, and differences in grayscale levels between baseline
and year 2 images were calculated and analyzed. In each study eye demonstrating drusen
regression of size greater than circle C1 (diameter 125um; Age Related Eye Disease Study
AMD grading protocol), as assessed by computer-assisted grading (n = 29), the total areas of
increased and decreased FAF signal located within the “drusen regression” ROIls were
calculated separately and plotted on a single graph (Fig. 7, fop). A majority of points were
found to lie on the positive (right) side of the vertical axis (i.e. x>0), indicating that most
eyes at the year 2 time point demonstrated an expansion of areas of decreased FAF in the
loci where drusen regression occurred. On the other hand, changes in the areas of increased
FAF signal were smaller and more mixed, with points falling close to and on either side of
the horizontal axis, indicating moderate and mixed changes in the area of increased FAF in
the loci where drusen regression occurred.

We also scored eligible study eyes according to the predominant change in overall FAF in
the areas of drusen regression. We considered eyes with approximately equal changes (£5%)
in the areas of increased and decreased FAF to have “no net change” in overall FAF in
drusen regression ROIs. This is represented in the unshaded zone between the lines y=x+5%
and y=x-5% in Figure 7. Points located above this unshaded zone were considered to have
increased overall FAF (i.e. predominant expansion of areas of increased FAF), and those
located below this unshaded zone were considered to have decreased overall FAF (i.e.
predominant expansion of areas of decreased FAF). This overall change in FAF signal
across drusen regression ROIs is analogous to the quantity of overall FAF change estimated
by manual grading (Fig. 6, botfom). The distribution of points in these three zones is tallied
in Fig. 7, bottom. The majority of eyes (65%, n=19/29) were classified as showing overall
decreased AF, while a minority (21%, n=6/29) were classified as showing overall increased
FAF, with a smaller proportion (14%, n = 4/29) classified as showing *“no change.”

Discussion

In the present study, we were motivated to discover the incidence of drusen regression in
eyes with intermediate AMD, and to use FAF imaging to elucidate whether clinical changes
at the level of the outer retina were detectable in areas of drusen regression. Detectable local
change in FAF signal would indicate that drusen regression is accompanied by a tissue
response at the level of the adjacent outer retina. The features of the FAF alterations may
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provide clues as to the nature of associated cellular changes and help interpret structural and
functional consequences of drusen regression studied using other modalities.

The phenomenon of spontaneous drusen regression has been previously described for a
variety of drusen types, including large soft drusen in intermediate AMD,3: 6 7 basal laminar
drusen,30 large drusenoid pigment epithelial detachments,31 and small hard drusen.32
Spontaneous drusen regression can occur concurrently with the development or growth of
drusen in the same eye, such that total drusen area in the macula may remain relatively
stable despite considerable flux in individual drusen.8 Inducing drusen regression in eyes
with intermediate AMD using laser treatment has been hypothesized to diminish AMD
progression risk,33:34 but its efficacy has not been uniformly demonstrated.35-37
Spontaneous drusen regression, on the other hand, coupled with the development of
pigmentary changes and calcified drusen, has been associated with the long-term evolution
of geographic atrophy, leading to the hypothesis that the spontaneous regression of large soft
drusen can constitute a precursor event leading to RPE atrophy.1>

In addition to its effect on the RPE atrophy, the influence of drusen regression on local
photoreceptor structure and function has also been investigated. In a recent study, local
retinal sensitivity in the eyes of 14 patients demonstrating soft drusen regression was
characterized using photopic and scotopic fine matrix mapping.18 While scoptic and
phototopic sensitivities were generally lower in these eyes relative to control eyes without
AMD, no significant difference was found in the local sensitivities between areas with
drusen regression versus unaffected neighboring areas. The anatomic integrity of
photoreceptors overlying areas of drusen regression examined using spectral-domain optical
coherence tomography also did not reflect deleterious changes in the inner segment/outer
segment (IS/OS) layer but on the contrary, showed intact 1S/OS junction integrity.14 Taken
together, these investigations of drusen regression reflect current uncertainty on short- and
long-term consequences of drusen regression.

The present study demonstrates a computer-assisted method of analyzing longitudinal color
fundus images that are registered, normalized (leveled, background-subtracted using a
rolling paraboloid method, and contrast-enhanced), digitally subtracted, and automatically
segmented by isodata thresholding) for drusen regression. The methods employed for
delineation of drusen regression are easily implemented using open source software (NIH
ImageJ) and are similar to other described methods using iterative38 and fitted-polynomial3®
leveling of macular background, Otsu thresholding,*° and digital subtraction of drusen
segmentation images8. These methods have also demonstrated close correlation with manual
grading of drusen?l.

With regards to analysis of FAF images, differences in FAF signal between images acquired
longitudinally have been challenging to quantify, due to differences in exposure, gain, and
operator variability?2, The present study analyzed longitudinal, registered, and normalized
fundus FAF images for changes in FAF signal associated with drusen regression. We
employed large-scale normalization of FAF images involving leveling and rolling
paraboloid background subtraction, followed by local normalization using background
regions that were similar in eccentricity to regions of drusen regression. This allowed for
quantitative comparison of changes in AF signal over two years. A method to facilitate
quantitative, longitudinal comparison of FAF images using an internal reference has been
described*2, and would be useful for the detection of FAF changes in a large sampling area,
but because of the regions of drusen regression were relatively small (compared to the field
of view), our study implemented normalization using local background regions in order to
measure local change in AF signal over time. Selection of background regions according to
the criteria mentioned in the methods involved manual selection and relied on the
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assumption that the distribution of macular pigment shows radial symmetry. Previously
described methods to have automated this process® 38-41 and future studies may investigate
their application in FAF quantification. In disease states where macular pigment does not
exhibit radial symmetry, such as in idiopathic macular telangiectasia, finer adjustments for
macular pigment may be required*3,

We followed patients with intermediate AMD on an annual basis and monitored study eyes
for the occurrence of drusen regression exceeding the area of AREDS circle C1 (diameter
125pum; Age Related Eye Disease Study AMD grading protocol). We found that drusen
regression of this magnitude is a prevalent and ongoing process in eyes with intermediate
AMD eyes (occurring in about 50% of study eyes over a 2-year period) as ascertained by
both manual segmentation and computer-assisted subtractive image analysis. The short-term
consequences of drusen regression are often not obvious on clinical examination; on fundus
photographs, the majority of retinal areas involved with drusen regression demonstrated a
“normal clinical appearance” and was not distinguished by appearance from other drusen-
free areas. In a minority of study eyes (about one-third), some degree of mild new
hyperpigmentary or hypopigmentary change was detectable in drusen regression areas.
However, FAF imaging revealed that areas of drusen regression were associated with short-
term local changes in FAF signal which were more common and pronounced. By both
manual grading and computer-assisted grading, a majority (78-86%) of eyes demonstrated
changes in overall FAF signal in drusen regression areas. In these cases, predominant
decreases in FAF signal were found more frequently than predominant increases (by a 3:1 —
4.5:1 ratio). These findings indicate that spontaneous drusen regression, even in the short-
term, may not be completely innocuous and likely involve subclinical anatomical or
physiological changes located at the level of the photoreceptors and RPE cells.

What may be the significance of these FAF changes that occur soon after drusen regression?
As the background level of FAF signal is thought to originate primarily from the RPE layer,
and areas of markedly decreased or absent FAF signal correspond to overt RPE cell loss (as
in geographic atrophy),*4 4° changes constituting a predominant decrease in FAF signal
may be interpreted as alterations leading towards incipient RPE cell damage and loss.#® This
association potentially connects the biological mechanisms inducing drusen regression with
those responsible for causing RPE injury in AMD. While the precise cellular mechanisms
driving drusen regression are obscure, they seem to occur constitutively in eyes with AMD
and in some cases, are prominent enough to induce rapid regression of very large drusen
(e.g. drusenoid pigment epithelial detachments) over the time period of a few months.31 One
hypothesized mechanism of drusen regression involves the role of inflammatory
macrophages and microglia which are attracted to areas of drusen deposition and may clear
drusen deposits by phagocytosis.*”=49 It is possible that these immune cell aggregations may
induce local inflammatory changes that result in RPE injury,5%: 51 which in the early stages,
is manifest as changes in FAF signal. These early deleterious RPE changes, while not easily
detected on clinical examination in the short term, may lead to progressive atrophic changes
leading to clinically-evident geographic atrophy in the long term.

While drusen regression was more often associated with decrements in FAF signal, a
minority of study eyes showed an association with a predominant local increase in FAF
signal. Increased FAF signal has been interpreted as arising from increases in either the
amount or the photo-oxidation state of RPE lipofuscin, or from elevated bisretinoid
synthesis by photoreceptors,52 which have been linked to photoreceptor and RPE
dysfunction. In AMD as well as other retinal disorders, increases in FAF signal have been
associated with physiological changes in retinal and RPE cells that are deleterious or
pathological in nature.44 53.54 Junctional zones of geographic atrophy lesions demonstrating
increased FAF signal contain structural abnormalities in RPE and photoreceptors as

Am J Ophthalmol. Author manuscript; available in PMC 2014 September 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Toy et al.

Page 9

observed on optical coherence tomography,®® and correlate with local decrements in
photoreceptor function as assessed by fundus perimetry.>6

In an attempt to link these associations in a single timeline, our observations here suggest
the possibility that drusen regression induces a transient increase in FAF signal in the
adjacent outer retina that leads to a more prolonged phase of predominantly decreased FAF
signal, which in the long term culminates in overt RPE atrophy. In this schema, the
mechanisms underlying drusen regression may first induce increases in bisretinoid synthesis,
accumulation, or photo-oxidation in photoreceptors and RPE cells. These effects can then
lead to incipient RPE degeneration, which is reflected in a decrease of bisretinoid content
and consequently locally decreased FAF signal. These degenerative changes then culminate
in overt RPE loss that becomes clinically evident as depigmentation and atrophy.

The present study was limited to an examination of drusen regression over a fixed time
interval (2 years). Although we observed that regions of drusen regression contained areas in
which FAF changes were concentrated, slight changes in FAF signal were also observed in
areas outside of these delineated areas. These can potentially be contributed to by regression
of drusen prior to the study baseline visit (i.e. areas of pre-existing drusen regression), the
formation of new drusen,®”: 58 or other AMD-associated changes. We have excluded eyes
progressing to advanced AMD in this analysis, so subretinal hemorrhage, fibrosis, and
exudation, which can markedly change FAF signal, were not contributory in these cases.

The current findings indicate that close long-term follow-up of FAF signal in areas of drusen
regression will be necessary to discover the precise sequence of cellular changes occurring
in the aftermath of drusen regression. Correlation of such long-term FAF data with other
imaging modalities (such as optical coherence tomography) will be helpful to further
elucidate concurrent overlying retinal anatomical changes. Drusen regression may constitute
an interesting and significant outcome measure in long-term clinical studies which can
potentially reveal underlying mechanisms driving AMD progression.
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Figure 1. Computer-assisted delineation of areas of drusen regression over two yearsin eyeswith
intermediate age-related macular degeneration

(top left, top middle) Normalized red-free monochromatic images of a study eye with
intermediate age-related macular degeneration and large drusen captured at baseline (fop
lef}) and at year 2 (fop middle). Multiple large drusen at the center of the macula
(arrowhead) visible at baseline have undergone regression and cannot be visualized at year
2. (top right) Subtraction image between baseline and year 2 that generates an image of the
regressing drusen. (bottom left) Inversion and binarization of the image shown in (fop right).
The areas of relevant drusen regression were highlighted manually for further processing
(red outline). (bottom middle) Expanded image of the inset shown in (bottom lef?)
demonstrating automated delineation of individual regions-of-interest (ROIs) of drusen
regression (blue outline). ROIs of areas smaller than the area of circle C1 were excluded.
(bottom right) Drusen regression ROIs (blue outlines) were superimposed on co-registered
autofluorescence images captured at baseline and year 2 for further grading and analysis.
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Figure 2. Computer -assisted measur ement of autofluor escence changesin areas of drusen
regression over two yearsin eyeswith intermediate age-related macular degeneration

(top left, top middle) Areas containing background levels of autofluorescence and not
involving areas of drusen or pigmentary changes were manually delineated following the
inspection of red-free and fundus autofluorescence (FAF) images captured at baseline and
year 2 (green outlines). These were referred to as “background” regions-of-interest (ROISs).
(top right) The distribution of grayscale levels of all pixels located within “background”
ROIs was plotted as a frequency histogram, and the meanzstandard deviation (SD) for this
distribution was calculated. (bottom left, bottom middle) Drusen regression ROIs defined
from red-free fundus photographs were then superimposed on corresponding FAF images.
(bottom right) The distribution of grayscale levels of all pixels located within all drusen
regression ROIs was plotted as a frequency histogram. Pixels with a grayscale level that was
greater than (Mean background grayscale level + 3 SD background grayscale level) were
considered to have increased FAF levels (ypper shoulder in distribution histogram), while
pixels with a grayscale level that was less than (Mean background grayscale level - 3 SD
background grayscale level) were considered to have decreased FAF levels (lower
shoulder).
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Figure 3. Example of drusen regression in intermediate age-r elated macular degeneration in
Study Participant 1

Color (top left, bottom |eft), red-free monochromatic (top middle, bottom middle) fundus
photographs, and fundus autofluorescence (FAF) (top right, bottom right) images at
baseline (fop row) and year 2 (bottom row) demonstrate areas of drusen regression in the
macula (highlighted by arrowheads and box). These areas of drusen regression were not
associated with pigmentary change or atrophy on either color fundus (bottom lef?) or red-
free (bottom middle) photographs, and these areas had a normal appearance and were not
significantly different from neighboring areas that were unaffected by drusen at baseline and
year 2. However, these areas of drusen regression contained regions of abnormal (increased
and decreased) FAF signal that were significantly different in appearance and pattern from
“background” FAF signal. The change in FAF patterns in drusen regression areas in this
study eye was judged as demonstrating an overall decrease in FAF signal (insets from fop
rightand bottom right), in which areas of predominantly increased FAF signal were replaced
by areas of predominantly decreased FAF signal.
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Figure 4. Example of drusen regression over two yearsin intermediate age-related macular
degeneration in Study Participant 2

Color (top left, bottom |eft), red-free monochromatic (top middle, bottom middle) fundus
photographs, and fundus autofluorescence (FAF) (top right, bottom right) images at
baseline (fop row) and year 2 (bottom row) demonstrate two adjacent areas of drusen
regression in the macula (highlighted by arrowhead and box). While the areas of drusen
regression are of normal appearance on red-free photography (bottom middle), subtle trace
pigmentary changes were observed on color photography (bottom lef?). However, on
autofluorescence imaging, distinct areas of decreased FAF signal were localized to areas of
drusen regression (bottom right and insel) that were not present at the baseline visit (fop
right and inse).
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Red-free
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Figure 5. Example of drusen regression over two yearsin intermediate age-related macular
degeneration in Study Participant 3

Red-free monochromatic (top left, bottom left) fundus photographs and fundus
autofluorescence (FAF) (top right, bottom right) images at baseline (fop row) and year 2
(bottom row) demonstrate two adjacent areas of drusen regression in the macula
(highlighted by arrowhead and box). While the area of drusen regression appeared clinicallly
unremarkable and devoid of pigmentary change or atrophy, FAF imaging demonstrated a
predominant decrease in FAF in the corresponding areas of drusen regression.
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Figure 6. Manual grading of clinical and fundus autofluor escence changesin areas of drusen
regression over two yearsin intermediate age-related macular degeneration

Study eyes that met criteria for drusen regression (n = 28) were manually graded for (top)
the clinical appearance within the areas of drusen regression at year 2 and (bottom) the
overall change in fundus autofluorescence signal within the same areas between baseline

and year 2.
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Figure 7. Computer-assisted grading of fundus autofluor escence changesin areas of drusen
regression over two yearsin intermediate age-related macular degeneration

Study eyes that met image-processing criteria for drusen regression (n = 29) were evaluated
for changes in fundus autofluorescence (FAF) signals in drusen-regression regions of
interest (ROIs). The areas of decreased FAF and increased FAF within drusen-regression
ROlIs in each eye were determined at baseline and at year 2, and the changes from baseline
to year 2 calculated and plotted on a common graph. (top) Graph showing the percentage
change in the area of increased FAF (y-axis) plotted against the percentage change in the
area of decreased FAF (x-axis) with each eye represented as an individual point (n = 29).
Eyes that demonstrated changes in area that were well-matched between increased FAF and
decreased FAF (£5%) are represented by points that lie within the y=x (x5%) zone
(unshaded region) which indicates “no overall changes” in general FAF. Eyes in which the
change in the area of increased FAF exceeded the change in the area of decreased FAF
change are represented by points lying above the unshaded zone (green region) and were
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considered to have “predominantly increased FAF.” Eyes in which the change in the area of
decreased FAF exceeded the change in the area of increased FAF change are represented by
points lying below the unshaded zone (red region) and were considered to have
“predominantly decreased FAF.” (bottom) The distribution of eyes demonstrating different
overall changes in FAF as defined in (fgp) shows that a majority of eyes (66%) exhibited
significant decreases in overall FAF in the regions where drusen have regressed.
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