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Abstract

Purpose—To investigate the incidence of reticular macular disease (RMD), a subphenotype of
age-related macular degeneration (AMD), in multilobular geographic atrophy (GA) and its
relation to GA progression.

Methods—157 eyes of 99 subjects with AMD, primary GA, and good-quality autofluorescence
(AF) and/or infrared (IR) images were classified into unilobular GA (1 lesion) or multilobular GA
(>= 2 distinct and/or coalescent lesions). 34 subjects (50 eyes) had serial imaging. We determined
the spatiotemporal relationships of RMD to GA and GA progression rates in 5 macular fields.

Results—144/157 (91.7%) eyes had multilobular GA, 95.8% of which exhibited RMD. In
subjects with serial imaging, the mean GA growth rate significantly differed between the
unilobular and multilobular groups (0.40 mm? /yrvs. 1.30 mm? /yr, p< 0.001). Of the macular
fields in these eyes, 77.1% of fields with RMD at baseline showed subsequent GA progression,
while 53.4% of fields without RMD showed progression (p <0.001). Percentage of fields with
RMD significantly correlated with GA progression rate(p=0.01).

Conclusion—AF and IR imaging demonstrates that RMD is nearly always present with
multilobular GA in AMD. Further, GA lobules frequently develop in areas of RMD, suggesting
progression of a single underlying disease process.
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Introduction

Methods

Reticular pseudodrusen (RPD) have been associated with late-stage age-related macular
degeneration (AMD) since their initial identification using blue light photography? and their
inclusion in the Wisconsin Grading System using color fundus (CF) photographs to grade
AMD.2 The first comprehensive study of RPD found a higher incidence of choroidal
neovascularization (CNV) within this subset of patients.3 Several subsequent studies found
further associations between RPD and CNV,* although a comprehensive epidemiological
study of RPD found an overall increased incidence of late-stage AMD in patients with RPD
without preference for CNV over atrophic AMD.8

With advances in imaging technology since RPD were first reported, characteristic reticular
patterns were also noted in indocyanine green angiography (ICG)? and autofluorescence
(AF)10 images, leading to the broader definition of reticular macular disease (RMD). RMD,
which includes RPD, is an entity with a characteristic presentation of reticular patterns in
each of several imaging modalities, including AF, ICG, CF, red free (RF), and infrared (IR)
imaging.1 We will use the broader term “RMD” throughout to refer to the disease process
in question, with the understanding that, in previous literature, the term “RPD” has been
used specifically for the disease presentation in CF/RF photography.2>: 8.9 Recent studies
have used spectral domain optical coherence tomography (SD-OCT) to characterize the
lesions of RMD as subretinal deposits,12-16 but the matter is far from being settled. Zweifel
et al. compared their SD-OCT findings to previously published histopathologic findings in
3unrelated eyes showing subretinal deposits, but none of these eyes had a clinical diagnosis
of RPD.12 In contrast to this finding, the first histopathologic correlation in an eye with a
clinical diagnosis of RPD by Arnold et al. demonstrated significant loss of the small vessels
of the middle choroidal layer and increased spacing between the large choroidal veins,
suggesting a choroidal etiology for RPD.3 Recently, Sarks et al.1” reported pathology from
an eye clinically diagnosed with RPD and found material in the subretinal space, yet they
also stated that subretinal deposits are not exclusively associated with RPD and therefore
kept the term “reticular pseudodrusen.” Even more recently, Sohrab et al.18 did 7ot find co-
localization between IR reticular lesions and apparent subretinal deposits in SD-OCT, but
they did find that these lesions co-localized to the intervascular choroidal stroma in en face
SD-OCT C-sections. Thus whether subretinal deposits in SD-OCT correspond to RPD is
controversial, and for this reason, we prefer to use the more general term “reticular macular
disease” to refer to the disease process and the term “reticular pseudodrusen” to refer to its
specific presentation in color, red free, and blue light photography, at least until these
matters are settled more definitively.

With multimodal imaging, the reported prevalence of RMD and its association with late-
stage AMD continue to increase.8-14 16 For example, the prevalence of RMD in geographic
atrophy (GA) in AF imaging has recently been reported to be as high as 62%.19 Herein we
undertake a detailed study of the spatial and temporal relationship of RMD to GA with both
AF and IR imaging.

Subjects and Image Acquisition

This study was approved by the Institutional Review Board of Columbia University and
adhered to the tenets of the Declaration of Helsinki. All AF and IR images acquired at
Columbia University E.S. Harkness Eye Institute on the Heidelberg HRA/HRA2 and
Spectralis confocal scanning laser ophthalmoscope (SLO)-OCT (Heidelberg Engineering,
Inc., Heidelberg, Germany) were retrospectively reviewed. These devices record AF images
with an excitation wavelength of 488 nm and a barrier filter of 500 nm and IR reflectance
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images with an excitation wavelength of 820 nm (30° x 30° field of view, image resolution
768x768 pixels). To ensure the best image quality (well-defined vasculature and GA
margins), photographers at our institution acquired the highest possible number of frames
(up to 30 frames) to obtain a mean image. The number of frames depended on the patient's
fixation. Either the automatic real time mode or the mean image mode was used for all AF
and IR image acquisition.

From this review, 288 subjects 60 years or older with focal hypoautofluorescent and/or
hyperreflectant lesions were identified. Of these 288 subjects, 99subjects (157 eyes) with
primary GA and AMD were identified. GA was characterized by retinal pigment epithelium
loss demonstrated by focal hypoautofluorescence and/or hyperreflectance at least 300 ym in
diameter.20: 21 Comparison with CF or IR images was also important in order to avoid
inaccurate identification of drusen or macular pigment as GA in AF images.22 Further, GA
was required to be primary in that it was not related to any prior history of retinal surgery,
laser treatment, other macular diseases of the studied eye, myopia greater than 6 diopters, or
development of CNV prior to GA. Ascertainment of primary GA was based on review of the
complete medical record, which was available in every case from the referring
ophthalmologist at the Eye Institute, to document the absence of each exclusion criterion. In
particular, eyes with lesions suspicious for prior CNV were always excluded. If a subject
had at least 2 serial images available, with at least 6 months between the images, the subject
was selected for longitudinal review. We found 34 such subjects (50 eyes).

Classification of Unilobular and Multilobular Primary GA

Eyes with primary GA were classified into 2 phenotypic patterns, unilobular and
multilobular, based on the pattern of atrophy in all available images and the number of
atrophic areas. Unilobular GA was defined as 1 contained area of atrophy within the 6000-
pum macular region. Multilobular GA, on the other hand, was defined as 2or more lobules of
atrophy, distinct or merged. The AF gray levels in lobules of evident multilobular disease
were not required to be identical. If there were serial images of a given eye, it was classified
as multilobular if it had multilobular GA at any time point.

For our purposes, the term “lobule” refers to a well-circumscribed region whose borders are
nearly circular or to joined areas with smooth, curved borders. We have chosen the term
“multilobular,” rather than the more general term “multifocal,” because it is applicable to
almost all the lesions we have studied and conveys a helpful image to the reader. It is also
possible that this morphology reflects an underlying disease substrate, e.g., the choroidal
vasculature, but the terminology here is meant only to be descriptive.

Definition of RMD

RMD is a disease entity with stereotypical presentations in multiple imaging modalities;
RPD are one manifestation of RMD.11 RPD were first described as yellow or light
interlacing networks appearing in fundus photographs.! Later they were found to be better
visualized with RF and SLO (AF and IR) imaging.® ® In CF and corresponding RF images,
RPD appear as low-contrast, well-defined networks ranging from 125 to 250 um in

width.1: 3. 11 In AF and IR images, RMD appears as a regular pattern of low-contrast
hypoautofluorescent or hyporeflectant lesions in a circumscribed area, against a background
of mildly elevated autofluorescence or reflectance.10: 11

Many eyes with RMD also have ordinary soft drusen, and the fact that they may occur
together in the same eye with AMD means that it is important to distinguish them.
Fortunately, there are usually distinguishing features that make this possible. For example,
we used Adobe Photoshop CS3 (Adobe Systems, Inc., San Jose, CA) to examine available

Retina. Author manuscript; available in PMC 2013 October 01.



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

1duasnuey Joyiny vd-HIN

Xu et al.

Page 4

CF images with contrast enhancement and to examine them in the blue channel to
distinguish soft drusen from RPD. RPD in CF images are often better visualized with
contrast enhancement, 1! and they are more visible in the blue channel than soft

drusen.3: 5 11,12, 14, 15 5oft drusen in IR images tend to be hyperreflectant, whereas the
lesions of RMD are always hyporeflectant. Soft drusen tend to be scattered, with variable
shapes and sizes.

The lesions of RMD in IR and AF images occur in well-defined territories, usually superior
and temporal, in uniformly spaced patterns and uniform sizes.® It has been shown that a
reticular pattern can also occur nasally to the optic disc.1® IR imaging can better demonstrate
a reticular pattern in the central macula compared to other modalities.1 We screened the
subjects in our study for RMD using all available AF and IR images, and we defined RMD
as a characteristic pattern encompassing at least 2contiguous disc areas in at least limaging
modality, an internally validated, previously described methodology.!! In addition to SLO
imaging, other investigators require SD-OCT imaging to diagnose RMD, in particular, a
pattern of disruption of the inner segment/outer segment junction.12-16 We have not
consistently seen this pattern in SD-OCT slices through areas clearly involved by RMD in
both AF and IR imaging!8 and therefore do not require it for diagnosis. Examples of
unilobular and multilobular GA with RMD in both AF and IR imaging are presented in
Figuresl and 2, respectively. Evaluation for RMD was done independently by 2 graders (LX
and NMP), and any discrepancies were resolved by a senior grader (RTS) as described
previously.11

Analysis of GA Progression in Serial AF and IR Images

The AF and IR images were cropped to the central 6000-um region, and serial images were
registered using a graphical user interface and custom software based on Harris corner point
detection.23 Automated measurements of the GA area in both modalities were performed
using another customized retinal image analysis tool?4 25 in which a user manually selected
a small area of GA and a normal retinal area and Bayesian inference then segmented the
remaining area of GA. Manual revision was performed when needed. The GA area was
calculated as a percentage of the total image and in mm? . If a subject had more than 2serial
images acquired during the duration of the study, with at least 6 months between the images,
the GA progression rate was calculated as the slope of the best-fitted line. The GA
progression rate was also calculated on the square root scale, using the square root
transformation method, as described by Yehoshua et al.2% This was done to compensate for
the effect that different initial GA sizes may have had on progression.

We modified the grid from the Wisconsin Grading System?” and used it to divide the images
for analysis into superior, temporal, inferior, and nasal quadrants and a central 3000-pum-
diameter circle (Figure 3). The quadrants and the middle zone were collectively referred to
as “macular fields. ” Each of these 5 macular fields was graded for the presence of RMD in
the initial image and for the progression or new development of GA in the subsequent
image(s). AF images were preferentially used for this analysis, but IR images were used
when AF images were of lesser quality (for example, due to cataract). In cases in which a
given field had no recognizable reticular lesions on AF or IR, RMD was graded as absent. If
a given field had GA covering more than 80% of the field, the RMD status was deemed
ungradable. The fields with and without RMD were tabulated, and the number of fields of
each type in which GA was progressive was determined (Figure3).

In analyzing whether GA progressed in a particular field, straightforward, simply defined
criteria were applied. If the borders of the GA lesions were essentially unchanged in the
segmented, registered images in a given field, then GA progression was graded minimal to
none; otherwise, GA was graded as progressive. An enlargement of an existing lesion that
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crossed over to an adjacent field was counted as progression in the new field. If a new lobe
grew in a previously noninvolved field, this was also counted as progression in the new
field. Evaluation for GA progression was done independently by 2graders (LX and NMP),
and any discrepancies were resolved by a senior grader (RTS).

Statistical Analysis

Results

The ¥2 test for categorical variables in univariate analysis was used to determine the
association of RMD with primary GA. SPSS (SPSS, Inc., Chicago, IL) was used to perform
the Mann-Whitney nonparametric test to compare the statistical distribution of parameters
such as age. The student t-test was used to compare the GA progression rates between
unilobular and multilobular groups. The x? test was used to compare, for all fields taken
together, the percent of fields with RMD that showed GA progression to the percent of
fields without RMD that showed GA progression. Our X2 tests and t-tests were performed
using Excel (Microsoft Corp., Redmond, WA).

A multivariate linear regression model for the numerical rate of total GA area growth was
also developed using SPSS. The model incorporated the percent of retinal fields with RMD
(x1) and bhaseline GA size (x2) as independent predictors of GA growth rate (y) such thaty =
B0 + B1*x1 + B2*x2. This model was applied to all eyes in the study (n=50) and then to 1
eye per subject (n=34).

In a separate analysis, study eyes were grouped by follow-up intervals in 6-month
increments (e.g., eyes which were followed up at 6 months after the initial visit, 7-12
months, 13-18 months, etc.), and growth rates on the square root scale with their standard
deviations were calculated. The test-retest variability in GA growth measurement was
estimated by regressing the growth rates on the square root scale against their standard
deviations, using methods previously described by Yehoshua et al.28 The regression line
with a mean growth of zero represented the test-retest variability.

All SLO Images

The mean age of the subjects was 81.8 +/- 7.2years, and 77/99 (77.8%) were female.
144/157 (91.7%) eyes showed multilobular GA, and 13/157 (8.3%) showed unilobular GA.
Of the eyes with multilobular GA, 138/144 (95.8%) exhibited RMD. Of all eyes, 146/157
(93.0%) exhibited RMD in SLO imaging, with most (130/155 or 83.9%, 2 eyes ungradable)
exhibiting reticular IR and/or AF patterns in the superior arcade (Figures 1, 2, 4). The
interobserver agreement for reticular lesions was 95.4% with a kappa of 0.88.

131/157 eyes (83.4%) had both AF and IR images available, while only 13/157 (8.3%) and
13/157 (8.3%) had either AF or IR, respectively. For the eyes with CF photography
available at baseline, only 77/123 (62.6%) exhibited RMD in CF images, while 114/123
(92.7%) exhibited RMD in AF or IR images. We observed RMD surrounding the optic disc
in many of the images that showed the peripapillary retina. Five eyes with unilobular GA
had no signs of RMD. The combined spatial distribution of reticular lesions in both SLO
imaging modalities (i.e., lesions visible in either AF orIR) is shown in Figure 5.

The subjects with multilobular GA showed a slightly higher mean age at baseline (82.5 +/-
6.9 years) than the subjects with unilobular GA (77.0 +/- 8.1 years, p= 0.05). Despite the
preponderance of women with GA in the entire group, only 6/11 (54.5%) subjects with
unilobular GA were female, compared to 71/88 (80.7%) subjects with multilobular GA (p=
0.049). There was no significant difference between subjects with multilobular GA and
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subjects with unilobular GA regarding the specific location of GA at baseline (foveal vs.
extrafoveal). See Table 1.

Serial SLO Images

AF and/or IR serial images were available for 34 subjects (50 eyes). The mean duration of
follow-up was 27.2 months (range 6 - 51 months). At baseline, 5/50 (10.0%) eyes had
unilobular GA and 45/50 (90.0%) eyes had multilobular GA. Of the total, 44/50 (88.0%) had
RMD in at least 1 image. The mean GA size at baseline was 3.48 mm? , with an interquartile
range (IQR) of 0.55- 5.35 mm?2 . The mean GA growth rate was 1.21 mm? /yr overall (SD
0.22, 95% confidence interval (CI) 0.99 — 1.43 mm? /yr). It was significantly different
between the unilobular (0.40 mm? /yr, SD = 0.26, 95% CI 0.17-0.63 mm? /yr) and
multilobular groups (1.30 mm2 /yr, SD = 0.23, 95% CI 1.07 — 1.52mm? /yr) with significant
p<0.001. Age and gender did not influence GA progression. Peripapillary atrophic changes
(including those that were not frank GA) were present in 45/50 (90.0%) eyes. 39/50 (78.0%)
had extrafoveal GA at baseline; 6/39 (15.4%) of these eyes (all belonging to the multilobular
group) progressed from extrafoveal to foveal GA.

Using square root transformation,28 the overall growth rate was 0.34 mm/yr (SD = 0.08,
95% CI = 0.28- 0.41 mm/yr). The growth rate was 0.19 mm/yr (SD = 0.07, 95% CI = 0.13-
0.26 mm/yr) for the unilobular eyes and 0.36 mm/yr (SD = 0.07, 95% CI = 0.29- 0.43 mm/
yr) for the multilobular eyes, with a statistically significant difference between the two
groups by 2-tailed t-test (p=0.003).

When study eyes were grouped by follow-up intervals in 6-month increments, the square
root transformations of GA measurements for these subgroups showed that larger lesion
sizes corresponded to greater variability in growth measurements. The test-retest variability
in GA growth measurement was 0.03, and the slope of the regression line was 0.58; these
were comparable to the test-retest variability and regression slope as published in the report
of Yehoshua et al .26

Qualitative observation revealed that the areas of atrophy were at various stages on the first
and following visit(s). There was significant variability in disease severity, area of macular
involvement, and rate of progression, but in every case GA lesions were formed from new
and enlarging individual lobules. The most commonly observed pattern showed progressive
growth and coalescence of the original smaller lobules into larger, continuous GA lesions,
with new lesions appearing more peripherally (Figures 6, 7). Importantly, lesions that
appeared in IR images to be single, large central lesions were instead often observed in AF
images to be condensations of densely packed smaller lobules (Figure 6). There was a
subgroup of subjects in which GA lesions remained relatively small and distinct, with
separate lobules of atrophy enlarging and new atrophic foci forming.

In subsequent images, new atrophic lobules were less hypoautofluorescent than adjacent
atrophic lobules in the initial AF image (Figure 6). Based on this finding, it appeared that
different gray levels of atrophic lobules in a single non-serial image could also signify
different stages of disease (Figure 2).

For quantitative analysis, each image was graded for the presence of RMD and GA
progression in the 5 macular fields (250 fields total). 3/250 fields were deemed ungradable.
Of the 247/250 gradable fields, 111/144(77.1%) fields with RMD at baseline showed
subsequent GA progression, while 55/103 (53.4%) fields without RMD showed progression,
a statistically significant difference (v <0.001). See Table 2.
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The multivariate linear regression model for GA area growth rate as a function of percent of
retinal fields with RMD and baseline GA size yielded a regression coefficient of 0.42. The
model accounted for 17.3% of the total variance in GA growth rate (o= 0.01). Controlling
for baseline GA size in all study eyes, the percent of retinal fields with RMD approached
significance in predicting the growth rate of GA (p=0.06). In the subanalysis that included
only 1 eye per subject (n=34), the regression coefficient remained high at 0.374, and the
model accounted for 14.0% of the total variance in GA progression (£=0.10).

Discussion

We report observations from SLO (AF and IR) images in a group of subjects with GA
secondary to AMD. Careful examination of SLO images demonstrates that the majority of
such GA is multilobular and that RMD is consistently present with the multilobular form. To
our knowledge, this is the first report of a nearly universal presence of RMD in eyes with
AMD and multilobular GA.

With improved imaging technologies, the reported rate of reticular disease in the literature
has climbed steadily, from 21% in the Beaver Dam Study with CF photography® to 62%
most recently reported in the Geographic Atrophy Progression Study using SLO.19
However, the incidence in our cohort was much higher still, with 93.0% of all eyes with GA
exhibiting RMD. One possible explanation is that our grading of RMD was more inclusive
than other studies. We graded eyes as having RMD if 2 disc-diameters (DD) of
characteristic lesions could be identified anywhere in the image, e.g., superior to the disc,
not just between the arcades. Of note, in CF images, RMD could be identified in only 62.6%
of all eyes with GA in our study, even with contrast enhancement in Adobe Photoshop,
confirming that the combination of AF and IR imaging is more sensitive in detecting RMD
in these subjects. Although RMD may be seen in AF imaging but not in IR imaging, or vice
versa in a minority of cases, the marked spatial concordance of lesions in both modalities!!
is strong evidence that both modalities are detecting a single disease process.

Clarity is also required on another diagnostic matter. We rely on a validated, previously
published method of grading SLO images (see Methods),8:11 but other investigators use
additional SD-OCT criteria to define what they call “subretinal drusenoid deposits,”12
anentity which may largely overlap with RMD. Our ongoing prospective study employs SD-
OCT, and upcoming research may clarify the relationship between RMD and subretinal
drusenoid deposits. Regardless of the underlying pathology, different diagnostic criteria will
affect the conclusions, and all investigators need to define their criteria clearly.

We propose a unifying hypothesis to explain our observations: RMD and GA are not simply
associated, but in fact RMD develops into multilobular GA with time as progression of a
single underlying disease. This hypothesis is supported by the lesion architecture seen on
SLO images in several ways. First, GA in AMD, when examined with AF imaging, is
usually multilobular, composed of multiple smaller lobules coalescing together. Second, not
only is multilobular GA highly associated with RMD, but also the individual lobules appear
to enlarge over time in areas of reticular lesions. Indeed, we demonstrated a significant
spatial correlation of progressive GA to macular fields with pre-existing RMD for 50 study
eyes (Figure 3, Table 2), and total GA growth rate was significantly predicted by a model
that included initial GA size and percent of macular fields with RMD. Third, the concept of
progression from RMD to established GA is supported by the qualitative observation of
progressively decreasing gray levels of these lesions in AF imaging: in individual images
and in serial data, the low-contrast RMD lesions are the least hypoautofluorescent, early GA
lesions are darker than RMD, and established GA lesions are darkest of all, consistent with
progressive stages of disease (Figure 2). Hence, there are several ways in which imaging
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suggests progression of a single process, from smaller to larger lesions (multiscale) and, at
the same time, from earlier to more advanced lesions (multistage). This hypothesis also
satisfies Occam's razor as the simplest explanation for all observed phenomena, although the
underlying mechanism is as yet unknown.

Regarding the lobularity of GA, this study presents a greater incidence of multilobular than
unilobular GA. Earlier papers based on CF photography reported the multilobular form as
the minority classification.28:29 The present study clearly demonstrates a much better
visualization of multilobular disease with SLO images, particularly AF images, than with
CF images®® (Figure 8). Indeed, the 11 subjects herein who had strictly unilobular GA had a
significantly lower age at baseline than those with multilobular GA, and they were evenly
divided between males and females, in contrast to the significant predominance of females
in the multilobular group (Table 1), suggesting that purely unilobular GA may be a distinct
phenotype.

This paper adds to the growing recognition of the importance of RMD in advanced AMD.
Several papers have confirmed the strong association of RMD with CNV, but there is less in
the literature about the dry form of AMD. The evidence herein supports the hypothesis that
RMD may represent precursor lesions for both forms of advanced AMD. This paradigm
could guide future work toward understanding these two apparently dichotomous pathways.

Limitations of the present study include its retrospective design and the fact that there was
serial imaging on only 34 subjects from which to build a unifying hypothesis regarding
RMD and multilobular GA by direct observation of lesion progression. Further, although
observation of GA progression was based on AF images whenever possible, IR images were
used if AF images were unavailable or of poor quality. Although there was a very strong
link between GA progression and reticular disease in both image types, it would have been
ideal to have had both AF and IR images for each subject.

The follow-up intervals in our study group covered a large range (6-51 months), which
potentially could have biased our results if the GA progression rate varied with the follow-
up interval. However, subgroup analysis of ranges of follow-up intervals did not suggest any
trend.

The retrospective design might suggest a selection bias toward larger GA lesions, for
example, if subjects with more advanced disease were more likely to get imaging. However,
the mean GA progression rate of 1.21 mm? /yr observed herein was slightly lower than the
mean rate reported in other studies? 28. 31-33 and was also associated with a smaller mean
initial lesion size (3.48 mm? ) and a smaller IQR (0.55 - 5.35 mm? ),26. 31, 33 gyggesting that
our study group did not have more advanced GA. Repeat analysis using square root
transformation28 showed that initial lesion size did not affect GA progression rate. The mean
age of patients in this study was slightly older than, yet comparable to, published

reports.28: 28. 31-34 There was a higher percentage of women in our study than in these other
GA studies, but this may simply have been related to the older age of our group.

The strength of this study lies in the uniformity of the findings, with a nearly 100%
association of RMD with multilobular GA. This is a far stronger association than previously
reported and relies on careful examination of the posterior pole in images of multiple
modalities at multiple time points. This also suggests a greater predictive value of RMD for
advanced AMD than previously believed, because the overall incidence of RMD in early
AMD is only around 8% as found previously by our group using the same definition of
RMD applied herein.®
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In summary, we have presented evidence that multilobular GA in AMD is almost always
associated with reticular macular disease. Study of serial SLO images further suggests that
this is not simply an association but that lobules of GA develop in areas of RMD and may
represent progression of a single underlying disease process. Prospective studies of larger
cohorts of patients with GA, particularly histopathologic study of well-documented cases of
reticular disease, are clearly indicated to assess these possibilities. In general, SLO imaging
demonstrates that the high-risk phenotype of RMD is much more ubiquitous than previously
realized and deserves further careful study.
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Figure 1. Unilobular geographic atrophy (GA) with reticular macular disease (RMD)
Autofluorescence (A) and infrared (B)images from a 68-year-old female with age-related
macular degeneration showing unilobular GA. Both modalities show RMD around the
atrophic lesion and temporally to the optic disc, as well as large soft drusen more
peripherally.
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Figure 2. Multilobular geographic atrophy (GA) with reticular macular disease (RMD)
Autofluorescence (A) and infrared (B) images from an 80-year-old female with age-related
macular degeneration showing multilobular GA. In autofluorescence imaging, the lobules
demonstrate different gray levels, possibly representing different stages of atrophy. RMD is
seen surrounding the atrophy in both modalities.
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Subject 1

Figure 3. Grading by macular field of geographic atrophy (GA) progression relative to reticular
macular disease (RMD)

The grids show the macula divided by circles into 6000-, 3000-, and 1000-pym-diameter
zones and by lines into superior, temporal, inferior, and nasal quadrants further delimited by
the middle and outer circles. Grading was done in 5 fields: in each quadrant and within the
middle 3000-pm-diameter circle. The 1000-pm-diameter circle was not used for the analyses
in this study.(Subject 1, top row) Baseline (left) and 2-year follow-up (right)
autofluorescence images of the left eye from an 84-year-old female. (Subject 1, bottom
row) The corresponding segmented and graded images initially showed GA present in all
fields except the temporal quadrant and RMD present in all fields (left). Two years later
(right), GA progressed in the superior, inferior, nasal, and central fields but not temporally
despite RMD. Hence, in Subject 1, 4 of 5 fields with RMD showed GA progression.
(Subject 2, top row) Baseline (left) and 2-year follow-up (right) infrared images of the
right eye from an 83-year-old female. (Subject 2, bottom row) The corresponding
segmented and graded images initially showed GA present superiorly and centrally and
RMD definitely present in the superior and central fields (left). The nasal field had no
recognizable reticular lesions, and RMD was graded as absent. Two years later (right), GA
definitely progressed in the superior and central fields, with minimal to no growth in the
nasal, inferior, and temporal fields. Hence, in Subject 2, 2 of 2 fields with RMD showed GA
progression, and 3 of 3 fields without RMD did not.
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Figure 4. Bilateral multilobular geographic atrophy (GA) with reticular macular disease (RMD)
Autofluorescence images of the right eye (top left) and the left eye (bottom left) of a 90-
year-old female show dark, well-defined lobules of atrophy with surrounding RMD; large
soft drusen are visible, especially above the edges of GA. Infrared images of the right eye
(top right) and the left eye (bottom right) show prominent RMD, temporally to the optic disc
and around the hyperreflective atrophic lesions, and large soft drusen.
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Figure 5. Combined distribution of reticular lesions in scanning laser ophthalmoscopy
(autofluorescence and infrared) images for study subjects with reticular macular disease (RMD)
and primary geographic atrophy (GA)

Distribution of RMD, when present, in all subjects, subjects with multilobular GA, and
subjects with unilobular GA. For subjects with serial scans, only the initial set of scans with
RMD was included in this analysis. RMD was most frequently noted outside the 3000-um-
diameter circle (middle circle in darker grey) near the superior arcades.
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Figure 6. Progression of multilobular geographic atrophy (GA) over a period of 3 years

(Top row) Right eye. (Bottom row) Left eye. (Columns 1, 2) Initial autofluorescence (AF)
and infrared (IR) images. The individual GA lobules in the AF images are outlined in red
using our user-interactive GA segmentation tool.24 25 (Columns 3, 4) Follow-up AF and IR
images after 3 years. The large central atrophic lesion in the right eye is present both initially
and finally as seen in AF (top row, columns 1, 3) and IR (top row, columns 2, 4) scans; the
GA in this eye appears to be a coalescence of densely packed atrophic lobules. The initial
AF scan of the left eye (bottom left) shows prominent reticular macular disease in all
quadrants with a small lesion of GA beginning to form within it. The atrophic areas are less
apparent in the IR images (bottom row, columns 2, 4) compared to the well-outlined
lobules of atrophy observed in the AF images (bottom row, columns 1, 3). After 3 years,
there are significant new lobules of GA evident in all quadrants of the left eye.
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Figure 7. Multilobular geographic atrophy (GA) and reticular macular disease (RMD) over 4
years presented as a multiscale, multistage disease continuum

Each row represents 1 year of serial infrared (IR) and autofluorescence (AF) images.
(Column 1) Serial IR images show enlargement of GA. (Column 2) Serial AF images show
RMD (small-scale, early lesions) becoming gradually more hypoautofluorescent and
coalescing into lobes of early GA (larger scale, later-stage lesions), which further coalesce
and become even more hypoautofluorescent as they progress to mature GA (large-scale,
end-stage lesions). Note that the AF lesions have distinct, decreasing gray scales as they
progress from RMD to lobules of early GA and on to fully developed GA. The IR images do
not show this distinction. The end-stage AF lesions (2010) are closely surrounded by
irregular margins of elevated AF that in turn are surrounded by RMD. At each stage, RMD
is clearly visible at the margins of the GA. (Column 3) The GA lesions in the serial AF
images from Column 2 were outlined in red.24 25 The segmentation included both early- and
end-stage GA and included all areas of defined atrophy in the IR scans. (Column 4) Red
masks were created in MATLAB R2007 (Mathworks, Natick, MA) for the serial AF images
in Column 2 to measure the growth of atrophic lesions over 4 years.
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Figure 8. Multilobular geographic atrophy (GA) demonstrated in autofluorescence (AF) imaging
but not in color fundus (CF)or red free (RF) photography

Images from an 88-year-old female with age-related macular degeneration. Multilobular GA
and reticular macular disease (RMD) around the atrophic lobules are clearly visible in the
AF images (top row). The CF (middle row) and RF (bottom row) images do not show the
multilobular nature of the GA but do show RMD superotemporally in both eyes.
Peripapillary atrophy is present in both eyes in all image modalities.
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Table 1

Statistical analysis comparing subjects with multilobular geographic atrophy (GA) and subjects with
unilobular GA.

Characteristics All Subjects Multilobular ~ Unilobular P Value
Sample Size (%) 99 88/99 (88.9)  11/99 (11.1)

Eyes (%) 157 144/157 (91.7)  13/157 (8.3)

Age, Yrs, Mean (SD) 81.8(7.2) 82.5 (6.9) 77.0 (8.1) 0.05
Women (%) 77/99 (77.8) 71/88 (80.7)  6/11 (54.5) 0.049
Eyes with Foveal GA (%) 74/157 (47.1)  66/144 (45.8)  8/13 (61.5) 0.278
Eyes with RMD in SLO Images (%) 146/157 (93.0)  138/144 (95.8)  8/13 (61.5)  3.49E-06

Eyes with RMD in CF Photography (%)  77/123 (62.6) 72/111 (64.9) 5/12 (41.7) 0.115

Yrs, years; SD, standard deviation; RMD, reticular macular disease; SLO, scanning laser ophthalmoscope; CF, color fundus.
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Table 2

Overall pattern of geographic atrophy (GA) progression in fields with and without pre-existing reticular
macular disease (RMD) for 50 study eyes (P value = 0.0001, x? test).

GA progressed 111
Total # of fields “with RMD 144
No GA progression 33
GA progressed 55
Total # of fields without RMD 103
No GA progression 48
Total # of fields ungradable for RMD 3 GA growth not calculated

GA growth in RMD field 77.1% (111/144)

Total # of fields (50 study eyes x 5 fields/eye) 250
GA growth in non-RMD field ~ 53.4% (55/103)

*
Fields = superior, inferior, temporal, and nasal quadrants, and central 3000-pm-diameter circle.
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