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BACKGROUND AND OBJECTIVE: The purpose of this
study was to characterize the association between
geographic atrophy (GA) growth and age-related
macular degeneration (AMD) drusen phenotype.

PATIENTS AND METHODS: This retrospective cohort
study included 59 eyes from 47 patients over 55 years
with GA, followed for up to 5 years. Eyes with poor-
quality imaging, irregular follow-up, or exudation
were excluded. Based on multimodal retinal imaging,
eyes were classified into three groups: Group 1 (retic-
ular pseudodrusen [RPD]), Group 2 (large soft drusen
[LSD]), and Group 3 (mixed RPD and LSD). Fundus
autofluorescence (FAF) images were analyzed from
baseline to 60 months. GA lesion area and growth
rate were measured semi-automatically using Region-
Finder (Heidelberg Engineering) and compared
across groups over time.

RESULTS: The mean baseline GA area was
1.2 £ 0.8 mm? The overall mean GA growth rate was
1.5 +£ 0.9 mm?/year. Group 1 (RPD) showed the fast-
est progression at 2.56 + 1.09 mm?/year, significantly
higher than Group 2 (LSD, 1.02 + 0.80 mm?/year) and
Group 3 (1.10 £ 0.81 mm?/year) (P < .005). No signifi-
cant difference was observed between Groups 2 and
3 (P = .28). These differences remained consistent at
months 12, 24, 36, 48, and 60.

CONCLUSION: GA progression is significantly faster
in eyes with pure RPD phenotype. Mixed phenotype
behaves similarly to LSD, supporting phenotype-spe-
cific monitoring and treatment strategies.

Month 2026 - Vol. 57, No. 0

ge-related macular degeneration (AMD) is a
A chronic, progressive disease affecting the cen-
tral retina and is one of the leading causes of
visual impairment globally.! AMD is classified into three
stages: early, intermediate, and advanced. Early and in-
termediate forms of AMD are characterized by retinal
pigment epithelium (RPE) alterations and various types
of deposits, generally referred to as drusen. Advanced
AMD is categorized into two forms: neovascular (“wet”)
age-related macular degeneration and geographic atro-
phy (“dry”). Geographic atrophy (GA) is characterized
by the growth of sharply demarcated atrophic lesions in
the outer retinal tissue and RPE in the macular region.?
GA pathophysiology is complex. Aging-related oxi-
dative stress leads to RPE damage and drusen forma-
tion.® Large soft drusen (LSD) are the most common
type, whereas reticular pseudodrusen (RPD, also called
subretinal drusenoid deposits) were first described by
Mimoun et al.* Drusen accumulation may trigger chron-
ic inflammation contributing to GA.®
While anti-vascular endothelial growth factor (anti-
VEGF) injections can restore vision in neovascular
AMD, no equally effective treatment exists for pure GA.
Recent therapies aim to slow GA progression,® but their
efficacy and safety remain debated, prompting investi-
gation into patient subgroups with differing prognoses
and disease mechanisms. Several approaches have been
published to identify patterns and trends in the progres-
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sion of GA, with the “FAM” study—demonstrating an as-
sociation between fundus autofluorescence (FAF) pat-
terns and growth rate—perhaps being the best example.”
Other studies have begun focusing on examining depos-
its and their potentially distinct patterns of evolution
in geographic atrophy.®® We propose investigating the
potential association between trends in GA growth and
the concurrent presence of purely LSD, purely RPD, or
the presence of both drusen phenotypes.

MATERIAL AND METHODS

This was a retrospective, longitudinal monocentric
observational cohort study conducted at a tertiary reti-
nal care center in France. Approval for the study was
obtained from the local Institutional Review Board.

PATIENT SELECTION AND SETTINGS

Patients were eligible for analysis if they met the fol-
lowing criteria: men and women more than 55 years
of age with geographic atrophy related to late AMD,
exhibiting areas of GA ranging from 0.2 to 2.7 mm?
on baseline fundus FAF images. In bilateral eligible
cases, both eyes were included. Eligible patients were
required to have available multimodal retinal imaging
obtained at least 12 months prior to the onset of GA,
enabling retrospective identification of drusen pheno-
type during the intermediate AMD stage. Participants
were also required to have a minimum follow-up pe-
riod of 36 months, with at least one visit per year in-
cluding multimodal imaging (FAF, near-infrared reflec-
tance [NIR], optical coherence tomography [OCT], and
angiography). Although the initial study protocol speci-
fied a minimum follow-up duration of 36 months, given
the availability of longer follow-up data in a subset of
patients, analyses were extended beyond the initial
36-month time point (59 eyes) to include 48-month (33
eyes) and 60-month (20 eyes) outcomes when available.
Visits typically occurred at 6 to 12 month intervals.
Only patients with multimodal images covering the
entire area of RPE atrophy at the posterior pole were
included. Demographics and clinical features were re-
corded, and best-corrected visual acuity (BCVA) was
measured at each visit using the standardized ETDRS
visual acuity chart.

Exclusion criteria included potential confounding
factors: high myopia, exudative AMD, previous intra-
ocular treatment, suspected or confirmed genetic syn-
dromes, poor-quality imaging, the presence of cuticular
or colloid drusen, and drusenoid pigment epithelial de-
tachments (PED) defined as =500 um in width.

Eyes were classified into three mutually exclusive
groups based on multimodal imaging (see Phenotypic
Lesions Identification section): pure RPD involved the
presence of RPD identified on OCT without concomi-

tant LSD, pure LSD involved presence of LSD without
evidence of RPD, and mixed phenotype included con-
current presence of both RPD and LSD. Eyes with iso-
lated small drusen or drusen types not meeting criteria
for either RPD or LSD were excluded from analysis.

STUDY PROTOCOL AND MULTIMODAL IMAGING

At each follow-up visit, patients underwent spectral-
domain OCT using the Heidelberg Spectralis system
(HRA+OCT, Heidelberg Engineering). OCT volumes
covered a minimum 20° X 20° area centered on the
fovea and included 25 B-scans with 50 averaged frames,
using follow-up mode when available.

FAF imaging (488-nm excitation; 500-680-nm emis-
sion; 30° x 30°) was acquired in the same session to
assess GA progression, with simultaneous NIR acquisi-
tion; multicolor images were analyzed when available.
Hypoautofluorescent areas on FAF were interpreted as
RPE atrophy. Atrophic lesion areas were quantified on
FAF by a single observer using RegionFinder software
(version 1.10.2.0; Heidelberg Engineering). Subfoveal
choroidal thickness was recorded at baseline and mea-
sured manually on enhanced depth imaging OCT as
the perpendicular distance between Bruch’s membrane
and the choroid-scleral interface.

In cases of uncertainty, atrophy was confirmed using
OCT, NIR, and multicolor imaging. Foveal sparing was
assessed on OCT and defined as preservation of normal
foveal architecture across three consecutive B-scans.
GA lesions were classified as unifocal or multifocal
based on FAF.

Two experienced retinal specialists analyzed the im-
ages. If there were any disagreements, two senior retinal
specialists were consulted through open adjudication.

PHENOTYPIC LESIONS IDENTIFICATION

Lesion identification was primarily based on OCT
and FAF, with multimodal imaging used for confirma-
tion when available and when necessary. Geographic
atrophy was defined on FAF as sharply demarcated ar-
eas of RPE loss =175 um, according to the Wisconsin
Grading System, and quantified using RegionFinder. On
spectral-domain OCT, GA corresponded to areas =175
um with complete RPE loss, outer retinal thinning, and
increased choroidal signal.

Large drusen were identified on OCT as dome-
shaped RPE elevations >125 um located between the
RPE basal lamina and Bruch’s membrane; a single qual-
ifying lesion was sufficient for classification.

RPD were defined as subretinal deposits above the
RPE. Based on the OCT classification by Querques et
al,’® eyes were classified as having RPD when five or
more distinct lesions were visible on more than one
B-scan.

© SLACK Incorporated



TABLE 1
Demographics and Clinical Features of Study Patients at Baseline
Pvalue | Pvalue | Pvalue
group group group
Variable Group 1 Group 2 Group 3 1-2 1-3 2-3 All
Patients, n 17 15 15 - - - 47
Eyes, n 20 19 20 - - - 59
Female sex, 15 (88.2%) 11 (73.3%) 12 (80%) .38° .65° 1.02 38 (80.9%)
n (%)
Mean age, 778+7.9 76.8+8.0 78.8+6.0 .88P 97° .92 7781
(y) £SD
BCVAin 03+03 0.29+£0.2 0.2+0.1 0.7¢ 0.4¢ 0.5 0.2+0.1
logMAR + SD (20/40 £20/40) | (20/39 +20/32) | (20/32 £20/25) (20/32 £20/25)
(Snellen)
GA area 1.3+0.8 1.19+£1.0 1.03+£0.7 32¢ 57¢ A 1.2+0.8
(mm?) £ SD
SFCT 121+ 58 172+79 175+ 58 .003¢ .001 .75¢ 156+ 11
(microns) = SD
Foveal sparing | 17 7 7 .0008° .0008° 10 31
Abbreviations: BCVA, best-corrected visual acuity; GA, Geographic atrophy measured using the RegionFinder tool on fundus autofluorescence images; logMAR,
logarithm of the minimum angle of resolution (Snellen); SFCT, subfoveal choroidal thickness; y, years of age.
Group 1: Reticular pseudodrusen; Group 2: Large soft drusen; Group 3: concomitant reticular pseudodrusen and large soft drusen.
9 Fischer’s exact test.
b x? test.
¢ Wilcoxon test.

STATISTICAL ANALYSIS

Qualitative variables were described by numbers
with percentages, and quantitative variables were de-
scribed by their mean with standard deviation. Com-
parison between groups was performed using the Chi-
square test for qualitative data and using the Wilcoxon
test for quantitative data. Longitudinal data on changes
in atrophy size were compared using a paired Wilcoxon
test. R software (version 4.4.1) was used for statistical
analysis, and P < .05 was retained as significant.

RESULTS

Baseline demographic and lesion characteristics, in-
cluding age, sex, baseline GA area, BCVA, foveal sparing,
and subfoveal choroidal thickness, are summarized in
Table 1. Between January 1 and September 30, 2024, 549
consecutive patients with a recorded diagnosis of AMD
at the tertiary center were screened by the first author.
From these, 59 eyes from 47 patients (38 women and
nine men) met all inclusion criteria and were included
in the final analysis. Most patients were excluded due to
irregular follow-up, poor-quality FAF imaging, macular
exudation from conversion to neovascular AMD, or mis-
classification of diagnosis. A total of 17 patients (20 eyes)
were classified in Group 1 (RPD), 15 patients (19 eyes) in
Group 2 (large drusen), and 15 patients (20 eyes) in Group
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3 (mixed phenotype). The mean age of included patients
was 77.8 £ 1.0 years. Baseline BCVA was 0.2 + 0.1 log-
MAR, and the mean GA lesion area was 1.2 + 0.8 mm?.
The overall mean subfoveal choroidal thickness was 156
+ 11 um, and foveal sparing was observed in 31 eyes.
No statistically significant differences were observed
among groups in age, sex, baseline BCVA, or GA area.
The overall GA growth rate was 1.5 + 0.9 mm?/year over
60 months. Group-specific growth rates were: Group 1,
2.56 + 1.09 mm?/year; Group 2, 1.02 + 0.80 mm?/year;
and Group 3, 1.10 £ 0.81 mm?/year. Rates and associ-
ated statistical comparisons are summarized in Table 2.
Group 1 demonstrated more rapid GA growth, increas-
ing from 2.22 + 0.62 mm? at month 12 to 2.90 + 1.49 mm?
at month 60. Group 2 showed slower progression, from
0.54 £ 0.52 mm? to 1.18 + 0.82 mm? over the same pe-
riod. Group 3 followed a similar trajectory to Group 2,
with lesion growth from 0.53 + 0.29 mm? to 1.67 + 1.44
mm? Growth rate of GA was statistically different be-
tween Group 1 and Groups 2 (P <.005) and 3 (P < .005)
overall and at months 12, 24, 36, 48, and 60. However,
no statistically significant differences were observed be-
tween Groups 2 and 3 (P =.28) overall or at any follow-
up timepoint. Linear regression trends are illustrated
in Figure 1, and representative FAF images from each
group are shown in Figure 2.



TABLE 2
Rate of Progression of Geographic Atrophy

Group 1 Group 2 Group 3 Pvalue P value P value

Variable | (20 eyes) (20 eyes) (20 eyes) group 1-2 group 1-3 group 2-3 | All (60 eyes)

Month 12 | 3.50 £ 0.952 1.39+£1.25 1.36 £0.83 .005¢ .005¢ .62¢ 1.1£048
(22+0.62)P (0.54 £0.52) (0.53+£0.29)

Month 24 | 5.98 + 1.50 2.81 £2.60 1.96 £0.78 .003¢ .0001¢ .616°¢ 1.4 +£0.82
(2.27 £1.08) (1.09 £ 0.89) (0.77 £0.50)

Month36 | 83+1.7 4.46 +3.21 3.72+1.85 .002¢ .003¢ .233¢ 1.6+11.5
(2.74 £0.84) (1.20 £ 0.86) (0.85 +0.68)

Month 48 | 11.12 +3.08 549+4.18 6.64+2.76 .028¢ .004¢ 336 1.8+£1.15
(2.68 £1.39) (1.09 £ 0.88) (1.68 £1.17)

Month 60 | 11.7+4.9 6.86 £ 5.52 6.66 = 2.45 .036¢ .041¢ .606°¢ 1.9+1.25
(2.90 + 1.49) (1.18 £ 0.82) (1.67 + 1.44)

Overall (2.56 £ 1.09) (1.02 £0.80) (1.10£0.81) >.005¢ >.005¢ .28¢ N/A

Abbreviation: N/A, not applicable; RPD, reticular pseudodrusen.

Group 1: RPD; group 2: large drusen; group 3: concomitant RPD and large drusen.

a Atrophic area in square millimeters.

b Rate of progression of geographic atrophy in square millimetre measured by region finder tool on fundus autofluorescence.

¢ Paired Wilcoxon test.

DISCUSSION

Geographic atrophy represents a significant unmet
medical need. The main precursor lesions of GA are the
two distinct types of intermediate age-related macular
degeneration (iIAMD) deposits: LSD located beneath the
RPE, and pseudodrusen found above the RPE. Large soft
drusen are a hallmark of AMD, and disease progression
is closely linked to an increasing accumulation of dru-
sen.'! Pseudodrusen have also been identified as a signifi-
cant risk factor for progression to advanced AMD and as
an independent factor when controlling for confounding
variables such as the aforementioned LSD.'*'* AREDS
Report No. 42 marks a major recent turning point by pro-
posing an updated version of the simplified AREDS se-
verity scale, incorporating reticular pseudodrusen in ad-
dition to large drusen as key risk factors, and stratifying
disease progression risk according to their presence.™

Consequently, we chose to focus on these two
principal lesions and classified the patients into three
groups: Group 1, RPD only; Group 2, LSD only; and
Group 3, mixed phenotype. Unlike Thiele et al,? we ex-
cluded other types of deposits from our classification:
refractile or calcified drusen, as they are late products
of large soft drusen’; drusenoid PED, which results
from the coalescence of LSD and represents a more
advanced, heterogeneous stage not primarily associ-
ated with GA risk.’® We also excluded basal laminar
drusen, also known as cuticular drusen, as, despite
belonging to the spectrum of AMD, they are primarily
associated with early and specific forms of the disease
and should be considered separately.'”

In our study, the mean overall rate of GA progression
across all three groups was 1.5 + 0.9 mm?/year, which is
consistent with findings from previous research. Bassil et
al’® reported a similar rate of 1.65 mm?/year in their me-
ta-analysis (69 studies). We included patients with rela-
tively small GA sizes with a mean baseline GA area of 1.2
£ 0.8 mm? Sunness et al'® observed that lesions greater
than 1.3 mm? had a lower rate of progression compared
to patients with atrophic lesions between 1.3 mm? and
8.3 mm? Our results are in agreement with this study, as
the rate of progression increased over our study period
and with the increasing size of the atrophic area.

Over 60 months, group 1 showed a significantly fast-
er progression of GA compared to group 2. Our results
are consistent with the literature, showing that RPD not
only confers twice the risk of progressing to the late
form of AMD,?° but is also associated with the fastest
GA enlargement.?

The differences in GA progression between eyes
with RPD and eyes with large drusen may reflect their
distinct characteristics. RPD and large drusen are both
extracellular deposits with similar components, though
they differ in cholesterol composition: RPD contain pre-
dominantly unesterified cholesterol, whereas large dru-
sen contain predominantly esterified cholesterol.?! Ad-
ditionally, RPD deposits can include inflammatory cells
such as macrophages and microglia.?? Both lesion types
also differ in their localization and structural charac-
teristics. Large drusen are located beneath the RPE on
its basal side, whereas RPD are subretinal deposits situ-
ated above the RPE and in contact with the photorecep-
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Linear trends of annualized GA progression
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Figure 1. Geographic atrophy (GA) growth overall and by age-related macular degeneration (AMD) drusen phenotype. Linear regression analysis
of GA growth from baseline to month 60. Mean growth rate was 2.56 + 1.09 mm?2/year in group 1 (reticular pseudodrusen), 1.02 + 0.80 mm?/year
in group 2 (large soft drusen), and 1.10 + 0.81 mm?/year in group 3 (mixed phenotype). Graphs show progression for the overall cohort and each
subgroup. Group 1 showed the steepest slope, indicating fastest growth; group 2 the flattest, with slower progression; and group 3 an intermedi-

ate trajectory.

tors. Large drusen can remain relatively stable for years
beneath the RPE, maintaining relatively good visual
function. Structural changes in the overlying RPE and
outer retina can occur, sometimes followed by drusen
collapse and atrophy.?® RPD, in contrast, extend into
the outer retina and through the photoreceptor layers.
Greferath et al** reported that stage 3 RPD can pierce
the outer limiting membrane into the outer nuclear lay-
er, with localized photoreceptor disruption. Their study
also indicated that the RPE in regions with RPD may
exhibit structural abnormalities, highlighting structural
differences between RPD and large drusen. Interest-
ingly, the presence of both phenotypes showed a trend
of progression similar to LSD only, thus representing
a subgroup with relatively good prognosis. Fragiotta
et al?® recently found that large drusen at baseline ap-
peared to have a protective effect on the expansion of
GA compared to other lesions. In the case of a mixed
phenotype, LSD could dominate over other lesions. This
observation also supports the idea that the pure RPD
phenotype may represent a distinct genetic entity, as-
sociated with a more severe clinical prognosis.

Aside from the type of deposit, previous reports
showed that GA progression is complex and related to
several factors, mostly baseline lesion size, subfoveal
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choroidal thickness, age, genetics factors, lesion focali-
sation (foveal involvement), and focality (multi- or unifo-
cal).?2 Out of those, our three groups did not show any
differences in terms of age, sex, multifocality/unifocal-
ity, or area of GA at baseline. However, at baseline, there
were differences in foveal involvement and choroidal
thickness between the RPD group and the other two
groups. Consistent with previous studies,?® RPD eyes had
thinner choroids. Current evidence does not support a
direct causal role for choroidal thinning in RPD devel-
opment;*”?® it may instead be a characteristic feature of
the phenotype rather than a pathogenic mechanism. The
RPD group also showed significantly more foveal sparing
than the LSD and mixed groups, consistent with prior
reports.?® RPD preferentially affect perifoveal, rod-rich
regions, whereas LSD occur in the cone-rich fovea. As
these features are inherent to the RPD phenotype rather
than independent confounders, groups were not matched
for subfoveal choroidal thickness or foveal sparing. Al-
though often cited, we did not analyze FAF patterns as in
the FAM study,” as this system relies on morphological
features with variable interobserver reproducibility.®
RPD presence has recently been associated with
differences in treatment response in people with
iAMD, suggesting that the RPD phenotype may benefit
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Figure 2. Fundus autofluorescence (FAF) images of representative cases showing geographic atrophy (GA) progression across age-related macu-
lar degeneration drusen phenotypes (baseline to 60 months). Top row: FAF of an 85-year-old woman. Group 1 (reticular pseudodrusen) case with
GA growth from 0.97 to 11.62 mm?2. Middle row: FAF of a 78-year-old woman. Group 2 (large soft drusen) case with growth from 0.82 to 3.76 mm?2.
Bottom row: FAF of a 78-year-old woman. Group 3 (mixed phenotype) case with growth from 1.2 to 4.14 mm?2.

from different interventions compared with eyes with
only LSD.*!

Inclusion criteria of several interventional random-
ized controlled trials, such as CHROMA, OAKS and
DERBY, or the GATHER2 study,?* required only the
presence of one to seven disk areas of total GA area,
without specification of AMD drusen phenotype associ-
ated with it. Some of them, such as the CHROMA study
or the BEACON study, did not reach the primary end
point, whereas some others, like OAKS and DERBY or
the GATHER2 study did.*** Differentiating subgroups
based on AMD deposits may help to better interpret
these differences.

The present study has several limitations. It is mono-
centric, and a relatively small sample size was included
in each group due to the retrospective design and strict
selection criteria, which resulted in the exclusion of a
substantial number of initially screened patients. GA
quantification was performed by a single grader using
the RegionFinder software, without an independent
review or artificial intelligence-based methods,** and
only the central 30 degrees of the retina were consid-
ered, which limits generalizability. The 25-line scan
protocol is relatively sparse, potentially missing some
RPD or large drusen between scans. Several variables
known to influence GA progression, such as smoking
status, were not recorded. Despite differences between

groups, we did not match for foveal sparing or subfove-
al choroidal thickness, as explained in the discussion,
because these features are considered inherent charac-
teristics of RPD rather than independent confounders.
FAF patterns were not considered in our analysis due
to their poor interobserver reproducibility, as discussed
above. Finally, only large drusen were considered for
the analyses; eyes presenting exclusively with small
hard drusen (<63 um) or medium drusen (<125 um)
were not included.

CONCLUSION

Geographic atrophy progression differs by drusen
phenotype: faster with RPD, slower with LSD. When
both coexist, growth resembles that of large drusen,
suggesting a possible protective effect. Classifying by
drusen type may guide therapy and trial design, while
management currently relies on monitoring, low-vision
care, and psychological support.®
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