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PURPOSE. The purpose of this study was to investigate the incidence of foveal involvement
in geographic atrophy (GA) secondary to age-related macular degeneration (AMD), using
machine learning to assess the importance of risk factors.

METHODS. Retrospective, longitudinal cohort study. Patients diagnosed with foveal-sparing
GA, having GA size ≥ 0.049 mm2 and follow-up ≥ 6 months, were included. Baseline
GA area, distance from the fovea, and perilesional patterns were measured using fundus
autofluorescence. Optical coherence tomography assessed foveal involvement, structural
biomarkers, and outer retinal layers thickness. Onset of foveal involvement was recorded.
Foveal survival rates were estimated using Kaplan-Meier curves. Hazard ratios (HRs) were
assessed with mixed model Cox regression. Variable Importance (VIMP) was ranked
with Random Survival Forests (RSF), with higher scores indicating greater predictive
significance.

RESULTS. One hundred sixty-seven eyes (115 patients, average age = 75.8 ± 9.47 years)
with mean follow-up of 50 ± 29 months, were included in this study. Median foveal
survival time was 45 months (95% confidence interval [CI] = 38–55). Incidences of foveal
involvement were 26% at 24 months and 67% at 60 months. Risk factors were GA prox-
imity to the fovea (HR = 0.97 per 10-μm increase, 95% CI = 0.96–0.98), worse baseline
visual acuity (HR = 1.37 per 0.1 LogMAR increase, 95% CI = 1.21–1.53), and thinner
outer nuclear layer (HR = 0.59 per 10-μm increase, 95% CI = 0.46–0.74). RSF analysis
confirmed these as main predictors (VIMP = 16.7, P = 0.002; VIMP = 6.2, P = 0.003; and
VIMP = 3.4, P = 0.01). Lesser baseline GA area (HR = 1.09 per 1-mm2 increase, 95% CI
= 1.01–1.16) and presence of a double layer sign (HR = 0.42, 95% CI = 0.20–0.88) were
protective but less influential.

CONCLUSIONS. This study identifies anatomic and functional factors impacting the risk of
foveal involvement in GA. These findings may help identify at-risk patients, enabling
tailored preventive strategies.

Keywords: geographic atrophy (GA), age-related macular degeneration (AMD), foveal
involvement, machine learning, random survival forests (RSF)

Geographic atrophy (GA), the advanced and irreversible
stage of age-related macular degeneration (AMD),

significantly compromises vision and quality of life.1 In its
early phases, GA often spares the fovea, allowing patients
to maintain relatively good visual acuity (VA). However,
as GA involves the fovea, it inevitably leads to profound
and irreversible central vision loss.2 This critical phase
not only marks a significant escalation in the disease’s
severity but also serves as a key prognostic marker. The
use of optical coherence tomography (OCT) is indispens-
able in this context, providing high-resolution images that
accurately assess the extent and the progression of reti-
nal pigment epithelium (RPE) and outer retinal atrophy
(cRORA).3

Emerging treatments, notably intravitreal complement
inhibitors, although unable to reverse neurosensory reti-
nal cell loss, can decelerate photoreceptor loss adjacent to
GA borders.4,5 This development highlights the necessity of
promptly identifying patients at risk of foveal involvement
to optimize stratification and treatment allocation effectively.
However, the inherent diversity in GA’s clinical presentation
poses significant challenges in developing uniform treat-
ment approaches and predicting disease progression on an
individual basis.6

Coping with the complex nature of GA manifesta-
tions, our research uses a machine learning method by
applying the Random Survival Forest (RSF) algorithm to
explore the incidence and risk factors of foveal involvement
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in patients with initial foveal-sparing GA. This approach
complements traditional survival analysis methods like Cox
regression, which primarily yields coefficients indicating
variable effects. Our application of RSF addresses a gap
in current research by introducing Variable Importance
Measures (VIMP) for each risk factor.

The use of both approaches significantly advances our
understanding of GA prognosis, ranking candidate risk
factors not only by their impact but also by their impor-
tance.7 By doing so, this research aspires to enhance clin-
ical decision-making processes, highlighting patients who
would most benefit from proactive and tailored interventions
to mitigate the progression of GA.

METHODS

This retrospective, longitudinal study was undertaken at
the San Raffaele Scientific Institute, Milan, Italy, spanning
from April 2011 to November 2023. The chosen timeframe
ensured uniformity in imaging techniques, as all patients
with AMD were examined using the same OCT device
throughout this period. Conducted in line with the Declara-
tion of Helsinki, the study protocol received an exemption
from requiring written informed consent by the local insti-
tutional review board.

The study enrolled participants aged 50 years and
above, diagnosed with non-exudative AMD. Eligibility crite-
ria included a minimum GA area of 0.049 mm2, equivalent
to a circle diameter of approximately 250 μm, located within
800 μm of the fovea. This area of GA was required to be situ-
ated within the inner circle of an Early Treatment Diabetic
Retinopathy Study (ETDRS) grid. Fovea-sparing was specifi-
cally defined as the presence of a residual foveal island larger
than 270 degrees.8 We excluded individuals who presented
with foveal involvement at their initial visit, those with any
form of macular neovascularization (MNV), other retinal
diseases, or those who had undergone prior ocular treat-
ments. A minimum follow-up duration of 6 months was
established for the study. In cases where both eyes of a
patient met the inclusion criteria, data from both eyes were
included in the analysis.

Data Collection and Imaging

Chart reviews were performed and data on demographics,
ophthalmic history, and the fellow eye were collected for
baseline visits (i.e. the first visit that satisfied the inclusion
criteria). At each following visit, VA was originally assessed
using ETDRS tables and then converted to LogMAR for anal-
ysis. Confocal scanning laser ophthalmoscopy (cSLO) was
used to perform blue-light fundus autofluorescence (FAF)
imaging across the central 30 degrees of the retina. Addition-
ally, a series of six radial scans were acquired using spectral-
domain OCT (SD-OCT), utilizing eye tracking and follow-
up modes on the Spectralis HRA+OCT system (Heidelberg
Engineering, Heidelberg, Germany). The selection of any
supplementary imaging methods was left to the discretion
of the attending ophthalmologist.

The analysis of these baseline FAF and SD-OCT images
was conducted by two experienced ophthalmologists
(authors E.B. and C.G.), who were masked to the outcomes
of the study. Expert adjudication was provided by a retina
specialist (author M.V.C.) in cases of disagreement. The FAF
patterns surrounding GA areas were classified into: none,

focal, diffuse (with further differentiation into subtypes such
as reticular, branching, granular, and trickling), banded, or
patchy.9 The RegionFinder software was used to measure
the GA area on FAF at baseline, confirmed by near-infrared
imaging co-registered with SD-OCT.

Qualitative and Quantitative SD-OCT
Measurements

Qualitative SD-OCT assessments included identification of
subretinal drusenoid deposits (SDD; ≥ 3 lesions identified
on one B-scan),10,11 refractile drusen (≥ 1 lesion identi-
fied on one B-scan),12 and the double layer sign (DLS).13,14

DLS exceeding 1000 μm in length and 100 μm in height
on horizontal B-scan, or exhibiting multiple reflective layers
between the RPE and the Bruch’s membrane (BM), were
excluded to mitigate the risk of confounding by non-
exudative MNV.

Criteria for foveal involvement were defined as choroidal
signal hypertransmission with RPE disruption and photore-
ceptor degeneration in the 1-mm central area beneath
the foveal depression, extending over a width of more
than 250 μm on the horizontal B-scan.3 The occurrence
date of the initial foveal involvement was recorded by the
graders.

Quantitative analyses included the calculation of thick-
ness for the outer nuclear layer (ONL) and the entirety of
the outer retinal layer, spanning from BM to the external
limiting membrane, within the central 1-mm diameter of the
ETDRS map. The thickness measurements were automati-
cally derived using the Spectralis software, complemented
by manual segmentation adjustments when necessary. Addi-
tionally, manual measurements were taken to determine
the vertical thickness of the choroid beneath the foveal
depression, as well as the maximal elevation of the DLS
on corresponding B-scans. The agreement between the two
graders, measured on a subset of 10 B-scan, was excellent,
with an intraclass correlation coefficient (ICC) of 0.98 for
choroidal thickness and 0.95 for the maximal elevation of
the DLS.

The minimum distance between the GA region and the
fovea was also manually determined, using near-infrared
imaging.

Statistical Analysis

Statistical analyses were conducted using the R program-
ming environment. Continuous variables were summa-
rized either as mean ± standard deviation or as median
and interquartile range (IQR). Categorical variables were
presented as counts and percentages.

To estimate the incidence of foveal involvement, the
Kaplan-Meier survival method was applied. This analysis
included censoring cases that did not exhibit foveal involve-
ment or were lost to follow-up at their last known visit.
In instances where MNV developed post-baseline, follow-up
was truncated at its onset.

For identifying risk factors associated with the progres-
sion to foveal involvement, a multivariable Cox regression
model was used. This involved utilizing penalized maximum
likelihood estimation through the glmnet15 package, with
the elastic net mixing parameter α set to 1, indicative of
lasso regularization. Model optimization was achieved via
10-fold cross-validation to determine the most appropriate
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lambda value. A mixed model was integrated to account for
inter-eye correlations in cases of bilateral involvement. The
model provided hazard ratios (HRs) and their respective 95%
confidence intervals (CIs) for each variable. To affirm the
robustness and validity of the Cox model, a proportional
hazards assumption test was conducted using the cox.zph
function, and diagnostic plots focusing on dfbeta values
were generated via the ggcoxdiagnostics function to iden-
tify and exclude influential cases potentially skewing the
model’s estimates.

Further analysis of risk factors used the RSF method,
implemented via the randomForestSRC package. This
approach entailed the construction of decision trees for data
subsets, each generated from a bootstrap sample,16 with the
log-rank test statistic as the default splitting rule. Approx-
imately 37% of the dataset, classified as out-of-bag (OOB)
instances, were excluded from each tree’s training set and
used for validation purposes. The RSF model parameters,
including the number of trees (B = 1500) and the number
of split candidate features at each node (m = 5), were opti-
mized through a 5 × 5-fold cross-validation process. The
node size parameter, indicative of the minimum number
of distinct instances required in a terminal node, was set
at 3, acting as a pruning mechanism. The model’s effi-
cacy was evaluated using VIMP, with VIMP calculated as
the difference between the average perturbed and original
OOB prediction error. The patient ID was incorporated as
a cluster variable in our model to account for intrapatient
correlations.

Partial Dependence Plots (PDPs) were used to visualize
the relationship between key predictors and the likelihood
of progression toward foveal involvement at the median
follow-up time of 46 months. Prior to the analysis, predic-
tors were standardized (z-scores) to ensure comparability
across different scales, transforming each variable to have a
mean of 0 and a standard deviation of 1. This standardization
facilitated the assessment of how deviations from the mean
influenced survival probabilities, independent of the units
or magnitude of original measurements. Dummy variables
were created for categorical data and missing data (Supple-
mentary Fig. S1) were imputed using the mean of available
data.

The RSF analysis was conducted on a training set that
comprised 70% of the instances (116 eyes) and validated on
the remaining 30% set (51 eyes).

RESULTS

This study evaluated 167 eyes from 115 patients diagnosed
with non-exudative AMD, presenting with foveal-sparing
GA. Most participants (75%) contributed with one eye as
the fellow eye had already foveal-involving GA or exuda-
tive AMD. Over the median follow-up of 46 months (IQR =
28.5 to 66), 59% (98 eyes) progressed to foveal involvement
(Table 1).

The participants’ ages ranged from 50 to 94 years, with
the group maintaining fovea sparing being slightly older
on average (75.8 ± 9.47 years) compared to the group
progressing to foveal involvement (74.0 ± 9.65 years).
Female subjects constituted the majority of the cohort
(70.1%). Baseline VA was generally better in the foveal
sparing group (0.217 ± 0.204 LogMAR) than in the foveal
involvement group (0.303 ± 0.305 LogMAR), although both
groups exhibited considerable variability. The pattern of
GA was predominantly multifocal (68%), with “diffuse”

being the most FAF frequent pattern. The average base-
line GA area measured 3.87 mm2, with a greater average
distance from the fovea in the foveal sparing group (563 ±
265 μm) compared to the foveal involvement group (382 ±
304 μm).

Incidence of Foveal Involvement and Risk Factors

The median time to foveal involvement was 45 months
(95% CI = 38–55 months). Kaplan-Meier estimates indi-
cated increasing incidence over time: 14% at 12 months,
26% at 24 months, 40% at 36 months, and 67% at 60 months
(Fig. 1).

The multivariable Cox mixed-effects model identified
several significant risk factors after excluding irrelevant vari-
ables with lasso regression, which are listed in Table 2. Each
10 μm increase in the distance of GA from the fovea reduced
the risk of foveal involvement by 3% (HR = 0.97, 95% CI
= 0.96–0.98, P < 0.001). Each 1 mm2 increase in baseline
GA area raised the risk by 8.5% (HR = 1.085, 95% CI =
1.01–1.16, P = 0.02) and each 0.1 increase in LogMAR VA
increased the risk by 37% (HR = 1.37, 95% CI = 1.21–1.53,
P < 0.001). A thicker ONL was protective (HR = 0.59 per
10-μm increase, 95% CI = 0.46–0.74, P < 0.001), whereas
increased outer retinal layer thickness heightened risk
(HR = 1.70 per 10-μm increase, 95% CI = 1.11–2.59, P =
0.01). The presence of DLS (HR = 0.42, 95% CI = 0.20–0.88,
P = 0.02) and SDD presence were protective factors (HR =
0.39, 95% CI = 0.18–0.84, P = 0.02).

There was substantial variation in baseline risk among
patients, as indicated by the random effects’ standard
deviation (1.16), pointing to the significant influence of
individual patient characteristics on the risk of foveal
involvement not accounted for by the fixed effects in
our model. Furthermore, the comparison of model fits,
as evidenced by the Akaike Information Criterion (AIC),
favored the nested model incorporating patient ID over the
simple effect model. With a lower AIC of 618 compared
to 653 in the simple model (ANOVA P value = 0.01),
the nested model highlights the importance of consid-
ering intra-individual variability in foveal involvement
in GA.

Random Survival Forests Analysis and Risk
Factors Importance

The RSF analysis identified critical predictors of foveal
involvement in patients with GA. A representative regres-
sion tree, randomly chosen from the 1500 trees generated,
illustrates these findings in Supplementary Figure S2.

The distance from the fovea was the most significant
predictor, with VIMP of 16.7 (P = 0.002). Baseline VA
followed in importance, with a VIMP of 6.2 (P = 0.003). The
ONL thickness was also a key factor, having a VIMP of 3.35
(P= 0.01). The RSF analysis also highlighted the significance
of the thickness of the outer retinal layers, which displayed
a VIMP of 1.85 (P = 0.01). Interestingly, partial dependence
plots revealed a bi-phasic relationship between this factor
and the risk of foveal involvement (see Figure 2B, Supple-
mentary Table S1). Additionally, the presence of a focal FAF
pattern was identified as an influential factor with a VIMP of
1.85 (P = 0.02), linked to a higher risk of foveal involvement.

The comparison of the results between the training and
the validation set is shown in Supplementary Figure S3.
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TABLE 1. Demographic and Clinical Characteristics of the Study Population, Categorized Based on the Presence of Foveal Sparing
(69 Eyes) and Foveal Involvement (98 Eyes), With Overall Data for all 167 Eyes With Geographic Atrophy (GA), Included in the Study

Foveal Sparing (N = 69 Eyes) Foveal Involvement (N = 98 Eyes) Overall (N = 167 Eyes)

Age, y
Mean (SD) 75.8 (9.47) 74.0 (9.65) 74.8 (9.59)
Median [min, max] 77.0 [51.0, 94.0] 76.0 [50.0, 89.0] 76.0 [50.0, 94.0]

Gender
M 17 (24.6%) 31 (31.6%) 48 (28.7%)
F 50 (72.5%) 67 (68.4%) 117 (70.1%)

Baseline visual acuity (LogMAR)
Mean (SD) 0.217 (0.204) 0.303 (0.305) 0.268 (0.270)
Median [min, max] 0.150 [0, 1.00] 0.220 [0, 1.30] 0.220 [0, 1.30]

GA focality
Multifocal 45 (65.2%) 68 (69.4%) 113 (67.7%)
Unifocal 24 (34.8%) 30 (30.6%) 54 (32.3%)

Pattern
None 1 (1.4%) 3 (3.1%) 4 (2.4%)
Diffuse 53 (76.8%) 73 (74.5%) 126 (75.4%)
• Reticular 34 (49.3%) 41 (41.8%) 75 (44.9%)
• Trickling 12 (17.4%) 23 (23.5%) 35 (21.0%)
• Branching 4 (5.8%) 4 (4.1%) 8 (4.8%)
• Granular 3 (4.3%) 5 (5.1%) 8 (4.8%)

Banded 10 (14.5%) 12 (12.2%) 22 (13.2%)
Patchy 4 (5.8%) 3 (3.1%) 7 (4.2%)
Focal 1 (1.4%) 7 (7.1%) 8 (4.8%)

Fovea involvement in fellow eye
No 48 (69.6%) 77 (78.6%) 125 (74.9%)
Yes 21 (30.4%) 21 (21.4%) 42 (25.1%)

Baseline GA, mm2

Mean (SD) 3.92 (4.62) 3.83 (4.94) 3.87 (4.80)
Median [min, max] 2.33 [0.0490, 21.5] 1.99 [0.0490, 29.9] 2.17 [0.0490, 29.9]

Distance from fovea, μm
Mean (SD) 563 (265) 382 (304) 456 (302)
Median [min, max] 538 [81.0, 1500] 317 [20.0, 1380] 401 [20.0, 1500]

Outer nuclear layer, μm
Mean (SD) 77.7 (16.8) 72.6 (13.4) 74.7 (15.1)
Median [min, max] 80.0 [44.0, 125] 72.0 [44.0, 100] 75.0 [44.0, 125]

Outer retinal thickness, μm
Mean (SD) 82.2 (6.12) 82.2 (8.16) 82.2 (7.35)
Median [min, max] 80.0 [67.0, 108] 81.0 [55.0, 113] 81.0 [55.0, 113]

Choroidal thickness, μm
Mean (SD) 158 (84.4) 162 (82.9) 160 (83.3)
Median [min, max] 137 [50.0, 410] 142 [43.0, 470] 141 [43.0, 470]

Subfoveal drusen
No 51 (73.9%) 58 (59.2%) 109 (65.3%)
Yes 18 (26.1%) 39 (39.8%) 57 (34.1%)

Subretinal drusenoid deposits
No 18 (26.1%) 29 (29.6%) 47 (28.1%)
Yes 51 (73.9%) 68 (69.4%) 119 (71.3%)

Refractile drusen
No 56 (81.2%) 69 (70.4%) 125 (74.9%)
Yes 13 (18.8%) 29 (29.6%) 42 (25.1%)

Double layer sign
No 39 (56.5%) 69 (70.4%) 108 (64.7%)
Yes 30 (43.5%) 29 (29.6%) 59 (35.3%)

Double layer sign thickness, μm
Mean (SD) 32.0 (14.6) 37.7 (21.6) 34.8 (18.4)
Median [min, max] 30.0 [9.00, 70.0] 34.0 [15.0, 87.0] 32.0 [9.00, 87.0]

Follow-up, mo
Mean (SD) 42.8 (28) 55.4 (29) 50.3 (29)
Median [min, max] 38.5 [6, 126] 49 [6, 137] 46 [6, 137]

Mean, standard deviation (SD), median, and range are provided for quantitative variables.
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FIGURE 1. Evolution of foveal involvement in geographic atrophy with initial fovea sparing. (A) Baseline blue-light autofluorescence
(FAF) imaging displays a small area of decreased FAF superior to the fovea, indicative of early GA changes, accompanied by a diffuse reticular
pattern suggestive of underlying subretinal drusenoid deposits. (B) Baseline spectral-domain optical coherence tomography (SD-OCT) reveals
choroidal hypertransmission and the presence of subfoveal drusen. Importantly, the external limiting membrane (ELM) and ellipsoid zone
(EZ) remain intact, and the retinal pigment epithelium (RPE) is preserved, indicating fovea sparing at this stage. (C) Follow-up FAF at 4 years
demonstrates significant expansion of the hypoautofluorescent area, now encompassing the foveal region, signifying progression to foveal
involvement. (D) Follow-up SD-OCT at 4 years shows marked outer nuclear layer thinning and ELM descent. Additional features include
hyporeflective wedges, disruption of the ELM and EZ, subsidence of the inner nuclear layer and outer plexiform layer, and pronounced
choroidal signal hypertransmission within the central 1-mm area beneath the foveal depression, extending over a width of more than
250 μm, confirming foveal involvement. (E) Kaplan-Meier curve for foveal involvement illustrates the proportion of patients experiencing
fovea involvement over time, with the time measured in months. The shaded area represents the 95% confidence interval. The median
survival time, where 50% of the study cohort is expected to develop foveal involvement, is highlighted on the curve.

TABLE 2. Cox Proportional Hazards Model Results, Evaluating the
Risk Factors Associated With Foveal Involvement in Patients With
Geographic Atrophy (GA)

HR 95% CI P Value

Female gender (ref: M) 0.58 0.26–1.27 0.17
Distance from fovea (for each

10 μm)
0.97 0.96–0.98 <0.001

Baseline GA area (for each
1 mm2)

1.085 1.01–1.16 0.02

Outer nuclear layer thickness
(for each 10 μm)

0.59 0.46–0.74 <0.001

Outer retinal layers thickness
(for each 10 μm)

1.70 1.11–2.59 0.01

Double layer sign (ref: no) 0.42 0.20–0.88 0.02
Visual acuity (for each 0.1

LogMAR)
1.37 1.21–1.53 <0.001

Subretinal drusenoid deposits
(ref: no)

0.39 0.18–0.84 0.02

Hazard ratio (HR), 95% confidence intervals (CI), and P values
for various predictors are provided.

DISCUSSION

This study contributes to the literature by scrutinizing risk
factors linked to foveal involvement among patients with
GA. Through Cox regression analysis, we identified various
features significantly influencing the risk of foveal involve-
ment. Advancing our inquiry with a machine-learning algo-
rithm allowed us to measure factors’ relative importance,
particularly highlighting the critical roles of anatomic prox-
imity to the fovea, baseline VA, and ONL thickness in the
progression of GA. Interestingly, although some features

like the presence of a DLS and smaller GA area at base-
line showed protective traits in traditional analyses, their
importance was comparatively less pronounced in more
comprehensive models. The presence of significant indi-
vidual variability still pointed to its inherent complex-
ity and suggests that unmeasured personal characteristics
might significantly influence the risk of foveal involve-
ment.

Our findings are in line with previous studies, rein-
forcing the concept of the fovea’s resilience against GA,
attributed to its unique anatomic, vascular, and physiolog-
ical characteristics.17 This resilience is evident from the
foveal sparing rate observed in the Fundus Autofluorescence
Imaging in Age-Related Macular Degeneration (FAM) study
over a 25-month median follow-up period.8 Our research,
extending over an average of 4 years with a substantial
subset of patients monitored for over 5 years, provides a
more far-reaching view of foveal involvement incidence. Our
results showed slightly lower survival estimates of foveal
involvement compared to the Age-Related Eye Disease Study
(AREDS) in the initial years (26% vs. 50% at year 2 and
56% vs. 66% at year 4), but aligned more closely in later
stages.18 This discrepancy can likely be attributed to our
study’s inclusion criteria, particularly the specified minimum
size of GA lesions, and the use of OCT in determining
foveal involvement as opposed to color fundus photogra-
phy.

The variability in GA expansion rates underscores the
importance of pinpointing reliable biomarkers to predict
foveal involvement.8 In this regard, our study identified the
distance from the fovea as a paramount factor. We observed
a plateau in the survival curve beyond a certain distance
from the fovea, which may suggest a threshold effect, where
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FIGURE 2. Random survival forest analysis of foveal involvement in geographic atrophy (GA). (A) Variable Importance chart delineates
the relative importance of various predictors in determining foveal involvement in GA. Horizontal bars represent each predictor, arranged
in ascending order of their importance. The variables are standardized for quantitative measures and transformed into dummy variables
for categorical ones. The most influential factors, including the distance from the fovea, baseline visual acuity (VA), and outer nuclear
layer (ONL) thickness, are highlighted in red and positioned lower in the chart, underscoring their greater predictive significance. (B)
Partial Dependence Survival Plots displaying survival probabilities for foveal involvement at the median follow-up of 46 months. These
plots are based on significant predictors identified through Random Survival Forest analysis, showcasing how variables such as distance
from the fovea, baseline VA, ONL thickness, and double layer sign (DLS) thickness influence the likelihood of progression. For continuous
variables, X-axes represent standardized scores (z-scores) for each predictor, facilitating a uniform comparison across diverse measurement
scales. Y-axis indicates predicted survival probability, with a value of 0.50 representing a 50% chance of progression to foveal involvement
by the median follow-up. Red points represent partial dependence values, and dashed red lines indicate confidence intervals, which are
calculated using deleted jackknife estimators for enhanced accuracy and reliability. Dark tick marks along the x-axis mark the distribution
percentiles of each predictor, highlighting the density of data points across the variable’s range. Sparse tick marks at the plot boundaries
signal areas where interpretations should be made with caution, due to the relatively fewer data points contributing to those regions of the
predictor’s spectrum. For categorical variables, the impact of different autofluorescence (FAF) patterns on foveal involvement risk is displayed
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through boxplots. Focal FAF pattern was associated with a higher risk compared to diffuse pattern. The black solid lines represent the
estimated partial values. These plots provide insights into non-linear effects and interactions between predictors and the likelihood of foveal
involvement.

the risk of foveal involvement markedly decreases beyond
this point. This observation aligns with findings that GA
areas closer to the fovea, particularly within the 600 to
1200 μm parafoveal zone, tend to progress more rapidly
than GA areas located perifoveally.19 Nevertheless, we are
unable to answer the question of whether we are observing
a true biological threshold effect, where GA progression risk
indeed stabilizes with increased distance from the fovea, or
if our study’s duration was insufficient to capture the full
spectrum of progression in GA areas significantly distant
from the fovea. Our findings should be viewed as prelim-
inary, highlighting a potential area for further longitudinal
studies with extended follow-up periods.

VA, commonly used as a primary outcome measure in
clinical trials and observational studies, may not always accu-
rately reflect disease progression in GA, especially in its
initial stages when the fovea is typically unaffected.20 Our
study, however, underscores the importance of baseline VA
as an independent predictor of future foveal involvement.
A decline in VA could be indicative of underlying macu-
lar lesions that were not the primary focus of our research
but are nonetheless significant. These include nascent GA,21

persistent hyper-reflective defects,22 or incomplete outer
retinal atrophy.3 Such conditions often precede the mani-
festation of cRORA and are critical factors to consider in
patients with GA who initially present with apparent foveal
sparing.23 Moreover, our study draws attention to the impor-
tance of assessing the ONL thickness in the foveal region.
A diminished ONL thickness could signal central bouquet
dyslamination, a disruption in the structural integrity of the
Henle fibers layer, possibly accompanied by RPE dysfunc-
tion and a decline in choriocapillaris density.24

In eyes with GA, the characteristic hypo-FAF areas signi-
fying RPE loss are typically bordered by varying extents
of hyper-FAF. The association of focal FAF patterns with
slower rates of GA enlargement and smaller baseline lesion
sizes is well-established.9,25 However, our findings challenge
this understanding, demonstrating that focal FAF patterns
are associated with an increased risk of foveal involvement.
This apparent contradiction may be explained by the pres-
ence of focal lipofuscin accumulations, often seen alongside
drusenoid pigment epithelial detachments or acquired vitel-
liform lesions, both of which are prone to evolve into macu-
lar atrophy following lesion reabsorbtion.26,27 It is important
to note, yet, that only a small fraction (5%) of the eyes in our
study exhibited a focal FAF pattern, which could limit the
statistical power of these observations.

Contrastingly, the diffuse trickling pattern typically linked
with SDD and faster lesion growth,28 did not emerge as a
significant risk factor for foveal involvement in our analy-
sis. Characterized by centrifugal expansion, this pattern is
distinguished by ring- or horseshoe-shaped configurations
around the fovea and persistent hyper-reflective material
splitting the RPE/BM complex on OCT.29 The resulting gray-
ish appearance on FAF imaging could potentially mask the
actual extent of GA within the fovea, thereby complicating
the assessment of its progression. Finally, SDD are more
commonly linked with rod dysfunction and scotopic vision
impairment,30 which may contribute to the observed foveal

sparing despite the presence of diffuse trickling FAF and
SDD.

Recent research in a cohort of 330 eyes with interme-
diate AMD followed over 2 years has shown that thin DLS
significantly increased the risk of developing cRORA.14 This
distinction between thin and thick DLS, based on the layers
of reflectivity between the BM and the RPE, is crucial as it
points to differing histological characteristics: thin DLS likely
represent basal laminar deposits, whereas thicker DLS may
indicate the presence of non-exudative MNV.31 Our analy-
sis, which excluded cases with multilayered DLS, revealed
thin DLS as a protective factor against foveal involvement.
However, a bi-phasic trend emerged in relation to DLS thick-
ness, suggesting that thicker DLS might exacerbate RPE
ischemia and dysfunction, leading to foveal atrophy.32 This
observation was paralleled in the assessment of outer retinal
thickness, which includes DLS in its measurement.

Whereas our study sheds valuable light on the progres-
sion of GA, it is not without limitations. Its retrospective
nature may introduce selection bias, limiting the scope of
its findings. The study’s focus on a Caucasian patient popu-
lation in a single center might not be representative of
broader, diverse populations. The median follow-up period
of 45 months may not sufficiently capture the disease’s
progression, particularly in slowly progressing cases. Addi-
tionally, our method for documenting the onset of foveal
involvement—based on the timing of patient visits—might
not accurately represent the actual timing of disease progres-
sion. One potential source of bias was the differing follow-
up times between patients with and without foveal involve-
ment, despite using advanced statistical methods to miti-
gate this effect. Notably, the study did not explore varia-
tions in foveal vascularity, which could have provided further
insights into the risk of foveal involvement. Moreover, GA
patterns that initiate with early foveal involvement may
have been under-represented due to our inclusion crite-
ria. We acknowledge that including cases with GA in the
fellow eye may introduce important bias. However, it is
important to note that excluding one eye per patient to
avoid this confounding would not accurately represent the
clinical reality, where bilateral involvement is common. In
our analytical approach, we integrated the status of fellow-
eye involvement as a covariate to mitigate its confounding
effect. The process of standardizing and imputing missing
data, although necessary, may introduce biases. Finally, the
RSF model, despite its advanced capabilities, faces potential
overfitting and requires cautious interpretation and external
validation.

In conclusion, our study underscores the significance of
proximity to the fovea, thinning of the ONL, and baseline
VA as key factors in assessing the risk of foveal involve-
ment in GA. The dual-method analysis not only identifies key
risk factors but also elucidates their relative importance and
impact on disease progression. These findings may become
critical for clinicians in identifying patients at higher risk and
devising effective management strategies. Future research,
ideally in diverse and multi-center settings, is crucial to vali-
date and expand upon these insights, ultimately enhancing
the care and treatment of patients with GA.
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