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Introduction: Macular atrophy represents an end-stage of myopic maculopathy. This study aims to identify predictive factors for
atrophy growth in patients with treated myopic macular neovascularization (mnMNV).

Methods: Retrospective study including 98 eyes from 83 patients registered in the national database of retinal diseases and followed
and treated for mMNYV for at least 2-years at our tertiary center. Our primary outcomes were the increase in the chorioretinal atrophic
area (CRA) and final best corrected visual acuity (fBCVA).

Results: Most patients (n=55, 56.1%) successfully stopped treatment after 3+pro re nata (3+PRN) (mean 6.8+5.3 intravitreal
injections, IVI), while 27 patients (27.6%) required uninterrupted treat and extend (T&E) regimen (mean 27+15.46 IVI). BCVA
improved from 47.18+23.06 to 58.66+21.27 ETDRS letters after mMNYV treatment, over a mean of 6.04+4.1 years [2—15]. There was
a 16.9% larger final mean CRA and a mean growth of 0.48:1.17mm?/year, significantly associated with worse fBCVA in the subfoveal
atrophy group (39.10+28.08, p<0.001) and negatively correlated with the initial subfoveal choroidal thickness (SCT) (=—0.31,
p=0.004). The baseline CRA was the major determinant of a larger final CRA ($=0.90, p<0.001). Patients under uninterrupted T&E
showed a higher CRA growth rate (0.95+1.87mm?/year, p=0.0076).

Conclusion: Macular atrophy after mMNV leads to irreversible visual loss. The baseline atrophic area predicts final macular atrophy.
Initial SCT and the implemented treatment regimen (especially with a higher number of IVI) influence atrophy growth, although not
significant in the multivariable model.
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Introduction

Pathologic myopia is defined as the presence of a spherical equivalent > —6.0 diopters (D), an excessive elongation of the
axial length of the eye (>26.5 mm) in the presence of structural changes in the posterior segment of the eye such as
posterior staphyloma and myopic maculopathy (grade >1 for atrophic, tractional, or neovascular components of the ATN
grading and classification system or equal to category 2 in the META-analysis for Pathologic Myopia [META-PM]
classification).'?

Macular atrophy represents an irreversible end-stage of myopic maculopathy, resulting in irreversible visual loss.” It
represents a major cause of vision loss and legal blindness in young and active population.* Macular atrophy can occur
both because of continuous elongation of the globe, thus a primary consequence of myopic choroidopathy, or related to
scarring after the development of myopic macular neovascularization (mMNV).?

Continuous scleral distension on the posterior pole with progressive choroidal thinning and attenuation ultimately
compromises oxygen and nutrient delivery to the retinal pigment epithelium (RPE) cells, with photoreceptor loss,
reduced retinal thickness, and central vision loss.® Several studies have recently suggested the importance of choroidal
vascular evaluation to monitor the progression of pathological myopia, including macular atrophy.”*
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Several treatment approaches have been studied for mMNV, with intravitreal injections (IVI) of anti-vascular
endothelium growth factor (anti-VEGF) therapy being considered the gold standard treatment for mMNV. The number
of intravitreal injections administered in patients with myopic MNV was identified as a potential factor associated with
the enlargement of the atrophic area.’ There are no current treatment options for macular atrophy, and the increase in
chorioretinal atrophic areas over time ultimately leads to progressive visual loss.®

Our primary purpose was to analyze several clinical factors as potential biomarkers of atrophy growth in patients with
myopic MNV.

Materials and Methods

Retrospective, single center, observational study that included all patients registered in the national database of retinal
diseases (Retina.com.pt) with the diagnosis of myopic macular neovascularization, followed for at least a 2-year period
and treated in the Ophthalmology Department of Local Healthcare Unit of Sdo Jodo. For each patient, the follow-up
length considered started on the first visit to the medical retina clinic in which the myopic MNV diagnosis was
established and characterized using multimodal retinal imaging (first visit from January 2010 until June 2022) and
ended in June 2024. The final visit was defined as the most recent follow-up visit with available structural and functional
data after a minimum of 2 years of observation. Follow-up intervals were not standardized due to the retrospective design
but reflected routine clinical practice. To account for the possible influence of variable follow-up durations in the
analysis, the follow-up time was included as a covariate in the regression analyses, and the rate of change was calculated
per unit time. All patients included in the retina.pt national registry provided written informed consent at the time of
enrollment. The study adhered to tenets of the Declaration of Helsinki. All data was anonymized and handled in
accordance with data protection regulations to ensure patient confidentiality.

Myopic macular neovascularization was diagnosed by one of the three retinal consultants of our department (with
double confirmation only applied in the cases with diagnostic uncertainty). The diagnosis was based on the presence of
several characteristic findings on multimodal retinal imaging. The spectral domain-optical coherence tomography (OCT)
demonstrating the presence of an hyperreflective lesions with fuzzy borders at the retinal pigmented epithelium (RPE),
ellipsoid, and external limiting membrane (ELM), typically the predominantly classic type of membranes (although the
occult membranes can also occur), that could also be associated with subretinal hemorrhage, intraretinal and subretinal
fluid. The OCT angiography (OCTA) demonstrating the presence of an active MNV with a lacy wheel pattern, numerous
tiny capillaries, a widely anastomosed network, and a perilesional hypointense. The fluorescein angiography (FA) was
only performed in the most dubious cases, demonstrating the presence of a well-defined hyperfluorescent lesion (often
with a hypofluorescent rim of pigmentation) in the early phase with progressive leakage of dye in the late phase of the
angiogram. The patients’ symptoms were also evaluated, including the complaint of metamorphopsia and scotoma.

Eyes demonstrating extensive subfoveal fibrosis or extensive subfoveal atrophy (more than 2-disc diameters fovea
centered) were excluded from analysis due to the fibrotic scar obscuring atrophy margins on imaging (which impeded
reproducible quantification of atrophic progression), and the markedly poor baseline visual acuity introducing a floor
effect for meaningful visual outcome assessment. Patients with nonexudative neovascular membranes were also excluded
due to a lack of treatment indication. Patients who underwent photodynamic therapy (PDT), including both primary and
adjuvant therapy, were also excluded.

Demographic data (age, sex, spherical equivalent (SE) in diopters, and total follow-up time) were collected. Since the
axial length measurement was unavailable in all patients, this variable was not analyzed. All patients were submitted to
a complete multimodal ophthalmologic evaluation in all follow-up visits, including best corrected visual acuity evalua-
tion (BCVA, in ETDRS letters, measured on ETDRS chart after refraction), dilated fundus examination, color fundus
photography, OCT examination including enhanced depth imaging (EDI) acquisition, OCTA and fundus autofluores-
cence (FAF).

In the OCT examination, central macular thickness (CMT, average thickness of the central 1 mm area of the macula,
measured from the internal limiting membrane to the RPE, in um), subfoveal choroidal thickness (SCT, measured from
the Bruch’s membrane to the sclerochoroidal interface at fovea, in um) and subfoveal scleral thickness (measured from
the outer scleral border to the choroid/sclera interface, in um) were determined.'®™'* The presence of a scleral perforating
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vessel (which appear in OCT as low-reflection, lumen-like structures, often linear or wavy, extending from the sclera
through the choroid toward the retina), the presence of lacquer cracks (which represent breaks in the Bruch’s membrane
(BM), identified in OCT examination as hyperreflective lines within an intact RPE-Bruch’s membrane complex, with an
associated thinner choroid and acoustic shadows) and the presence of a dome-shaped macula (defined as a convex
anterior protrusion of the macula in both vertical and horizontal lines of OCT)."*

Macular atrophy status of each study eye was determined at baseline and at each follow-up visit (every 3—6 months,
until the most recent available follow-up visit that corresponded to the longest documented observation period for each
eye, with a minimum of 2 years), defining the eyes without macular atrophy and the eyes with subfoveal (involving
central 1-mm diameter region centered on the foveal avascular zone) or extrafoveal atrophy (outside the foveal area)
(both qualitative — presence or absence of atrophy —, and quantitative evaluation, in mm?) using FAF.'> FAF images were
obtained with a Spectralis HRA+OCT (Heidelberg Engineering, Germany) and manually evaluated by two independent
and graders, blinded to clinical data, using the Heidelberg Eye Explorer software. Manual delineation and measurement
of the atrophic areas was performed using the region overlay tool of the Heidelberg software (reported in mm?) within
the macular region (6x6 mm centered on the fovea). Inter-reader agreement for the atrophic area measurements was
evaluated (Cohen’s kappa coefficient). To evaluate intra-reader reproducibility, the same grader re-measured the atrophic
areas after a 4-week interval, with intra-class correlation (ICC) calculated for consistency. Values >0.75 indicated a good
agreement level. For clarification, patients with extrafoveal atrophy represent patients with macular patchy atrophy
outside the foveal area. Chorioretinal atrophy (CRA) was defined as RPE attenuation and atrophy, presenting as
hypoautofluorescent areas in FAF images.”'® Our analysis focused on the total CRA, which included both primary
atrophy (pre-existing atrophic areas) and secondary atrophy developing over or adjacent to the previous CNVM lesion.
The annual CRA growth rate was estimated by dividing the change in CRA by the total follow-up time, representing an
average rate of progression rather than a point-to-point linear model. Final atrophic area was defined as the sum of all
chorioretinal atrophic patches within a 6x6-mm macular field centered on the fovea at the last follow-up. Subfoveal
atrophy was defined as CRA involving the central I-mm ETDRS subfield; lesions outside this zone were classified as
extrafoveal.

Regarding treatment of active myopic MNV with intravitreal injections of anti-VEGF agents, we considered 3
different groups: patients that received a loading dose (3 IVI) + pro re nata (PRN) treatment in whom it was possible to
stop treatment due to effective control of the neovascular membrane activity (group A), patients that required continuous
treat and extend (T&E) anti-VEGF treatment for achieving disease control (group B) and patients with reactivation of the
mMNYV after treatment suspension that needed reinstitution of treatment over the follow-up period (group C).

Our primary outcome was to determine whether there was an increase in macular chorioretinal atrophic area (both
subfoveal and extrafoveal) over time, with associated visual loss, and to what extent there may be clinical factors and

biomarkers predicting macular atrophy growth in patients with myopic macular neovascularization over time.

Statistical Analysis

Kolmogorov—Smirnov and Shapiro—Wilk tests were used to assess whether each variable followed a normal distribution.
Normally distributed data is reported as mean and standard deviation (SD) while non-normally distributed data is
reported as median and interquartile range (IQR). Proportions are reported as absolute number and percentage.

Prior to the predictive analysis, a descriptive longitudinal evaluation was performed comparing baseline and final
measurements. For each covariate (BCVA, atrophy area, choroidal thickness, scleral thickness, and central macular
thickness), a linear mixed-effects model was fitted with time (baseline vs final) as a fixed effect and a random intercept
for patient ID, estimated by maximum likelihood and reported as the estimated mean variation (B for Time) with 95%
confidence intervals (CI) and two-sided p-values.

For cross-sectional comparisons regarding the atrophic status at the final visit, linear mixed-effects models were fitted
comparing no atrophy, extrafoveal and subfoveal (treated as a categorical factor and representing the fixed effect); for
each covariate (final atrophy area, final BCVA, initial subfoveal choroidal thickness, age, spherical equivalent) we
reported pairwise contrasts as B differences with 95% CI and two-sided p-values.
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Treatment regimens were compared using separate linear mixed-effects models for each variable (number of
intravitreal injections, annual atrophy growth rate and final BCVA) defining treatment regimen as a categorical fixed
effect and a random intercept for patient ID; results were reported as pairwise differences with 95% CI and two-sided
p-values. The most important difference regarding the 3 treatment regimens relies on the number of injections in each
group, a parameter included in this analysis to properly frame the burden of the implemented treatment. The atrophy
growth rate and BCVA were included as they are the most relevant predictive biomarkers later included in the predictive
model.

All linear mixed-effects models were fitted using a random intercept for patient ID to account for within-subject (two-
eyes-per-patient) correlation.

Variables assessed as potential predictors associated with final macular atrophy comprised initial and final subfoveal
choroidal thickness, initial subfoveal scleral thickness, initial atrophic area, age, SE, the presence of lacquer cracks and
perforating scleral vessels, initial and final CMT. Variables assessed as potential predictors associated with final BCVA
included final atrophy area, baseline BCVA and 1-year visit BCVA.

Collinearity was assessed before building multivariate models by calculating correlation coefficients (Pearson for
normally distributed variables or Spearman for data deviated from normality) and identifying highly correlated variables
(r>0.8). In case of strong correlation, the variable with the greater clinical relevance or higher statistical significance in
univariate analysis was selected for inclusion in the multivariable analysis, to avoid multicollinearity issues.

Linear mixed-effects models were constructed to evaluate predictors for the continuous outcomes of interest,
specifically the final macular atrophic area (mm?) and the final BCVA (ETDRS letters). Fixed effects for final macular
atrophy included initial atrophic area, baseline and final choroidal thickness. Fixed effects for final BCVA included
baseline visual acuity, baseline and final choroidal thickness, baseline and final atrophy area, age, baseline central
macular thickness, and BCVA at 1 year. Patient identifier was included as a random effect to account for potential
clustering of eyes within patients. Model parameters were estimated using maximum likelihood, and regression
coefficients with standard errors, z-values, and 95% CI were reported. Statistical significance was defined as a two-
sided p-value < 0.05.

A correlation between final chorioretinal atrophic area and baseline subfoveal choroidal thickness was performed,
after aggregating to the patient level (mean across eyes). Pearson’s r and Spearman’s p are reported. As a sensitivity
analysis, a generalized estimating equations (GEE) was fitted at the eye level with patient as the clustering unit; with
standardized variables, the GEE slope approximates the correlation coefficient while using cluster-robust inference.

Statistical analysis was done using the IBM SPSS® software (version 30.0, Chicago, IL).

Results

Ninety-eight eyes from 83 white Portuguese patients with myopic MNV monitored and treated at our tertiary center were
included. The average age at the time of diagnosis was 54.99 +13.97 years old, with 71 (85.5%) female patients. The
mean spherical equivalent was —12.78 + 4.70 diopters. Axial length measurement was only available in 16 eyes (16.3%
of the total cohort), and these patients presented a median of 29.74 mm (IQR 3.23, range 23.42-33.19). The mean total
follow-up time was 6.04 £ 4.1 years (range 2—15 years). All myopic MNV lesions in study eyes were subfoveal and type
2 (classic), as confirmed by multimodal imaging (OCT/OCTA =+ FA). Three eyes were identified to have dome-shaped
(3.06%).

Anatomical and Functional Longitudinal Assessment

Linear mixed-effects models comparing baseline and final measurements showed that best-corrected visual acuity
(BCVA) significantly improved from baseline to final visit (f= +11.5, p<0.001), increasing from 47.18 + 23.06 to
57.88 + 21.95 letters (p<0.001) one year after the diagnosis and to 58.66 + 21.27 letters (p<<0.001) at the final and most
recent visit (during 2024), over a mean 6-year follow-up period. Overall, 42 eyes (42.9%) achieved a >15-letter (>3-line)
improvement, 38 eyes (38.8%) showed stable BCVA (change <3 lines), and 18 eyes (18.4%) experienced a >3-line loss at
the final follow-up (mean 6.0 + 4.1 years).
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There was a 9.2% increase in the number of patients with subfoveal macular atrophy (12 vs 21 patients) and a final
mean subfoveal atrophic area 16.9% larger (p=+2.1 mm?, 10.9+14.23 vs 12.75+12.86 mm?, p<0.001, 95% CI 0.99-3.22),
when compared to the baseline evaluation.

Central macular thickness also decreased significantly over time (B =41.1 pm, p = 0.004). No significant change was
observed in scleral thickness (p = 0.125). Subfoveal choroidal thickness significantly decreased over the study time
(102.24 + 81.87 vs 86.41 + 73.37, p=—15.8 pm, p<0.001). These results indicate progressive structural changes in the
posterior pole.

We determined a mean growth of 0.48+1.17 mm?” in the atrophic area per year (95% CI 0.24-0.71). The atrophy
annual growth rate presented a significant negative correlation with the initial subfoveal choroidal thickness value (r=
—0.31, 95% CI —0.49 to —0.10, p=0.004). Table 1 provides clinical data regarding the variation of multiple functional and
structural variables between baseline and final visit.

In our cohort, all new final subfoveal cases (n=9) appear to have arisen from eyes that already had atrophy at baseline
(most likely evolution of extrafoveal to subfoveal atrophy). In eyes without atrophy at baseline (n=52 at-risk eyes), 11
developed extrafoveal macular atrophy during follow-up, yielding a cumulative incidence of 21.2% (11/52) and an
incidence rate of 3.36 per 100 eye-years (95% CI, 1.68-6.02).

At the final visit, comparing no atrophy vs extrafoveal vs subfoveal groups, using linear mixed-effects models
(random intercept for patient ID), we determined a higher atrophy area in the subfoveal group, comparing to the
extrafoveal (B=+6.84 mm?, 95% CI 4.47-10.73; p<0.001). BCVA was similar between extrafoveal and no atrophy
groups (f=-2.35, 95% CI —10.88 to 5.83; p=0.55) but markedly worse in subfoveal vs no atrophy (p=—27.03, —=37.05 to
—17.01; p<0.001) and vs extrafoveal (B=—26, 95% CI —34.54 to —14.48; p<0.001). There was a statistically significant
lower initial subfoveal choroidal thickness measurement in the group with subfoveal vs extrafoveal (B=—50.29 um, 95%
CI —72.97 to —16.59; p=0.0019). Age was slightly higher but not significantly different in subfoveal group (p=0.14);
spherical equivalent did not differ across groups (p>0.52) (Table 2). A subgroup analysis of BCVA specifically in patients
who developed macular atrophy during follow-up (n=9 new final subfoveal cases) demonstrated no significant differ-
ences in baseline vs final BCVA (35+£27.5 vs 39.1428.1 ETDRS letters, 95% CI —5.13 to 17.22, p=0.289). Fourteen
(66.7%) eyes with subfoveal scarring presented poor vision (<55 ETDRS letters) at final follow-up.

Treatment Regimen

Most patients (n=55, 56.1%) successfully stopped treatment after an initial 3+PRN regimen (group A with a mean total of
6.8+5.3 anti-VEGF 1VI), 27 patients (27.6%) required continuous treat and extend (T&E) regimen (group B with a mean
total of 27+15.46 IVI) and 16 patients (16.3%) required reinstitution of treatment due to myopic MNV reactivation after

Table | Linear Mixed-Effects Models of BCVA, Atrophic Area, Subfoveal Choroidal Thickness, Subfoveal Scleral Thickness,
and Central Macular Thickness Between Baseline and Final Visit

Parameter Baseline (n=98) Final (n=98) Variation | p-value® 95% ClI
BCVA, letters 47.18 £ 23.06 | year Final +11.48 <0.001* 6.76—-16.20
57.88 + 21.95 | 58.66 + 21.27

Atrophic area, mm? 2.80 + 6.77 4.90 + 849 +2.11 <0.001* 0.99-3.22
Extrafoveal, (n, mm?) 34, 4.04+5.95 36, 5.91+6.24 +1.73 0.027* 0.20-3.25
Subfoveal, (n, mm?) 12, 10.9+10.46 21, 12.75%12.86 +1.89 <0.001* 3.07-10.67
Subfoveal choroidal thickness, um 102.24 + 81.87 86.41 + 73.37 —15.84 <0.001* —22.51--9.17
Subfoveal scleral thickness, pm 325.89 + 86.11 340.20 + 84.26 +14.31 0.141 —3.96-32.58
Central macular thickness, um 31651 £ 142.83 27544 + 92.6 —41.06 0.006 —69.39 — —12.74

Notes: Mean + SD. *Linear Mixed-Effects Models; *p<0.05.
Abbreviation: BCVA, best corrected visual acuity.
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Table 2 Final Macular Atrophy Classification and Subgroup Cross-Sectional Analysis

Macular atrophy | Area, mm? | BCVA, Letters | Initial Choroidal | Age, Years SE, Diopters
Thickness, pm

None (n=41) 0 65.10 + 17.37 I11.66 £ 77.80 5334+ 1448 | —1444 £ 21.83

Extrafoveal (n=36) | 591 + 6.24 62.75 + 12.77 114 £ 9745 54.86 £ 12.80 | —11.05 + 5.46

Subfoveal (n=21) 12.75 + 12.86 | 39.10 + 28.08 63.71 £4233 5843 + 149 —12.78 + 14.71

p-value® < 0.001* < 0.001* 0.0019* 0.14 0.52

Notes: Mean * SD. “Linear Mixed-Effects Models; *p<0.05.
Abbreviations: BCVA, best corrected visual acuity; SE, spherical equivalent.

an initial attempt for suspension over the follow-up period (group C with a mean total of 12.88+8.48 IVI). Patients under
continuous T&E regiment (group B) required markedly more IV injections than the other regimens (f=+20.2; 95% CI
11.81-21.79; p<0.001 for group A and f=—14.12; 95% CI —17.53 to —4.60; p<0.001 for group C). The most widely used
anti-VEGF agent was Bevacizumab (mean total 8.52+8.12 IVI), followed by Aflibercept (mean total 2.29+6.59 IVI) and
Ranibizumab (mean total 1.48+7.11 IVI). Patients under continuous T&E regimen, ultimately received a higher number
of IVI, presented a statistically significant higher atrophy area growth rate per year when compared to other treatment
regimens (atrophy growth rate 0.95+1.87mm?*/year, p=+0.7 and p=+0.5, p=0.0076). The implemented treatment regimen
did not show statistically significant differences regarding BCVA at the final visit (p=0.78) (Table 3). There were no
significant correlations between the anti-VEGF agent used and both final BCVA or atrophic area measurements.

Predictive Biomarkers for Final Atrophy Area and Final BCVA

Table 4 presents the linear mixed-effects models for potential predictors of final atrophy area and final BCVA. Among 83
patients, baseline subfoveal choroidal thickness correlated inversely with final chorioretinal atrophic area (patient-level
aggregation across eyes: Pearson r = —0.31, 95% CI —0.49 to —0.10, p = 0.004; Spearman p = —0.39, p = 0.00029),
indicating that thinner baseline choroid was associated with greater final atrophy; a clustered eye-level GEE using
standardized variables confirmed a similar association (B_z = —0.31, 95% CI —0.49 to —0.14, p = 0.00053) (Figure 1).
Older age was associated with macular choroidal thinning but not with the progression of atrophy. The presence of
lacquer cracks (n=7, 7.1%) or perforating scleral vessels (n=62, 63.3%) had no predictive contribution to the progression
of chorioretinal atrophy.

In the linear mixed-effects model with final atrophic area as the dependent variable, baseline atrophy area was the
only significant predictor (B=0.90, p<0.001). Each additional 1 mm? of baseline atrophy was associated with an increase
of approximately 0.9 mm? in atrophic area at the final visit. Baseline and final choroidal thickness were not significantly
associated with final atrophy (p=0.72 and p=0.23, respectively). The variance attributable to the random effect (ID) was

small (7.7), indicating that most variability was explained by baseline atrophy rather than between-patient differences.

Table 3 Treatment Regimen Characterization and Subgroup Analysis

Treatment Regimen Number of IV Rate of Atrophy Final BCVA, Letters
Injections Growth per Year
A 3+PRN and stop 55 (56.1%) 6.80 + 5.29 0.25+0.59 59.02 + 23.24
B Continuous T&E 27 (27.6%) 27 + 1546 0.95+1.87 57.63 + 17.57
C PRN and relapse 16 (16.3%) 12.88 + 8.48 0.45+0.95 59.19 £ 21.06
p-value® <0.001* 0.0076* 0.78

Notes: Mean + SD. *Linear Mixed-Effects Models; *p<0.05.
Abbreviations: BCVA, best corrected visual acuity; IV, intravitreal injections; PRN, pro re nata; T&E, treat and extend.
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Table 4 Linear Mixed-Effects Models for Final Atrophy Area and Final BCVA

Tested Variable Coefficient () SD | z-value | p-value® 95% CI
Final atrophic area | Initial atrophic area 0.90 1.03 10.39 <0.001* 0.73-1.07
Initial choroidal thickness 0.006 0.017 0.37 0.715 —0.028-0.041
Final choroidal thickness —0.023 0.020 | —I.19 0.234 —0.062-0.015
Final BCVA Initial BCVA —0.06 0.09 —0.68 0.498 —0.23-0.11
Initial choroidal thickness 0.04 0.04 0.8l 0416 —0.05-0.12
Final choroidal thickness —0.05 0.05 —-0.99 0.322 —0.14-0.05
Initial atrophic area 0.25 0.31 0.80 0.424 —0.36-0.85
Final atrophic area —0.55 0.25 —2.18 0.029* —1.04 — —0.06
Age —-0.09 0.12 —0.74 0.458 —0.33-0.15
Initial CMT —0.02 0.01 —1.84 0.066 —0.04-0.001
BCVA | year 0.68 0.09 7.62 <0.001* 0.51-0.86

Notes: “Linear Mixed-Effects Models; *p<0.05.
Abbreviations: BCVA, best corrected visual acuity; CMT, central macular thickness.

In the linear mixed-effects model for final best-corrected visual acuity, BCVA evaluated 1 year after the initial visit
was the strongest predictor, showing a significant positive association with final BCVA (p=0.68, p<0.001). Final atrophic
area was independently associated with worse visual outcomes (f=—0.55, p=0.029). Initial central macular thickness at
baseline demonstrated a borderline negative association with final vision (f=—0.02, p=0.066). Other covariates, including
baseline BCVA, baseline and final choroidal thickness, baseline atrophic area, and age, were not significantly associated
with final visual acuity. The variance attributable to the random effect (patient ID) was negligible, indicating limited
additional clustering at the patient level.

Final chorioretinal atrophic area

= O = NWwdooo N

0 50 100 180 200 250 300 360

Initial subfoveal choroidal thickness

Figure | Correlation between final chorioretinal atrophic area and initial subfoveal choroidal thickness (r=—0.31, 95% Cl —0.49 to —0.10, p=0.004).
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Discussion

Our work focused on studying the evolution of macular atrophy in highly myopic patients with treated myopic
neovascular membranes, searching for potential predictive factors associated with atrophy progression, which ultimately
contribute to significant visual loss.

Macular atrophy increased over the follow-up period, both with subfoveal and extrafoveal involvement, with a mean
growth of 0.48 + 1.17 mm? in the atrophic area per year. The baseline chorioretinal atrophic area measured before
mMNYV treatment was the major determinant of a larger final macular atrophic area. In the study of Park et al, which
included 73 eyes with myopic neovascular maculopathy, the development or enlargement of diffuse chorioretinal atrophy
was more likely to occur in eyes with already advanced diffuse chorioretinal atrophy over the entire posterior pole and
severe choroidal thinning.'”

In high myopia, the stretching of ocular tissues affects choroidal hemodynamics by inducing choriocapillaris
circulatory disturbances such as delayed blood flow. Choroidal status appears to be a marker of the aggressiveness of
the mMNV.'® Subfoveal choroidal thickness at baseline was demonstrated to be the most relevant structural variable
correlated with final chorioretinal atrophic area and atrophy’s annual growth rate, presenting as a promising potential
biomarker for CRA progression in myopic patients, as eyes with lower initial SCT measurements presented larger
atrophy growing areas. Lee et al also searched for the role of choroidal thickness in chorioretinal atrophy in mMNYV (50
eyes) under anti-VEGF therapy and concluded that the relative thinning of the subfoveal choroid as well as the subfoveal
MNV location may predispose eyes with myopic MNV to develop chorioretinal atrophy after anti-VEGF therapy.'’
Regarding CMT, which decreased over the follow-up time, it occurred both driven by resolution of intraretinal or
subretinal fluid related to the mMNYV initially after treatment and later with the contribution of progressive atrophic
thinning of the retina.

While subfoveal choroidal thickness significantly decreased over the study time, we must consider the importance of
increasing age in the equation. Older age has been described as a risk factor for CRA progression. Still, in our cohort,
although associated with macular choroidal thinning, age was not associated with the progression of atrophy.?°

On the other hand, as the axial length increases, the choroid becomes progressively thinner, and the associated RPE
damage later promotes the development of chorioretinal atrophy around the regressed neovascular lesion, leading to an
irreversible poor BCVA.?!

In our study, the presence of lacquer cracks or perforating scleral vessels had no predictive contribution to
chorioretinal atrophy progression, as has also been hypothesized in other series in the literature.”? Lacquer cracks are
commonly described as focal stress points of biomechanical injury contributing to the development of patchy macular
atrophy. Compared with prior series, the prevalence of lacquer cracks in our cohort was lower. This difference may be
explained by case-mix differences, as published series with higher lacquer cracks prevalence often include more extreme
axial lengths (>31-33 mm), older age or East Asian cohorts, lesion masking by scars and atrophy (which can reduce
detection at the time of grading) or the fact that FA was not done systematically, which may underestimate detection of
subtle Bruch’s membrane ruptures.”> %

In our cohort, all new final subfoveal atrophy cases resulted from the progression of extrafoveal to subfoveal atrophy
over the myopic MNV lesion. The relationship between choriocapillaris-RPE failure at the lesion edge and the stepwise
growth (tendency for patches to coalesce and approach the fovea) has already been described in the literature.'®° In eyes
without atrophy at baseline, the development of extrafoveal macular atrophy may reflect the presence of focal stress
points (both mechanical and ischemic) that contribute to edge-driven enlargement of the areas of atrophy, higher risk of
MNYV and worse vision. The areas of highest curvature in a posterior staphyloma may represent focal stress points layered
on top of axial stretch. Patchy macular atrophy can also develop adjacent to regressed myopic MNV, because of
a combination of rupture, ischemia and post-MNV remodeling.’®

Patients under continuous T&E regimen, ultimately submitted to a higher number of IVI, presented a statistically
significant higher atrophy area growth rate per year when compared to other treatment regimens. Uemoto et al, in a study
that included 27 eyes, identified three main factors associated with the enlargement of the atrophic area after intravitreal
injection in mMNV: the size of the mMNYV at baseline, the number of IVI required to inactivate the lesion, and the
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duration of follow-up.” In our cohort, there were no significant correlations between the anti-VEGF agent used with both
final BCVA and atrophic area measurement.

Most patients successfully stopped treatment after a 3 + PRN regimen, with all the intravitreal injections administered
in a period inferior to 12 months. This contributes to and explains in part the significant improvement in BCVA observed
at the 1-year follow-up visit, which ultimately predicted BCVA at the final visit, regardless of the implemented treatment
regimen. Franqueira et al, when studying the long-term visual acuity improvement of 39 patients with mMNV treated
with ranibizumab, demonstrated that the change in BCVA at 6 months can be a predictive factor of visual outcome.*

Concerning our primary functional outcome, BCVA overall improved by a mean of 10 letters after anti-VEGF
treatment, demonstrating the efficacy of treatment on a functional basis in mMNV. However, patients with larger final
mean atrophic areas, specially subfoveal macular atrophy, presented a significantly worse final BCVA (a mean difference
of 23 letters) compared to eyes with no atrophy, which highlights the severe impact of chorioretinal atrophy in long-term
visual prognosis. The univariable association between extrafoveal atrophy and lower final BCVA likely reflects indirect
effects of greater total atrophic burden, progressive EZ/ELM disruption approaching the fovea, and fixation instability,
rather than an independent impact of eccentric atrophy. The BCVA evaluated 1 year after the initial visit was identified as
the strongest predictor of final visual acuity, with each additional unit at the 1-year visit increasing final VA by ~0.68
ETDRS letters. This result points out to the fact that the first year after diagnosis may probably be the most important one
regarding the potential of functional recovery. The greatest functional improvement observed during the first
treatment year is consistent with rapid resolution of exudation after anti-VEGF initiation, with the gradual VA decline
afterwards being consistent with progressive atrophic changes.

Farinha et al study on the progression of myopic maculopathy after treatment of choroidal neovascularization (52
eyes) also concluded that the long-term functional outcome of eyes with myopic MNV is more dependent on the
progression of macular atrophy rather than the type of treatment.*® It is important to acknowledge that the multivariable
model for BCVA included several parameters which raises the risk of overfitting when considering the sample size.
Despite this potential limitation, the results are significant and make sense from a practical and clinical perspective.

Our study presents some important limitations to be mentioned. First, its retrospective design invariably contributed
to some loss of information and patient’s exclusion from the study, as well as an inability to perform a formal prior power
calculation for the sample size. The variable follow-up duration represents an inherent limitation of the retrospective
design. However, the consistent trends observed in the subgroup of eyes with >5 years of follow-up support the validity
of the overall findings. Second, for methodology simplification, we have decided to focus on the potential effect of
treatment with IVI of anti-VEGF agents by excluding patients treated with photodynamic therapy, thus withdrawing us
from making conclusions regarding the impact of other treatment options in CRA progression. Third, we could not
evaluate the axial length in our analysis since its measurement was not available in all patients. This is a very important
limitation to acknowledge as the influence of axial length on atrophy progression is well known in patients with
pathological myopia. Although novel imaging biomarkers such as choriocapillaris flow deficit on OCTA may provide
additional insight into the pathophysiology of atrophy progression, OCTA data were not uniformly available across the
study period, which limits their integration into the present analysis. Future prospective studies incorporating multimodal
imaging, including OCTA-derived parameters, are warranted.

The heterogeneity of atrophic lesions in our cohort is another limitation of our study. Primary degenerative (related to
axial elongation and posterior staphyloma) and myopic MNV-related atrophy (contiguous with current/regressed myopic
MNV scar) were the most important etiologies of macular atrophy considered, which could not be systematically
distinguished due to the retrospective nature of the study. MA was assessed in each case by the two masked graders
based on the multimodal imaging previously described in the Methods section. All cases suspected to have an
inflammatory etiology (like punctate inner choroidopathy or history of previous uveitis) were excluded. Because CRA
measurements were derived from baseline and final visits, the calculated rate reflects an average yearly growth and does
not account for potential non-linear progression patterns.

Regarding anti-VEGF heterogeneity, most patients received bevacizumab as the initial and predominant therapy,
which mitigates, although does not eliminate, the influence of this variable. Future prospective studies including
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standardized treatment regimens and stratified analyses by anti-VEGF agent are necessary to clarify its influence on
atrophy progression.

Despite being a single-center study, we were able to obtain an extended follow-up period with an overall reasonable
sample size of highly myopic patients with mMNYV, that compares favorably with previous reports and the significant
findings observed suggest adequate sensitivity to detect clinically relevant effects. Our study highlights the importance of
creating large databases for clinical investigation on a national and international basis that would allow further robust
multicenter studies to be carried out. Our study did not include fellow-eye comparisons, which could have provided
additional insight into the natural atrophic progression in untreated eyes. Future studies incorporating bilateral imaging
could help distinguish disease-related from treatment-related effects.

Conclusion

Macular atrophy in myopic maculopathy associated with choroidal neovascularization is associated with irreversible
visual loss. The baseline chorioretinal atrophic area predicts final macular atrophy. Initial subfoveal choroidal
thickness correlates with the yearly growth in the atrophic area and the implemented treatment regimen (especially
with a higher number of IVI), influences atrophy growth, although not significant in the multivariable model. Baseline
atrophic area and subfoveal choroidal thickness represent potential biomarkers for disease monitoring and risk
stratification.
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