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Abstract

Purpose: We assessed the associations of macular layer thicknesses, measured using
spectral-domain OCT (SD-OCT), with incident age-related macular degeneration (AMD)

and AMD polygenic risk scores (PRS).
Design: Population-based cohort study

Participants: 653 participants of the Alienor study, with biennial eye imaging from 2009

to 2024.

Methods: Macular layer thicknesses of eight distinct layers and three compound layers
were automatically segmented based on SD-OCT imaging of the macula. Total and
pathway specific PRS were calculated from previous AMD genome-wide association
studies summary statistics. Associations of macular layer thicknesses with incident
intermediate and advanced AMD were analyzed using time-dependent Cox proportional
hazards models. Associations of macular layer thicknesses with PRS were assessed

using linear mixed models.

Main outcome measures: Incident intermediate and advanced AMD based on fundus

colour photographs and SD-OCT.

Results: Mean age at first OCT examination of the 653 participants was 82.2 + 4.2 years
and 61.3 % were women. In multivariate adjusted models, incident intermediate AMD was
associated with thicker retinal pigment epithelium (RPE) - Bruch’s Membrane (BM)
complex in the 1 mm central circle (Hazard ratio (HR)= 1.13 for 1 ym increase; Pror= 8.08

x 104). Incident advanced AMD was associated with thicker RPE-BM complex in both the
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central circle (HR= 1.09; Pror= 0.005) and the inner circle (1 mm — 3 mm) (HR= 1.28;

Pror= 1.61 x 109).

Over the study period, RPE-BM complex thickening in the inner circle was more
pronounced in individuals with high total PRS (3= 0.06 um/year for 1 standard deviation
increase, Pror= 1.61 x 1019, high complement pathway PRS (B= 0.04 uml/year,
Pror=3.23 x 107°), high lipid pathway PRS (B= 0.03 ym/year, Pror= 3.74 x 10%) and
ARMS?2 (3= 0.03 uym/year, Pror= 0.002). Further, high total PRS and high complement-
specific PRS were associated with thinner photoreceptor segment layer (PSL) at baseline

and with thinning of the outer nuclear layer over the study period.

Conclusion: These results highlight the importance of RPE-BM complex thickening in
the pathophysiological sequence of AMD. Further longitudinal studies are needed, in
particular to determine the value of RPE-BM thickening and PSL thinning measured

using SD-OCT for the clinical follow-up of AMD patients.
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Introduction

Age-related macular degeneration (AMD) is a complex multi-factorial disease and the
leading cause of vision loss among older adults in high income countries.'? Global pooled
data of people between 45 and 85 years estimate the worldwide prevalence of AMD at

8.7%.3

AMD is classified into early, intermediate and advanced stages based on the severity of
fundus lesions.* Early AMD may be asymptomatic and is characterized by medium-sized
drusen (63-125 pm), which are clinically visible deposits of abnormal, incompletely
degraded material beneath the retinal pigment epithelium (RPE). Further progression to
intermediate AMD is marked by larger drusen (>125 pm) and pigmentary abnormalities of
the macula. Advanced AMD includes atrophic AMD (geographic atrophy, GA) and
neovascular AMD (choroidal neovascularization, CNV), both resulting in substantial visual

decline in most patients.

Over the last decades, the understanding of AMD has greatly increased. Large
epidemiological studies have identified risk factors such as cigarette smoking, nutritional
factors, cardiovascular diseases, and genetic markers.!® In 2016, a large genome-wide
association study (GWAS) identified 52 genetic variants at 34 loci that are associated
significantly with AMD. These 52 variants were used to compute a weighted polygenic risk
score (PRS), which was estimated to account for more than half of the genomic heritability
in the European-ancestry subjects.® The genes at these 34 loci are primarily involved in
three biological pathways: the complement system, lipid metabolism, and extracellular

matrix (ECM) remodeling.
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Furthermore, multimodal imaging modalities such as optical coherence tomography
(OCT) and fundus autofluorescence have made it possible to characterize in great detail
the morphological changes in the course of AMD.” OCT changes in overall macular layer
thickness and reflectivity are thus widely used for diagnosis and monitoring of AMD and
other retinal and neurodegenerative diseases.®~*® However, only in recent years
automated OCT layer segmentation has made it possible to study in depth the changes

in distinct macular layers in retinal disease.*-13

In normal aging, an overall thinning of the retina is observed, in particular due to loss of
neurons.** Further, the aging RPE undergoes structural changes, including loss of
melanin granules, increase in the number of residual bodies and accumulation of the age
pigment lipofuscin.t® It is thought that these changes lead to reduced antioxidant capacity
of the RPE and progressive accumulation of basal laminar deposits (BLamDs) and
formation of drusen.'®1” BLamDs are histologically found between the RPE plasma
membrane and its basal lamina and would thus be measured as part of the RPE layer in
automated OCT layer segmentation.*® Even though continuous enlarging BLamDs may
indicate a strong risk for AMD progression and are accompanied by poor visual acuity and
RPE dysmorphia, eyes with early BLamDs may show normal fundus appearance and

visual acuity.®

Combined histopathological and functional studies have also evidenced that
photoreceptor degeneration and loss, with a preferential vulnerability of rods, occur before

disease progression to advanced AMD.19-21

Recent research showed that morphologic changes within the photoreceptors and RPE-

Bruch’s Membrane (BM) complex may be linked to AMD and its progression. There is also
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some evidence of thinner photoreceptor segment layer (PSL) and thicker RPE-BM in
individuals with high genetical susceptibility to AMD??>-2>, However, to date, there has been
no longitudinal analysis of the different macular layer thicknesses in a population-based

study in relation to AMD.

Thus, we analyzed the longitudinal associations of macular layer thicknesses, measured
using spectral-domain OCT (SD-OCT) with incident intermediate and advanced AMD and

AMD PRS in a population-based cohort of older adults.
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Methods

Study cohort

The Alienor study is a prospective population-based cohort study. A total of 963
participants were recruited from 2006 through 2008 from the Bordeaux cohort of the Three
City (3C) study. The 3C study was initiated in 1999 and recruited individuals aged 65 years
or older from electoral registers. Both the Alienor study cohort and the 3C study cohort

have been described in detail elsewhere.>26

The Alienor study consists of biennial eye examinations at the Department of
Ophthalmology of the University Hospital of Bordeaux between 2006 and 2024

(http://www.alienor-study.com/langue-english-1.html, accessed on 19 September 2024).

The Alienor study followed the tenets of the Declaration of Helsinki and was approved
prospectively by the Ethical Committee of Bordeaux (Comité de Protection des Personnes
Sud-Ouest et Outre-Mer Ill, code 2006/10) in May 2006. Informed consent of all
participants of the Alienor study was obtained after explanation of the nature and possible

consequences of the study.

Ophthalmic examination, retinal imaging and macular layer segmentation

The initial Alienor study protocol includes visual acuity, refraction, intraocular pressure
and 45° high-resolution color fundus photographs (TRC NW6S; Topcon, Japan). Starting
from the first follow-up visit (2009-2011), SD-OCT examinations of the macula and the
optic nerve were included to the Alienor study protocol (Spectralis; Heidelberg

Engineering, Germany). The same OCT device was used at all follow-up visits.
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For the OCT acquisitions, a standardized imaging protocol was employed. All OCT
assessments were performed by the same experienced technician. The Spectralis® OCT
provides an automatic real-time function that adjusts for eye movement and increases
image quality. For the macular cube acquisition, the following conditions were used:
resolution mode, high speed; scan angle, 20°; number of B-scans, 19; pattern size, 20° x
15°; centered on the fovea and distance between B-scans, 236 um. Single horizontal and

vertical B-scan images (1536 A-scans) centered on the fovea were also performed.

The OCT-layer segmentation was performed using the inbuilt automated segmentation
algorithm of the Heidelberg Eye Explorer (HEYEX 2) on the macular volume scan. The
HEYEX segmentation algorithm delineates the following macular layers (Figure 1): retinal
nerve fiber layer (RNFL), ganglion cell layer (GCL), inner plexiform layer (IPL), inner
nuclear layer (INL), outer plexiform layer (OPL), outer nuclear layer (ONL), and retinal
pigment epithelium (RPE). With modern SD-OCT devices, the single band previously
attributed to the RPE can now occasionally be seen as 2 distinctive hyperreflective bands
separated by a hyporeflective zone, particularly when pathology is present. We thus used
the term RPE-BM complex instead of RPE, consistent with recent literature.?’
Furthermore, the layers from RNFL to ONL are combined to inner retinal layers (IRL), the
photoreceptors and the RPE-BM complex to outer retinal layers (ORL), and all layers to
total retinal layers (TRL). An additional layer distinct to the above listed can be calculated
by subtraction of the RPE-BM complex from the ORL. This layer represents the
photoreceptor inner and outer segments including the interdigitation zone and we will refer
to it as photoreceptor segment layer (PSL) in the following. For each layer, the device

reports the average thickness (in pm) in nine sectors (center, superior inner, temporal



131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

inner, inferior inner, nasal inner, superior outer, temporal outer, inferior outer and nasal
outer) of the 6 mm diameter Early Treatment Diabetes Retinopathy Study (ETDRS) grid
centered on the fovea. As a recent cross-sectional study showed associations between
macular layer thicknesses and early AMD mainly in the central (1 mm in diameter) and
inner circle (consisting of the superior inner, temporal inner, inferior inner and nasal inner
sector, 1-3 mm) of the ETDRS grid,?* we focused our analysis on those two circles. In
addition, our macular cube is too small to assess the outer ETDRS circle. The mean
thickness of the inner circle was determined by calculating the average of the four inner

sectors: superior inner, temporal inner, inferior inner, nasal inner.

The accuracy and reproducibility of the inbuilt automated segmentation algorithm of the

HEYEX has been previously reported.?®

All available OCT data of the Alienor cohort were exported between January and April
2024. OCT images of participants with missing OCT data, retinal diseases and identified
outliers as well as signal strength lower than 15 dB were ophthalmologically reviewed for
segmentation quality. Acquisitions with artefacts and segmentation errors were excluded

from the analysis.

Classification of AMD

For fundus photography, the AMD grading scheme followed the International
Classification and Grading System by Bird et al., modified for drusen size, location and
area according to the Multi-Ethnic Study of Atherosclerosis.??3° Grading was performed
from color fundus photographs in duplicate by two trained graders and inconsistencies
between the two graders were adjudicated by a retina specialist.> In addition, SD-OCT

macular scans were interpreted for signs of advanced atrophic AMD and neovascular
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AMD. Finally, classification of advanced AMD was performed by retina specialists, using
all available information (ophthalmological history and treatments, color fundus

photographs, SD-OCT scans).

To increase the comparability of this study with clinical routine data, in the present study,
we used the Beckman AMD classification,* with intermediate AMD defined as presence
of large drusen and/or pigmentary abnormalities on fundus photographs, in the absence

of advanced AMD (atrophic and or neovascular).

Incidence of intermediate AMD was defined as the eye progressing from no or early AMD
at baseline OCT examination (2009—-2010) to intermediate AMD at any time-point during
the study period (2009-2020). Incidence of advanced AMD was defined as the eye
progressing from no, early AMD or intermediate at baseline OCT examination (2009—
2010) to advanced AMD at any time-point during the study period (2009-2020). The date
of occurrence of intermediate/advanced AMD was calculated as the midpoint of the
interval between the last visit without intermediate /advanced AMD and the first visit with

intermediate /advanced AMD.
Covariates

Polygenic risk score (PRS): Genotyping was performed by the French Centre National de
Génotypage at 3C study baseline (1999-2001) using lllumina Human610-Quad
BeadChips.3! The present PRS is based on the weighted risk score published by Fritsche
and colleagues and was described in detailed elsewhere.3?2-34 The score corresponds to
the sum of the corresponding betas multiplied by the number of minor alleles for each
single nucleotide polymorphism (SNP). The betas used are calculated from the fully

conditioned odds ratios of Fritsche et al. Due to the high number of missing data for the

10
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three following SNPs: TRPM3 rs71507014, CNN2 rs67538026, and MMP9 rs142450006,
these SNPs have been excluded from the risk score calculation. The present total PRS is
thus based on 49 SNPs and was calculated for all participants who had available data for
at least the five majors AMD-related genes (CFH rs10922109, CFH rs570618, C2
rs11603772, C3rs2230199, and ARMS2 rs3750846).3234 The pathway-specific PRS were
calculated for the three main biological pathways: C2, C3, C9, CFH, CFl and TMEM97 for
the complement pathway, ADAMTS9, COL4A3, COL8AL, SYN3 and VEGFA for the ECM
pathway and ABCA1, APOE, CETP, LIPC for the lipid pathway.3* The PRS were used as

quantitative variables after Z score standardization.

Sociodemographic data, lifestyle characteristics and medical variables were collected at

3C baseline.?¢

Medical variables including diabetes (fasting blood glucose =7 mmol/L and/or diabetes
medication), hypertension (blood pressure >140/90 mm Hg and/or antihypertensive
medication), and systemic lipid-lowering medications were also assessed at 3C baseline.
Fasting plasma lipids were measured at the Biochemistry Laboratory of the University
Hospital of Dijon, France using routine enzymatic techniques. Plasma esterified 3-hydroxy
fatty acids (3-OH FAs) were quantified as a proxy of total plasma LPS burden using liquid
chromatography tandem mass spectrometry (LC-tandem MS).2> All plasma
measurements were assessed using blood samples collected during the 3C baseline visit

(1999-2001).

The Mediterranean diet score is based on MEDI-LITE score developed by Sofi et al.36

This score is based on a 148-items validated food frequency questionnaire and reflects

11
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the level of adherence to the Mediterranean diet, ranging from 0 (poor adherence) to 18

(highest adherence).

Statistical analyses

Cox proportional hazards model:

Associations of each macular layer thickness with incident intermediate / advanced AMD
were estimated using Cox proportional hazards models. The individual eye was used as
the unit of analysis. To take into account intra-individual correlation between eyes of one
participant, the “cluster” term was included in the using Cox proportional hazards models

in R (R Foundation for Statistical Computing, Vienna, Austria).

Time-dependent Cox proportional hazards model were used as an extension of the
standard Cox model, allowing to include the repeated OCT measurements of macular

layer thickness data.

Cox proportional hazards model was not performed for incident early AMD due to
insufficient power, as 23.2 % (n = 223) of the cohort already had early AMD at baseline of

this study.

All conditions for the application of the Cox model were verified. Linearity was checked
using penalized splines with four degrees of freedom (pspline function in the Coxph
function of R). The proportional hazard assumption was checked using Schoenfeld

residuals.
Multivariate adjustments:

For the Cox proportional hazards model, we used two different sets of adjustments: Model

1 was adjusted for age at baseline and sex. Model 2 was further adjusted for the most

12
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relevant potential confounders identified from the literature and with a directed acyclic
graph (DAG). As some data on these variables were missing, we used multivariate
imputation by chained equations (MICE) assuming that missing data were Missing At

Random (MAR). Model 2 was thus adjusted after multivariate imputation.
Linear mixed model:

To study the evolution of each distinct macular layer thickness over the study period, we
used linear mixed models (LMM), with the eye as the unit of analysis, as described
previously.®”® One model was fitted per layer and the outcome variable of each model
was the macular layer thickness by circle (central or inner). The longitudinal relationship
of each macular layer thickness with the fixed effects age at baseline, sex and follow-up
time was studied. Interactions of age at baseline with follow-up time and sex with follow-
up time were not used, as the Akaike Information Criterion (AIC) and Bayesian Information

Criterion (BIC) were favorable of the less complex models.

To study the longitudinal evolution of each macular layer according to the genetic risk of
AMD, the fixed effects age, follow-up time and sex, as well as PRS and the interactions

between PRS and follow-up time were included in LMMs.

Finally, three sensitivity analysis were performed using LMMs, the first also included AMD
stage at baseline (no/early/intermediate/advanced) as fixed effect, the second excluded
all participants with any AMD stage at baseline and the third excluded all participants with

intermediate or advanced AMD stage at baseline.

All conditions for the application of the linear mixed model were verified. The linearity of

quantitative variables was investigated using restricted cubic spline functions.

13
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Correction for multiple testing

To address multiple testing, the Benjamini-Hochberg procedure was applied for false
discovery rate (FDR) correction.®® The Benjamini-Hochberg procedure adjusts p-values
in a stepwise manner aiming to limit the proportion of false positives: After p-values are
assigned ranks according to their ascending value, adjusted p-values were calculated

using the following formula, where:
p_adjusted;y = min (1, rII;IZIP (% . p(k)))
= adjusted p(i) represents the adjusted p-value for the i-th ranked p-value,
= p(k) represents the k-th ranked p-value and
= m represents the total number of hypotheses being tested.

Statistical significance was determined using an FDR-corrected P value (P FDR) of less

than 0.05.

R software version 4.3.3 (R Foundation for Statistical Computing, Vienna, Austria) was

used for all statistical analyses.

14
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Results

Characteristics of the studied sample

OCT examinations were included to the Alienor study protocol from 2009. Thus, the
studied sample comprises all participants of the Alienor study receiving at least one OCT
examinations between the first follow-up visit (2009-2010) and the last follow up visit in
February 2024. A total of 3532 OCT scans of 721 subjects were exported. Of these 344
OCT scans of 94 subjects were excluded due to low quality. Further 408 OCT scans of
174 subjects were excluded due to errors of the automatic segmentation (Figure S2).

Thus, in total 2780 OCT examinations of 653 subjects were analyzed.

Among the 653 included participants, mean age at first OCT examination was 82.2 years
(x 4.2) and 400 (61.3%) were female (Table 1). Approximately two-thirds had never
smoked and 15.8 % were obese (Body mass index, BMI > 30 kg/m2). Prevalent
hypertension was reported in 473 (72.4 %) of the participants and prevalent diabetes
mellitus in 46 (7.0 %). A total of 236 (36.1 %) participants received one OCT examination,
166 (25.4 %) received two, 109 (16.7 %) received three, 82 (12.6 %) received four and 60
(9.2 %) received at least five. For the 417 participants receiving more than one OCT

examination, the average follow-up time was 4.8 years (range 0.3 to 14.1).

Measurements of Macular Layer Thicknesses

The thickness of eight separate macular layers and three compound layer complexes was
measured in micrometers, including the RNFL, GCL, IPL, INL, OPL, ONL, PSL, RPE-BM

complex, IRL complex and ORL complex and TRL complex. The mean macular layer

15
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thicknesses of the 1 mm central and the 1 mm - 3 mm inner ETDRS circle of these layers

and layer complexes at baseline OCT examination can be found in Table S2.

Macular layer thicknesses and the risk of incident intermediate and advanced AMD

We analyzed the associations of macular layer thicknesses with incident intermediate and
advanced AMD. To take into account the data of all available OCT follow-up examinations,

we used time-dependent proportional hazard Cox Models (Table 3).

Incident intermediate AMD: After adjustment for age and sex, we observed an association

of incident intermediate AMD with thicker RPE-BM complex in the 1 mm central circle
(Hazard ratio (HR) = 1.12 for 1 ym increase; 95% confidence interval (Cl), [1.08; 1.18]; P
For = 9.75 x 104, Table 3). The association was similar after adjustment for AMD stage at
baseline, high-density lipoprotein (HDL) cholesterol, low-density lipoprotein (LDL)
cholesterol, triglycerides (TG), diet quality, body mass index (BMI), lipid-lowering
medication, physical activity, 3-hydroxy fatty acids as a proxy of Lipopolysaccharide -type
endotoxins, smoking and PRS (Table 3). No significant association was observed of
incident intermediate AMD with any other macular layer, neither in the central circle, nor

in the inner circle.

Incident advanced AMD: After adjustment for age and sex, the time-dependent Cox Model

showed that thicker RPE-BM complex in the 1 mm central circle was associated with
higher risk of advanced AMD (HR = 1.16 for 1 um increase; 95% CI, [1.10; 1.22]; P For =
1.01 x 107) (Table 3). The association was similar in the fully-adjusted model (Table 3).
Also, in the 1 — 3 mm inner circle, thicker RPE-BM complex was strongly associated with

higher risk of advanced AMD in the age and sex adjusted model (HR = 1.42 for 1 ym

16
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increase; 95% Cl, [1.30; 1.56]; P ror = 7.49 x 107'3), as well as in the fully-adjusted model
(HR = 1.28 for 1 ym increase; 95% Cl, [1.16; 1.42]; P ror = 1.61 x 10-°, Table 3, Figure
3). This corresponds to a multiplication of the risk of advanced AMD by 3.43 for an RPE-
BM complex of 15 ym and by 11.8 for an RPE-BM complex of 20 um, in comparison with
an RPE-BM complex of 10 uym, in the fully-adjusted model. (Figure 3). We observed no

statistically significant associations with other retinal layers.

Evolution of macular layers with age, sex and follow-up time

Using linear mixed model analysis, we analyzed the evolution of each macular layer in

depth, first looking into the associations with age, sex and time (Table S4, Figure S4).

In the 1 mm central circle, the four innermost macular layers differed significantly at
baseline according to sex, with female sex being significantly associated with thinner
RNFL (Coefficient Beta (3)=-1.13 um for female sex; 95% ClI, [-1.53; -0.73]; Pror = 1.79
x 107), GCL (R = -1.62 um for female sex; 95% ClI, [-2.34; —0.90]; P ror = 3.33 x 10°),
IPL (B =-1.75 um for female sex; 95% ClI, [-2.33; =1.17]; Pror = 3.12 x 10-8) and INL (R
= -3.90 ym for female sex; 95% ClI, [-4.83; -2.97]; P ror = 8.88 x 10°"°). Older age at
baseline was significantly associated with thinner PSL at baseline (3 =-0.15 ym for 1 year

of age increase; 95% Cl, [-0.20; —0.09]; P ror = 1.32 x 10).

In the 1 — 3 mm inner circle, older age at baseline was associated with thinner GCL (3 =
-0.31 um for 1 year of age increase; 95% ClI, [-0.43; -0.19]; P ror = 1.47 x 10) and
thinner IPL (3 = -0.20 ym for 1 year of age increase; 95% ClI, [-0.27; -0.13]; Pror = 1.79
x 10°7) at baseline. Again, the female sex was significantly associated with thinner INL (R

= -1.20 um for female sex; 95% CI, -1.73; -0.68]; P ror = 2.67 x 10-5) and also with
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thinner ONL (B = -3.37 um for female sex; 95% ClI, -4.70; -=2.03]; P ror = 3.23 x 10°°) at

baseline.

Macular layer thicknesses in the 1 — 3 mm inner circle all decreased significantly with
follow-up time, except for RNFL which increased. In the 1 mm central circle, INL and RPE-

BM complex increased with follow-up time, while ONL and PSL decreased.

AMD polygenic risk score (PRS) and macular layers

Using linear mixed model analysis, we then analyzed the association of each layer
according to their genetic risk using the PRS for AMD, adjusting for age at baseline and

sex (Table S5).

The AMD PRS was significantly associated with thinner PSL at baseline in the 1 mm
central circle (3= -0.63 um for 1 standard deviation (SD)-increase of the PRS, 95% ClI, [-
0.86; -0.40], P ror = 2.42 x 10, Table S5, Figure 5) and in the 1 — 3 mm inner circle (3=
-0.39, 95% CI [-0.52; -0.26], P ror = 2.46 x 107, Table S5, Figure 5), but was not

significantly associated with the evolution of PSL with follow-up time.

The AMD PRS was associated with a small but significant ONL thinning (3= -0.11 ym/
year for 1 SD-increase of the PRS, 95% ClI, [-0.16; -0.06], P ror = 3.08 x 104, Table S5)
and RPE-BM complex thickening (3= 0.06 ym /year for 1 SD-increase of the PRS, 95%
Cl, [0.04; 0.07], P ror = 1.61 x 1010, Table S5) in the 1 — 3 mm inner circle. As shown in
Figure 6, ONL was not different at baseline in participants with high (standardized PRS =
+1) or low (standardized PRS = -1) genetic susceptibility, but decreased more rapidly in
those with high genetic susceptibility. Regarding the RPE-BM complex, again there was

no significant difference at baseline between participants with high and low PRS, but RPE-
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BM complex increased with time in those with high PRS, while it decreased in those with

low PRS.

Of note, other layers were not associated with AMD PRS, either at baseline or during

follow-up.

Three sensitivity analyses which showed similar results i) after inclusion of AMD stage
(no/early/intermediate/advanced) at baseline as fixed effect, ii) after exclusion of all
participants with any AMD at baseline and iii) after exclusion of all participants with

intermediate and advanced AMD at baseline (Table S6, S7 and S8).

Pathway-specific polygenic risk scores (PRS) and macular layers

Using linear mixed model analysis, we analyzed the genetic risk profile in more detail by
looking into the association of the pathway-specific PRS with the macular layers showing

significant associations with the AMD PRS (Table 9).

We observed a significant association of the complement pathway with ONL thinning (3=
-0.16 ym/year, 95% CI [-0.21; -0.11], P For =2.46 x 107) in the 1 -3 mm inner circle, while
ARMS2 was associated with ONL thickening in both the 1 mm central (3= 0.12 ym/year,
95% CI [0.03; 0.21], P ror =0.04) and the 1 -3 mm inner circle (3= 0.09 ym/year, 95% CI

[0.03; 0.15], P ror =0.02, Table 9).

We also observed a significant association of the complement pathway with thinner
baseline PSL in the 1 mm central circle (3 =-0.65 um, 95 % CI [-0.93; -0.38], P ror = 4.72
x 10-°) and in the 1 — 3 mm inner circle (8 = - 0.40 ym, 95 % CI [-0.56; -0.25], P ror = 6.66

x 10°). However, PSL decreased less rapidly with time in those with high complement
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pathway PRS, both in the central (3 = 0.07 ym / year, 95 % CI [0.03; 0.11], Pror = 3.31 X
103) and the inner circle (3 = 0.03 um / year, 95 % CI [0.01; 0.05], P ror = 0.01, Table 9).

We did not observe significant associations of PSL with the other pathway-specific PRS.

Finally, we observed a significant association of the complement pathway (3 = 0.04 um /
year, 95 % CI [0.02; 0.06], P ror = 3.23 x 10°), the lipid pathway (8 = 0.03 ym / year, 95
% CI [0.02; 0.05], P ror = 3.74 x 10%) and ARMS2 (R = 0.03 uym / year, 95 % CI [0.02;

0.05], P ror = 0.002) with RPE-BM complex thickening.
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Discussion

This study evidenced a strong association between thicker foveal RPE-BM complex and
both incident intermediate and advanced AMD. Longitudinal RPE-BM complex thickening
was found to be strongly associated with total AMD PRS, and specifically with the
complement, lipid metabolism and ARMS2 pathways PRS. Further, both the total AMD
PRS and the complement-specific PRS were associated with thinner PSL at baseline and
with longitudinal ONL thinning. Overall, our data contribute to and highlight the following

results in the light of known pathophysiological mechanisms and recent literature.

First, RPE-BM complex thickening is a hallmark of AMD progression. In aging RPE cells,
cumulative oxidative damage contributes to anatomical and physiological changes,
including the accumulation of byproducts of the visual cycle leading to the accumulation
of drusen (between the RPE basal lamina and Bruch’s membrane).*° Distinct of drusen,
BLamDs, found between the RPE plasma membrane and its basal lamina, also represent
early pathogenic changes in AMD.¢ Thus thickening of the RPE-BM complex measured
using OCT possibly include drusen, BLamDs, accumulation of lipofuscin, increase in the

density of residual bodies and diffuse thickening of Bruch’s membrane.**

In 2019, a cross-sectional analysis of the German population-based AugUR Study also
observed RPE-BM complex thickening and PSL thinning in early AMD.?* Similarly, the
cross-sectional Portuguese Coimbra study showed that RPE-BM complex thickening and
PSL thinning is found in more severe early AMD.?> Here, we show that RPE-BM complex
is associated with future development of intermediate or advanced AMD, independently

of potential confounders, including AMD stage at baseline.
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Schmidt-Erfurth et al. used a machine learning—based predictive model assessing the risk
of conversion to advanced AMD and described the reduction of neurosensory structures,
including the PSL, as an important determinant in the progression to GA.*! Further, they
reported RPE-drusen complex thickening as a prominent predictor for the development of
CNV. In the present study, however, we could not distinguish atrophic and neovascular

AMD, due to the low number of incident advanced AMD cases.

A recent study by Zekavat et al., underlined the significance of early changes in the PSL,
using the data of the UK Biobank with a broad AMD classification and including patients
of an age span from 40 to 70 years.?> They reported that PSL thinning and RPE-BM
complex thickening were both significantly associated with increased AMD prevalence
and incidence. Interestingly, they observed accelerated PSL thinning starting at around
45 years of age, 12 years before RPE-BM complex thickening, which highlights the
potential pathophysiological sequence in morphological changes in the development of
AMD.?? This potential chronological sequence is in line with our finding of a highly
significant association of RPE-BM complex thickening with incident intermediate and
advanced AMD and could also explain the lack of finding PSL thinning, as this thinning
might have occurred before the baseline OCT examination of our study cohort of

participants aged 75 years or above at baseline.

Second, using repeated OCT measurements of the same individuals, we are the first to
report the longitudinal evolution of each distinct macular layer according to age and
gender in a cohort of people above the age of 75 at baseline. Using this data, we could
show distinct sex-related differences, e.g. thinner inner macular layers in women which is

in agreement with previous cross-sectional data.?842
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Third, our results showed that the total PRS based on 49 of the 52 genetic variants
associated with AMD at a genome-wide significance level for AMD® was associated with
thinner PSL at baseline. The total PRS was not associated with thicker RPE-BM complex
at baseline, but with longitudinal RPE-BM complex thickening, which is again in line with
the hypothesized pathophysiological chronological sequence of OCT-related changes by
Zekavat et al.?? Further, we also found an association between the total AMD PRS and
longitudinal ONL thinning. This seems consistent with the cross-sectional data of Brand|
et al. and Farinha et al. showing that ONL is decreased in participants with severe early

AMD_24,25

Fourth, our results pinpoint specific mechanisms in PRS associated macular layer
changes. The above used total PRS was grouped into four main biological pathways by
an international consortium.3* the complement system, lipid metabolism, ECM remodeling
and ARMS2. Looking into those pathway specific PRS, the complement pathway was
strongly associated with thinner PLS at baseline as well as longitudinal ONL thinning and
RPE-BM complex thickening. Even though the genetic risk of AMD is considered to be
linked to multiple genetic loci of small to modest effect, one of two major SNPs linked to
advanced AMD is a variant in the complement factor H gene (CFH).*3-46 This variant
affects the protein’s ability to regulate inflammation, leading to increased susceptibility to
chronic inflammation and damage in the retina. Associations with factor B and
complement component C2 genes further emphasized the critical role of the complement
system in the development of AMD.*’” Furthermore, systemic measurements of
complement activation products like C3a, C3d, and C5a have consistently shown elevated

levels in AMD.*® However, using total macular thickness OCT data, a recent GWAS by
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Gao et al. did not find an association between variants in the CFH gene within the
outermost circle of the ETDRS grid.*® By contrast, another study by Zouache et al. found
that variants in the CFH gene were associated with perifoveal changes in macular
thickness on OCT.>® Finally, the study by Zekavat et al.,, reported the variants
CFH:rs570618-T, CHF:10922109-C, CFH:rs187328863-T and ARMS2:rs3750846-C to

be significantly associated with PSL thinning.??

Looking into the pathway specific PRS and longitudinal RPE-BM complex thickening
reveals that multiple players are at game, of which the complement and lipid pathways
seem to be strongest associated. However, in RPE-BM complex thickening, the second
major AMD SNP, ARMS2, is also involved. Variants in this region are known to be
associated with changes in mitochondrial function and increased inflammation, both

contributing to retinal damage.5-3

Taken together, the current knowledge on morphologic and functional data indicates the
importance of primarily RPE-BM complex thickening and photoreceptor degeneration/loss
in the development of AMD. Further, similar to the normalized database of retinal nerve
fiber measurements as used in glaucoma clinics, the use of RPE-BM complex
measurements could be considered in AMD clinics. These measurements are readily
available in the current version of the Heidelberg Spectralis. Longitudinal change of the
RPE-BM complex might serve as an indicator of patients with high risk of conversion to

advanced AMD.

The strengths of the study include a large and well-defined cohort, a detailed standardized

ophthalmologic examination and long follow-up time. Although our prospective study
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provides new insights into the genetic and morphologic correlation in AMD, limitations of
this study have to be acknowledged: The OCT protocol performed systematically in the
Alienor study employed 19 B-scans with an interscan distance of 236 um, which implies
that macular thickness values are based on a relatively limited number of scans. However,
research on features of retinal diseases, in particular drusen volume and exudative retinal
changes, has demonstrated that less dense scans (up to an interscan distance of 240 um)
do not significantly affect drusen volume measurements or impair the detection of

exudative retinal changes.85455

While the Heyex system’s inbuilt segmentation algorithm is easily accessible, it may be
less accurate than newer automated segmentation algorithms, especially when handling
pathological alterations. To minimize the possibility of systematic misclassification of
macular layer thicknesses, we manually reviewed all OCT scans with quality below 15dB,
scans from patients with diagnosed retinal disease and any outliers (identified using linear
regression). To ensure reproducibility, no manual corrections were performed, and all
OCT scans with segmentations errors or disrupted retinal structure due to underlying
disease were systematically excluded. Segmentation errors included missing retinal
layers, overlapping or merging layers, incorrect retinal layer boundary detection,
segmentation gaps, erroneous inclusion of pathological features in retinal layer. However,
the measurement errors due to the acquisition protocol and the segmentation algorithm
are most probably not differential and therefore would tend to attenuate the estimated
associations. Future studies should strive to minimize such methodological limitations by

using more numerous scans and more precise algorithms.
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The genetic risk score used in this study is based on the foundational work by Fritsche et
al. 2016, which identified key AMD risk SNPs.® However, due to the rapid advancements
in genetic research, more recent studies have significantly expanded on this by providing
higher SNP resolution, particularly through fine-mapping techniques. These
advancements have enabled the identification of more specific, potentially causal variants
at known risk loci, especially with the inclusion of multi-ethnic cohorts.>¢:57 While these
recent papers offer enhanced resolution, considering the European ethnicity of
participants in the Alienor study, the comprehensive coverage of major AMD risk SNPs
and the comparable discriminatory power, the use of the current PRS score based on

Fritsche et al. 2016 remains justified.

Finally, we considered a wide range of potential cofounders but cannot exclude that some
residual confounders or sources of misclassification could explain our observed
association between RPE-BM complex thickening and incident intermediate and

advanced AMD.

Conclusion

We found a strong association of thicker RPE-BM complex with incident intermediate and
advanced AMD in a population-based cohort of elderly individuals. Thickening of the RPE-
BM complex was also more pronounced in participants with high genetic susceptibility to
AMD, as well as ONL thinning and thinner PSL at baseline. These results highlight the
importance of RPE-BM complex thickening in the pathophysiological sequence of AMD.

Further longitudinal studies are needed, in particular to determine the value of RPE-BM
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505 complex thickening and PSL thinning measured using SD-OCT for the clinical follow-up

506 of AMD patients.
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Figure Legends

Figure 1. Example of an auto- segmented spectral domain-OCT scan using the inbuilt
automated segmentation of the Heidelberg Eye Explorer.

RNFL.: retinal nerve fiber layer, GCL: ganglion cell layer, IPL: inner plexiform layer, INL: inner
nuclear layer, OPL.: outer plexiform layer, ONL: outer nuclear layer, PSL: photoreceptor segment
layer, RPE-BM: retinal pigment epithelium- Bruch’s Membrane complex.

Figure 3. Association between Retinal Pigment Epithelium (RPE) - Bruch’s Membrane (BM)
complex thickness within the 1 — 3 mm inner circle of the ETDRS grid and incident advanced
AMD by eye, using time-dependent proportional hazards Cox Model, along with exemplary OCT
photos of participants with an RPE - BM complex thickness of 10 um, 15 um and 20 pym at
baseline. The model was adjusted for age, sex, high-density (HDL) cholesterol, low-density
lipoprotein (LDL) cholesterol, triglycerides (TG), diet quality, body mass index (BMlI), lipid-
lowering medication, physical activity, 3-hydroxy fatty acids as a proxy of Lipopolysaccharide -
type endotoxins, smoking status, polygenic risk score and AMD stage at baseline. AMD stage at
baseline was categorized in 3 categories (no/early/intermediate). The hazard function is
represented using p-spline with 4 degrees of freedom. Exemplary OCT images of participants
with an RPE-BM complex thickness of 10 um, 15 um and 20 um are shown. Data from the
Alienor Study, 2009-2020.

HR: hazard ratio.

Figure 5. The evolution of photoreceptor segment layer (PSL) thinning over the follow-up time for
both the 1 mm central and the 1 — 3 mm inner circle of the Early Treatment Diabetic Retinopathy
Study (ETDRS) grid as predicted by linear mixed models (adjusted for age, sex and follow-up
time) shown for the longitudinal relationship with standardized total (PRS) for AMD. The PRS was
standardized using the formula Z = (x-u)/o, where Z is the standard score, u the mean and ¢ the
standard deviation, respectively. Data from the Alienor Study, 2009-2024.

Figure 6. The evolution of the outer nuclear layer (ONL) and the retinal pigment epithelium (RPE)
- Bruch’s Membrane (BM) complex in the 1 — 3 mm inner circle of the Early Treatment Diabetic
Retinopathy Study (ETDRS) grid over the follow-up time as predicted by linear mixed models
(adjusted for age, sex and follow-up time) shown for the longitudinal relationship with standardized
total polygenic risk score (PRS) for AMD. The PRS was standardized using the formula Z = (x-
K)o, where Z is the standard score, u the mean and o the standard deviation, respectively. Data
from the Alienor Study, 2009-2024.
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Table 1. Baseline Characteristics of the Study Population (n = 653), Data from the Alienor Study.

Characteristics Mean £ SD or n (%)
Age (years) 82.2+4.2
Sex

Male 253 (38.7 %)

Female 400 (61.3 %)
Smoking (pack-years)

Never smoked 424 (64.9 %)

<20 122 (18.7 %)

>20 107 (16.4 %)
Body mass index (BMI)

[0,18.5) 3(0.5 %)

[18.5,25) 260 (39.8 %)

[25,30) 287 (44.0 %)

[30,59] 103 (15.8 %)
Plasma lipids (mmol/L)

LDL cholesterol 3.6+0.8

HDL cholesterol 16+04

Triglycerides 1.2+0.6
Diabetes 46 (7.0 %)
Hypertension 473 (72.4 %)
Cardiovascular Diseases 57 (8.7 %)
Mediterranean diet score 10.6 +2.0

LDL: low-density lipoprotein, HDL: high-density lipoprotein;
SD: standard deviation.



Table 3. Associations between the macular layer thicknesses and incidence of intermediate and advanced AMD. Alienor study, 2009-2020.

RNFL

GCL

IPL

INL

OPL

ONL

PSL

RPE-BM

Model 1
Model 2
Model 1
Model 2
Model 1
Model 2
Model 1
Model 2
Model 1
Model 2
Model 1
Model 2
Model 1
Model 2
Model 1
Model 2

Central circle of the ETDRS grid

HR (95% Cl)
1.03 [0.97; 1.10]
1.04 [0.97; 1.11]
1.01 [0.98; 1.04]
1.02 [0.98; 1.05]
1.01 [0.96; 1.06]
1.01 [0.96; 1.07]
1.01 [0.98; 1.03]
1.01 [0.98; 1.04]
1.00 [0.97; 1.03]
1.00 [0.98; 1.03]
1.01 [1.00; 1.03]
1.01 [0.99; 1.03]
0.97 [0.93; 1.03]
0.97 [0.92; 1.03]
1.12 [1.06; 1.18]
1.13 [1.06; 1.20]

Intermediate AMD (n = 103)

P FDR

0.62
0.60
0.83
0.67
0.92
0.83
0.74
0.60
0.99
0.94
0.54
0.60
0.60
0.62
9.75x10*
8.08 x 10*

Inner circle of the ETDRS grid

HR (95% Cl)
1.00 [0.95; 1.05]
1.00 [0.95; 1.06]
1.02 [0.99; 1.06]
1.02 [0.99; 1.05]
1.03 [0.98; 1.08]
1.03 [0.98; 1.08]
0.99 [0.94; 1.04]
0.98 [0.93; 1.03]
0.97 [0.93; 1.01]
0.97 [0.93; 1.02]
1.01 [0.99; 1.04]
1.01 [0.99; 1.03]
0.99 [0.90; 1.09]
0.99 [0.89; 1.10]
1.09 [0.97; 1.22]
1.09 [0.97; 1.23]

P FDR

0.99
0.99
0.53
0.54
0.58
0.60
0.89
0.69
0.55
0.55
0.60
0.60
0.94
0.95
0.53
0.53

Central circle of the ETDRS grid

HR (95% Cl)
1.09 [0.97; 1.21]
1.05 [0.93; 1.19]
1.03 [0.97; 1.09]
1.02 [0.95; 1.08]
1.04 [0.96; 1.12]
1.02 [0.95; 1.11]
1.04 [1.01; 1.08]
1.02 [0.98; 1.07]
0.99 [0.94; 1.06]
1.00 [0.94; 1.06]
0.98 [0.95; 1.01]
0.98 [0.95; 1.01]
0.93 [0.85; 1.03]
0.96 [0.89; 1.04]
1.16 [1.10; 1.22]
1.09 [1.04; 1.14]

Advanced AMD (n = 39)
Inner circle of the ETDRS grid

P FDR

0.53
0.69
0.60
0.83
0.60
0.75
0.13
0.60
0.95
0.99
0.60
0.53
0.53
0.60
1.01 x 10~
0.005

*For the inner circle, the thickness was calculated as the average of the nasal/temporal/superior/inferior subfields.

HR (95% Cl)
1.06 [0.98; 1.15]
1.04 [0.96; 1.13]
1.01 [0.96; 1.06]
1.02 [0.97; 1.07]
1.00 [0.93; 1.08]
1.02 [0.95; 1.10]
1.03 [0.95; 1.12]
1.01[0.92; 1.11]
1.00 [0.93; 1.08]
0.99 [0.92; 1.06]
0.95 [0.92; 0.99]
0.96 [0.93; 0.99]
1.17 [1.04; 1.31]
1.20 [1.02; 1.40]
1.42 [1.30; 1.56]
1.28 [1.16; 1.42]

P FDR

0.53
0.60
0.83
0.73
0.99
0.79
0.73
0.95
0.99
0.90
0.06
0.06
0.07
0.14
7.49x 10"
1.61x10°

*Model 1, HR was estimated using Cox proportional model adjusted for age at baseline and sex. HR for 1 um increase of the respective layer. bModel 2, HR was estimated
using Cox proportional model adjusted for age, sex, high-density lipoprotein (HDL) cholesterol, low-density lipoprotein (LDL) cholesterol, triglycerides (TG), diet quality, body
mass index (BMI), lipid-lowering medication, physical activity, 3-hydroxy fatty acids as a proxy of Lipopolysaccharide -type endotoxins, smoking, polygenic risk score and AMD
stage at baseline. For intermediate AMD, AMD stage at baseline was in 2 categories (no/early), for advanced AMD, it was in 3 categories (no/early/intermediate). HR for 1
um increase of the respective layer. ETDRS: Early Treatment Diabetic Retinopathy Study, Cl: Confidence interval, FDR: false discovery rate, HR, hazard ratio, RNFL: retinal
nerve fiber layer, GCL: ganglion cell layer, IPL: inner plexiform layer, INL: inner nuclear layer, OPL: outer plexiform layer, ONL: outer nuclear layer, PSL: photoreceptor segment
layer, RPE-BM: retinal pigment epithelium- Bruch’s Membrane complex.



Table 9. Longitudinal change of ONL, PSL and RPE-BM complex according to pathway-specific polygenic risk scores for AMD, Alienor
study, 2009-2024. (n = 2780 examinations of 653 participants)

Central Circle of the ETDRS Grid

Inner Circle of the ETDRS Grid*

B [95% Cl] P o B [95% ClI] P ror
ONL Complement Pathway PRS** 0.04 [-0.89; 0.97] 0.99 0.11 [-0.62; 0.83] 0.94
Complement Pathway PRS * Time -0.09 [-0.17; -0.01] 0.12 -0.16 [-0.21; -0.11] 2.46 x 10”7
Extracellular Matrix Pathway PRS*** 0.22 [-0.70; 1.14] 0.88 0.11 [-0.61; 0.83] 0.94
Extracellular Matrix Pathway PRS * Time 0.02 [-0.06; 0.10] 0.84 -0.03 [-0.08; 0.02] 0.53
Lipid Pathway PRS**** -0.30[-1.22; 0.62] 0.81 0.06 [-0.66; 0.78] 0.97
Lipid Pathway PRS * Time -0.02 [-0.10; 0.06] 0.88 -0.02 [-0.07; 0.03] 0.72
ARMS2 -0.16 [-1.09; 0.78] 0.94 -0.16 [-0.88; 0.57] 0.91
ARMS2 * Time 0.12[0.03; 0.21] 0.04 0.09 [0.03; 0.15] 0.02
PSL Complement Pathway PRS** -0.65 [-0.93; -0.38] 4.72x10°  -0.40 [-0.56; -0.25] 6.66 x 10°®
Complement Pathway PRS * Time 0.07 [0.03; 0.11] 3.31x103 0.03 [0.01; 0.05] 0.01
Extracellular Matrix Pathway PRS*** -0.17 [-0.45; 0.11] 0.50 -0.04 [-0.19; 0.12] 0.88
Extracellular Matrix Pathway PRS * Time -0.02 [-0.06; 0.02] 0.53 -0.002 [-0.02; 0.02] 0.94
Lipid Pathway PRS**** -0.18 [-0.46; 0.09] 0.45 -0.11 [-0.27; 0.04] 0.36
Lipid Pathway PRS * Time 0.01 [-0.03; 0.05] 0.94 -0.01 [-0.03; 0.01] 0.69
ARMS2 -0.22 [-0.50; 0.06] 0.34 -0.16 [-0.31; 0.00] 0.16
ARMS2 * Time -0.02 [-0.07; 0.02] 0.56 -0.02 [-0.04; 0.01] 0.39
RPE-BM  Complement Pathway PRS** -0.10 [-0.35; 0.15] 0.69 -0.21 [-0.38; -0.05] 0.05
Complement Pathway PRS * Time 0.05 [0.004; 0.09] 0.11 0.04 [0.02; 0.06] 3.23x10°
Extracellular Matrix Pathway PRS*** 0.002 [-0.24; 0.25] 0.99 -0.02 [-0.18; 0.14] 0.94
Extracellular Matrix Pathway PRS * Time -0.01 [-0.05; 0.03] 0.93 0.002 [-0.01; 0.02] 0.94
Lipid Pathway PRS**** 0.004 [-0.24; 0.25] 0.99 -0.09 [-0.25; 0.07] 0.56
Lipid Pathway PRS * Time -0.001 [-0.04; 0.04] 0.99 0.03 [0.02; 0.05] 3.74x10*
ARMS2 0.18 [-0.06; 0.43] 0.34 0.15 [-0.02; 031] 0.23
ARMS2 * Time 0.003 [-0.04; 0.05] 0.99 0.03 [0.02; 0.05] 0.002

Mixed linear models are adjusted for age, sex and follow-up time. B in um for 1-SD increase in PRS and in um / year for 1-SD increase in PRS for the interaction with follow-
up time. ETDRS: Early Treatment Diabetes Retinopathy Study, Cl: confidence interval, FDR: false discovery rate, SD: standard deviation, ONL: outer nuclear layer, PSL:
photoreceptor segment layer, RPE-BM: retinal pigment epithelium- Bruch’s Membrane complex, SD: standard deviation.

*For the inner circle, the thickness was calculated as the average of the nasal/temporal/superior/inferior subfields.

**The Complement Pathway is based on the following genes: C2, C3, C9, CFH, CFl, TMEM97.

***The Extracellular Matrix Pathway is based on the following genes: ADAMTS9, COL4A3, COL8A1, SYN3, VEGFA.

****The Lipid Pathway is based on the following genes: ABCA1, APOE, CETP, LIPC.
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Précis
A strong association of RPE-BM complex thickening with both incident AMD and the

genetic risk for AMD was evidenced, highlighting its pivotal role in the clinical course
of AMD.



