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1. Abstract

Retinal imaging in population-based studies not only enhances our understanding of
retinal diseases but, due to its high resolution and velocity, also holds great potential

in the study of brain diseases. This is attributed to the possibility of direct visualization of
retinal vascular and nervous tissue, being the retina part of the central nervous system.
The Rhineland Study, based in Bonn, Germany, provides an ideal framework for
investigating retinal and brain markers, as well as their relationship and changes across
the lifespan. This population-based study integrates state-of-the-art imaging of both retina
and brain, with a primary objective of examining healthy aging. In this thesis, | provide an
outline of my work in this direction, largely conducted in the Rhineland Study.

Initially, | focus on grading methods and prevalence of age-related macular degeneration
(AMD), the most common cause of blindness, in the first 5000 participants of the
Rhineland Study. AMD classifications and consequently, epidemiological data, mainly rely
on older imaging methods. | provide examples of how integration of better imaging,
including optical coherence tomography (OCT), enables for better AMD endophenotyping,
as it enables better detection of markers of high severity in intermediate AMD, such as
reticular pseudodrusen (RPD). In the first 5000 individuals of the Rhineland Study, we
observed a prevalence of 498 (10.5%) with early AMD, 401 (8.5%) with intermediate AMD
and 35 (0.7%) with late AMD, while reticular pseudodrusen (RPD) were graded in 93
(1.96%) of individuals. Multimodal imaging also enables to better differentiate AMD from
its main differential diagnoses in a population-based setting, such as pachychoroid
disease, for which we observed a prevalence of 2.9% (N=206). Furthermore, utilizing OCT
paves the way for the utilization of automated segmentation methods, such as an
algorithm for automated drusen detection, which can lead to better AMD phenotyping. In
this respect, | also investigated the distribution and comparability of drusen volume
between two different algorithms in the MACUSTAR cohort, a multicenter cohort study
focusing on generating clinical endpoints in intermediate AMD and integrating deep retinal
imaging phenotyping of the recruited subjects.

Furthermore, to advance our understanding of the validity of retinal markers for
neurodegeneration, | investigated the association between retinal markers and plasma

levels of neurofilament light chain (NfL). Plasma NfL rises in most neurological diseases



and reflects neuroaxonal damage, thus being a marker of age-related brain atrophy and
neurodegeneration.

We observed that in the general population, ageing is the main driver of an association
between inner retinal atrophy and plasma NfL levels, and that the presence of neurological
diseases or cardiovascular risk factors can determine their association. Hence, shared
neuronal injury might drive neuronal pathology in the brain and in the retina, thereby
determining their association. However, previous studies also observed that structures in
the visual pathway, from the retina to the visual cortex in the occipital lobe, can undergo
transneuronal neurodegeneration, in the presence of visual impairment or localized visual
pathway structures pathology. This could partly explain the association between visual
and cognitive impairment, since visual structures account for a large amount of brain
activity and are in synaptic connection with temporal lobe cognitive structures. For these
reasons | later investigated the conjoint associations between visual impairment, retinal
and both global and local brain atrophy, including visual pathway and hippocampal lobe
(as an important cognitive structure) in the Rhineland Study. | also aimed to estimate the
relative contribution of transneuronal neurodegeneration versus common neuronal injury,
to the previously observed association between retinal and brain atrophy. We observed
that retinal atrophy can reflect loss of integrity in both visual and cognitive pathway
structures, as well as global brain measures. Interestingly, we also observed that visual
impairment showed similar associations. This is of particular interest as it highlights the
importance of visual preservation as a preventative measure for brain health, even in a
population-based study with a relatively low proportion of visually impaired individuals. |
also observed that most of the effect of the association between retinal and brain atrophy
can be attributed to a common neuronal injury mechanism. Overall, my research further
reinforces the utilization of retinal readouts, in particular atrophy in the inner retina and in
the ganglion cell layer, as universal markers of neurodegeneration.

Based on this work, | conclude that integration of forefront retinal imaging in population-
based studies not only holds significant potential for advancing our understanding of
retinal diseases such as AMD, but also for serving as overarching markers of brain

structure and neurodegeneration.



2. Introduction

The last decades have witnessed large progress in retinal imaging: a notable example is
the widespread adoption of spectral domain-optical coherence tomography (SD-OCT),
enabling high-resolution, three-dimensional retinal visualization. Advancements in
imaging have paralleled those in imaging analysis: Retinology is at the forefront of
imaging-based machine learning (ML) and artificial intelligence (Al) application. These
advancements have not only greatly improved the understanding of retinal diseases, such
as age-related macular degeneration (AMD), but also offer overarching markers for
systemic and brain diseases. In this context, population-based studies allow to investigate
dynamic changes in diverse markers and with respect to the ageing process. The
implementation of newer retinal imaging methods, such as SD-OCT, in population-based
studies is imperative for establishing normative data on retinal markers obtained from
newer imaging analysis methods and exploring their viability in both retinal diseases like
AMD, and as markers of systemic and brain diseases.

My work largely focused on data from the Rhineland Study, a population-based study in
Bonn, Germany with a focus on ageing and neurodegeneration. By employing state-of-
the-art retinal and brain imaging as well as visual acuity and other systemic investigations,

it provides an ideal framework at this scope.

21 Age-related macular degeneration

AMD represents the most common cause of visual impairment in Western countries.
Current classifications of AMD rely on color fundus photography (CFP). For grading of
AMD in the Rhineland Study, we mainly relied on the Beckmann classification, which
emerged to codify a level of knowledge that was current in 2012 but that now is largely
surpassed. The Beckmann classification divides early stages of AMD into early AMD
(eAMD, largest diameter of the largest drusen observed on CFP between 62 and 125 um)
and intermediate AMD (iIAMD, larger than 125 um). Pigmentary abnormalities related to
drusen also determine an iAMD status.(Ferris et al. 2013) Drusen provide the soil for the
emergence of either choroidal neovascularization (CNV) or geographic atrophy, (GA)
defining late AMD.(Mitchell et al. 2018) Early stages of AMD are common in the general

population but only a minority of affected subjects will progress to late AMD.(Klaver et al.
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2001) Hence, there is great interest in stratifying risk of progression of patients with early
stages of AMD. So far, there is only weak evidence that some supplements might
postpone late AMD onset.(Age-Related Eye Disease Study Research Group 2001)
With the advent of OCT, new imaging-based biomarkers of AMD became available, whose
integration in population-based cohorts is needed. In manual AMD grading, large drusen
area (LDA) was defined as total area of large drusen larger than a 650 ym circle, as
described previously.(Misran and Islam 2014) Categorizing a variable that is continuous
(as LDA in our analysis for capturing heavy drusen burden) represents by definition a
simplification and leads to a loss of data variance larger than 30%.(Douglas G. Altman
and Royston 2006) The case of drusen volume exemplifies how better imaging allows for
deeper phenotyping by moving away from categorical, arbitrary threshold: in this case,
from two-dimensional categories of drusen area, such as e-, iAMD and LDA to a three-
dimensional quantification of drusen volume. Several algorithms exist for segmentation
and quantification of drusen load and other AMD markers, some of which also
implemented on OCT for drusen volume. (Wintergerst et al. 2017) A possible approach is
to utilize in-built software for layers segmentation and assess drusen volume as the BM-
RPE complex. This has been adopted in some studies, however it entails two main
limitations: 1) manual correction would be required in the vast majority of cases, as in-built
retinal layers segmentation software is insufficient in retinal pathologies and 2) both the
“elevated” (drusen) and the non-elevated RPE volume would be assessed as BM-RPE
complex. Furthermore, the RPE undergoes changes with ageing and other factors, which
might confound drusen volume association. (Ko et al., 2017).
The MACUSTAR study is a multicenter study aiming to generate clinical end-points in
iIAMD (iAMD). At this scope, MACUSTAR implements deep retinal imaging phenotyping
from different devices and software, providing an ideal framework for investigating imaging
markers in AMD.
Against this background:

e | present grading methods and prevalence of AMD in the first 5000 participants of

the Rhineland Study.
e | present preliminary results in the Rhineland Study on pachychoroid disease as a
main differential diagnosis of AMD in a population-based setting, and | present

some markers of pachychoroid disease observed in the Rhineland Study.
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e | present the distribution and comparability of drusen volume measurements
obtained from a recently developed algorithm running on Spectralis OCT against a
previously FDA-approved algorithm in the MACUSTAR cohort.

This work also serves as basis for implementation of automated drusen volume

assessment in the Rhineland Study, which is mentioned in this thesis” discussion.

2.2 Retinal markers of brain’s health and disease

Being the retina part of the CNS and a brain extension with shared vascularization, there
is great interest in studying retinal markers of brain’s health and disease. Retinal imaging
can offer a much higher resolution than brain imaging (for example a commercially
available OCT-Angiography can reach 6 um axially, while a state-of-the-art 7-Tesla
magnetic resonance (MRI) only reaches up to 0.2 mm), is faster and less costly. For
several decades CFP was the main imaging method available, thus imaging retinal
markers were mainly CFP-derived. This mainly fell in the cerebro-vascular domain, as
CFP-derived measures were arterioles and venules calibers or fractal dimension as well
as presence of individual vascular lesions, such as microaneurysms or exudates. With the
advent of OCT, direct three-dimensional retinal layers observation became possible. The
retina consists of ten layers, with different cellular composition and physiology; new
generation OCTs and their in-built segmentation algorithms also allow visualization,
segmentation and quantification of individual retinal layers volume, hence obtaining retinal
markers in a more granular fashion.

Many studies have reported OCT-derived retinal changes in patients with neurological
disorders, such as AD and MS, often compared against age- and sex-matched
controls.(Chan et al. 2018; Petzold et al. 2017) Previous research from population-based
studies observed that OCT-derived retinal layers are associated with brain volume
independently of age in the general population, and assessed their determinants as
prevalent risk factors in the general population, such as smoking and systolic blood
pressure.(Mauschitz et al. 2018; Mutlu et al. 2017). However, much remains unexplored,
as retinal markers are not established markers of brain diseases in real-world scenario.
One main limitation of current research is that we cannot distinguish between age-related
and brain disease-related changes in the retina, as current research has described

unspecific retinal layers atrophy and inner retinal neurodegeneration in association with
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both. Large population-based studies can help overcome this limitation by providing
normative data on both retinal and brain pathology in ageing, and investigate their
relationship. The Rhineland Study finds itself in an ideal position for this scope, integrating
state-of-the-art retinal and brain imaging in its examination battery.

In the last years, plasma neurofilament light chain (NfL) has emerged as a new sensitive
marker of neuroaxonal damage, reflecting age-related brain atrophy and exhibiting
increased levels in most neurological diseases(Mattsson et al. 2017; Khalil et al. 2020;
Fyfe 2019; Duering et al. 2018). Assessing the relationship between OCT-derived retinal
markers and plasma NfL in the general population is of great importance to understand
the value of retinal atrophy as a universal marker of neurodegeneration. In this thesis, |
discuss my study on the association and differential determinants of OCT-derived retinal
layers and neurofilament light chain (NfL).
Interestingly, due to the direct synaptic connection between retinal cells and structures
within the visual pathway of the brain, retinal atrophy can serve not just as a global brain
atrophy and neurodegeneration marker, but | hypothesized that it might also as an
indicator of specific integrity loss in the structures of the visual pathway. This phenomenon
might occur as a result of transneuronal neurodegeneration, whose evidence comes from
many brain and retinal imaging studies in numerous ocular diseases, including AMD,
amblyopia and glaucoma. (Noppeney et al. 2005; Lu et al. 2019; Prins, Hanekamp, and
Cornelissen 2016; Malania et al. 2017; Yoshimine et al. 2018)

A previous population-based study also performed an hypothesis-free association study
between retinal layers and brain voxels, observing a preferential association with occipital
lobe structures.(Mutlu et al. 2018). Interestingly, previous studies also observed an
association between inner retinal neurodegeneration and cognitive loss.(Ward et al. 2020)
Given that cognitive areas also receive large sensorial information from visual areas, it is
also possible that transneuronal neurodegeneration might extend beyond the visual
pathway and extend to downstream synaptic areas, such as the hippocampus, which is
important for cognition and often employed as a marker of AD, and also serves as an
important structure in visuospatial orientation, with some groups of neurons showing intact
retinotopic organization. (Lee, Yeung, and Barense 2012; Silson et al. 2021) For these
reasons | investigated the conjoint associations between visual impairment, retinal and

both global and local brain atrophy, including visual pathway and hippocampal lobe in the
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Rhineland Study. | also aimed to estimate the relative contribution of transneuronal
neurodegeneration versus common neuronal injury, to the previously observed

association between retinal and brain atrophy.

2.3 Thesis outline

The following chapters provide, after a general introduction on AMD, a summary of the
grading methods and prevalence of the AMD in the Rhineland Study, with a focus on
imaging methods and pachychoroid manifestations as an important differential diagnosis.
Afterwards, | introduce our study on automated drusen volume measurements in the
MACUSTAR Cohort. Later, | discuss our study on the association between retinal atrophy
and plasma NfL as a measure of neuroaxonal damage, and our study on the conjoint
assessment of visual impairment, retinal and both global and local brain atrophy.

In the discussion section, the importance of the work done in the context of AMD research
and its relevance to the Rhineland Study cohort are discussed, together with possible
research next steps and data collection. Lastly, | provide an outline of the relevance of
this work in the field of retinal markers of brain disease and hypothesize possible next

research steps in relation to future developments of the field.
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3. Age-related macular degeneration in the Rhineland Study cohort

3.1 Imaging protocol, grading methods and results

Macula-centered CFP are obtained in the Rhineland study following pharmacological pupil
dilation (Visucam 500, Carl Zeiss Meditec AG). AMD status was graded by two main
trained graders and three junior graders using the K-DRS software (University of
Regensburg, Regensburg, Germany). We categorized AMD based on the clinical
classification of AMD, also referred to as Beckmann classification. (Ferris et al. 2013) We
defined macular area inside an early treatment for diabetic retinopathy (ETDRS) grid.
(“Grading Diabetic Retinopathy from Stereoscopic Color Fundus Photographs—An
Extension of the Modified Airlie House Classification: ETDRS Report Number 10” 1991)
Additionally, other lesions were graded:

e Large load of small drusen (LLD) was defined as more than 20 small, hard drusen
in the macula (macular LLD) or in the periphery (peripheral LLD).

e Large drusen area (LDA) was defined as a total area of large drusen larger than a
650 um circle as described previously. (Misran and Islam 2014)

e Reticular pseudodrusen (RPD) were shown in multiple studies to increase the risk
of AMD progression, but multimodal imaging is needed for their assessment, as
they are poorly recognizable on CFP. (Rabiolo et al. 2017; Finger et al.
2016)Hence, images graded with any AMD were re-assessed with multimodal
imaging to assess for RPD, defined as infrared imaging and with OCT as drusenoid
deposits occurring in correspondence with or above the RPE.

We graded these lesions to address limitations of the Beckmann classification. In
particular, small drusen can occur in ageing or in younger individuals. However, it is
unknown whether many small, hard drusen as in LLD might precede the onset of early
AMD or increase the risk of AMD progression among individuals who also display features
of AMD. Previous studies have also shown that higher drusen burden is associated with
increased AMD risk and severity, hence we tried to capture this by, among individuals with
AMD, grading those with LDA. (Abdelfattah et al. 2016; Nassisi et al. 2019) We employed
multimodal imaging to adjudicate between disagreements, for which an expert grader
adjudicated. All AMD cases and doubtful cases graded by junior graders were also

reviewed with multimodal imaging by a main grader. Since RPD and LDA were only
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assessed by main graders and among already graded AMD cases, inter-rater kappa was
not determined. We reported kappa across raters for AMD-defining lesions, LLD and other

drusen in Table 3.1.

A kappa coefficient between 0.6-0.8 (highlighted in yellow in Table 2.1.1) and larger than
0.8 constitutes substantial and optimal agreement between raters, respectively. (D.G.
Altman 1991)In our study a high agreement was not reached for smaller and peripheral
drusen, indicating a higher variability in their assessment. Agreement for LLD was not
uniform across raters, ranging from 0.39 to 0.78; the value of 0 refers to a small cohort
with only one LLD case and should be thus far disregarded and re-assessed in a larger
sample. Our results are comparable with previous studies reporting inter-agreement.
(Mitchell et al. 1995; Klein, Klein, and Linton 2013)

In our study, both CFP and OCT with multimodal imaging (mainly infra-red and
autofluorescence) were employed, although multimodal imaging was only consulted as a
second-line method. Our method is somewhat novel for AMD grading in a population-
based study. While CFP is barely utilized for AMD assessment in ophthalmological clinics,
as it has been largely replaced by OCT and multimodal imaging (mainly, infrared and
autofluorescence), most epidemiological studies still employ CFP as the method of choice
for AMD grading, being the Beckmann classification based on it. (Ferris et al. 2013)

A previous study has provided formulas for translating drusen read-outs from Beckmann
classification onto OCT. (Kim et al. 2021)It should be pointed out that OCT provides for
retinal visualization in three- , rather than two-dimensions as in CFP, hence newer AMD
classifications taking into account multimodal imaging, integrating different imaging
methods, are needed. A recent study compared the grading of AMD with CFP vs.
multimodal imaging, showing marked differences in obtained AMD prevalence. (Hogg et
al. 2022)Interestingly, they also reported that an age-related effect was more marked in
OCT-, rather than CFP-based grading, attributed to over-grading of small drusen in CFP
at a younger age and an increase in lens opacifications masking real drusen at older age
(CFP being more subject to lens opacifications than OCT). Also in my observation, a
univocal correspondence between drusen-like lesions on CFP and OCT is not always
present, while on OCT deeper phenotyping is possible (for example, distinguishing

between complete and incomplete GA). Multimodal imaging also allowed to better
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differentiate between AMD and AMD-mimicking differentials such as pachychoroid,
discussed later.

In conclusion, we employed a combination of CFP and multimodal imaging (mainly
infrared, OCT and autofluorescence) for AMD grading in the Rhineland Study, although
CFP represented the first-line grading. The reached agreement between graders was at

least substantial (kappa > 0.6).

Table 3.1 Agreement between raters in a dataset of 7901 participants of the

Rhineland Study.

Rater DG — Rater MMM
Lesion Small Int. Large LLD PA, AMD- | Large peripheral | Int. peripheral Small peripheral
Drusen | Drusen Drusen related Drusen Drusen Drusen
Agreement 82.865 | 97.753 100 98.596 99.438 74.438 89.045 97.191
Kappa 0.642 0.859 1 0.776 0.83 0.5 0.502 0.601
Percentages, DG 0.587 0.081 0.037 0.025 0.017 0.031 0.098 0.379
Percentages MMM | 0.624 0.093 0.037 0.039 0.017 0.042 0.152 0.545
Rater DG — Rater JR
Lesion Small Int. Large LLD PA, AMD- | Large peripheral | Int. peripheral Small peripheral
Drusen | Drusen Drusen related Drusen Drusen Drusen
Agreement 79.918 | 96.311 99.044 98.634 99.18 71.585 90.574 98361
Kappa 0.599 0.663 0.795 0.66 0.663 0.454 0.466 0.592
Percentages, DG 0.546 0.048 0.02 0.018 0.008 0.02 0.108 0.602
Percentages, JR 0.485 0.068 0.027 0.023 0.016 0.02 0.087 0.4
Rater DG — Rater VM
Lesion Small Int. Large LLD PA, AMD- | Large peripheral | Int. peripheral Small peripheral
Drusen | Drusen Drusen related Drusen Drusen Drusen
Agreement 78 97 98 98 98.667 80 90.333 97
Kappa 0.563 0.836 0.802 0.39 0.744 0.599 0.559 0.511
Percentages, DG 0.537 0.093 0.047 0.013 0.02 0.033 0.137 0.493
Percentages.VM 0.45 0.11 0.06 0.02 0.033 0.03 0.113 0.367
Rater DG — Rater NF
Lesion Small Int. Large LLD PA, AMD- | Large peripheral | Int. peripheral Small peripheral
Drusen | Drusen Drusen related Drusen Drusen Drusen
Agreement 72.308 | 97.692 97.692 98.462 98.462 70 90.769 96.154
Kappa 0.446 0.812 0.758 0 0.743 0.395 0.63 0.266
Percentages, DG 0.562 0.054 0.062 0 0.023 0.023 0.154 0.646
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Percentages.NF 0.5 ‘ 0.077 ‘ 0.038 ‘ 0.015 ‘ 0.038 ‘ 0.031 0.138 0.515
Intra-rater DG

Lesion Small Int. Large LLD PA, AMD- | Large peripheral | Int. peripheral Small peripheral
Drusen Drusen Drusen related Drusen Drusen Drusen

Agreement 82.824 99.237 98.855 98.855 99.237 74.427 90.84 96.183

Kappa 0.641 0.937 0.763 0.764 0.746 0.484 0.563 0.48

Percentages, DG 0.58 0.069 0.027 0.019 0.015 0.038 0.095 0.351

Percentages. DG, | 0.637 0.061 0.023 0.031 0.015 0.038 0.141 0.485

intra-rater

Green indicates almost perfect agreements reached between raters (kappa > 0.8), yellow

indicates substantial agreement between raters (kappa between 0.61 and 0.80)

3.2 AMD prevalence and demographics

We assessed absolute and age-standardized prevalence of AMD in the Rhineland Study
population, as well as of the three aforementioned high-risk phenotypes (LDA, RPD, LLD).
For assessing the overall AMD status, we considered the worse eye, an approach typically
adopted in population-based studies. AMD is by definition an age-related disease.
However, AMD-related phenotypes, such as drusen or pigmentary abnormalities can also
occur in younger subjects. It is currently unknown whether these lesions share common
pathophysiological significance as in AMD. Interestingly, while drusen represent the
hallmark lesion of early stages of AMD, drusen and drusen-like lesions can also occur in
other maculopathies such as dystrophic maculopathies or pachychoroid spectrum disease
(in this case, named pachydrusen.(Khan et al. 2016) For this reason, the prevalence of
AMD-related phenotypes in individuals younger than 50 years old in the Rhineland Study
are also reported.

Among 7901 individuals with graded images, in 725 (9.2%) individuals no gradable data
was available in either eye. Of these, 264 individuals (3.3%) were excluded during grading
because of low quality of images, while for 461 subjects (5.8%) no images were available.
The main reasons for missing images were technical problems (n=166, 2.1%), lack of time
(n=73, 0.9%) and refused examination (n=44, 0,6%). In this dataset, in 254 individuals
only was eye was graded, as the other eye was discarded during grading due to low
quality. We excluded individuals younger than 50 years of age, leaving 4729 subjects with
complete data on AMD in at least one eye for data analysis. Characteristics of this study

population are presented in Table 3.2.
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Associations between increasing AMD stages, high-risk endophenotypes and dependent
variables were assessed with logistic regression. When assessing LDA, only individuals
with iIAMD were considered.

In the analytical population, in 3795 (80.2%) individuals no AMD was observed, while 498
(10.5%) were graded with eAMD, 401 (8.5%) with iAMD and 35 (0.7%) with late AMD.
Standardized AMD prevalence by age decade is shown in Image 3.1. Early AMD
prevalence rose from 6.7% in the 50-60 to 17.9% in the 80+ age group, similarly iAMD
rose from only 3.1% to 28.7% in the oldest, and late AMD from just one case (0.05%) in
the 50-60 decade to 5.7% in the 80+ age group. Similar trends were observed for largest
macular and peripheral drusen (Table 3.3).

RPD were graded in 93 (1.96%) of individuals; however, it must be noted that our initial
assessment was only based on CFP and images graded with AMD were re-assessed for
RPD. Hence, only 6 (0.1%) individuals were graded with RPD in the no AMD group (thus
in the absence of other signs of AMD) which might be an underestimate of the real
prevalence obtained if images were assessed on first-line with multimodal imaging, as
RPD might be poorly visible on CFP. Macular LLD were graded in 220 (4.6%) of
individuals; of which 104 were graded with no AMD and 116 were graded with AMD
(12.4% of all AMD cases). Prevalence data of LDA, RPD and LLD stratified by AMD stages
and age groups are showed in Table 3.4.

One increasing year of age was associated with higher odds of AMD (est. [95%CI], p =
1.091 [1.082 — 1.100] <0.0001, RPD 1.106 [1.076 — 1.140], <0.0001) and LDA among
individuals with AMD (est. [95%CI], p = 1.082 [1.051 — 1.116], <0.0001). LLD was
associated with increasing age but not independently of AMD (included as covariate). Sex
was not associated with AMD, nor with presence of RPD, LLD or LDA in our population
after age adjustment; however, male sex was associated with lower odds of larger
peripheral drusen (est. [95%CI], p = 0.505 [0.444 — 0.575], <0.0001). No and small drusen
were present in 694 (28.4%) and 1666 (68.3%) of individuals, while medium and large
drusen were present in 73 (2.99%) and 8 (0.33%) of individuals. Also in the age range 30-
50, increasing age was associated with higher odds of larger drusen presence (est.
[95%CI], p = 1.041 [1.025 — 1.057], <0.0001).

Several population-based studies have reported AMD prevalence, with estimates ranging
from 16.2% to 27.7% in two recent meta-analyses. (Colijn, et al., 2017; Li et al., 2020).
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Our results are generally in range with these previous results. Small disparities are
explained by factors intrinsic to the population, such as heterogeneity across age groups
and different grading methods and imaging devices utilized. No sex preference for AMD
is expected after adjustment for age (which accounts for a survival bias of women at older
age), which is in line with our results.

RPD were present in 93 (1.9%) of the population sample and 87 (9.3%) of individuals with
AMD, while LDA in 78 (8.3%) of individuals with intermediate or late AMD. A marked age-
effect was observed for both lesions, with their prevalence going from 0.2% to around 9%
from youngest to oldest age group. These two are markers of high AMD severity and
progression risk and their assessment is an important factor for risk stratification.
(Abdelfattah et al. 2016; Rabiolo et al. 2017)

Prevalence of AMD-related lesions in individuals younger than 50 have been also reported
by previous studies, with estimates to the ones provided in our analysis (Brandl et al.
2016; Silvestri et al. 2012)

Despite agreement for peripheral drusen being lower than for macular drusen in our
population, a similar sex effect has been observed in previous studies. It is currently
unknown whether larger peripheral drusen constitute a risk factor for the development of
AMD. In conclusion, in this dataset the prevalence of AMD in the Rhineland Study was

19.7% and ranged from 9.8% to 52.3% from youngest to oldest age group.



23

Table 3.2 Characteristics of the study population included for AMD prevalence data in
the Rhineland Study. Excluded individuals tended to be older and have higher SBP, but

no differences in smoking habits and BMI were observed.

Missing/excluded Analytical population p
participants
N 549 4729
Age (mean (SD)) 67.6131 (10.5026) 63.4070 (9.2597) <0.001
Sex =m (%) 227 (41.3) 2099 (44.4) 0.190
SBP (mean (SD)) 132.0382 (17.8567) 129.2991 (16.1424) <0.001
BMI (mean (SD)) 26.0113 (4.1507) 26.3667 (4.5836) 0.103
Smoking (%) 0.228
Current 45 (9.9) 547 (11.8)
Former 223 (49.0) 2091 (45.2)
Never 187 (41.1) 1984 (42.9)

N= number, m=male, SD= Standard Deviation, SBP= Systolic blood pressure
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Table 3.3, Age-standardized prevalence of largest drusen in the Rhineland

Study.
Largest macular drusen

No Small Medium Large
50-60 482 (23.7%) 1348 (66.4%) 146 (7.2%) 55 (2.7%)
60-70 329 (21.6%) 936 (61.3%) 170 (11.1%) 91 (5.96%)
70-80 187 (20.9%) 379 (42.4%) 167 (18.7%) 160 (17.9%)
80+ 48 (17.2%) 86 (30.8%) 60 (21.5%) 85 (30.5%)

Largest peripheral drusen

No Small Medium Large
50-60 517 (25.5%) 1123 (55.3%) 305 (15.0%) 86 (4.23%)
60-70 436 (28.6%) 646 (42.3%) 319 (20.9%) 125 (8.19%)
70-80 301 (33.7%) 244 (27.3%) 196 (21.9%) 152 (17.0%)
80+ 89 (31.9%) 57 (20.4%) 75 (26.9%) 58 (20.8%)
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Table 3.4, Age standardized prevalence of high-risk endophenotypes (RPD,

LDA, LLD).
LDA RPD LLD
Age group N (%) Age group N (%) Age group N (%)
50-60 4 (0.19) 50-60 4 (0.20) 50-60 88 (0.043)
60-70 14 (0.92) | 60-70 12 (0.79) | 60-70 60 (0.039)
70-80 35(3.92) |70-80 48 (5.4) 70-80 50 (0.056)
80+ 25 (8.96) | 80+ 29 (10.4) |80+ 22 (0.079)
AMD stage N (%) Age group N (%) AMD stage N (%)
Intermediate | 70 (17.46) | No 6 (0.16) No 164 (0.026)
Late 8 (22.86) | Early 23 (4.6) Early 65 (0.13)
Intermediate | 49 (12.2) Intermediate | 44 (0.11)
Late 15 (42.9) | Late 7 (0.2)

N= number, LDA= Large drusen area, RPD= Reticular pseudodrusen, LLD= Large load

of small drusen, AMD = Age-related macular degeneration
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Standardized AMD prevalence

AMD Status
B

B =

B ntermediate

Late

AMD Status

80+
Age Group

Image 3.1, Bar plot showing AMD-prevalence standardized per age decade. Percentages
indicate proportion of individuals with each AMD stage per age decade group.
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4. Pachychoroid spectrum lesions as a differential in age-related
macular degeneration grading

Manifestations of pachychoroid spectrum have been described since several years
as single entities, but their synoptic attribution to pachychoroid spectrum is a
somehow novel clinical entity that emerged in the last decade.(Cheung et al. 2019).
Pachychoroid spectrum disease comprises different subtypes:

1. Central serous chorioretinopathy (CCS)

2. Pachychoroid pigment epiteliopathy (PPE)

3. Focal choroidal excavation (FCE)

4. Peripapillary pachychoroid syndrome (PPS)

5. Pachychoroid neovasculopathy (PNV)
CCS is mainly characterized by subretinal exudation and presents typically in an
acute fashion as sudden visual changes or loss, and may completely resolve or recur
and become chronic, with subretinal fluid persisting over time which can predispose
to the development of neovascularization.(Berger, Blhler, and Yzer 2021) PPS is a
less commonly described clinical form characterized by similar changes near the
optic disc; while FCE is characterized by a foveolar excavation pointing towards the
choroid with  hyperreflective changes and is less described in
literature.(Phasukkijwatana et al., n.d.) PPE has been introduced in the last years as
fundus pigmentary changes associated with hyperreflectivity and pachydrusen at
OCT and has been described as a “forme fruste” of CCS, with similar but less
pronounced pathogenesis that does not lead to subretinal fluid.(Warrow, Hoang, and
Freund 2013) This is supported by the observation that pigmentary changes might
remain after acute CCS resolution.(Berger, Bluhler, and Yzer 2021; Warrow, Hoang,
and Freund 2013; Cheung et al. 2019) All of these lesions share a large choroid
and/or  dysfunctional  choriocapillaris,  constituting  the  retina-choroid
interface.(Cheung et al. 2019)
Pachychoroid lesions constituted a main differential diagnostic for AMD in the
Rhineland Study population. They may mimic an early- or intermediate-AMD
phenotype on fundus and/or on OCT, since they might also display drusen or drusen-

like lesions, in this case named pachydrusen, which represent the hallmark lesion of
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AMD, and pigmentary abnormalities.(Khan et al. 2016; Cheung et al. 2019)
However, different pathophysiology and disease course underlie pachychoroid
spectrum.(Cheung et al. 2019; Ramo et al. 2023; Yamashiro et al. 2020) Multimodal
imaging allows for their better distinction based on criteria such as sub-foveal or sub-
lesion choroid size on OCT or individual lesions feature (e.g. choroidal
hypertransmission in smaller drusen on OCT) or patients demographics (AMD rarely
happens at the age of 50, while pachychoroid spectrum lesions can occur in younger
individuals).(Yamashiro et al. 2020) Many population-based studies did not employ
multimodal imaging, hence it is safe to assume that AMD cohort might have included
eyes with diseases mimicking AMD, such as pachychoroid lesions or dystrophies.
Smoking, male sex, stress with related type A-personality and cortisol levels have
been implicated in pachychoroid spectrum manifestations; an association with
hyperopic refractive errors has been noted.(Cheung et al. 2019; Yamashiro et al.
2020)

Interestingly, recent studies hypothesized that protective genetic variants in genes
involved in complement regulation, such as CFH, might confer an elevated risk of
pachychoroid spectrum manifestations. (Ramo et al. 2023) In general, much is still
unknown of pachychoroid spectrum and no large epidemiological or population-
based studies have assessed its prevalence, determinants and associations. This is
largely due to these lesions possibly affecting vision only in a minority of cases and
to the recent emergence as a distinct, clinical entity. Furthermore, both end-stadium
of pachychoroid lesions and AMD can present as neovascular lesions, which are
mainly treated with anti-VEGF therapy irrespective of their etiology.(Pang and
Freund 2015) However, with the current advancement in imaging and -omics for
phenotypic delineation of these clinical entities, as well as with rapid development of
therapeutic options in medical retina, delineation and stratification of individual
phenotypes might aid better therapeutic options.(Schmitz-Valckenberg et al. 2022)
For these reasons, we assessed prevalence and association of graded pachychoroid
spectrum in the Rhineland Study.

For assessing CCS prevalence, 7170 individuals were included. The same
population was included for AMD Grading, but no age cut-offs were employed for

this analysis. Main criteria were lesions distribution (for example following gravity,
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previously termed gravitational tracks), thick sub-foveal or sub-lesional choroidal
vessels on SD-OCT and enhanced depth imaging, exudative sub-retinal lesions with
or without associated pachydrusen, choroidal hypertransmission, pigmentary
abnormalities on CFP. Drusen and pigmentary abnormalities were graded. Example
of cases primarily graded as CCS are shown in Image 7.1 and Image 7.2.
Associations between CCS and factors acting on a subject level (e.g., age or
genetics) were assessed by considering CCS as a binary variable in the worse eye
and modeled with multivariable logistic regression. Associations with ocular factors,
such as spherical equivalent, were assessed with logistic mixed-models with a
random effect for each eye to account for eye inter-correlation.

In total, 206 individuals (2.9%) were graded as displaying pachychoroid spectrum
features in either eye. Among these, 52 (25.2%) showed features of pachychoroid
spectrum in both eyes and 150 (72.8%) only in one eye. Pigmentary abnormalities
were detected In 86 individuals (41.74%), while small, medium and drusen were
observed in 124 (60.2%), 13 (6.3%) and 6 (2.9%) of individuals, respectively. Focal
excavation and peripapillary pachychoroidal lesion were observed in only 4 (1.9%)

and 2 (1%) of individuals, respectively.

Individuals graded with pachychoroid spectrum tended to be more often males (OR
[95% CI] for male sex: 3.078 [2.021 - 4.80], p<0.0001) and younger (0.974 [0.951 -
0.996], p=0.03). Trends of pachychoroid spectrum disease for best-corrected visual
acuity (VA) are shown in Table 7.1. 383 (93%) of eyes graded with pachychoroid
disease had a VA of 20/25 or higher, while VA was 0.4 or lower only in four eyes
(1.2%). Among eyes with low VA, two were graded with active CCS and two with
PPE and small, hard drusen. Individuals graded with pachychoroid spectrum disease
tended to show more often hyperopic refractive errors (after age and sex adjustment,
OR [95% CI] for SE: 1.081 [1.03 - 1.13], p<0.0005).

Interestingly, a diagnosis of CCS was associated with lower GRS and complement
subscore for AMD (OR [95% CI] = 0.81 [0.65 — 0.98] and 0.81 [ 0.65 — 0.99],
respectively).

In this population, pachychoroid spectrum had a prevalence of 2.9%. | observed that

pachychoroid spectrum constitutes an important differential of AMD, as they might
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display similar lesions (namely, pigmentary changes and pachydrusen) and that
multimodal imaging might be a key element for differentiating them. | observed that
isolated PPE or pachydrusen were the most common pachychoroid phenotypes,
with only a minority of individuals showing active exudative or excavation lesions.
The associations with male sex and with hyperopic refractive errors have been
reported previously. Interestingly, most individuals had a high visual acuity,
suggesting that most of these lesions might go undetected throughout life and/or be
misdiagnosed for early AMD or normal age-related changes. We also observed that
pachychoroid spectrum lesions were more common at younger age. It is possible
that at a younger age, pachychoroid spectrum lesion might have a higher incidence
and that most of them might eventually resolve with time, with only a minority of
individuals eventually developing chronic forms. In this regard, it must be noted that
given our population-based sample, invasive tests like indocyanine green
angiography could not be employed as in a clinical setting. This implies that that
individuals with more severe pachychoroid lesions possibly occurring at older age
with longer disease course, such as pachychoroid neovasculopathy, might have
been more often misclassified as neovascular AMD.

The observations that pachychoroid lesions had a negative association with a GRS
and complement subscore for AMD, strengthens and confirms the notion that the
two diseases might have opposite genetic background. Interestingly, this has been
recently theorized by some authors for CFH variants, while we observed this for a
while complement subscore and GRS for AMD. (Yamashiro et al. 2020) A main
strength of this analysis is standardized data collection and the large population-
based setting attributing novelty of our findings, as so far studies on pachychoroid
spectrum disease were limited to clinical settings. A main limitation of our study is
the somehow qualitative definition of pachychoroid spectrum, which was not
supported by quantitative criteria such as choroidal thickness.

In conclusion, | reported a prevalence of 2.8% pachychoroid spectrum disease in a
population-based setting. One-fourth of individuals showed bilateral lesions;
pigmentary abnormalities and pachydrusen larger than 63 um were observed in

approximately 41% and 9% of individuals respectively. Pachychoroid spectrum
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disease was associated with higher spherical equivalent, younger age, male sex and

lower genetic risk for AMD. More research on pachychoroid spectrum is needed.

Table 4.1, Distribution of eyes with pachychoroid disease per level of visual acuity

N (percentage)
0.32 1 (0.242%)
0.4 2 (0.485%)
0.5 2 (0.485%)
0.63 24 (5.825%)
0.8 54 (13.106%)
1 60 (14.563%)
1.25 269 (65.291%)
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Case A, CFP OD Case A, CFP OS

Case A, FAF OD

Case B, CFP OD Case B, CFP OS

.

Case B, OCT OD PN -£-‘ Case A, OCT OD

Image 4.1, Focal choroidal excavation in pachychoroid spectrum mimicking AMD.
In Case A (81 yo, male), on CFP numerous, hard, closely packed small drusen like
structures seen and an ovoid soft drusen-like lesion (black arrow) are observed;
hyperreflective dot-like lesions are observed on FAF, while in OCT a focal choroidal
excavation with choroidal hypertransmission corresponds to the lesion observed on CFP.
In Case B (41 yo male), in the right eye large soft drusen-like lesions with hyperpigmentary
changes are noted, which correspond to a focal foveal choroidal excavation with choroidal
hypertransmission on OCT and hyperreflectivity on infrared. A large choroid for age is
observed in both cases.



35

Case C, CFP OS

Case D, CFP OS

Case E, CFP OS

Image 4.2, AMD-mimicking phenotypes in pachychoroid spectrum
In case C (43 yo, Male), diffuse hyperpigmentation (blue arrow) and pachydrusen (orange

arrow) are noted on CFP, while on OCT pachydrusen and a central serous elevation with
large choroid is noted, consistent with a diagnosis of central serous chorioretinopathy.
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In case D (40 yo, Male), drusenoid lesions are noted on CFP, corresponding in OCT to
subretinal drusenoid lesions with choroidal hypertransmission on OCT and a large
choroid; however, a serous hyporeflective lesions with corresponding hyperreflective
photoreceptors is noted (dashed blue arrow).

In case E (70 yo, Female), on CFP drusenoid lesions are noted in the nasal superior
macular and peripapillary area corresponding to pachydrusen on OCT; a large choroid
and peripapillary subretinal pachydrusen with lesions gravitational tracks on FAF (dashed
orange arrow) suggest a diagnosis of peripapillary pachychoroid syndrome.
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Comparability of automated
drusen volume measurements

in age-related macular
degeneration: a MACUSTAR study
report
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Marlene SaBmannshausen?, Steffen Schmitz-Valckenberg*, Maximilian Pfau?,
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Drusen are hallmarks of early and intermediate age-related macular degeneration (AMD) but their
quantification remains a challenge. We compared automated drusen volume measurements between
different OCT devices. We included 380 eyes from 200 individuals with bilateral intermediate (iAMD,
n=126), early (¢tAMD, n=25) or no AMD (n =49) from the MACUSTAR study. We assessed OCT scans
from Cirrus (200 x 200 macular cube, 6 x 6 mm; Zeiss Meditec, CA) and Spectralis (20°x 20°, 25 B-scans;
30°x25°, 241 B-scans; Heidelberg Engineering, Germany) devices. Sensitivity and specificity for
drusen detection and differences between modalities were assessed with intra-class correlation
coefficients (ICCs) and mean difference in a 5 mm diameter fovea-centered circle. Specificity was >90%
in the three modalities. In eAMD, we observed highest sensitivity in the denser Spectralis scan (68.1).
The two different Spectralis modalities showed a significantly higher agreement in quantifying drusen
volume in iAMD (ICC 0.993 [0.991-0.994]) than the dense Spectralis with Cirrus scan (ICC 0.807 [0.757-
0.847]). Formulae for drusen volume conversion in iAMD between the two devices are provided.
Automated drusen volume measures are not interchangeable between devices and softwares and
need to be interpreted with the used imaging devices and software in mind. Accounting for systematic
difference between methods increases comparability and conversion formulae are provided. Less
dense scans did not affect drusen volume measurements in iAMD but decreased sensitivity for medium
drusen in eAMD.

Trial registration: ClinicalTrials.gov NCT03349801. Registered on 22 November 2017.

Age-related macular degeneration (AMD) continues to be a major cause of visual impairment and in order
to better predict the risk of disease progression and outcomes, better phenotyping and thus AMD staging is
needed'?. The Beckmann classification is widely adopted for AMD staging; it is based on maximal drusen
diameter cut-offs measured on color fundus photography (CFP), with measurements between 63 and 125 um
defining early AMD (eAMD) and larger than 125 pm defining intermediate AMD (1IAMD)’. Using solely two-
dimensional CFP for AMD disease staging is somewhat outdated; semi-quantitative assessment of multi-modal
imaging has become a more common approach for retinal experts in day to day clinical routine. In particular,
optical coherence tomography (OCT) lends itself to biomarker quantification, i.e. the calculation of drusen load
using three-dimensional information for the quantification of drusen volume®*. Previous studies observed an
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Berlin, Germany. *A list of authors and their affiliations appears at the end of the paper. “’email: robert.finger@
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association between larger drusen volumes and an increased risk of AMD progression™®, while drusen volume
regression can precede conversion to late AMD lesions’. Drusen volume might be also more precisely measurable
and repeatable than drusen area™®, thus making it a promising biomarker and structural endpoint in AMD. OCT
also allows for accurate assessment of reticular pseudodrusen (RPD), which are not included in the Beckmann
classification but have emerged as an important biomarker of AMD severity and progression risk’.

Automated algorithms for drusen volume quantification are available including a software for the high defi-
nition-OCT Cirrus (Carl Zeiss Meditec, Dublin, CA), achieving approval by the Food and Drug Administration
(FDA) in 2012%.

Several studies in the last decade have compared drusen measurements obtained from this software against
manual quantification of drusen or similar readouts on different imaging modalities (mainly CFP-based), often
showing that measurements across different imaging methods and devices yield different results and are not
directly interchangeable'®!!. One previous work compared drusen volume measurements from two different
devices, with similar findings'>. However, drusen volumes obtained from the FDA-cleared algorithms on Cir-
rus have not been compared with those from the Spectralis SD (spectral domain)-OCT device (Heidelberg
Engineering, Heidelberg, Germany).

Another study found that drusen volume measurements obtained from 145 B- and 15 B-scans in iAMD are
similar'®. Nevertheless, different scan patterns on the same device have not been compared as to their sensitivity
and specificity for drusen detection in eAMD and iAMD.

In order to better understand how the use of different devices, softwares and scan patterns might affect
drusen volume measurements, we compared all these factors in persons with no AMD, eAMD and iAMD. We
included automated drusen volume measures from the FDA-approved software in Cirrus and from two scans
(a denser volume scan, 241 B-scans and a less dense volume scan, 25 B-scans) in Spectralis, assessed through a
newly developed software, in the MACUSTAR study cohort.

Methods
We assessed an initial dataset of 258 subjects from the cross-sectional part of MACUSTAR, a multi-center clinical
cohort study focused on early stages of AMD!!°,

In brief, the major objective of the MACUSTAR consortium is to develop novel clinically validated end-
points in the area of functional, structural, and patient-reported outcome measures in patients with iAMD'*,
AMD staging (no, early, intermediate and late) for all subjects is reading center-confirmed using multimodal
imaging'*"®. Since drusen assessment was the main focus of this analysis, individuals with late AMD were not
included in the study population.

Inclusion criteria, design and goals of MACUSTAR have been previously described'*'.

For 10 patients, no imaging data could be retrieved for data analysis due to data management issues. Seven
individuals were excluded because of a time gap between Cirrus and Spectralis examinations (>6 weeks). Two
individuals were excluded because of low-quality scans in both eyes (internal Cirrus quality parameter <6 or
internal Spectralis quality parameter <20 dB). Incomplete date (at least one scan lacking in both eyes) lead to
the exclusion of 39 participants. In the analytical population, 20 eyes were excluded due to either a missing scan
in one of the three modalities (N =8), low scan quality (N=5 Cirrus, N=3 Spectralis) or artifacts in drusen
segmentation (N =1 for Cirrus, N=3 for Spectralis), leaving 380 eyes from 200 individuals (no AMD, n=49
(22.3%), eAMD, n=25 (13.1%), iAMD, n =126 (64.6%)) with high-quality, complete data.

This study has been conducted according to the provisions of the Declaration of Helsinki and was approved
by local licensing ethic committees of participating countries, including University Hospital Bonn ethics com-
mittee (384/17), as listed previously'®. All participants provided informed consent.

Imaging. Participants underwent pupil dilation with tropicamide 0.5% and phenylephrine 2.5% after which
multimodal imaging according to standard operational procedures was performed'®. The Spectralis imaging
protocol included a 20°x20° (25 B-scans, approximate distance between scans 240 um, 4 frames per B-scan)
and a 30°x25° macular volume scan (241 B-scans, approximate distance between scans 30 pm, 9 frames per
B-scan)'®. The SD-OCT Cirrus imaging protocol included a 200 x 200 macular cube (200 B-scans) covering an
area of 6 x 6 mm.

Image grading. Details on the MACUSTAR Image grading have been described previously'>!°.

In brief, MACUSTAR participants are recruited at 20 clinical sites from seven European countries. Imaging
data are graded at the central reading center (GRADE Reading Center, Bonn, Germany) by one junior reader
followed by one senior reader grading review according to standardized and predefined grading procedures.
For AMD status grading, the dense SD-OCT raster scan was used as the reference imaging modality. The B-scan
with the largest possible drusen was preselected and its measurement was used to assess the maximum drusen
size, which allowed for classification into small (<63 pm), medium (> 63 pm and <125 um) and large (> 125 pm)
drusen. RPD were defined as hyperreflective irregularities and elevations above the RPE/BM complex on OCT
that had to display corresponding lesions on either infrared imaging or fundus autofluorescence. Prerequisite
for grading was a minimum of five individual lesions, each of a diameter of approximately 100 pm.

Drusen segmentation and quantification. Drusen volume measurements on Cirrus were derived from
an established and FDA-approved software, whose measures are repeatable and reproducible*>!”!5,

In brief, in the Cirrus algorithm the observed and expected contours of the RPE layer are obtained by interpo-
lating and fitting the shape of the segmented RPE layer, respectively. The areas located between the interpolated
and fitted RPE shapes (which have nonzero area when drusen occurs) are marked as drusen®'”.
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Drusen quantification on Spectralis is based on OCT layer predictions. BM and RPE layer heights are pre-
dicted with a state-of-the-art deep learning model for order-constrained layer regression (predicting layer heights
while guaranteeing their correct anatomical order). For the drusen computation, a healthy RPE height is derived
from BM and RPE predictions under the assumption that it has a fixed distance to the BM which varies only based
on individual physiology and image resolution. The drusen height, required for filtering small false positives,
is determined based on connected components in a drusen enface projection. The algorithm on Spectralis was
built as an extension of a previously published tool for drusen volume segmentation and is freely available!*->!.
Interestingly, the algorithm on Cirrus and the one on Spectralis adopt a similar method: drusen are computed
as the area between the predicted and the computed healthy RPE. In both algorithms, small false positive RPE
elevations less than 5 pixels (19.5 um) high are filtered out***2!.

To ensure full automation of measurements, neither drusen nor retinal layers segmentation was manually
corrected. However, we performed post-hoc quality assurance in both scans and enface projection of drusen
segmentation in both devices, ensuring that all scans were fully centered and drusen segmentation maps were
plausible. Both algorithms report drusen volume measures both inside a fovea-centered 3- and a 5-mm diameter
circle; we only investigated values from the 5-mm circle as they reflect the grid used for Beckmann AMD grad-
ing. Pixel-microns conversion was based on the respective formula provided by the Heidelberg Eye Explorer
and Cirrus Zeiss software. A previous study showed high comparability between their axial and lateral retinal
measurements?.

Statistical analyses. We assessed inter-device and inter-scan differences with intra-class correlation coef-
ficients (ICCs), root mean squared error (RMSE), and mean difference.

Differences between devices were assessed with Wilcoxon paired signed rank test; increases across AMD
stages were assessed with the Jonckheere-Terpstra test for ordered variables.

Sensitivity, specificity and area under the curve (AUC) of both algorithms in the population sample were
tested with a receiver operating characteristic (ROC) analysis. We tested accuracy of drusen volume measure-
ments in discriminating eyes with any e- and iAMD, as well as subsets with only i- and eAMD, vs controls. We
selected drusen volume measurement thresholds maximizing the optimality criterion expressed by the formula
below?

min((l — sensitivities)2 + (1 — speciﬁcities)z).

To assess the relative magnitude of the mean difference in each AMD group, we standardized it by dividing
it by the mean average value of the two devices, respectively. We only calculated ICC in the iAMD group due to
low variability of drusen volume in no and eAMD, leading to poorly interpretable ICC*.

Current algorithms are trained for segmenting the BM-RPE complex; since RPDs are located between the
RPE and ellipsoid zone, algorithms may be less consistent in RPD detection and segmentation. For this reason,
we stratified ICC by excluding individuals with reticular pseudodrusen (RPD) in iAMD to assess its effect on
measures comparability. We reported both consistency and agreement using two-way ICC. In brief, ICC type con-
sistency compares two measures without adding a penalty for a systematic error (x=y +e), contrarily to ICC type
agreement(x =y), hence their conjoint assessment is highly informative of measurements’ interchangeability*.
We visualized differences between measurements from different algorithms and modalities with Bland-Altman
plots*. Conversion formulae were obtained with Deming regression on the dense Spectralis scan. To assess their
accuracy, we randomly split the dataset into approximately 80% of observations for training and 20% for testing
and assessed prediction accuracy with mean error and RMSE between converted and observed values. We com-
pared results in the whole iAMD dataset against an optimal iAMD subset based on the Bland-Altman analysis

While continuous drusen volume measures might provide more detailed phenotyping, differences among
quantitative measures might be less relevant when considering quantitative cut-offs (e.g., one indicating high risk
to progression). Hence, we assessed comparability across modalities in iAMD against a binary cut-off indicat-
ing higher progression risk, previously shown at 0.03 mm? in Cirrus®. The cut-off was 0.083 mm? in Spectralis
and was derived by converting the value of 0.03 mm?® with the conversion formula obtained in this paper. All
statistical analyses were performed in R (base version 3.4).

Results
Individuals with AMD were significantly older and had worse VA than individuals without AMD (Table 1). Of
the 58 eyes with RPD, 54 (93.1%) had iAMD and 4 (6.9%) had eAMD (Table 1).

Sensitivity and specificity. In the dense Spectralis scan, we observed at the selected threshold a specific-
ity of 93.7% and a sensitivity of 91.9% (68.1% for eAMD and 94.7% for iAMD). In the 25 B-scans modality, we
observed a higher specificity (97.9%) but a lower sensitivity of 87.0% (36.2% in eAMD and 97.1% in iAMD).
When assessing measurements obtained from the algorithm on Cirrus, we observed a specificity of 91.6%. Sensi-
tivity was lower than for both Spectralis scan patterns (14.9% in eAMD, 87.0% in iAMD and 75.1% in the whole
sample). ROC curves with AUC of each algorithm for drusen volume assessment and respective thresholds are
reported in Supplementary Fig. 1.

Drusen volume measurements. The denser Spectralis scan yielded on average larger drusen volumes
(mean (SD)=0.082 (0.139)), followed by the less dense Spectralis scan (mean (SD)=0.0787 (0.135)) and Cirrus
(mean (SD)=0.0398 (0.0857)) (Table 2). We report summary statistics for drusen volume measurements strati-
fied by AMD status in Table 2. All drusen volume measurements showed right-skewed distributions. Differ-
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Missing/excluded Analytical population' (N =200) Among incl./excl. | Among AMD groups
participants No AMD eAMD iAMD P P

N (%) 48 49 (22.3) 25(13.1) | 126(64.6)

Ageinyears | 70.5 (6.9) 68.1 (6.3) 72.0 (6.4) 71.3 (7.5) 0.92 0.021

Sex=m (%) | 16(33.3) 19 (38.8) 6 (24.0) 47 (37.3) 0.403 0.143

BCVA 83.4(6.13) 86.23 (5.09) | 83.20 (5.63) |81.88(6.75) | <0.001 <0.001

Table 1. Characteristics of the study population. SD standard deviation, IQR interquartile range, AMD
age-related macular degeneration, eAMD early AMD, iAMD intermediate AMD, BCVA best-corrected visual
acuity. 'For 180 individuals, both eyes were included; for 20 individuals only one eye was included.

Drusen volume in 5 mm circle (mm?)

Spectralis, 241 B-scans

Mean (SD) Median (IQR) | 10-90%" Range %=0?*
No AMD 0.0002 (0.001) 0(0) 0-0.00041 0-0.0143 90.5
Early AMD 0.0014 (0.004) 0.0003 (0.008) | 0-0.0025 0-0.0188 31.9
iAMD 0.131 (0.158) 0.074 (0.147) 0.035-0.297 0-0.891 0.8
Ret. drusen 0.114 (0.127) 0.068 (0.107) 0.0148-0.255 | 0-0.672 1.7

Spectralis, 25 B-scans

Mean (SD) Median (IQR) | 10-90%" Range %=0?%
No AMD 0.00002 (0.0001) | 0(0) 0-0 0-0.00125 | 97.9
Early AMD 0.00102 (0.0027) | 0 (0.0007) 0-0.002 0-0.016 63.8
Int. AMD 0.126 (0.154) 0.069 (0.149) 0.002-0.296 0-0.789 29
Ret. drusen 0.104 (0.128) 0.056 (0.0972) 0.0119-0.249 | 0-0.688 1.7

Cirrus

Mean (SD) Median (IQR) | 10-90%" Range %=0?%
No AMD 0.00081 (0.0033) | 0(0) 0-0.0053 0-0.021 91.6
Early AMD | 0.00094 (0.0033) | 0(0) 0-0.001 0-0.016 | 85.1
Int. AMD 0.063 (0.101) 0.022 (0.0702) | 0-0.175 0-0.611 13.0
Ret. drusen 0.040 (0.0632) 0.015(0.0417) | 0.0007-0.094 | 0-0.287 10.3

Table 2. Summary statistics for different drusen volume measurements. SD standard deviation, IQR
interquartile range, AMD age-related macular degeneration, eAMD early AMD, iAMD intermediate AMD,
SBP systolic blood pressure, BCVA best-corrected visual acuity. '10-90% indicates 10 and 90% distribution
quantiles. 2% =0 indicates percentage of values with undetected drusen (equal to 0).

ences between drusen volume measurements across all modalities and algorithms were statistically significant
(Wilcoxon paired signed rank test p <0.0001). Drusen volume increased from the no AMD group to early and
intermediate AMD in all modalities (Jonckheere-Terpstra test <0.0001). In all three modalities, mean drusen
volume in individuals with RPD (n=58, of which 54 with iAMD) was slightly lower than in individuals with
iAMD without RPD. In Fig. 1 we show a comparison of drusen volume segmentation on the Cirrus (Fig. la,c,e)
and dense Spectralis scan (Fig. 1B,D) by the respective algorithms.

Agreement and differences between drusen volume measurements. The mean systematic differ-
ence between the dense Spectralis scan and Cirrus was 0.0679 mm? in iAMD and corresponded to 70% of the
mean average value (Table 3).

When comparing drusen volumes between the two algorithms in iAMD, ICC type consistency was higher
and more stable than type agreement (ICC [95% CI] 0.713 [0.294-0.859] vs 0.807 [0.757-0.847]), indicating that
a systematic error partially accounts for differences in the iAMD group (Table 3). ICC increased when excluding
individuals with RPD (n =184, type consistency ICC [95% CI]0.831 [0.781-0.871], type agreement ICC [95%
CI]0.752 [0.367-0.879]). When considering only individuals with RPD, the ICC was lower (type consistency
ICC [95% CI] 0.645 [0.466-0.774]) and the mean difference (RMSE) were higher than for other subgroups
(0.0737 and 0.1116 mm?, respectively). The CI of the ICC in individuals with and without RPD did not overlap,
indicating a statistically significant difference between the two groups.

Applying the aforementioned high-risk threshold, agreement (kappa) between the dense Spectralis scan and
Cirrus was 89.5 (78.9) (Table 3).

Drusen volume measurements of the two Spectralis scans had very high agreement (ICC agreement >0.99)
and the mean difference was 0.0055, corresponding to only 4% of the mean average value.
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A

Figure 1. Comparison of Drusen segmentation of the same eye with iAMD, assessed with Cirrus ((A) enface
projection, (C) foveolar B-scan) and Spectralis OCT ((B) enface projection, (D) foveolar B-scan), showing
similar identification. (E) (Cirrus) and (F) (Spectralis) showing failure to detect (white arrows) or adequately
segment (orange arrows) RPE elevations by automated segmentation algorithms in a corresponding macular
B-scan.

In the inter-device comparison of the Bland-Altman plot, we observed, both in e- and iAMD, larger drusen
detection on the dense Spectralis scan (in iAMD, n=223 (93.6%) eyes, the difference between the two modalities
was positive) and larger drusen volume measurement on Spectralis at larger average drusen volume measurement
on the two devices (Fig. 2a,b). In iAMD, we observed a linear trend between drusen volume measurements in
cirrus and the dense Spectralis scan for most data points. At the lower end of drusen volume a small number
of participants (n=13) had larger values on Cirrus and at the upper end, we observed a flattening of the linear
trend with an increasingly broader confidence interval, indicating lower comparability. (Fig. 2b). In the inter-scan
comparison, we observed smaller drusen measurement on the dense Spectralis scan and a random measurement
error between the two modalities (random scatter around the x-axis) (Fig. 2¢,d).

Formulae for algorithms conversion. We identified an optimal dataset with a linear trend between the
two measurements consisting of 194 eyes for inter-device drusen volume measurements conversion based on
Fig. 2b, i.e. we excluded eyes with measurement obtained from the Cirrus algorithm higher than Spectralis
(N=13) and mean values larger than 0.2 mm?, corresponding to a flatter trend with large confidence interval
(N'=31). When predicting drusen volume from Cirrus to the dense Spectralis scan in the test dataset, the mean
error (RMSE) decreased in the whole iAMD dataset from—0.0113 (0.0640) mm? to 0.0074 (0.0313) mm? in
the optimal dataset. When predicting drusen volume from the dense Spectralis scan to Cirrus, the mean error
(RMSE) amounted to 0.0173 (0.0458) mm? in the whole iAMD dataset and —0.0003 (0.0168) mm? in the optimal
dataset.
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Subgroup Intermediate AMD

ICC Agreem.
Measure ICC Cons. [95%CI] [95%CI] Mean diff. (std.)>* RMSE?
I“‘er’de.Y‘CC, 0.807 [0.757-0.847) 0.713 [0.294-0.859] 0.0679 (0.70) 0.107
comparison
Inter-scan 0.993 [0.991-0.995) 0.993 [0.991-0.995] 0.0055 (0.04) 0.0188
comparison
Subgroup No AMD Early AMD Whole population

Agreement4

Measure Mean diff.° (std.) > | RMSE® | Mean diff.° (std.)> | RMSE® | Mean diff. (std.) > | RMSE® | (kappa)
Inter-device ~0.0006 (1.22) | 0.0037 | 0.0005 (0.41) 0.0051 | 0.0424 (0.69) 0.084 89.5 (78.9)
comparison
Inter-scan 0.0001 (1.57) 0.0014 | 0.0004 (0.32) 0.0018 | 0.0055 (0.04) 0.0149 | 96.2 (92.4)
comparison

Table 3. Measures of agreement, in the whole population and stratified by AMD stage, across different
drusen measurements. ICC intra-class correlation coefficient, Cons. consistency type, Agreem. agreement type,
RMSE root mean squared error, Spec. spectralis, AMD age-related macular degeneration, std. standardized,
diff. difference. !Inter-device comparison refers to the 241 B-scans Spectralis modality and Cirrus. 2Inter-

scan comparison refers to the 241 and 25 B-scans modalities in Spectralis. *The standardized mean value
corresponds to mean difference divided the mean average value of the twodevices, respectively. * Assessed
against a binary cut-off indicating high progression risk. *Measured in mm?®.

Data from the two algorithms can be converted in optimal iAMD cases with following formulas: Drusen
volume from cirrus algorithm = (drusen volume from Spectralis algorithm) x 0.473 —0.0091 mm?; Drusen volume
from Spectralis = (Drusen volume from Cirrus algorithm) x 2.112+0.0193 mm?>.

Discussion

We present a study systematically comparing drusen volume measurements obtained from two different algo-
rithms on two different SD-OCT devices (Cirrus, Spectralis) and from two modalities at different B-scan density
from the same device (Spectralis), as well as evaluating their classification accuracy in no AMD, eAMD and
iAMD individuals.

The algorithm using Spectralis images showed a higher sensitivity in both the e- and iAMD groups than the
Cirrus algorithm, while specificity was similar. In iAMD, after accounting for a systematic difference, compara-
bility between the two algorithms was good (ICC consistency type >0.75) and more stable (CI width decreased
by 84%). The mean difference in iAMD was 0.0679 mm?®. The conversion formulae that were provided could be
used to collate and compare data from the two algorithms and devices. The formulae were derived in an optimal
iAMD dataset; hence they might be less accurate at average drusen volume measurement larger than 0.2 mm?
and in case of higher quantification from the Cirrus algorithm.

Comparability between drusen volume measurements from the two devices was lower in individuals
with RPD. This might be due to factors both intrinsic to imaging and performance of algorithms for drusen
segmentation®. In particular, RPD and soft drusen have a different relationship with respect to the RPE, hence
current algorithms often fail to accurately segment RPD.

Furthermore, we observed a good agreement between the two devices against a high-risk cut-off in drusen
volume in iAMD. This indicates a substantial agreement in detecting individuals at high-risk, which might prove
useful in clinical settings to efficiently triage patients®.

To the best of our knowledge, a comparison between drusen volume measurements from two different algo-
rithms on Spectralis and Cirrus SD-OCT has not been performed. However, previous studies have observed a
systematic difference when investigating other biomarkers (such as retinal thickness or the BM-RPE complex
derived with built-in softwares) across the two devices'>2%2728,

Any such differences may be due to differences in image acquisition, resolution and scaling®>*"*, device
specific softwares (e.g. computational methods, minimal elevation of the RPE necessary to identify drusen) or
chosen scan modality (number of A- and B-scans). In our study, the number of significant decimal figures of
the two algorithms is different, which might in part account for observed sensitivity differences.

Interestingly, a previous study found comparable retinal thickness measurements from Cirrus and Spectralis
utilizing a third-party segmentation algorithm?.

Similarly, another study found that differences in drusen volume measurements between two SD-OCT devices
decreased when measuring drusen volume with the same third-party software, as compared to measuring drusen
volume with in-built algorithms on each device'?. These findings suggest that differences in software might be
more relevant than in hardware; however our study design did not account for dissecting intrinsic image differ-
ences against software differences in drusen segmentation.

When assessing drusen segmentation between the dense, 241 B-scans and the less dense, 25-B-scans modali-
ties in Spectralis, we observed almost complete agreement between the two scan patterns in iAMD. Similar
findings were observed in a recent study, comparing manually delineated drusen volume with Spectralis in an
iAMD cohort between 145 B-scans and 15 B-scans modalities'. Our results extend these previous findings, with
the observation that a less dense grid might suffice for drusen volume quantification in iAMD but has lower
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Inter-device comparison
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Figure 2. Bland-Altman plot showing differences stratified per AMD stage between the two algorithms
(A,B) and the two scans (C,D), respectively. A Least Absolute Shrinkage and Selection Operator (LASSO)
regression line was added in (B) to highlight a linear inter-device trend at lower drusen volume measurements
and flattening of the curve with increasingly broader confidence intervals at higher values, indicating lower
comparability. AMD age-related macular degeneration, diff. difference.
sensitivity in eAMD. This difference is explained by the observation that interpolation of large drusen between
the scans might account for a smaller number of B-scans, but medium drusen (between 63 and 125 um) might
occur between B-scans and be more easily missed in less dense scan. In this context, part of the lower sensitivity
in Cirrus for eAMD might also be explained by less densely placed B-scans compared to the Spectralis scan (200
vs 241 B-scans, respectively). More studies are needed investigating drusen detection at intermediate B-scan
densities, to derive an optimal number of B-scans optimizing examination velocity and detection of smaller
biomarkers (such as medium-sized drusen or hyperreflective foci).

Strengths of our study include the well phenotyped sample of participants with no, early and iAMD, the
implementation of standardized image acquisition protocols, training of study site personnel, use of a central
reading center and implementation of automated image analysis softwares. Limitations include the relatively
small sample size, lack of an external validation of our findings and lack of data on repeatability and reproduc-
ibility of the Spectralis software while such studies exist for Cirrus®!”. However, the high agreement we observed
between the two Spectralis scans might be indicative of good reproducibility of its findings.

In conclusion, drusen volume measurements obtained from the two devices and algorithms are not directly
interchangeable. In iAMD, accounting for a systematic error largely increased their comparability, possibly
allowing for data integration from the two modalities. Presence of RPD further complicated drusen detection
and quantification. Comparability between a 25- and 241 B-scans modality was high, but dense scan patterns are
required in eAMD. Further research is required to better characterize optimal scan patterns and image analysis
softwares for best possible drusen detection and quantification.

Data availability
Data are not publicly available. However, the datasets used in the present study can be made available from the
MACUSTAR consortium upon reasonable request at dataaccess@macustar.eu.
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Both retinal atrophy measured through optical coherence tomography and
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tion, but their relationship is unknown. Therefore, we assessed their determi-
nants and association in 4369 participants of a population-based study. Both
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Introduction

Both plasma neurofilament light chain (NfL) levels and
retinal layers’ measures assessed through optical coher-
ence tomography (OCT) have emerged as sensitive
markers of neurodegeneration.”” NfL is a blood-based
biomarker, released in the circulation upon neuroaxonal
damage, whereas the retina is an extension of the brain
susceptible to similar injuries. Both markers change with
advancing age, likely reflecting age-related neuronal
loss,”® and are considered sensitive but unspecific mark-
ers in several neurological diseases.”” In the general
population, baseline blood NfL levels were recently
shown to predict future cognitive decline and brain
atrophy.” Measures of inner retinal layers, the main
location of retinal neurons, including the ganglion cell
layer (GCL) and inner plexiform layer (IPL), are associ-
ated with brain volume.”® Although a recent study
investigated the association between plasma NfL levels
and retinal measures in a cohort of multiple sclerosis
patients,” normative population-based data regarding
this relationship are still lacking. Therefore, using a

inner retinal atrophy and outer retinal thickening. Our findings indicate that
inner retinal atrophy can reflect neuroaxonal damage as mirrored by rising
plasma NfL levels.

population-based design, we aimed to: First, compare
the determinants of plasma NfL levels and volume of
GCL, the retinal layer most closely reflecting brain vol-
ume®; and second, examine the association between dif-
ferent retinal layers’ measures and NfL levels, and assess
whether their relation is modified by risk factors for
neurodegeneration.

Methods

Study population

We analyzed baseline data from the first 5000 participants
of the Rhineland Study, a population-based cohort study
in Bonn, Germany.* Only the right eye was included per
participant. We excluded participants with missing or
low-quality NfL (N = 397) and/or right eye OCT data
(N = 200). Furthermore, we excluded values larger than 3
standard deviations from both the mean of log-
transformed NfL levels (N = 27) and retinal volume
(N = 28), leaving a sample of 4369 subjects for data
analysis.

564 © 2022 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.
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Refraction and retinal layers

We assessed retinal layers using Spectralis spectral
domain-OCT (Heidelberg Engineering, Heidelberg, Ger-
many). Our workflow and OCT segmentation algorithm
have been detailed before.* In brief, volumes of six macu-
lar layers, total retinal volume, and peripapillary retinal
nerve fiber layer (pRNFL) thickness were computed using
the inbuilt segmentation algorithm of the Heidelberg Eye

Explorer (HEYEX).

Neurofilament light chain

Blood samples were collected in Vacutainer EDTA tubes
and centrifuged at 2000 g for 10 minutes at room
temperature and plasma samples were aliquoted and
stored at —80 °C. NfL levels were assessed using the
Simoa® NF-light Kit (103186) in a HD-1 Analyzer
(Quanterix, Billerica, USA), following manufacturer’s
instructions. '

Other covariates

Blood volume was calculated with Nadler’s formula.!!
Glomerular filtration rate (GFR) was estimated based on
the CKD-EPI formula.'?

Statistical analysis

Data are summarized as mean £ standard deviation
(SD) or counts with proportions, for continuous and
categorical variables, respectively. We adjusted NfL levels
for batch and lot using a generalized mixed-effects model
and used the log-transformed residuals in subsequent
analyses. First, we assessed the effects of age, age-
squared, sex, GFR, smoking status, blood volume, sys-
tolic blood pressure (SBP), history of ocular diseases and
neurological disorders on both GCL volume and plasma
NfL levels. Then, we investigated the relationship
between retinal measures (independent variables), and
plasma NfL levels (outcome) using three different mod-
els: Model 1 was based on univariate regression esti-
mates, Model 2 was adjusted for GFR, blood volume,
spherical equivalent, ocular diseases and sex, Model 3
was additionally adjusted for age and age-squared. Lastly,
we assessed effect modification through the inclusion of
an interaction term in the fully adjusted models. All sta-
tistical analyses were performed in R (base version
1.4.1106) and p-values <0.05 were considered statistically
significant after false discovery rate adjustment for multi-
ple comparisons."
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Results

Demographics

The mean (SD) age of the study population was
55.1 years (£13.8, range: 30.2-94.1) and 2450 partici-
pants (56%) were female. The mean (SD) GFR, SBP,
and blood volume were 90.8 (18.7), 126.1 (15.9) and
4.7 (0.9), respectively; 531 (12.1%) participants were
current smokers. The mean retinal volume was
8.6 mm’ (0.4) and the median NfL value was 7.65 pg/
ml (interquartile range: 5.6-11.0). Participants with
missing data were significantly older, showed thinner
retinas and higher NfL levels. A history of ocular disor-
ders was reported in 99 participants (glaucoma
(N =091) and diabetic retinopathy (N = 8)). Intermedi-
ate age-related macular degeneration (IAMD) graded on
fundoscopy was observed in 135 individuals, while no
individuals with late AMD were included in the study
population. Neurological disorders were reported by
113 participants (stroke (N = 67), dementia (N = 5),
multiple sclerosis (N = 23), and Parkinson’s disease
(N =18)).

Determinants of plasma NfL and retinal
volume

We found that advancing age was the strongest determi-
nant of both measures (1 SD increase in age was associ-
ated with 0.57 SD increase in plasma NfL levels (95%
CI = [0.54-0.60], p-value = <0.0001) and 0.36 SD
decrease in GCL volume (95% CI = [—0.40 to —0.32], p-
value = <0.0001) (Figure 1). Plasma NfL increased by
3.0%/year and levels in the eldest group were 3.8 times
higher compared to those in the youngest group (Fig-
ure 1A), while mean GCL volume decreased by 0.30%
per year and showed a decline of 13.9% from the young-
est to the eldest decade (Figure 1B). The highest relative
change per decade for both biomarkers occurred in the
seventh decade: Plasma NfL increased by 35.2% and GCL
volume decreased by 3.74%. A history of neurological dis-
orders was significantly associated with both biomarkers
(Figure 1C). GFR and blood volume were important
determinants of NfL (std. effect size [95% CI] for
GFR = —0.216 [-0.244 to —0.189], for blood vol-
ume = —0.283 [—0.315 to —0.252]), while SBP had a
quadratic relationship with plasma NfL but a linear one
with GCL volume. No effect of smoking was noted. His-
tory of ocular diseases and refraction with a lower spheri-
cal equivalent associated with thinner GCL
(Figure 1C).

were
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Figure 1. Differential age-effects and determinants of plasma NfL levels and GCL volume. Advancing age was associated with an exponential
increase in plasma NfL levels (A), and an exponential decrease in GCL volume (B). Standardized estimates derived from a multivariable regression
model, assessing the independent effect of each specified determinant, showed both similarities and differences between determinants of plasma
NfL levels and GCL (C). Abbreviations: GFR, glomerular filtration rate; SBP, systolic blood pressure; BMI, body-mass index; GCL, ganglion cell layer
volume; NfL, neurofilament light chain. * g < 0.05, ** g < 0.001, *** g < 0.0001.

The relation between plasma NfL and
retinal measures

All inner neuronal retinal layers (including GCL and IPL)
and total retinal volume were negatively associated with
plasma NfL levels in the univariate and partially adjusted
models; however, the direction of these associations
reversed after adjustment for age (Table 1). In contrast,
retinal pigmented epithelium volume (RPE) remained
positively associated with NfL levels even after age adjust-
ment (Table 1).

Modifiers of the relation between plasma
NfL levels and retinal volume

Effect modification was assessed for those retinal mea-
sures with the highest neuronal density (i.e., GCL and
IPL) plus RPE, for which also a robust association with
plasma NfL levels was observed (Table 1). The association
between GCL and plasma NfL was strongest in the oldest

566

age tertile (Figure 2A), but an interaction between GCL
and age was not significant in the fully adjusted model.
In active smokers and in participants with a history of
neurological disorders, GCL thinning was associated with
higher NfL (Table 1, Figure 2B,C). Results
remained similar when utilizing IPL volume (Table 1).

The exclusion of individuals with intermediate age-
related macular degeneration (iAMD) did not change the
statistical significance of any of our findings (data not
shown).

levels

Discussion

We present the first large-scale population-based study
assessing the comparative determinants and association of
plasma NfL levels with OCT-based retinal measures. Age,
a history of neurological disorders and smoking largely
accounted for the relationship between OCT-based retinal
layer measures and plasma NfL levels. This indicates that
brain atrophy could underlie their association. Indeed,

© 2022 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.
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Table 1. Association between total retinal volume and individual retinal layers with plasma NfL.

Method Model 1, unadjusted® Model 2, partially adjusted” Model 3, fully adjusted" Interaction terms
Predictor Std. Beta (95% Cl) Age Neurological disorders Smoking Systolic blood pressure
RPE 0.027 (—0.003 0.049*** (0.026 0.028* (0.008 0.006 (—0.013 —0.010 (-0.028 0.026 (—0.033 0.016 (—0.003
to 0.057) to 0.071) to 0.047) to 0.024) to 0.008) to 0.086) to 0.035)
IPL —0.259%** (—0.288 —0.079%*** (—0.102 0.024* (0.003 0.006 (-0.013 —0.017* (-0.033 —0.078* (—0.138 —0.008 (—0.027
to —0.231) to —0.056) to 0.044) to 0.026) to —0.000) to —0.018) to 0.011)
GCL —0.297*** (-0.326 —0.098%** (—0.122 0.024* (0.002 0.005 (—0.015 —0.020* (-0.036 —0.078* (—0.138 —0.011 (-0.030
to —0.269) to —0.074) to 0.045) to 0.025) to —0.003) to —0.017) to 0.008)
PRNFL —0.166*** (—0.196 —0.044%* (-0.067 0.019 (-0.001
to —0.137) to —0.021) to 0.039)
TRET —0.211%** (—0.240 —0.056*** (—0.079 0.021 (0.001
to —0.182) to —0.033) to 0.041)
ONL —0.116*** (—0.146 —0.044** (—0.067 0.007 (-0.013
to —0.087) to —0.021) to 0.027)
OPL 0.026 (—0.004 0.015 (—0.008 —0.003 (-0.023
to 0.056) to 0.037) to 0.016)
INL —0.171*** (—-0.200 —0.071%*%* (—0.094 —0.003 (-0.023
to —0.142) to —0.048) to 0.018)

Abbreviations: GCL, ganglion cell layer volume; INL, inner nuclear layer volume; IPL, inner plexiform layer volume; ONL, outer nuclear layer volume; OPL, outer plexiform layer volume; pRNFL,
peripapillary retinal nerve fiber layer thickness; RPE, retinal pigmented epithelium volume; TRET, total retinal volume.

*q < 0.05

**q < 0.001

**kq < 0.0001 after multiple comparison correction.

"Model 1: unadjusted univariate regression analysis, Model 2: adjusted for GFR, blood volume, spherical equivalent, ocular diseases, sex, Model 3: additional adjustment for age and age-
squared. In Model 3, we also checked for multi-collinearity by examining the variance inflation factors, which did not indicate any relevant degree of collinearity; all variance inflation factors
were <<5: GCL = 1.26; sex = 2.6; SE_OD = 1.1; ocular diseases = 1.0; GFR = 2.1; blood volume = 2.6; age = 2.4; Age squared = 1.1.
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Figure 2. Modifiers of the relation between retinal measures and plasma NfL levels. The unadjusted association between GCL and plasma NfL
largely depended on age (A). After accounting for all potential confounders, the relation between GCL volume and NfL levels was strongly
dependent on the presence of (risk factors for) neurodegeneration, including smoking (B) and a history of neurological disorders (C).

Abbreviations: SBP, systolic blood pressure; GCL, ganglion cell layer volume; NfL, neurofilament light chain.

previous imaging studies found that age-related brain
atrophy starts in early adulthood, proceeds gradually
throughout life and accelerates in old age. In line with
these findings, we observed a similar age trend in both
plasma NfL levels and GCL volume.'*

Furthermore, we observed a non-linear, U-shaped,
association between SBP and NfL levels, suggesting that
both hypo- and hypertension may lead to neuronal
injury,"” as well as a linear association between SBP and
GCL. Hypertension is an established risk factor for small-
vessel disease and brain atrophy,'® further supporting the
idea of brain atrophy underlying the association between
plasma NfL and retinal neurodegeneration.

The RPE showed a positive association with NfL levels
independent of age. This epithelial layer is a component
of the blood-retinal barrier (BRB) and undergoes thick-
ening, rather than thinning, during aging.'” Given the
structural and functional similarities between the BRB
and the blood-brain barrier (BBB),'® this finding might
be explained by RPE volume reflecting BBB integrity
rather than brain size.

The effects of GFR and blood volume on plasma NfL,
reflecting its clearance and dilution rates, respectively,
were also reported in two separate previous studies.'®*
Our findings extend these findings by showing that their
effects are mutually independent, which should be consid-
ered in future studies utilizing plasma NfL levels.

Correcting for age reversed the direction of associa-
tion between GCL volume and NfL levels. To under-
stand this phenomenon, one should distinguish between
brain atrophy (brain volume change observed between

two measurements) and brain size (cross-sectional brain
volume). We observed that in individuals with risk fac-
tors for brain atrophy, retinal neurodegeneration reflects
rising plasma NfL levels. However, in individuals with
the same rate of neuronal loss, once these risk factors
are accounted for, a larger absolute brain size might lead
to higher baseline NfL levels due to a larger amount of
neuronal tissue available. Hence, both increasing brain
atrophy and brain size may lead to higher NfL levels.
Given that age is by far the strongest risk factor for
neurodegeneration in the general population, adjusting
for it largely removes the effect of brain atrophy, and
amounts to comparing the association between NfL
levels and GCL volume as a proxy for brain size.>”®
Supporting this notion are findings from a previous
study showing a trend for a positive association between
plasma NfL levels and brain volume in 99 individuals,
although these findings need further confirmation in a
larger population-based cohort.’

The strengths of our study include a large population-
based sample, inclusion of measures of all retinal layers,
and assessment and consideration of all known relevant
confounders in our statistical analyses. Limitations
include self-reported history of medical conditions and
lack of longitudinal data.

In conclusion, in the presence of risk factors for neu-
ronal injury, plasma NfL levels are associated with inner
retinal neurodegeneration and outer retinal thickening.
Our study supports the integration of OCT-based retinal
measures as both clinical and research tools for tracking

central neurodegeneration.

568 © 2022 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.
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Abstract

Visual impairment and retinal neurodegeneration are intrinsically connected and both
have been associated with cognitive impairment and brain atrophy, but the underly-
ing mechanisms remain unclear. To investigate whether transneuronal degeneration
is implicated, we systematically assessed the relation between visual function and
retinal, visual pathway, hippocampal and brain degeneration. We analyzed baseline
data from 3316 eligible Rhineland Study participants with visual acuity (VA), optical
coherence tomography (OCT), and magnetic resonance imaging (MRI) data available.
Regional volumes, cortical volume, and fractional anisotropy (FA) were derived from
T1-weighted and diffusion-weighted 3 T MRI scans. Statistical analyses were per-
formed using multivariable linear regression and structural equation modeling. VA
and ganglion cell layer (GCL) thinning were both associated with global brain atrophy
(SD effect size [95% CI] —0.090 [-0.118 to —0.062] and 0.066 [0.053-0.080],
respectively), and hippocampal atrophy (—0.029 [-0.055 to —0.003] and 0.114
[0.087-0.141], respectively). The effect of VA on whole brain and hippocampal vol-
ume was partly mediated by retinal neurodegeneration. Similarly, the effect of retinal
neurodegeneration on brain and hippocampal atrophy was mediated through inter-
mediate visual tracts, accounting for 5.2%-23.9% of the effect. Visual impairment
and retinal neurodegeneration were robustly associated with worse brain atrophy,
FA, and hippocampal atrophy, partly mediated through disintegration of intermediate
visual tracts. Our findings support the use of OCT-derived retinal measures as
markers of neurodegeneration, and indicate that both general and transneuronal neu-
rodegeneration along the visual pathway, partly reflecting visual impairment, account

for the association between retinal neurodegeneration and brain atrophy.
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brain, modeling, neurodegeneration, retina, structural equation, visual impairment
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1 | OBIJECTIVES
The retina is the first relay of the visual pathway, responsible for con-
verting light signals into axon potentials. Retinal pathology has consis-
tently been associated with degeneration of various components of
the visual pathway, including the primary visual area (V1), the optic
radiation, and the lateral geniculate nucleus (Boucard et al., 2009;
Hernowo et al., 2011, 2014; Malania et al., 2017; Mutlu et al., 2018;
Prins et al., 2016). This could be due to transneuronal degeneration,
since these structures are components of the geniculostriate pathway:
axons of the retinal ganglion cells (GCL) bundle together in the retinal
nerve fiber layer (RNFL), and subsequently synapse at the level of the
lateral geniculate nucleus, conveying visual information to V1 through
the optic radiation. From V1, visual information is then carried for-
ward through the ventral (parietal) and dorsal (temporal) streams for
further integration and multimodal processing (Mishkin et al., 1983).
In particular, retinal thinning in the inner neuronal layers (including
GCL, the inner plexiform layer [IPL], and RNFL), which can be assessed
noninvasively with spectral domain—optical coherence tomography
(SD-OCT), is attributed to neurodegeneration and likely reflects neu-
ronal damage accrued with age and other pathologies (Garzone et al.,
2022; Mauschitz et al., 2018; Pfeiffer et al., 2020). Indeed, retinal neu-
rodegeneration has been associated with both global and regional
brain atrophy, as well as cognitive impairment (Hernowo et al., 2011,
2014; Ward et al., 2020; Mutlu et al., 2017).

Retinal neurodegeneration is intrinsically linked to visual function.
For example, in glaucoma inner retinal neurodegeneration is the key
event leading to visual loss, but an association between retinal neuro-
degeneration and visual loss is also seen in other retinal pathologies
without primary inner retinal involvement. (Abdolrahimzadeh et al.,
2019; Chiang et al., 2020; Li et al., 2021; Pillay et al., 2018; van Dijk
et al, 2011) Decreased visual stimulation might also induce retinal
degeneration through reduced levels of neurotrophic factors (Fleitas
et al,, 2020). Interestingly, visual impairment has also been associated
with a higher risk of cognitive impairment (Chen et al., 2017; Shang
et al.,, 2021, Ward et al., 2020), which is not surprising given that up
to half of the total cortical surface area is devoted to the processing
of visual information (Zilles & Amunts, 2012). Recently, it was shown
that retinal neurodegeneration is preferentially associated with
changes in the visual pathway, including the occipital lobe gray matter
(Mutlu et al., 2018), and the medial temporal lobe structures, including
the hippocampus (Kravitz et al., 2011). Indeed, temporal lobe struc-
tures are crucial for higher order visuospatial integration of down-
stream signals originating from the occipital lobe visual areas (Silson
et al., 2020; Zilles & Amunts, 2012). Visual impairment and retinal
pathology have also been associated with altered connectivity
between visual and other brain areas (Sanda et al., 2018; Sabbah et
al., 2017; Mendola et al., 2018; Huang et al., 2016; Collignon et al.,
2013). However, to the best of our knowledge, systematic studies
assessing the conjoint relations among visual impairment, retinal layer
measures, major brain regions of the central visual system and
involved in cognition and neurodegeneration, such as whole brain and

hippocampal volume, in the general population are still lacking.

Accumulating evidence indicates that multisensory stimulation
may enhance brain plasticity, and ward off neurodegeneration (Yang
et al., 2021). In particular, visual stimulation has been demonstrated to
decrease Alzheimer disease-associated pathology and improve cogni-
tion in various mouse models (laccarino et al., 2016; Martorell et al.,
2019). Nevertheless, the major underlying neuroanatomical pathways
through which visual stimulation or impairment could affect brain
structure and connectivity in humans remain elusive. Elucidating the
pathways underlying the association between visual impairment, reti-
nal neurodegeneration, and brain atrophy in the general population is
of paramount importance for the development of more effective, tar-
geted preventive and therapeutic paradigms against age-associated
neurodegeneration and cognitive decline. Therefore, using a
population-based approach, in this study, we aimed to systematically
assess (1) the interrelations among visual impairment, retinal degener-
ation, and regional and general brain atrophy, and (2) whether trans-

neuronal degeneration along the visual pathway could be implicated.

2 | MATERIALS AND METHODS

21 | Study design and population

We analyzed baseline data from the first 5000 participants of the
Rhineland Study, a community-based prospective cohort study includ-
ing inhabitants older than 30 years from two distinct regions in the
city of Bonn, Germany (Mauschitz et al., 2019). We excluded partici-
pants with self-reported neurological disorders (including stroke N =
78, dementia N = 5, and multiple sclerosis N = 25) and participants
with insufficient SD-OCT image quality (internal quality parameter
<20 dB, N = 23; Figure 1). When assessing the relationship between
ipsilateral (right eye) retinal volume and best-corrected visual acuity
(VA), 4687 participants were included (Table 2). The Rhineland study
has been conducted according to the provisions of the Declaration of
Helsinki, approved by the local ethic committee and all participants
provided written informed consent.

2.2 | Magnetic resonance imaging image
acquisition

Magnetic resonance imaging (MRI) scans were acquired on 3 T Siemens
MAGNETOM Prisma MRI scanners (Siemens Healthcare, Erlangen,
Germany) equipped with 64-channel head-neck coils at two examination
sites in Bonn. The imaging protocol included a 3D T1-weighted multie-
cho magnetization-prepared rapid gradient-echo sequence with 2D
acceleration and elliptical sampling (acquisition time [TA] = 6.5 min;
Brenner et al., 2014; 4 echo times between 1.7 and 6.5 ms, repetition
time = 2560 ms, inversion time = 1100 ms, flip angle = 7°, field of view
= 256 x 256 mm?, 224 slices, 0.8 mm isotropic resolution). Simulta-
neous multislice diffusion-weighted MRI (dMRI) was performed with a
spin-echo echoplanar imaging sequence applying threefold slice accelera-
tion (Setsompop et al., 2012). A compressed sensing diffusion spectrum
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First 5000 participants of the Rhineland study

Excluded participants with Stroke
(n = 78), Dementia (n = 5), MS

n =2 participants
withdrew informed

(n =25) and low OCT data quality
(n=23)

Missing volumetric MRI
data (n = 1438)
Missing OCT data (n = 174)
Missing VA (n = 16)

3316 participants
with complete
OCT, VA and MRI
volumetric data

Missing diffusion
MRI data (n = 116)

3200 participants with complete
OCT, VA, volumetric and MRI
diffusion data

FIGURE 1

consent

Missing OCT data (n = 174)
Missing OD VA data (n = 19)

4687 participants
with complete
ipsilateral OCT

and VA data

Flow chart of the study population. The most common reasons for missing volumetric brain magnetic resonance imaging (MRI)

data were contraindications for MRI (n = 789, 52.8%), followed by refusal of brain imaging (n = 556, 37.2%), failed postprocessing (n = 5), and
unknown reasons (n = 64). Further missings in diffusion MRI are due to postprocessing failure and drop-out of the diffusion part of the MRI
examination. The most common reasons for missing spectral domain (SD)-optical coherence tomography (OCT) data were exclusion during quality
assurance (n = 75, 43.1%), followed by technical issues (n = 72, 41.4%), and low participant compliance (n = 10, 5.7%). VA, visual acuity.

imaging protocol was used to collect dMRI scans at 1.5 mm isotropic
spatial resolution (Harms et al., 2017; Lohner et al., 2022). The MRI pro-
tocol also included 3D sequences to acquire T2-weighted and FLAIR
images (Lohner et al., 2022).

2.3 | MRIlimage processing

All T1-weighted images were processed using FreeSurfer version 6.0
(http://surfer.nmr.mgh.harvard.edu/) to derive quantitative volumetric
measures (Fischl, 2012; Fischl et al., 2002). We used the estimated
total intracranial volume generated by FreeSurfer as a proxy for head
size (Buckner et al., 2004). Processing steps for diffusion MRl included
the correction of susceptibility-induced and eddy current-induced dis-
tortions and head motion using FSL version 6.0 (www.fmrib.ox.ac.uk/
fsl), compressed sensing reconstruction and subsequent estimation of
fractional anisotropy (FA) from the diffusion tensor model through
voxel-wise model fitting using the Microstructure Diffusion Toolbox
framework (Andersson et al., 2003; Basser et al., 1994; Harms et al.,
2017; Tobisch et al., 2018, 2019). A whole brain white matter mask

was obtained from the T1-weighted MRI data using the standard
FreeSurfer processing pipeline, corrected for white matter hyperinten-
sities determined based on T1-weighted, T2-weighted, and FLAIR
images, and further refined through FA skeletonization. Using the
Julich histological atlas, white matter tract-specific and gray matter
average FA values were derived for the optic radiation and the lateral
geniculate nucleus, respectively (Figure 2; Burgel et al., 2006).

2.4 | Brainregions of interest

We included brain areas known to be involved in visuosensory and
cognitive processing. As measures of visual pathway integrity, we
assessed the FA of the lateral geniculate nucleus, the optic radiation
and the occipital lobe. As cortical areas involved in ventral stream
higher order visual processing, we selected the inferior temporal, fusi-
form, and parahippocampal cortex (Aminoff et al., 2013; Zilles &
Amunts, 2012). We also included the volume of the hippocampus,
because of its importance as a cognitive biomarker (Jack et al., 1998),

as well as total brain volume as a measure of brain atrophy.


http://surfer.nmr.mgh.harvard.edu/
http://www.fmrib.ox.ac.uk/fsl
http://www.fmrib.ox.ac.uk/fsl
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FIGURE 2 Axial view of brain regions for the lateral geniculate
nucleus, optic radiation, pericalcarine cortex, and visual association
areas obtained from diffusion magnetic resonance imaging and T1
FreeSurfer processing, and overlaid onto a T1-weighted scan. HC,
hippocampus; LGN, lateral geniculate nucleus; OCC, occipital lobe;
OR, optic radiation.

2.5 | SD-OCT image acquisition and processing

We assessed retinal layers using Spectralis SD-OCT (Heidelberg Engi-
neering, Heidelberg, Germany) as described previously (Mauschitz
et al., 2019). In brief, the SD-OCT imaging protocol includes a macular
volume scan (97 horizontal B-scans, 20 automatic real-time [ART]
frames per B-scan, 20° x 20° field) and two circular OCT scans
around the optic nerve head (3.5 mm diameter circular scan with
100 ART frames and 24 radial scans with 25 ART frames each). Vol-
umes of six macular layers (RNFL, GCL, IPL, inner nuclear layer (INL),
outer plexiform layer (OPL), outer nuclear layer (ONL), and retinal pig-
ment epithelium (RPE)), total retinal volume, and peripapillary RNFL
(PRNFL) thickness were computed using the inbuilt segmentation
algorithm of the Heidelberg Eye Explorer (HEYEX). For each layer, we
utilized total volume in mm? except for the pRNFL, which is computed
as average thickness in um. Corneal curvature of individuals was
entered before scan acquisition to adjust for corneal refraction.

2.6 | Visual acuity and spherical equivalent

Refraction and VA were measured with an automated refractometer
(Ark-1s; Nidek Co., Tokyo, Japan). Values <0.1 were manually
assessed with a Snellen chart. Qualitative measurements of low-range
VA (n = 44) were imputed as follows: perception of hand movements,
finger counting, and light/nulla lux was set to 0.005, 0.014, and 0.001,

respectively (Schulze-Bonsel et al., 2006). Spherical equivalent was
calculated as the spherical value and half of the cylindrical value. We
utilized VA from the right eye when assessing the relationship with
ipsilateral retinal measures (Table 2), and the average of the two eyes
when assessing the relationship with brain measures, since each eye
sends information to both ipsilateral and contralateral brain hemi-
spheres. If VA was missing in one eye, we utilized VA from the contra-
lateral eye. We utilized retinal measures from the right eye since it is
the first examined eye in our imaging protocol, and therefore contains
fewer missing values for retinal measurements.

2.7 | Statistical analysis

Descriptive statistics are presented as means and standard deviation
for continuous variables and as frequency and percentages for cate-
gorical variables. VA is presented as the logarithm of the minimum
angle of resolution (LogMar scale), with higher values indicating worse
vision. All brain imaging measures were averaged between the two
hemispheres. The variable “Higher-order visual areas” was a compos-
ite average of Z-scores of selected brain areas (i.e., inferior, middle
temporal, and fusiform gyrus). We used multivariable linear regression
models to investigate which retinal layer had the strongest association
with VA and total brain volume. Similarly, we used multivariable linear
regression to assess the associations between VA, GCL volume and
optic radiation, lateral geniculate nucleus, occipital lobe, higher order
visual association areas, hippocampal, and total brain volume.

In all models, VA was included as an independent variable; retinal
measures were included as dependent variables when regressed on
VA, and as independent variables when assessing their effect on brain
structure. Statistical significance was inferred at a two-tailed, false dis-
covery rate-corrected q < 0.05.

Structural equation modelling was used for mediation analysis. To
investigate whether retinal neurodegeneration mediates the effect of
VA on brain atrophy and hippocampal volume, we included GCL vol-
ume as a mediator. To assess whether the effect of retinal neurode-
generation on brain atrophy and hippocampal volume is mediated by
transneuronal degeneration along the visual pathway, we included FA
measures of visual pathway (lateral geniculate nucleus, optic radiation)
and occipital lobe volume as potential mediators. For structural equa-
tion modeling, we standardized continuous variables using Z-scores to
allow for estimate comparison. The 95% confidence intervals (Cls) of
all the mediation analyses estimates were based on nonparametric
bias-corrected bootstrapping with 1000 resamplings.

We adjusted all models, both in the regression analysis and in the
structural equation modeling, for age, sex, systolic blood pressure, and
spherical equivalent as a proxy of axial length when including retinal
measures, and intracranial volume when considering brain volumetric
measures (Mauschitz et al., 2019). We additionally adjusted the
regression models for known cerebrovascular risk factors (including
smoking status, diabetes mellitus, cholesterol levels, and body mass
index) to ensure that the associations were independent of these
cerebrovascular risk factors (Model 2 in Figure 3). Optic radiation FA
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was further adjusted for global brain FA, to assess the effect of visual
pathway degeneration independently from whole brain pathology.

2.8 | Sensitivity analyses
We assessed the robustness of our findings by excluding individuals
with extreme values of VA, GCL, spherical equivalent, and self-
reported age-related macular degeneration (AMD; n = 69) and glau-
coma (n = 65). We also tested the robustness of our mediation analy-
sis results by including models with “control” areas in the frontal lobe
not in direct synaptic contact with visual pathway structures.

Al statistical analyses were performed in R (base version 3.4), using
the “lavaan” package for structural equation modeling (Rosseel, 2012).

3 | RESULTS

3.1 | Participant characteristics
An overview of the characteristics of the study participants is pre-
sented in Table 1.

Participants with missing data were significantly more often male,
older, and had worse average vision and higher blood pressure. The
majority of participants 2884 (91.4%), had good VA (—0.1-0.1), while
it was reduced or poor in 270 participants (8.6%). Among 158 (4.8%)
individuals with VA >0.2 (<0.63 on Snellen scale): 34 (21.5%) had been
graded with early stages of AMD and 3 (1.9%) with late AMD. In total,
11 (7%) reported a diagnosis of glaucoma, 2 (1.3%) reported a history
of uveitis, 12 subjects (7.6%) were graded with clinically significant
lens opacities and 8 (5%) with epiretinal gliosis. In 2 individuals, retinal
vascular disease and signs of myopic degeneration were graded,

respectively.
TABLE 1 Characteristics of the study population.
Analytical population
N 3316
Sex (male)a 1386 (41.8)

Age (mean * SD) (range)

Average VA from both eyes (mean + SD) —-0.01+£0.14

High (-0.1-0.1)* 2884 (87.0)

Middle (0.11-0.4) 382 (11.5)

Low (>0.41)° 50(1.5)

SBP (mean + SD) (range) 125.9 + 15.80

GCL volume (mean + SD) mm?® 1.07 +0.10

TRET volume (mean + SD) mm?® 8.65 0.41

OR FA (mean * SD) 0.63 £ 0.02

TB volume (mean + SD) mm? 1,109,230 (117,960)

54.49 + 13.5 (30.2-95.4)

3.2 | Association between VA, retinal layer
measures, and total brain volume

All retinal layer measures were significantly associated with both VA and
total brain volume, except the INL and the RPE, which were only associ-
ated with total brain volume. Standardized effect sizes, allowing for com-
parison of the strength of the associations between different retinal
layers, are reported in Table 2. One-unit worse VA was associated with a
0.06 mm? thinner GCL [95% Cl —0.08 to —0.04], while a 0.1 mm®
decrease in GCL was associated with a 7524 mm?® decrease in total brain
volume [95% ClI 6013-9035]. Among all inner retinal layer measures, VA
had the largest effect on GCL, which in turn was most robustly associ-
ated with total brain volume. Other inner retinal layers showed similar
trends, except for the OPL: one-unit better VA (decrease on LogMar
scale) corresponded to a 0.046 mm? increase in OPL volume. Although a
similar trend was discernible for the RPE, the association between its vol-
ume and VA did not reach statistical significance.

The trend of the association between all retinal layers and brain
volume was positive (Table 2). The association between VA and GCL
became nonsignificant after excluding participants in the smallest dec-
ile of GCL volume (E-Table 6), but remained robust in other sensitivity
analyses, indicating that the effect of VA on GCL is likely driven by
volumes in the lowest range.

3.3 | Associations among the different
components of the visual system

Lower VA was associated with decreased occipital lobe, hippocampal,
and total brain volume, as well as decreased FA of the optic radiation
and the lateral geniculate nucleus (Figure 3). An association between
VA and higher order visual areas was, however, not observed. GCL
volume was strongly associated with all selected structural and FA

MRI or OCT or VA missing data p-Value
1552

729 (47.0) .001
57.53 + 14.6 (30.5-93.2) <.001
0.03+0.24 <.001
1244 (81.0)

233(15.1)

59 (3.8)

127.2 + 16.46 .008
1.06 £0.11 .072
8.63+0.41 111

Abbreviations: GCL, ganglion cell volume; OR FA, optic radiation fractional anisotropy; SBP, systolic blood pressure; SD, standard deviation; TB, total brain;

TRET, total retinal volume; VA, visual acuity.

3Sex and strata of visual acuity are presented as counts (frequency as percentage). Two sample t-tests were used for intergroup comparisons.
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measures of the visual pathway, including higher order visual associa-
tion areas and hippocampus. Effect estimates changed little to none
after additional adjustment (Model 2, Figure 3), indicating that these
associations are independent from common cerebrovascular risk fac-
tors. Interestingly, VA also had a large effect on global FA, indepen-
dent of its effect on optic radiation FA (Figure 4). Associations of VA
and GCL with individual brain areas are reported in E-Table 1. Briefly,
the association between VA and occipital lobe structures was most
pronounced in the lateral occipital and lingual lobe, while GCL was
robustly associated with selected brain areas involved in processing of
visual information. Importantly, the observed associations remained
robust in all sensitivity analyses (E-Tables 5, 7, and 8).

3.4 | GCL volume mediates the effect of visual
acuity on brain measures

GCL volume significantly mediated the association between VA
and structures of the visual pathway (percentages of mediated
effect of 17.4% and 11.4% for occipital lobe and optic radiation
FA, respectively; Figure 4). The percentage of mediated effect
increased to 18.4% and 19.2% for hippocampal and total brain
volume, respectively. Interestingly, we observed a strong associa-
tion between VA and global FA (1 SD decrease in VA corre-
sponded to 0.21 SD decrease in global brain FA 95% CIl 0.16-
0.27; Figure 4).

TABLE 2 Association between ipsilateral retinal measures, visual acuity, and total brain volume.

Retinal layer Visual acuity®

pRNFL —0.065 *** (—0.095 to —0.035)
GCL —0.090 *** (—0.118 to —0.062)
IPL —0.058 ** (—0.086 to —0.029)
INL —0.004 (—0.033 to 0.026)

OPL 0.095 ***(0.064-0.126)

ONL —0.055 ** (—0.085 to —0.025)
RPE 0.026 (—0.005 to 0.058)
TRET —0.041 * (—0.070 to —0.012)

Total brain volume®
0.047 ***(0.034-0.059)

0.066 *** (0.053-0.080)
0.062 *** (0.049-0.075)
0.019 * (0.006-0.032)
0.018 * (0.005-0.030)
0.014 * (0.001-0.027)
0.026 ***(0.014-0.038)
0.050 *** (0.037-0.062)

Note: Each row represents one distinct regression model. Retinal measures were included as dependent variables when regressed on VA and as

independent variables when assessing their effect on brain structure.

Abbreviations: FDR, false discovery rate; GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; ONL, outer nuclear layer; OPL, outer
plexiform layer; pRNFL, peripapillary nerve fiber layer; RPE, retinal pigmented epithelium; TRET, total retinal volume.

#Visual acuity was quantified as the logarithm of the minimum angle of resolution corrected for refractive error (LogMar scale), with higher values
representing worse vision. All multivariable linear regression models are adjusted for age, sex, systolic blood pressure, spherical equivalent and, when
including brain volume, also for intracranial volume. FDR *g < 0.05; **q < 0.001 ; ***gq < 0.0001.

Independent variable ® GcL @ va

Model 1 Model 2
—e— —e—
LGN FA —e— ——e——
Optic radiation FA | F—®— —e— == —e—i
Occipital lobe —eo— —e—
cortical volume e ——
Higher-order visual —e—H —e-t—
areas cortical volume —eo—i —e—i
Hippocampal volume —e—— —e—
; o o
Total brain volume —e— —o—
-0.05 0.00 0.05 0.10 0.15 -0.05 0.00 0.05 0.10 0.15

SD. Beta [95% CI]

FIGURE 3 Associations between visual acuity, retinal volume, and cerebral measures. Each row represents one distinct regression model with
dependent variables listed on the left side of the figure. Model 1 is adjusted for age, sex, intracranial volume for volumetric measures, global FA
for optic radiation FA, SBP, and spherical equivalent for models including GCL. Model 2 is additionally adjusted for smoking status, diabetes
mellitus, cholesterol levels, and body mass index. Visual acuity was quantified as the logarithm of the minimum angle of resolution with optimal
correction of refractive errors. FA, fractional anisotropy; GCL, ganglion cell volume; LGN, lateral geniculate nucleus; VA, best-corrected visual

acuity. FDR g *q < 0.05, **q < 0.01, ***q < 0.0001.
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3.5 | Visual pathway structures mediate the effect
of GCL on total brain and hippocampal volume

The effect of GCL volume on total brain and hippocampal volume was
mediated by all key structures of the visual pathway, including the lat-
eral geniculate nucleus, the optic radiation and the occipital lobe
(Figure 5). We observed the largest mediation effect sizes for the
occipital lobe, accounting for 17.3% and 23.9% of the total effect for
hippocampal and total brain volume, respectively. Importantly, apart
from its relation to the optic radiation, smaller GCL volume was also
independently associated with lower global brain FA (i.e., 1 SD
increase in GCL volume corresponded to 0.22 SD increase in global
brain FA 95% CI 0.18-0.26; Figure 5).

In the sensitivity analyses, we did not find an association of VA
with two “control” brain areas in the frontal lobe not in direct synaptic
contact with visual pathway structures. In the structural equation
models, we observed a weaker association between GCL and the mid-

dle frontal lobe volume, which was not mediated by optic radiation

1 GCL

N Direct effect:
Visual —0.038 [-0.067 to —0.003] Occipital
acuity lobe

( GCL

Direct effect:

Visual —0.021 [-0.038 to —0.004] Brain
acuity " volume
h //
FIGURE 4
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and lateral geniculate nucleus FA (E-Table 3). The occipital lobe vol-
ume fully mediated the effect of GCL on the middle frontal lobe vol-
ume (E-Table 4).

4 | INTERPRETATION

We present a large-scale population-based study in which we system-
atically assessed visual impairment in relation to the structural integ-
rity of key components of the central visual system, including all
retinal layers, visual pathway microstructure, as well as higher order
cortical and subcortical visual association areas. We found that GCL is
the inner neuronal retinal layer most robustly associated with both
visual impairment and brain atrophy. This association was mainly due
to individuals very low GCL volume, but was robust to exclusion of
individuals with ophthalmological diseases, low VA, and large refrac-
tive errors. Interestingly, VA was also robustly associated with larger
OPL; however, the direction of this association was opposite to that

( GCL

Direct effect:

Visual ~0.040 [-0.075 to —0.005] Hippo
i ( campal
Y volume
/ 4

( GCL

Direct effect:

i Optic
V|s|_!a| 0.061 [-0.086 to —0.037] > | radiation
acuity FA

l -0.213 [-0.268 t0 —0.160]
Global

brain
FA

Inner retinal thinning mediates the effect of visual acuity on brain structural measures. All models are adjusted for age, sex,

intracranial volume for volumetric measures, global FA for optic radiation FA, SBP, and spherical equivalent for models including GCL. Full lines
indicate nominally significant effects, dashed lines are non-nominally significant effects. Visual acuity was quantified as the logarithm of the
minimum angle of resolution at optimal correction of refractive errors. FA, fractional anisotropy; GCL, Ganglion cell layer; SBP, systolic blood

pressure.
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The effect of ganglion cell layer degeneration on total and hippocampal atrophy is mediated through disintegration of

intermediate visual pathway tracts. All models are adjusted for age, sex, intracranial volume for volumetric measures, global FA for models
including optic radiation FA, SBP, and spherical equivalent for models including GCL. All models are nominally significant. FA, fractional

anisotropy; GCL, ganglion cell layer; SBP, systolic blood pressure.

for inner retinal layers. Moreover, we observed that visual impairment
was associated with decreased structural integrity, measured as lower
FA, of all major components of the visual pathway, as well as with
lower total brain and hippocampal volume. VA had a much larger
effect on optic radiation and global FA than on brain volumetric mea-
sures, indicating that microstructural changes might be more sensitive
to visual impairment than atrophy. In additional sensitivity analyses,
we observed that our findings were robust to exclusion of very low
values of VA (LogMar 0.4), extreme refractive errors, and common
ophthalmological conditions such as glaucoma and AMD, indicating
that subclinical brain changes may occur at milder levels of visual
impairment and might be a consequence of any visual impairment
regardless of its cause. Importantly, conjoint modeling of the neuroan-
atomical connections between visual impairment and the different
components of the central visual system indicated a pattern consis-
tent with transneuronal degeneration. Thus, our findings imply that
visual impairment and degeneration of retinal and central visual path-
way structures are closely related, with pathology of any of these
components likely to propagate along the entire chain through trans-
neuronal degeneration.

Our findings are in line with previous studies reporting an associa-
tion between visual impairment and transneuronal degeneration along
the visual pathway (Boucard et al., 2009; Hanson et al., 2019;
Hernowo et al., 2011, 2014; Malania et al., 2017). Our finding of an
association between visual impairment and both total and hippocam-
pal atrophy corroborates previous reports of a link between visual and
cognitive impairment (Chen et al., 2017; Lee et al., 2021). We also

observed that retinal neurodegeneration partly mediates the associa-
tion between visual impairment and brain structural integrity.
Although the association between visual impairment and retinal neu-
rodegeneration is likely to be bidirectional, we specifically assessed
mediation through GCL volume, which can be interpreted as how
visual impairment could affect brain structure independently of
(causes related to) inner retinal thinning, such as transneuronal neuro-
degeneration. Indeed, retinal neurodegeneration was associated with
decreased structural integrity measures across the entire visual path-
way, which also partly mediated the association between retinal neu-
rodegeneration and both total brain and hippocampal atrophy. Our
findings support the notion that retinal neurodegeneration, in part
reflecting visual impairment, may reflect changes in the visual path-
way up to and including the occipital lobe, leading to decreased acti-
vation and degeneration of other interconnected brain regions,
ultimately resulting in cerebral atrophy and cognitive decline.

Several studies describing retinal changes in neurological diseases
such as Alzheimer disease and multiple sclerosis, have hypothesized
involvement of the visual system in the pathophysiology of these dis-
orders (Chan et al., 2018; Mckee et al., 2006; Mirzaei et al., 2020). For
example, in Alzheimer disease, visual areas are a primary site of amy-
loid deposition, while visuospatial symptoms even predominate in the
posterior cortical atrophy variant of the disease (Mckee et al., 2006;
Mirzaei et al., 2020). Moreover, retinal and brain amyloid deposition
might be correlated, with the highest correlation seen in the perical-
carine lobe (Koronyo et al., 2017). Our observation that the direct
effect between retinal neurodegeneration and brain atrophy was
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consistently larger in magnitude than the indirect effect through visual
pathway structures, suggests that apart from transneuronal degenera-
tion, other (shared) etiopathological mechanisms may also account for
part of the association. Neuronal damage, due to aging or other
pathologies, might lead to neuronal death which is reflected in degen-
eration of both retinal and cerebral structures. Retinal neurodegenera-
tion therefore also likely reflects central neurodegeneration,
independently of visual pathway decay (Garzone et al., 2022). Studies
investigating retinal changes in brain diseases with predominant visual
involvement and including more granular measures of visual function
could further elucidate this relationship.

Indeed, a general neurodegenerative component may also explain
the relatively weak direct effect of retinal neurodegeneration on one
included “control” area (i.e., middle frontal lobe), although this effect
was smaller in magnitude and less robust than for visual pathway
areas.

Interestingly, a recent study found increased hippocampal amy-
loid clearance after exposing Alzheimer's disease transgenic mice to
noninvasive light flickering at specific frequencies, thought to be due
to restoration of local circuits of excitatory and inhibitory neurons
(laccarino et al., 2016). Visual stimulation in patients with neurodegen-
erative diseases may also enhance the release of neurotrophic factors
and thereby improve neuronal resilience and plasticity (Yang et al.,
2021). In line with these findings, a recent study found a reduction in
dementia risk after visual restoration through cataract surgery (Lee
et al., 2021), while previous studies observed increased dementia risk
in presence of ophthalmic conditions (Klaver & De Jong, 1999; Shang
et al., 2021). Our results extend these previous findings by showing
that in the general population, even relatively mild degrees of visual
impairment and retinal degeneration are robustly associated with
worse imaging indices of brain integrity, partly mediated through
transneuronal degeneration. Therefore, our findings suggest that
treatment of even mild degrees of visual impairment and retinal
pathology might help warding off (age-associated) neurodegeneration
and cognitive decline.

Our study has both strengths and limitations. Strengths of our
study include the large sample size covering a wide age range, a rela-
tively homogenous population-based sample, the employment of
detailed imaging markers of both retinal layers and brain structure and
connectivity, and concomitant assessment of visual impairment in
relation to all key components of the central visual system, allowing
for in-depth modelling of their neuroanatomical interconnections.
Potential limitations of our study include the lack of more detailed
measures of visual function, as VA was approximated using a per chart
row and not per optotype. It has been observed that transsynaptic
neurodegeneration in the visual pathway proceeds at a certain rate,
implying different cerebral effects between early-onset and late-onset
visual impairment (Dinkin, 2017; Jindahra et al., 2012). Unfortunately,
due to lack of relevant data, we could not analyze the effects of onset
and duration of visual impairment on brain integrity measures. Addi-
tionally, we accounted for common vascular risk factors that are asso-
ciated with visual impairment, retinal, and brain changes in our
analyses: we excluded individuals with stroke or large cerebral

WILEY_Z®

vascular lesions on MRI, adjusted our analyses for several cardiovas-
cular risk factors, and only considered normally appearing white mat-
ter for DTl measures; however, some residual confounding might
persist through small brain vascular lesions. Furthermore, to aid inter-
pretability of our findings we modeled visual acuity as the average of
the two eyes to capture decreased visual brain input, which is consid-
ered a valid approach when investigating outcomes operating at an
individual level, such as brain areas atrophy. Although also more
advanced and complex statistical methods of modeling information
from the two eyes have been adopted and described before, the
results are generally in line with the approach we have adopted
(Murdoch et al., 1998; Ying et al, 2017). Finally, due to the
population-based design of the study our disease assessment was
based on self-reports, which may be subject to recall bias.

In conclusion, we found that both visual impairment and retinal
neurodegeneration were associated with global as well as regional
brain atrophy, partly mediated through disintegration of central visual
pathways. Our findings thus not only support the use of OCT-derived
retinal measures as markers of neurodegeneration, but also indicate
that treatment of visual impairment and retinal pathology may be eas-
ily actionable, inexpensive measures for the maintenance of brain
health and prevention of (age-associated) neurodegeneration and cog-
nitive decline.
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6. Discussion and outline of future work

In this chapter | will summarize and discuss the implications of my research, and provide

an outlook for future research.

6.1 Age-related macular degeneration

My thesis largely focused on AMD, the leading cause of blindness in Western countries.
AMD burden is expected to increase in the next decades due to an aging
population.(Colijn et al. 2017) This calls for more AMD research, which in early AMD
stages should aim at 1) better stratifying the risk of AMD progression and 2) to generate
clinical endpoints for therapeutic interventions aimed at preventing or delaying AMD
progression.(Finger et al. 2019)

The Rhineland Study is one of the first population-based studies integrating multimodal
imaging and can provide significant steps forward in this direction. In this thesis, | first
described grading methods and prevalence data of AMD in the Rhineland Study cohort.
The prevalence of AMD was comparable to that of other population-based studies.
Particular attention was given to the role of high-risk markers in AMD, RPD and LDA. RPD
were identified in 93 (1.9%) of the population sample and 87 (9.3%) of individuals with
AMD, while LDA in 78 (8.3%) of individuals with AMD, indicating these individuals are at
higher risk of progression to late AMD. Risk stratification in e- and iAMD is crucial, since
as showed in Chapter 2, they are common in the general population. | have also
highlighted how multimodal imaging is crucial for deeper AMD phenotyping. This is also
exemplified by the case of pachychoroid lesions, for which in the Rhineland Study cohort
| observed a prevalence of 2.8%. Several studies highlighted how these two phenotypes
might have different etiology and markers, which might translate as different therapeutic
options. This was also shown in this thesis, as the GRS for AMD was negatively
associated with pachychoroid diseases. Furthermore, associations with younger age and
hyperopia were noted. However, in many cases a distinction is not possible only based
on CFP and currently, epidemiological data on pachychoroid diseases are missing.

We also highlighted how ML-based imaging analysis provides great potential for
automation of grading tasks; this provides an opportunity for great breakthroughs in AMD

and ophthalmological research in the next years, such as in the transition from AMD
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Beckmann stages to a multi-modal AMD classification including OCT-derived drusen
volume, but its implementation should be gradual and careful. This was the main rationale
behind the assessment of automated drusen volume measurements in the MACUSTAR
Cohort, which not only provided data on drusen volume distribution across different AMD
stages with two methods of automated drusen volume measurements, but also highlighted
how different methods for imaging markers detection might be not fully interchangeable.

Next step is the implementation of automated drusen volume assessment in the Rhineland
Study cohort, whose validation | worked on in the last year of my PhD. This might provide
for a first study showing the distribution of drusen volume in a population-based cohort.
Furthermore, as mentioned in Chapter 5, RPE elevations are filtered out in both algorithms
employed if smaller than 5 um of height; interestingly, this threshold is purely based on
empirical observations and its performance in terms of accuracy of drusen delineation has
not been assessed yet. An objective threshold to distinguish significant RPE elevations in
the future is needed. Other next steps should also include the necessary further grading
and expansion of the Rhineland Study cohort and assessment of the association between
AMD and many cutting-edge biomarkers available in the Rhineland Study, as well as data
integration in longitudinal analyses, which will allow AMD progression assessment as

outcome.

6.2 Retinal markers of brain’s health and disease

We have shown that, after taking ocular and systemic factors into account, OCT-derived
retinal layers™ atrophy were associated with important neurological markers, such as
plasma NfL and both regional (visual and cognitive brain areas) and general brain atrophy.
After adjustment for relevant confounders (mainly GFR, blood volume and age), plasma
NfL levels can be interpreted as a sensitive and disease-unspecific proxy of neuroaxonal
damage and thus indirectly, of neurodegeneration. We observed that in a population-
based cohort, mainly ageing, and secondarily neurological diseases and cardiovascular
risk factors are the main determinant of an association between the two markers.
Interestingly, we also observed that inner retinal neurodegeneration is associated not only
with general markers of brain and neuronal integrity such as plasma NfL and brain atrophy,
but also with visual acuity and integrity of brain areas deputed to visual (occipital lobe)
and cognitive (hippocampus) functions. The retinal layers in direct synaptic connection
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with brain visual pathway structures showed the strongest connection in our analyses
(namely GCL and pRNFL). The study attempted to determine if the associations were due
to trans-neuronal degeneration along the visual pathway or generalized neuronal damage.
Trans-neuronal degeneration had been mainly documented in small, selected cohort with
visually impaired individuals; our results indicate it might play a role also in a population-
based sample with relatively low prevalence of visual impairment. However, it must be
noted that a common neuronal injury theory accounted for most of the association
between retinal and both global brain and hippocampal atrophy.

Visual impairment was linked to a reduction in the integrity of both visual and cognitive
brain regions. These encompass key areas such as the occipital cortex and white matter
tracts, along with global measures like whole brain atrophy and white matter integrity. This
underscores the crucial role of visual acuity as a potentially modifiable risk factor in
preventive strategies targeting cognitive impairment. The ultimate goal is to enhance the
quality of life through interventions that can also address visual impairment.

A main limitation of these analyses was their cross-sectional nature: temporal
relationships can help identify causal relationships. This is particularly relevant in the case
of our analysis on the association between plasma NfL and retinal layers atrophy, which
paves the way for a longitudinal analysis. The Rhineland Study is planned longitudinally;
hence this limitation will be overcome in the next years. Another limitation is given by
previous authors recommending caution in utilizing mediation analysis in cross-sectional
settings, but a strong hypothesis and evidence of causal relationship from previous

literature support this.

Based on my analyses and on previous literature, | conclude that OCT-based imaging of
retinal layers provides great potential for the assessment of brain’s health and disease,
and implementation in real-life clinical scenarios is possible, but more research is needed,
involving close collaboration between ophthalmology and neurology specialists. It must
be noted that the implementation of imaging-based markers in real-life scenarios does not
follow strict guidelines and is therefore somewhat more arbitrary than, for example, the
approval of a new drug for a medical condition, for which clinical phases are clearly
delineated. (Fryback and Thornbury 1991; Nierenberg 1988)
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| hypothesize that possible roles of retinal markers include:
1) Monitoring
2) Diagnostic

3) Screening

Integrating retinal imaging in real-life scenarios: Diagnostics

Different cellular pathophysiology underlies different neurological diseases, which might
also be reflected as retinal structural changes. The hypothesis that specific patterns of
retinal changes might occur in different neurological diseases, needs to be further
explored and assessed in clinical studies. This should involve different layers at different
locations in the retina, assessed through different OCT scans, and possibly other imaging
methods. An example of a disease-specific retinal thinning pattern is provided by
Glaucoma, in which the primary event is the loss of GCL and RNFL, starting in the
inferonasal quadrant and later involving other retinal quadrants.

Nowadays, literature available from large studies is mainly based on cross-sectional
analyses. For achieving this, large, longitudinal cohorts are needed, employing different
retinal scans and imaging methods. Examples in AD are AlzEye and Atlas of retinal
Imaging in Alzheimer’s Study (ARIAS). (Alber et al. 2020; Wagner et al. 2022) Despite my
analyses being based on cross-sectional data, the design of the Rhineland Study is
longitudinal, which might allow to overcome these limitations in the literature.

In this context, newer retinal imaging such as adaptive-optics OCT or ultra-wide field might
provide deeper phenotyping than SD-OCT. Adaptive-optics has the potential to directly
resolve single retinal neurons. For example, in Parkinson disease dopaminergic neurons
are affected, and adaptive optics might allow the observation of retinal dopaminergic inter-
and horizontal neurons in vivo. (Zhang, Zhou, and McMahon 2007)

Furthermore, our analyses and previous studies showed that retinal layers” atrophy, in
particular GCL, might be more closely associated with atrophy in visual brain areas than
whole brain areas; given the high variety of visual symptoms and visual variants in some
neurological diseases, a possible use of retinal neurodegeneration to assess cerebral
visual areas integrity deserves further consideration. In this regard, a previous meta-
analysis already observed that among individuals with a diagnosis of multiple sclerosis,

retinal atrophy is predictive of optic nerve involvement. (Petzold et al. 2017)
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Integrating retinal imaging in real-life scenarios: Monitoring

In virtue of retinal and brain neurons undergoing similar pathology and as highlighted in
our analyses, retinal neurodegeneration might be an easily accessible proxy to track
cerebral neurodegeneration, for example as a secondary end-point in clinical trials.
However, as mentioned, large longitudinal studies are needed to further clarify their

relationship, both population-based and in specific pathologies.

Integrating retinal imaging in real-life scenarios: Screening

While retinal OCT-derived biomarkers can be used as a window to the brain, nowadays
OCT is also afirst-line diagnostics for retinal diseases. By performing SD-OCT in selected
groups of at-risk individuals based on age or risk factors, “ two (or more) birds with one
stone could be killed: namely screen for ophthalmological diseases and
neurodegeneration. For example, an inner retina that is thinner than normal for age and
for spherical equivalent in an elderly individual might prompt a referral to a neurology
department or a memory clinic.

Furthermore, the advent of more advanced imaging beyond OCT and the integration of
Al-algorithms for automated markers extraction provide overarching potential. For
example, enhanced depth imaging can fully resolve the choroid on OCT, whose thickness
has been explored as a marker of cardiovascular and renal function. (Choi & Kim, 2020;
Choi et al. 2009)

Markers such as arterioles or venules calibers and fractal dimension have been already
largely explored as predictive of cardio- and cerebrovascular risk; OCT-Angiography,
whose implementation in the second round of the Rhineland Study | worked on in the last
year of my PhD, provides for new, more granular vascular biomarkers. Wide- and
ultrawide-field imaging allows to visualize a 180° image of the retina in a single shot, hence
displaying markers and lesions in the peripheral retinal. Adaptive-optics can increase OCT
resolution up to a cellular level.

Point-of-care imaging centers that provide retinal imaging outside of hospitals could be
worth exploring for emergency triage but also screening purposes. However, it must be
noted that screening is based on a cost-benefit analysis basis: effective therapeutic and

preventative strategies are needed for the outcomes that are screened for, which in the
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cases of neurodegeneration, cognitive impairment or early AMD are at the moment

lacking.

6.3 General conclusion

| described the grading of AMD data in the Rhineland Study and how utilizing state-of-the-
art multimodal retinal imaging can allow for deeper AMD phenotyping. This is showcased
by the examples of RPD detection and differentiation from pachychoroid manifestations. |
also described my research on how OCT-derived markers can be provide useful markers
for brain structure and disease, and | highlighted possible future research in this direction.
Finally, | showed how visual impairment can be also detrimental for brain structure.

In conclusion, integration of retinal imaging in population-based studies holds significant
potential for advancing our understanding of retinal diseases and for investigating

overarching markers of brain structure and the aging process.
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