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Introduction

Ophthalmic diseases are remarkably common and affect at least 2.2 billion people
worldwide. (World Health Organization, 2019) From a global perspective, treatable conditions
such as refractive errors and cataract play the main role, with a strongly increasing
prevalence of myopia, particularly in Asian countries. (Wu et al., 2016) The current global
prevalence of myopia ranges above 28% and a highly increasing prevalence is estimated to
leave one out of ten persons at relevant risk of becoming blind as a result of myopia and its

secondary complications (see Study 1). (Holden et al., 2014; Hopf and Pfeiffer, 2017)

In the Western world, mainly age-related conditions including age-related macular
degeneration (AMD) rank among the main causes for visual impairment (VI). (Wong et al.,
2014; Mitchell et al., 2018; World Health Organization, 2019) The populations of the Western
world have increasingly aged in the last decades and are predicted to continue ageing in the
future, which goes hand in hand with a rise of age-related diseases that already represent a
large social and economic burden. (United Nations, Department of Economic and Social
Affairs, 2017) In Germany, estimated prevalence of severe VI and blindness range between
200,000 to 1 million and 80,000 to 500,000, respectively, underscoring the huge impact on
society and economy. (Finger, 2007; Mauschitz et al., 2019b) This growing relevance
supports the urgent need for further research on pathogenesis and, subsequently,
therapeutic targets which, amongst other endeavors, require the application of various robust

epidemiologic approaches.

Epidemiology

Epidemiology has been defined as “the study of the distribution and determinants of disease
frequency” and evaluates diseases, adjacent factors, and methods for their control.
(MacMahon and Pugh, 1970; Rothman, 2012; Epidemiology is a science of high importance,
2018). Apart from “simply applying statistics”, epidemiology evaluates and considers

important concepts such as confounding or bias that may influence or even hamper



conclusions from analyzed data. A confounder is a factor that influences both, the outcome
and the independent variable and hence may suggest an association that is not in fact
present. A classic example of confounding is the relation of higher prevalence of Down-
Syndrome with a later birth order of the child. The underlying confounder in this obvious
example is maternal age at birth, which increases the risk of Down-Syndrome. Yet,
confounders are often less trivial to identify than in the aforementioned example. A bias
describes a systematic error that cannot be eliminated by increasing sample size (as
compared to a random error). Typical examples include selection bias, in which recruited
individuals differ from “outside” individuals considering the investigated factors, or recall
bias, that describes (unintentionally) wrong data reported by individuals. Epidemiologic
approaches aim to first identify and subsequently eliminate or reduce confounding or biases.

(Stark and Mantel, 1966; Rothman, 2012)

Various important and nowadays obviously explicit risk factors such as tobacco and alcohol
use have been identified through epidemiologic studies. One of the first and most famous
epidemiological population studies, the ‘Framingham Study’, was established in 1948 with
the over-arching aim to investigate risk factors for coronary heart disease and
atherosclerosis. Among others, the study has discovered the relation of smoking and heart
attack and it has been running until today with the third generation of participants included.
(DAWBER et al., 1951; Bhopal et al., 2011; Mahmood et al., 2014) Also new threats such as
Shiga toxin-producing Escherichia coli or re-emerging threats such as the poliovirus are
subject to epidemiologic approaches and contribute to an evolving epidemiology. (Bhopal et

al., 2011)

Interestingly, the definition of epidemiology has adapted over the past decades depending on
methodological and societal developments and needs and has been reported as an
ascending scientific field. (Rothman, 2007a; Frérot et al., 2018) In today’s era of big data,
modern epidemiologic approaches are urgently needed to analyze and interpret large-scale

amounts of data in complex diseases. (Olshan et al., 2019) The aforementioned increasing



societal impact underscores the urgent need to collect and analyze large-scale data in order

to find effects that may not occur or even be masked in small studies.

In general, the type of study and source of data ought to be chosen depending on the
specific research question and the investigated outcome (e.g. rare outcome, frequent

outcome, biomarker identification).

Multicenter data

In case of clinical exposures, outcomes or procedures with a low prevalence in the general
population, a successful collection of large datasets can be achieved by pooling data from
different specialized sites. Recruitment is based on the outcome and, thus, the sample size
of a rare outcome can be increased significantly enabling sufficient statistical power for
meaningful calculations. It is, however, crucial to evaluate data from different sources for
heterogeneity as successful pooling requires comparable data without systematic differences
or bias. In recent years, the term “real world data” has emerged as an addition to
randomized clinical trials (RCT), which are based in an “artificial” setting and usually do not
represent clinical reality. Particularly, the complexity of diseases in every day clinical practice
justifies another approach to support or even extend the results from “artificial” RCTs.

(Rothman, 2007Db)

In Study 1 of this thesis, we collated pre- and post-surgical “real world data” for a relatively
rare surgical ophthalmic procedure, the Yokoyama procedure. Highly myopic patients have
been reported to occasionally develop a horizontal and vertical strabismus during adulthood,
which can range from mild to severe restriction and can affect motility. Previous studies
reported a deviation in the path of the lateral rectus muscle (LRM). (Kolling, 1993; Kaynak et
al., 1994) For these patients, Yokoyama et al. established a surgical technique in which the
LRM and superior rectal muscle (SRM) are joined by a suture, which particularly suitable for
myopic eyes with thin a sclera. An additional medial rectus recession (MRR) in these patients

has been discussed but the clinical benefit remained unclear. (Yokoyama et al., 2000;



Yamaguchi et al., 2010) Given the low overall frequency of this surgical procedure, only very
few small studies have evaluated the effects of the procedure and results were based on
single-center data from mainly Asian cohorts. (Yamaguchi et al., 2010; Ranka and Steele,
2015; Su et al., 2016) Against this background, we aimed to gather data from 14 clinical sites
in Germany and Switzerland to create one of the globally largest “real word datasets” on the

effects of the Yokoyama procedure with and without additional MMR.

Population studies

In contrast to aforementioned clinical studies, population-based studies investigate a group
of individuals taken from the general population and display an excellent source of data for
relatively frequent exposures and outcomes. Population-based studies provide a large
platform for the analysis of exposure-outcome relations and typically address multiple (sets
of) research questions and hypotheses. Some of which may be set a priori while others can
occur within the course of the study based on advanced research or interim data analyses.
(Szklo, 1998; Rothman, 2012) The advantages of large-scale population studies include
among others the longitudinal perspective, the standardization of assessments, the statistical
power, and the potential generalizability to the general population. Particularly, the external
validity of its results is a key feature attributed to population studies. (Szklo, 1998) While
most population-based studies are established for a prospective follow-up period with
longitudinal data assessments, they can already answer a variety of research questions
based on cross-sectional data. The latter applies e.g. to the identification of potential
biomarkers in the general population which can subsequently be evaluated in longitudinal
studies. In Study 2 of this thesis we examine specific retinal biomarkers of brain atrophy

using cross-sectional data from the population-based Rhineland Study.

Importantly, all assessments need to be performed systematically and standardized and
hence should be reproducible independent of the person performing the assessment. In

order to maximize data quality and to avoid bias, recruitment ought to be random within the



population and independent of exposure status. The same applies to the actual assessments
at baseline and follow-up visits, which need to be conducted in all participants. (Szklo, 1998;
Ertl et al., 2020) As compared to (small) studies which are based on a specific exposure or
disease (e.g. clinical cohorts), population studies often come with large statistical power and
may be able to detect smaller associations and effects that may have been overlooked
otherwise. Given that recruitment is independent of exposure and outcome, results allow for
external validity, i.e. the findings can be transferred to similar populations (or even the
general population). (Ertl et al., 2020) Studies 2 — 4 of this thesis are based on population
study data, in particular from the Rhineland Study as well as from multiple studies of the

European Eye Epidemiology (E3) — consortium.

Rhineland Study

Study 2 of this thesis is based on data from the Rhineland Study (German: Rheinland

Studie; www.Rheinland-Studie.de), a community-based prospective population study with

focus on normal brain ageing and development of brain pathology over time. The study is
conducted by Population Health Sciences of the German Center for Neurodegenerative
Diseases (DZNE). The objectives are to investigate (physiological) ageing and to identify
modifiable and non-modifiable risk factors as well as biomarkers for neurodegenerative and
other age-related diseases. The comprehensive and standardized deep phenotyping
comprises brain magnetic resonance imaging (MRI), cognitive tests, sampling of blood
(genetics and —omics), urine and stool, cardiovascular examinations, physical fithess exams
and assessments of the sensory system including ophthalmic examinations. Up to 20,000
inhabitants of two geographically defined areas in the city of Bonn, Germany, who are 30
years of age or older, are scheduled to partake. The people living in those areas are
predominantly German with Caucasian ethnicity and participation in the study is possible by
invitation only. All inhabitants of the target areas who are at least 30 years of age will be

invited to participate. The only exclusion criterion is insufficient German language skills to


http://www.rheinland-studie.de/

give informed consent. The baseline recruitment started in March 2016 and follow-up
invitations are scheduled every 3 years starting end of 2022 for a minimum period of 30

years. (Mauschitz et al., 2019a; Mauschitz, 2019)

From 2014 to 2018 | have worked as a full-time PhD candidate at the Rhineland Study and
successfully defended my PhD thesis in 2019. Similar to Study 2, my previous work within
the Rhineland Study included research on retinal biomarkers using spectral-domain optical
coherence tomography (SD-OCT) in the general population. (Mauschitz et al., 2019a; Ward

et al., 2020)

European Eye Epidemiology (E3) consortium

Studies 3 and 4 of this thesis are based on an international collaboration within the E3-

consortium (https://www.eye-epi.eu). The E3-consortium is a collaborative network across

Europe with the overarching aim of developing and analyzing large datasets to increase
understanding of eye diseases and vision. (Delcourt et al., 2016) As of today, the E3
consortium is a cooperation between 31 groups originating from 14 different European
countries (Austria, Belgium, Denmark, Finland, France, Germany, Greece, Italy, Lithuania,
the Netherlands, Norway, Portugal, Switzerland, United Kingdom) and comprises both
population-based and other studies (case-control, cases only, randomized trials), providing
ophthalmological data on approximately 170,000 European participants. E3 brings together
experts on eye diseases from various disciplines such as clinicians, epidemiologists,

statisticians, and computer scientists in order to

1. promote and sustain collaboration and sharing of knowledge in the field of ophthalmic
epidemiology in Europe
2. lay particular focus on
a. the harmonization of methods for future research
b. the estimation and projection of frequency and impact of visual outcomes in

European populations


https://www.eye-epi.eu/
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c. temporal trends and European sub-regions
3. to identify risk factors and pathways for eye diseases (lifestyle, vascular and
metabolic factors, genetics, epigenetics and biomarkers)
4. to develop and validate prediction models for eye diseases

5. to educate and develop the next generation of ophthalmic epidemiologists

Among other topics, previous work in the context of E3 include epidemiological research on
frequent ophthalmic diseases such as AMD (Caolijn et al., 2017; Colijn et al., 2019) as well as

the use of retinal imaging biomarkers using SD-OCT. (Mauschitz et al., 2018)

Retinal biomarkers and neurodegeneration

The neurosensory retina and the brain derive from the same neural tissue, share
morphologic and physiologic similarities and maintain direct synaptic connections over the
whole life span. (Chang et al., 2014; Mauschitz, 2019) Similar to the aforementioned rise in
age-related ophthalmic diseases, prevalence and incidence of neurodegenerative diseases
such as Alzheimer’s disease (AD) is severely increasing due to demographic changes.

(Patterson, 2018; Grande et al., 2020)

Nowadays, retinal layer measurements using high-resolution SD-OCT have been discussed
as potential biomarkers for a variety of neurological and neurodegenerative diseases
including multiple sclerosis (MS) and dementia. (Jones-Odeh and Hammond, 2015; Britze
and Frederiksen, 2018; Mutlu et al., 2018a) Retinal imaging is non-invasive, easily
assessable and cost-efficient and, therefore, potentially suitable for mass screening. Modern
segmentation algorithms enable the automated and precise identification of all retinal layers

including the outer retina (Figure 1).



11

Figure 1. Automated segmentation of retinal layers based on retinal SD-OCT imaging

(Source: M. M. Mauschitz, Department of Ophthalmology, University of Bonn)

Previous studies on the relation of SD-OCT-based retinal measurements and magnetic
resonance imaging (MRI)-assessed brain parameters, however, were mainly based on small
samples of mostly cognitively impaired participants. (Ong et al., 2015; Casaletto et al., 2017)
and no large-scale data exist on the relation in the general population. Against this
background, in Study 2 we evaluated associations of various retinal layers with cerebral
structural measures and hence their usability as biomarker using data from the Rhineland

Study.

Age-related macular degeneration

As mentioned above, AMD is a highly frequent cause of severe VI and blindness in all high-
income countries affecting up to 25% of the population above the age of 55 and given
demographic trends, AMD prevalence is projected to increase by 15% and incidence by 75%
until 2050.(Finger et al., 2011; Klein and Klein, 2013; Mitchell et al., 2018; Li et al., 2020;
Mauschitz et al., 2022) Late-stage AMD has a significant impact on the quality of life and the
economic impact has been estimated to be €89.5 billion in the European Union. (Brown et

al., 2005; Jaki Mekjavic et al., 2019)
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While several classification systems exist for AMD, the disease can clinically be divided into
an early, an intermediate and two late stages (Ferris et al., 2013). Differences exist between
common classification systems, but early AMD is usually characterized by the presence of
small or intermediate drusen in the retina. Drusen (Figure 2) are accumulations of metabolic
by-products such as oxidated debris of lipids and proteins under the retinal pigment
epithelium (RPE) and represent a hallmark lesion of AMD. (Curcio et al., 2005; Jarrett and
Boulton, 2012; Mitchell et al., 2018) While some patients experience mild symptoms, early
AMD often remains asymptomatic. The occurrence of intermediate and large drusen and/or
pigmentary changes define the stadium of intermediate AMD (iIAMD), in which patients may
notice symptoms such as difficulties under challenging light conditions (low luminance and/or

low contrast), metamorphopsia and which has a high risk of conversion to late stage disease

manifestations. (Ferris et al., 2013; Mitchell et al., 2018)

Figure 2. (adapted from (Mitchell et al., 2018)). Drusen as yellowish lesions on color fundus

photography (left) and as elevations of the retinal pigment epithelium on SD-OCT (right).
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Late stage AMD is traditionally distinguished into an exudative neovascular (“wet”) and a
non-exudative (“dry”) stage. Neovascular AMD is characterized by the proliferation of
choroidal neovascularisations (CNV), which can lead to retinal edema, hemorrhages, RPE
detachments, exudates, and subsequently to fibrous scar tissue (Figure 3). In contrast, non-
exudative late AMD is characterized by atrophy of the outer retina, so-called geographic
atrophy (Figure 4). There is no exclusive dichotomy between the two diseases states, both

may develop in the same eye. (Ferris et al., 2013; Mitchell et al., 2018)

Figure 3. (adapted from (Mitchell et al., 2018)). Neovascular AMD on color fundus

photography ,SD-OCT, and OCT-angiography.



14

Figure 4. (adapted from (Mitchell et al., 2018)). Geographic atrophy on near-infrared (NIR) —

imaging and SD-OCT.

AMD is a complex disease with genetic and environmental risk factors associated with
ageing. Despite the identification of various risk genes and several decades of research into
AMD, we still have no specific evidence-based therapeutic intervention to prevent AMD onset
or delay progression to late stage. Hence, identification, management and prevention of
lifestyle risk factors remain crucial. (McGuinness et al., 2017b; Colijn et al., 2019; Colijn et
al., 2021; Mauschitz et al., 2022) Apart from age, smoking has been reported to increase
AMD risk 2-4-fold (Heesterbeek et al., 2020), while adhering to a Mediterranean diet (MeDi)

was reported to reduce the risk of late AMD. (Merle et al., 2019)

Other lifestyle factors such as physical activity (PA) have previously been discussed
beneficial, but studies were mainly small to moderately sized, based on cross-sectional data
only and reported conflicting results. (Knudtson et al., 2006; Klein et al., 2010; Mares et al.,
2011; Munch et al., 2013; Gopinath et al., 2014; Loprinzi et al., 2015; McGuinness et al.,
2016; McGuinness et al., 2017a) Against this background, we collated and meta-analyzed
longitudinal data from several population-based cohort studies of E3 to better characterize

the impact of PA on AMD onset and progression in Study 3.
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Apart from lifestyle risk factors, chronic inflammation and increased oxidative stress have
been discussed as patho-etiogenetic drivers of AMD. (Jarrett and Boulton, 2012; Colijn et al.,
2017; Choudhary and Malek, 2019; Heesterbeek et al., 2020; Spaide et al., 2020) The retina
is a metabolically highly active tissue with a large turnover of lipids and proteins and several
metabolites have been associated with AMD occurrence and formation of retinal lesions such
as drusen. Previous studies suggested an association of specific lipoproteins such as the
high density lipoprotein (HDL) with larger prevalence of AMD.(Colijn et al., 2019; Kersten et
al., 2019) Interestingly, there is strong evidence for common pathways between AMD and
systemic diseases such as cardiovascular disease (CVD), which are both age-related
multifactorial diseases and share various aforementioned risk factors. (Schnabolk, 2019;

Mauschitz and Finger, 2022)

Previous studies investigated the relation of AMD and specific systemic medications, which
interfere with pathways that also play a role in AMD pathogenesis and hence may affect it.
These drugs include lipid-lowering drugs (LLD) for the lipid metabolism, which are commonly
prescribed in CVD (Francula-Zaninovic and Nola, 2018; Roizenblatt et al., 2018) as well as
anti-diabetic drugs (particularly metformin), which have been hypothesized to reduce general
inflammation and oxidative stress. (Stewart et al., 2020; Blitzer et al., 2021) Results of these
studies, however, have been inconsistent, based on small sample size or used self-reported
AMD as outcome. (Klein et al., 2003; Guymer et al., 2013; VanderBeek et al., 2013; Le Ma et
al., 2015; Roizenblatt et al., 2018) Metformin and LLD rank among the top prescribed drugs
in Germany and Europe, underscoring the potential impact and relevance on public health
issues. (Fuentes et al., 2018; Schwabe and Ludwig, 2020) In Study 4 we explored
associations between the use of several systemic medications and presence of AMD in the

general population using data from several E3 studies.
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Results

Wabbels B, Fricke J, Schittkowski M, Graf M, Lorenz B, Bau V, Nentwich MM, Atili A,
Eckstein A, Sturm V, Beisse C, Sterker I, Neppert B, Mauschitz MM. Yokoyama procedure

for esotropia associated with high myopia: real-world data from a large-scale
multicentre analysis. Acta Ophthalmol. 2021 Dec;99(8):e1340-e1347. DOI:
10.1111/a0s.14808

As secondary complication, high myopic patients may develop strabismus due to globe
dislocation out of the normal extraocular muscle cone. Surgical correction of this strabismus
type is possible by joining the superior and lateral rectus muscle without the need for a
scleral suture called Yokoyama procedure. Thus far, data from large patient samples on the
Yokoyama procedure as well as on a potential effect of an additional medial rectus recession
(MRR) have been lacking. Therefore, we pooled retrospective patient data of 14 clinical sites
in Germany and Switzerland and analyzed postoperative results and respective determinants
using multivariable regression models. We included 133 patients with a mean age of 59.7 +
13.4 years and a previous surgery between 2008 and 2017. In these patients, mean
preoperative esotropia (both, Yokoyama with or without MRR) was 23.8° + 4.6° and angle of
preoperative esotropia increased with age. The postoperative esotropia was 8.7° £ 9.9° with
6 patients being overcorrected. While preoperative esotropia was highly associated with
postoperative results, we found no association of additional MRR with any of our
postoperative outcomes. The Yokoyama procedure had a higher absolute effect in patients

with higher preoperative esotropia.

Our study confirms the positive effect of the Yokoyama procedure on strabismus due to high

myopia in one of the largest “real world datasets”. In some cases, MRR may be needed due

to muscle contracture, although additional MRR did not affect our postoperative outcomes. In
patients with bilateral high myopic strabismus, correction of both eyes seems beneficial. The
effect size of the Yokoyama procedure appears to be mainly driven by preoperative

esotropia.
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ABSTRACT.

Purpose: High myopic patients may develop strabismus due to globe dislocation out of the normal
extraocular muscle cone. Surgical correction of this strabismus type is possible by joining the superior and
lateral rectus muscles without the need for a scleral suture called the Yokoyama procedure. Data from large
patient samples and the evaluation of a potential effect of an additional medial rectus recession (MRR) have
been lacking so far.

Methods: We pooled retrospective patient data of 14 departments of ophthalmology in Germany and
Switzerland and analysed determinants of postoperative results using multivariable regression models.
Results: We included 133 patients (mean age: 59.7 £ 13.4 years, surgery between 2008 and 2017) with a
mean preoperative esotropia (both Yokoyama with and without MRR) of 23.8°+4.6°. The angle of
preoperative esotropia increased with age. The postoperative esotropia was 8.7° & 9.9°, and six patients were
overcorrected. While preoperative esotropia was highly associated with postoperative results, we found no
association of additional MRR with any of our postoperative outcome measures. The Yokoyama procedure
had a higher absolute effect in patients with higher preoperative esotropia.

Conclusion: our study confirms the positive effect of the Yokoyama procedure on strabismus due to high
myopia in large-scale real-world data. In some cases, MRR may be needed because of muscle contracture,
although additional MRR statistically did not affect the postoperative outcome. In patients with bilateral high
myopic strabismus, correction of both eyes seems beneficial. The effect size of the Yokoyama procedure
appears to be mainly driven by preoperative esotropia.
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Introduction

High myopic patients have previously
been reported to occasionally develop a
horizontal and vertical strabismus dur-
ing adulthood, mostly after the third
decade of life. In these patients, axial
length (AL) of the globe is usually
more than 26.5 mm and motility can
be reduced. The phenotypical appear-
ance ranges from small-angle esotropia
with mild abduction deficit to strabis-
mus fixus with severe restriction (Kay-
nak et al. 1994; Sturm et al., 2008). In
the majority of cases, the (more)
myopic eye is hypotropic and turned
inwardly. Exotropia is less frequent.
Kolling demonstrated the path of
the lateral rectus muscle (LR) to be
oblique from its insertion dorsally
downwards using both in situ imaging
and CT and MRI scans showing the
nasal displacement of the vertical rec-
tus muscles and, particularly, infer-
onasal displacement of the LR
(Kolling 1993). The decisive innovation
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introduced by Herzau was to normalize
the pulling direction of the slipped LR
by adding a retroequatorial myopexy
of this muscle to the conventional
recess and resect surgery (Herzau &
Toannakis 1996). Krzizok by MRI
demonstrated that the path of the LR
could be normalized by this procedure
(Krzizok et al. 1997), which generated
various case reports on this technique
and modifications (Hayashi et al.,
1999; Aoki et al., 2003; Rowe &
Noonan 2006; Sturm et al., 2008).
Yokoyama et al. elaborated the fun-
damental idea by joining the lateral and
superior rectus muscles by a muscle
suture 15 mm behind the insertion
(anterior to their pulleys, anterior
muscle belly union, MBU). Avoiding
the scleral suture is an advantage, espe-
cially for high myopic eyes with scleral
thinning. In addition, the technique is
preferable for surgeons who rarely per-
form myopexy (Yokoyama et al. 2000;
Yamaguchi et al. 2010). Yamaguchi and
colleagues showed by MRI the super-
otemporal shift of the posterior part of
the globe out of the normal extraocular
muscle cone and demonstrated that
MBU of the superior rectus and LR
restored their normal anatomic relation-
ship (Yamaguchi et al. 2010). However
additional medial rectus recession
(MRR) was performed in 80% of the
eyes (Yamaguchi et al. 2010). Due to
further reports on these modifications
(Yamada et al., 2002; Godeiro et al.,
2009), LR myopexy lost popularity over
time. Ranka and Steele summarized in
their review: ‘The Faden-OP (LR)
showed good postoperative results, but
this procedure is technically difficult,
particularly in high myopes with thin
sclera, whereas the Yokoyama procedure
eliminates the risk of sclera perforation
and minimizes the risk of anterior seg-
ment ischemia’ (Ranka & Steele 2015).
So far, only smaller studies of patients
with the Yokoyama procedure (<25
patients) have been published (overview
in Su et al. 2016). The aim of this
study was to evaluate the effect of the
Yokoyama procedure alone or com-
bined with MRR in a large multicentre
cohort for different subsets of patients.

Methods

Data acquisition

All university hospitals in Germany and
two non-university hospitals with large

orthoptic departments were
approached as to previously performed
Yokoyama surgeries, and whether they
would like to participate in the study.
We finally included data from 14 sites:
university hospitals of Bonn, Dresden,
Essen, Frankfurt, Giessen, Gottingen,
Heidelberg, Koln, Leipzig, Liibeck,
Rostock, Wiirzburg, hospitals of Esslin-
gen, Germany, and St. Gallen, Switzer-
land. Patient data sets ranged from 2 to
23 patients per site who underwent
surgery between 2008 and 2017. These
included anamnestic data and preoper-
ative and postoperative findings, that is
horizontal and vertical angles of stra-
bismus (measured with the alternating
prism and cover test in 0.3m, if visual
acuity was poor, with the Krimsky test ),
AL, eye motility, head position, further
ocular disorders, details concerning
Yokoyama surgery and potentially fur-
ther surgeries. The Yokoyama proce-
dure was defined as joining the superior
rectus and LR muscles by an intermus-
cular suture. The performance of addi-
tional procedures such as MRR and the
choice of the suture material was
decided upon by the individual different
departments. All amounts given for an
optional MRR are given for the actual
surgery. When both eyes were operated
simultaneously or within a timeframe of
four weeks, the given postoperative
results are those for bilateral surgery.

Data analyses

The study was approved by the local
institutional board of the University of
Bonn. Data were pseudonymized and
conveyed via Excel (Microsoft Excel
2010; Microsoft, Redmond, WA, USA)
sheets to the Dept. of Ophthalmology
of the University of Bonn.

Whenever angles of strabismus were
provided in PD (A, pdpt, cm/m), they
were converted in degree (°, deg) with
the formula angle/deg = tan™'0.014
(Basiakos et al.,, 2019). Due to the
nonlinearity of the tangens function,
the prism dioptre unit (cm/m) is not
appropriate for statistical calculations.

Horizontal angles for esotropia are
indicated with positive values, whereas
negative values represent exotropia.
Concerning values for the vertical devi-
ation, in unilateral cases the given
values indicate the amount of hypo-
tropia of the affected eye, and in
bilateral cases, the difference between
the eyes.
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Different groups (e.g. with and with-
out MRR, with and without previous
surgery) were compared using Stu-
dent’s t-test, Wilcoxon’s test and the
chi-square-test depending on data dis-
tribution.

In order to evaluate surgical effects,
we defined four postoperative outcomes
(for horizontal and vertical angles,
respectively): the absolute postoperative
angle, the absolute difference between
pre- and postoperative angle, the rela-
tive difference between pre- and postop-
erative angle (defined as absolute
difference divided by preoperative
angle; only possible in horizontal angles,
since vertical angles were zero for many
patients) and whether the absolute post-
operative angle was < 5° (binary vari-
able). Subsequently, we analysed
determinants of the first three outcomes
using multivariable regression mod-
elling and for the binary outcome using
Cox regression modelling. All models
were adjusted for age, sex, AL, MRR,
previous strabismus surgery, additional
surgery, laterality (uni- vs. bilateral) and
preoperative angle. The latter was not
corrected in the analysis of relative
difference, as it is part of the outcome.
Moreover, we performed additional
sensitivity analyses adjusting for differ-
ent sites.

Analyses were performed using SPSS
25 (IBM Inc., Armonk, New York) and
RStudio (R version 3.4.1; RStudio, Inc.,
Boston, MA; available in the public
domain at https://www.rstudio.com/).
A significance level was set to p = 0.05
for the group analyses and corrected for
multiple testing for the regression anal-
ysis using the Bonferroni correction
(p = 0.05/8 = 0.00625).

Results

We received data of 140 patients. Seven
patients who had undergone atypical
Yokoyama procedure joining other
muscles than the LR and superior
rectus were excluded. Of the included
133 patients, 100 (75%) were female.
The mean age was 59.7 years (see
Table 1), and 109 patients (82%)
were > 50 years of age.

About 37 patients (28%) had under-
gone prior eye muscle surgery. Of the
20 patients where we had details, 12
had combined convergence surgery
(recess—resect) on the operated eye, 3
had surgery on the other eye and the
remaining five had other surgeries.
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Sixty two patients (47%) were pseu-
dophakic; therefore, refraction was not
analysed. Data on AL of the operated
eye(s) were available in 109 patients
(82%), AL of the fellow eye in 86 of the
124 patients with unilateral surgery, as
some centres did not provide AL in (all
of) their patients.

AL was > 28 mm in all patients
except two, who had typical reduced
motility and were therefore included in
the study. Patient characteristics and
details are summarized in Table 1.

Patient characteristics and pre- and
postoperative findings (133 patients,
124 unilateral surgery and 9 bilateral).

The preoperative angle of esotropia
was associated with age, even when
corrected for sex and AL, which them-
selves were not associated, respectively.
Hence, with every year of increasing
age, the esodeviation was 0.22° higher
(95% confidence interval (CI): 0.01-
0.44; p = 0.0385). There was no signif-
icant association of the vertical angles
with age, sex or AL.

Six patients had preoperative eso-
tropia of < 5° (vertical angles 5.0—
19.3°), and none of them had prior
surgery for strabismus. Four of them
had typically reduced eye motility, and
AL ranged from 28.3 to 37.2 mm.

Surgery

Surgery was performed on the right eye
in 69 patients, on the left eye in 55
patients and on both eyes in nine
patients. Figure 1 displays an overview.

The suture material used for the
Yokoyama procedure was non-
resorbable in 125 patients (83 poly-
ethylene terephthalate (Mersilene®;

Ethicon, Somerville, USA), 24 polye-
ster, 13 polyamide, 4 silk, 1 polypropy-
lene), mostly 4-0 or 5-0, and resorbable
(polyglactin/PGA) in 8§ patients.

We found no differences between
patients with and without prior strabis-
mus surgery concerning sex, age, AL,
preoperative angles of strabismus (hor-
izontal and vertical) or suture material.
More patients without than with prior
strabismus surgery were pseudophakic
(54% vs. 27%). Patients with bilateral
surgery showed a tendency (p = 0.06) to
have higher preoperative esotropia than
patients with unilateral surgery [mean
35.7° £ 20.3° (median 25.0°) versus
mean 23.0° £ 13.8° SD (median
19.3°), respectively].

In patients with unilateral surgery,
AL was > 28 mm in the fellow eye in
43/86 patients (50%) and > 30 mm in
32/86 patients (37%).

Preoperative esotropia was larger in
patients with MRR compared to those
without MRR (32.6° £+ 13.4 SD vs.
20.3° 4+ 13.6 SD; p < 0.00001). More-
over, patients with MRR were older,
which was likely confounded by an
increase in esotropia with age (see
Table 2).

The choice to perform additional
MRR (2.5 to 12 mm) was only depen-
dent on the decision of the individual
surgeons. In about half of the patients
with additional MRR, the surgeons
had decided this before surgery due to
large horizontal angles. In the other
half, MRR was performed because it
was intraoperatively difficult to join the
lateral und superior rectus muscle due
to MR contracture.

There were no significant differences
concerning sex or suture material, but

Table 1. Patient characteristics and pre- and postoperative findings (133 patients, 124 unilateral

surgery and 9 bilateral)

n Mean £ SD  Median  Range
Age (years) 133 59.7 + 13.4 60.1 16 87
Axial length (AL) (mm) 109 323 £ 2.6 324 264 375
Preoperative esotropia (°) 133 238 £ 146 21.8 0 70.0
Postoperative horizontal angle (°) 133 87+99 5.0 —11.5 350
Absolute effect (°) (horizontal) 133 15.2 £+ 10.6 13.8 —-23  50.0
Preoperative hypotropia (°) 133 8.0+ 53 6.8 0 26.6
Postoperative vertical deviation (°) 133 2.8 + 4.1 0 0 16.7
Absolute effect (°) (vertical) 133 52+54 5.7 -9.1 20.0

Preoperative Postoperative
Restricted ocular motility 84/122 69% 38/100  38%

(abduction < 15° and/or elevation < 10°)

Abduction < 15° 76/122  62% 38/100  38%
Elevation < 10° 59/122  48% 33/100  33%
Relevant head turn > 10° 22/129  17% 6/125 4%
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we found a tendency to higher AL in the
group with only Yokoyama surgery.

Postoperative findings

Postoperative evaluation was aimed to
include a follow-up of at least one
month, but 29 patients did not show up
for long-term follow-up or lived
abroad, causing a shorter follow-up
time. Follow-up ranged from 1 to
1260 days (median: 99 days, mean:
157 £+ 225 days), and 92 patients had
a follow-up time > 8 weeks (see
below). No surgical complications such
as intraocular pressure rise, perforation
or anterior segment ischaemia were
reported. Postoperative findings are
presented in Table 1.

The postoperative horizontal angle
was strongly associated with the pre-
operative horizontal angle (see Fig. 2).
For each degree of preoperative eso-
tropia, we found a larger postoperative
angle of 0.50° (95% CI: 0.39-0.56;
p < 0.00001). Patients with unilateral
surgery tended to have more residual
postoperative esotropia as compared to
patients with bilateral surgery (7.09°,
95% CI: 1.36-12.83, p = 0.02), while
overall women showed a tendency to
smaller postoperative angles (—3.24°;
95% CI: —6.55-0.06; p = 0.05), even
with correction for AL. Both associa-
tions were not statistically significant
after the Bonferroni correction.

There was no association of the
postoperative horizontal angle with
age, AL, prior surgery, MRR or addi-
tional surgeries.

The postoperative vertical angle (see
Fig. 3) was strongly associated with the
preoperative vertical angle (0.33°; 95%
CI: 0.18-0.47; p <0.0001), but not
with age, sex, AL, laterality or prior
strabismus surgery. Additional surgery
showed a tendency to larger postoper-
ative angles (95% CI: 0.71-5.57;
p = 0.011).

We found comparable results for the
absolute differences: for each degree of
preoperative horizontal angle, the
absolute difference between the pre-
and postoperative angles increased by
0.50° (95% CI: 0.4-0.61; p < 0.00001).
While women tended to have larger
absolute differences (3.24°; 95% CI:
—0.06 to 6.55; p =0.05), unilateral
surgery showed a tendency to be asso-
ciated with smaller absolute differences
between pre- and postoperative angles
(=7.09°; 95% CI. —12.83 —1.36;
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only Yokoyama:
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Yokoyama plus MRR:

8 patients

Yokoyama with
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Fig. 1. Distribution of the 133 patients with classical Yokoyama procedure concerning prior strabismus surgery and additional medial rectus
recession (MRR) or further procedures (plication of the lateral rectus (LR), plication of the LR and superior rectus muscle, revision of the LR,
contralateral MRR). All patients with prior strabismus surgery had unilateral Yokoyama procedure.

Table 2. Comparison between pre- and postoperative data for patients with and without additional medial rectus recession (MRR)

Without medial rectus recession

With medial rectus recession

p
n  Mean = SD Median Min Max »n  Mean £ SD Median Min Max

Age (years) 95  58.07 58.60 16.20 86.60 38 63.84 63.05 20.80  83.40 0.02*
13.74 11.80

Axial length (AL) (mm) 75  32.66 32.78 27.00 37.50 34 31.38 31.29 26.43 3590 0.02*
2.48 2.56

Preoperative esotropia (°) 95 20.33 16.70 0 70 38  32.61 33.51 9.00 60.00 P <0.001*
13.57 13.37

Postoperative horizontal angle (°) 95  7.53 4.57 —11.50 3096 38 11.56 9.55 —5.00 34.99 0.04*
9.51 10.24

Absolute effect (°) (horizontal) 95 12.80 11.31 -229 4771 38 21.05 19.92 5.39 50.00 P <0.001*
9.53 10.87

Preoperative hypotropia (°) 95 7.87 6.84 0 21.80 38 8.21 9.05 0 26.57 0.64
5.20 5.47

Postoperative vertical deviation (°) 95  2.46 0 0 16.70 38  3.54 0.29 0 16.70 0.44
3.66 4.88

Absolute effect (°) (vertical) 95 5.41 5.71 —8.35 20.00 38 4.67 5.66 —9.09 15.00 0.47
5.42 5.34

p = 0.02). Patients with MRR showed the multivariable analysis (see additional surgery showed a tendency

larger absolute differences, which is in
accordance with the higher preopera-
tive esotropia and showed no effect in

Table 2). For the vertical deviation,
the preoperative angle was the stron-

gest

determinant as

well,

while

to cause smaller differences.

We found no influence of age, sex,
AL, prior surgery, MRR or additional

el1343




— Acta OpHTHALMOLOGICA 2021

— el344

21

Postoperative horizontal angle (in°)

-10-

0 20 40

Medialis recession
= No

Sl Yes

60

Preoperative horizontal angle (in°)

Fig. 2. Scatterplot of pre- and postoperative horizontal angles [in degree] of 133 patients, with
regression lines and 95% confidence intervals. @ Patients with the Yokoyama procedure only
(n = 95, grey = unilateral, black = bilateral). A Patients with additional MRR (2.5 to 12.0 mm,
mean 5.5 + 3.5 mm, median 6.0 mm) (n = 38, grey = unilateral black = bilateral). Dark
line = linear slope (indicates no change). Grey dotted lines = target angle (—5° to 5°).
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Fig. 3. Scatterplot of pre- and postoperative vertical angles [in degree] of 133 patients, with
regression lines and 95% confidence intervals. grey = unilateral surgery, black = bilateral. Dark
line = linear slope (indicates no change). Grey dotted line = target angle (<5°).

surgeries on the relative difference.
There was a tendency (p = 0.02)
towards a higher relative effect of the
surgery in patients with bilateral sur-
gery compared to those with unilateral

surgery, which did not reach statistical
significance.

In our cohort, 48 % of patients
showed a postoperative horizontal
angle between —5° and 5°.

Larger preoperative esotropia was
associated with a smaller odds ratio for
an absolute postoperative horizontal
angle < 5° (OR: 0.89; 95% CI: 0.85-
0.94; p <0.0001; Fig. 4), while no
other factor appeared to be associated.

For all postoperative outcomes, we
performed sensitivity analyses adjusting
for treatment site and did not find any
relevant effect. In an additional sensi-
tivity analysis, we excluded patients
with a follow-up shorter than 8 weeks
(56 days) and recalculated our models
with the remaining 92 patients. The
preoperative angle remained by far the
strongest determinant and showed com-
parable effect sizes, while other non-
significant trends vanished. Hence, the
short follow-up time in some patients
did not relevantly change our results.

Of the six patients with preoperative
esotropia of < 5°, one patient had a
postoperative exotropia of —5°, the
others had a postoperative esotropia
between 0 and 3.4° (median: 0.5°), and
vertical angles ranged from 0 to 16.4°
(median: 1°). Motility was improved in
all patients who had significantly
reduced motility before the surgery.

Postoperative exotropia between 2°
and 11.5° occurred in further five
patients with preoperative esotropia
between 9 and 45°. Two of these had
MRR during their combined surgery
before the actual procedure, in one
patient the actual MRR was 10 mm
(for an initial esotropia of 9°). Two of
the patients had bilateral surgery with
bilateral high myopia. Concerning the
surgical effect on the vertical angle, in
three patients the postoperative vertical
angle was substantially larger than the
preoperative, two of these with bilat-
eral surgery. One patient had a post-
operative exotropia and higher vertical
deviation, in this patient additional
myopexia of the lateral rectus muscle
to the sclera had been performed.

In 26 patients, further strabismus
surgery was performed (Eight com-
bined recess—resect surgery other eye,
six additional MRR, three revisions of
Yokoyama surgery, two Yokoyama
surgery other eye and seven other
procedures). In another eight patients,
further strabismus surgery was planned
or discussed with the patient.

Discussion

Our study provides large-scale results
of the Yokoyama procedure for
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Fig. 4. Boxplot of preoperative esotropia and postoperative target angle (absolute horizontal

deviation < 5°).

correcting esohypotropia in patients
with high myopia using data from 14
centres.

Most of our patients were 50 years
or older, and magnitude of preopera-
tive esotropia increased with age. We
found the effect of the Yokoyama
surgery to be dependent on the magni-
tude of preoperative esotropia, whereas
age, sex, AL, prior strabismus surgery
and even additional MRR were not
associated. Patients with larger esotro-
pia underwent additional MRR more
frequently, but we found no effect of
MRR on the surgical outcomes.

First results on the procedure were
published by the group of Yokoyama
with results of 14 patients (23 eyes)
(Yamaguchi et al. 2010) after their
initial presentation of the surgical prin-
ciple in 2000 (Yokoyama et al. 2000).
Further studies comprising 7 to 25
patients were published (Akar et al.
2014; Fresina et al. 2014; Atili et al.
2016; Zou et al. 2017), as well as a few
case reports and small case series
(Wong et al. 2005; Rowe & Noonan
2006; Basmak et al. 2008; Durnian
et al. 2010; Shih et al. 2012; Akbari
et al. 2013; Su et al. 2016). Another
Chinese study presented 16 patients,
but details except the abstract could
not be evaluated as the study was
published in Chinese (Yang & Liu

2017). Hence, adding up patients with
Yokoyama procedure from all publi-
cations so far, we found 108. Data of
these studies are presented in Table 3.

Comparing our data with the litera-
ture (see Table 3), we confirm a good
effect of the Yokoyama procedure
procedure in a large group of patients
with esohypotropia due to high myo-
pia. Our patients had smaller mean
preoperative esotropia than the initial
study of Yamaguchi et al. (2010). This
is partly due to the fact that there were
six patients in our cohort with very
small preoperative esotropia (four with
typical ocular motility restriction and
two with vertical angles of > 15°), but
the potential effect of surgery on
esotropia therefore was low in these
patients in the first place.

On the other hand, we had fewer
bilateral surgeries compared to the
other studies with the Yokoyama tech-
nique and bilateral surgery tended to
have a higher effect. Our data indicate
that a large proportion of our patients
had in fact bilateral high myopia, but
had surgery only in one eye. We do not
know the reasons for this in our data.
For example, patients may not have
had typical muscle and motility fea-
tures of high myopes in their fellow eye
or surgeons may have decided to oper-
ate one eye at a time with this rather
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new surgical technique. Nevertheless,
26 patients had further strabismus
surgeries, two of them had Yokoyama
surgery on the fellow eye. Our data
seem to indicate that in bilateral high
myopia, bilateral Yokoyama procedure
has a larger effect than wunilateral
surgery, especially in patients with
large preoperative angles, as overcor-
rection was generally rare and occurred
in patients with smaller preoperative
angles. In contrast, at least 35% of our
patients with unilateral Yokoyama
procedure had unilateral high myopia
with an AL of less than 28 mm in the
fellow eye. In the general population,
unilateral high myopia is less frequent
than bilateral disease (Weiss 2003).
Data concerning prevalence in different
populations are lacking, so we cannot
rule out different prevalences concern-
ing the East-Asian and European pop-
ulation.

Most studies agree about manifesta-
tion of this form of strabismus typically
in a higher age group (see Table 3),
although the results of Yokoyama
procedure in three children have been
published (Acar & Altintas 2015; She-
noy et al. 2015).

None of the other studies evaluated
the effect of an additional MRR com-
pared with pure Yokoyama procedure,
probably due to the small number of
individuals in each group. However,
some studies indicate that MRR was
performed when the forced duction test
was suggestive of strong contracture of
the MR or when it was technically
difficult to perform muscle union of the
superior rectus and LR muscles due to
this restriction, as some surgeons in
this study indicated as well (Yam-
aguchi et al. 2010; Akar et al. 2014).

Patients with additional MRR
showed larger preoperative angles.
This, however, was based on the sur-
geon’s choice, who seem to have cho-
sen MRR in case of large preoperative
angles. Our data do not support an
additional effect of MMR on our
postoperative outcome measures.

We cannot conclude from our data
whether MRR may have an additional
effect when performed in a second
surgery in case of insufficient effect of
the first surgery.

Shenoy et al. (2015) published 15
patients (26 eyes), who received a
modification of the original Yokoyama
procedure: they used a silicone band
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Table 3. Data of studies with more than ten patients with Yokoyama procedure

Prior Pre-op horizontal Post-op horizontal
n Age [years] surgery  Uni/bilateral MRR (eyes/patients) [mm] deviation deviation
Yamaguchi 14 63.8 +38.3 0 5/9 19/10 (5-8 mm, in 3 cases ina  58.8° + 36.0° 0.7° + 9.0°
2010 second surgery)
Akar 2014 20 34.8 £ 3.1 0 5/15 58.6PD + 2.5PD*  6.8PD + 1.4PD*
Fresina 26 483+ 158 0 19/7 33/26, 5-12 mm 46.2PD =+ 15.5PD* 7.36PD + 9.09PD*
2014

Zou 2017 25 Median 46 0
(35-64)
59.7 + 13.4

Present 133

study

37/133

17 (4 with Rec/res
contralat)/8
124/9

29 /21, 5-8 mm

41/38 (2.5 to 12 mm)

42.6° £23°° 6.3° £49°"

23.8° + 14.6° 8.7° £ 9.9°

In this study, we analysed all angles of strabismus and thus the effects of surgery in degree (°) and not in cm/m, as the unit degree represents the true
eye position or change in position, respectively, and not its tangential projection (Basiakos et al. 2019)

* Recalculation of the data from cm/m in degree not possible, as individual pre- and postoperative angles not given in the paper,

* recalculated from the individual data in cm/m in the paper.

loop, which was sutured to the sclera.
In two patients, the silicone band had
to be removed due to foreign body
sensation. However, results are not
directly comparable, as one of the main
advantages of the Yokoyama proce-
dure is that there is no need of a scleral
suture. Moreover, the mean age of
patients was 27.9 years (£16 years);
therefore, patients were younger than
in most other publications. For com-
parison, mean preoperative esotropia
was 36.8°£11.7° (range: 16-50°), which
improved to 9.3°+9.3° (range: 0-27°)
(recalculated from the original data in
cm/m).

The need for a scleral suture in high
myopic eyes is also the reason why the
classical equatorial myopexy of the LR
lost popularity in recent years,
although the results of this surgery
performed by experienced surgeons
were satisfactory: for comparison, eso-
tropia was reduced from 21.0°+15.0°
to 3.2°£11.1° in 35 patients with a
mean age of 60.3 + 9.9 years by LR
myopexy (superior border of LR only)
combined with MRR (Graf & Lorenz
2015).

The strength of our study is the large
sample size with real-world clinical
data on the Yokoyama procedure with
and without additional MRR in a
European population. We included
133 patients, which is much larger than
all patients from the above-mentioned
studies together. To our knowledge,
this is the only study comparing these
procedures on such a large-scale level.
Due to different indications according
to different centres, comparisons con-
cerning additional procedures

(especially MRR) or bilateral surgery
were possible.

However, we need to acknowledge
several limitations: as data were col-
lected in a clinical setting, not all data
sets were complete (especially AL,
motility and MRI). Moreover, different
sites may have different in-house stan-
dards considering the measurement of
angles and indication or performance
of surgery, although we could not find
a relevant effect in our data.

In conclusion, to our knowledge this
study provides data from the largest
sample of patients with Yokoyama pro-
cedure and potential additional MRR.
Patients with smaller preoperative eso-
tropia had a higher probability of post-
operative horizontal angles of <5
degrees and bilateral Yokoyama proce-
dure appeared to have a higher effect in
patients with bilateral myopic esohy-
potropia. An additional MRR may be
helpful when MR restriction hampers
adequate union of the superior rectus
and LR, although MRR had no addi-
tional effect on our postoperative out-
comes compared with the pure
Yokoyama procedure and may lead to
overcorrections. The Yokoyama proce-
dure showed a higher effect (but also
more residual esotropia) in patients with
higher preoperative esotropia, indicating
that the effect of this procedure mainly
depends on the preoperative angle.
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Retinal assessments have been discussed as biomarkers for several neurodegenerative
diseases as well as brain atrophy. However, available studies did not investigate all retinal
layers due to older imaging technology, reported inconsistent results, or were based on small
sample sizes. In this study, we included 2872 eligible participants of the Rhineland Study
with data on SD-OCT and brain MRI. We used multiple linear regression to examine
relationships between retinal measurements and volumetric brain measures as well as
fractional anisotropy (FA) as measure of microstructural integrity of white matter (WM) for

different brain regions.

In these 2872 participants, mean (SD) age was 53.8 + 13.2 years (range 30-94) and 57%
were women. Volumes of the inner retina were associated with total brain and grey matter
(GM) volume, and even stronger with WM volume and FA. In contrast, the outer retina was
mainly associated with GM volume, while both, inner and outer retina, were associated with

hippocampus volume.

While we extend previously reported associations between the inner retina and brain
measures, we found additional associations of the outer retina with parts of the brain. This
indicates that easily accessible retinal SD-OCT assessments may serve as biomarkers for
clinical monitoring of neurodegenerative diseases and merit further and longitudinal

research.
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Retinal layer assessments
as potential biomarkers for brain
atrophy in the Rhineland Study

Matthias M. Mauschitz'?, Valerie Lohner?, Alexandra Koch?, Tony Stocker®“, Martin Reuter®,
Frank G. Holz?, Robert P. Finger®” & Monique M. B. Breteler®%’*

Retinal assessments have been discussed as biomarkers for brain atrophy. However, available studies
did not investigate all retinal layers due to older technology, reported inconsistent results, or were
based on small sample sizes. We included 2872 eligible participants of the Rhineland Study with data
on spectral domain—optical coherence tomography (SD-OCT) and brain magnetic resonance imaging
(MRI). We used multiple linear regression to examine relationships between retinal measurements and
volumetric brain measures as well as fractional anisotropy (FA) as measure of microstructural integrity
of white matter (WM) for different brain regions. Mean (SD) age was 53.8 +13.2 years (range 30-94)
and 57% were women. Volumes of the inner retina were associated with total brain and grey matter
(GM) volume, and even stronger with WM volume and FA. In contrast, the outer retina was mainly
associated with GM volume, while both, inner and outer retina, were associated with hippocampus
volume. While we extend previously reported associations between the inner retina and brain
measures, we found additional associations of the outer retina with parts of the brain. This indicates
that easily accessible retinal SD-OCT assessments may serve as biomarkers for clinical monitoring of
neurodegenerative diseases and merit further research.

The neurosensory retina and the brain derive from the same neural tissue, share morphologic and physiologic
similarities and maintain direct synaptic connections over the whole life span'. To date, retinal layer thickness
measurements with spectral domain-optical coherence tomography (SD-OCT) have become routine clini-
cal biomarkers for ophthalmic diseases such as glaucoma®®. Moreover, SD-OCT assessments are emerging as
potential biomarkers for a variety of neurological and neurodegenerative diseases such as multiple sclerosis
(MS) and dementia*®. Previous studies reported associations between SD-OCT assessed retinal structures and
magnetic resonance imaging (MRI) assessed brain parameters in small samples of mostly cognitively impaired
participants”'’. Retinal imaging is non-invasive, easily assessable and less costly than MRI imaging, and therefore
potentially suitable for mass screening. This, however, requires further elucidation of the relation of different
retinal layers with brain features in the general population. To date, only one study evaluated the relation between
retina layer parameters and the brain on a large-scale population level. This study used 1.5-Tesla (T) MRI which
has since been superseded by the more advanced 3-T MRI. Furthermore, the authors concentrated on the inner
retina and did not consider the outer retina due to technical limitations of retinal imaging at the time''2.

Nowadays, more advanced segmentation algorithms and higher resolution imaging enable the automated
and precise identification of additional retinal layers including the outer retina as well as novel and more precise
peripapillary retinal nerve fiber layer (PRNFL) parameters such as Bruch’s membrane opening-minimum rim
width (BMO-MRW) around the optic disk'®. In addition, fractional anisotropy (FA) as assessed using diffusion
tensor imaging (DTI), which is an indicator of white matter (WM) integrity, has recently been reported to cor-
relate with disease severity in dementia and suggested as potential biomarker for neurodegeneration'*'>. Thus,
FA measures should be included in any future studies assessing the relationship between retinal and cerebral
parameters.

*Population Health Sciences, German Center for Neurodegenerative Diseases (DZNE), Venusberg-Campus 1/99,
53127 Bonn, Germany. 2Department of Ophthalmology, University Hospital Bonn, Bonn, Germany. MR Physics,
German Center for Neurodegenerative Diseases (DZNE), Bonn, Germany. “Department of Physics and Astronomy,
University of Bonn, Bonn, Germany. *Image Analysis, German Center for Neurodegenerative Diseases (DZNE),
Bonn, Germany. ®Institute for Medical Biometry, Informatics and Epidemiology, Faculty of Medicine, University of
Bonn, Bonn, Germany. "These authors contributed equally: Robert P. Finger and Monique M. B. Breteler. “‘email:
Monique.Breteler@dzne.de
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Against this background we investigated the association of all retinal layers as well as novel peripapillary
RNFL parameters with cerebral structural measures, including DTT derived FA, in a general, mostly Caucasian,
population.

Methods

Study population. This study is based on the Rhineland Study, a community based prospective cohort
study to which all inhabitants of two geographically defined areas in the city of Bonn, Germany, who are 30 years
of age or older, are being invited. Persons living in those areas are predominantly German with Caucasian eth-
nicity. Participation in the study is possible by invitation only. The only exclusion criterion is insufficient German
language skills to give informed consent. The study adheres to the tenets of the Declaration of Helsinki and has
approval of the ethical committee of the Medical Faculty of the University of Bonn. All participants gave written
informed consent. Our analyses are based on individuals who completed MRI and SD-OCT data and have com-
plete data on covariables. Furthermore, as these diseases may have an impact on retinal SD-OCT assessments or
cause non-degenerative brain changes, we excluded participants with a self-reported history of stroke, multiple
sclerosis (MS), glaucoma, and macular degeneration or missing data on this (n=50, n=19, n=62, and n=75,
respectively).

Ophthalmic assessments and covariates. We assessed retinal layers of the right eye with our previ-
ously reported protocol using the Spectralis SD-OCT (Heidelberg Engineering, Heidelberg, Germany)®. In
short, the in-built segmentation algorithms of the Heidelberg Eye Explorer (HEYEX) enables the automatic
delineation of all macular layers including the outer retina: the inner retinal layers comprise the retinal nerve
fiber layer (nRNFL), ganglion cell layer (mGCL), inner plexiform layer (mIPL), and inner nuclear layer (mINL).
The outer retinal layers include the outer plexiform layer (mOPL), outer nuclear layer (mONL), and retinal pig-
ment epithelium (mRPE). Around the optic disc, the algorithm delineates pPRNFL and BMO-MRW which has
shown good agreement with manual segmentation'®. As initial quality assurance process, we filtered out large
outliers and manually checked them. We excluded cases of pathology (e.g. epiretinal membrane) that deteriorate
the reliability of the assessments. Refraction and best-corrected visual acuity (BCVA) were measured with an
automated refractometer (Ark-1s, NIDEK CO., Tokyo, Japan). IOP was measured using non-contact tonometry
(TX-20, Canon, Tokyo, Japan). Spherical equivalent (SE) was calculated as the spherical value and half of the
cylindrical value. In absence of contraindications, participants were dilated for imaging using standard mydri-
atic agents (tropicamide and phenylephrine)'. Hypertension was defined as measured systolic blood pressure
(SBP)>139 mmHg and/or diastolic blood pressure (DBP)>89 mmHg and/or use of antihypertensive drugs;
diabetes was defined as measured fasting glycated hemoglobin (HbA1lc)>6.5% and/or the use of antidiabetic
drugs. Body-mass-index (BMI) was defined as measured body weight (in kilogram) divided by square body
height (in meters).

Structural brain MRI.  We performed MRI using a 3-T Siemens MAGNETOM Prisma MRI scanner (Sie-
mens Healthcare, Erlangen, Germany) in absence of contraindications. Whole brain T1-weighted multi-echo
magnetisation prepared rapid gradient-echo (MEMPRAGE, 0.8 mm isotropic resolution)'”'s images were
acquired on two 3-T Siemens MAGNETOM Prisma MRI scanners (Siemens Healthcare, Erlangen, Germany) in
absence of contraindications. Total brain volume (TBV), total hippocampal volume (THV) as well as total and
occipital grey (GM) and white matter (WM) volumes, based on the Desikan-Killiany atlas, were automatically
determined using FreeSurfer version 6.0, which has been shown to be extremely reliable with excellent test—
retest intraclass correlation coefficients across different MRI scanners and sequences'**.

Diffusion MRI.  Simultaneous-multi-slice diffusion weighted MRI (dMRI) was performed with a spin-echo
echoplanar imaging (SE-EPI) sequence applying threefold slice-acceleration®’~?*. A compressed sensing®* diffu-
sion spectrum imaging? (CS-DSI) protocol®® was used to collect dMRI scans at 1.5 mm isotropic spatial resolu-
tion. After correction of susceptibility-induced” and eddy-current-induced geometric distortions and subject
motion®** using FSL version 6.0 (www.fmrib.ox.ac.uk/fs]) and after CS reconstruction®*?, fractional anisotropy
(FA) was obtained from the diffusion tensor model®® using the MDT framework®. The Freesurfer processed
T1-weighted MR image was used to generate a whole brain WM mask, which was further corrected for WM
hyperintensities obtained from a T2- weighted FLAIR image, thresholded at an FA value of 0.3, constrained to
avoid partial voluming with CSF** and refined through FA skeletonization. Applying this mask, global FA values
were computed as the average across voxels within normal appearing WM. Additionally, a WM tract-specific
mean FA measure was derived for the optic radiation provided by the Jiilich histological atlas®.

Data analyses. Of the first 5000 participants, 3505 underwent MRI. Of these, 3395 participants had com-
plete data on SD-OCT, and 3113 on all (co-)variables. The most frequent reason for missing SD-OCT data was
technical issues, followed by low compliance during imaging resulting in low image quality. SD-OCT scans of 35
participants did not meet our predefined minimum quality standard of > 20 dB signal strength (out of possible
40 dB) and hence were excluded from the analyses, leaving us with 2872 participants for final analyses. FA data
for global WM and for the optic radiation were available in 2797 participants.

We used multivariable regression analyses to quantify the relations between SD-OCT measurements of spe-
cific retinal layers and MRI derived brain assessments. For ease of comparison, we standardized the different brain
parameters. Hence, the regression models indicate percentage of difference in volume for each cerebral parameter.
Moreover, we calculated beta-coeflicients for each retinal layer per unit (mm? and pm, respectively) as well as per
standard deviation (SD). We adjusted for several previously reported confounders and determinants of retinal
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Mean +SD or n(%)
Age (years) 53.8+13.2
‘Women 1649 (57.4%)
Spherical equivalent (dpt) -0.65+2.5
Body-Mass-Index (kg/m?) 25.6+4.2
Smoking status
Never 1390 (48.4%)
Former 1103 (38.4%)
Current 379 (13.2%)
Hypertension 980 (34%)
Diabetes mellitus 116 (4%)
Brain volumetric parameters (in ml)
Total brain 1111.0+116.1
Total grey matter 461.2+47.5
Total white matter 458.2+57.8
Occipital grey matter 48.3+6.2
Occipital white matter 424+6.2
Hippocampi 7.92+0.9
Fractional anisotropy (FA) of total white matter® 0.629+0.02
FA of WM of the optic radiation® 0.628 £0.02
Macular volumetric parameters (in mm?)
Retinal nerve fiber layer (nRNFL) 0.95+0.12
Ganglion cell layer (mGCL) 1.08£0.10
Inner plexiform layer (mIPL) 0.89+0.07
Inner nuclear layer (mINL) 0.95+0.06
Outer plexiform layer (mOPL) 0.82+0.07
Outer nuclear layer (mONL) 1.73+0.19
Retinal pigment epithelium (mRPE) 0.39+0.04
Total retina 8.66+0.39
Optic disc thickness parameters (in microns)
Peripapillary retinal nerve fiber layer (pRNFL) 100.0£10.8
Bruch’s membrane opening-minimum rim width (BMO-MRW) 341.3+61.3

Table 1. Characteristics of participants included in the analyses (n=2872). *n=2797.

SD-OCT assessments'***. Multivariable regression models included the brain assessments as outcome and the
respective retinal layer as independent variable and were adjusted for age, sex, SE, estimated total intracranial
volume (eTIV), BMI, hypertension, diabetes, and smoking. All analyses were performed with the statistical
software RStudio (R version 4.0.3, RStudio, Inc, Boston, MA, https://www.rstudio.com/).

Results

Compared to participants who underwent MRI (n=3505), those without MRI data (n=1495) were slightly
older (57.7 £14.6 vs. 54.8 £ 13.6 years), included less women (52.9% vs. 58.0%), and showed a more positive
SE (- 0.55+2.6 vs. — 0.67 + 2.6 diopters). The 2872 participants that were included in our final analysis showed
similar age (53.8 + 13.2 years), sex distribution (57.4% women), and SE (- 0.65+2.5 diopters; Table 1), as the
total group of participants with MRI.

All inner and outer retinal layers except for mONL were positively associated with total brain volume (TBV).
The associations were most outspoken for the inner retina, and stronger with WM than with GM volume (see
beta-coefficients in Table 2). We saw a similar pattern of associations between retinal layers and occipital lobe
volumes, with the estimates being even stronger than for total brain volumes (see beta-coefficients in Table 3).
The inner retina around the optic nerve head (pPRNFL and BMO-MRW) was similarly associated with brain
volumetric measures as the macular inner retina. The mRPE, as part of the outer retina, was strongly associated
with TBV and GM, but not with WM volume. The pattern of associations between retinal layer measures and the
hippocampi, was similar to what we observed for total brain volumes, but relative effect sizes were much larger
(Table 3). We found no association of mONL with any brain volume. Regarding the DTI analyses, mainly the
inner retina showed positive associations with FA of normal appearing WM. This association was even stronger
for FA of the optic radiation (see beta-coeflicients in Table 4). As sensitivity analyses, we repeated all models
stratified by age above and below 58 years (data not shown). We found similar, although smaller associations
and some weaker associations vanished, particularly in the older group, in which we additionally found an
association of ONL with total WM.
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Total brain volume Total grey matter volume Total white matter volume
Difference (%) per | Difference (%) per Difference (%) per | Difference (%) per Difference (%) per | Difference (%) per
mm?*/um [95% CI] | SD [95% CI] mm?®/um [95% CI] | SD [95% CI] P mm?®/um [95% CI] | SD [95% CI] P
mRNEL 1.58 [0.43; 2.74] 0.19 [0.05; 0.33] 0.007 | 0.34 [-1.04; 1.72] 0.04 [-0.13;0.21] 0.63 | 2.89[1.01;4.76] 0.35[0.12; 0.58] 0.002
mGCL 7.08 [5.61; 8.55] 0.70 [0.56; 0.85] <0.001 | 5.45 [3.67; 7.22] 0.54 [0.37; 0.72] <0.001 | 8.58 [6.17;10.99] | 0.86 [0.62; 1.10] <0.001
mIPL 8.61[6.68;10.55] | 0.64[0.49; 0.78] <0.001 | 6.94 [4.60; 9.27] 0.51 [0.34; 0.69] <0.001 |9.89[6.72;13.07] | 0.73[0.50; 0.97] <0.001
mINL 3.17 [0.96; 5.39] 0.21 [0.06; 0.35] 0.005 | 0.85 [-1.80; 3.50] 0.05 [-0.12; 0.23] 0.53 | 4.46 [0.86; 8.06] 0.29 [0.05; 0.52] 0.02
mOPL 2.76 [0.87; 4.66] 0.20 [0.06; 0.33] 0.004 | 2.11 [-0.15; 4.38] 0.15 [-0.01; 0.31] 0.07 |3.37[0.28; 6.45] 0.24 [0.02; 0.46) 0.03
mONL 0.41 [-0.33; 1.15] 0.07 [-0.06; 0.22] 028 |0.73[-0.16;1.62] 0.14 [-0.03; 0.31] 0.10 |-0.24[-1.45;0.96] |-0.04[-0.27;0.18] 0.69
mRPE 5.89 [2.01; 9.77] 0.21 [0.07; 0.34] 0.003 | 6.59[1.95;11.22] | 0.23 [0.07; 0.40] 0.005 | 3.99 [-2.33;10.31] | 0.14 [-0.08; 0.36] 0.22
PRNFL 0.04 [0.03; 0.06] 0.49 [0.35; 0.64] <0.001 | 0.02 [0.01;0.04] 0.25 [0.08; 0.42] 0.004 | 0.06 [0.04; 0.08] 0.61 [0.38; 0.84] <0.001
BMO-MRW | 0.00 [0.00; 0.01] 0.25 [0.10; 0.39] <0.001 | 0.00 [0.00; 0.00] 0.00 [-0.18; 0.16] 0.92 | 0.01[0.00;0.01] 0.42 [0.19; 0.65] <0.001
Table 2. Associations of retinal layers with brain volumetric parameters (n=2872). mRNFL macular retinal
nerve fiber layer, mGCL macular ganglion cell layer, mIPL macular inner plexiform layer, mINL macular inner
nuclear layer, mOPL macular outer plexiform layer, #ONL macular outer nuclear layer, mRPE macular retinal
pigment epithelium, pRNFL peripapillary RNFL, BMO-MRW Bruch’s membrane opening-minimum rim
width. Macular layer volumes per mm? pRNFL and BMO-MRW per pm.
Occipital grey matter volume Occipital white matter volume Total hippocampal volume
Difference (%) Difference (%)
[95% CI] per mm?®/ | Difference (%) per [95% CI] per mm®/ | Difference (%) per Difference (%) per | Difference (%) per
pum SD [95% CI] um SD [95% CI] P mm?®/pm [95% CI] | SD [95% CI] P
mRNFL 2.41 [-0.50; 5.31] 0.29 [-0.06; 0.64] 0.10 | 5.93[2.53;9.35] 0.72 [0.31; 1.14] <0.001 |2.64[0.14;5.13] 0.32[0.02; 0.62] 0.04
mGCL 12.47 [8.74; 16.20] | 1.24 [0.87; 1.62] <0.001 | 15.00 [10.61; 19.39] | 1.50 [1.06; 1.93] <0.001 |13.27[10.08; 16.47] | 1.32 [1.01; 1.64] <0.001
mIPL 13.77 [8.86; 18.68] | 1.02 [0.66; 1.38] <0.001 | 15.18 [9.40; 20.97] | 1.13 [0.70; 1.55] <0.001 | 17.46 [13.26;21.65] | 1.29 [0.98; 1.60] <0.001
mINL -1.95 [-7.53; 3.63] -0.13 [-0.49; 0.24] 0.49 | 2.35[-5.50;8.91] 0.15 [-0.27; 0.58] 0.43 6.94 [2.16; 11.73] 0.45 [0.14; 0.76] 0.004
mOPL 032 [-5.10;4.45] | -0.02[-0.37;0.32] 0.89 |0.11[-7.34;5.73] 0.00 [-0.01;0.01] | 0.97 5.78 [1.68; 9.88] 0.42[0.12; 0.71] 0.005
mONL 1.74 [-0.12; 3.61] 0.33 [-0.02; 0.69] 0.07 |-0.10[-2.30;2.09] | -0.02[-0.04;0.04] |0.93 20.25[-1.86; 1.35] | -0.05 [-0.35; 0.26] 0.76
mRPE 4.51[-5.29;14.29] | 0.16 [-0.19; 0.50] 037 |3.68[-7.83;15.18] |0.13[-0.28;0.54] | 0.53 11.14 [2.75; 19.54] | 0.39 [0.10; 0.69] 0.009
PRNFL 0.14[0.11; 0.17) 1.49 [1.13; 1.84] <0.001 | 0.19[0.15; 0.22] 2.00 [1.59; 2.41] <0.001 |0.10[0.07;0.13] 1.06 [0.76; 1.39] <0.001
BMO-MRW 0.01 [0.00; 0.01] 0.56 [0.21; 0.92] 0.02 |0.02[0.01; 0.02] 0.96 [0.54; 1.38] <0.001 | 0.01 [0.00;0.01] 0.48 [0.17; 0.78] 0.002
Table 3. Associations of retinal layers with occipital and hippocampal volumetric parameters (n=2872).
mRNFL macular retinal nerve fiber layer, mGCL macular ganglion cell layer, mIPL macular inner plexiform
layer, mINL macular inner nuclear layer, mOPL macular outer plexiform layer, mONL macular outer nuclear
layer, mRPE macular retinal pigment epithelium, pRNFL peripapillary RNFL, BMO-MRW Bruch’s membrane
opening-minimum rim width. Macular layer volumes per mm? pRNFL and BMO-MRW per pm.
FA total white matter FA optic radiation
Difference (%) per mm*/pum Difference (%) per mm*/pum
[95% CI] Difference (%) per SD [95% CI] | p [95% CI] Difference (%) per SD [95% CI] | p
mRNFL 0.25 [-0.11; 1.40] 0.08 [-0.01; 0.17] 0.09 |2.72[1.62;3.82] 0.33 [0.20; 0.46] <0.001
mGCL 2.31 [1.34; 3.28] 0.23 [0.13;0.27] <0.001 |6.38[4.98;7.78] 0.64 [0.50; 0.78] <0.001
mIPL 2.92 [1.64;4.19] 0.22[0.12; 0.31] <0.001 |7.22[5.37;9.07] 0.53 [0.40; 0.67] <0.001
mINL 1.88 [0.43; 3.32] 0.12 [0.03; 0.22] 0.01 3.01[0.90; 5.13] 0.20 [0.06; 0.33] 0.005
mOPL 1.29 [0.05; 2.52] 0.09 [0.01; 0.18] 0.04 | 1.85[0.04; 3.66] 0.13 [0.00; 0.26] 0.05
mONL 0.34 [-0.15; 0.82] 0.06 [-0.03; 0.16] 0.17 | 0.85[0.14; 1.56] 0.16 [0.03; 0.30] 0.02
mRPE 0.30 [-2.84; 2.24] -0.01 [-0.10; 0.08] 0.82 | 1.01[-2.71;4.72] 0.04 [-0.10; 0.17) 0.60
PRNFL 0.01 [0.00; 0.02] 0.14 [0.04; 0.23] 0.004 | 0.06 [0.04;0.07] 0.59 [0.46; 0.73] <0.001
BMO-MRW 0.00 [-0.01; 0.01] -0.08 [-0.17; 0.01] 0.10 0.00 [0.00; 0.00] 0.06 [-0.07; 0.20] 0.36

Table 4. Associations of retinal layers with white matter fractional anisotropy (n=2797). FA fractional
anisotropy, mRNFL macular retinal nerve fiber layer, mGCL macular ganglion cell layer, mIPL macular inner
plexiform layer, mINL macular inner nuclear layer, mOPL macular outer plexiform layer, mONL macular outer
nuclear layer, mRPE macular retinal pigment epithelium, pRNFL peripapillary RNFL, BMO-MRW Bruch’s
membrane opening-minimum rim width. Macular layer volumes per mm?®; pRNFL and BMO-MRW per pm.
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Discussion

We found associations of volume/thickness of inner retinal layers with TBV, which seemed to be primarily driven
by a relationship with WM. These associations were even stronger within the occipital lobe and with the hip-
pocampus, and were also found in the inner retina around the optic disc (PRNFL and BMO-MRW). That the
relation was primarily with WM was supported by our finding of significant relationships between those layers
with DTI parameters of WM integrity. In contrast, we observed a relation of parts of the outer retina with TBV,
which seemed to be due to an association with GM. Our data suggest SD-OCT-derived retinal assessments can
potentially serve as biomarkers of cerebral atrophy.

Most of the few published studies on the relation of MRI brain assessments and OCT-derived retinal layer
measurements were based on small cohorts of selected participants and included both, neurologically healthy
and diseased individuals. These studies reported diverse and partially conflicting results on the relation of the
inner retina, mostly pRNFL and mGCL, and different cerebral areas®'®*>. The limited power in, and the huge
methodological differences between, most of these studies, however, hinders drawing strong conclusions on the
basis of their results.

The only population-based study that we are aware of that reported on the relation between retinal measures
and brain features, is the Rotterdam Study'"'?. This study found strong associations of the innermost retinal
layers (mainly pRNFL and mGCL and to some extent mIPL) with both, GM and WM volumes and partly with
FA as assessed using DTI'"'2. However, in the Rotterdam Study, segmentation algorithms were only able to
distinguish the inner retina. In their analysis, the mIPL was the most outer, and thus potentially least precisely,
segmented layer. Our data corroborate their findings, and extend those in that we found strong associations of
mIPL with all cerebral assessments and additionally of mINL as further inner layer with TBV. Hence, we found
that various layers of the inner retina both at the macula and the optic disc were associated with brain volumes,
especially with WM volume.

We were able to also segment the outer retina, and found that the mRPE was associated with TBV, which
seemed specifically driven by GM. We are only aware of two small studies that investigated the relation of the
outer retina with MRI brain parameters. One study found no relation in 52 participants®, whereas the other
study found that the outer retina was associated with TBV in 64 participants®®. However, besides the small sample
sizes, these studies did not delineate all retinal layers and only adjusted for age and sex as potential confounders
within their analyses. Our findings therefore need confirmation from larger, methodologically robust studies.

A question is what underlies our findings. That we found the strongest associations for the inner retina may
indicate that ganglion cells and their inter-connections (both, distal axons and proximal dendrites) decline in
case of cerebral deterioration/changes. Previous studies hypothesized retrograde degeneration as a potential
pathomechanism, leading from cortical atrophy via reduced neuronal inter-connections to decline of retinal
axons*'>*, However, this pathomechanism appears less likely for the outer retina. Here, systemic changes e.g.
associated with impaired perfusion or vasculopathy may play a role. The mRPE is a thin layer of highly metaboli-
cally active cells supporting photoreceptors in the maintenance of the visual cycle, contributes to the blood-retina
barrier® and is not part of the neuro-sensory retina with direct connection to cerebral neurons. This may explain
why we found no association of mRPE with WM volumes as we did for the inner retina. While associations of the
neuro-sensory (inner) retina with the brain can be explained by the close anatomical connection, we speculate
that the observed associations of mRPE are less direct and represent a more general metabolic dysregulation.
Interestingly, we found no relation of the mONL with any cerebral assessment. The mONL represents a large
layer between the inner retina and the mRPE and consists of parts of the photoreceptors. The lack of any asso-
ciation therefore suggests that photoreceptors, as the first cells within the visual afferent pathway, are relatively
unaffected by cerebral changes.

We found the strongest associations, both for inner and outer retinal layers, with volumes of the hippocampi.
Only few, small studies reported correlations of retinal measurements with hippocampus volumes and suggested
these to be potential biomarkers of neurodegeneration**-*2. As hippocampus volumes decrease early in cognitive
impairment®, retinal assessments may be an easily accessible biomarker of hippocampus atrophy and cogni-
tive decline*’. Our data suggest that in clinical routine, SD-OCT assessments of retinal layers may be useful as
additional examination in the longitudinal monitoring of neurological/neurodegenerative diseases, which e.g.
has already been proposed for MS*.

Apart from structural measurements, we found various layers of the inner retina to be associated with FA,
a proxy measure for WM microstructural integrity. As expected, effects were larger in the optic radiation as
compared to total WM. This adds to and extends the results of the Rotterdam Study, which reported only the
innermost layers (pRNFL and mGCL) to be associated with FA'2.

To our knowledge, our study is the first to report on the relation of fully segmented retinal layers and vari-
ous cerebral parameters from structural MRI and DTT in a large, general Caucasian population. The strengths
of our study include the large community-based population with a wide age range from 30 to 94 years. The
weaker associations in the sensitivity analysis are likely due to the reduced sample size and, in the older group,
the general decrease in retinal layer thickness with age, which leads to smaller absolute differences and likely
reduced accuracy in detecting changes. Moreover, we hypothesize the association of ONL with total WM to
be spurious, as the ONL contains cell bodies, which are not likely directly connected to the axons of WM and
we found no association of ONL with any MRI assessment in the total cohort. The study protocol comprised
comprehensive and standardized ocular, MRI-based cerebral and systemic deep phenotyping. SD-OCT and
MRI imaging were performed using a state-of-the-art device with high resolution scans and automated layer
segmentation, including the deeper outer retinal layers'®. For MRI image analysis we performed post-processing
based on well-established atlases. Moreover, we adjusted our analyses for several ocular confounders, which has
not been the case in many neurological studies on SD-OCT. Yet, several limitations must be considered. Even
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though participation was possible by invitation only, a self-selection of younger and more healthy participants
may have occurred. Hence, our study population is not strictly representative of the entire German population.
To the extent that this may have introduced bias, we consider it most likely that it led to an underestimation of
effects. Furthermore, information on some diseases was self-reported which may have been less reliable than
medical diagnoses. We did not manually check the retinal layer segmentation of all scans, but we excluded
scans below a strict quality threshold. It is therefore unlikely, also given the large sample size, that remaining
segmentation artefacts have confounded our results to any relevant extent'”. Lastly, we performed a number of
statistical models, which may have increased alpha error accumulation. However, we consider beta-coefficients
and respective confidence intervals much more important than p-values as a binary cut-off in this exploratory
study. The widely used Bonferroni correction (in our study 0.05/72 = 0.00069) has frequently been reported to be
over-conservative causing too many false negatives*®. Hence, we report beta-coefficients, confidence intervals, and
p-values so that the reader is able to evaluate both statistical significance and clinical relevance. In conclusion, we
found strong associations of the inner and outer retina with various cerebral structures. Our study implies that
SD-OCT assessments of different retinal layers may serve as potential biomarkers for cerebral atrophy and may
aid in neurodegenerative disease monitoring. Further research to evaluate the value of SD-OCT assessments of
the retina in detecting or monitoring cerebral changes and neurodegenerative diseases is warranted.

Data availability
The datasets analyzed during the current study are not publicly available due to participant privacy, but may be
available from the corresponding author on reasonable request.

Received: 31 August 2021; Accepted: 20 January 2022
Published online: 17 February 2022

References
1. Chang, L. Y. L. et al. Alzheimer’s disease in the human eye. Clinical tests that identify ocular and visual information processing
deficit as biomarkers. Alzheimer’s Dementia J. Alzheimer’s Assoc. 10, 251-261 (2014).
2. Mwanza, J.-C., Oakley, J. D., Budenz, D. L. & Anderson, D. R. Ability of cirrus HD-OCT optic nerve head parameters to discrimi-
nate normal from glaucomatous eyes. Ophthalmology 118, 241-8.el1 (2011).
3. Gardiner, S. K., Fortune, B. & Demirel, S. Localized changes in retinal nerve fiber layer thickness as a predictor of localized func-
tional change in glaucoma. Am. J. Ophthalmol. 170, 75-82 (2016).
4. Mutly, U. et al. Association of retinal neurodegeneration on optical coherence tomography with dementia. A population-based
study. JAMA Neurol. 75, 1256-1263 (2018).
5. Jones-Odeh, E. & Hammond, C. J. How strong is the relationship between glaucoma, the retinal nerve fibre layer, and neurode-
generative diseases such as Alzheimer’s disease and multiple sclerosis?. Eye (Lond.) 29, 1270-1284 (2015).
6. Britze, J. & Frederiksen, J. L. Optical coherence tomography in multiple sclerosis. Eye (Lond.) 32, 884-888 (2018).
7. Balk, L. J. et al. Timing of retinal neuronal and axonal loss in MS. A longitudinal OCT study. J. Neurol. 263, 1323-1331 (2016).
8. Chan, V. T. T. et al. Spectral-domain OCT measurements in Alzheimer’s disease: A systematic review and meta-analysis. Ophthal-
mology 126, 497-510 (2019).
9. Ong, Y.-T. et al. Retinal neurodegeneration on optical coherence tomography and cerebral atrophy. Neurosci. Lett. 584, 12-16
(2015).
10. Casaletto, K. B. et al. Retinal thinning is uniquely associated with medial temporal lobe atrophy in neurologically normal older
adults. Neurobiol. Aging 51, 141-147 (2017).
11. Mutlu, U. et al. Retinal neurodegeneration and brain MRI markers: The Rotterdam Study. Neurobiol. Aging 60, 183-191 (2017).
12. Mutlu, U. ef al. Thinner retinal layers are associated with changes in the visual pathway. A population-based study. Hum. Brain
Map. 39, 4290-4301 (2018).
13. Mauschitz, M. M., Holz, E G., Finger, R. P. & Breteler, M. M. B. Determinants of macular layers and optic disc characteristics on
SD-OCT. The Rhineland study. Transl. Vis. Sci. Technol. 8, 34 (2019).
14. Kantarci, K. et al. White-matter integrity on DTT and the pathologic staging of Alzheimer’s disease. Neurobiol. Aging 56, 172-179
(2017).
15. Fischer, E U, Wolf, D., Scheurich, A. & Fellgiebel, A. Altered whole-brain white matter networks in preclinical Alzheimer’s disease.
NeuroImage. Clin. 8, 660-666 (2015).
16. Wong, B. M. et al. Validation of optical coherence tomography retinal segmentation in neurodegenerative disease. Transl. Vis. Sci.
Technol. 8, 6 (2019).
17. Brenner, D,, Stirnberg, R., Pracht, E. D. & Stocker, T. Two-dimensional accelerated MP-RAGE imaging with flexible linear reorder-
ing. Magma (New York, N.Y.) 27, 455-462 (2014).
18. van der Kouwe, A. J. W, Benner, T., Salat, D. H. & Fischl, B. Brain morphometry with multiecho MPRAGE. Neuroimage 40, 559-569
(2008).
19. Desikan, R. S. e al. An automated labeling system for subdividing the human cerebral cortex on MRI scans into gyral based regions
of interest. Neuroimage 31, 968-980 (2006).
20. Morey, R. A. et al. Scan-rescan reliability of subcortical brain volumes derived from automated segmentation. Hum. Brain Mapp.
31, 1751-1762 (2010).
21. Setsompop, K. et al. Blipped-controlled aliasing in parallel imaging for simultaneous multislice echo planar imaging with reduced
g-factor penalty. Magn. Reson. Med. 67,1210-1224 (2012).
22. Xu,J. et al. Evaluation of slice accelerations using multiband echo planar imaging at 3 T. Neuroimage 83, 991-1001 (2013).
23. Cauley, S. E, Polimeni, J. R., Bhat, H., Wald, L. L. & Setsompop, K. Interslice leakage artifact reduction technique for simultaneous
multislice acquisitions. Magn. Reson. Med. 72, 93-102 (2014).
24. Menzel, M. L et al. Accelerated diffusion spectrum imaging in the human brain using compressed sensing. Magn. Reson. Med. 66,
1226-1233 (2011).
25. van Wedeen, J., Hagmann, P, Tseng, W.-Y.I, Reese, T. G. & Weisskoff, R. M. Mapping complex tissue architecture with diffusion
spectrum magnetic resonance imaging. Magn. Reson. Med. 54, 1377-1386 (2005).
26. Tobisch, A. et al. Compressed sensing diffusion spectrum imaging for accelerated diffusion microstructure MRI in long-term
population imaging. Front. Neurosci. 12, 650 (2018).
27. Andersson, J. L. R., Skare, S. & Ashburner, J. How to correct susceptibility distortions in spin-echo echo-planar images: Application
to diffusion tensor imaging. Neuroimage 20, 870-888 (2003).

Scientific Reports |

(2022) 12:2757 | https://doi.org/10.1038/541598-022-06821-4 nature portfolio



32

www.nature.com/scientificreports/

28. Andersson, J. L. R. & Sotiropoulos, S. N. An integrated approach to correction for off-resonance effects and subject movement in
diffusion MR imaging. Neuroimage 125, 1063-1078 (2016).

29. Tobisch, A. et al. Comparison of basis functions and q-space sampling schemes for robust compressed sensing reconstruction
accelerating diffusion spectrum imaging. NMR Biomed. 32, 4055 (2019).

30. Basser, P. ., Mattiello, J. & LeBihan, D. MR diffusion tensor spectroscopy and imaging. Biophys. J. 66, 259-267 (1994).

31. Harms, R. L, Fritz, E. J., Tobisch, A., Goebel, R. & Roebroeck, A. Robust and fast nonlinear optimization of diffusion MRI micro-
structure models. Neuroimage 155, 82-96 (2017).

32. Jeurissen, B., Leemans, A., Tournier, J.-D., Jones, D. K. & Sijbers, J. Investigating the prevalence of complex fiber configurations in
white matter tissue with diffusion magnetic resonance imaging. Hum. Brain Mapp. 34, 2747-2766 (2013).

33. Biirgel, U. et al. White matter fiber tracts of the human brain: Three-dimensional mapping at microscopic resolution, topography
and intersubject variability. Neuroimage 29, 1092-1105 (2006).

34. Mauschitz, M. M. et al. Systemic and ocular determinants of peripapillary retinal nerve fiber layer thickness measurements in the
European Eye Epidemiology (E3) population. Ophthalmology 125, 1526-1536 (2018).

35. Shi, Z. et al. Retinal nerve fiber layer thinning is associated with brain atrophy: A longitudinal study in nondemented older adults.
Front. Aging Neurosci. 11, 69 (2019).

36. Sung, M. S. et al. Inner retinal thinning as a biomarker for cognitive impairment in de novo Parkinson’ disease. Sci. Rep. 9, 11832
(2019).

37. Jorge, L., Candrio, N., Quental, H., Bernardes, R. & Castelo-Branco, M. Is the retina a mirror of the aging brain? Aging of neural
retina layers and primary visual cortex across the lifespan. Front. Aging Neurosci. 11, 360 (2019).

38. Uchida, A. et al. Correlation between brain volume and retinal photoreceptor outer segment volume in normal aging and neuro-
degenerative diseases. PloS One 15, €0237078 (2020).

39. Vinores, S. A. Assessment of blood-retinal barrier integrity. Histol. Histopathol. 10, 141-154 (1995).

40. Shi, Z. et al. Retinal nerve fiber layer thickness is associated with hippocampus and lingual gyrus volumes in nondemented older

adults. Prog. Neuro Psychopharm. Biol. Psychiatry 99, 109824 (2020).

Meéndez-Gomez, J. L. et al. Association of retinal nerve fiber layer thickness with brain alterations in the visual and limbic networks

in elderly adults without dementia. JAMA Netw. Open 1, 184406 (2018).

42. Tao, R. et al. Perifovea retinal thickness as an ophthalmic biomarker for mild cognitive impairment and early Alzheimer’s disease.
Alzheimer’s Dementia (Amsterdam, Netherlands) 11, 405-414 (2019).

43. Tabatabaei-Jafari, H., Shaw, M. E. & Cherbuin, N. Cerebral atrophy in mild cognitive impairment: A systematic review with meta-
analysis. Alzheimer’s Dementia (Amsterdam, Netherlands) 1, 487-504 (2015).

44. Ward, D. D. et al. Association of retinal layer measurements and adult cognitive function: A population-based study. Neurology
95, e1144-e1152 (2020).

45. Petzold, A. et al. Retinal layer segmentation in multiple sclerosis: A systematic review and meta-analysis. Lancet. Neurol. 16,
797-812 (2017).

46. Perneger, T. V. What’s wrong with Bonferroni adjustments. BMJ (Clin. Res. ed.) 316, 1236-1238 (1998).

41.

—_

Author contributions

Conceptualization: M.M.M., R.PE, M.M.B.B.; methodology: M.M.M., R.P.E, M.M.B.B,, VL., A.K,; Statistical
analysis: M.M.M., R.P.E, M.M.B.B,; writing—original draft preparation: M.M.M., R.P.E, M.M.B.B.; writing—
review and editing: V.L., A.K,, T.S., M.R., EG.H,; all authors have read and agreed to the published version of
the manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.M.B.B.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:2757 | https://doi.org/10.1038/s41598-022-06821-4 nature portfolio



33

Mauschitz MM, Schmitz MT, Verzijden T, Schmid M, Thee EF, Colijn JM, Delcourt C,
Cougnard-Grégoire A, Merle BMJ, Korobelnik JF, Gopinath B, Mitchell P, Elbaz H, Schuster
AK, Wild PS, Brandl C, Stark KJ, Heid IM, Giinther F, Peters A, Klaver CCW, Finger RP;

European Eye Epidemiology (E3) Consortium. Physical Activity, Incidence, and

Progression of Age-Related Macular Degeneration: A Multicohort Study. Am J
Ophthalmol. 2022 Apr;236:99-106. DOI: 10.1016/j.aj0.2021.10.008

In this study, we investigated the impact of PA on the incidence or progression of AMD in the
general population by conducting a meta-analysis of longitudinal cohort studies of the E3 —
consortium. We included a total of 14,630 adults with no or early AMD at baseline from
seven population-based studies and examined associations of PA with AMD incidence and
progression using multi-state models per study and subsequent random effects meta-

analysis. Age effects were assessed using meta-regression.

At baseline, mean age of included participants ranged from 60.7+ 6.9 to 76.4 £ 4.3 years and
prevalence of early AMD was 7.7%, ranging from 3.6 to 16.9% between cohorts. During
follow-up, 1461 and 189 events occurred for early and late AMD, respectively. In meta-
analyses, no or low to moderate PA (high PA as reference) was associated with an
increased risk for incident early AMD (Hazard ratio (HR) 1.19; 95%CIl=[1.01, 1.40]; p=0.04),
but not for late AMD. In subsequent meta-regression, we found no association of age with

the effect of PA on incident AMD.

Our study suggests that high levels of PA are protective for the development of early AMD
across several population-based cohort studies. Our results establish PA as a modifiable risk
factor for AMD and suggest to include PA recommendations in further AMD prevention

strategies to reduce its public health impact.
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e PURPOSE: To investigate the impact of physical activ-
ity (PA) on the incidence or progression of age-related
macular degeneration (AMD) in the general population.
* DESIGN: Meta-analysis of longitudinal cohort studies.
e METHODS: We included 14,630 adults with no or early
AMD at baseline from 7 population-based studies and
examined associations of PA with AMD incidence and
progression using multistate models (MSM) per study
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and subsequent random effects meta-analysis. Age effects
were assessed using meta-regression. The main outcome
measure was the hazard ratio (HR) for incident early or
progression to late AMD.

e RESULTS: At baseline, mean age was 60.7 & 6.9 to 76.4
+ 4.3 years, and prevalence of early AMD was 7.7%
(range, 3.6%-16.9%) between cohorts. During follow-
up, 1461 and 189 events occurred for early and late
AMD, respectively. In meta-analyses, no or low to mod-
erate PA (high PA as reference) was associated with an
increased risk for incident early AMD (HR, 1.19; 95%
CI, 1.01-1.40; P = .04), but not for late AMD. In sub-
sequent meta-regression, we found no association of age
with the effect of PA on incident AMD.

e CONCLUSIONS: Our study suggests high levels of PA to
be protective for the development of early AMD across
several population-based cohort studies. Our results es-
tablish PA as a modifiable risk factor for AMD and inform
further AMD prevention strategies to reduce its public
health impact. (Am J Ophthalmol 2022;236: 99-106.
© 2021 Elsevier Inc. All rights reserved.)

GE-RELATED MACULAR DEGENERATION (AMD)
affects up to 25% of the population aged >55 years,
and its late stage is the main cause for severe visual
impairment and blindness in all high-income countries.!
Late AMD causes a substantial decrease in patients’ quality
of life, and its economic impact was reported to be $24.4
billion per year in the United States and €89.5 billion per
year in the European Union.*> Over and above this im-
pact, AMD has been associated with an increased overall
and cardiovascular mortality in population-based studies.®
Owing to current demographic trends, AMD prevalence is
projected to increase by 15% and incidence by 75% until
2050.7
Despite the identification of several risk genes and more
than 4 decades of research into AMD, we still have no
specific evidence-based therapeutic intervention to prevent
AMD onset or delay progression. Thus, the management
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of lifestyle risk factors remains paramount.®' Smoking
conveys a 2- to 4-fold increased risk,'' and adhering to a
Mediterranean diet was reported to reduce the risk of inci-
dent late AMD by 41%."? Other lifestyle factors, including
physical activity (PA), have been less consistently shown
to alter AMD risk in often small to moderately sized stud-
ies with conflicting results.®’~?! However, because PA is
a modifiable risk factor and because we rely on the man-
agement of modifiable risk factors in preventing onset and
reducing progression of AMD, we meta-analyzed several
population-based cohort studies to better characterize the
effect of PA on AMD onset and progression.

METHODS

 INCLUDED STUDIES: We included data from the Blue
Mountain Eye Study (BMES), a population study of persons
aged >49 years residing in the Blue Mountains region in
Australia’? as well as from the European Eye Epidemiology
(E3) consortium. The E3 consortium is a collaborative net-
work across Europe with the overarching aim of developing
and analyzing large data sets to increase understanding of
eye diseases and vision loss.”’ For this study, we analyzed
longitudinal data on PA and AMD of 14,630 participants
from 7 different studies from Australia, Germany, France,
and the Netherlands. We included all population-based E3
studies with available longitudinal data on PA and AMD;
namely, the Rotterdam Study (RS) cohorts I-III, the POLA
(Pathologies Oculaires Liées a 'Age) study, the Alienor
(Antioxydants, Lipides Essentiels, Nutrition et Maladies
Oculaires) study, the Gutenberg-Health study (GHS), the
AugUR (Age-related diseases: understanding genetic and
non-genetic influences-a study at the University of Regens-
burg) study, and the KORA (Cooperative Health Research
in the Augsburg Region) study. Data from RS I-11I, POLA,
and Alienor were harmonized in advance as described pre-
viously.”* Given that the outcome was an age-related dis-
ease, we excluded participants aged <50 years in the GHS.
All studies adhered to the tenets of the Declaration of
Helsinki and had local ethical committee approval. All par-
ticipants gave written informed consent.

o ASSESSMENT OF AMD: AMD was graded on color fun-
dus photographs according to the Wisconsin age-related
maculopathy grading system (WARMGS).”> The worse
eye determined the overall AMD status using the Rotter-
dam Classification’® in the RS I-III studies, POLA study,
Alienor study, and Gutenberg Health Study (GHS). More-
over, AMD was determined using the International Age-
Related Maculopathy Epidemiological Study (IARMES)
classification’®?" in the BMES and the Beckmann initia-
tive clinical classification of AMD in the KORA and Au-
gUR Study.”® The classification of late AMD (geographic
atrophy and neovascular AMD) was consistent across all
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studies, whereas the definition of early and intermediate
AMD differed between studies. To overcome these differ-
ences, all non-late AMD stages were combined. After this,
AMD could be categorized into the distinct stages of early
and late AMD for all studies.®

e ASSESSMENT OF PA: Within the included studies,
PA was assessed using standardized self-administered or
interviewer-administered questionnaires with variation
in the assessment of type, intensity, amount, and context
of PA.® These questionnaires included assessments on
vigorous activity or exercise (eg, carrying loads, heavy
gardening) as well as moderate activities (eg, leisure-time
PA, walking, cycling, and sports, among others).®?%?? In
addition, some studies calculated metabolic equivalents
from this information according to the International
Physical Activity Questionnaire scoring protocol.”>>*° To
overcome the variation in PA assessments between studies,
individuals were classified for each study as highly active
(high PA) if they fell in the highest PA category (for
assessments on a continuous scale: the higher category
according to median splits), and as less active (no, low
to moderate PA) otherwise (details in the Supplemental
Table).

* STATISTICAL ANALYSIS: We used Markov multistate
models (MSM)*° to describe the process in which an in-
dividual progresses over time from no to early to late AMD.
As described previously, a Markov model is a general MSM
in which a system switches between different states assum-
ing certain transition probabilities. MSMs are commonly
used in studies of chronic diseases, in which patients are
assumed to pass through a series of discrete disease stages
with one final irreversible stage (here, late AMD), from
which no transition is possible. MSMs can flexibly handle
censored data and different amounts of follow-up time and
hence work well in the setting of this study.’®>!

The data of each study reflected a 3-state system and tran-
sitions between the 3 states were only possible from no to
early AMD and from early to late AMD. The association
between PA and transition rates was evaluated and sum-
marized using hazard ratios (HRs) with 95% Cls adjusted
for sex and smoking status (never, former, and current). As
additional sensitivity analyses, we adjusted for body mass
index (BMI) within RS I-1II, POLA, and Alienor, because
it may be a confounder in the relationship between PA and
AMD. All HRs were computed using individual participant
data of at least 1 eye at baseline and follow-up from each in-
dividual study.

Pooled HRs comparing individuals with high PA and
low/moderate PA were estimated using meta-analysis with
random effects models. Between-study heterogeneity was
assessed by the Cochran Q and the Higgin and Thomp-
son I* and 2. Results are presented using forest plots. Be-
cause we found a large heterogeneity of age in between
studies, which is a potential source of noise and thus may
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TABLE 1. Characteristics of Included Studies

Variable Gutenberg Health KORA Study Blue Mountain Eye  Rotterdam Studies ~ POLA Study AugUR Study Alienor Study
Study? Study -1
Years of examination 2007-2017 1999 - 2014  1992-2009 1997-2014 1995 — 2000 2013-2015 2009-2015
City, Country Mainz, Augsburg, Blue Mountains Rotterdam, the Seéte, France Regensburg, Bordeaux,
Germany Germany region, Australia Netherlands Germany France

Participants, No. 3978 340 1821 6192 1368 620 311
Baseline age

Mean + SD, y 60.7+6.9 619+438 63.2 + 8.0 64.9 + 8.0 69.5+6.0 76.4+43 814 +£ 3.7

Range, y 50-74 54-75 49-91 50-93 60-92 70-95 76-96
Women, % 475 (1888)  46.5 (158) 56.7 (1033) 57.5 (3563) 58.6 (802) 44.0 (273) 63.7 (198)
Smoking. % at baseline

Never 84.7 (3370) 46.5 (158) 51.2 (933) 30.5 (1889) 61.6 (843) 56.0 (347) 66.9 (208)

Former 2.4 (96) 39.7 (135) 34.5 (628) 49.9 (3088) 30.0 (410) 38.7 (240) 28.4 (88)

Current 12.9 (512) 13.8 (47) 12.4 (226) 19.6 (1213) 8.4 (115) 5.3 (33) 4.7 (15)
AMD, % at baseline

No 88.9 (3535) 85.3(290) 96.4 (1755) 94.5 (5849) 94.0 (1286) 83.1 (515) 83.6 (260)

Early 11.1 (443) 14.7 (50) 3.6 (66) 5.5 (343) 6.0 (82) 16.9 (105) 16.4 (51)
PA, % at baseline

No, low, or moderate 50.0 (1988) 77.3 (262) 46.8 (853) 47.6 (2946) 64.8 (887) 17.7 (110) 52.7 (164)

High 50.0 (1990) 22.7 (77) 53.2 (968) 52.4 (3246) 35.2 (481) 82.3 (510) 47.3 (147)
Follow-up time, mean = SD,y 5.0 £+ 0.1 135+ 0.5 155+ 0.6 10.8+0.6 3.0+0.2 32+03 43+06
AMD progression

No AMD to early AMD 121 122 351 662 115 61 29

Early AMD to late AMD 8 10 49 87 7 20 8

2|ndividuals aged <50 years were excluded in this analysis, the total Gutenberg Health Study age range is 35 to 74 years.Alienor = Antioxy-
dants, Lipides Essentiels, Nutrition et Maladies Oculaires; AMD = age-related macular degeneration; AugUR= Age-related diseases: under-
standing genetic and non-genetic influences - a study at the University of Regensburg; KORA = Cooperative Health Research in the Augsburg
Region; PA = physical activity; POLA = Pathologies Oculaires Liées a IAge.

cover up moderate effects, the association of age with
MSM outcomes was analyzed using meta-regression. The
goodness of model fit was assessed by comparing expected
and observed prevalence in all states as recommended for
MSMs.*! All analyses were performed using R 4.0.2 sta-
tistical software (R Foundation for Statistical Computing,
https://www.R-project.org/) with the add-on packages msm,
meta, and metafor.

RESULTS

¢ PARTICIPANT CHARACTERISTICS: The mean age of par-
ticipants at baseline ranged between 60.74 6.9 years in the
Gutenberg Health Study (GHS) and 81.4 + 3.7 years in
the Alienor Study, and prevalence of early AMD at baseline
ranged between 3.6% in the BMES and 16.9% in the Au-
gUR Study. Table 1 summarizes PA levels, incidence, and
progression of AMD, and further population characteris-
tics. During the follow-up period, which averaged 7 years
(range, 3.0-15.5 years), 1650 progression events occurred:
1461 from no to early and 189 from early to late AMD. The
results of the unadjusted and adjusted MSM for each indi-
vidual study are reported in Table 2.
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In the meta-analyzed adjusted MSM, low/moderate PA
was associated with an increased risk of incident early
AMD; that is, with progression from no AMD to early
AMD (HR, 1.19; 95% CI, 1.01-1.40; P = .04) (Figure 1).
The GHS, which was the youngest included cohort, showed
the strongest association (HR, 1.74; 95% CI, 1.21-2.51). In
a subsequent sensitivity analysis, we excluded the GHS and
found similar, albeit nonsignificant results (HR, 1.08; 95%
CI, 0.96-1.21).

In contrast, we found no association between
low/moderate PA and the progression from early AMD
to late AMD (HR, 1.06; 95% CI, 0.77-1.46; P = .77)
(Figure 2). Subsequent meta-regression analysis showed no
association of age with the effect of PA on incidence of
early AMD (B = —0.01 per year; 95% CI, —0.04 to 0.02;
P = .57) or late AMD (B = 0.03 per year; 95% CI, —0.04
to 0.12; P = .38).

When additionally adjusting the model for BMI in sensi-
tivity analyses using the RS I-1II, POLA, and Alienor data,
results remained unchanged (data not shown). The Supple-
mental Figure presents observed and expected prevalence
rates for each AMD stage from the MSM. Although rates
deviate somewhat in particular in the early AMD health
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TABLE 2. Results of Multistate Markov Modeling for Each Individual Study

Study Unadjusted Hazard Ratio (95% Cl) Adjusted? Hazard Ratio (95% Cl)
PA Progression No AMD Progression Early to PA Progression no AMD Progression Early to
to Early AMD Late AMD to Early AMD Late AMD
Gutenberg Health  No/low/moderate  1.72° (1.19-2.48) 0.42 (0.10-1.74) No/low/moderate  1.74° (1.21-2.51) 0.49 (0.13-1.88)
Study® High Reference Reference High Reference Reference
KORA Study No/low/moderate  1.44 (0.90-2.29 0.35 (0.10-1.27) No/low/moderate  1.42 (0.89-2.26 0.34 (0.09-1.23)
High Reference Reference High Reference Reference
Blue Mountain No/low/moderate  1.20 (0.96- .50) 1.10 (0.60-2.00) No/low/moderate  1.16 (0.93- .45) 1.13 (0.61-2.10)
Eye Study High Reference Reference High Reference Reference
Rotterdam No/low/moderate  0.98 (0.84- .15) 1.15 (0.75-1.76) No/low/moderate  1.00 (0.85- .17) 1.21 (0.79-1.86)
Studies I-lI High Reference Reference High Reference Reference
POLA Study No/low/moderate  1.07 (0.73- .58) 3.09 (0.37-25.70)  No/low/moderate  1.05 (0.71-1.55) 2.92 (0.34-25.04)
High Reference Reference High Reference Reference
AugUR Study No/low/moderate  1.06 (0.57-2.00) 0.82 (0.24-2.80) No/low/moderate  1.05 (0.56- .98) 0.90 (0.26-3.09)
High Reference Reference High Reference Reference
Alienor Study No/low/moderate  1.43 (0.67-3.02) 1.10 (0.27-4.41) No/low/moderate  1.60 (0.69-3.69 2.45 (0.22-27.41)
High Reference Reference High Reference Reference

2Adjusted for sex and smoking status.
bThis analysis excluded individuals aged <50 years; the total Gutenberg Health Study age range is 35 to 74 years.
°P value <.05 (statistically significant).Alienor = Antioxydants, Lipides Essentiels, Nutrition et Maladies Oculaires; AugUR = Age-related
diseases: understanding genetic and non-genetic influences - a study at the University of Regensburg; KORA = Cooperative Health Research
in the Augsburg Region; PA = physical activity; POLA = Pathologies Oculaires Liées a IAge; Ref = high physical activity was used as reference

value.

Source HR (95% CI)

GHS 1.74[1.21; 2.51] ——
KORA 1.42 [0.89; 2.26] ;

BMES 1.16 [0.93; 1.45] -

RS Il 1.00 [0.85; 1.17] .

POLA 1.05[0.71; 1.55] :

AugUR 1.05[0.56; 1.98]

Alienor 1.60 [0.69; 3.69]

Total (fixed effect)y ~ 1.13[1.01; 1.26] =

Total (random effects) 1.19 [1.01; 1.40] =
Heterogeneity: 72 = 9.49 (P = .15), 1> = 37% 05 . )

Hazard Ratio (95% Cl)

FIGURE 1. Forest plot of meta-analyzed hazard ratios (HRs)
for the progression from no to early age-related macular de-
generation (low/moderate physical activity vs high physical ac-
tivity. The size of the box corresponds to the relative weight
assigned in the pooled analysis. The horizontal lines indicate
the 95% CI. The diamond denotes the weighted mean differ-
ences, and the lateral tips of the diamond indicate the associ-
ated 95% Cls. Alienor = Antioxydants, Lipides Essentiels, Nu-
trition et Maladies Oculaires; AugUR = Age-related diseases:
understanding genetic and non-genetic influences-a study at the
University of Regensburg; BMES = Blue Mountain Eye Study;
GHS = Gutenberg Health Study; KORA = Cooperative Health
Research in the Augsburg Region; POLA = Pathologies Ocu-
laires Liées a ’Age; RS I-1II = Rotterdam Study (RS) cohorts
LIIL.
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state, the figures indicate an acceptable fit of the overall
model.

DISCUSSION

Our study indicates a protective effect of high levels of PA
against the development of early AMD across a number of
population-based cohort studies in White populations. We
found no effect of PA on the progression from early to late
AMD. Our results are in agreement with the previously re-
ported association of low PA with higher AMD prevalence
from cross-sectional studies and thus underscore the impor-
tance of PA as a modifiable lifestyle risk factor to prevent
AMD.

One of the first studies on the relation between PA and
prevalent AMD, a case-control study published in the early
1990s, reported an association between PA and late, but not
early AMD.* Subsequently, various cross-sectional studies
investigated the relation between PA and different stages of
prevalent AMD with partly contradicting results. Whereas
some studies reported increased PA to be associated with
prevalent early AMD,"*>!® late AMD,* or any AMD,**
other studies reported no association of AMD with phys-
ical activity.?!?°

Subsequently, a large meta-analysis reported a positive ef-
fect of high PA on prevalent AMD.® The authors reported a
reduction in the odds for early AMD in the physically active
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Source HR (95% CI)

GHS 0.49[0.13; 1.88] —

KORA 0.34[0.09; 1.23] e

BMES 1.13[0.61; 2.10] :

RS Il 1.21[0.79; 1.86) r

POLA 2.92[0.34; 25.04] R T
AugUR 0.90 [0.26; 3.09] —

Alienor 2.45[0.22; 27.41]

Total (fixed effect)y ~ 1.06 [0.78; 1.45]

Total (random effects) 1.06 [0.77; 1.46]
Heterogeneity: x2 = 6.06 (P = .42), 1> = 1%

f 1 T 1
0.1 05 1 2 10
Hazard Ratio (95% Cl)

FIGURE 2. Forest plot of meta-analyzed hazard ratios (HR)
for the progression from early to late age-related macular de-
generation (low/moderate physical activity vs high physical ac-
tivity). The size of the box corresponds to the relative weight
assigned in the pooled analysis. The horizontal lines indicate
the 95% CI. The diamond denotes the weighted mean differ-
ences, and the lateral tips of the diamond indicate the associ-
ated 95% Cls. Alienor = Antioxydants, Lipides Essentiels, Nu-
trition et Maladies Oculaires; AugUR = Age-related diseases:
understanding genetic and non-genetic influences-a study at the
University of Regensburg; BMES = Blue Mountain Eye Study;
GHS = Gutenberg Health Study; KORA = Cooperative Health
Research in the Augsburg Region; POLA = Pathologies Ocu-
laires Liées a ’Age; RS I-1I1 = Rotterdam Study cohorts I-II1.

group compared with the group with a sedentary lifestyle.
This agrees with our results, which showed a larger risk for
developing early AMD over time in the lower PA group.
However, the authors also reported an even larger reduc-
tion of the odds for late AMD in the PA group,® which we
cannot confirm with our longitudinal data. This is possibly
due to the small number of incident late AMD cases, which
led to inadequate statistical power to detect any association.

Only a few longitudinal studies have been published on
the influence of PA on incident AMD. One small study re-
ported that higher PA tended to decrease the risk for AMD
progression without specifying the stage of disease.’® Lon-
gitudinal results from the Beaver Dam Eye Study (BDES)
suggest that increased PA lowers the odds for incident late
AMD but not for early AMD.'*?" In contrast, we found
an association with early AMD, and again, we have likely
been underpowered for the detection of any association of
PA with late AMD incidence, which was at 0.9% consider-
ably lower than the 2% in BDES. We found the strongest
association of high PA on early AMD in the youngest co-
hort, which may indicate that the effect is largest around
the sixth decade. This assumption, however, ought to be
confirmed in further studies comparing younger and older
cohorts.

The exact mechanisms by which PA exerts its health ef-
fects remain unclear. Regular PA was reported to increase
antioxidant activity and reduce oxidative stress, which has
many downstream effects, including cellular damage, al-
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tered vascular endothelial function, and increased inflam-
mation.’®* The macula, with its high metabolic turnover
is particularly susceptible to oxidative stress, which has
been identified as a major driver in AMD pathogene-
sis.| 404 Consequently reduced oxidative stress may con-
tribute to the protective effect of high levels of PA on AMD
progression.’®

The strengths of this study consist of the large sample
combining data of 7 studies from Europe and Australia,
which represents one of the largest longitudinal studies
on the association of PA on AMD incidence. AMD sta-
tus was objectively assessed based on color fundus pho-
tography in all studies. Image grading protocols differed
slightly between studies but were either harmonized before
our analysis or used comparable classification systems. Be-
cause a meta-analysis of all participating populations was
conducted, results are not limited to a single population
only.

However, several limitations need to be acknowledged.
Self-reported PA was not captured uniformly across stud-
ies, and rarely, the duration and intensity per session and/or
context of exercise (ie, occupational, competitive sport,
or leisure) was captured and accounted for. This short-
coming did not permit the accurate assessment of a dose-
response relationship between accrued volume of PA and
the risk of AMD. In a meta-analysis of cross-sectional stud-
ies, McGuinness and associates® found that a more de-
tailed capture of self-reported PA tended to lead to larger
effect sizes. Similarly, a cross-sectional study that used an
accelerometer to objectively capture PA reported larger ef-
fects, in particular for late AMD.'® Using accelerometers
in future studies may allow for a much more precise quan-
tification of PA and, thus, delineation of its effect. Unfortu-
nately, these data are currently unavailable. The assessment
of PA, similar to other lifestyle factors, is affected by social
desirability and recall bias. This is likely similar across coun-
tries but may explain some of the observed heterogeneity
between studies.

AMD stage may have been misclassified on a person-level
due to missing data in 1 eye at one of the time points. How-
ever, previous studies reported high correlation between left
and right eyes for AMD stage. In addition, including partic-
ipants with data for 1 eye only has been shown to under-
estimate AMD prevalence in population-based studies.*®
Moreover, differences in the classification of early and pre-
clinical stages of AMD between studies may have created
noise in the data and reduced statistical power. Thus, if at
all, any misclassification may have caused us to underesti-
mate the effect of PA on AMD.

Even though we corrected our models for sex and smok-
ing and performed a sensitivity analysis adjusting for BMI
and a meta-regression assessing the impact of age, resid-
ual confounding from other risk factors, including socioeco-
nomic status, diet, and genetics cannot be ruled out. Yet, age
can be used as proxy for comorbidities in population-based
studies, particularly in presence of a possible selection bias
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of in general more healthy participants. Still, results ought
to be interpreted with caution.

As expected, when combining different large-scale pop-
ulation studies, we observed between-study heterogeneity
for several variables, including age and follow-up time.
As described, this heterogeneity between studies was ad-
dressed by using random effect meta-analysis and subse-
quent meta-regression adjusting for age. Yet, residual con-
founding of age on the effect of PA on AMD incidence
cannot be fully excluded. Given that the association was
strongest in the youngest cohort around the sixth decade,
we may have missed an association in younger partici-
pants and thus may have underestimated the effect of PA
on early AMD incidence. The combination of potential
noise within PA data, the heterogeneity between stud-
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ies, and a potential selection bias of more healthy par-
ticipants has likely resulted in less statistical power and
contributed to the moderate effect size of our detected
association.

Lastly, all of the population studies were mostly of White
race/ethnicity and results may not be generalizable to other
populations.

In conclusion, we found high levels of PA are associated
with a reduced risk of early AMD incidence across several
large population-based cohorts. Our data suggest a stronger
association in the younger population and underscore the
importance of PA as a modifiable lifestyle risk factor for
AMD. Based on our results, we conclude lifestyle advice for
patients at risk of AMD ought to include recommendations
to be physically active.
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In this study, we investigated the association of commonly used systemic medications with
prevalent AMD in the general population by performing a meta-analysis of 14 population- and
hospital-based studies from the E3 — consortium. We examined associations between the
use of systemic medications and any prevalent AMD as well as any late AMD using
multivariable logistic regression modelling per study and pooled results using random effects

meta-analysis.

Among studies, mean age of the 38,694 included adults ranged from 61.5 + 7.1 t0 82.6 + 3.8
years and prevalence ranged from 12.1% to 64.5% and from 0.5% to 35.5% for any and late
AMD, respectively. In the meta-analysis, lipid-lowering and antidiabetic drugs were
associated with lower prevalence of any AMD (Odds ratio (OR) 0.85, 95% confidence
interval (C1)=0.79 - 0.91 and OR 0.78, 95% CI=0.66 - 0.91). We found no association with

late AMD or with any other medication.

Our study indicates a potential beneficial effect of LLD and antidiabetic drug use on
prevalence of AMD across multiple European cohorts. Our findings support the importance of
metabolic processes in the multifactorial etiology of AMD and ought to be confirmed using

longitudinal data.
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ABSTRACT

Background/aims To investigate the association of
commonly used systemic medications with prevalent
age-related macular degeneration (AMD) in the general
population.

Methods We included 38 694 adults from 14
population-based and hospital-based studies from the
European Eye Epidemiology consortium. We examined
associations between the use of systemic medications
and any prevalent AMD as well as any late AMD using
multivariable logistic regression modelling per study and
pooled results using random effects meta-analysis.
Results Between studies, mean age ranged from
61.5+7.1t0 82.6+3.8 years and prevalence ranged
from 12.1% to 64.5% and from 0.5% to 35.5% for
any and late AMD, respectively. In the meta-analysis

of fully adjusted multivariable models, lipid-lowering
drugs (LLD) and antidiabetic drugs were associated with
lower prevalent any AMD (OR 0.85, 95% C1=0.79 to
0.91 and OR 0.78, 95% CI=0.66 to 0.91). We found no
association with late AMD or with any other medication.
Conclusion Our study indicates a potential beneficial
effect of LLD and antidiabetic drug use on prevalence
of AMD across multiple European cohorts. Our findings
support the importance of metabolic processes in the
multifactorial aetiology of AMD.

INTRODUCTION
Age-related macular degeneration (AMD) is the
leading cause for severe visual impairment and
blindness in high-income countries and particularly
affects the population above the age of 55 years.' 2
In Europe, 67 million people are currently affected
by AMD and prevalence is projected to increase by
15% and incidence by 75% until the year 2050 due
to population ageing.’

AMD is a complex multifactorial disease with
genetic and environmental risk factors associated

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Previous studies suggested an association of
the use of specific systemic medication with
age-related macular degeneration (AMD)
prevalence. Yet, these studies were often
based on small and mainly clinical cohorts and
reported partly contradicting results.

WHAT THIS STUDY ADDS

= This is the first large-scale study showing an
association of using lipid-lowering drugs and
antidiabetic drugs with lower AMD prevalence
in the general population using data from
multiple European cohort studies.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= These findings have implications for public
health messages, underline the link of AMD
with cardiovascular comorbidities and may
provide potential future therapeutic targets.

with ageing.*” Beside lifestyle risk factors such as
smoking and sedentary lifestyle, chronic inflam-
mation and increased oxidative stress have been
discussed as pathoetiogenetic drivers.®®™°

The retina is a metabolically highly active tissue
with a large turnover of lipids and proteins and
several metabolites have been associated with AMD
occurrence.'! 12 Resulting degradation products
lead to the formation of drusen, which represent a
hallmark AMD lesion and contain oxidated debris
of lipids and proteins.” ¥ '*

Despite decades of research, we still lack thera-
peutic measures and interventions to prevent AMD
or slow down progression,'® 1> ¥ underscoring the
need for better understanding and novel preven-
tion or therapeutic strategies. Previous studies

BM)
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Table 1 Characteristic of included studies
AMD (%) Systemic use (%)
Age Women No Early Late
Study n (mean=SD) (%) n % n % n % NSAID LLD Antidiabetics L-Dopa
EYERISK*  Tromse® 3025 725454 57.6% 2298  76.0% 635 21.0% 92 3.0% NA 28.5% 6.3% NA
Thessaloniki® 2629 71.4+6.4 47.5% 2106  80.1% 462  17.6% 61 23% NA NA 12.2% NA
Montrachet” 1153 82.3+3.8 62.7% 910  78.9% 219 19.0% 24 21% NA 41.7% NA NA
MARS® 970 70.9+5.5 60.5% 344  35.5% 282 29.0% 344 355% 33.1% 30.6% 13.5 NA
Alienor” 963 80.2+4.5 61.9% 769 79.9% 148  15.4% 46 4.7% 78% 401% 10.3% NA
PAMDI? 855  71.5+7.0 54.2% 722  84.4% 115  13.5% 18 21% 105% 443% 32.8% NA
Crescendo-3C° 380 82.6+3.8 55.5% 302 79.4% 61 16.1% 17 4.5% 6.6%  42.0% 8.4% NA
GHS*? 7946  61.5+7.1 49.7% 6983 87.9% 914  11.5% 49 06% 349% 18.9% 8.5% 0.6%
EPIC-Norfolk” 5418  67.0+8.0 57.0% 4202 77.6% 1187 21.9% 29 0.5% 8.0%  22.0% 3.7% 0.5%
LIFE-Adult*? 4808 63.4+8.0 52.9% 2948 613% 1860 38.7% NA NA 15.0% 16.8% 10.6% 0.6%
UEMS’ 4030 62.4+8.7 60.5% 3465 86.0% 520 12.9% 45 11% 14.1% 10.3% 7.9% NA
NICOLA® 3265 63.5+8.9 52.3% 2590 79.3% 649  19.9% 26 0.8% 71%  31.9% 5.6% 0.5%
AugURP 2304 77.8+5.0 52.6% 1124 488% 1005 43.6% 175 76% 12.6% 34.8% 15.8% 2.5%
CES? 948  72.3+6.8 58.2% 599  63.2% 324 342% 25 2.6% 6.4% 446% 18.2% 0.8%

Superscript P indicates population-based study and superscript C indicates case—control study.
Characteristics based on participants with available data on AMD, age and sex and at least one medication; sample size of model 2 is smaller due to missing data on covariables.

*Participants below the age of 50 years were excluded in this analysis.

Alienor, Antioxydants, Lipides Essentiels, Nutrition et Maladies Oculaires; AMD, age-related macular degeneration; AugUR, Age-related diseases: understanding genetic and
non-genetic influences—a study at the University of Regensburg; CES, Coimbra Eye Study; Crescendo-3C, Crescendo-3C Study; EPIC-Norfolk, European Prospective Investigation
into Cancer and Nutrition in Norfolk; GHS, Gutenberg Health Study; LIFE-Adult, (Leipzig Research Centre for Civilization Diseases)—Adult Study; LLD, lipid-lowering drugs;
MARS, Muenster Ageing and Retina Study; Montrachet, Montrachet Study; NICOLA, Northern Ireland Cohort for the Longitudinal Study of Ageing; NSAID, non-steroidal anti-
inflammatory drugs; PAMDI, Prevalence of Age-Related Macular Degeneration in Italy Study; Thessaloniki, Thessaloniki Eye Study; Tromsg, Tromsg Eye Study; UEMS, Ural Eye and

Medical Study.

investigated the relation of AMD and different systemic medi-
cations, which interfere with pathways that also play a role in
AMD pathogenesis and hence may affect it. These include lipid-
lowering drugs (LLD)' for the lipid metabolism and lipid accu-
mulation, non-steroidal anti-inflammatory drugs (NSAID)'7~"
and antidiabetic drugs (particularly metformin),*® 2! which
may reduce inflammation and oxidative stress, and levodopa
(L-Dopa),** which was reported to upregulate the retinal pigment
epithelium (RPE) metabolism. Metformin and LLD rank among
the top prescribed drugs in Germany, Europe and the USA,> **
while NSAID are some of the most frequently used over-the-
counter (OTC) drugs.” Results of studies to date, however,
have been inconsistent, based on small sample size or used self-
reported AMD as outcome.'® 2% Thus, it remains unclear as to
whether any of these drugs are associated with AMD.

Hence, we aimed to explore associations between the use of
aforementioned medications and presence of AMD in the Euro-
pean Eye Epidemiology (E3) population.

METHODS

Included studies

The E3 consortium is a collaborative network across Europe with
the overarching aim of developing and analysing large pooled
datasets to increase understanding of eye diseases and vision
loss.>* For this meta-analysis, we included 14 population or
hospital-based E3 studies with available data on systemic medi-
cation use and AMD from France, Germany, Greece, Ireland,
Italy, Norway, Portugal, Russia and the UK (table 1). Data from
seven included studies from the EYERISK project (Antioxydants,
Lipides Essentiels, Nutrition et Maladies Oculaires—Study
(Alienor), Crescendo-3C Study, Muenster Aging and Retina
Study (MARS), Montrachet Study, Prevalence of Age-Related
Macular Degeneration in Italy—Study, Thessaloniki Eye Study

and Tromso Eye Study) were harmonised in advance as described
previously.”

The other seven included studies were the Age-related
diseases: understanding genetic and non-genetic influences—a
study at the University of Regensburg—Study (AugUR),** the
Coimbra Eye Study (CES),*” the European Prospective Inves-
tigation into Cancer-Norfolk—Study (EPIC-Norfolk),*® the
Gutenberg Health Study (GHS),?” the Leipzig Research Centre
for Civilization Diseases (LIFE)—Adult Study (LIFE-Adult),*®
the Northern Ireland Cohort for the Longitudinal Study of
Ageing—Study (NICOLA)* and the Ural Eye and Medical
Study (UEMS).*” Given that the outcome was AMD, we
excluded participants below the age of 50. All studies adhered
to the tenets of the Declaration of Helsinki and had local ethical
committee approval. All participants gave written informed
consent.

Grading of AMD

AMD was graded on colour fundus photographs according
to the Wisconsin age-related maculopathy grading system
(WARMGS).*! The worse eye determined the overall AMD
status using the Rotterdam classification* in the EYERISK
studies, the CES, the GHS and LIFE-Adult,”” the Beck-
mann initiative clinical classification of AMD in AugUR,
NICOLA and UEMS* and a modified WARMGS protocol in
EPIC-Norfolk.*

The classification of late AMD, that is, geographic atrophy
(GA) and macular neovascularisation (MNV), was consistent
across all studies, whereas the definition of early and interme-
diate AMD differed between studies. To overcome this hetero-
geneity, we assessed the presence of both ‘any AMD” and of ‘late
AMD’.

2
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Medication assessments

Medication assessments differed between studies and were
either assessed in standardised questionnaires or using scanned
records from drug blisters provided by the participants using the
Anatomical Therapeutic Chemical (ATC) classification system.
We investigated associations of LLD (ATC codes C10), antidia-
betic drugs (including insulin (ATC codes A10)), NSAID (ATC
codes MO1A and BO1ACO06) and L-dopa (ATC codes N04BA),
with AMD prevalence.

Statistical analysis

We performed descriptive statistics and multivariable logistic
regression models with prevalent AMD as dependent variable
and the respective medication as independent variable. Model
1 was controlled for age and sex and the fully adjusted model
2 was controlled for age, sex, body mass index (BMI), smoking
status (never, former, current) and prevalence of hypertension
and diabetes as potential confounders (models on antidiabetic
drugs were not adjusted for prevalent diabetes). Covariables
were chosen a priori on the basis of literature and availability
in the individual studies. We conducted all models for each indi-
vidual study; data from seven previously harmonised studies
from EYERISK were pooled and models were additionally
adjusted for study.”

Subsequently, we performed random effects meta-analysis
to combine effect estimates presented as ORs with 95% CI of
each medication from the multivariable models among studies.
A random effects approach was chosen a priori on the basis of
the heterogeneity of study participants and the design of the
studies.* As further analysis, we repeated all logistic regression
models with prevalent late AMD as dependent variable.

Not all studies held information on all medications or covari-
ables and within UEMS smoking status only distinguished current
smokers from non-smokers, which included former smokers. In
the event that studies were unable to provide a model due to a
missing exposure, that study was excluded from the respective
model. Moreover, we excluded EPIC-Norfolk from all and CES,
NICOLA and GHS from some models of late AMD, because
there were too few cases (either of late AMD or medication use),
that did not allow for robust statistical modelling. Given that
the LIFE-Adult only had data on prevalence of early AMD, we
repeated the meta-analysis without LIFE-Adult data as a sensi-
tivity analysis. All analyses were performed with the statistical
software RStudio (V.4.0.2, R Core Team (2021). R: A language
and environment for statistical computing. R Foundation for
Statistical Computing, Vienna, Austria. URL: https://www.R-
project.org/) with the add-on package metafor.

RESULTS

Mean age of 38 694 participants (with available data on AMD,
age, sex and at least one medication) ranged from 61.5+7.1 years
in the GHS to 82.6+3.8 years in the Crescendo-3C Study. Prev-
alence of any AMD ranged from 12.1% in the GHS to 64.5%
in MARS and prevalence of late AMD ranged from 0.5% in the
EPIC-Norfolk Study to 35.5% in MARS, with 9332 and 951
cases for any and late AMD, respectively. Table 1 presents further
population characteristics and use of systemic medications.

In our random effects meta-analysis, we found LLD intake and
use of antidiabetic drugs to be associated with lower AMD prev-
alence in both the basic model 1 (online supplemental figures 1
and 2) and the fully adjusted model 2 (OR 0.85; 95%CI 0.79
to 0.91; p<0.001, 2=0%; and OR 0.78; 95%CI 0.66 to 0.91,
p=0.002, 12=57%, respectively; figures 1 and 2). We observed

Models adjusted for study, age, sex, BMI, diabetes, hypertension, and smoking Estimate [95% CI]

EYERISK (n=4181) — 17.90% 0.84[0.71,0.99]
CES (n=911) —_— 577% 0.67 [0.50, 0.89]
GHS (n=6462) —a 11.70% 0.83[0.68, 1.02]
LIFE-Adult (1=4529) ] 16.59% 0.96 [0.81, 1.14]
EPIC-Norfolk (n=5418) . 17.13% 0.85[0.72,1.01]
AugUR (n=2276) — 14.329% 0.86[0.71,1.03
UEMS (n=3431) — 4.37% 0.85[0.61,1.18]
NICOLA (n=3241) —— 12.22% 0.82[0.67, 1.00]
RE Model - 100.00% 0.85[0.79,0.91]
| N E R
04 0.6 08 1 12
Odds ratio of lipid-lowering drugs use on any AMD
Figure 1  Forest plot of meta-analysed associations of lipid-lowering

drugs with prevalent AMD (model 2; n=30 449, I? heterogeneity=0%).
AMD, age-related macular degeneration; AugUR, Age-related diseases:
understanding genetic and non-genetic influences—a study at

the University of Regensburg—Study; BMI, body mass index; CES,
Coimbra Eye Study; EPIC-Norfolk, European Prospective Investigation
into Cancer—Norfolk—Study; GHS, Gutenberg Health Study; NICOLA,
Northern Ireland Cohort for the Longitudinal Study of Ageing; RE,
random-effects; UEMS, Ural Eye and Medical Study.

no association of LLD and antidiabetic drugs with late AMD
(OR 0.87; 95%CI 0.71 to 1.06; p=0.16, 2=0%; and OR 1.12;
95%CI 0.87 to 1.44, p=0.37, 12=0%, for model 2, respec-
tively; online supplemental figures 3 and 4) and no association
of NSAID and L-dopa with any form of AMD (online supple-
mental figures 5-8). Additional sensitivity analyses, excluding
LIFE-Adult data, showed similar results (data not shown).

DISCUSSION
Our study indicates an association of systemic use of LLD and
antidiabetic drugs with lower AMD prevalence across several
European cohort studies. We found no association with late AMD
or further systemic medication, which is likely due to a lack of
statistical power and/or potential survival bias. Our results are in
agreement with previous studies and suggest a potentially posi-
tive effect of these commonly used drugs on AMD prevalence.
One of the first studies on the impact of statins on AMD
used longitudinal data of 2780 participants and could not find

Models adjusted for study, age, sex, BMI, hypertension, and smoking Estimate [95% CI]

EVERISK (n=7022) — - 17.36% 0.94[0.77,1.14]
CES (n=925) —— 10.02% 0.60 [0.41,0.88]
GHS (n=6462) —— 13.07% 0.92[0.69,1.24]
LIFE-Adult (1=4529) —.— 16.98% 1.01[0.82,1.24]
EPIC-Norfolk (1=5418) —_— 7.66% 0.59[0.37,0.96]
AugUR (1=2276) —a— 15.44% 0.72[0.57,0.92]
UEMS (n=4001) — 10.04% 0.56[0.38, 0.83]
NICOLA (n=3241) —_—— 9.43% 070 [0.47, 1.06]
RE Model —— 100.00% 0.78 0.6, 0.91]

e S
02 04 06 08 1 12 14

Odds ratio of antidiabetic drugs use on any AMD

Figure 2  Forest plot of meta-analysed associations of antidiabetic
drugs with prevalent AMD (model 2; n=33 874; I? heterogeneity=57%).
AugUR, Age-related diseases: understanding genetic and non-genetic
influences—a study at the University of Regensburg—Study; BMI,

body mass index; CES, Coimbra Eye Study; EPIC-Norfolk, European
Prospective Investigation into Cancer—Norfolk—Study; GHS, Gutenberg
Health Study; NICOLA, Northern Ireland Cohort for the Longitudinal
Study of Ageing; RE, random-effects; UEMS, Ural Eye and Medical Study.
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an association of LLD with AMD incidence or progression.”’
Subsequently, several cross-sectional and longitudinal studies of
different sample size investigated this relationship and reported
inconsistent results.*® While some studies reported possibly
beneficial impact of statins on cross-sectional AMD prevalence®?
and progression over time,”® >’ ¥’ other studies, both cross-
sectional and longitudinal, did not find any associations®® 3! #32
or even suggested an increased risk for neovascular AMD.
One recent review maintains the potentially beneficial role of
statins in AMD while underscoring the complexity of underlying
associations,”®> while two others could not confirm an associa-
tion.*** Our study supports the body of evidence suggesting a
beneficial association with AMD and represents, to our knowl-
edge, the first study meta-analysing individual level data from
various population-based and hospital-based studies instead of
meta-analysing published aggregated results only. Yet, further
longitudinal data are needed to confirm our findings, which are
inherently limited by using cross-sectional data only and cannot
infer causality. Apart from lowering serum levels of low-density
lipoprotein and cholesterol, various LLD have been reported
to have anti-inflammatory and antioxidant effects, which also
play a role in AMD pathogenesis.” > '* However, even though
the beneficial impact of LLD on AMD seems biologically plau-
sible, support for this assertion in longitudinal studies would
strengthen the evidence. Earlier randomised controlled trials
(RCT) failed to show a causal relation,*® * likely due to the
multifactorial nature of the disease, small sample size and limited
follow-up. Interestingly, several studies reported an association
of higher levels of high-density lipoprotein (HDL) and specific
subclasses such as HDL-C with an increased risk of AMD."'2%¢%”
This opposes the generally beneficial role of HDL in cardiovas-
cular disease (CVD) and underscores the complexity and need
for further intensive research. Particularly, given that statins have
been reported to increase serum levels of HDL-C, which would
conflict our results of an association of lower AMD prevalence
in statin use.”® >’

Lastly, while statins have a safe side effect profile, rare and
serious adverse reactions such as rhabdomyolysis can occur and
statin therapy needs to be monitored by physicians.®’

Until now, the few studies investigating the impact of antidia-
betic drugs, mainly metformin, on AMD were partly conflicting.
Some studies reported metformin use to be associated with
reduced odds of prevalent®” or incident AMD,*! ®' ¢ yet others
could not confirm a relationship.’® ® Blitzer et al described the
largest benefit of metformin at a low-to-moderate dosage, indi-
cating a U-shaped dose-response and hypothesised that a high
dose may have been indicated in patients with poorly controlled
diabetes who hence may benefit less from metformin use. Subse-
quently, a recent meta-analysis on retrospective data suggested
a trend of reduced risk for AMD in patients using metformin
without reaching statistical significance, underscoring the scar-
city of data and highlighting the need for further prospective
studies.” Suggested mechanisms include different pathways of
biological ageing. Metformin is considered to have antioxidative
and anti-inflammatory properties and to reduce oxidative stress
within the RPE, which is an important part of AMD pathophys-
iology.*! ®* Rodent models indicated an influence on the ATP
levels, restoring cellular energy homeostasis® and an increased
autophagy needed for the clearance of dysfunctional cell compo-
nents.** °® Previous results, however, are not easily transferable to
the general population, given that the included patients suffered
from diabetes, which may interfere with AMD pathogenesis. A
clinical trial investigating the safety and efficacy of metformin
use to decrease GA progression in non-diabetic patients with dry

AMD is being conducted at the moment (METforMIN, Clinical-
Trials.gov: NCT02684578).¢7

We found no association of NSAIDs with prevalence of any
or late AMD in our population. Similarly, previous literature on
NSAIDs and AMD reported inconsistent results. A recent study
on female teachers reported a reduced risk of AMD in a subset
of low-dose acetylsalicylic acid (ASA) and cyclooxygenase-2
inhibitor users using longitudinal data' and another large-scale
study found small effects of NSAID use on AMD incidence.' In
contrast, results from an RCT did not show an effect of ASA use
on progression to late AMD."” Particularly ASA, which is part of
the group of NSAID and antithrombotic drugs, has been subject
to various inhomogeneous studies and has even been reported to
increase the risk of AMD.® ® Yet, OTC drugs are often used as
needed and not regularly and as such may underlie a recall bias
more than frequently used drugs. Hence, reliable assessments
of OTC drugs are challenging and existing associations may be
masked due to noise in the data.

We also found no association of L-dopa use and AMD in
our data. Few previous studies reported L-dopa to affect a G
protein-coupled receptor 143 on the RPE increasing its metab-
olism and suggested L-dopa as beneficial drug for treatment of
AMD with less incident AMD and later onset as well as fewer
needed intravitreal injections in exudative late AMD using longi-
tudinal data.”?7° This drug, however, is not frequently used in
the general population and hence the absence of any association
of L-dopa in our population is likely due to being statistically
underpowered.

The strengths of this study include the large sample size
combining data of 14 studies from central, Northern, Southern
and Eastern Europe, which represents one of the largest studies
on the association of systemic medications with AMD. AMD
status was objectively assessed based on colour fundus photog-
raphy in all studies using very similar and comparable classifica-
tion systems. Image grading protocols differed slightly between
studies but were either harmonised prior to our analysis or used
comparable classification systems. Because a meta-analysis of all
participating studies was conducted, results are not limited to
one single study population only.

However, several limitations need to be considered. First,
our study included cross-sectional data only. Thus, our findings
display statistical association between drug use and AMD prev-
alence only and do not allow for the assessment of causality or
risk. Assessments of systemic medication intake differed between
studies and may be subject to re-call bias, misclassification or
incomplete records. Moreover, duration of intake was not
comprehensively assessed and we combined classes of drugs and
did not differentiate between specific subtypes (eg, LLD included
statins and fibrates, and antidiabetic drugs included oral drugs
and insulin). Lastly, the prescription of any medication does not
confirm the actual intake, which would be better represented by
blood levels of the specific agent. These methodological differ-
ences may have introduced noise, reduced statistical precision
and did not allow for assessments of drug—dose relationship.
As expected, when combining different large-scale (population)
studies, we observed between-study heterogeneity for different
variables, which was addressed by using random-effect meta-
analysis. Moreover, LIFE-Adult only provided data on early
AMD, different to all other studies. Therefore, we performed a
sensitivity analysis excluding LIFE-Adult, which did not change
the results (data not shown). Moreover, variation in the classi-
fication of early and preclinical stages of AMD between studies
may have created noise in the data and reduced statistical power.
In contrast to small clinical studies, our large-scale population
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studies did not have detailed information on disease severity,
duration and variance of serum levels of glucose or lipids, which
may provide more insight in underlying mechanisms.

The absence of detected associations with late AMD is likely
due to a lack of statistical power caused by too few cases. Yet,
AMD classification was based on fundus photography only. A
multimodal approach including optical coherence tomography
may have been more sensitive for subtle cases of late, particularly
neovascular, AMD. Moreover, our population may underlie a
potential survival bias of healthier participants or participants
in which intake of drugs such as LLD and antidiabetic drugs do
prolong the lifespan. Thus, late AMD cases may have died before
enrolment in our studies. In contrast, some participants may also
contribute to an indication bias; that is, individuals using these
drugs are in worse general health and hence, given that AMD
and CVD have been shown to be associated,”! our detected asso-
ciations may even be underestimated. A potential comorbidity
of AMD with metabolic diseases such as diabetes and hyper-
lipidaemia may have contributed to the detected effects. The
relation of diabetes and hyperlipidaemia with AMD is yet to be
clarified and previous studies reported contradictive results.”*”*
In addition, there may have been a potential misclassification of
AMD in few cases of severe diabetic retinopathy, which, again,
could have introduced more noise into the data. We performed a
sensitivity analysis stratifying AMD prevalence by disease status
of diabetes and hyperlipidaemia (where data was available) and
found no systematic bias in either direction (online supplemental
table 1). Moreover, it is important to note that participants with
diabetes and hyperlipidaemia were on average older and thus
more likely to have AMD. Lastly, a potential synergistic effect of
further drugs (eg, antihypertensive drugs) may have contributed
to our results. We did adjust our models for prevalent hyperten-
sion, but residual confounding may be present. The combination
of potential noise within medication and AMD data, the hetero-
geneity between studies and a possible selection bias of more
healthy participants in large-scale (population) studies, may have
reduced our statistical power and led to potentially underesti-
mating detected associations. Lastly, all studies were mostly of
Caucasian ethnicity and results may not be generalisable to other
populations.'®

In conclusion, our study suggests that regular intake of LLD
and antidiabetic drugs is associated with reduced prevalence of
AMD in the general population. Given a potential interference
of these drugs with pathophysiological pathways relevant in
AMD, this may contribute to a better understanding of AMD
aetiology. Further longitudinal studies are needed to confirm or
refute these associations.
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Discussion

The thesis herein comprises four studies using different epidemiological approaches and
statistical methods to analyze specific ophthalmic datasets and to address respective
research questions. The examples of different available data from diverse cohorts underline
the importance of epidemiologic research which goes beyond simply applying statistics. The
four studies investigate various topics (rare outcome in Study 1, biomarker generation within
the general population in Study 2, and identification of determinants of frequent diseases in
Studies 3 and 4) and therefore needed different epidemiological approaches. Apart from
answers to the underlying research questions, the composition of this thesis illustrates the
diversity of epidemiological research methods and underscores the significance of inspecting
the available data in order to choose the appropriate settings and statistics and to avoid

misinterpretation, e.g. by confounding or bias.

By harmonizing and pooling data from relatively similar source cohorts (German and Swiss
patients) in Study 1 we were able to receive a “real world dataset” of 133 patients with pre-
and postoperative assessments, which allowed for robust statistical analyses. Our study
confirmed the positive effect of the Yokoyama procedure on strabismus due to high myopia.
However, residual heterogeneity between different sites may have hampered statistical
power and needs to be acknowledged as potential limitation. We could not find an additional
effect of MMR on the postoperative outcomes, which seemed to be mainly driven by the
amount of preoperative esotropia. Yet, additional MMR may be helpful in cases of muscle

contracture hampering union of the superior and later rectus muscle.

In the second Study of this thesis we investigated the associations of various SD-OCT-
based retinal layer assessments and MRI — based brain measurements in order to evaluate
their potential usability as biomarker of brain atrophy in 2872 participants of the Rhineland
Study. To date, our study provides one of the largest datasets using high-resolution SD-OCT
of the retina and 3 Tesla (T) — MRI imaging of the brain. We found assessments of the inner

retina both, at the macula and the optic disc, to be mainly associated with WM volume, which
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was even stronger within the occipital lobe and the hippocampus. In addition, diffusion tensor
imaging (DTI) assessments as proxy of WM integrity showed similar association with the

inner retina.

Most of the few previous studies on the relation of retinal layers and brain measurements
were based on small cohorts of healthy and neurologically impaired participants, focused on
the inner retina only, and reported partially conflicting results. (Ong et al., 2015; Casaletto et
al., 2017; Sung et al., 2019) The Rotterdam Study is the only population-based study with
large data on the relation between retinal imaging and brain assessments and reported
strong associations of the innermost retinal layers with both, GM and WM volumes and partly
with FA in DTI imaging. Yet, the authors were only able to assess the innermost retinal layers
due to older OCT-devices and less precise segmentation algorithms. (Mutlu et al., 2017,

Mutlu et al., 2018b)

Our studies confirms these results and moreover extends them in that we found associations
with various brain structures and with an additional inner retinal layer at the macula (macular
inner nuclear layer, mINL). Moreover, we were able to delineate the outer retina and found
an association of the RPE with total brain volume (TBV), which was mainly driven by GM
volume. So far, only two small studies with 52 and 64 subjects, respectively, investigated the
relation of the outer retina and MRI-based brain assessments using very simple statistical
methods only and reported inconsistent results. (Jorge et al., 2019; Uchida et al., 2020) The
underlying pathomechanisms of the associations of different parts of the retina and the brain
remain to be elucidated. The association with the inner retina was previously hypothesized
as direct retrograde degeneration, leading from cortical atrophy via reduced neuronal inter-
connections to decline of retinal axons. (Mutlu et al., 2018b; Mutlu et al., 2018a) This close
anatomical connection, however, does not apply to the outer retina, where systemic changes
e.g. associated with impaired perfusion or other vascular pathology may play a role. The
MRPE contains highly metabolically active cells supporting photoreceptors in the
maintenance of the visual cycle, contributes to the blood-retina barrier, and is not part of the

neuro-sensory retina with direct connection to cerebral neurons. (Vinores, 1995) This may
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explain why we found no association of mRPE with WM volumes as we did for the inner
retina. Hence, we speculate that mechanisms for mRPE are less direct and represent a more
general metabolic dysregulation. Interestingly, we found the overall strongest associations
with volumes of the hippocampi. As the hippocampi decline early in the course of cognitive
impairment (Tabatabaei-Jafari et al., 2015), retinal layers may have value as accessible
biomarker of hippocampus atrophy and cognitive decline. Common limitations to population
studies are a potential self-selection bias as well as a recall-bias in self-reported diseases
and may as well have affected our study. Yet, we consider it most likely that it may have led
to an underestimation of effects due to more noise in the data and thus less statistical power.
Our data suggest that SD-OCT assessments of retinal layers may be useful as additional
examination in the longitudinal monitoring of specific neurological and neurodegenerative

diseases including brain atrophy.

In the third Study we investigated the impact of PA on the incidence and progression of
AMD. Our study indicates a protective effect of high levels of PA against the development of
early AMD using longitudinal data of 14,630 subjects. As mentioned above, previous studies
were based on small sample size, cross-sectional data and/or reported conflicting results.
(Knudtson et al., 2006; Gopinath et al., 2014) Our results are in agreement with the
previously reported association of low PA with higher AMD prevalence based on cross-
sectional data and stress the role of PA as a modifiable lifestyle risk factor. The underlying
mechanisms, however, remain unclear. Regular PA has been shown to increase antioxidant
activity and reduce chronic inflammation as well as oxidative stress. The latter has been
associated with cellular damage, diminished vascular endothelial function, and increased
inflammation and has also been identified as pathogenetic component in AMD. (Reuter et al.,
2010; Mury et al., 2018; Heesterbeek et al., 2020) Hence, reduced oxidative stress may
contribute to the protective effect of PA on AMD development. The main limitation of this
study is the self-reported PA, which may have introduced noise in the data and did not allow

for a dose-response relationship. Again, this may have likely caused an underestimation of
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effects and unlikely caused false positive findings. Based on our results, recommendations

for prevention within the public health sector ought to include regular PA.

In the fourth Study we evaluated associations of frequently used systemic medications, in
particular lipid-lowering drugs, anti-diabetic drugs, non-steroidal anti-inflammatory drugs
(NSAID), and Levodopa (L-Dopa), with AMD prevalence in 38,694 subjects. We found that
use of lipid-lowering and anti-diabetic drugs was associated with lower prevalence of total
AMD. We found no relation with late AMD or with use of NSAID and L-Dopa, which may be
due to a lack of statistical power, potential survival bias and/or no existing effect. Our study
indicates a potential beneficial effect of these drugs on AMD prevalence and support the

relevance of metabolic processes in its multifactorial pathogenesis.

Earlier studies on these associations included varying sample size and reported partly
inconsistent results. (Klein et al., 2003; Guymer et al., 2013; VanderBeek et al., 2013; Le Ma
et al., 2015; Lee et al., 2019; Stewart et al., 2020) Our study suggests a beneficial
association of LLD and anti-diabetic drugs with AMD and represents the first study meta-
analyzing granular data from various large-scale studies. LLD and anti-diabetic drugs (mainly
metformin) have previously been reported to have anti-inflammatory and anti-oxidant actions,
which may explain their potentially beneficial role. (Jarrett and Boulton, 2012; Roizenblatt et
al., 2018; Heesterbeek et al., 2020; Blitzer et al., 2021; Romdhoniyyah et al., 2021) In
addition, LLD are known to lower serum levels of low-density lipoprotein (LDL). Interestingly,
several studies reported an increased risk of AMD with higher levels of HDL, which, in
contrast to LDL, is generally assumed beneficial in CVD. (Fan et al., 2017; Colijn et al., 2019)
Given that statins have been reported to increase serum levels of HDL-C, these studies are
partly inconsistent with our results and underline the need for further large-scale longitudinal
studies. (McTaggart and Jones, 2008; Barter et al., 2010) The main limitation of this study is
the cross-sectional nature, which did not allow for assessment of causality or risk and
showed statistical associations, only. Given a potential interference of LLD and anti-diabetic
drugs with pathophysiological pathways relevant in AMD, our data can contribute to a better

understanding of AMD etiology.
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Summary and outlook

In this thesis different epidemiological approaches were used to gather and evaluate various
large datasets in order to address specific research questions in the field of ophthalmology.
According to the individual research questions and the scientific intention it is crucial to select

the adequate and preferred data and corresponding analysis plan a priori.

Within the different projects we underscore the entanglement of the eyes with the rest of the
body. Our data indicate a close relation of AMD with several factors that play a role in other
age-related systemic diseases. We provide evidence for a beneficial impact of high physical
activity (PA) on AMD development. In absence of physical disabilities, PA can relatively
simply be increased and therefore contribute to a lower risk not only for AMD but also for
cardiovascular disease and general health. (Warburton and Bredin, 2017; Jeong et al., 2019)
The World Health Organization (WHO) recommends 150-300 minutes of moderate-intensity
aerobic PA, which corresponds to only ca. 20 minutes per day. (World Health Organization,
2020) Moreover, previous studies reported the beneficial effect of PA to occur even below
WHO recommendations and irrespective of past PA levels. (Wen et al., 2011; Mok et al.,
2019) Future public health messages on AMD prevention strategies should include high PA
as modifiable risk factor. In addition, we found a lower prevalence of any AMD in participants
who used lipid-lowering and anti-diabetic drugs. Firstly, our data indicate the involvement of
both, the lipid metabolism and oxidative stress in AMD pathogenesis. This merits further
studies on specifically involved metabolites and processes, e.g. using metabolomics analysis
approaches. Secondly, particularly given the highly frequent use of these drugs, additional
longitudinal studies are needed to re-evaluate our findings and establish therapy
recommendations. Previous RCT data failed to show an explicit effect of statins on AMD
development (Maguire et al., 2009; Guymer et al., 2013) Hence, further RCT may need to
stratify into different subgroups (healthy individuals, patients at high risk for AMD, patients

with hypercholesterolemia etc.) to account for the complexity of AMD.
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Apart from AMD, we identified several potential ophthalmic biomarkers for systemic
neurodegenerative diseases resulting in brain atrophy using large-scale population data. We
provide state-of-the-art high-resolution imaging data which is not restricted to the inner layers
of the retina only. Implications include the usefulness of retinal measurements in the
longitudinal monitoring of neurological and neurodegenerative diseases that can cause brain
atrophy. Clinical studies with respective patients are needed to evaluate the associations and

feasibility over time and in case of disease progression.

Lastly, we used multicenter data and epidemiological analyses to confirm the usability of the
Yokoyama procedure in esotropic patients with high myopia. We found the pre-operative
angle to be the largest determinant of post-operative angle and did not find any effect of an
additional recession of the medial rectus muscle. Even though or dataset represents one of
the largest “real world datasets” on this procedure we may still have missed any subtle
impact due to insufficient statistical power or any potential residual selection bias within the
cohorts. Future studies with longer follow-up data ought to evaluate the long-term effects

after Yokoyama procedure.

The composition of this thesis underscores the relevance of international collaborations in
ophthalmic research. Through the European cooperation within E3, scientists from Northern,
Eastern, Southern and Central Europe from more than 30 institutions work together and are
in constant exchange. This collaboration enables gathering these large and more informative
datasets and investigating relations more precisely. To our knowledge, there is no
comparable collaboration of international studies with such a large data pool, making E3 a

unique platform for ophthalmo-epidemiologic research.

In conclusion, the thesis highlights the advantages and benefits of analyzing large-scale
high-quality datasets and illustrates the need for various analytical approaches. By doing so
we were able to provide answers to specific relevant research questions that have not been
sufficiently addressed before. Previous evidence on the relation of AMD with PA and

systemic medication was either incoherent or insufficient and based on smaller cohorts. Thus
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far, evaluations of the usefulness of SD-OCT-based retinal measurements as biomarkers for
brain atrophy was hampered by technical limitations or small sample size and the few
existing studies on the effects of the Yokoyama procedure were limited by small case
numbers of non-European patients. Hence, the included studies of this thesis enhanced the
knowledge within the field of ophthalmo-epidemiology and lay foundation for further

(international) collaborations.
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No overlap with other habilitation theses needs to be declared. None of the four papers of
this thesis involve shared authorships. This thesis contains one last authorship (Study 1) and

three first authorships (Studies 2 — 4) of the habilitation candidate.
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