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Chapter 1

Introduction

1.1 Age-related Macular Degeneration

Age-related macular degeneration (AMD) constitutes the leading causes of legal
blindness in industrialized countries (Colijn et al., 2017; Lim et al., 2012).

The epidemiology of AMD is characterized by a drastically increasing preva-
lence of early and late AMD after the age of 75 years (Wong et al., 2014). According
to a meta-analysis by the European Eye Epidemiology (E3) consortium, the preva-
lence of early and late AMD increase from 3.5% and 0.1% in those aged 55-59 years
to 17.6% and 9.8% in those aged 85 years or older (Colijn et al., 2017), which makes
age the strongest non-modifiable risk factor. Further important non-modifiable risk
factors include being of white European descent (compared with individuals of Asian,
African, or Hispanic descent), family history and/or genetics (Colijn et al., 2017;
R. Klein et al., 2006; Wong et al., 2014). Specifically, genetic risk can be attributed
to single nucleotide polymorphisms in complement associated genes and variants on
chromosome 10q26 (Fritsche et al., 2014). Smoking constitutes a major modifiable
risk factors (2 to 4-fold increase in prevalence across all stages) (Smith et al., 2001).
Other modifiable risk factors include diet (low in carotenoids and/or other anti-
oxidants, or high in fat) (Merle et al., 2019), hypertension (R. Klein et al., 2003),
high-density lipoprotein (HDL) cholosterol (Colijn et al., 2019), and possibly the
lack of physical activity (McGuinness et al., 2017).

The clinical course of AMD is hallmarked by formation of extracellular sub-
retinal pigment epithelium (RPE) deposits in the macula termed soft drusen, which
are readily visible in funduscopy (Curcio, 2018b). Other initial, although disease-
unspecific, lesions include reticular pseudodrusen (subretinal drusenoid deposits)
(RPD) and hyperpigmentary changes (Curcio, 2018b). The presence and extent of
these three above listed lesions are marked intraocular risk factors for the progression
of intermediate AMD to late AMD. Typically, patients with early and intermediate
AMD are asymptomatic, but these patients may also experience impaired night vi-
sion, contrast sensitivity and metamorphopsia. Late AMD is defined by evidence of
current or former exudation secondary to neovascularization and/or RPE atrophy.
Exudation typically leads to marked metamorphopsia and will result - if untreated
- in an average loss of best-corrected visual acuity (BCVA) of 3 lines in two years
(Rosenfeld et al., 2006). RPE atrophy in non-exudative late AMD results in ab-
solute scotoma. Typically, these foci of atrophy spare the fovea initially resulting
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in paracentral loss of vision and reading impairment. Foveal involvement over time
results in a corresponding loss of BCVA (Lindner et al., 2019; Sunness et al., 2008).

Established treatments include the combined oral supplementation of antiox-
idants, xanthophylls, copper and zinc as ingredients of the so-called age-related eye
disease study (AREDS) formulation and anti-Vascular Endothelial Growth Factor
(anti-VEGF) therapy (Lim et al., 2012). Specifically, the age-related eye disease
study (AREDS) formulation (vitamins C and E, beta carotene, copper and zinc)
and AREDS 2 formulation (vitamins C and E, lutein, zeaxanthin, copper and zinc)
were shown to decrease the probability of progression from (high-risk) intermediate
to late AMD (Chew et al., 2013; Kassoff et al., 2001). However, the effect is mostly
driven by a reduced probability of progression to neovascular AMD (Chew et al.,
2013; Kassoff et al., 2001). Today, exudation secondary to neovascularization in
AMD may be effectively treated by anti-VEGF therapy for 24 months and longer
(Rosenfeld et al., 2006). But the long-term results of anti-VEGF monotherapy are
less favorable with a loss of best-corrected visual acuity (BCVA) of three lines or
more in a third of patients (Rofagha et al., 2013). No treatment is available for the
degenerative component of the disease in the setting of GA as well as for fibrotic
scarring secondary to exudation (Lim et al., 2012). Last, it was shown that short-
term, high-dose retinol supplementation modestly improves the rate of rod-mediated
dark adaptation in patients with early to intermediate AMD (Owsley et al., 2006).

1.2 Underlying Disease Biology

The underlying biology of the disease is incompletely understood. AMD is a com-
plex, multi-factorial disease. However, two chromosomal regions were consistently
shown to be associated with risk of AMD progression across disease stages: (i)
one on chromosome 1 (1q32), which includes SNPs in complement factor H (CFH )
(Edwards et al., 2005; Hageman et al., 2005; Haines et al., 2005; R. J. Klein et
al., 2005), and (ii) one on chromosome 10 (10q26) harboring two genes, namely
age-related maculopathy susceptibility 2 (ARMS2 ) and HtrA serine peptidase 1
(HTRA1 ) (Jakobsdottir et al., 2005; Rivera et al., 2005). While the association
of complement factor H (CFH ) genotype with AMD is partially understood (cf.
below), the precise relationship of the ARMS2 /HTRA1 region with AMD remains
unclear. Since the ARMS2 /HTRA1 region on chromosome 10 displays correlated
variants in high linkage disequilibrium, it is controversial to which gene the observed
AMD risk can be attributed to. Analysis of rare recombinant haplotypes by the In-
ternational AMD Genomics Consortium identified variants in ARMS2 exclusively
as carriers of the AMD risk (Grassmann et al., 2017). However, the function of the
gene product remains unclear. In contrast, expression of HTRA1 in the RPE, hor-
izontal cells and macroglia (Müller glia and astrocytes) could be evidenced (Menon
et al., 2019). Recently, an anti-HtrA1 Fab to inhibit HtrA1 proteolytic activity has
been developed and is currently probed clinical studies aiming to slow GA progres-
sion (Tom et al., 2020). The results of this trial will likely refine the understanding
of the role of HtrA1 in AMD (Tom et al., 2020).

Pre-clinical, early and intermediate AMD is characterized by impaired
interchange between the choriocapillaris (CC) and the RPE, which has been at-
tributed mainly to two pathways. First, genetic risk at the CFH locus as well as
smoking were shown to be associated with complement activation at the human
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RPE-choroid interface (Keenan et al., 2015; Mullins et al., 2014). Interestingly,
membrane attack complex (MAC) is already detectable at the level of the CC and
Bruch’s membrane (BrM) early in life (Mullins et al., 2014). Second, age-related
changes at the level of the BrM may also impair the inter-change between the choroid
and outer retina. Senescence of BrM results in a lipid rich interchange barrier
(Pauleikhoff et al., 1990), which was later shown to be rich in esterified cholesterol
(EC) and linoleate, apolipoprotein (apo) B and E-containing large lipoprotein par-
ticles (Curcio, 2018b; L. Wang et al., 2009). This extracellular lipid rich ”oil spill”
may accumulate as basal linear deposit (BLinD) and eventually form funduscop-
ically visible soft drusen. Most likely, the impairment of rod-mediated dark
adaptation is attributable to the impaired interchange between the choriocapil-
laris (CC) and RPE (Lamb and Pugh, 2004; Owsley et al., 2006; Owsley et al.,
2007). This functional impairment of the rod visual cycle appears to be followed
by a loss of (steady state) dark adapted rod function (Owsley et al., 2000), which
is in line with histopathologic findings of a selective vulnerability for parafoveal rod
photoreceptors (Curcio and Allen, 1993).

Intermediate AMD with high risk of progression to late AMD is character-
ized by three distinct, clinically visible lesions, which can be readily summarized as
quantitative imaging features (Curcio et al., 2020; M. L. Klein et al., 2008):

• Soft drusen constitute the disease defining lesion of AMD. Soft drusen are
continuous with basal linear deposit (BLinD) and may be considered as focal
accumulation of the same lipid rich material. Soft drusen tend to be spatially
concentrated toward the central retina. Therefore, drusen tend to follow the
distribution of cone photoreceptors (Curcio, 2018b; Curcio et al., 2020). The
underlying mechanism governing BLinD and soft drusen topography is un-
known, but may be a result of the delivery of xanthophyll pigments through
RPE to Müller cells in the human fovea (Curcio, 2018a).

• RPD constitute subretinal deposit (i.e., on the apical side of RPE) and fol-
low approximately the distribution of rod photoreceptors (Steinberg et al.,
2013; Zweifel et al., 2010). Moreover, RPD are somewhat disease unspecific
and are frequently found in monogenic diseases that impair the interchange
across BrM including Pseudoxanthoma elasticum and Sorsby fundus dystro-
phy (Gliem, Hendig, et al., 2015; Gliem, Müller, et al., 2015). Across diseases,
RPD has been identified as a structural biomaker of impaired rod-mediated
dark adaptation and steady-state rod sensitivity (Hess et al., 2019; Neely et
al., 2017; Pfau et al., 2018).

• Hyperpigmentation is the third major risk factor preceding the conversion
from intermediate to late AMD. In SD-OCT, hyperpigmentation typically cor-
relates to intraretinal hyperreflective foci, which have been identified in clinico-
pathologic correlation studies as anteriorly migrated RPE (Curcio et al., 2017;
M. L. Klein et al., 2008). The resulting disruption of the RPE is commonly
associated with subsequent atrophy formation (Curcio et al., 2017; M. L. Klein
et al., 2008). In addition, it was recently shown that hyperreflective foci are
associated with delayed rod-mediated dark adaptation (Echols et al., 2020).

Late or advanced AMD is hallmarked by evidence of (former) exudation
and/or presence of RPE atrophy as described below in detail.
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1.3 Geographic Atrophy

1.3.1 Terminology

Geographic atrophy (GA) may refer to both, the non-exudative late stage of AMD
(i.e., diagnosis) as well as the clinical lesion(s) of RPE atrophy. The diagnosis of
GA is defined by well-defined, usually more or less circular patches of RPE atro-
phy, with visibility of the underlying choroidal vessels as well as the absence of
neovascularization (Sadda et al., 2018).

1.3.2 Clinical Course

In conjunction with complete atrophy of the overlying outer retina, these foci are
thought to constitute absolute scotomata. Initially, patients present often with para-
foveal atrophy and preserved BCVA, a phenomenon termed foveal sparing (Sunness
et al., 2008). For example, the Age-Related Eye Disease Study 2 (AREDS2) An-
cillary SDOCT study demonstrated, that 26.4% develop any GA (central or non-
central) over a follow-up of 4 years, while only 15.8% develop central GA (Sleiman et
al., 2017). Over time, these foci of atrophy enlarge and coalesce resulting eventually
in central atrophy and loss of BCVA (J. P. Sarks et al., 1988).

1.3.3 Histopathology

The histopathology and junctional zone of GA have been described in great detail
in vitro (Li et al., 2018; J. P. Sarks et al., 1988; S. H. Sarks, 1976; Zanzottera et al.,
2016), as well as in vivo using SD-OCT (Bearelly et al., 2009; Fleckenstein et al.,
2008). The boundary of GA can be defined by the loss of RPE, which may be
visualized using funduscopy and fundus autofluorescence (FAF) imaging (Schmitz-
Valckenberg, Fleckenstein, et al., 2011). Alternatively, the boundary can be defined
by ELM descent, which is nowadays visible in (averaged) SD-OCT B-scans (Li
et al., 2018). From the non-atrophic side toward the ELM descent, CC density
decreases, while deposits in the sub–RPE-basal lamina space increase and RPE
becomes dysmorphic (Biesemeier et al., 2014; Li et al., 2018; Zanzottera et al., 2016).
This spatial sequence may be considered as a surrogate of the temporal sequence of
degeneration (Zanzottera et al., 2016). Within the atrophic area delimited by the
ELM descent, Henle’s fiber layer and outer nuclear layer (HFL+ONL) thickness is
halved, and comprises predominantly Müller cells (Li et al., 2018). Nevertheless,
residual cone photoreceptor nuclei have also been evidenced on the atrophic side of
the ELM descent (cf. Figure 2 in Zanzottera et al., 2016) as well as in the context
of outer retinal tubulation (Dolz-Marco et al., 2017). The functional implications
of these residual cone photoreceptors is unclear (cf. Hypothesis 2 in 1.6 Hypotheses
and Specific Aims).

1.3.4 Imaging of Atrophy

Short-wavelength fundus autofluorescence (FAF) confocal scanning laser ophthal-
moscopy (cSLO) combined with infrared reflectance (IR) confocal scanning laser
ophthalmoscopy (cSLO) imaging were shown to allow for accurate quantification
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of lesion size (Lindner et al., 2015; Schmitz-Valckenberg, Brinkmann, et al., 2011;
Schmitz-Valckenberg, Fleckenstein, et al., 2011). Foci of GA are characterized by
well-defined areas of decreased autofluorescence given the loss of RPE and its in-
herent fluorophores. More recently, green-emission FAF, which is not absorbed by
macular pigment, has been shown to provide even better inter-reader agreement
(Pfau et al., 2017).

1.3.5 Prognostic Imaging Biomarkers

A plethora of risk factors have been described for the progression of GA (reviewed in
detail in Fleckenstein et al., 2018). The median progression rate of GA was reported
to be ∼1.78 mm2/year (Fleckenstein et al., 2018). Important intraocular prognostic
factors for the future progression rate include the baseline lesion size and multi-
focality as well lesion circularity (faster progression rates in eyes with lower lesion
circularity) (Fleckenstein et al., 2018; Sunness et al., 2007). Further, the fundus
autofluorescence (FAF) phenotype constitutes an important intraocular prognostic
factor, which has been validated in independent cohorts (Fleckenstein et al., 2018;
Holz et al., 2007; Schmitz-Valckenberg et al., 2016). In addition, the fellow-eye sta-
tus represents an established systemic risk factor for GA progression (Fleckenstein
et al., 2018). However, correlation (i.e., redundancy) of these prognostic features is
evident. It is unclear, how well combinations of these features can predict future
progression rates (cf. Hypothesis 4 in 1.6 Hypotheses and Specific Aims).

1.4 Macular Neovascularization

Evidence of ongoing (and former) exudation secondary to MNV in AMD define the
exudative late-stage manifestation of AMD (Spaide et al., 2020). MNV may be
classified according to its axial location. The spectrum of (MNV) includes type 1
MNV, which manifests in the sub-RPE space, type 2 (MNV) defined by a neovas-
cularization in the subretinal space (i.e., above the RPE) and type 3 MNV (retinal
angiomatous proliferation) with new vessels emanating form the retina with pos-
sible choroidal anastomoses (Spaide et al., 2020). A further type of MNV termed
polypoidal choroidal vasculopathy is common among asian patients and can be con-
sidered as a subtype of type 1 MNV (also termed aneurysmal type 1 MNV) (Li et
al., 2019). All subtypes of MNV can result in devastating loss of visual function if
left untreated due to exudation (bleeding and leaking of plasma) (Rosenfeld et al.,
2006).

1.4.1 Exudative Activity of Macular Neovascularization

Traditionally, the clinical diagnosis of (MNV) in AMD was equated to exudative
late-stage AMD. However, already in 1976 Shirley Sarks reported in one of the hall-
mark publications of AMD (S. H. Sarks, 1976), that neovascularization is evident
in six of 42 eyes (14.3%) and ten of 24 eyes (41.7%) with the clinical diagnoses of
intermediate AMD and GA upon post mortem histopathologic examination. Today,
multimodal imaging allows for in vivo diagnosis of treatment-näıve, non-exudative
MNV (Carnevali et al., 2016; Querques et al., 2013; Roisman et al., 2016). The
key criteria for the identification of non-exudative type 1 MNV are the double-layer
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sign (also termed shallow, irregular RPE elevation [SIRE]) in SD-OCT, visibility
of a vascular network in OCTA and absence of any signs of exudation in SD-OCT
(i.e., absence of intra- and subretinal fluid) as well as in CFP (absence of hem-
orrhages). Figure 1.1 provides an example of non-exudative type 1 MNV. Based
on observational and semi-quantitative data, it has been hypothesized that (non-
exudative) type 1 MNV may restore the interchange between the choroid and RPE
and thus be protective with regard to RPE atrophy (Capuano et al., 2017; Christen-
bury et al., 2018). A quantitative proof, especially with regard to treatment-näıve
non-exudative type 1 MNV, was previously not available (cf. Hypothesis 5 in 1.6
Hypotheses and Specific Aims).

Figure 1.1: The figure shows multimodal imaging data of an eye with non-exudative
type 1 MNV. The SD-OCT shows the double-layer sign (also termed shallow, irreg-
ular RPE elevation [SIRE]). In addition, the connecting break in BrM can be seen
in the extrafoveal B-scan (arrow head).

1.5 Clinical Trial Endpoints in AMD

For MNV involving the fovea, BCVA and SD-OCT-based central retinal thickness
(a structural surrogate of BCVA) were successfully applied as clinical trial endpoints
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to proof the efficacy of anti-VEGF therapy (Rosenfeld et al., 2006). However, these
endpoints are not suitable to quantify the progression of GA, since GA may initially
spare the fovea.

In previous trails for therapeutics aimed to slow GA progression, the area of
RPE atrophy has served as primary (structural) outcome measure (ClinicalTri-
als.gov: NCT02247531, NCT02247479, NCT02087085). Fundus-controlled perime-
try (FCP), which allows for measurement of retinal sensitivity even in patients with
unstable fixation, has been applied as function outcome measure in GA (Heier et al.,
2020; Meleth et al., 2011). However, the selected test-pattern (e.g., 10-2 grid) is not
congruent with the biological pattern of disease progression. The low spatial resolu-
tion of the grid (2◦ between test points) results in a rather high number of test point
(i.e., patient fatigue), while limiting the ability to detect change over time (Pfau,
Müller, et al., 2020). A test-pattern tailored specifically to the lesions of a given
patient with a high spatial test point density in the junctional zone of GA would be
preferable to measure disease progression (cf. Hypothesis 1 in 1.6 Hypotheses and
Specific Aims).

By extension, sensitivity estimation based on anatomic imaging (termed ”in-
ferred sensitivity” here) could provide a workable alternative to quantify sensitivity
loss in patients with GA. This strategy has been previously proposed in the context
of macular telangiectasia type 2 (Kihara et al., 2019), Leber congenital amaurosis
(Sumaroka et al., 2019), and neovascular AMD (von der Emde et al., 2019). A
key advantage of this approach would be that structural imaging techniques like
FAF, IR, and SD-OCT imaging provide a higher en face resolution compared to
FCP testing (5.7 µm/pixel [e.g. Heidelberg Spectralis OCT 2 apparatus] vs. a 128
µm Goldmann III stimulus). Prior to the application of ”inferred-sensitivity” as a
quasi-functional surrogate outcome, the prediction accuracy and the comparative
importance of imaging features have to be analyzed in a disease-specific context (cf.
Hypothesis 3 in 1.6 Hypotheses and Specific Aims).
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1.6 Hypotheses and Specific Aims

The overarching aim of the five summarized publications (cf. chapter 10) was to
identify structural determinants of visual function in the junctional zone of GA
and to asses the relevance of these alterations with regard to the future progression
of RPE atrophy. Five consecutive hypotheses governed the scope of research and
defined the specific aims.

Hypothesis 1: The junctional zone of GA is characterized by a greater degree of
rod senstivity loss compared to cone sensitivty loss

Background and specific aims: Multiple lines of evidence point to-
ward a relatively higher vulnerability of rods compared to cones in AMD
(cf. Curcio et al., 2000). However, no in vivo data existed with regard
to the junctional zone of GA. Moreover, previously employed perimetry
test-patterns have only a limited ability to detect progression. Accord-
ingly, this project aimed to (i) develop a ’patient-tailored’ perimetry
workflow to measure function with high spatail-resolution in proximty
to GA, (ii) evaluate the relative dysfunction of rod and cone photorecep-
tors in the junctional zone of GA, and (iii) determine the retest-reliability
of measurements in close proximity to the scotomatous lesions as pre-
requisite for clinical trial protocol development.

Hypothesis 2: Measured sensitivities within the inner junctional zone of GA may
not be purely explained by patient-specific false-positive response rates or other
reliability indices

Background and specific aims: Both, histopathologic and clinical
imaging studies described previously residual (bridging) HFL+ONL within
areas of RPE atrophy (cf. Bearelly et al., 2009; Fleckenstein et al., 2008;
Li et al., 2018). In the context of ongoing and emerging RPE cell re-
placement therapies (e.g., NCT02590692), the degree of (any) residual
function within RPE atrophy is of relevance as indicator of a ’therapeu-
tic window’. Further, it would define a baseline level of function that
a given cell replacement intervention would need to surpass to demon-
strate efficacy. Therefore, this study aimed to (i) investigate evidence
of residual function within areas of RPE atrophy and (ii) determine the
possible functional implications of residual HFL+ONL within areas of
RPE atrophy.
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Hypothesis 3: Outer retinal microstructure correlates closely to retinal function

Background and specific aims: Previous structure-function corre-
lation studies indicate that outer retinal microstructure closely corre-
lates to retinal function (e.g., Steinberg et al., 2016). However, these
are mostly based on ’hand-crafted’ features (i.e., only few retinal layers
thicknesses) and multiple linear regression models to allow for statistical
inference. These models tend to perform poorly in the context of multi-
collinearity (correlation among the input variables). Hence, this project
aimed to (i) apply a machine learning approach to predict retinal rod
and cone photoreceptor sensitivity, and (ii) identify the relative impor-
tance the structural determinants for these predictions in a data driven
manner.

Hypothesis 4: The FAF phenotype as indicator of wide-spread outer retinal and
RPE alterations is prognostic for future RPE atrophy progression independent of
lesion shape

Background and specific aims: Variegated risk factors for overall
RPE atrophy progression have been described previously. However, it is
evident that these factors are not entirely independent factors based on
clinical observation (reviewed by Fleckenstein et al., 2018). An example
of such ’feature redundancy’ is the ’diffuse trickling’ FAF phenotype,
which is characterized by multifocal and multilobular lesions as well as
RPD. Accordingly, this study aimed to assess the variability in future
RPE atrophy progression rates explained by (i) individual and (ii) com-
binations of previously described risk factors.

Hypothesis 5: Type 1 MNV is associated with a reduced localized progression of
retinal pigment epithelium atrophy

Background and specific aims: An impairment of interchange across
BrM - due to BrM senescence and/or loss of senescence CC - has been
implicated as a precursor of RPE atrophy in AMD. Hypothetically, type
1 MNV, which is located between BrM and RPE, may restore the in-
terchange between the choroid and RPE and thus reduce RPE atrophy
progression. Previous clinical observational and semi-quantitative anal-
yses support this hypothesis (Capuano et al., 2017; Christenbury et al.,
2018). Hence, this study aimed to (i) develop a statistical model to pre-
dict localized future RPE atrophy progression, and (ii) formally test the
hypothesis that type 1 MNV is associated with reduced localized and/or
global RPE atrophy progression.
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Chapter 2

Methods

This section represents an overarching summary of the methods of the here presented
analyses. The original publications attached as appendices provide a more detailed
description of the methods (cf. chapter 10).

2.1 Clinical Studies

The analyses included in this thesis are based on data from four non-interventional
clinical studies. Patient data was collected prospectively by the author in the con-
text of the Directional Spread in Geographic Atrophy 2 (DSGA 2, NCT02051998,
[ClinicalTrials.gov], PI: M. Fleckenstein) study, as well as an ancillary FCP study.
In addition, a normative data study was conducted to obtain normal SD-OCT data
and FCP thresholds. These data underlie the analyses presented in result sections
3.1, 3.2, 3.3 and 3.5.

The analyses presented in result section 3.4 are based on a pooled data from the
Fundus Autofluorescence imaging in Age-related Macular degeneration (FAM study,
NCT00393692) and the original DSGA study (NCT02051998).

Inclusion criteria for patients with GA were presence of unilateral or bilateral
GA secondary to AMD defined by: (1) funduscopically well-defined, usually more
or less circular patches of RPE atrophy/hypopigmentation, with visibility of the
underlying choroidal vessels, (2) presence of AMD defining drusen or hyperpigmen-
tary changes, (3) a FAF phenotype compatible with AMD and (4) a lesion size
greater than 0.5 mm2 (smallest focus) in terms of sharply-demarcated decreased
FAF. Exclusion criteria encompassed (amongst other criteria) evidence of (previ-
ous) exudative retinal changes (e.g., hemorrhage, exudates, fibrous scar), history
of vitro-retinal surgery, retinal co-morbidity or anterior segment diseases impeding
retinal imaging. In the context of DSGA and DSGA2, evidence of mimicking mono-
genic diseases including late-onset stargardt disease and PRPH2 -associated disease
(including central areolar choroidal dystrophy) based on the FAF phenotype consti-
tuted an exclusion criterion. Analogously, patients with these diseases were excluded
retroactively from the FAM study cohort for the here presented analyses.

Inclusion criteria for patients with normal eyes were the unilateral absence of a
anterior or posterior segment disease (with the exception of mild lenticular aging)
and/or history of ocular surgery (with the exception of cataract surgery). These sub-
jects were recruited among patients with unilateral eye disease (e.g., rhegmatogenous
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retinal detachment) and relatives or companions of patients.
Written informed consent was obtained from every participant following detailed

explanation of the research’s nature and potential consequences of involvement. All
studies adhered to the tenants of the Declaration of Helsinki and were approved by
the responsible ethics committee.

Table 2.1 provides an overview of these cohorts with regard to baseline charac-
teristics.
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2.2 Clinical Examinations

2.2.1 Clinical Imaging

Patients and control subjects underwent extensive retinal imaging. The imaging
protocol (relevant to this thesis) for the DSGA 2 study and the control subjects in-
cluded: 30◦ × 30◦ cSLO FAF and IR imaging centered to the fovea (Spectralis HRA
+ OCT 2 device, Heidelberg Engineering GmbH, Heidelberg, Germany), 30◦ × 25◦

SD-OCT volume with 121 B-scans and averaging (ART) of 25 images (Spectralis
HRA + OCT 2 device, Heidelberg Engineering GmbH, Heidelberg, Germany), 3x3
mm and 6x6 mm OCTA imaging centered to the fovea (PLEX Elite 9000, Carl Zeiss
Meditec AG, Jena, Germany). The imaging protocol (relevant to this thesis) of the
first DSGA study and FAM study included: 30◦ × 30◦ cSLO FAF and IR imag-
ing centered to the fovea (Spectralis HRA device, Heidelberg Engineering GmbH,
Heidelberg, Germany).

2.2.2 Psychophysical Testing

All patients underwent BCVA testing using ETDRS charts (Ferris and Bailey, 1996).

Fundus-Controlled Perimetry (Publications 1 to 3)

To measure retinal sensitivity and quantify test-retest reliability, patients and con-
trol subjects underwent duplicate FCP testing using the S-MAIA device (Center-
Vue S.p.A., Italy) (reviewed in detail in Pfau, Jolly, et al., 2020). False-positive
responses (measured through presentation of supra-threshold stimuli to the optic
nerve head [analogous to Heijl-Krakau method in conventional automated perime-
try, but with fundus tracking]), the rate of incorrect pressure events out the response
window of the S-MAIA apparatus as well as the test duration were considered as
”patient-reliability indices” (Olsson et al., 1997). The 95% bivariate shape ellipse
area (BCEA) encompassing 95 percent of the fixation points was recorded as mea-
sure of fixation stability.

Test-Pattern in Normal Eyes (Publications 1 and 3)

The test-pattern for control subjects consisted of 71 stimuli across the central 18◦ of
the retina. The test points were evenly distributed along five rings at 1◦, 3◦, 5◦, 7◦,
and 9◦ (12 stimuli each). In addition, the test-pattern featured test points nasally
and temporally at 2◦, 4◦, 6◦, 8◦ and 10◦ along the horizontal meridian as well as one
central test point.

Patient-Tailored Perimetry (Publications 1 to 3)

For patients with GA, we developed the technique of “patient-tailored perimetry”.
Following semi-automated annotation of areas RPE atrophy (cf. below) in FAF,
an custom software was applied to generate patient-tailored test-patterns. Test
points were positioned along iso-hulls (iso-contour lines) surrounding the boundary
of GA. The distances of these iso-hulls from the GA boundary were 0.43◦, 0.86◦,
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1.29◦, 2.15◦, and 3.01◦, in addition to one iso-hull within the boundary of GA (-
0.645◦). The software to create the perimetry patterns was created using MATLAB
(MathWorks, USA). The workflow is illustrated in Figure 2.1.

Figure 2.1: Patient-tailored perimetry. Patient-tailored perimetry test-patterns were
created based on annotated FAF and IR data. Custom software positioned test
points along iso-hulls surrounding the GA boundary. After the perimetry test was
performed using the S-MAIA device, the data was registered to a reference coor-
dinate system based on the position of the fovea. Thus, spatially interpolated,
age-adjusted, normative data could be extracted for each test point.

Standardization of Perimetry Data (Publications 1 and 3)

Retinal topography has a marked influence on normative mesopic and dark-adapted
retinal sensitivity. To standardize perimetry data obtained from patients, normal
data from healthy subjects was spatially interpolated in a first step (cf. Supple-
mental Digital Content 1 in Pfau, Müller, et al., 2020 for details). Subsequently,
perimetry data from patients could then be registered to the resulting normative
sensitivity maps (Figure 2.1). Sensitivity data from each test point could be stan-
dardized in terms of sensitivity loss (i.e., difference of test point specific normal
sensitivity and measured sensitivity in a patient).

2.3 Image Analysis Pipeline

En-face Segmentation of GA (Publications 1 to 5)

Combined segmentation of FAF and IR was performed using the RegionFinder soft-
ware (Heidelberg Engineering GmbH, Heidelberg, Germany) as described previously
(Lindner et al., 2015). For publications 1 to 3, a single reader annotated the lesions
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given the need to create the patient-tailored perimetry test-pattern during the visit
of the patient. For publications 4 and 5, lesions were annotated by a pool of mul-
tiple readers. To estimate the inter-rater-variability, 100 eyes of 100 patients were
segmented by two readers (cf. publication 4).

SD-OCT Segmentation (Publication 3)

Segmentation of retinal layers was performed with the Heidelberg Eye Explorer
(version 1.10.2.0, Heidelberg Engineering, Germany). First, the automated segmen-
tation was applied, followed by two consecutive rounds of manual correction by two
different readers. The second reader acted as senior reader. The segmented layers
included (i) the inner retina, ranging from the ILM to the OPL/ONL-boundary, (ii)
the HFL+ONL, ranging from the OPL/ONL-boundary to the ELM, (iii) IS, ranging
from the ELM to the EZ, (iv) OS, ranging from the EZ to the RPEDC, and (v)
the RPEDC, which includes RPD, RPE, and sub-RPE-deposits. Similar to previous
publications, the hypo-reflective HFL fractions were counted toward the HFL+ONL
(Sadigh et al., 2013).

Multimodal Image and Perimetry Data Registration (Publications 2, 3
and 5

For all structure-function analyses (publications 2 and 3) as well as the analysis of
the association of type 1 MNV with GA progression (publication 5), multimodal
image registration was performed using the Fiji installation of ImageJ (U. S. Na-
tional Institutes of Health, Bethesda, MD, USA). Vascular bifurcations served as
landmarks for the registration. Images were then aligned using an affine transfor-
mation as implemented in the Landmark Correspondence function of Fiji. For the
structure-function analyses (publication 2 and 3), FCP data were registered to the
SD-OCT volume. For the analysis of GA progression in dependence of the presence
of type 1 MNV (publication 5), GA progression was first quantified using the Region-
Finder software in FAF images. The RegionFinder software registers automatically
the complete longitudinal FAF image sequence of a given eye. Then, the labeled
OCTA data (maps annotated for the presence of type 1 MNV) were registered to
the annotated FAF image sequence using Fiji (cf. Figure 2.4).

Extraction of Point-wise Retinal Reflectivity and Thickness Values
(Publication 3)

Following the multimodal data registration, the SD-OCT thickness and reflectivity
values could be extracted for each test point for all segmented retinal layers. For
each layer, three types of reflectivity maps were available: a minimum-, mean-, and
maximum-intensity projection. The region-of-interest function in Fiji was applied
to extract the respective imaging biomarkers at the exact location and with the
specific diameter (Goldmann III, 0.43◦ diameter) of each stimulus (Figure 2.2).

Extraction of Shape-Descriptive Factors (Publication 4)

Shape-descriptive factors were extracted with an ad-hoc developed Fiji plug-in (Fig-
ure 2.3). This tool converted lesion annotations from the RegionFinder software
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Figure 2.2: Multimodal image and perimetry data registration. The SD-OCT B-
scan shows an exemplary segmentation. Based on vascular bifurcations, data from
SD-OCT, IR, FCP, (as well as OCTA, cf. publication 5) could be aligned in a
precise manner. For structure-function correlation, imaging features were extracted
for region-of-interests corresponding to the location and area of each Goldmann III
stimulus.

into binary masks. These could then be used to extract the area of RPE atro-
phy, maximum caliper diameter of the lesion (Feretmax), minimum caliper diame-
ter of the lesion (Feretmin). In addition, the tool was used to extract the lesion
perimeter (cumulative circumference of the lesion) as well as the lesion circularity
((4×π×Area)/Perimeter2). The circularity is a measure of how closely the shape
of an object approaches that of a mathematically perfect circle (value range from 0
to 1).

Classification of macular neovascularization (Publication 5)

For the analysis of the association of MNV with RPE atrophy progression, MNV
lesions were sub-classified according to the presence/absence of MNV and the ex-
udative activity of the MNV lesions. Specifically, the subgroups included:

• Eyes with RPE atrophy, but no evidence of MNV (synonymous to the diagnosis
GA)

• Eyes with RPE atrophy and treatment-näıve quiescent MNV (i.e., no evidence
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or clinical record of prior exudation, cf. Figure 1.1)

• Eyes with RPE atrophy and (former) exudative MNV

Figure 2.3: Extraction of shape-descriptive factors. The custom plug-in for ImageJ
converted the lesion annotations (C) to outlines (D). Subsequently, shape-descriptive
factors such as the maximum and minimum caliper (Feret) diameter of the lesion
(E and F) could be extracted in an automatic manner.

2.4 Statistical Analyses

All statistical analyses were performed using the software environment R (R Devel-
opment Core Team 3.0.1., 2013). Normally distributed variables were summarized
by their mean and standard deviation. Non-normally distributed variables were
summarized by their median and interquartile range. Linear mixed model analyses
were performed using the R library lme4 (Bates et al., 2015). Visual acuity was
converted to the logarithm of the Minimum Angle of Resolution (logMAR).

2.4.1 Analysis of Retinal Sensitivity in the Junctional
Zone (Publication 1)

First, the point-wise retest-reliability was analyzed. For all three types of testing, the
coefficient of repeatability was computed. The coefficients of repeatability indicates
the value, below which the absolute difference of two measurements would be with
95% probability (Bland and Altman, 1999). In addition Bland-Altman plot were
used to examine the association of the underlying sensitivity with the variability.
Linear mixed models with test points nested in eye as random effects term were used
to examine, whether the distance to the GA boundary or the underlying sensitivity
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(both included as independent variables) are associated with the point-wise retest-
variance (dependent variable). Second, the association of the actual sensitivity loss
(dependent variable) in dependence of the distance to the GA boundary (indepen-
dent variable) was analyzed using linear mixed models (with test points nested in
eye as random effects term) for all three types of testing. Last, we determined the
percentage of test points that were rod-mediated (both, the cyan and red stimulus),
mixed-mediated (cyan stimulus rod-mediated, red stimulus cone-mediated) or inde-
terminate based on the spectral sensitivity difference (cf. S. Jacobson et al., 1991
for details).

2.4.2 Analysis of Sensitivity within Atrophy (Publication
2)

Sensitivity measurements from within GA (i.e., at the -0.645◦ iso-hull) are charac-
terized by a highly skewed skewed (non-normal) distribution. Thus, to quantify the
retest reliability, we summarized the percentages of the absolute test-retest difference
categories (0 dB, <2 dB, <4 dB, and <6 dB).

Based on the patient-specific rate of false-positive responses, and the test point-
specific initial test brightness and the staircase strategy, we developed a model to
predict the expected sensitivity measurements for the assumption of an absolute sco-
toma (i.e., trigger pressure events are fully attributable to false-positive responses).
For each test point, the expected value was obtained by running this simulated
staircase procedure 10.000.

Linear mixed models (with test points nested in eye as random effects term) were
applied to examine, whether the discrepancy between measured and expected sen-
sitivities (dependent variable) differed significantly from 0. Moreover, we examined
using linear mixed models, whether this sensitivity discrepancy (dependent variable)
is associated with (1.) indicators of inaccurate responses or fatigue (age, examination
duration, false-positive response rate for catch trials [Heijl-Krakau method], wrong
pressure event rate, initial testing brightness), (2.) indicators of inaccurate stimulus
projection due to insufficient fundus tracking (bivariate contour ellipse area), or (3.)
indicators of genuine retinal sensitivity (outermost visible retinal layer).

2.4.3 Machine-Learning to Predict Retinal Sensitivity
(Publication 3)

Prior to the predictive modeling, the SD-OCT features (thickness and reflectivity
values) were converted to Z-scores using normative data. This standardization was
implemented to adjust for topographic variation of layer thickness and reflectivity
values. Retinal sensitivity values of patients were converted to sensitivity loss based
on the difference to topographically corresponding normative data.

Since the putative predictors of retinal sensitivity (SD-OCT layer thickness and
reflectivity values) were highly correlated, we applied random forest regression as
predictive model. For the first scenario (S1, ”prediction of sensitivity without
patient-specific training data”), nested re-sampling was applied to estimate the
model accuracy (outer patient-wise leave-one-out cross-validation), while simultane-
ously tuning the random forest parameter mtry (nested inner 5-fold cross-validation
with patient-wise splits). For the second scenario (S2, ”prediction of sensitivity
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with limited patient-specific sensitivity data”), half of the patient-specific test re-
sults (i.e., data from every other test point along each iso-hull) were added to the
training information, and only the other half of the patient-specific data served as
evaluation data to obtain an estimate of the model accuracy. In addition, the eye
ID was added in scenario 2 through one-hot encoding as predictor to the model.

For both scenarios, three predictive feature sets (A, B, respectively. C) were
assessed:

• S1A [i.e., Scenario 1 with feature set A] and S2A: imaging features only (26
candidate variables)

• S1B and S2B: imaging features and ”patient reliability indices” (30 candidate
variables)

• S1C and S2C: imaging features and ”patient reliability indices” and fixation
stability (31 candidate variables)

Null models were computed for both, S1 (prediction for each patient simply
based on the average sensitivity loss of the other patients) and S2 (prediction based
on the patient-specific average sensitivity loss from every other test point along
each iso-hull). The mean absolute error (MAE) between predicted and observed
sensitivity loss served as measure of model performance. Linear mixed effects models
considering the MAE as dependent variable and patient as random effect term were
used to examine, whether the feature set is associated with the model performance.
The permutation importance (increase in mean squared error [% Inc MSE]) was
evaluated to understand the contribution of the predictors.

2.4.4 Modeling of Overall Atrophy Progression
(Publication 4)

Two scenarios were evaluated for the prediction of overall GA progression rates:
Scenario 1 (”prediction with no patient-specific prior data”) based on patient-wise
leave-one-out cross-validation, and scenario 2 (”prediction with prior observation
of the patient”) based on visit-wise leave-one-out cross-validation. Linear mixed
models were applied to predict the square-root progression rate of GA (mm/y).

As candidate feature sets, we considered all shape descriptive factors individually,
a “clinical trial inclusion model” based on previous publications (included the prior
square-root GA area, FAF phenotype, and focality), and a full model with all shape-
descriptive factors. The coefficient of determination (R2) served as measure of model
performance.

2.4.5 Modeling of Localized Atrophy Progression
(Publication 5)

The localized progression of RPE atrophy in topographic relation to the MNV lesion
was analyzed using mixed effects logistic regression with pixel nested in eye nested
in patient as random effects term. The pixel/point-specific binary outcome of the
next visit (atrophic or non-atrophic) was the dependent variable. Independent vari-
ables included pixel/point-specific factors such as the distance to the RPE atrophy
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boundary, the distance to the fovea, localized presence of MNV, horizontal posi-
tion, and vertical position. In addition, the follow-up time and overall diagnosis of
the eye (RPE atrophy without MNV, RPE atrophy and treatment-näıve quiescent
MNV, or RPE atrophy and exudative MNV) were included as predictors (Figure
2.4). The spatial overlap (Dice coefficient) between 5-fold cross-validated predicted
and observed RPE atrophy progression was evaluated to estimate the model per-
formance. The statistical effect size of the localized presence/absence of MNV for
the prediction of the localized future progression of RPE atrophy was the primary
outcome.

Figure 2.4: Feature extraction and modeling to predict localized atrophy progression.
The figures shows how predictive features were extracted from the imaging data
of the patients and applied in a mixed effects logistic regression model to predict
localized atrophy progression. This allowed to formally test the hypothesis, that
treatment-näıve quiescent MNV slows the progression of RPE atrophy.
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Chapter 3

Results

3.1 Development of Patient-Tailored Perimetry

for Geographic Atrophy1

3.1.1 Cohort Description

A total of 25 patients with GA secondary to AMD (age [mean ± SD] 77.0 ± 6.8
years [range 64.1 to 89.7 years]) with a mean visual acuity of 0.53 ± 0.42 logMAR
(20/68 Snellen equivalent) were included in this analysis. Forty healthy eyes of 40
subjects served as normal data.

3.1.2 Point-wise Retest-Reliability

The point-wise coefficients of repeatability were ±6.64 dB for mesopic, ±5.78 dB
for DA cyan, and ±7.24 dB for DA red testing.

Regarding factors influencing retest-reliability, higher retinal sensitivity was as-
sociated with minimally less retest variance for mesopic testing ([slope estimate ±
SE] -0.26 ± 0.08 db2/dB; P < 0.01). The iso-hull (i.e., distance to the GA boundary)
had no influence on the retest variance ( P = 0.26). Similarly, in DA cyan testing,
the retinal sensitivity was associated with the retest variance (+0.28 ± 0.07 db2/dB;
P < 0.001), but no association was evident between the iso-hull and retest-variance
(P = 0.45). For DA red testing, both the test sensitivity (P = 0.017) and distance to
the GA boundary (P < 0.001) were associated with the retest variance. A likelihood
ratio test for DA red testing revealed that the model including only the distance
to GA boundary as fixed effect was superior to a model including both variables
as fixed effect. In summary, differences in retest variance across all three types of
testing and all iso-hulls were rather minor (Figure 3.1).

1This section constitutes a synopsis of the results of Pfau et al. Mesopic and DA Two-Color
Fundus-controlled Perimetry in Geographic Atrophy Secondary to Age-Related Macular Degener-
ation. Retina. 2020 Jan;40(1):169-180. The original publication is attached as appendix (page
76ff ).

29



Figure 3.1: Point-wise retest-reliability. The left column shows the point-wise sensi-
tivity (PWS) test-retest difference in dependence of the distance to the GA bound-
ary. The right column shows the PWS test-retest difference in dependence of the
underlying sensitivity (i.e., Bland-Altman plots). The retest-reliability was similar
across a wide range of sensitivity values. The solid line denotes the mean difference,
dashed lines denote the 95% limits of agreement.

3.1.3 Retinal Function in the Junctional Zone of
Geographic Atrophy

Sensitivity measurements from within GA (i.e., at the -0.645◦ iso-hull) were ex-
cluded from the subsequent analysis due to the highly skewed skewed (non-normal)
distribution of the results. The median (IQR) sensitivity loss for these test points
was 22.9 dB [23.4 to 19.5 dB] for mesopic, 18.5 dB [19.7 to 17.0 dB] for DA cyan
testing, and 20.8 [21.8 to 17.4 dB] for DA red testing.

For test points outside of GA, the distance to GA exhibited a marked associa-
tion with the mesopic sensitivity loss (P < 0.001). According to a post hoc test,
sensitivity varied significantly between 0.43◦ (sensitivity loss of [mean ± SE] 10.68
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± 1.05 dB) and 0.86◦ (8.97 ± 1.05 dB) as well as between 0.86◦ and 1.29◦ (-7.83 ±
1.05 dB). No distinct differences (P > 0.05) between the mesopic sensitivity loss at
1.29◦, 2.15◦ (7.42 ± 1.04 dB) and 3.01◦ (7.27 ± 1.04 dB) was evident.

For DA cyan testing, the distance to GA had an influence on the sensitivity as
well. Post hoc comparison revealed marked differences (P < 0.01) in sensitivity loss
between 0.43◦ (16.25 ± 1.37 dB) and 0.86◦ (14.95 ± 1.37 dB) as well as a significant
difference (P < 0.01) between 1.29◦ (14.08 ± 1.36 dB) and 2.15◦ (12.69 ± 1.36 dB).

For DA red testing, distance to GA had a similar relationship with sensitivity as
for mesopic testing. The sensitivity loss varied distinctly (P < 0.001) between 0.43◦

(12.57 ± 1.31 dB) and 0.86◦ (11.06 ± 1.31 dB), between (P < 0.01) 0.86◦ and 1.29◦

(10.05 ± 1.31 dB) and between (P < 0.05) 1.29◦ and 2.15◦ (9.28 ± 1.31 dB). The
sensitivity loss did not differ significantly between 2.15◦ and 3.01◦ (9.10 ± 1.31 dB).

In summary, a distinct increase in mesopic and DA red sensitivity, which levels
off for test points more distant than 1.29◦ or 2.15◦ to the GA boundary, was evident
as well as more pronounced overall DA cyan sensitivity loss.

3.1.4 Rod versus Cone Degeneration

Comparison of the point-wise DA cyan-red sensitivity differences revealed that the
fraction of test points, where both stimuli are rod-mediated increased with increasing
distance to the GA boundary.

Interestingly, point-wise comparison of DA red and mesopic sensitivity losses re-
vealed a strong linear correlation between mesopic and DA red sensitivity loss. This
relationship could be described by a simple linear mixed model with an intercept
close to zero (0.58 dB) and a slope of 0.89 dB/dB (R2 = 0.77). In contrast, the
relationship between mesopic and DA cyan sensitivity loss was nonlinear. DA cyan
sensitivity loss was evident in numerous test points with quasi-normal mesopic sen-
sitivity. In contrast, all test points with mesopic sensitivity loss exhibited DA cyan
sensitivity loss (Figure 3.2).

31



Figure 3.2: Retinal sensitivity in the junctional zone of GA. The upper row shows
the change in retinal sensitivity loss with increasing distance to the GA boundary.
The lower left panel shows the proportion of stimuli with rod mediation (both, cyan
and red stimulus), mixed mediation (cyan stimulus mediated by rod photoreceptors,
red stimulus mediated by cone photoreceptors [a and b denote, whether the red
threshold is within normal limits]) and indeterminate mediation. The lower right
panel shows the point-wise relationship between mesopic sensitivity loss and DA red
and DA cyan sensitivity loss, respectively.

3.2 Residual Function within Areas of

Geographic Atrophy2

3.2.1 Cohort Description

A total of 36 eyes of 36 patients with GA secondary to AMD (age [mean ± SD]
75.6 ± 7.9 years [range, 58.1–89.7 years]) with a mean visual acuity of 0.51 ± 0.39
logMAR (approximately 20/40 Snellen equivalent) were available for the analysis.
On average, 6.4 ± 2.7 test points per eye were confined to the -0.645◦ iso-hull
and thus included. For all of these test points, duplicate mesopic, DA cyan, and
red testing sensitivity measurements were available (i.e., total of 1380 threshold
measurements within atrophy [approx. 3 types of testing × average of 6.4 test
points × 2 replications × 36 patients]).

The retest-reliability was moderate for these selected test points. Specifically,
identical values for the test and retest were obtained for (median, interquartile range
[IQR]) 42.9% (24.3% – 67.5%) of all test points in mesopic testing, for 69% (46.9% –
100%) and 57.1% (33.3% – 67.9%) of all test points in DA cyan and DA red testing,
respectively.

2This section constitutes a synopsis of the results of Pfau et al. Light Sensitivity Within Areas
of Geographic Atrophy Secondary to Age-Related Macular Degeneration. Invest Ophthalmol Vis
Sci. 2019 Sep 3;60(12):3992-4001. The original publication is attached as appendix (page 88ff ).
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3.2.2 Configuration of the Inner Junctional Zone

Three major subtypes of the inner junctional zone configuration were observed at
the site of functional testing (i.e., -0.645◦ iso-hull, Figure 3.3): (1) cRORA at GA
boundaries with a close proximity of the ELM descent and OPL/INL descent (n
= 135 of test points); (2) residual HFL+ONL within areas of RPE atrophy with
(partial) bridging of the area of RPE atrophy (n = 83); and (3) ORTs (n = 12).
The inter-rater reliability for the classification was substantial (unweighted Cohen’s
κ for two raters = 0.77).

Figure 3.3: Classification of the inner junctional zone. The upper row shows the
three identified subtypes of the inner junctional zone. The exemplary B-scan 1 shows
on the nasal side an ORT, and cRORA at the temporal boundary. The exemplary
B-scan 2 is an example of residual HFL+ONL within RPE-atrophy.

3.2.3 Expected Sensitivity Based on False-Positive
Responses versus Measured Sensitivity

Based on the patient-specific false-positive response rate, the staircase strategy (4-
2), and the initial testing brightness of the staircase for each test point, the expected
values under the assumption of an absolute scotoma could be simulated for each test
point. Mixed model analysis confirmed that the measured values were significantly
higher as compared to the expected values for absolute scotomata (Figure 3.4). The
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discrepancy between measured and expected values was (mean ± standard error)
+6.92 ± 0.86 dB for mesopic, +2.57 ± 0.56 dB for DA cyan, and +4.93 ± 0.74
dB for DA red testing. Furthermore, the percentage of unlikely measurements (i.e.,
point-wise measurements with a probability of P < 0.05 for the assumption of ab-
solute scotoma) was (median [IQR]) 34.8% (14.3% – 62.8%) for the first mesopic
examination, and 35.4% (25% – 54.8%) for the second mesopic examination and
therefore markedly higher than 5%. For DA cyan testing, the median percentage
of unlikely measurements was lower, with 4.5% (0% – 37.5%) for the first exami-
nation and 0% (0% – 27.6%) for the second examination. For DA red testing, the
median percentage of unlikely measurements was 31% (14.3% – 64.4%) for the first
examination, 25% (0% – 50%) for the second examination.

Figure 3.4: The figure shows for all three types of testing (rows) the expected results
(simulation with the assumption of an absolute scotoma and with consideration
of the patient-specific false-positive response rate, the staircase strategy, and the
initial testing brightness) against the measured values (right column). A discrepancy
between expected and measured sensitivity is evident.

3.2.4 Structure-Function Correlation and Patient
Reliability Indices

For mesopic testing, the outermost layer in SD-OCT exhibited as a fixed effect a
significant association with this discrepancy (likelihood ratio test, P < 0.001) as well
as the false-positive response rate (P < 0.001). A post hoc test revealed that the
mean discrepancy in measured versus expected sensitivities was significantly higher
for test points with residual HFL+ONL versus OPL/INL as the outermost layer in
SD-OCT (+5.96 ± 0.98 dB, P < 0.001), while the sensitivity discrepancy between
test points at ORTs versus OPL/INL differed not significantly (+2.65 ± 2.13 dB, P
= 0.25).
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For DA red testing, the results were similar. The outermost layer in SD-OCT
(likelihood ratio test, P < 0.001) and the initial testing brightness (P = 0.0126),
as well as the false-positive response rate (P < 0.001), exhibited as fixed effects a
significant association with the discrepancy in measured versus expected sensitivity.
The post hoc test revealed, that this discrepancy differed significantly between test
points with HFL+ONL versus OPL/INL as the outermost layer in SD-OCT (+5.19
± 0.90 dB, P < 0.001), while no difference was observed for test points at ORTs
versus OPL/INL (+3.32 ± 1.96 dB, P = 0.180). Test points with HFL+ONL as
outermost layer exhibited a significantly reduced point-wise DA cyan-red sensitivity
difference (-5.01 ± 1.07 dB, P < 0.001).

For DA cyan testing, neither the outermost layer in SD-OCT nor any other of
the probed variables exhibited as a fixed effect a significant association with the
discrepancy in measured versus expected sensitivity as indicated by a likelihood
ratio test.

Two exemplary patients with the schematic staircase results and the correspond-
ing SD-OCT images are provided for clarification of the results (Figure 3.5).

Figure 3.5: In both of these two exemplary patients, test points visible to the patient
(opaque arrowhead) and invisible to the patient (transparent arrowhead) were evi-
dent as highlighted by the results of the first and second perimetry tests (staircase
diagrams). The upper patient exhibited at the location of the opaque arrowhead
residual HFL+ONL within GA, the lower patient had at the location of the opaque
arrowhead an ORT.
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3.3 Structural Determinants of Retinal

Sensitivity3

3.3.1 Cohort Description

A total of 41 eyes of 41 patients with GA secondary to AMD (age [mean ± SD] 75.8
± 8.4 years) with a mean visual acuity of 0.51 ± 0.40 logMAR were availabe for the
analysis.

3.3.2 Prediction Accuracy for an ’Unknown Patient’
(scenario 1)

Patient-wise leave-one-out cross-validation (LOO-CV) was implemented to estimate
the prediction accuracies of ”inferred sensitivity” for an unknown patient (scenario
1). For mesopic sensitivity, the prediction accuracy based on imaging information
only (feature set S1A) was (MAE [95% CI]) 4.64 dB [4.02, 5.25]. Neither addition
of ”patient reliability indices” (feature set S1B) nor of fixation stability (feature set
S1C) led to an improved prediction accuracy. For DA cyan testing (4.89 dB [4.29,
5.49]) and for DA red analyzing (4.4 dB [3.89, 4.91]), the predictions accuracies
were similar based on the imaging features only (S1A). Again, neither inclusion
of ”patient reliability indices” (S1B) nor of fixation stability (S1C) enhanced the
prediction accuracy (cf. Table 2 in publication 3 [page 98ff ]).

3.3.3 Prediction Accuracy for ’Patients with Prior
Perimetry Data’ (scenario 2)

Since some patient characteristics may not be adequately be reflected by SD-OCT
data (e.g., lens opacification), we investigated whether addition of patient specific
perimetry data enhances the prediction accuracy for the remaining test points. For
mesopic testing, the prediction accuracy was better for scenario 2 (S2A, 3.14 dB [2.9,
3.39]), and varied significantly in dependence of the feature set (likelihood ratio test,
P < 0.001).

Similarly, for both types of DA testing, the prediction accuracy improved signif-
icantly (P < 0.001) with inclusion of ”patient reliability indices” (DA cyan testing:
2.92 dB [2.6, 3.25]; DA red testing: 2.86 dB [2.58, 3.14]), and even further with
addition of the fixation stability to the feature set (DA cyan testing: 2.86 dB [2.54,
3.19]; DA red testing: 2.77 dB [2.5, 3.04]).

The prediction accuracy was similar across variable degrees of sensitivity loss,
with slightly higher prediction errors for test points with sensitivity loss in the range
of 15 dB (Figure 3.6). For severe sensitivity losses of approx. 20 dB, sensitivity losses
(both, predicted and measured) were truncated by the floor of this dynamic range
of the S-MAIA device (Figure 3.6).

3This section constitutes a synopsis of the results of Pfau et al. Determinants of Cone- And
Rod-Function in Geographic Atrophy: AI-based Structure-Function Correlation. Am J Ophthalmol.
2020 Apr 11;S0002-9394(20)30170-7. The original publication is attached as appendix (page 98ff ).
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Figure 3.6: The upper row shows the patient-wise estimates for the prediction accu-
racy in dependence of the type of testing (panels) and in dependence of the scenario
(S1A - prediction based on imaging data; S2A - prediction based on imaging data
with addition with patient specific information [i.e., addition of every second test
point]). The lower rows shows the Bland-Altman plots for S2A (red solid line denotes
the mean difference, red dashed lines denote the 95% limits of agreement).

3.3.4 Feature Importance

For the prediction of mesopic sensitivity, the feature importance of the HFL+ONL
thickness (35% IncMSE) was markedly higher as compared to the importance of
all other predictors. The complete retinal thickness (27.2% IncMSE), as well as
the inner retinal thickness (20.4% IncMSE) comprised the third and second most
important features. For prediction of DA cyan sensitivity, the HFL+ONL thickness
(42.2% IncMSE) also represented the most important feature, followed by the com-
plete retinal thickness (23% IncMSE), and the RPEDC thickness (21.1% IncMSE).
For DA red sensitivity, the HFL+ONL thickness (53.7% IncMSE) comprised again
the most important feature, followed by the full retinal thickness (33.4% IncMSE),
and RPEDC thickness (21.8% IncMSE). HFL+ONL thickness was across all three
kinds of testing an outlier in terms of feature importance (Figure 3.7). Moreover,
features related to SD-OCT layer thicknesses seemed to exhibit generally a higher
feature importance compared with features related to signal intensity.

3.3.5 Structure-Function Correlation and Cone versus Rod
Dysfunction

Plotting of the feature contribution of the HFL+ONL thickness (i.e., the contri-
bution of HFL+ONL thickness toward retinal sensitivity after accounting for the
contribution of the other predictors) demonstrated, that HFL+ONL thinning was
associated with a marked sensitivity loss for all three types of testing (Figure 3.8).
However, the amount of sensitivity loss per Z-score of HFL+ONL thinning varied
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Figure 3.7: The dot plots show the permutation feature importance in terms of
the % IncMSE. Notably, the HFL+ONL thickness constitutes the most important
feature to predict retinal sensitivity in all three types of testing.

among the three types of testing. Slight levels of HFL+ONL thinning were associ-
ated with a marked DA cyan sensitivity loss, whereas mesopic sensitivity reduction
was mostly observed in association with more severe degrees of HFL+ONL thinning
(Figure 3.8).

Figure 3.8: The plots show the feature contribution of HFL+ONL thickness toward
the prediction of retinal sensitivity (i.e., the association after accounting for all other
predictors). Slight degrees of HFL+ONL thinning are associated with marked DA
cyan sensitivity loss. In comparison, mesopic sensitivity loss was observed in the
context of more severe HFL+ONL thinning.
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3.4 Prognostic Features of Overall Atrophy

Progression4

3.4.1 Cohort Description

A total of 296 eyes of 201 patients (71 male [35.3%], 130 female [64.7%] patients)
were included in this analysis. The average age at baseline was 72.20 ± 13.08 years.
Most eyes presented with multifocal lesions (unifocal 42.2%, oligofocal [2 - 4 foci]
34.5%, and polyfocal [>4 foci] 23.3%). The mean square root progression rate was
0.31 mm per year.

3.4.2 Inter-Reader Reliability for Shape-Descriptive
Factors

For the subset of 100 visits graded by two masked readers, the coefficients of repeata-
bility (CoRs) were 0.20 mm for the square root area, 5.64 mm for the perimeter,
0.07 for the circularity, 1.03 mm for the Feretmax, 0.54 for the Feretmin, and 2.30
for the focality.(cf. Figure 2 in publication 4 [page 110ff ]). A slightly worse inter-
reader reliability was evident for measurements with greater absolute values with
the exception of area and circularity measurements.

3.4.3 Prediction of Geographic Atrophy Progression Rates
using Individual Shape-Descriptive Factors

For scenario 1 (leave-one-out cross validation on the patient level, ”previously un-
known patient” [i.e., no patient-specific intercepts and slopes]), univariable models
allowed to predict future progression rates with an accuracy of (cross-validated R2)
0.233 based on the Feretmin diameter, 0.210 based on the square-root circularity,
0.098 based on the square-root perimeter, 0.088 based on the FAF phenotype, 0.056
based on the focality, 0.031 based on the Feretmax diameter, and 0.003 based on the
square-root lesion area.

Further, a model version reflecting the current inclusion criteria for ongoing clin-
ical trials (typically: [square root] lesion area, FAF phenotype, and focality) was
evaluated for the first scenario. The coefficient of determination (R2 = 0.150) indi-
cated that this version could explain 15% of the variability of future GA progression
rates. A linear model including all features resulted in a cross-validated R2 value of
0.244, indicating that these shape-descriptive factors (including the FAF phenotype)
explained 24.4% of the variability of future GA progression.

For scenario 2 (leave-one-out cross validation on the visit level, ”patient with
previous clinical data available”), the model without any shape-descriptive factors
(auto-correlation of prior progression rates with future progression rates) resulted
in a coefficient of determination (R2) of 0.185, indicating that previous progression
rates explained 18.5% of the variability of future GA progression rates. The com-
bined model with all features yielded a cross-validated R2 of 0.391, indicating that

4This section constitutes a synopsis of the results of Pfau M* and Lindner M* et al. Prognostic
Value of Shape-Descriptive Factors for the Progression of Geographic Atrophy Secondary to Age-
Related Macular Degeneration. Retina. 2019 Aug;39(8):1527-1540. The original publication is
attached as appendix (page 110ff ).
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the evaluated shape-descriptive factors (like the FAF phenotype) in conjunction with
prior observation of the patient could explain 39.1% of the variability in future GA
progression rates.

3.4.4 Correlation with Previously Reported Risk Factors

Evidently, the circularity varied markeldy in dependence of the FAF phenotype (Fig-
ure 3.9). Since the FAF phenotype (especially diffuse-trickling vs. non-trickling FAF
phenotype) were shown to be prognostic for GA progression in prior publications
(Holz et al., 2007), the analyses were repeated excluding eyes with the diffuse-
trickling GA (cf. Supplemental Digital Content 4 in Pfau et al., 2018). To further
confirm that the results are not determined by the disease severity, we conducted
the same analysis stratified according to lesion dimensions (cf. Supplemental Digital
Content 3 in Pfau et al., 2018). The results of these sub-analyses were overall similar
to the main results.

Figure 3.9: Circularity in dependence of the FAF phenotype. Notably, the diffuse-
trickling FAF phenotype exhibits the lowest circularity given the typical multi-focal
and multi-lobular configuration of GA in these eyes.

40

http://links.lww.com/IAE/A867
http://links.lww.com/IAE/A866
http://links.lww.com/IAE/A866


3.5 Inverse Association of Type 1

Neovascularization with Localized Atrophy

Progression5

3.5.1 Cohort Description

A total of 98 eyes of 59 patients with an average age (± SD) of 76.60 ± 6.65 years with
a median [IQR] follow-up of 1.17 years [1.01, 1.55] were included in this analysis.
These eyes have been categorized as follows: seven eyes with RPE-atrophy and
treatment-näıve quiescent CNV; ten eyes with RPE-atrophy and (former) exudative
type 1 CNV; and a total of 81 eyes with RPE-atrophy with no signs of CNV (i.e.,
pure GA). Patients were excluded due to absence of RPE-atrophy (n=7), presence
of fibrotic lesions or type two MNV membranes (n=7) or because of inadequate
image quality (n=6).

RPE-atrophy lesion size and age at baseline did not differ significantly in depen-
dence of the diagnostic subgroup (i.e., RPE-atrophy with treatment-näıve quiescent
type 1 CNV, RPE-atrophy with exudative type 1 CNV, or RPE-atrophy with no
evidence of CNV; cf. Table 2 in publication 5 [page 123ff ]).

3.5.2 Validation of the Spatial Model for Future GA
Progression

To confirm the goodness-of-fit of the (mixed effects) logistic regression model, patient-
wise cross-validation was applied. The spatial overalp between predicted RPE-
atrophy and observed RPE-atrophy was (Dice coefficient [95% CI]) 0.87 [0.85, 0.89],
when considering all topographic locations, and 0.51 [0.47, 0.55], when considering
only previously non-atrophic retina.

3.5.3 Association of Neovascularization and Localized
RPE-Atrophy Progression

The point-wise (mixed effects) logistic regression model revealed that the follow-up
time, distance to the RPE-atrophy boundary, eccentricity from the fovea as well as
the horizontal position (temporal versus nasal retina) were significantly associated
with the localized future RPE-atrophy progression (cf. Table 3 in publication 5
[page 123ff ]).

Notably, the localized presence of treatment-näıve quiescent type 1 MNV was
associated with markedly reduced odds for localized future RPE-atrophy progression
(odds ratio [95% CI] of 0.21 [0.19, 0.24]; P < 0.001). Similarly, the localized presence
of exudative type 1 MNV was associated with markedly reduced odds for localized
future RPE-atrophy progression (0.46 [0.41, 0.51]; P < 0.001). The ”eye-level”
diagnosis of exudative type 1 MNV was additionally associated with a reduced
RPE-atrophy progression in a ”global” (i.e., spatially unspecific) manner (0.31 [0.18,

5This section constitutes a synopsis of the results of Pfau M et al. Type 1 Choroidal Neovas-
cularization Is Associated With Reduced Localized Progression of Atrophy in Age-Related Macular
Degeneration. Ophthalmol Retina. 2020 Mar;4(3):238-248. The original publication is attached
as appendix (page 123ff ).
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0.53]; P < 0.001). A marginal effects plot - limited to the immediate junctional-zone
surrounding the RPE-atrophy (0.5◦ [approx. 145 µm]) - underscores the pronounced
association of treatment-näıve quiescent and exudative type 1 MNV with a reduced
probability of future RPE-atrophy progression (Figure 3.10).

Figure 3.10: Probability of localized RPE-atrophy progression in the junctional zone.
The marginal effects plot shows the predicted marginal probabilities and 95% CIs for
the localized progression of RPE-atrophy in the junctional-zone (0.5◦ [approx. 145
µm] boundary of RPE-atrophy) in dependence of the per-eye diagnosis (x-axis) and
the point-wise presence/absence of treatment-näıve quiescent and exudative type 1
MNV (line type).

3.5.4 Long-Term Association between MNV and Reduced
Localized RPE-Atrophy Progression

For four eyes (three patients) long-term imaging information was available that
had been collected in the context of the DSGA 1 study prior to the baseline of
this investigation (P1: 7 years and 6 month, P2: 4 years and 6 weeks, P3: 5
years). Though, no OCTA information was available for all these earlier study
visits, there was evidence of quiescent type 1 MNV or exudative type 1 MNV based
on SD-OCT (’double layer signal’) and FA (stippled hyperfluorescence) in these
patients (Figure 4.2 and Figure 5 in publication 5 [page 123ff ]). Qualitatively,
RPE-atrophy progression in regions of quiescent type 1 MNV or exudative type 1
CNV was markedly reduced in these patients with a follow-up of multiple years.
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Chapter 4

Discussion

This thesis highlighted a new approach with regard to perimetry test-patterns to
probe function in GA. These so-called ”patient-tailored” perimetry test-patterns
allowed to probe in detail the function in the outer junctional zone, as well as inner
junctional zone. The subsequent machine-learning-based analyses highlighted the
close correlation between retinal structure and function. In addition, the last two
publications of this thesis defined prognostic features for overall GA progression
and demonstrated a marked association of type 1 MNV with reduced localized RPE
atrophy progression. As discussed in the following sections, these results may inform
future therapeutic approaches (cf. section 4.8.1) and have implications for the design
of clinical trials (cf. section 4.8.2).

4.1 Retinal Sensitivity in Geographic Atrophy

4.1.1 Retinal Sensitivity in the Junctional Zone

The (outer) junctional zone of GA has been previosuly described as a spatial se-
quence of degenerative changes, that may be considered as a spatial surrogate for
degeneration over time (Li et al., 2018; J. P. Sarks et al., 1988; Zanzottera et al.,
2016). In this region from 500 µm to 100 µm from the GA boundary, a distinct
progression of RPE dysmorphia associated with thickening of BLamD, as well as
increase of CC loss could be evidenced in recent histopathologic studies (Biesemeier
et al., 2014; Li et al., 2018; Zanzottera et al., 2016).

Overall, the here observed gradual sensitivity loss toward the GA boundary is
very much consistent with these histopathological reports. Specifically, mesopic
sensitivity loss was rather uniform for test points 1.29◦ (375 µm) or more distal to
the GA boundary (cf. Figure 3.2), which parallels the zone of ONL dyslamination,
and cone photoreceptor inner segment myoid shortening (Li et al., 2018).

4.2 Rod versus Cone Degeneration in the

Junctional Zone

DA cyan sensitivity loss as a measure of rod function was overall much more severe
(cf. Figure 3.2), which may either be attributable to structural degeneration of rod
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photoreceptors and/or impairment of the canonical visual cycle.

Multiple previous psychophysical and histopathologic studies have evidenced
an increased vulnerability of rod photoreceptor in AMD. Specifically, a hallmark
histopathologic study by Christine A. Curcio showed that the foveal cone mosaic is
typically similar in patients with AMD compared to that of age-matched controls,
whereas the parafovea exhibits severe rod photoreceptor loss (Curcio et al., 1996).
Other histopathologic studies confirmed the notion that rod degeneration precedes
cone degeneration, especially in proximity to AMD-associated lesion such as atrophic
and fibrotic scars (Shelley et al., 2009). Psychophysically, selective (or more severe)
rod dysfunction could be evidenced comparing steady-state DA cyan sensitivity loss
against light-adapted sensitivity loss (Owsley et al., 2000). This observation was
later reproduced by multiple groups and was shown to be associated to some degree
with the extent of RPD (Flynn et al., 2018; Pfau et al., 2018; Steinberg et al., 2015;
Tan et al., 2018). Moreover, discriminant validity (between AMD stages) and ability
to detect change (K. G. Chen et al., 2019; Flamendorf et al., 2015; Owsley et al.,
2016), as well as predictive validity for future AMD incidence could be established
for dark adaptometry (Owsley et al., 2016).

The here presented study now adds a detailed description of photoreceptor dys-
function in the junctional zone of GA to the literature. Interestingly, the relationship
between mesopic dysfunction and DA cyan sensitivity loss was non-linear cf. Fig-
ure 3.2, lower right panel). Mesopic dysfunction was only observed in conjunction
with DA cyan sensitivity loss, however, DA cyan sensitivity loss could also be ev-
idenced in presence of normal mesopic sensitivity. Careful extrapolation of these
cross-sectional findings is supportive of the notion that rod degeneration precedes
cone degeneration, even within the small scale of the junctional zone of GA (cf.
Section 4.8.1 below).

4.3 Sensitivity within Areas of Geographic

Atrophy

Minimal residual retinal sensitivity within areas of GA has been previously reported
but not linked the corresponding retinal microstructure. In 1988, Sunness and
coworkers reported with a custom-built fundus camera stimulator based on a modi-
fied Zeiss 308 fundus camera, that retinal sensitivity may be observed at small areas
of atrophy ‘comparable to the size of drusen’ (Sunness et al., 1988).

By extension, we now studied systematically the sensitivity in the inner junc-
tional zone of GA. The results indicate that mesopic and DA red sensitivity measure-
ments may indeed not be purely explained by patient-specific false-positive response
rates or other reliability indices (e.g., fixation stability with regard to inaccurate
stimulus placement). Biologically, this is plausible, since the cone-specific visual
cycle is independent of the RPE (J. S. Wang and Kefalov, 2011). Residual function
was mainly evident in conjunction with residual or bridging HFL+ONL. According
to histopathologic studies, residual or bridging HFL+ONL constitutes mostly dys-
laminated HFL, but residual photoreceptor islands with presence of residual RPE
(also termed open ORTs) may also be present. In addition, to the presence of de-
generative cone photoreceptor cell bodies and nuclei (cf. Figure 6 in Li et al., 2018),
opsin redistribution to cone cell bodies, axons, or axon terminals has been reported,
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which could explain the observed residual sensitivity despite of the lack of OS in
SD-OCT (Johnson et al., 2003; Shelley et al., 2009).

Of note, the differentiation between photoreceptor islands (without regularly
arranged IS and OS) and dyslaminated HFL is likely not possible with SD-OCT. This
may explain the rather wide standard error of the estimate of sensitivity in regions
with HFL+ONL. Possibly, in vivo fluorescence lifetime ophthalmoscopy allows for
such a differentiation between dyslaminated HFL and photoreceptor islands (Dysli
et al., 2017). Using this technique, an ‘intermediate lifetime border’ within GA
has been described, which may be indicative of visual cycle by-products that would
support the hypothesis of remnant visual function (Dysli et al., 2016).

4.4 Determinants of Retinal Sensitivity

The machine-learning-based analysis of structure function correlation highlighted
the close association between retinal microstructure and function. By extension,
this approach could also be applied for mapping of ”inferred sensitivity” across the
whole imaged retina as shown in Figure 4.1. This type of map features many of
the expected characteristics, which underscores the validity of the predictions. This
includes a central DA cyan scotoma (given the central rod-free area) and a junctional
zone of GA with predominant DA cyan sensitivity loss.

Interestingly, the HFL+ONL constituted the most important layer for all three
types of sensitivity predictions. In an idealized model of isolated photoreceptor
degeneration, the loss of light sensitivity would be proportional to the number of
surviving photoreceptors and the length of their outer segments (S. G. Jacobson
et al., 2005). In a transgenic rat model for autosomal dominant retinitis pigmen-
tosa, it was previously shown that both of these parameters correlate to the ONL
thickness (Machida et al., 2000). Thus, it is plausible from a biological view that the
HFL+ONL constituted the most important layer for the predictions. Moreover, the
other, thinner photoreceptor layers such as IS and OS are relatively susceptible to
sub-optimal segmentation (‘feature noise’), which typically results in a lesser feature
importance in predictive models.

Further, the feature contribution plots (cf. Figure 3.8) highlighted that HFL+ONL
thickening - a finding previously also reported in the setting of intermediate AMD
(Sadigh et al., 2013) - was not associated with dysfunction. In contrast, HFL+ONL
thinning were strongly associated with loss of retinal sensitivity in all three types
of testing. Especially DA cyan sensitivity loss was evident for even slight degrees of
HFL+ONL thinning as compared to DA mesopic sensitivity loss, which was mostly
evident for loci with more severe degrees of HFL+ONL thinning. Again, this is com-
patible with histopathologic studies evidencing predominant loss of rod photorecep-
tors in proximity to AMD related lesions such as RPE atrophy and/or fibrovascular
scars (Curcio et al., 1996; Shelley et al., 2009).
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Figure 4.1: Mapping of ”inferred sensitivity”. The prediction of retinal sensitivity
in this patients exhibits many of the expected key features. The white, dashed
lines in the color fundus photography image indicate the SD-OCT B-scan positions.
The model adequately predicted the functional loss for the two small foci of GA
(white arrowheads). The prediction of DA cyan testing featured a central scotoma
as expected given the central rod-free area (gray arrowhead). The sensitivity maps
were slightly smoothed (median filtering, window: 3 px × 3 px).

4.5 Factors Associated with Accelerated

Atrophy Progression

Inclusion criteria clinical trials for clinical trials encompass typically the FAF phe-
notype and the lesion size (e.g., NCT02247479, NCT02247531, NCT02087085). In
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conjunction, these criteria allow to separate slow from medium and fast progressing
lesions (Fleckenstein et al., 2018; Holz et al., 2007). Using color fundus photography
based annotations, it has later been shown that the circularity is prognostic of future
atrophy progression (Domalpally et al., 2013). By extension, we have now assessed
in detail the prognostic value for a wide panel of shape-descriptive factors.

Interestingly, the minimum caliper diameter (Feretmin) was in the single factor
models the most prognostic feature explaining up to 23.3% of the variability in pro-
gression rates in previously unknown patients. In conjunction with prior progression
rates, the circularity was the most prognostic feature allowing to explain 37.9% of
the variability in progression rates. Both of these R2 values exceed the variability
explained by the FAF phenotype and the lesion size.

GA progresses mostly in a linear manner along the lesion radius, i.e. perpendic-
ular to the GA boundary (Feuer et al., 2013; Fleckenstein et al., 2010; Shen et al.,
2018). Accordingly, square-root transformation of the lesion area is commonly used
to obtain linear progression rates (Feuer et al., 2013; Shen et al., 2018). This also
explains the high prognostic values a imaging features related to the extension of
the lesion boundary (i.e., perimeter, and circularity).

Besides of imaging features, genetic, epigenetic, environmental, and demographic
factors might also be prognostic for GA progression rates. The marked auto-
correlation of former with future GA progression rates as observed here and in
a previous study (Sunness et al., 2007), is suggestive of such time-invariant patient
characteristics. However, in previous study combining data from AREDS and FAM,
ARMS2 rs10490924, and C3 rs2230199, and fellow eye status explained only 7.2% of
the observed inter-individual variability in GA progression rates (Grassmann et al.,
2015).

The approach of using shape-descriptive factors to explain future progression
rates of RPE atrophy has now been validated in our group in the context of Stargardt
disease (Müller, Pfau, Treis, et al., 2020), and retinopathy secondary to Maternally
Inherited Diabetes and Deafness (MIDD) (Müller, Treis, et al., 2020) as well.

4.6 Inverse Association of Type 1

Neovascularization with Atrophy

Progression

Previous studies reported qualitatively and semi-quantitatively that quiescent or
exudative type 1 MNV are associated with a reduced localized progression of RPE
atrophy (Christenbury et al., 2018). This study now underscores this observation
in a quantitative manner. As shown for the exemplary patients in Figure 4.2, the
magnitude of the association of type 1 MNV with reduced localized RPE atrophy
progression is clinically meaningful.

Biologically, two potentially synergistic mechanisms may confer a protective ef-
fect of type 1 MNV on RPE atrophy progression. Histopathologic studies have
identified a lipophilic interchange barrier at the level of BrM as a characteristic of
AMD Curcio, 2018b; Pauleikhoff et al., 1990. Further, CC breakdown exceeding
the boundaries of GA has been evidenced in vivo using OCTA (Müller et al., 2018;
Nassisi et al., 2019; Thulliez et al., 2019), as well as histopathologically (Biesemeier
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et al., 2014; Li et al., 2018). Based on the anatomical location of type 1 MNV
in the sub-RPE–basal lamina space, type 1 MNV bypasses the interchange barrier
at the level of BrM and may compensate for the CC breakdown (L. Chen et al.,
2020). Indeed, in a histopathologic study of non-exudative type 1 MNV, forma-
tion of capillary-like neovessels with fenestrations and caveolae resembling native
CC supporting the overlaying RPE has been reported (L. Chen et al., 2020). In
conjunction these results suggest, that cessation of exudation with a remnant type 1
membrane may constitute the optimal treatment target in anti-VEGF therapy. On
a similar note, it was recently shown that tolerating some exudative activity in the
form of subtle subretinal fluid results in a similar outcome as a treatment aimed at
resolving all subretinal fluid (Guymer et al., 2019). The results have also further
implications regarding potential future therapeutic targets (cf. Section 4.8.1).

Figure 4.2: The figure shows multimodal imaging data of two patients with non-
exudative type 1 MNV and RPE atrophy. The white dashed lines denote the area
of non-exudative type 1 MNV. The red dashed line denote RPE atrophy at baseline
and the yellow dashed lines enote RPE atrophy at the last visit. In the first patient
(upper row), the RPE atrophy lesion embedded within a region of non-exudative
type 1 MNV appears to almost not progress. In the second patient (lower row),
RPE atrophy apprears to progress much more rapidly distal to the non-exudative
type 1 MNV than toward it.
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4.7 Limitations

Multiple limitations of the here presented studies must be considered.
The analysis of the sensitivity in the junctional zone in GA is based on a rel-

atively small number of subjects and cross-sectional. Nevertheless, it constitutes
the largest study with mesopic and DA two-color testing as well as an intra-session
retest examination. Further, no cone-specific test setting (i.e, photopic white-on-
white or red-on-white testing) was available for the S-MAIA device or any other
FCP device at the time of the study. Recently, a FCP device allowing for photopic
testing became available (Pfau, Jolly, et al., 2020).

The patient-tailored test-patterns were designed for probing of the retinal sensi-
tivity in the outer junctional zone. Accordingly, the number of test points available
for the analysis of sensitivity in the inner junctional zone was limited. Conclusions
for ORTs may not be drawn with certainty due to the limited number of test points
co-localizing with ORTs. Further, hyperreflective spots internal to BrM, which may
represent migrated RPE cells, were visible in areas of atrophy (Li et al., 2018).
High resolution functional testing (in terms of stimulus size), such as adaptive op-
tics scanning laser ophthalmoscopy-based perimetry (Harmening et al., 2014), would
be required to examine, whether these foci affect retinal function.

For the machine learning-based prediction of retinal sensitivity, it must be noted
that the test-retest MAE of perimetry testing was slightly smaller than the MAE
between predictions and observations. Accordingly, a larger sample size may be
needed to maximize the prediction accuracy. In addition, a deep-learning instead of a
machine-learning model, as recently applied in the context of macular telangiectasia
type 2 (Kihara et al., 2019), could have (potentially) provided a slightly better
prediction accuracy. However, we elected a machine-learning model in consideration
of interpretability (cf. Figure 3.8).

Regarding GA progression, more recent and accurate models became available to
predict GA progression incorporating SD-OCT information GA (Niu et al., 2016).
Moreover, multiple studies underscore that CC flow signal voids in OCTA are prog-
nostic for future GA progression (Müller et al., 2018; Nassisi et al., 2019; Thulliez
et al., 2019). An analysis that includes all of these potentially prognostic features
followed by variable selection (e.g., through least absolute shrinkage and selection
operator [lasso] regression) will be needed to identify the most important prognostic
features.

The association of type 1 MNV with localized atrophy progression was studied
in a rather binary manner by classifying pixels as overlaying / not-overlaying type
1 MNV. However, it is clinically evident, that the vascular density and patterns
within type 1 MNV vary greatly (von der Emde et al., 2020). To further examine
the potential protective effect of type 1 MNV against RPE atrophy progression, the
biological gradient of the relationship warrants investigation. Hypothetically, the
protective effect is a function of the vascular density of the neovessels.
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4.8 Implications and Future Directions

The following section briefly highlights implications of the here presented results
for future therapeutic approaches and for the design of clinical trials. Some of
the below mentioned implications (e.g., ”point-of-no-return”) are based on careful
extrapolation of the here presented results and previous research. Further research
will be needed to confirm or disprove these hypotheses.

4.8.1 Implications for the Therapy of Age-Related
Macular Degeneration

”Spare the Rods, Save the Cones”

The expression ”Spare the Rods, Save the Cones” has been coined in the context
AMD by Christine A. Curcio, Cynthia Owsley, and Gregory R. Jackson (Curcio
et al., 2000). The authors based their proposed therapeutic strategy on histopatho-
logic evidence (Curcio and Allen, 1993; Curcio et al., 1996), as well as psychophysical
evidence (Jackson et al., 1999; Owsley et al., 2000), which demonstrated that rod
degeneration precedes cone degeneration in AMD. The here shown non-linear rela-
tionship between DA cyan sensitivity loss (which could be observed in isolation) and
mesopic sensitivity loss (which was only observed in conjunction with DA cyan sensi-
tivity loss) is indeed indicative of a temporal sequence between rod and subsequent
cone degeneration (cf. Figure 3.2 lower right panel). Cone sensitivity loss could
only be observed for loci with a rod sensitivity loss of approx. 16 dB or more (i.e.,
deflection point of the non-linear relationship). Interestingly, this exact non-linear
relationship between rod and cone sensitivity loss with the same deflection point
is not only also evident in other BrM diseases such as Pseudoxanthoma elasticum
(Hess et al., 2020), but also in unrelated diseases such as RHO-associated autosomal
dominant retinitis pigmentosa (cf. Figure 2B in Cideciyan et al., 1998). In conjunc-
tion, this suggests that the mechanisms leading to secondary cone degeneration are
overall disease unspecific (Aı̈t-Ali et al., 2015). Thus, disease-specific strategies to
prevent early rod photoreceptor degeneration or disease-unspecific strategies to pre-
vent secondary cone degeneration may allow to spare central cone vision in patients
with AMD (Curcio et al., 2000).

4.8.2 Implications for Clinical Trials

Retinal Sensitivity as Functional Outcome Measure

Previously, conventional perimetry patterns such as the 10-2 grid have been em-
ployed to follow GA progression (Meleth et al., 2011). However, the ability to detect
change over time was rather limited. While GA may progress through de-novo foci,
progression of GA occrus predimonalty in the junctional zone in an ”appositional
growth”-like manner (Fleckenstein et al., 2010). Therefore, rectilinear spaced test
points with a distance of 2◦ to each other, are sub-optimal to capture the progres-
sion of GA (median of 106.90 µm/y or approx. 0.37◦/y, cf. Fleckenstein et al.,
2010). A prospective, longitudinal study, which is currently ongoing, will be needed
to demonstrate the advantage of patient-tailored test-patterns.
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Inferred Sensitivity as Surrogate Outcome

As shown in Figure 4.1, spatial mapping of inferred sensitivity exceeds the limita-
tions of psychophysical testing in terms of spatial resolution as well as area cov-
ered. Criteria for the “evidence for surrogacy” have been established by the Inter-
national Conference on Harmonization (ICH) Guidelines on Statistical Principles
for Clinical Trials (International Conference on Harmonisation E9 Expert Working
Group, 1999). This includes ”(i) the biological plausibility of the relationship, (ii)
the demonstration in epidemiologic studies of the prognostic value of the surrogate
for the clinical outcome and (iii) evidence from clinical trials that treatment effects
on the surrogate correspond to effects on the clinical outcome” (International Con-
ference on Harmonisation E9 Expert Working Group, 1999). As discussed above (cf.
Section 4.4), the feature importance values are indicative of biological plausibility.
The second criterion is also met, given that “inferred sensitivity” may be equated to
function as opposed to other conventional surrogate endpoints such as intra-ocular
pressure in glaucoma. For the last criterion, a prospective study comparing “in-
ferred sensitivity” and measured sensitivity in the context of a given treatment will
be needed.

Area of Atrophy as Structural Outcome Measure

Our data supports the application of FAF-based quantification of GA in AMD as
structural outcome measure in clinical trails as previously proposed Holz et al., 2007.
The current work highlights that the boundary of GA constitutes a 10- to 15-fold
change in retinal sensitivity. Even for regions with residual HFL+ONL within GA,
the boundary delineates an approximately a 5 dB (i.e., three-fold) drop in sensitivity.

”Point-of-no-return”

In recent years, therapeutic trials for GA were characterized by rather brief follow-up
periods (e.g., NCT02247479, NCT02247531, NCT02087085). However, histopatho-
logic (Biesemeier et al., 2014; Li et al., 2018; J. P. Sarks et al., 1988; Zanzottera
et al., 2016), OCTA (Müller et al., 2018; Nassisi et al., 2019; Thulliez et al., 2019)
and the here presented functional data jointly demonstrate severe alterations of the
CC and outer retina in the immediate junctional zone of GA (within 375 µm of
the RPE atrophy boundary). In consideration of the lateral spread of GA (median
106.90 mm/y, Fleckenstein et al., 2010), it is conceivable that the rate of GA pro-
gression is partially predetermined for 1 to 3 years. Accordingly, significantly longer
follow-up periods seem warranted to assess treatment effects on GA progression be-
yond this 375 µm boundary (i.e., follow-up of 4 years or longer). Alternatively, one
could also consider degenerative processes distal to the boundary of GA, such as
progressive ”macula-wide” thinning of the HFL+ONL, as outcome measure (Pfau,
von der Emde, et al., 2020).
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Chapter 5

Summary

This thesis summarizes five studies based on data collected prospectively by the
author in the context of the Directional Spread in Geographic Atrophy 2 (DSGA 2,
ClinicalTrials.gov: NCT02051998, PI: M. Fleckenstein) study, as well as an ancillary
FCP study and a normative data study.

First, a new approach to perimetry with ’patient-tailored’ test-patterns could be
established, which allows to test retinal sensitivity with high spatial-resolution in
the junctional zone of GA. Using DA two-color perimetry, it could be demonstrated
that rod photoreceptor dysfunctions exceeds cone photoreceptor dysfunction in this
defined region. Moreover, relative uniformity of the retest-reliability, even in close
proximity to the GA boundary, highlights that these ’patient-tailored’ perimetry
patterns could be applied in clinical trials to monitor GA progression.

Second, structure-function analysis was applied to investigate the potential as-
sociation of residual (bridging) HFL+ONL within areas of RPE atrophy as well as
ORTs with retinal sensitivity. It was shown that measured sensitivities within the
inner junctional zone of GA may not be purely explained by patient-specific false-
positive response rates or other reliability indices. Specifically, residual HFL+ONL
was associated with residual mesopic and DA red sensitivity. This is indicative
of a ’therapeutic window’ for cell replacement therapeutics. Moreover, it defines a
baseline level of function that a given cell replacement intervention must surpass to
demonstrate efficacy.

Third, it was demonstrated that outer retinal microstructure correlates closely
to retinal function. By using a machine-learning approach, a plethora of imaging
features (instead of few ’hand-crafted’ features) could be included, despite of multi-
collinearity (correlation among the input variables). We were able to predict retinal
sensitivity in patients with GA with an accuracy that almost matches the retest-
variability of fundus-controlled perimetry testing. Moreover, the machine-learning
approach highlighted the relevance of HFL+ONL as predictor of retinal sensitivity.
While loss of rod sensitivity could already be evidenced in association with slight
degrees of HFL+ONL thinning, loss of mixed cone and rod function (mesopic sen-
sitivity) was mostly evident in presence of more severe HFL+ONL thinning. This
cross-sectional observation is suggestive of a temporal sequence of rod and subse-
quent cone photoreceptor degeneration.

Fourth, this thesis underscores that the FAF phenotype as indicator of wide-
spread outer retinal and RPE alterations and shape-descriptive factors such as the
lesion circularity are prognostic for future RPE atrophy progression. Moreover,
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the analysis confirmed that the patient-specific prior progression rate constitutes
the most important predictive variable. Thus, addition of prior observations would
constitute a meaningful addition to clinical trial inclusion criteria.

Fifth, this thesis examined the association of type 1 MNV with a reduced lo-
calized progression of RPE atrophy. In contrast to prior observational and semi-
quantitative analyses, the here presented analysis allowed to formally test the hy-
pothesis that treatment-näıve quiescent type 1 MNV is associated with a reduced
localized progression of RPE atrophy. These in vivo results highlight the relevance
of the BrM-CC complex for the integrity of the overlying RPE. Potential therapeutic
approaches for GA including strategies to enhance sub-RPE perfusion or targeting
the impaired interchange across BrM are supported by these results.
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