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Abstract in German

Hintergrund: Untersuchung von Verdnderungen der Netzhautschichtdicke und der intakten
Netzhautfliche bei  Patienten = mit molekular  bestitigter =~ PROMI-assoziierter
Netzhautdegeneration (RD) iiber einen Zeitraum von 24 Monaten mittels optischer
Kohérenztomographie im Spektralbereich (SD-OCT). Die Dicke der Netzhautschicht und die
intakte Flache sind wichtige Marker flir die Gesundheit der Netzhaut, insbesondere bei
Erkrankungen wie der Stargardt-Krankheit, und SD-OCT bietet eine prézise Bildgebung, um

subtile Veridnderungen dieser Parameter zu erkennen.

Design: internationale, multizentrische, prospektiven Fallserienstudie

Methoden: Dreizehn Augen von 13 Patienten mit PROM-assoziierter RD wurden an fiinf
Standorten untersucht, wobei SD-OCT-Bilder bei Studienbeginn und nach 24 Monaten
aufgenommen wurden. Der mittlere Dickenverlust (MT) und die intakte Fliche wurden durch
halbautomatische Segmentierung fiir verschiedene einzelne Netzhautschichten innerhalb des
zentralen Unterfelds (CS), des inneren Rings und des duBeren Rings des ETDRS-Rasters (Early
Treatment Diabetic Retinopathy Grid) geschétzt: retinales Pigmentepithel (RPE), dufere
Segmente (OS), innere Segmente (IS), d&ullere Kernschicht (ONL), innere Netzhaut (IR) und
gesamte Netzhaut (TR). Die Verdnderungen der mittleren Dicke und der intakten Flache der
einzelnen Netzhautschichten wurden als jdhrliche Zunahme der Atrophie und Verinderungen

der mittleren Dicke der untersuchten Netzhautschichten und Progressionsmuster analysiert.

Ergebnisse: Sechs méinnliche und sieben weibliche Patienten mit einem Durchschnittsalter von
38,2+14,2 Jahren zu Studienbeginn und einem Beginn der Symptome im Alter von 30,3+£16,3
Jahren (verfligbar fiir zwolf Patienten) wurden in die Studie aufgenommen. Die mittlere
bestkorrigierte Sehschérfe bei Studienbeginn betrug 0,51+0,53 LogMAR. Statistisch
signifikante Dickenverluste wurden im RPE und TR im CS und im inneren Ring sowie in der
ONL und IS im duBleren Ring beobachtet (alle p<0,05). AuBBerdem wurde eine signifikante
Abnahme der intakten Fliche des RPE und der IS im inneren Ring und der ONL im &ufBeren
Ring festgestellt (alle p<0,05). Bei der MT und der intakten Fldche der anderen Schichten

wurden wihrend des 24-monatigen Beobachtungszeitraums riicklaufige Tendenzen beobachtet.
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Schlussfolgerungen: Bei Patienten mit PROM [-assoziierter RD wurden mittels SD-OCT {iber
einen Zeitraum von 24 Monaten signifikante Dickenverluste in den du3eren Netzhautschichten
festgestellt. Derzeit gibt es keine wirksame Behandlung, um die Netzhautatrophie bei Morbus
Stargardt aufzuhalten oder riickgiingig zu machen. Der Verlust an Dicke und/oder intakter
Flache in diesen Schichten konnte als potenzieller Endpunkt fiir klinische Studien dienen, die

darauf abzielen, das Fortschreiten der PROM-assoziierten RD zu verlangsamen.
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Abstract

Purpose: To investigate changes in retinal layer thickness and intact retinal area in patients
with molecularly confirmed PROMI-associated retinal degeneration (RD) over a 24-month
period, utilizing spectral-domain optical coherence tomography (SD-OCT). Retinal layer
thickness and intact area are crucial markers of retinal health, particularly in conditions like
Stargardt disease, and SD-OCT offers precise imaging for detecting subtle alterations in these

parameters.

Design: international, multicenter, prospective case series

Methods: Thirteen eyes from 13 patients affected by PROM1-associated RD were enrolled at
five sites, with SD-OCT images captured at baseline and after 24 months. Mean thickness (MT)
loss and intact area were estimated through semi-automated segmentation for various individual
retinal layers within the central subfield (CS), inner ring, and outer ring of the early treatment
diabetic retinopathy grid (ETDRS): retinal pigment epithelium (RPE), outer segments (OS),
inner segments (IS), outer nuclear layer (ONL), inner retina (IR), and total retina (TR). Changes
in mean thickness and intact area of individual retinal layers were analyzed as yearly rate

differences and progression patterns.

Results: Six male and seven female patients, with a mean age of 38.2+14.2 years at baseline
and symptom onset at 30.3+16.3 years (available for twelve patients) were enrolled. Mean best-
corrected visual acuity at baseline was 0.51+0.53 LogMAR. Statistically significant thickness
losses were observed in the RPE and TR in the CS and inner ring, and in the ONL and IS in the
outer ring (all p<0.05). Additionally, a significant decrease in intact area of the RPE and IS was
noted in the inner ring, and of the ONL in the outer ring (all p<0.05). Trends of decline were

observed in MT and intact area of the other layers over the 24-month observational period.

Conclusions: Significant thickness losses in outer retinal layers were detected by SD-OCT over
24 months in patients with PROM1-associated RD. Effective treatments to halt or reverse
maculopathy in Stargardt's disease are currently lacking. Loss of thickness and/or intact area in
these layers may serve as potential endpoints for clinical trials aiming to slow down the disease

progression of PROM1-associated RD.
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Introduction

1 Introduction

Stargardt disease (STGD) represents a prevalent form of macular dystrophy among young
adults, occurring with a prevalence ranging from 1:8.000 to 1:10.000 (2). Its typical onset is
during childhood or early adolescence, typically between the ages of 10 and 15 years. Stargardt
disease typically advances gradually, with disease severity being influenced by its onset timing;
earlier onset indicates usually a more severe disease course. Best corrected visual acuity
(BCVA) in affected individuals generally falls within the range of 20/70 to 20/200 (3).

The initial level of visual acuity serves as a predictive factor for the subsequent rate of visual
acuity loss. Eyes with baseline visual acuity worse than 20/25 tend to experience faster visual
acuity deterioration. Conversely, for those with baseline visual acuity better than 20/25, no
significant visual acuity loss is observed over a period of 2 years. Patients with Stargardt disease
type 1 (STGD1) who have foveal involvement of the atrophic lesion tend to lose approximately
3 letters of BCVA per year, indicating that individuals with these attributes are prone to more
rapid vision decline (4). On the other hand, individuals with STGD1 exhibiting a foveal-sparing
phenotype often maintain good visual acuity over an extended duration (5,6).

In STGDI, fixation stability may improve over time (7), as the preferred retinal locus shifts
towards the parapapillary region while the scotoma expands (8). Visual acuity, especially in
cases with poor fixation stability, may improve once fixation becomes stable (4). There is no
observed racial predisposition to the disease. Although the progression of Stargardt disease is
gradual, individuals ultimately experience severe visual impairment between their fourth and
seventh decades of life (9).

STGDI1 stands out as one of the most prevalent genetically inherited retinal diseases (IRDs),
contributing to approximately 12% of cases of IRD-related blindness (10).

As proposed by Kong et al., while BCVA holds significant importance as a direct measure of
visual function associated with participants' daily activities (11) and frequently serves as the
primary endpoint in clinical trials for retinal diseases (12), it may not be a practical outcome
measure for STGDI1 treatment trials lasting for a 2-year duration due to the minimal rate of
change observed during this period (4).

Given the relatively slow progression of the disease, there exists a reasonable window for

potential treatment interventions and the opportunity to enhance or postpone further
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Introduction

degeneration over an individual's lifetime. Stargardt disease encompasses a spectrum of

phenotypic and genotypic variations, with STGD1 being the most prevalent form (13).

1.1 Stargardt Disease type 1 (STGD 1)

Karl Bruno Stargardt, affiliated with the University of Strasbourg, is credited with publishing
the initial comprehensive clinical description, complete with fundus drawings, of seven patients
from two families in 1909 who were afflicted with STGD1 (14).

Several decades later, Alex E. Krill and Bertha A. Klien documented the presence of delayed
dark adaptation in a comparable cohort of patients, whom they referred to as having "flecked
retina syndrome". They conducted the first histopathological examination of an eye from a
patient in their third decade of life, concluding that the primary anomaly associated with this
condition resides within the retinal pigment epithelium (RPE) (15).

In 1975, Francois confirmed the interconnection among these disorders, identifying
characteristic heritable, clinical, and electrophysiological features (16). While recognized as a
distinct disease entity, Gerald Fishman, from the Illinois Eye and Ear Infirmary in Chicago,
discerned variations in clinical presentation and, consequently, introduced a four-tier
classification system (17) that continues to exert a significant influence on ophthalmologists

worldwide.
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Introduction

Based on his investigation of fundoscopic and electrophysiological findings in 38 patients,

Fishman categorized the severity of STGDI into the following stages:

Stage 1: This stage is characterized by localized central macular lesions, which exhibit
a spectrum ranging from irregular pigmentary mottling to well-defined lesions
displaying RPE atrophy. These lesions typically manifest a distinctive visual
appearance, often described as "beaten-bronze" or resembling "snail-slime." These
lesions are found beneath central or paracentral scotomas.

Stage 2: marked by the presence of yellow flecks on the fundus, with some of these
flecks potentially undergoing resorption. These flecks extend beyond a distance of one
disc diameter from the fovea, encompassing regions that extend beyond the vascular
arcades and areas located nasal to the optic disc.

Stage 3: is characterized by the widespread resorption of flecks and the occurrence of
choriocapillaris atrophy within the macula.

Stage 4: This stage is distinguished by extensive choriocapillaris atrophy throughout the
posterior pole of the eye, leading to a moderate to severe limitation of peripheral visual

fields (17) (Figure 1, Figure 2).

Approximately two-thirds of patients diagnosed at stage 1 of STGD1 maintain their status in

this stage during a follow-up period spanning 5.4 years. For patients initially diagnosed in stages

2 and 3, it has been reported that roughly 70% to 86% of cases, respectively, exhibit stability

over follow-up periods of 7.2 and 5.3 years (18).

Subsequently, numerous clinical studies have contributed to the expanding knowledge base in

this field. However, the "modern era" of our comprehension of STGDI1 was ushered in by

concurrent advancements in basic scientific research, commencing with the initial

characterization of the ABCA4 protein in 1978. This protein was originally referred to as the

"rim" protein due to its localization within the rod photoreceptor outer segments and incisures

(19). In the mid-1990s, the genetic locus was mapped to 1p13 (20,21), and in 1997, the gene

was ultimately cloned (2).
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Introduction

Figure 1: Fundus image of the posterior pole of a right eye with Stargardt's disease type 1
showing marked chorioretinal atrophy and pigmentary clumps.

Figure 2: Spectral domain optical coherence tomography of a right eye of the same patient as
seen in figure 1 with circumscribed atrophy of the outer retinal layers.
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Introduction

A mutation in the ABCA4 gene (located at cytogenetic location 1p22.1) results in a
malfunctioning ATP-binding cassette protein transporter within the outer segments of the rods.
This transporter plays a crucial role in expelling harmful substances generated after
phototransduction from the photoreceptors. The accumulation of these substances, primarily
lipofuscin, leads to the demise of photoreceptors and adjacent cells. A slight reduction in
ABCA4 activity gives rise to Stargardt's disease, accounting for approximately 95% of cases.
With a moderate alteration, a phenotype akin to cone-rod dystrophy emerges, encompassing
30-50% of cases. Complete loss of ABCA4 activity results in a phenotype reminiscent of retinitis
pigmentosa, affecting about 8% of cases and characterized by the complete loss of both cones
and rods (3). Notably, a quarter of childhood-onset STGD1 cases do not exhibit any retinal

lesions upon initial presentation (22).

1.2 Stargardt Disease type 2 (STGD2)

A significant revelation in the realm of genetic research and hereditary eye disorders occurred
when it was determined that Stargardt disease type 2 (STGD2) and Stargardt disease type 3
(STGD3) were, in fact, attributable to the same gene. This pivotal discovery led to the
subsequent discontinuation of the term STGD2 in 2005.

Before this unification, STGD2 and STGD3 were regarded as distinct classifications,
potentially leading to some confusion within the scientific and medical community. The
recognition that they shared a common genetic basis not only simplified the categorization of
Stargardt disease but also had profound implications for our understanding of its underlying
genetic mechanisms.

The merging of STGD2 and STGD3 into a single entity highlighted the genetic complexity of
Stargardt disease and emphasized the significance of accurate and updated nomenclature in the
field of genetic medicine. This harmonization allowed for a more cohesive approach to
research, diagnostics, and potential therapeutic interventions related to this condition.

This pivotal moment in the history of Stargardt disease research serves as a testament to the
dynamic nature of genetic science, where ongoing discoveries and refinements continually
shape our comprehension of hereditary disorders and, in turn, pave the way for more effective

approaches to diagnosis and treatment.
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1.3 Stargardt Disease type 3 (STGD 3)

In the year 2001, a significant breakthrough in the understanding of STGD3 emerged when two
separate research teams, working independently, uncovered a critical genetic anomaly.
Specifically, they identified a 5-base pair deletion (797-801delAACTT) located within exon 6
of the Elongation of Very Long chain fatty acids-4 (ELOVL4) gene. This discovery provided a
vital link between this genetic mutation and the onset of STGD3 pathology (23,24). The
ELOVL4 gene encodes a protein that holds an important role in the biosynthesis of a specific
class of lipids known as very long-chain fatty acids. These lipids play crucial roles in various
cellular processes. However, when mutations occur in the ELOVL4 gene, they lead to the
aggregation of the ELOVLA4 protein within cells, disrupting its normal function. Over time, this
disruption culminates in cell death, contributing to the pathogenesis of STGD3. The ELOVL4
gene is located at the cytogenetic region 6q14.1, which serves as a precise chromosomal address
for its genetic location (3). Individuals affected by STGD3 typically experience the early onset
of central vision loss, which progressively deteriorates as the disease advances. The
degeneration initially affects the fovea. However, over time, this degeneration extends to

involve the peripheral retina, further impairing an individual's visual capacity (24).

1.4 Stargardt Disease type 4 (STGD 4)

Stargardt disease type 4 (STGD4) stems from disease-causing variants located within the
PROM]1 gene, situated on chromosome 4 (25). PROM1 encodes a 5-transmembrane domain
protein characterized by two extensive, highly glycosylated extracellular loops and a
cytoplasmic tail (26). While it is known to be associated with plasma membrane protrusions
(27), its precise function and specific molecular interactions remain largely unresolved. PROM 1
i1s expressed in various tissues (28,29). These PROMI variants can be inherited as either
autosomal dominant or autosomal recessive traits (29,30). A case series encompassing five
unrelated families, as reported by Michaelides and colleagues, has revealed diverse phenotypes,
including macular dystrophy retinal 2 (MCDR2), autosomal dominant bull's eye macular
dystrophy (BEM), STGDA4, retinitis pigmentosa 41 (RP41), severe retinitis pigmentosa with
macular degeneration, and cone-rod dystrophy (CORD) (31).

Within the outer segments (OS) of the retina, the PROM1 gene (PROM1; also known as CD133
and AC133) encodes the prominin 1 protein, which plays a critical role in the organization and

formation of photoreceptor disks (25,29,30). Consequently, a faulty form of the PROM1 protein
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is produced, which remains localized in the myoid region of photoreceptors and is unable to
migrate to the OS region where disk formation occurs. This disruption affects the growth and
arrangement of photoreceptor disks, particularly in the region where most electrochemical
signals in response to light are generated, encompassing the visual cycle-phototransduction
process. A missense mutation that leads to the expression of a mutant PROM] is associated
with three forms of autosomal-dominant retinal dystrophies(30).

In transgenic mice carrying the mutant PROM1, the protein is mislocalized, leading to defects
in both rod and cone photoreceptor cells. These mice exhibit reduced electroretinogram (ERG)
responses, and photoreceptor cell loss occurs in a manner that correlates with the expression
level of the mutant PROM . Notably, the mutation in PROMI disrupts its interaction with
PCDH?2] and actin. Prior to degeneration, aberrations are observed in the disks of photoreceptor
OS, providing strong evidence for PROM's role in the morphogenesis of new disk membranes
(30).

It is noteworthy that, despite a previous study demonstrating the expression of the R373C
mutated human PROM1 gene under the control of the rhodopsin promoter, thus localizing its
expression to rod photoreceptors, clinical features of PROM-1 related retinopathies include
cone photoreceptor impairment (30).

Prior investigations have associated mutations in the PROM]I gene with autosomal-recessive
retinitis pigmentosa in pedigrees (28,32). These mutations predominantly affect rod
photoreceptors and peripheral vision. These mutations are characterized by frameshift
mutations, leading to the premature termination of protein synthesis and the resulting truncation
of the encoded protein, most likely representing null mutations. Experimental transfection
studies revealed that the truncated protein undergoes rapid degradation, with a small fraction
being detected within the endoplasmic reticulum and no presence on the cell surface.
Consequently, the degeneration observed in these patients is believed to result from the loss of
PROM]1 function (32). Conversely, the R373C mutation leads to the production of a stable
mutant protein, resulting in dominant macular degeneration primarily affecting cone
photoreceptors and central vision. The R373C mutant PROM1 protein was observed to be
mislocalized, causing the misplacement of both the wild-type PROM1 protein and at least one
other crucial protein, PCDH21 (30).

The recessive form of the disease is linked with early-onset, severe panretinal degeneration and

with early central vision loss, whereas the dominant disease typically manifests as late-onset
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dystrophy predominantly affecting the macula (33) (Figure 3). An analysis of PROMI genetic
variations has shown that sequence variations are distributed across the entire protein, without
significant clustering in a domain-dependent manner. This observation suggests that the entire
protein plays a critical role in its function. The severe homozygous recessive phenotype is likely
associated with null variants that completely disrupt the function of alleles, leading to the
absence of PROM1 (33).

Elucidating the mechanisms underlying PROM1 degeneration holds significant implications for
the development of potential therapeutic approaches. For instance, subretinal delivery of an
adeno-associated viral vector carrying the PROM1 gene (2.5 kilobase pairs) to photoreceptors
in the early stages of recessive dystrophy could replace the null protein and potentially rescue
the phenotype. However, in the case of the dominant variant, an initial silencing step, such as
RNA silencing using a mirtron (34), would be required, followed by a gene replacement therapy
involving the wild-type protein, referred to as block-and-replace therapy. In more advanced
stages of the disease, where irreversible damage to photoreceptors has occurred, the restoration
of vision through optogenetic treatment (35) may serve as an alternative therapeutic approach.
Furthermore, the widespread expression of PROM1 facilitates the development of in vitro

models for PROM1 gene therapy and related functional assays (33).

23



Introduction

Figure 3: Fundus image of the posterior pole of a right eye with Stargardt's disease type 4, with
delicate annular pigmentary shift around the fovea.

1.4.1 Interaction of PROM1 with PCDH21

Rattner et al. (36,37) reported the existence of a photoreceptor cadherin known as PCDH?21,
which, akin to PROM1, localizes to the developing disks of both rod and cone outer segments
(OS). Remarkably, similar to PROMI R373C mutant mice, PCDH2I-/— mice exhibit
disarrayed photoreceptor membrane disks within their OS, accompanied by photoreceptor
degeneration. These findings lend support to the notion of a functional interaction between
PROM1 and PCDH?2I. Evidence for this interaction emerged from the co-localization of
PROM1 and PCDH?2] at the base of OS, as well as the successful co-immunoprecipitation of
full-length PCDH21 with PROMI. Further support for this interaction was gleaned from an
analysis of molecular abnormalities in R373C PROM]1 transgenic mice. PCDH?2] exhibited a
coinciding mislocalization pattern with the R373C mutant protein within photoreceptors.
Immunoblot analysis additionally revealed a substantial reduction in cleaved PCDH?21 levels
in retinal lysates from R373C mutant mice. Given that the loss of PCDH?2] leads to retinal
degeneration (36), it is conceivable that the dominant impact of the R373C PROM1 mutation
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on retinal degeneration may arise from the impairment of PCDH2] function. Since both
PROM1 and PCDH?21 are found on nascent disks, it is plausible that their interaction occurs
within the same membrane or between adjacent membranes of two nascent disks. In the latter
scenario, they might play a role in maintaining the spacing between neighbouring disk

membranes (30).

1.5 Phenotype Transmission

The field of genetics owes its origins to the meticulous observations made by a 19th-century
monk named Gregor Mendel in the confines of a monastery garden. Mendel's groundbreaking
laws elucidated the mechanisms governing the inheritance of characteristic traits as they pass
from one generation to the next, exemplified by traits like the texture of pea skin (wrinkled or
smooth) and the colour of pea plant flowers (white, pink, or red). Although the terminology of
"genes" would not be introduced until much later, Mendel's laws have endured the test of time
and our ever-expanding understanding of biology, with some notable exceptions. Gregor
Mendel put forth three fundamental laws to elucidate the inheritance of observable traits that
are passed down through generations, as exemplified by characteristics in pea plants. Today,
we comprehend that these traits are encoded within our DNA. These seemingly straightforward
alterations in an organism's phenotype—the observable trait—can be attributed to changes in
our genes (38).

Mendel's monohybrid crosses involving pea plants unveiled patterns of phenotype inheritance
that laid the foundation for subsequent clinical investigations, leading to the unravelling of
various inheritance patterns within families. The examination of disease transmission in
extensive family pedigrees has identified five primary patterns, which are categorized based on
whether the mode of inheritance is dominant or recessive and whether the phenotype is
transmitted via autosomal or sex chromosomes. In cases where a disease is inherited in an
autosomal dominant manner, the presence of a single disease-causing allele on autosomal
chromosomes is adequate to result in the affected status. Conversely, autosomal recessive
inherited disorders necessitate the presence of two disease-causing alleles on autosomes for the
disease to manifest (39).

As we delve into the exploration of PROM1 gene variants, our understanding of how these
genetic variations manifest as observable traits and phenotypes remains far from complete.

Furthermore, the complex molecular mechanisms governing these sequence variations and their
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effects on the functionality of the associated protein are still a largely unexplored domain.
Additionally, the question of whether PROM1 primarily influences the characteristics of cone
or rod photoreceptors, and the puzzle of how variants within the same gene can result in
differing genetic traits, some exhibiting recessive patterns while others display dominant

expression, remain enigmatic (33).

1.6 Clinical Manifestation

The clinical presentation of Stargardt's disease exhibits a range of characteristics, with the most
common initial symptom being a decline in visual acuity. Clinical evidence often includes
macular degeneration, characterized by alterations in the retinal pigment epithelium (RPE) and
the presence of retinal flecks. Fundus fluorescein angiography can reveal the "dark choroid"
sign and hyperfluorescent macular lesions. Full-field electroretinograms (ERGs) typically
demonstrate signs of generalized dysfunction in rod photoreceptors and/or rod-cone
dysfunction (31).

Utilizing multimodal imaging techniques is crucial for the early detection of subtle changes in
the outer retinal layers that precede the development of a "beaten bronze" appearance in the
macula. It is also essential for identifying the accumulation of lipofuscin in the RPE before the
formation of subretinal flecks. Detecting preclinical lesions holds particular significance in the
screening of younger, asymptomatic siblings of a child with confirmed STGD. Additionally,
performing multimodal imaging in both parents is necessary to identify cases of asymptomatic
late-onset STGD that may mimic age-related macular degeneration (AMD) or a pattern

dystrophy with pseudodominant inheritance (40,41).

1.6.1 Early Perturbations in young patients

The existing body of research suggests that in young patients, the decline in visual function may
precede the observable fundus abnormalities during clinical examinations. However, it's worth
noting that asymptomatic cases, particularly those with foveal sparing, may be incidentally
encountered through routine examinations (42,43). In a cohort of 50 young patients with ABCA4-
associated retinopathy, aged 10 years or younger, Lambertus and colleagues identified ten
individuals who exhibited visual function loss in the absence of evident fundus abnormalities
at the time of examination. Their findings indicated that the decline in visual acuity could begin

as early as three years of age (22). Additionally, cases of impaired colour
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vision have been documented in patients with minimal to no discernible fundus changes (44).

It is plausible that structural alterations may precede functional losses in these patients.

1.6.2 Fundus Flecks

The augmented accumulation of lipofuscin within the RPE occurs extensively throughout the
retina. However, this process can also manifest locally, giving rise to one of the most
recognizable characteristics of ABCA4-associated retinopathy—retinal flecks. These flecks are
particularly prominent in short-wavelength autofluorescence (SW-AF) imaging, appearing as
intensely fluorescent foci distributed across the macula or extending more extensively across
the posterior pole, especially in advanced disease stages (45,46).

Histopathological examinations have previously attributed the presence of these flecks to
engorged RPE cells, stacked aggregations of RPE cells, or remnants of dying RPE cells (47).
However, more recent insights from Sparrow et al. suggest that these flecks may actually
represent extracellular accumulations of un-phagocytized OS. This proposition is based on
longitudinal observations of their structural characteristics using spectral-domain optical
coherence tomography (SD-OCT) and their autofluorescence patterns under SW-AF and near-
infrared autofluorescence (near-infrared-AF) imaging over time (48).

The ubiquity of flecks in ABCA4-associated retinopathy renders them a valuable diagnostic tool
in clinical settings. However, the inherent variability in their size and morphology, as well as
their irregular distribution across the fundus and spatial changes over time, may obscure critical
information concerning the disease's origin and prognosis. Flecks are generally considered
indicative of disease severity, as they emerge along both the central and peripheral axes of the

retina in ABCA4-associated retinopathy (9).
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Figure 4: Fundus autofluorescence image of the posterior pole of a right eye of a patient with
morbus stargardt type 1 showing central questionable decreased autofluorescence (QDAF) with
surrounding annular definitely decreased hypofluorescence (DDAF) followed by annular
QDAF and annular hyperfluorescence. Patchy hyper and partially hypofluorescent lesions are
seen throughout the area of the posterior pole and around the optic disc.

1.6.3 Bull’s Eye Maculopathy

The term "bull's-eye maculopathy" was initially coined in the context of describing chloroquine
retinopathy. Subsequently, bull's-eye lesions have been identified in various conditions,
including cone dystrophy, cone-rod dystrophy, rod-cone dystrophy, and several forms of
macular dystrophy, such as benign concentric annular macular dystrophy, among others.
However, the precise underlying mechanisms leading to the development of bull's-eye
maculopathy remain poorly understood. Characteristic features of bull's-eye maculopathy
include a ring-shaped disruption of the RPE, with the central area being spared initially. This

pattern is attributed to the accumulation of lipofuscin in the RPE, which is typically most
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concentrated at the posterior pole in healthy individuals, creating a depression in the fovea
(Figure 5 and Figure 6). However, as the disease progresses, it often extends to affect the central

region that was initially spared (49).

Figure 5: Spectral domain optical coherence image (SD-OCT) of a right eye with morbus
stargardt type 4 with preserved central retinal layers. Around the center, loosening and
interruption of ellipsoid zone in the sense of bull's eye maculopathy is visible.

1.6.4 Peripapillary Sparing

One of the most noteworthy features within the triad of characteristics is the observation that
the tissue proximal to the optic nerve remains unaffected by disease changes in 4ABCA4-
associated retinopathy (8). Similar manifestations have been reported in other diseases, notably
PRPH?2- and ROM]-associated pattern dystrophy, and RDH12-associated Leber congenital
amaurosis, although such sparing is not as consistently observed as in ABCA4-associated
retinopathy. In the case of ABCA4-associated retinopathy, the preservation of this region, both
structurally and functionally, often persists, but it tends to be progressively lost in later disease

stages. Nevertheless, the underlying cause of this phenomenon remains unknown (9).
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Figure 6: Fundus autofluorescence image of the same patient as in figure 5 with
hyperautofluorescence centrally in the sense of bull’s eye maculopathy is visible.

1.7 The Retina

The retina, a delicate multi-layered structure primarily composed of neuronal cells derived from
the ectoderm, serves as a central component in the visual system. Much like the role of
photographic film in a camera, the retina is responsible for capturing, modulating, and
transmitting visual stimuli from the external environment to the optic nerve and, ultimately, to
the visual cortex of the brain. The effective transmission of visual signals heavily depends on
the specialized anatomical features of the retina. Various factors or injuries to the retina can
initiate pathological processes that disrupt this intricate structure, leading to the onset of retinal
diseases. The thickness of the retina measures roughly 0.4 mm at the border near the optic nerve

head, gradually tapering toward the periphery until it reaches an approximate thickness of 0.14

30



Introduction

mm at the ora serrata. Within the clinical macula, a circular region measuring 1.5 mm in the
neural retina, the thickness varies from 0.35 mm at its periphery to a gradual slope down to 0.18
mm at the foveola. In this specific area, cone photoreceptors exhibit a high density, with
approximately 4,000 to 5,000 cones per square millimeter in the macula and an impressive
15,000 cones per square millimeter in the fovea. Rod photoreceptors, on the other hand, reach
their peak density at a distance of 20° from the fixation point. Foveal cones establish one-to-
one connections with up to 5 ganglion cells, while, on average, a single ganglion cell typically
connects with about 130 different photoreceptors. (50-52).

Recent advancements in imaging modalities have led to changes in the nomenclature of

individual retinal layers.

When classified by spectral-domain optical coherence tomography (SD-OCT) in accordance
with histological nomenclature, the retina can be divided into layers in the following sequence,
progressing from inner to outer layers, as per the International Nomenclature for Optical
Coherence Tomography (IN*OCT) consensus study group (53):

e Internal limiting membrane (ILM)

e Retinal nerve fiber layer (RNFL)

e Ganglion cell layer (GCL)

e Inner plexiform layer (IPL)

e Inner nuclear layer (INL)

e Quter plexiform layer (OPL)

e Quter nuclear layer (ONL)

e External limiting membrane (ELM)

e Myoid zone (MZ): myoid portion of inner segments of photoreceptors

e Ellipsoid zone (EZ): interface between inner and outer segments of photoreceptor

segments - containing the inner and outer segment junction
e Interdigitation zone: tight junction complexes between RPE cells

e Retinal pigment epithelium (RPE)

Light must traverse these many layers before initiating signal transduction in the rods and cones.
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1.8 Clinical Outcome Measures

The selection of appropriate clinical outcome measures for STGD should be based on a
thorough understanding of the underlying factors influencing disease progression. The natural
course of STGD encompasses multiple trajectories primarily influenced by an individual's
genotype. Effective outcome measures should be applicable to a broad spectrum of patients
while also considering their individual variations.

Visual function impairment represents the primary symptom in all inherited retinal diseases.
Therefore, it is crucial to develop effective methods for monitoring this impairment over time,
as it is essential for assessing disease progression and response to treatments. In addition to
clinical evaluations, diagnostic tools such as fluorescein angiography, fundus autofluorescence
(FAF), spectral domain optical coherence tomography (SD-OCT), and electroretinography
(ERG) are employed for diagnosis and characterizing the clinical phenotype. Some of the

findings from these imaging techniques may also carry prognostic implications.

1.8.1 Fluorescein Angiography

The majority of individuals with 4BCA4-associated retinopathy typically display a localized
and spatially uniform increase in RPE lipofuscin levels due to ABCA4 dysfunction (54). This
heightened RPE lipofuscin often imparts a vermilion hue to the fundus when observed under
white light imaging and can hinder the fluorescence emanating from the underlying choroid
during fluorescein angiograms (FA), resulting in the distinctive "dark" or "silent" choroid
appearance, which is observed in up to 62% of patients (9) (Figure 7). Despite the historical
usefulness of FA, its role in assessing STGD has become increasingly limited, as it is no longer

routinely performed in favour of newer, less invasive imaging techniques.
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Figure 7: Fluorescence angiography image of a right eye with Stargardt's disease showing an
oval window defect with translucency of the choroidal vessels centrally, tender
hyperfluorescence around the window defect and the classic image of dark choroid.

1.8.2 Spectral-Domain Optical Coherence Tomography (SD-OCT)

In recent years, the importance of multimodal imaging in the study of chorioretinal diseases has
increased significantly, providing a more comprehensive understanding of the manifestations
and pathogenesis of various conditions.

SD-OCT is an imaging technique capable of capturing structural changes by offering quasi-
histological sections of the retina and choroid in vivo. The imaging of the choroid using SD-
OCT has become increasingly popular, particularly with the introduction of enhanced depth
imaging. This technique involves positioning the zero-phase delay line at the choroidal side of
the image frame, effectively inverting the image (55).

SD-OCT employs the combination of multiple images acquired from the same location,
effectively filtering out random speckle noise while retaining data common to all the images.

This process preserves information reflected from physical structures, while reducing image
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noise, resulting in higher-quality images with finer details. The device is equipped with an eye
tracking system that simultaneously captures images of the eye using two beams of light. One
beam creates a retina image and maps more than 1,000 points to monitor eye movements. Using
this mapped image as a reference, the second beam is directed precisely to the desired location,
compensating for blinks or saccadic eye movements. The eye tracking system minimizes the
artifacts caused by eye motion and ensures accurate correlations between SD-OCT and fundus
images, eliminating the need for post-processing. Additionally, the system reduces operator
variability in follow-up scans by employing an auto rescan feature. This feature locks onto a
specific retinal location and relocates it during subsequent examinations, enhancing the
monitoring of disease progression and treatment decisions. This adds precision to the analysis
of retinal thickness changes and FAF. Moreover, the device has been the subject of several
studies that have provided normative and disease-related data, serving as valuable reference

material (56—60).

SD-OCT in patients with Stargardt’s disease type 1

One of the earliest structural changes observed in patients with STGD1 was identified in the
ONL. Furthermore, SD-OCT images revealed a distinct increase in reflectivity extending
inward from the ELM. This change in thickness is most pronounced at the foveola and appears
to decrease gradually as eccentricity increased, eventually becoming imperceptible at the outer
boundary of the foveal avascular zone, as defined by near-infrared reflectance images. Notably,
the reflectivity within the innermost vitreal portion of the ONL, where Henle fibers are located,
remains unaffected throughout this process (42). This atypical SD-OCT abnormality has been
termed "ELM thickening" due to the increased reflectivity that seems to connect with the ELM
(61). The ELM represents the adherent junctions between Miiller cells and either other Miiller
cells or the inner segments of photoreceptors. It appears unlikely that such thickening of this
structure would occur as the initial sign of STGD1 (62) An alternative hypothesis, proposed by
Khan et al., suggests that these identified changes may result from pathological disruptions
within the outer lamella of the ONL, particularly affecting cone photoreceptors (42). Within the
ONL, cone photoreceptor nuclei are known to have a specific spatial distribution, with the
highest density and tightest packing observed at the fovea, gradually becoming less densely
packed as they approach the ELM in the perifoveal retina. In contrast, rod nuclei are believed

to have a less spatially restricted distribution, spanning the entire thickness of the ONL (63).
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SD-OCT imaging confirmed the continued presence of the EZ in early disease stages but
suggested a qualitative reduction in its intensity. This indicates that, in addition to the changes
in the ONL, subtle pathological alterations may affect the outer segments of photoreceptors.
Furthermore, increased reflectivity within the ONL appears to be a temporary phenomenon,
persisting only as long as the volume of the ONL is preserved. Meanwhile, the line
corresponding to the ELM remains unchanged at this stage. (42). Indeed, previous observations
have highlighted the robust nature of the ELM, even in patients with advanced disease (43).
Sequential imaging provided further insights into the precise sequence of events leading to
macular atrophy. When a substantial number of photoreceptor nuclei were lost, SD-OCT
documentation indicated a collapse of the inner retinal layers into the ONL (Figure 8Figure §),
with this phenomenon appearing to occur primarily at perifoveal locations, initially sparing the

foveola (42).

Figure 8: Spectral domain optical coherence tomography of a patient’s right eye with morbus
stargardt type 1 with central loss of the outer retinal layers.

1.8.3 Fundus Autofluorescence

FAF imaging is a diagnostic method that relies on the detection of naturally occurring
fluorophores, primarily located within the photoreceptors and RPE, to create a metabolic profile
map of the fundus. This imaging technique, originally introduced for in vivo retinal examination
by Delori et al. (64) is based on the fundamental principles of fluorescence. In fluorescence, a

molecule absorbs a photon with a specific excitation wavelength, undergoes energy
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transformations, and emits a photon with a lower energy level, characterized by a specific
emission wavelength. FAF imaging shares similar principles with other imaging modalities
such as FA and indocyanine green angiography (ICGA). However, in FAF imaging, the
substances being imaged are inherent fluorophores already present within the retinal structures,
eliminating the need for systemic dye administration. Given the relatively low natural
fluorescence of these substances, the auto fluorescent signals generally require amplification
compared to the signals obtained with dyes (65).

FAF imaging serves as a non-invasive method to map the distribution of fluorophores within
the RPE (66). In the context of STGD1, the impaired function of the ABCA4 flippase in both
photoreceptors and RPE results in cellular dysfunction. This dysfunction leads to the formation
of subretinal clumps consisting of lipofuscin-rich degenerate outer segments, often referred to
as "flecks." Over time, these pathological changes can lead to the degeneration of RPE and

photoreceptor cells (48).

Hvperautofluorescent and hypoautofluorescent lesions

Hyperautofluorescent lesions represent one of the earliest features observed in FAF, often
becoming apparent before they are clinically visible as flecks or can be captured in colour
photographs. These lesions exhibit a range of shapes and sizes, and they typically progress to
form discrete areas of RPE atrophy over their natural life cycle (9). Regions affected by flecks
show reduced functionality (67). Another significant FAF feature is the identification of regions
with decreased autofluorescence (DAF). These regions display varying levels of darkness in
comparison to the absence of FAF signal seen in blood vessels and the optic nerve head. To
classify these lesions, two categories are used: definitely decreased autofluorescence (DDAF)
and questionably decreased autofluorescence (QDAF). In the grayscale, the optic nerve head
(or, if not present in the image, blood vessels) serves as the reference point for 100% blackness.
For a lesion to be classified as DDAF, it must appear more than 90% black when referenced to
the optic nerve head. Conversely, QDAF lesions exhibit 50% to 90% blackness in comparison
to the optic nerve head (68). The transition of QDAF lesions into DDAF may suggest the
clearance of residual acellular lipofuscin material located subretinal. The measurement of
DDAF area has been used as an endpoint in natural history studies to investigate predictors of

atrophy expansion rate (10,69,70) (Figure 9).
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Figure 9: Fundus autofluorescence image of the posterior pole of a left eye with Stargardt's
disease type 1, showing definitely decreased autofluorescence (DDAF) of 0.52mm? as
highlighted with a yellow circle, an area of hyperautofluorescent and hypoautofluorescent dots
centrally.

1.8.4 Electroretinography

Electrophysiological assessment plays a crucial role in offering more informed prognostic

insights into STGD.

However, a limitation of this broad approach is its inability to detect subtle changes in the
macula, which significantly contribute to the overall electrophysiological response of the retina.
The multifocal electroretinogram (mfERG) provides greater precision as it allows for the

simultaneous recording of local ERG responses from numerous well-defined retinal regions (9).
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A classification based on electroretinography findings has been well-established, which
categorizes patients into three functional phenotypes:
e Group 1: Characterized by severe pattern electroretinography abnormalities indicative
of macular dysfunction, with normal full-field electroretinography (ffERG).
e Group 2: Displaying severe pattern electroretinography abnormalities along with
additional generalized cone dysfunction observed in ffERG.
e Group 3: Exhibiting severe pattern electroretinography abnormalities in addition to
generalized cone and rod dysfunction evident in ffERG.
Patients belonging to group 1 generally exhibit better visual acuity and a more limited
distribution of flecks and atrophy. Conversely, those in group 3 tend to have the poorest visual
acuity and a broader presence of flecks. Notably, macular atrophy is universally observed in
group 3. However, there is a significant degree of overlap in these characteristics across the

different groups (71).

1.8.5 Adaptive Optics Scanning Light Ophthalmoscopy

Recently, adaptive optics scanning light ophthalmoscopy (AOSLO) has emerged as a valuable
research imaging technique that enables cellular-level visualization of the retina. AOSLO
imaging can be categorized into two types: confocal and split-detector. Confocal imaging relies
on the presence of an intact photoreceptor outer segment, where dark areas indicate cellular loss
as opposed to outer segment loss. In contrast, SD-AOSLO only necessitates the presence of
intact inner segments (72). In the context of Stargardt macular dystrophy (STGD), dark areas
observed on confocal AOSLO imaging may reveal intact inner segments when examined using
SD-AOSLO. However, it's worth noting that on split-detector imaging, these inner segments
may appear "swollen" (73). Consequently, the condition of both the outer and inner segments

may hold significance when considering the timing and eligibility of therapeutic interventions.

1.9 Therapy

At present, there remains a lack of established treatments to effectively stop or reverse
maculopathy associated with Stargardt's disease. It is crucial to diagnose the condition early to
facilitate low vision interventions, implement vocational and educational adjustments, and
consider family planning. In certain instances, the specific genotype of the patient may hold

prognostic value.
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1.9.1 Gene Therapy for Stargardt Disease

With numerous ongoing clinical trials and the approval of gene therapy for inherited retinal
diseases, the accumulation of evidence supporting the safety and efficacy of such an approach
continues to grow each year. The primary focus so far has been on gene supplementation
strategies for genes responsible for autosomal recessive diseases, like RPE6S5 (74) , and X-
linked disorders such as CHM (75) and RPGR (76), which are well-suited to this approach.
While STGD1 appears to be a promising candidate for gene supplementation, the challenge lies
in its large 6.8 kb coding sequence of ABCA4. Gene delivery is typically accomplished using
adeno-associated virus (AAV), which has an optimal packaging capacity of around 4.7 kb (77).
This limitation has prompted the development of various strategies to facilitate the delivery of
larger genes. In contrast, both ELOVL4 and PROM1 coding sequences are of a size that can be
efficiently packaged into AAV, but as they are primarily associated with autosomal dominant
diseases featuring dominant negative mechanisms (33), gene supplementation is unlikely to
resolve the disease condition. In the absence of generic pharmaceutical interventions, it is
probable that treatment options for STGD3 and STGD4 will depend on future gene-editing
technologies.(13).

1.9.2 Pharmaceutical Interventions

Small molecule therapies offer the possibility to target specific stages in the visual cycle or
aspects of retinal function that are affected by Stargardt disease. While these therapies may not
provide a cure, their objective is to alleviate symptoms and slow down the progression of the
disease. Due to the intricate nature of the visual cycle and the distinct functions of ABCA4,
ELOVL4, and PROMI, identifying suitable generic candidates has presented challenges.
Nonetheless, there are currently several clinical trials exploring compound therapies that

intervene in crucial pathological pathways associated with Stargardt disease.(13).

1.9.3 CRISPR

Researchers have adopted various strategies to address vision loss in individuals affected by
Stargardt disease. While many potential treatment options have shown promise, it is possible
that the most effective therapy has yet to be developed. Recent discussions have focused on the
potential of clustered regularly interspaced short palindrome repeat (CRISPR)-based molecular
tools, particularly their application in treating inherited retinal diseases (78—80). The ongoing

discovery of new Cas proteins from different bacterial sources and the development of fusion
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proteins to expand the molecular capabilities of these proteins mark the beginning of a new era
in gene therapy. In the context of Stargardt disease, a significant portion of mutations in ABCA4,
ELOVL4, and PROMI could potentially be targeted using one or more of the CRISPR-based
approaches (13).

Despite the substantial number of Stargardt disease patients, particularly those with STGD1,
the development of an effective treatment has lagged behind that of other, rarer recessive
inherited diseases. While numerous encouraging therapies have been evaluated in trials thus
far, it is conceivable that the most efficacious treatment may be realized through CRISPR-based
approaches. Regardless of the chosen approach, the collective efforts undertaken thus far
provide optimism that an effective treatment for Stargardt disease may emerge in the coming

years (13).

While an approved therapy for STGD4 is currently unavailable (81), there is a pressing need
for robust outcome measures, such as monitoring disease progression or tracking changes in
retinal layers over time, to support future therapeutic endeavours. To identify potential
endpoints and to enhance our comprehension of the natural course of STGD4, the "Natural
History of the Progression of Atrophy Secondary to Stargardt Disease type 4 (STGD4): A
Prospective Longitudinal Observational Study of Stargardt Disease type 4, PROM1-related
Dystrophy" (ProgStar-4 Study) was initiated (82).

Visual acuity represents the most commonly employed clinical endpoint in ophthalmic research
(12); However, it possesses several limitations when applied to inherited retinal dystrophies.
These limitations encompass slow or delayed disease progression, the presence of stable plateau
phases, and a substantial reliance on stable fixation and the precise location of atrophic
alterations (12). An analysis of the progression of ABCA4-related Stargardt disease (ProgStar)
cohort has revealed that visual acuity is not a suitable primary outcome measure for clinical
trials. Instead, it should be considered only for specific subgroups (4). Consequently, surrogate
endpoints derived from retinal imaging techniques have become imperative and have garnered
endorsement from regulatory authorities, particularly for the treatment of macular diseases (83).
SD-OCT imaging offers the ability to visualize distinct retinal and choroidal layers, facilitating

the detection of morphological intraretinal alterations that manifest in macular diseases. As a
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result, SD-OCT changes have been designated as secondary endpoints in the ProgStar-4 study
(82). In this context, we present the estimated rates of atrophy progression derived from the

analysis of SD-OCT images.
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2 Methods

Our cohort was comprised of a carefully selected group of individuals, a total of 15 right eyes
of 15 patients, who met specific criteria for inclusion. These criteria included an age of 6 years
or older at the study's baseline, as well as confirmed genetic variants in the PROM1 gene,
directly linked to retinal changes associated with STGDA4.

These fifteen right eyes, serving as our focal point for analysis, presented a unique opportunity
to gain insights into the natural progression of this rare and complex genetic disorder. Their
initial assessments marked the commencement of our investigation, setting the stage for a
comprehensive evaluation of retinal health and atrophic changes over time.

Over the course of 24 months, our study diligently monitored the evolution of retinal atrophy
and change in individual retinal layer thickness in these patients. This involved the utilization
of SD-OCT, an imaging technology that offers high-resolution and non-invasive cross-sectional
views of the retina. By meticulously analysing the SD-OCT images we aimed to unravel the

dynamic changes in mean thickness and intact area occurring within individual retinal layers.

2.1 Ethics

The study was conducted according to the International Conference on Harmonisation of
Technical Requirements for Registration of Pharmaceuticals for Human Use good clinical
practice (GCP) Guidelines, the applicable regulatory requirements, and the current Declaration
of Helsinki (84) and was in compliance with the Health Insurance Portability and
Accountability Act if applicable. Ethics committee approval was granted by the local
institutional review boards of the participating sites and received approval from the Ethics
Committee of the Medical University of Graz (EC number: 31-081 ex 18/19).

All patients gave informed consent before enrolment.
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2.2 Clinical Centers

Patients were recruited at 5 centers in the USA, UK, and Germany. A custom-built database in
REDCap (http://www.projectredcap. org/cite.php) served at a central database in which all data
were entered and checked for completeness and consistency by the data coordinating center.
Investigators at each clinical center identified potential study patients from their own patient
populations, referral from other ophthalmologists or by self-referral. Participation was open to
all interested patients and made public using an openly accessible internet webpage

(http://progstar.org/progstar-home/progstar-4/).

2.3 Quality Assurance and Methods to Minimize Bias

The eligibility of patients was verified by the principal investigator at each study site. Data
collection and procedures were standardized and detailed in the study manual of procedures.
Prior to the study's commencement, all personnel involved in conducting study procedures
underwent training and certification. The quality and completeness of the acquired images were
evaluated by the Reading center (RC), and if any issues such as poor quality or missing images
were identified, the photographers at the participating centers were notified. Image graders were
not blinded to the sequence of visits or patient identity. Two graders, both certified by the RC,
independently reviewed the images, and in cases of disagreement, an adjudication process was
employed, with the final decision made by an RC investigator. Subsequently, all data generated
from grading were transferred from the RC to the data coordinating center using the REDCap

system. Case report forms were maintained at each study site.
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2.4 Inclusion Criteria

In the pursuit of scientific inquiry and the advancement of medical knowledge, the formulation

of rigorous and well-structured inclusion criteria is of paramount importance. In this study, we

have carefully delineated a set of specific criteria that define the population under investigation,

ensuring the precision and validity of our research outcomes. These criteria served as a gateway,

allowing us to focus on patients and participants who best align with the objectives of the study.

Patients with suspected or confirmed STGD4, carrying mutations in the PROM-1 gene
(preferably with dominant inheritance) were eligible for inclusion in this study.
Participants were required to provide a signed informed consent form and authorization
permitting the disclosure and use of protected health information.

The primary study eye needed to exhibit at least one well-demarcated area of atrophy,
with the lesion size not exceeding the area to be tracked in the SD-OCT mode (20x20
degrees).

Confirmation of at least one pathogenic mutation in the PROMI gene, along with a
diagnosis of Stargardt phenotype, was essential.

The primary study eye had to have clear ocular media and adequate pupillary dilation,
as determined by the investigator, to enable high-quality SD-OCT imaging.
Participants were required to be capable of cooperating during the examination
procedures.

Willingness to undergo ocular examinations for a duration of 24 months was necessary.
Participants needed to be at least six years old, and both eyes could be included if they
met the inclusion criteria. There were no restrictions on visual acuity for eligibility in

the study.

These inclusion criteria collectively define the parameters within which our study was

conducted, emphasizing the precision and integrity of our research methodology. By adhering

to these criteria, we aimed to generate findings that are robust, reliable, and ultimately

contribute to the advancement of our understanding of STGD4 and its genetic underpinnings.
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2.5 Exclusion Criteria

In this study, a careful and considered selection of exclusion criteria has been established to
ensure the accuracy, reliability, and ethical conduct of our research. These exclusion criteria
serve as gatekeepers, preventing the inclusion of individuals who may introduce confounding
factors or ethical concerns.

e Presence of ocular diseases, such as choroidal neovascularization, glaucoma, and
diabetic retinopathy, in either eye that may interfere with the accurate assessment of
retinal morphology and function.

e Patients who underwent intraocular surgery in the primary study eye within 90 days
preceding the baseline visit.

e Current or prior participation in an interventional study for the treatment of STGD, such
as gene therapy or stem cell therapy. Current involvement in a drug trial or participation
in a drug trial within six months prior to enrolment. The use of oral vitamin and mineral
supplements was allowed, but the current use of Vitamin A supplementation had to be
documented.

e The site Principal Investigator was able to deem any patient at their site ineligible for
study participation based on valid medical reasons before the patient's enrolment.

e Presence of any systemic disease with a limited prognosis for survival (e.g., cancer,
severe/unstable cardiovascular disease).

e Any condition that would have hindered the patient's ability to adhere to the examination
schedule, making it difficult or unlikely for them to attend regular follow-up visits for
up to 24 months. Examples include personality disorders, use of major tranquilizers like
Haldol or Phenothiazine, chronic alcoholism, Alzheimer's Disease, or drug abuse.

e Evidence of significant uncontrolled concurrent diseases such as cardiovascular,
neurological, pulmonary, renal, hepatic, endocrine, or gastrointestinal disorders.

In summary, these exclusion criteria are meticulously defined to maintain the scientific rigor,
ethical standards, and safety of our study. By adhering to these criteria, we strive to ensure the
reliability and validity of our research, ultimately contributing to the advancement of

knowledge in the field of ocular and systemic health.
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2.6 Sample Size

The modest sample size in this study can be primarily attributed to the rare prevalence of
STGDA4. This particular genetic disorder is known for its exceptional rarity, affecting only a
very limited number of individuals worldwide. In fact, the global literature has recorded a mere
41 documented cases of STGD4 at time of launching the study, underscoring the challenges
associated with assembling a sizable study population for this specific condition (31)

Given the scarcity of STGD4 cases, recruiting a sufficiently large sample is inherently
challenging. Nevertheless, the research team diligently sought individuals who both expressed
a willingness to participate and met the rigorous pre-established criteria for inclusion and
exclusion. The inclusion criteria were thoughtfully designed to identify those individuals who
could provide valuable insights into the condition and contribute to the study's objectives while
ensuring the scientific integrity and validity of the research findings. Conversely, the exclusion
criteria were established to exclude individuals who might introduce confounding factors or
pose ethical concerns.

The combination of the condition's rarity and the strict eligibility criteria underscores the
considerable effort and precision involved in recruiting participants for this study. Despite the
challenges posed by the limited number of documented cases, the commitment to advancing
our understanding of STGD4 remains unwavering, and every eligible participant's contribution

is invaluable in shedding light on this uncommon and complex genetic disorder.
2.7 Objective

This study has a primary objective aimed at providing a comprehensive and longitudinal
investigation into the alterations in individual retinal layer thickness and the preservation of the
intact retinal area in patients suffering from STGD4. We have chosen to employ the advanced
technology of SD-OCT as our primary tool for meticulously tracking these retinal changes over
a prolonged 24-months period.

Retinal layer thickness serves as a vital indicator of the health and integrity of the retinal
structure. Understanding how these thicknesses change over time is crucial in diagnosing and
managing various retinal conditions. Additionally, the extent of the intact retinal area is equally

pivotal as it reflects the preservation of functional, non-damaged retinal tissue. This is
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especially relevant in conditions like Stargardt disease, where the preservation of such areas is
critical for maintaining vision.

By utilizing SD-OCT, a highly precise imaging modality, we aimed to capture the most nuanced
changes in retinal layer thickness and the extent of the intact retinal area. This technology
employs non-invasive, high-resolution imaging to provide detailed cross-sectional views of the
retina, allowing for the quantification of these vital parameters.

The 24-month duration of our study is crucial, as it offers an extended and comprehensive
insight into the temporal evolution of these retinal alterations. This extended time frame enables
us to detect subtle changes and understand the progression of these changes, which can be
invaluable in the context of retinal diseases. Furthermore, such long-term data can provide
insights into the efficacy of potential treatments, making it an essential aspect of our study
design.

In essence, this study has set out to explore the dynamic nature of retinal layer thickness and
the preservation of the intact retinal area over a 24-month period. Through the application of
state-of-the-art SD-OCT technology, we aspire to gain a deeper understanding of how these
parameters change over time, with the ultimate goal of enhancing our knowledge of retinal

health and contributing to the advancement of eye care and disease management.

2.8 SD-OCT and Grading Modalities

In our investigation, a multi-center approach was employed to obtain a rich dataset of retinal
scans using the advanced Heidelberg SpectralisTM device. At the outset of our study, during
the baseline assessment, this state-of-the-art technology was utilized to capture detailed images
covering a specific scan area measuring 20° x 20°. This area was meticulously composed of 49
B-scans, with the anatomical fovea serving as the central point of reference.

Our investigation extended over a period of 24 months, after which a follow-up scan was
conducted using the built-in follow-up mode of the Heidelberg SpectralisTM device. This
longitudinal approach enabled us to track changes and progressions in retinal layers analysed.
Throughout our data collection process, we upheld rigorous standards for image quality,
excluding any scans that did not meet the predefined criteria, commonly referred to as
"ungradable images." The focus on image quality was fundamental to ensure the reliability and

accuracy of our subsequent analyses.
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The heart of our study lay in the meticulous analysis of SD-OCT scans, with a particular
emphasis on changes in the mean thickness and intact areas of specific retinal layers. These
parameters held the key to understanding the progression of retinal atrophy and were assessed
at two critical time points: baseline and after 24 months.

To provide a structured framework for our analysis, we adopted the well-established "Early
Treatment Diabetic Retinopathy Study" (ETDRS) grid, defining three specific regions of
interest: the central subfield (CS) with a 0.5mm radius, the inner ring (IR) spanning 0.5 to
1.5mm, and the outer ring (OR) extending from 1.5 to 3mm from the fovea. These delineated
regions allowed us to focus our investigations with precision.

It's important to note that, to maintain consistency and relevance in our analysis, we exclusively
included results from retinal locations that could be imaged at both baseline and the 24-month
follow-up. In cases where patients experienced a shift in their preferred retinal locus during the
observation period, resulting in the imaging of a different retinal region, especially within the
outer ring area, those regions were thoughtfully excluded from our analysis.

Moreover, we opted to direct our efforts toward the right eyes of our participants, designating
them as the main focus of our study. This strategy enabled us to maintain a uniform and
concentrated analysis of particular retinal changes and atrophic patterns, particularly
considering that PROM [-associated retinopathy typically affects both eyes symmetrically. We
assessed all 15 patients in our cohort for symmetry between their right and left eyes, which was
evident in every patient.

In summary, our multi-center study represents a comprehensive and methodical exploration of
retinal health, leveraging advanced imaging technology to capture the dynamic progression of
specific retinal layers over a 24-month period. Our rigorous standards for data quality, detailed
analysis of distinct regions, and the exclusive focus on right eyes as primary study eyes
collectively form the foundation of our study, aimed at advancing our understanding of retinal

conditions and facilitating enhanced clinical care and management.
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2.8.1 Boundaries

To ensure the quality of our data, we required a minimum of 25 B-scans per cube scan, per eye,
and per visit. The selection of scans for inclusion was determined by the grader, taking into
account their similarity to adjacent B-scans. If adjacent B-scans exhibited noticeable qualitative
differences in retinal sublayer thicknesses, both were included. However, if they closely
resembled each other, a gap of more than one B-scan between selected B-scans was allowed.
Nevertheless, it was mandatory to include all B-scans from the fovea center, which corresponds
to the central subfield of the ETDRS-grid. (85). When dividing the subsequent retinal layers
from anterior to posterior, the term “inner” corresponds to the inner boundary and “Outer” to
the outer boundary of a layer (Figure 10):
e Vitreous Top (VT) — The Doheny Image Analysis Laboratory's classification algorithm
inserts an additional boundary “Vitreous Top” in the vitreous space. This boundary (+
ILM) is used to quantify the area of the visible ETDRS grid when the grid is centered
on the fovea. These area values can be used to detect poor foveal centration of the scan.
e Inner Limiting Membrane (ILM) — Inner
e Quter Plexiform Layer (OPL) — Outer
e External Limiting Membrane (ELM)
e Inner Segment-Outer Segment Junction (IS-OS) or ellipsoid zone (EZ) — Outer
e Photoreceptor Segment Layer (PRS) —The PRS boundary was manually modified on
the inner side of any subretinal fluid or material at the level of the RPE. In cases without
any fluid or debris this boundary was snapped with the RPE boundary.
e Retinal Pigment Epithelium (RPE) Cell Layer — Inner

e Choroid — Inner

Adapted from Grosspoetzl et al. with permission of Elsevier under the terms of the Creative Commons CC-BY

license (1)
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Figure 10: Example of a B-scan (spectral domain optical coherence tomography) of a healthy
eye showing the segmented boundaries of retinal sublayers.

By employing these boundaries, we delineated and computed the following layers, their
thicknesses, and intact areas (Figure 11):

e Mean inner retinal thickness (IR): generated from ILM and OPL

e Mean ONL thickness (ONL): generated from OPL and ELM.

e Mean IS thickness (IS): generated from ELM and IS-OS junction

e Mean OS thickness (OS): generated from IS-OS Junction and RPE cell layer

e Mean RPE thickness and intact area: generated from RPE and Choroid

e Mean total retinal thickness (TR) and intact area: generated from ILM and choroid

This correction process was a collaborative effort, involving the insights and expertise of two
unmasked graders, denoted as MG and GS. These diligent individuals meticulously reviewed
and, when necessary, adjusted the algorithm's segmentation results to align with the precise

anatomical boundaries of the retinal layers.
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Figure 11: Segmentation of a patient’s right eye diagnosed with Stargardt disease type 4
overlaid SD-OCT B-scans after manually segmentation at baseline and after 24 months. The
segmented layers in order from top to bottom are: vitreous top=white; internal limiting
membrane=yellow; outer plexiform layer=blue; external limiting membrane=red; inner
segments/outer segments=orange; photoreceptor segment layer=purple; retinal pigment
epithelium=green; choroid=brown. (a) SD-OCT B-scan of a patient’s right eye showcasing
an atrophic lesion of the outer retinal layers and central debris highlighted by the white
arrow at baseline and (b) exhibits the SD-OCT B-scan of the same eye.

Adapted from Grosspoetzl et al. with permission of Elsevier under the terms of the Creative Commons CC-BY
license (1)

2.9 OCTOR

In our study the Doheny Image Analysis Laboratory's (DIAL) classification algorithm was
applied. This advanced, automated segmentation algorithm was purposefully crafted to dissect
the intricate layers of the retina, utilizing high-resolution SD-OCT scans. The algorithm's
primary function was to delineate and define individual retinal layers.

However, recognizing the critical importance of error correction and the nuances that may elude
automated systems, we implemented a meticulous protocol to address any segmentation
discrepancies that might arise. To this end, we engaged in manual correction processes,
leveraging the specialized software tool OCTOR 3.0.

In instances where discrepancies or uncertainties emerged during this manual correction phase,

the matter was elevated for resolution. A senior investigator of the study, referred to as RWS,
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served as the ultimate authority in addressing any disagreements or complex cases. This
consultative process ensured that the segmentation outcomes were not only accurate but also
reflective of a consensus among experienced professionals.

Following the meticulous correction of segmentation errors, the refined software was primed
to fulfil its primary functions. This included the computation of thickness measurements for
various retinal layers, a critical component of our investigation. Additionally, the software was
adept at identifying and delineating areas of atrophy within the retinal layers, aligning with the
regions specified in our study's methodology (Figure 12 and Figure 13).

In essence, our approach combined the strengths of advanced automated algorithms with the
vigilance and expertise of human graders to ensure the integrity and accuracy of our data. This
robust methodology allowed us to extract meaningful insights into retinal health and atrophy,
ultimately contributing to the broader understanding of retinal diseases and the enhancement of

diagnostic and therapeutic strategies in STGD4.
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Figure 12: The OCTOR report presents the assessment of a patient's right eye initially and after
24 months, following the automated segmentation of spectral domain optical coherence
tomography (SD-OCT) images utilizing the Doheny Image Analysis Laboratory's classification
algorithm for segmentation. Subsequently, manual adjustments were made to the retinal
pigment epithelium (RPE) area defined between the RPE inner segment and the Choroid inner
segment. Notably, a reduction in the intact area, characterized by an increase in the white area
in the central subfield, both the inner and outer rings of the early treatment diabetic retinopathy
study (ETDRS) grid, was observed. Additionally, a decrease in the mean retinal thickness of
the RPE became apparent. At the baseline visit, the mean thickness of the RPE in the central
subfield had already completely diminished, registering 0.4 um in the inner ring and 19.1 pm
in the outer ring. The intact area of the RPE was entirely atrophied in the central subfield,
measuring 0 mm?, while the inner ring had an intact RPE area of 0.45 mm?, and the outer ring
showed an intact RPE area of 20.37 mm?. This demonstrated a reduction of 1.5 um in mean
RPE thickness in the inner ring and 3.3 pm in the outer ring over the observed 24 months period.
The intact area in the inner ring exhibited a decline of 0.6 mm?, and in the outer ring, it showed
a decrease of 0.61 mm? over the 24 months period. Notably, in the central subfield, no changes
were observed in the mean thickness of the RPE and the intact RPE area, as it had already fully
atrophied before the baseline visit.
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Figure 13: The OCTOR report details the evaluation of the same eye as depicted in Figure 13,
both initially and after a 24-month interval, following the automated segmentation of spectral
domain optical coherence tomography (SD-OCT) images utilizing the classification algorithm
by the Doheny Image Analysis Laboratory. Subsequent manual adjustments were applied to the
photoreceptor outer segment thickness (OS) area, which was generated from the inner segment-
outer segment (IS-OS) Junction outer side, as well as the retinal pigment epithelium (RPE) cell
layer inner segment. Remarkably, a decrease in the intact area, marked by an expansion of the
white area within the inner and outer ring of the early treatment diabetic retinopathy study
(ETDRS) grid, was evident over the 24-month period. Furthermore, a reduction in the mean
retinal thickness of the OS became noticeable. During the baseline visit, the mean thickness of
the OS in the central subfield had already fully diminished, measuring 0.6 um in the inner ring
and 13.2 um in the outer ring. The intact area of the OS had completely atrophied in the central
subfield, resulting in a measurement of 0 mm?. In contrast, the inner ring displayed an intact
OS area of 0.73 mm2, while the outer ring featured an intact OS area measuring 20.60 mm?.
After 24 months, a reduction of 0.6 pm in mean OS thickness within the inner ring and 0.4 pm
within the outer ring became evident. The intact area within the inner ring demonstrated a
decline of 0.66 mm?, whereas the outer ring exhibited a decrease of 1.16 mm? over the 24
months period. Notably, in the central subfield, there were no observable changes in the mean
thickness of the OS and the intact OS area, as it had already fully atrophied prior to the baseline
visit.
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2.10 Qualitative Grading Considerations

In retinal imaging, a detailed understanding of various structural features and anomalies is
paramount to unravelling ocular health. Within this context, our exploration delves into a
spectrum of distinctive attributes that manifest within the retinal layers and the vitreoretinal
interface. These features, when observed in SD-OCT images complicate the segmentation and

were specially taken in consideration in our study.

2.10.1 Intraretinal Cystoid Spaces

Intraretinal cystoid spaces are commonly colloquially termed retinal cysts. They represent
distinct regions of reduced reflectivity within the neurosensory retina. Typically, these spaces

exhibit a circular or oval morphology.

2.10.2 Subretinal Fluid

Subretinal fluid (SRF) appears as reflective posterior to the neurosensory retina, but anterior to
the RPE. Oftentimes, hyporeflectivity of the space is comparable to that of the vitreous;
however, the space may not be completely hyporeflective, e.g. it may contain blood cells or
fibrinous tissue. There are often tapered corners at the margins of this hyporeflective space,
although in the setting of inflammatory diseases or extensive fibrinous exudation, the margins

may feature a more acute angle.

2.10.3 Intraretinal Hyperreflective Features

Intraretinal hyperreflective features, characterized by small clusters of hyperreflective material
within different layers of the retina, may indicate the presence of intraretinal lipid, pigment,
foreign bodies, or hemorrhage. These dense features typically result in pronounced posterior

shadowing, especially in the case of lipid and, to a lesser extent, hemorrhage.

2.10.4 Epiretinal Membrane

Epiretinal membrane (ERM) manifests as a slender, hyperreflective band located at the
vitreoretinal interface, frequently displaying points of attachment and detachment from the
inner limiting membrane. ERM commonly exerts tension or causes a wrinkling effect on the
inner retinal surface, resulting in an irregular or "bumpy" appearance, hence its occasional

colloquial reference as "macular pucker."
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2.10.5 Vitreomacular Traction

Vitreomacular traction is characterized by the presence of a slender, hyperreflective band
extending from the posterior hyaloid of the vitreous, seemingly inserting into the retina and
exerting traction. To classify as vitreomacular traction, it is essential that the vitreous is the
predominant factor causing the deformation of the retinal contour, typically marked by a peak

at the attachment point.

2.10.6 Outer Retinal Tubulation

Photoreceptors that have sustained damage, possibly due to the disruption of their
interdigitation with the RPE or RPE degeneration itself, can assume a circular or oval
arrangement. This phenomenon, referred to as outer retinal tubulation (ORT), manifests as a
hyporeflective (sometimes hyperreflective) oval structure enclosed by a hyperreflective circular
border. It's important to note that outer retinal tubules may be mistaken for edema; however, a
key distinguishing characteristic is the presence of the hyperreflective rim. This specific
morphological feature is rarely observed over intact RPE but is more commonly seen over RPE

that has undergone atrophy.

2.10.7 RPE Atrophy
Detecting RPE atrophy and its boundaries in OCT images can be challenging. When RPE
atrophy is present, some common features include:

e Increased signal transmission into the choroid: Due to the absence of the highly

reflective RPE layer, more light can penetrate into the choroid and bounce back.

e (ollapse or absence of outer retinal layers, such as the EZ and ELM.

e Abnormal thinning of the retina.

e Thinning of the RPE compared to adjacent, undisturbed RPE.

e Presence of outer retinal tubules overlying the atrophic area.

e Presence of small, hyporeflective cystoid spaces overlying the affected region.

2.11 Statistical Methods

Categorical data is presented with quantity and percentage and continuous data with mean and
standard deviation. To evaluate the change over time (baseline - 24 months) linear models for

repeated measures with endpoints (mean retinal thickness and intact area values) on original
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scale and square root transformed endpoints (intact area values) as dependent variables and time
as continuous independent variable were used. The beta coefficients for time represent the yearly
progression rates and are displayed with their corresponding standard errors (SE). P- values <
0.05 were interpreted as statistically significant. SAS version 9.4 (SAS, Cary, North Carolina,

USA) was used for statistical analysis.
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3 Results

Images with insufficient quality (ungradable images) were excluded. In these patients, also the
images of the left eyes showed insufficient quality for potential grading; hence, these patients
were excluded. A total of 15 patients were enrolled into the study. Gradable images were
available for 13 right eyes of 13 patients for both the baseline and the 24 months visit;
information about disease-causing variants is provided in Table /. Out of these, six were males
and seven females; mean age (+ standard deviation, SD) at baseline was 38.2+14.2 years and
mean age of onset of symptoms (available for twelve patients) was 30.3+£16.3 years. Mean best-
corrected visual acuity (+SD) at baseline was 0.51+0.53 LogMAR. Notably, our imaging
methodology enabled us to consistently capture the same regions within the central subfield and
inner ring for all eyes included in the study, ensuring the consistency and reliability of our data.
In summary, our study is underpinned by a meticulously selected cohort of patients,
characterized by their diverse demographics and precise imaging techniques. By focusing on
the right eyes of these individuals and employing rigorous inclusion criteria, we aim to enhance
our understanding of retinal health and contribute to the advancement of ophthalmological

knowledge in STGD4.

3.1 Outcome Measures

In the pursuit of scientific understanding and meticulous assessment, this section of our study
delves into a detailed analysis of various key parameters related to retinal thickness and integrity
over a 24-months period using SD-OCT. These parameters encompass a comprehensive
evaluation of the mean thickness and intact area of analysed retinal layers at baseline, the
estimated yearly rate differences and has a particular focus on their progression patterns and

statistical significance.
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Table 1: Presented are the disease-causing variants in PROMI in patients included in analysis
of this study.

Adapted from Grosspoetzl et al. with permission of Elsevier under the terms of the Creative Commons CC-BY
license (1)

Patient ID Disease-causing variant 1 Disease-causing variant 2 (if applicable)
c.1117C>T
c.1117C>T
c.1117C>T
c.1117C>T
c.1354 1355ins T ¢.630_¢.630+8 del 9 ins 13
c.1117C>T
c.1117C>T
c.1117C>T
c.1697delA c.1767+4A>G
¢.963>T; p.Leu321Phe
c.1117C>T

c.1117C>T

c.1117C>T

RQ| | N[ B W N -

-]

p—
(=}

o
o

p—
(]

p—
w

3.2 Central Subfield of the ETDRS grid

The Central Subfield, a pivotal component of the ETDRS grid, is a meticulously defined region
that holds significant clinical and research importance in the field of ophthalmology. This
central portion, typically characterized by a 0.5mm radius around the anatomical fovea, serves
as a focal point for the assessment and evaluation of retinal health and integrity.

Within the central subfield, the intricate and delicate layers of the retina are subject to scrutiny,
with particular attention to changes in thickness, the presence of atrophy, and the integrity of
individual retinal layers. The precise measurements and observations within this region offer

critical insights in STGDA4.

3.2.1 Mean thickness baseline (um)

At the baseline visit, one eye (7.7%) had a mean thickness of 0 for ONL, 7 eyes (53.8%) had
mean thicknesses of 0 for IS, 9 eyes (69.2%) had mean thicknesses of 0 for OS and 4 eyes
(30.8%) had mean thicknesses of 0 for RPE.

The mean thickness of the IR was 89.83 (SD+16.61) um, of the ONL 51.14 (SD£30.53) um, of
the IS 10.35 (SD+16.74) um, of the OS 2.3 (SD+4.19) um, of the RPE 13.35 (SD+12.73)
um and of the TR 183.75 (SD+48.81) um at the baseline visit (Table 2).
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3.2.2 Mean thickness - estimated yearly rate difference in progression

The estimated yearly rate difference of the IR revealed a change of -1.981 (SD=1.309) um, of
the ONL -1.112 (SD+£1.056) um, of the IS -0.481 (SD+0.405) um, of the OS 0.060 (SD+0.082)
um, of the RPE -1.935 (SD+0.846) um and of the TR -3.112 (SD+0.965) um.

The RPE and the TR mean thickness showed statistically significant decline over 24 months
(all p<0.05) (Table 2).

Table 2: Estimated annual decline rates in the central subfield, the inner ring and the outer ring
of the progression of mean thicknesses [um per year] of the examined retinal layers.

Adapted from Grosspoetzl et al. with permission of Elsevier under the terms of the Creative Commons CC-BY
license (1).

Retinal | Baseline values of the mean | Estimated rate difference in progression

layers thickness [um], mean = | [um per year| of the mean thickness, coefficient = standard
standard deviation error; p-value
Central | Inner Outer Central | p- Inner p-value Outer p-value
subfield | ring ring subfield | value ring ring

IR 89.83 141.29 13296 | -1.981 0.156 -0.542 | 0.399 -0.029 0.969
+ + + + + +
16.61 21.02 12.70 1.309 0.062 0.070

ONL 51.14 42.44 49.41 -1.112 0313 -1.108 | 0.114 -1.550 0.018
+ + + + + +
30.53 15.67 16.62 1.056 0.651 0.481

IS 10.35 7.18 19.71 -0.481 0.259 -0.600 | 0.059 -0.714 0.024
+ + + + + +
16.74 10.82 15.19 0.405 0.288 0.238

oS 2.30 1.38 491 0.069 0.417 -0.135 | 0.172 -0.307 0.078
+ + + + + +
4.19 3.15 4.63 0.082 0.093 0.145

RPE 13.35 14.35 20.67 -1.935 0.041 -1.939 | 0.003 -1.321 0.200
+ + + + + +
12.73 9.10 4.60 0.846 0.511 0917

TR 183.75 222.11 232.60 | -3.112 0.007 -2.746 | 0.009 -1.836 0.089
+ + + + + +
48.81 34.77 34.25 0.965 0.886 0.904

Legend: IR = Inner Retina; ONL = Outer Nuclear Layer; IS = Photoreceptor Inner Segment; OS = Photoreceptor
Outer Segment; RPE = Retinal Pigment Epithelium; TR = Total Retina; Bold: Progression is statistically
significant (p<0.05)

3.2.3 Baseline values of the intact area

The baseline values of the intact area of the IR were 0.78 (SD+0) mm?, of the ONL 0.72 (£0.22)
mm?, of the IS 0.25 (SD+0.37) mm?, of the OS 0.2 (SD+0.32) mm?, of the RPE 0.42 (SD+0.38)
mm?and of the TR 0.78 (SD+0.01) mm? (Table 3).
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3.2.4 Intact area — estimated yearly rate difference in progression

The estimated yearly rate difference of the IR showed a change of 0.001 (SD=0.001) mm?, of
the ONL 0.002 (SD+0.003) mm?, of the IS 0.001 (SD+0.002) mm?, of the OS -0.008
(SD+0.009) mm?, of the RPE -0.033 (SD+0.017) mm? and of the TR 0.001 (SD+0.001) mm?
(Table 3).

Table 3: Estimated annual growth rates in the central subfield, the inner ring and the outer ring
of the progression of atrophy of the intact area [mm? per year] of the examined retinal layers.

Adapted from Grosspoetzl et al. with permission of Elsevier under the terms of the Creative Commons CC-BY
license (1).

Retinal | Baseline values of the intact | Estimated rate difference in progression [mm? per year] of the

layers area [mm?’], mean = | intact area, coefficient + standard error; p-value
standard deviation
Central Inner | Outer Central p-value | Inner p-value | Outer p-value
subfield ring ring subfield ring ring

IR 0.78 6.28 20.91 0.001 1.000 0.001 0.585 -0.019 0.297
+ + + + + +
0.00 0.01 0.41 0.001 0.001 0.017

ONL 0.72 6.05 20.87 0.002 0.387 -0.050 0.392 -0.062 0.011
+ + + + + +
0.22 0.74 0.45 0.003 0.056 0.017

IS 0.25 222 14.93 0.001 0.673 -0.114 0.043 -0.609 0.070
+ + + + + +
0.37 2.47 7.69 0.002 0.005 0.276

oS 0.20 1.13 11.96 -0.008 0.346 -0.194 0.181 -0.609 0.083
+ + + + + +
0.32 1.77 8.40 0.009 0.137 0.293

RPE 0.42 4.44 20.01 -0.033 0.085 -0.397 0.011 -0.413 0.138
+ + + + + +
0.38 2.29 2.23 0.017 0.132 0.241

TR 0.78 6.28 2091 0.001 1.000 0.001 0.585 -0.019 0.299
+ + + + + +
0.01 0.01 0.41 0.001 0.001 0.017

Legend: IR = Inner Retina; ONL = Outer Nuclear Layer; IS = Photoreceptor Inner Segment; OS = Photoreceptor
Outer Segment; RPE = Retinal Pigment Epithelium; TR = Total Retina; Bold: Progression is statistically
significant (p<0.05)

3.2.5 Intact area — estimated yearly rate difference in progression determined by the

square root

The estimated yearly rate difference determined by the square root revealed a progression of
0.001 (SD£0.001) mm in the IR, of 0.001 (SD=0.001) mm in the ONL, of -0.003 (SD+0.006)
mm in the IS, of 0.004 (SD+0.011) mm in the OS, of -0.03 (SD%0.013) mm in the RPE and of
0.001 (SD+0.001) mm in the TR).
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The estimated difference in progression determined by the square root revealed statistically

significant decline in the RPE (p=0.04) (Table 4).

Table 4: Estimated annual growth rates in the central subfield, the inner ring and the outer ring
of the progression of effective lesion radius [mm per year], determined from the square root
(lesion area /) for the intact area.

Adapted from Grosspoetzl et al. with permission of Elsevier under the terms of the Creative Commons CC-BY
license (1).

Estimated rate difference in progression [mm per year] of the effective lesion radius determined by

the square root, coefficient + standard error; p-value
Central p-value Inner ring p-value Outer ring p-value
subfield

IR 0.001 1.000 0.001 0.584 -0.002 0.296
+ + +
0.001 0.001 0.002

ONL 0.001 0.387 -0.015 0.373 -0.007 0.011
+ + +
0.001 0.017 0.002

IS -0.003 0.605 -0.067 0.031 -0.123 0.090
+ + +
0.006 0.027 0.061

oS 0.004 0.741 -0.064 0.283 -0.067 0.469
+ + +
0.011 0.087 0.087

RPE -0.030 0.040 -0.128 0.003 -0.053 0.168
+ + +
0.013 0.034 0.034

TR 0.001 1.000 0.001 0.584 -0.002 0.296
+ + +
0.001 0.001 0.002

Legend: IR = Inner Retina; ONL = Outer Nuclear Layer; IS = Photoreceptor Inner Segment; OS = Photoreceptor
Outer Segment; RPE = Retinal Pigment Epithelium; TR = Total Retina; Bold: Progression is statistically
significant (p<0.05)

3.3 Inner Ring of the ETDRS grid

The inner Ring of the ETDRS grid is a distinct and essential component of retinal imaging and
analysis. This region, encompassing a diameter of 1.5mm to 0.5mm around the anatomical
fovea, holds a prominent place in ophthalmology and clinical research. Within the inner Ring,
the intricate layers of the retina are meticulously examined, with a specific focus on thickness
measurements and the presence of atrophy.

Changes in thickness and integrity within the inner Ring provides critical insights into the

progression of STGDA4.
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3.3.1 Mean thickness baseline

At the baseline visit the mean thickness of the IR was 141.29 (SD+21.02) um, of the ONL 42.44
(SD+15.67) pum, of the IS 7.18 (SD+10.82) um, of the OS 1.38 (SD=£3.15) um, of the RPE
14.35 (SD+9.1) um and of the TR 222.11 (SD+34.77) um (Table 2).

3.3.2 Mean thickness - estimated yearly rate difference

The estimated yearly rate difference of the IR showed -0,542 (SD+0.062) um, of the ONL -
1.108 (SD+0.651) um, of the IS -0.6 (SD+0.288) um, of the OS -0.135 (SD+0.093) um, of the
RPE -1.939 (SD+0.511) pm and of the TR -2.746 (SD+0.886) pm.

The mean RPE thickness and the mean TR thickness decreased significantly during the 24
months observation (all p<0,05) (Table 2).

3.3.3 Baseline values of the intact area

The baseline values of the intact area of the IR were 6.28 (SD+0.01) mm?, of the ONL 6.05
(£0.74) mm?, of the IS 2.22 (SD+2.47) mm?, of the OS 1.13 (SD+1.77) mm?, of the RPE 4.44
(SD+2.29) mm? and of the TR 6.28 (SD=0.01) mm? (Table 3).

3.3.4 Intact area — estimated yearly rate difference in progression

The estimated yearly rate difference of the IR showed a change of 0.001 (SD=0.001) mm?, of
the ONL -0.05 (SD+0.056) mm?, of the IS -0.114 (SD+0.005) mm? of the OS -0.194
(SD+0.137) mm?, of the RPE -0.397 (SD+0.132) mm? and of the TR 0.001 (SD+0.001) mm?.

The estimated yearly rate difference in progression revealed statistically significancy in the IS

and the RPE (all p<0.05) (Table 3).

3.3.5 Intact area — estimated yearly rate difference in progression determined by the

square root

The estimated yearly rate difference determined by the square root revealed a progression of
0.001 (SD+0.001) mm per year in the IR, of -0.015 (SD+0.017) mm per year in the ONL, of -
0.067 (SD£0.027) mm per year in the IS, of -0.064 (SD+0.087) mm per year in the OS, of -
0.128 (SD+0.034) mm per year in the RPE and of 0.001 (SD+0.001) mm per year in the TR).
The estimated difference in progression determined by the square root revealed statistically

significant decline in the IS and the RPE (p<0.05) (Table 4).
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3.4 Outer Ring of the ETDRS grid

The Outer Ring of the ETDRS grid plays a crucial part in retinal imaging and clinical analysis.
Spanning from 3mm to 1.5mm away from the anatomical fovea, this region serves as a vital
extension of the grid, encompassing a broader field of the retina. Within the Outer Ring, the
retinal layers are subjected to meticulous scrutiny, with a specific emphasis on thickness
measurements and atrophy.

This extended area plays a pivotal role in comprehensive retinal assessment, often providing
insights into the progression of retinal diseases that extend beyond the central subfield and inner
Ring.

It is important to acknowledge that in 6 of the 13 eyes in our study, the eye tracking option
could not be applied during the follow-up period. Consequently, the cube scan covered different
retinal locations concerning the outer ring, which may introduce nuances in our analysis.
Nevertheless, 7 eyes with consistent imaging of the same retinal regions were included in the

analysis of the outer ring.

3.4.1 Mean thickness at baseline

The mean thickness of the IR was 132.96 (SD+12.70) um, of the ONL 49.41 (SD%16.62) um,
of'the IS 19.71 (SD+15.19) um, of the OS 4.91 (SD+4.63) um, of the RPE 20.67 (SD+4.6) um
and of the TR 232.6 (SD+34.25) um (Table 2).

3.4.2 Mean thickness - estimated yearly rate difference

The estimated yearly rate difference of the IR showed a decline of -0.029 (SD+0.07) pm, of the
ONL -1.55 (SD£0.481) um, of the IS -0.714 (SD+0.238) um, of the OS -0.307 (SD+0.145) pum,
of the RPE -1.321 (SD+0.917) um and of the TR -1.836 (SD+0.904) pum.

The mean thickness of the ONL the IS showed statistically significant decline after 24 months
(all p<0.05) (Table 2).

3.4.3 Baseline values of the intact area

The baseline values of the intact area of the IR were 20.91 (SD+0.41) mm?, of the ONL 20.87
(£0.45) mm?, of the IS 14.93 (SD+7.69) mm?, of the OS 11.96 (SD+8.4) mm?, of the RPE 20.01
(SD+2.23) mm? and of the TR 20.91 (SD+0.41) mm? (Table 3).
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3.4.4 Intact area — estimated yearly rate difference in progression

The estimated yearly rate difference of the IR showed a change of -0.019 (SD=0.017) mm?, of
the ONL -0.062 (SD+0.017) mm?, of the IS -0.609 (SD+0.276) mm?, of the OS -0.609
(SD+0.293) mm?, of the RPE -0.413 (SD+0.241) mm? and of the TR -0.019 (SD=0.017) mm?.

The estimated yearly rate difference in progression of the intact area showed statistically

significance of the ONL (p=0.011) (Table 3).

3.4.5 Intact area — estimated yearly rate difference in progression determined by the

square root

The estimated yearly rate difference determined by the square root revealed a progression of -
0.002 (SD+0.002) mm per year in the IR, of -0.007 (SD+0.002) mm per year in the ONL, of -
0.123 (SD#0.061) mm per year in the IS, of -0.067 (SD+0.087) mm per year in the OS, of -
0.053 (SD+0.034) mm per year in the RPE and of -0.02 (SD+0.002) mm per year in the TR).
The estimated difference in progression determined by the square root revealed statistically

significant change in the ONL (p=0.011) (Table 4).
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4 Discussion

The application of SD-OCT in retinal imaging has represented a transformative leap in our
understanding of the pathophysiological intricacies underpinning retinal degenerations. These
conditions frequently culminate in the demise of photoreceptor and RPE cells, a process
notoriously intricate and challenging to decipher. In particular, the ability of SD-OCT to resolve
the photoreceptor bands and deliver high-resolution imaging has been previously expounded
upon, highlighting the invaluable advantages it offers in assessing atrophic regions of the retina.
The precision, safety, and enhanced patient comfort inherent in SD-OCT imaging are well-
documented attributes that have bolstered its prominence in the field of retinal research. Beyond
these inherent merits, SD-OCT carries the promise of potentially serving as a surrogate endpoint
in upcoming clinical trials. This prospect is of paramount importance, as it can significantly
expedite the evaluation of novel therapeutic interventions targeting retinal degenerations. The
ability to discern and quantify changes in photoreceptor and RPE integrity, in conjunction with
the precise evaluation of atrophic regions, renders SD-OCT a pivotal tool in unravelling the
pathogenesis of these conditions and assessing the efficacy of potential treatments.
Consequently, the utilization of SD-OCT holds profound implications for advancing our
knowledge of retinal pathophysiology and hastening the development of therapeutic strategies

aimed at preserving retinal function and vision in STGD4 (8).

In this research endeavour, we aim to present the inaugural prospective cohort investigation
into structural modifications associated with PROM]-associated retinal degeneration by
leveraging SD-OCT. Our study represents a pioneering effort to shed light on the
pathophysiological processes of this condition. Our comprehensive analysis yielded compelling
findings, marked by statistically significant reductions in the mean thickness of the RPE and
the TR within both the CS and the inner ring. Furthermore, our investigations unveiled
statistically significant decreases in the thickness of the ONL and the IS within the outer ring.
Notably, we also documented a noteworthy reduction in the intact area of the RPE and IS within
the inner ring and a decrease in the intact area of the ONL within the outer ring. These findings
collectively underscore the progressive nature of structural alterations in PROM[-associated

retinal degeneration, painting a clear picture of the diminishing macular thickness and a
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concurrent reduction in intact areas throughout various retinal layers over a 24-month
observational timeframe. Our novel insights hold significant implications for the understanding
and monitoring of PROM]-associated retinal degeneration, potentially guiding future

interventions aimed at preserving retinal structure and function in affected individuals.

SD-OCT was selected as a secondary endpoint in the ProgStar trials involving 4ABCA4-
associated STGD1 (87) and subsequently, it was also incorporated as a secondary endpoint in
the ProgStar-4 study, where fundus autofluorescence served as the primary endpoint. It has been
documented that the integrity of the EZ in STGD1 patients exhibits correlations with variations
in visual acuity, microperimetry sensitivity, the extent of fundus lesions, and mfERG outcomes.
Consequently, the evaluation of the EZ emerges as a particularly crucial parameter in the
context of STGD1 (88,89). Another study established a direct correlation between visual acuity
and the volume of the EZ/OS while inversely correlating it with en face EZ loss/atrophy and
OS/EZ attenuation (90).

Despite the common terminology, significant disparities exist between STGD1 and STGDA4.
Notably, in individuals afflicted with STGDA4, an intriguing clinical observation has been made,
indicating that the disease may initially manifest in a localized manner, primarily affecting the
macular region. This initial presentation is characterized by distinctive features, including an
augmented foveal reflex and a peculiar red-speckled appearance within the macula. Over the
course of the disease progression, these early clinical signs evolve into a distinctive bull's-eye
maculopathy pattern. As time elapses, this bull's-eye configuration ultimately gives way to the
development of macular atrophy, reflecting the relentless degeneration of the macular structure.
This particular disease course in STGD4, characterized by its localized and evolving nature,
underscores the unique clinical nuances associated with this subtype of Stargardt disease,
distinct from the more widely recognized STGD1. Such insights into the differential disease
trajectories are instrumental in enhancing our understanding of these conditions and are pivotal
in guiding both diagnosis and management strategies for affected patients. (31). Nonetheless,
despite considerable research efforts, the intricate and nuanced underlying mechanisms
responsible for the pathogenesis of this condition remain incompletely understood. The
hallmark clinical presentation, which often manifests as ring-shaped RPE atrophy with an intact

foveal center, has garnered significant attention in the field of retinal degenerative diseases. A

67



Discussion

prevailing hypothesis posits that this distinct clinical pattern can be linked to the progressive
accumulation of lipofuscin within the RPE cells. Lipofuscin, a byproduct of photoreceptor outer
segment metabolism, is particularly conspicuous in its accumulation at the posterior pole of the

retina. (91,92). As the disease progresses, the foveal center also becomes affected (31).

Studies have indicated that PROM1 is essential for maintaining the expression levels of ABCA4
and RDHI2. This suggests that PROMI may play a role in regulating the visual cycle,
particularly in the conversion of all-trans-retinal to all-trans-retinol (81). Alternatively, PROM1
may indirectly influence lipofuscin accumulation through ABCA4 dysfunction, which could
result from disruptions in the outer segment structure (93,94). These changes are consistent with
the findings of our study, where we observed that the RPE of the inner ring and the central
subfield were particularly affected by atrophy. In our study, two SD-OCT-derived variables
hold potential as surrogate endpoints: changes in mean retinal thickness and changes in intact
area (i.e., thickness > 0 um at baseline). While changes in mean retinal thickness may exhibit
only minor differences over time (also, depending on grading protocols (95)), the change in
intact area can provide more robust parameters. However, it is worth noting that changes in
intact area may depend on the initial lesion size. To account for this, we used the square root of
the area's radius to better represent the increase in atrophy, as significant differences existed in
our patient population concerning the initial size of the intact area. This square root
transformation of lesion area measurements has previously been employed in patients with
geographic atrophy in age-related macular degeneration to eliminate the dependency of growth
rates on the original lesion size (96). This approach can simplify the design and enrolment in
clinical trials, as there may be no need to specify a range of lesion sizes or include lesion size

in the analysis (96).

Inherited macular and retinal dystrophies constitute a well-established category of debilitating
ocular disorders characterized by a progressive deterioration of both retinal function and
structural integrity. These conditions collectively share a common feature of degenerative
changes within the macular and retinal regions, resulting in a gradual and often irreversible loss
of vision. While the general trajectory of retinal degeneration in these disorders is widely
recognized, it is imperative to acknowledge the remarkable degree of heterogeneity that prevails

in the rate of disease progression. This variability manifests not only among individual patients
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but also within specific familial groups. This inherent diversity in progression dynamics
represents a multifaceted and intriguing facet of inherited retinal dystrophies (28,31,97,98).
Understanding the underlying factors contributing to the variable progression of retinal
dystrophies stands as a pivotal frontier in the ongoing quest for improved patient care and
therapeutic strategies. While the fundamental mechanisms of disease pathogenesis are broadly
recognized, the specific attributes of variable progression remain an area of intense
investigation, one that promises to yield valuable insights to enhance our ability to manage and
eventually mitigate the impact of these conditions on affected individuals and their families. In
the course of our investigation, we meticulously tracked the changes in various retinal layers
over a span of 24 months, revealing a discernible decline in these retinal components. It is
noteworthy that, while these alterations were evident, we only managed to establish statistical
significance in specific subretinal layers and particular regions of the retina. This nuanced
outcome can be attributed to several factors, which warrant careful consideration. First and
foremost, it is crucial to underscore that PROMI-associated retinal degeneration typically
follows a gradual and protracted disease course. This progressive nature is intrinsic to the
condition and, further complicating our analysis, the precise onset age of the disease within our
cohort of patients remained uncertain. Given this inherent variability and the characteristic slow
progression of PROMI-associated retinal degeneration, it is plausible that a 24-month
observation period might not have been sufficiently comprehensive to capture significant and
widespread changes across all retinal layers and regions. Despite these challenges, it is vital to
recognize the pioneering nature of our study. To the best of our knowledge, our investigation
represents the inaugural attempt to systematically monitor retinal thicknesses and the extent of
intact retinal areas in patients afflicted PROM-associated retinal degeneration over a 24-month
timeframe. This endeavour has contributed invaluable insights into the natural history of the
disease, even though we acknowledge the potential limitations imposed by the relatively short
observation period and the intrinsic heterogeneity in disease progression. Our findings
constitute a critical stepping stone for future research aimed at comprehending the dynamics of
PROM -associated retinal degeneration, with the ultimate goal of advancing diagnostic and

therapeutic strategies to mitigate its impact on affected individuals.

The evaluation and categorization of atrophy in STGD4 using SD-OCT has posed significant

challenges. The software algorithm employed often resulted in errors, primarily due to the
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presence of hyperreflective debris in atrophic areas, which is more common in STGD4
compared to dry age-related macular degeneration. Consequently, substantial manual
corrections were required (99). Similar challenges were observed in a preliminary study
involving ABCA4-related STGD1, where misidentification of the outer retina occurred in up to
20.2% of B-scans, and over 30% of B-scans exhibited notable software errors (100).
Furthermore, an initial analysis of the repeatability of SD-OCT grading demonstrated
significant noise in the assessment of the RPE. There was substantial variability between
gradings, as evidenced by poor intra-class correlations and high relative absolute differences
(RADs) in thickness and intact area measurements. However, measurements of thickness and
intact area in the inner and outer segments of the inner and outer ring regions displayed good to
excellent intra-class correlations (95). Additionally, the phenotypes observed in this study of
PROM]-related STGD4 exhibited a highly heterogeneous appearance, dependent on the
specific disease stage. This further complicated the utilization, examination, and quantification

of SD-OCT images.

When endeavouring to interpret the data related to disease progression, it is imperative to
maintain a clear understanding of the various factors that can influence the results. The
measurements of retinal thicknesses and intact areas, while informative, are inherently subject
to notable variability, which can be attributed to a range of sources, such as inherent
measurement imprecision, individual anatomical differences, and variability in disease
manifestation. As a result, it is important to exercise caution when relying solely on these
metrics as primary indicators of disease progression. In this context, it is prudent to consider
the suitability of these measurements as outcome measures for specific subtypes of retinal
atrophy, where the manifestations are more predictable and uniform. In such cases, changes in
retinal thicknesses and intact areas may provide valuable insights into the progression of the
disease. However, in the broader context of assessing disease progression, there is merit in
exploring alternative and potentially more reliable outcome measures. In particular, directing
attention towards structural elements like the IS and OS layers, including the EZ, holds promise.
These structures are of particular interest due to their critical roles in maintaining photoreceptor
integrity and function, and alterations in these regions may offer more robust and clinically
relevant markers of disease progression in various retinal degenerative conditions. Thus, the

complexity and variability of the data underscore the importance of employing a multifaceted
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approach to comprehensively evaluate disease progression in retinal disorders. This approach
may involve considering a combination of retinal thickness measurements and structural
changes in specific retinal layers to provide a more accurate representation of the evolving
disease process. Longitudinal data rely on consistent measurement locations. Despite the
imaging protocol of ProgStar-4, which required photographers to align the 20° x 20° cube scan
with the anatomical fovea and utilize the follow-up and eye-tracking functions of the Heidelberg
Spectralis device, patients often exhibited eccentric fixation due to preexisting or developing
atrophy. Consequently, the cube scan could not always be perfectly centered on the anatomical
fovea, or it might have led to the development of a new preferred retinal locus. As a result, some
portions of the outer EDTRS ring were either missing at baseline or during follow-up,

necessitating their exclusion from the analysis (101).

While our research adopts a multicenter design and aims to offer a comprehensive analysis of
PROM 1-associated retinal degenerations, it is essential to recognize and carefully address
certain limitations inherent in the study, which may impact the generalizability and
interpretation of the findings. One notable limitation pertains to the relatively small number of
cases included in our study. This constraint is primarily attributable to the rarity of PROMI-
associated retinal degenerations, which were genuinely infrequent at the time of study
inception. As such, the study was inherently constrained by the limited availability of affected
individuals for participation, which, in turn, influenced the sample size. This scarcity of cases
might entail potential implications for the statistical robustness and generalizability of the
study's findings. Another constraint worthy of attention pertains to the challenge of ascertaining
the precise disease stage of each individual patient within the cohort. The dynamic nature of
retinal degenerative conditions like PROM-associated retinal degenerations complicates the
classification of patients into specific disease stages, and this variability can introduce
ambiguity in data interpretation. To mitigate this limitation, we implemented a square root
calculation to assess the dimensions of atrophic lesions and intact areas, aiming to capture a
more nuanced understanding of the disease's structural changes.

Nevertheless, it is vital to acknowledge that these limitations might introduce certain degrees
of variability and uncertainty into our findings, particularly when considering the mean
thickness measurements of individual retinal layers under scrutiny. The sample size constraints

and the challenge of precisely defining disease stages are factors that potentially impact the
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accuracy and robustness of the measurements, necessitating a cautious approach when drawing
conclusions from the data. There is a need for continued efforts to expand sample sizes and
refine methodologies to further advance our comprehension of PROMI-associated retinal
degenerations and other rare disorders, ultimately contributing to the development of more

effective diagnostic and therapeutic strategies.

However, SD-OCT offers a multitude of advantages, rendering it a promising choice for
potential surrogate outcome measures in forthcoming clinical trials. This imaging modality
provides the distinct advantage of non-invasiveness, allowing for swift assessments, in stark
contrast to procedures such as microperimetry. Moreover, these assessments can be
standardized consistently across different study sites, mitigating potential variations in data
acquisition and reducing the risk of retinal light toxicity, a concern often associated with FAF
(102). Furthermore, SD-OCT affords the unique capability of visualizing photoreceptors or
their subcomponents, rendering it a viable candidate for consideration by regulatory authorities
as a surrogate endpoint (83). This attribute holds significant promise for enhancing the
sensitivity and specificity of clinical trials, potentially expediting the development and approval

of novel therapeutic interventions.

SD-OCT emerges as a particularly well-suited diagnostic tool, demonstrating its efficacy
primarily during the nascent stages of retinal diseases. This diagnostic power is most
pronounced when patients maintain stable fixation, and the pathological changes are primarily
confined to the central macular region. During this early phase of the disease, the notable
alterations primarily manifest within the IS/OS or EZ of the photoreceptor layer, rather than in
the RPE. This distinction underscores the pivotal role that SD-OCT plays in characterizing the
early stages of retinal pathologies. In fact, one of the research groups affiliated with our
multicenter study embarked on an in-depth phenotyping investigation, which encompassed four
patients featured in our report. Their dedicated efforts and findings yielded compelling evidence
suggesting that FAF, another imaging modality frequently employed in retinal disease research,
may possess notable limitations in capturing the nuances of the disease during its initial phases.
Conversely, the study findings affirmed the robustness and reliability of SD-OCT as a critical
tool for effectively monitoring disease progression in these early stages. This demonstrates the

distinct advantage of SD-OCT over other imaging techniques, offering clinicians and
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researchers a reliable means of tracking the disease dynamics and, consequently, guiding more
informed diagnostic and therapeutic decisions. The insights from this research collectively
contribute to a deeper understanding of the potential diagnostic strengths of SD-OCT and the
relative limitations of alternative methods, underscoring the significance of tailored diagnostic

approaches in the management of retinal diseases.(103).

A plausible and compelling inference can be drawn regarding the patients who exhibit
discernible alterations within their retinal layers in the early stages of the disease. Such
individuals may represent a particularly promising subset of candidates for pharmaceutical or
gene therapy interventions, specially designed to safeguard the remaining photoreceptor and/or
RPE cells, or to stave off the relentless progression of degeneration in these cells. The rationale
underlying this assumption is rooted in the observed structural changes within the retinal layers,
as evidenced by techniques such as SD-OCT. When these alterations manifest, it often signifies
an advanced stage of the disease process, with a significant burden of cell damage and loss
already incurred. As a result, the urgency of therapeutic intervention becomes paramount in an
effort to halt or mitigate further deterioration and to potentially rescue the surviving
photoreceptors and RPE cells. Pharmaceutical or gene-based therapies have shown promise in
the context of retinal degenerative diseases by aiming to either slow the degenerative process
or promote cellular survival. Patients at an earlier stage of retinal degeneration, where these
therapeutic strategies may have a more profound impact on preserving vision, could stand to
benefit substantially. This inference underscores the potential for tailored treatment strategies
that consider the specific structural and clinical characteristics of individual patients. By doing
so, it paves the way for precision medicine approaches that hold the promise of improved
outcomes for those grappling with retinal degenerations. Consequently, the identification and
monitoring of these structural changes through advanced imaging technologies assume greater
significance, ultimately guiding the development of targeted therapies and enhancing the

quality of care for affected individuals (104).

Further investigations of a more extensive nature and depth are indispensable to discern and
establish robust correlations between the observed structural alterations in retinal layers and the
associated visual function parameters. This exploration would ideally encompass a

comprehensive range of visual function assessments, including photopic and scotopic

73



Discussion

microperimetry, two fundamental techniques for evaluating the functional attributes of the
human visual system. The envisioned research would go beyond the mere recognition of
structural changes and delve into the intricate interplay between these anatomical modifications
and the actual functional implications they bear on an individual's vision. Photopic
microperimetry, tailored to evaluate visual function under well-lit conditions, and scotopic
microperimetry, designed for low-light or dark-adapted settings, provide nuanced insights into
how the retina responds to varying levels of illumination. By scrutinizing and quantifying the
interrelationships between structural changes and the parameters gauged by these advanced
visual function assessments, a more comprehensive understanding of the disease process would
emerge. Such a multifaceted approach would furnish invaluable insights into the complex
dynamics at play in retinal pathologies and, in particular, how they manifest in individual
patients. Additionally, it would offer a solid foundation for tailoring therapeutic strategies and
intervention approaches that effectively target the underlying mechanisms of retinal
degenerations, ultimately optimizing visual outcomes and enhancing patients' quality of life. In
essence, this calls for a multidisciplinary collaboration between ophthalmologists and
researchers, leveraging the full spectrum of clinical and research tools to uncover the intricate
relationships between structural changes and visual function parameters, forging a path towards

more effective treatments and improved patient care in the realm of retinal disorders (97,105).
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