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Introduction

I Introduction:

We all like to maintain good visual function as we get older. At some point in
time almost everybody visits an ophthalmologist, but it is often too late for

prevention and sometimes even for treatment.

1.1 Epidemiology of major eye diseases leading to blindness in Europe:

How much do we know?

Currently it is estimated that 45 million people worldwide are blind, with an
increase of 1-2 million each year [1]. In addition, 135 million people worldwide
have low vision, defined as a visual acuity of lower than 6/18 and equal to or
better than 3/60 in the better eye with best correction [1]. Age-related macular
degeneration (ARMD) (26%), glaucoma (20.5%), cataract (11.2%), and diabetic

retinopathy (8.9%) are the most frequent causes of blindness in Europe [2].

ARMD is the most common cause of severe vision loss worldwide and is
characterized by the loss of central vision. Blindness due to ARMD occurs in
advanced age; over 80% of those affected become blind after 70 years of age
[3]. The overall prevalence of ARMD in Europe ranged between 9% and 25%
[4] . Itis higher in women (1.03% [95% CI, 0.11-1.96]) than in men (0.90% [95%
Cl, 0-2.08]) at 65-69 years of age [5]. The prevalence of ARMD has been found
to vary between 40% in France [6], 39% in Germany [7], 36.3% in the
Netherlands [8], 16.30% in the European North of Russia [9], and 14% in
Bulgaria [2]. The incidence rate of ARMD increased with age from 0 [95% CI, 0-
1.0] for the age group 55-64, 0.75 [95% CI, 0.15-2.2] for the age group 65-74
and 3.07 [95% CI, 1.1-6.7] for the population between 74 and 84 years of age
[10].

Diabetic retinopathy is one of the most sight-threatening complications of
diabetes mellitus and one of the most important emerging causes of blindness.
It accounts for about 2.4 million cases of blindness globally [11]. 4.8% of the
global population have diabetic retinopathy [12], while 3% [12] to 4.1% [13] of

Europeans are affected. A prospective multinational WHO cohort study showed
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that the incidence of any diabetic retinopathy in patients with diabetes type I
was the highest in the UK (43.3%), followed by Switzerland (42.3%), Poland
(31.8%), and Germany (29.9%) [14]. A population-based survey performed in
Germany showed that men 60 to 74 years old had a higher incidence of diabetic

retinopathy (29%) than women in the same age range (16.51%) [15].

67 million persons globally, of whom 25 million live in Europe, are affected by
glaucoma [16]. It has been estimated that 12.3% of the worldwide population
and 21.8% of European adults (including 18% of those over 50 years of age)
have been diagnosed with glaucoma [12, 17, 18]. Overall, glaucoma is
responsible for 5.2 million cases of blindness (15% of the world's blindness)
[19]. According to recent epidemiological studies, Germany (14%) [7] has the
highest prevalence of glaucoma in Europe followed by the European North of
Russia (11.9%) [9]. The lowest prevalence of any type of glaucoma was in
France (3.4%) [20] and the United Kingdom (3.3%) [21]. A Spanish
epidemiological study showed that primary open-angle glaucoma (2.1% (99%
Cl, 1.9-2.3)) was greater in men (2.4%) than in women (1.7%) [22]. A cross-
sectional study performed in the UK every year from 2000 to 2003 estimated
that open-angle glaucoma and ocular hypertension were increasing both in men
(from 3.41% to 3.6%) and in women (from 2.96% to 3.12%), but always with a
higher prevalence in men than in women [23]. Open-angle glaucoma accounts
for 56.5% of all cases of glaucoma in Russia [17]. On average, this type of
glaucoma accounts for 80% of all glaucoma cases and becomes more common

with increasing age [19].

Cataract is a leading cause of visual impairment worldwide [24]. Despite the fact
that 90% of cataracts in the world are reported in developing countries, its
social, physical and economical impact is still substantial in the developed world
[12, 24]. Cataract surgery still remains as a major health care cost factor in
Europe as in many Western countries. Global prevalence of cataract in adults
over 50 years old was estimated at 47.8% [12]. Crude prevalence of cataract in
European adults in year 2007 was 19.3% [13]. The prevalence of cataract in
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Europe increased with age from 5% for the 52-62 age group [25], 30% for 60-69
years of age, and 64% for the population over 70 years old [26]. Cataracts
causing a reduction of visual acuity under 0.7 in the worst eye were found in 4%
of subjects 40-49 years old, 8.7% of subjects 50-59, 21.5% of subjects 60-69,
and in 54.4% of subjects 70 years old or over [27]. The highest overall cataract
prevalence for adults was seen in Bulgaria (51%) [2], followed by Germany
(25.20%) [28], Italy (21%) [2], Orlean, France (13.3%) [6], the European North
of Russia (12.20%) [9], and the Netherlands (6%) [2]. Sex specific cataract
prevalence in a Spanish study was higher in men over 64 years of age
(69.50%) than in women (65.50%) at the same age (p>0.05) [29].

The eye diseases discussed above are the most common causes of visual
impairment in the elderly, whereas inherited retinal dystrophies (IRD) remain
one of the main causes of low vision and blindness at younger ages [30]. IRD
are rare diseases with prevalence of 1:1490 in Europe [31]. Patients with IRD
are more likely to be registered as blind at a much younger age, and have a
longer duration of blindness and visual impairment, which significantly
decreases their quality of life [32]. Despite that fact, there is a very limited
number of studies on the epidemiology of IRD in Europe. The data on such rare
conditions as IRD is difficult to collect on the population level; therefore very few

population-based studies had been conducted.

Retinitis pigmentosa (RP) is the name commonly given to a group of hereditary
eye diseases characterized by progressive visual field loss, night blindness and
abnormal or non- recordable electroretinogram (ERG). This broad definition
includes a large amount of primary (ocular only) and secondary (other organs or
systems involved) diseases [33]. It is an inherited retinal dystrophy caused by
the loss of photoreceptors and characterized by retinal visual deposits visible on

fundus examination [34].

The most common form of IRD is a rod-cone dystrophy, which affects

approximately 1 in 3000-4500 persons of the general population [35]. The most
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common first symptom of RP is night blindness followed by visual field
constriction that eventfully leads to blindness after several decades. Some
cases may have very fast progression over two decades or mild progression
that never leads to blindness [36]. Night vision impairment, peripheral vision
loss, and light sensitivity generally begin between the second and fifth decades
of life. Visual acuity and macular function are usually relatively spared until late
in the disease [37]. Visual field changes are characterized by patchy losses in
peripheral vision evolving to ring shape scotoma, and eventually to tunnel vision
[38].

Cone-rod dystrophies (CRD) are characterized by the predominant involvement
of cones, or sometimes combined cone and rod involvement, and the opposite
sequence of events in comparison to RP. It is characterized by the decrease of
visual acuity, color vision defects, decreased sensitivity in the central visual
field, and later followed by progressive loss in peripheral visual field and night
blindness [39]. It is known that the typical course of CRD is usually more severe
and rapid than IRD; however these two types of IRD become similar as they

progress and can be difficult to differentiate [34].

Cone dystrophies (CD) are characterized by unimpaired rods. The main clinical
signs of this disease are loss of visual acuity, photophobia, dyschromatopsia,
and exclusive cone involvement in ERG. In the later stages of CD, rods can
become involved in the pathologic process, which makes a differential diagnosis
difficult [34]. In contrast to CRD, rode responses are still recordable in the late
stages of CD and macular lesion is absent for many years, despite of visual

acuity decrease [40].

Leber Congenital Amaurosis (LCA) is autosomal recessive retinal dystrophy
characterized by a high degree of visual impairment (VA lower than 1/20), which
is already present at birth, and appears as either a cone- or rod-predominant
disease. At the time of diagnosis in infancy, the retinal appearance may be

normal or demonstrate macular dysplasia or coloboma. Other associated
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features of LCA include hyperopia, keratoconus, cataract, mental retardation,
cystic renal disease, skeletal disorders, and hydrocephalus [41]. Differential
diagnosis with early onset CRD can be quite difficult, because they share
similar clinical findings. The presence of a lapse time of several years before
dramatic worsening of visual disability helps to classify a visual disorder as CRD
[34].

Bardet-Biedl (BBD) is an autosomal recessive disease with prevalence from
1/13500 to 1/60000 and is characterized by obesity, mild mental retardation,
severe progressive pigmentary retinopathy, polydactyly, and hypogonaism [34,
42]. Visual impairment in BBD is usually apparent in the first two decades of life
and blindness is often reached at the age of 20. Ocular findings include optic
nerve atrophy and progressive pigmentary retinal degeneration [34, 35].

Usher syndrome (USH) is a pigmetary degeneration associated with sensori-
neural hearing loss. Patients with type | Usher syndrome have severe
congenital deafness and vestibular dysfunction, whereas patient with USH 1l
have less profound congenital hearing loss and normal vestibular function.
Ocular findings and degree of visual impairment can be variable even between
similar genotypes. Visual signs and symptoms of Usher syndrome are similar to
severe early onset RP and are represented by night vision impairment,
peripheral vision loss, and light sensitivity, which generally begin by the second
decade of life [43]. At any given age visual acuity, visual field, and ERG
responses tend to be more impaired in USH | than in USH I, however these
forms frequently considerably overlap. mfERG can be a key for correct
diagnosis [35]. Seeliger et al. showed similar first order kernel mMfERG
reduction in RP and USH I, whereas USH II patients had only slightly prolonged
implicit time in comparison with RP and USH | [44].

Several types of retinal disorders predominantly involve macular. Macular
dystrophy is characterized by the worsening of visual acuity with age, although

the progression is quite slow, only 20% of Best disease patients have a visual
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acuity of 20/40 in at least one eye at the age of 40 [45]. The other form of
macular disorders is Stargardt Disease (STD). It affects about 1 in 10000
people [35]. Visual acuity is variable, but is around 20/200 in 90% of STD
patients [46].

Central areolar choroidal dystrophy (CACD) is an autosomal dominant or
autosomal recessive disease and characterized by progressive loss of central
vision, which is associated with the development of macular and choroidal
dystrophy. It is characterized by color vision impairment and visual acuity
decrease predominantly in the central field, which corresponds to the area of

fundus dystrophy [35].

Choroideremia is an X-linked recessive dystrophy characterized by the
progressive early-onset atrophy of the choroid and retina. Males affected with
choroideremia usually have severe night vision disturbances and peripheral
visual acuity decrease during the first two decades of life. Visual acuity tends to
remain good until the seventh decade of life. Choroideremia female carriers are

usually asymptomatic, but have typical fundus changes [35, 47].

This overview of different IRD types showed that clinical, symptomatic and
electrophysiological signs can frequently overlap and make differential
diagnosis in a variety of IRD difficult. One of the main problems in distinguishing
the various types of RP on clinical examination is that there is a commonality to
the fundus findings. Electrophysiological findings can also be similar in the later
stages of IRD. Therefore more sophisticated approaches are needed in order to
improve the efficacy of early differential diagnostic process. Further studies in
this direction will help to formulate a combined algorithm for early IRD
differential diagnosis and are of high importance of the formulation of clinical
trial inclusion criteria, as well as for the creation of software to help in the

diagnostic process.

The lack of European epidemiological data has greatly hampered detailed

planning, monitoring, evaluation, and implementation of new innovative
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treatments strategies for IRD patients in Europe. The absence of
comprehensive epidemiological data on IRD in the European population limits
further analysis of visual impairment trends and the timely development of
appropriate and effective treatment strategies. Availability of reliable
epidemiological data and cost-effective interventions for the control of eye
diseases has demonstrated the importance of strengthening national initiatives

for the preservation of eye health.

Only few literature reviews on the epidemiology of IRD have been published in
Europe. As a result, European health services and research policies still lack
the myriad benefits of such collated information. Moreover, existing studies
focus for the most part only on the epidemiology of blindness and the most
frequent forms of IRD such as retinitis pigmentosa [15, 30]. Despite the high
value of data from these studies, there is still a pressing need for a complete
picture of the epidemiological status of IRD in Europe. Therefore the first aim of
this dissertation is to describe the present status of epidemiological research
with respect to the prevalence and incidence of IRD in Europe through a

systematic literature review.

1.2 The pressing need for the estimation of age of disease onset in
monogenic retinal dystrophies with predominantly central and peripheral

involvement.

Low vision and blindness are important public health problems worldwide and
in Germany. According to the German Federation of Blind and Visually Impaired
People, the number of blind people in Germany is about 145,000 and the
number of partially sighted people is approximately 500,000 [48, 49].

Inherited retinal dystrophies (IRD) are heterogeneous disorders characterized
by progressive loss of visual acuity (VA) and visual field (VF). IRD are in many
instances monogenic disorders [50]. They can manifest in every age of life, but
mostly affect young people and lead to blindness when the patient is in his or

her most productive age, reducing their ability to work and maintain an
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independent lifestyle [32]. To date, therapeutic possibilities for IRD are limited.
Nevertheless, there are a few treatment approaches that have been shown to
be successful in vitro models, such as: gene replacement therapy for treating
retinitis pigmentosa (RP) [51-53], genetic targeting of bipolar and/or ganglion
cells with engineered photo-gates [54-56]-or light-sensitive proteins such as
channelrhodopsin-2 (ChR2) [57-61], and using a protective effect of the

neurotrophic factor [62].

However, current gene therapies have some limitations, since they are specific
to a single gene mutation and necessarily require the maintenance of
photoreceptors [52]. ChR2 activation requires light stimulation levels that are 5
orders of magnitude greater than the threshold of cone photoreceptors [63], and
has a substantially limited dynamic range (2 log units) [64]. An ideal therapy
would be able to treat blindness independent of genetic mutation, in the
absence of photoreceptors, and with reasonable response sensitivity. Several
independent research groups have recently developed microelectronic retinal
prostheses with the ultimate goal of restoring vision in blind subjects by
stimulating the remaining retinal cells [65-68].

These recent advances in the treatment strategies of IRD suggest that a deeper
understanding of the onset of IRD will aid in the timely application of future
therapeutic strategies. Comprehensive epidemiological data on IRD in Europe
is limited to blindness and the most common types of retinitis pigmentosa [69-
76].

A retrospective longitudinal study of inherited retinal dystrophies (IRD),
performed in Northern France showed the importance of such studies for the
establishment of IRD prevalence as well as the age of its diagnosis in the
population [31]. Earlier epidemiological studies were based on information
received from social services and were focused on the estimation of the onset
of blindness, but not of the disease itself [49]. Only a few studies report on the

epidemiological status of IRD in Europe, including age of disease onset
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estimation and geographic distribution [32, 77, 78], therefore much more
detailed knowledge is required. Consequently, the second aim of this
dissertation is to apply an epidemiological approach for the estimation of age of
disease onset in central (Stargardt disease, central areolar choroidal dystrophy
(CACD), Best’s disease, pseudovitelliform macular dystrophy, pattern macular
dystrophy, and progressive macular dystrophy) and peripheral IRD (Bardet-

Biedl, Usher Syndrome and Usher I, choroideremia).

1.3 Main visual symptoms onset and special clinical signs of the

electrophysiology of the visual system in a variety of IRD.

A comparison of the pattern of visual symptoms onset in different types of IRD
is extremely important for the calculation of their manifestation risk, early
diagnosis, differential diagnosis, consultation of patients, prognosis, and the
application of future treatment strategies. Deeper understanding of the pattern
of disease onset and its differences in various forms of IRD will make it possible
to identify IRD patients who can be selected for clinical trials and benefit from
new treatment strategies during early stages of the disease.

Disease history such as typical age of visual symptoms onset and clinical signs
is certainly important for the early differential diagnosis of IRD and can guide
clinicians through the diagnostic process. Nevertheless, these parameters alone

are not sufficient for a final differential diagnosis.

Electrophysiological examination of the visual system has a significant effect on
the diagnosis and management of a patient's treatment [79]. Full-field
electroretinograms (ERGs) provide a basis for establishing the diagnosis of
widespread forms of retinitis pigmentosa in early life, even at a time when
fundus abnormalities visible with an ophthalmoscope are minimal or absent
[80]. ERG amplitudes are objective measures of retinal function and are useful
for accurate diagnosis of the disease, assessment of disease severity [81],
follow-up of the course of disease [82], prognosis for visual function [83], and for

measurement of responses to treatment, especially when running clinical trials
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[83]. The multifocal ERG simultaneously records ERG signals from multiple
retinal areas, and is a valuable tool for the assessment of topographical
photopic retinal function [35]. It is also useful for the explanation of the range of

responses obtained from full-field ERG [84].

Previous studies of full-field and mfERG focused on the estimation of the
normal values and age-related changes [85], as well as on the study of specific
changes that are typical for more widespread IRD types [44, 86, 87], or long-
term follow-up studies of ERG changes in patients with retinitis pigmentosa [88].
Systematic comparison of full-field and mfERGs in patients with a variety of IRD
subgroups (USH |, USH II, STD, RP, MD, CD, CRD, CHRD, CACD, BBD), as
well as with normal ERG values, is important for differential diagnosis at early
diseases stages, as well as for patient counseling, prognosis, and disease
progression and treatment outcomes assessment. Despite its high importance,
to the best of our knowledge there are no studies that comprehensively
compare full-field and mfERG in such a wide variety of IRD. Thus, the third aim
of this dissertation is to apply a differential approach in order to compare the
typical pattern of visual symptoms onset and to analyze and compare special
clinical signs in the electrophysiology of the visual system in a wide variety of

IRD types.

.4  Visual-Related Quality of Life Assessment in IRD patients.

Despite the high importance of estimation of age of the most important visual
symptoms/disease onset in IRD, as well as definition of the special clinical signs
in the electrophysiology of the visual system in inherited retinal dystrophies, a
comprehensive characterization of these diseases would not be complete
without a quality of life assessment. Visual impairment has a substantial impact
on quality of life. The importance of evaluating vision-related quality of life is
now recognized as a standard patient reported outcome value and widely used
in the assessment of the effectiveness of different therapeutic strategies [89].

There is high interest in the evaluation of disease-related subjective

10
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impairments in visually impaired patients, specifically due to the intensive
development of new treatment strategies for a variety of eye diseases. Patients
with IRD suffer considerably from the impacts of diminished visual, physical,
functional, mental, and social aspects of their quality of life. Currently little is
known about vision-related quality of life (VRQL) in patients with different forms
of IRD. Only few studies related to VRQL in IRD patients have been published.
Previous studies were devoted mostly to questions of VRQL association with
visual acuity, visual field and electroretinogram, age [90-92], and the
relationship between perceived and actual performance in tests of visual
function [93, 94]. To our knowledge, no comparison of VRQL has been made
between patients with different types of IRD. For that reason, the fourth aim of
this dissertation is to characterize the VRQL of patients with different forms of
IRD using the NEI-VRQ-25 questionnaire, which is considered as a
standardized approach for the assessment of VRQL in a variety chronic eye
diseases. The questionnaire is divided into several domains, covering different
aspects of patient quality of life. It measures the influence of visual disability
and health domains on the generic health domains such as emotional well-
being and social functioning, in addition to task oriented domains related to daily
visual functioning. It is also widely applied as a patients reported outcome and

therefore was considered as an appropriate tool for this study.
The following main aims of the dissertation were defined:

1. To describe the present status of epidemiological research with respect
to the prevalence and incidence of inherited retinal dystrophies in Europe

through a systematic literature review.

2. To propose and apply an epidemiological approach for the estimation of

disease onset in central and peripheral monogenic retinal disorders.

3. To apply a differential approach in order to compare the typical pattern of

visual symptoms onset and to analyze and compare special clinical signs

11
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in the electrophysiology of the visual system in a wide variety of IRD
types.

4. To characterize the visual-related quality of life (VRQL) of patients with

different forms of IRD.

12



Materials and Methods

1 Materials and Methods:

The dissertation consists of four studies, therefore the materials and methods
chapter is subdivided into four sections, which consequently correspond to the

aims of the dissertation, as well as to sections in the results chapter.

.1  Search strategies for the systematic literature review on the
epidemiology of inherited retinal dystrophies in Europe.

The first aim of the dissertation is to analyze the present status of
epidemiological research with respect to the prevalence and incidence of

inherited retinal dystrophies in Europe through a systematic literature review.

A literature search was performed in the Medline database (Pub-MED), using
the controlled vocabulary (MeSH) search terms: “Retinitis Pigmentosa” [Mesh]
AND “Epidemiology” [Mesh]; “Retinitis pigmentosa” [Mesh] AND “statistics and
numerical data” [Subheading]; and “Retinitis Pigmentosa® [Mesh] AND
“statistics and numerical data” [Subheading]. The free text search terms were
used to find articles that are not yet indexed and included: “inherited retinal
dystrophies”, ‘“retinitis pigmentosa”, "prevalence", "incidence", "population-
based", "cross-sectional”, "longitudinal cohort studies”, "epidemiology"”, and
"statistical data".

Only those studies were included which: a) were carried out in a European
population of Caucasian origin with no age limitation, b) were based on
diagnoses made by ophthalmological examination in accordance with ICD-10
(International Classification of Diseases); c¢) included a detailed description of
sampling and diagnostic procedures as well as data resources; d) involved a
sample size >300, and e) were published between January 1990 and
December 2008.

Articles written in English, Spanish, German, Russian, and French were
assessed. Only studies using standardized procedures for disease diagnosis

were included.

13
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We also included studies that used self-reported data and certificates of low
vision from social services. The abstracts of the articles identified were
reviewed and copies of those considered of high and medium relevance were

obtained.

Special attention was given to studies focusing on prevalence and incidence by
age and gender. Prevalence quantifies the proportion of individuals in a
population who have a disease at a specific instant. In contrast to prevalence,
incidence quantifies the number of new events or cases of the disease that
develop in a population of individuals at risk during specific time interval.
Additionally, attention was also given to articles referenced in the selected

articles.

The data on prevalence will be reported here in percent, with 95% or 99%
confidence intervals (ClI); incidence will be presented in percent or in the

number of cases per population size or person-years.
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II.2 Retrospective, cross-sectional study on the estimation of disease

onset in monogenic retinal dystrophies.

The second aim of the dissertation is to use an epidemiological approach for the
estimation of disease onset in central and peripheral monogenic retinal

dystrophies.

11.2.1 Data collection

Data from 3,787 patients with monogenic retinal degenerations seen at the
University Eye Hospital, Tuebingen from 1994 to 1999 were stored in an RP-
clinical access-based database. The time frame for this study was chosen as
during this period all clinical data was collected in a highly standardized
manner, using an electronic database system. Records of 259 patients with
hereditary retinal dystrophies were selected for the study from this database
according to the inclusion criteria (diagnosis).

I1.2.2 Inclusion and exclusion criteria

Two groups of hereditary retinal dystrophies were selected for our study: the
first group with central visual field involvement included Stargardt (n=89) and
central areolar choroidal dystrophy (CACD) (n=20), Best's disease (n=12),
pseudovitelliform macular dystrophy (n=2), pattern macular dystrophy (n=8) and
progressive macular dystrophy (n=3); the second group with predominantly
peripheral visual field involvement included Bardet-Biedl (n=13), Usher | (n=
19) and Usher Il (n=58) Syndromes, choroideremia (n=35). Patients with
uncertain diagnosis and those who did not have a complete disease history
collected in a standardized manner were excluded from the study.

11.2.3 Data management

The first visit data were retrospectively analyzed, including general information,

disease history, data about color discrimination defects, and best-corrected VA.

General information contained the main demographic characteristics of the

study population: age, sex, and nationality. Age of the patient was estimated as
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the age when she/he had their first visit to the special clinic for inherited retinal
degenerations in Tuebingen. Disease history included information about
disease onset and evolution of clinical appearance of the disease over time,
such as the age of first diagnosis, age of visual acuity decrease, night
blindness, photophobia onset, and types of VF defects and age of patient at its
onset, which were reported by the patient. Age at onset of symptoms was
defined as the age at which these symptoms were either first reported by the
patient and/or diagnosed by the ophthalmologist. Age at first diagnosis was
defined as the age at which the first correct diagnosis was made, as indicated
by the patient. Final diagnosis was recorded as a diagnosis that was

established during the last visit of the patient within the defined study period.

Types of VF defects, color discrimination defects, and best-corrected VA were
obtained from the results of clinical examination. For the purpose of analysis,
patients were divided into two homogenous groups according to predominant
type of visual field defect: group 1 (with predominantly central involvement,
including Stargardt disease, macular dystrophy, and CACD), and group 2
(predominantly peripheral involvement, including Bardet-Biedl syndrome, Usher
Syndrome | and I, and choroideremia). For further analysis, data was extracted
from a MS Access 2000-based RP-clinical database using Structured Query
Language (SQL) selection, and transferred to an Excel spreadsheet that was

used for data management.

Statistical analysis was performed in SPSS 18.00 for Windows. Descriptive
statistics, including mean and standard deviation and frequency calculation,
were used for data analysis in the study on estimation of age at disease onset.
Data concerning age distribution, age at first diagnosis, age at night blindness,
photophobia and VA decrease onset, and age at emergence of VF defects were
further stratified by diagnosis, which made it possible to see the contribution of
each diagnosis in each age group. VA distribution data was stratified by age.
Frequency of diagnosis and blindness was defined as the number of patients
with this condition divided by the study population.
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[1.3 Comparison of the pattern of the visual symptoms onset in a variety of
IRD.

The third aim of the dissertation is to use a differential approach to compare the
pattern of visual symptoms onset of IRD and to analyze the special signs in

electrophysiological examination of the visual system in a wide variety of IRD.

11.3.1 Inclusion criteria and exclusion criteria

Records of 544 patients with IRD seen at the University Eye Hospital in
Tuebingen, Germany from 2005 to 2008 were selected for this study. This
period was chosen for the study, since in 2005 new clinical database system
was introduced in the University Eye Hospital, therefore reliable information
collected by senior ophthalmologists in highly standardized was available for
larger number of patients. Patients with the following diagnoses were included
for both parts of the study: patients with predominantly central visual field
involvement - Stargardt disease (STD) (n=69), central areolar choroidal
dystrophy (CACD) (n=7), cone dystrophies (CD) (n=37), cone-rod dystrophies
(CRD) (n=13), macular dystrophy (MD) (n=17), and patients with predominantly
peripheral visual field involvement: retinitis pigmentosa (RP) (n=276), Bardet-
Biedl syndrome (BBD) (n=13), Usher syndrome | (USH I) (n=5) and 1l (USH II)
(n=18), choroideremia (CHRD) (n=21), and Leber congenital amaurosis (LCA)
(n=15). Records of patients that did not have a final diagnosis and a full history
of the disease collected using a standardized approach were excluded from the
study. Age limitation was applied for the patients with LCA: only those patients

older than 7 years of age were included in the study.

[1.3.2 Data collection using Ophthabase

Patient records were obtained using standardized forms by a team of senior
resident ophthalmologists specialized in hereditary retinal disorders, and have
been transferred to an electronic database for data management and statistical
evaluation. Ophthabase is a generic patient registry that was designed at the

Institute for Ophthalmic Research, University of Tuebingen, and was used for
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the collection, storage and management of patient data [95, 96]. IRD specific
data included disease history: age at which first typical visual symptoms
commenced (i.e. noticeable loss of visual acuity, night vision disturbances, glare
sensitivity, or signs of restricted visual field), and age at first clinical diagnosis.
Genetic testing was performed in some patients and it was possible to verify the
type of inheritance in a fraction of them. Patients were diagnosed with retinitis
pigmentosa of non-specified inheritance if genetic testing was not done and
pedigree data was unavailable or did not provide enough data to detect the
inheritance pattern. Simplex retinitis pigmentosa was diagnosed in patients if all
other inheritance modes were excluded as a result of genetic tests.

[1.3.3 Data management

This study focused on the analysis of best corrected visual acuity (BCVA) and
visual field, since these parameters have been reported to be strongly
correlated with a patient’'s perceived difficulty in the performance of daily
activities [90]. Static and kinetic perimetry with an Octopus 101 (Haag-Streit,
Switzerland) and a Goldmann perimeter were used for visual field examination.
VF data were graded by ophthalmologists using a common clinical approach.
BCVA was calculated in logMAR and was stratified into categories by severity
of visual impairment according to the International Statistical Classification of

Diseases by the World Health Organization [97].

Descriptive statistics such as frequency calculations were employed as cross-
sectional quantitative data. Non-normally distributed data, such as age of onset
of major visual symptoms and age at disease diagnosis were represented by
median, 25th and 75th quantiles, while approximately normally distributed data
were represented by their mean and standard deviation. Age at first diagnosis
and first subjective visual symptoms were stratified by main ophthalmic

diagnosis.
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[1.4 Study on special signs in the electrophysiology of IRD.

[1.4.1 The flow of the study

The retrospective cross-sectional study on special signs in the
electrophysiology of the visual system in a wide variety of IRD was broken into
two stages: 1) random subsamples of patients with IRD and subjects with
normal ophthalmological findings were selected to evaluate the distribution of
full-field and mfERG values in normal subjects, in the IRD population overall,
and in each of the IRD subgroups (USH I, USH Il, STD, RP, MD, CD, CRD,
CHRD, CACD, BBD), and to compare them, 2) a qualitative evaluation was
performed on a much larger sample of patients.

The first stage of the study was aimed at the estimation of typical values for the
amplitudes and implicit times in normal subjects in the IRD population as a
whole, and in each of the disease groups. Normal subjects had no medical
history of eye disease, and did not show any pathological signs in best
corrected visual acuity, Goldmann or semiautomatic kinetic perimetry, color
testing (Panel D15 test), examination of the anterior segment, funduscopy,
Ganzfeld ERG and mfERG according to current ISCEV protocols.

The disease duration at first visit was calculated for each of the IRD types and
represented the difference between the age at which patient first visited the eye
hospital and the age when a patient first experienced the symptoms of the
disease. The median amplitudes and implicit times for a and b-waves with 25th
and 75th and 5th and 95th quantiles was calculated for full-field ERG, as well as
for mfERG. The comparison of the parameters’ medians between different IRD
types was performed using box-plots [98] and a Kruskal-Wallis test [99]. For this
purpose 21 patients were randomly selected from the population, including the
whole IRD study population from the study of the visual symptoms pattern in a
variety of IRD (n=544) (this was done for estimation of the median of IRD
population as a whole and definition of the criteria for the qualitative data

assessment in the second part of the study), as well as from subsets including
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each above mentioned IRD (for calculation of the median values for each IRD
and for the median comparison). 21 patients with normal ophthalmological
findings were selected as a reference group. The sample size of 21
patients/controls for the random selection was chosen based on the fact that a
sample size equal to 21 patients/controls enables us to estimate the median
with a very low variance, whereas increasing the sample size over 21 will not
substantially influence the variance of the estimate [100]. Random selection
allowed us to ascertain that both patients with predominantly peripheral and
predominantly central visual field involvement have an equal chance to be
selected, which justifies the choice of having one reference group with normal

subjects for comparison in this study.

Response parameters of the first order kernel of the mfERG were analysed by
grouping the responses into five concentric rings and averaging them. The
median, 5th, and 95th quantiles of the amplitudes and implicit times in Ring 1
(RI), Ring 2 (RII), Ring 3 (RIII), Ring 4 (RIV), and Ring 5 (RV) were calculated
for the reference group and a random sample from the IRD study population.
MfERG parameters were compared between the different types of IRD and
normal subjects. Implicit times were also averaged for each of the concentric
rings and further compared between different IRD types and subjects with
normal ophthalmological findings. Criteria for the qualitative evaluation of

MfERGSs in IRD patients were defined.

The second stage of the study was aimed at a qualitative assessment of a
larger sample (n=355) of full-field and MfERGs. Patients with IRDs who
underwent a full-field and mfERG were selected at this stage of the study from
an Eye Hospital Information System. The data were qualitatively assessed by
using the criteria formulated in the first part of the study. All values that were
above the 95" or below the 5™ quantile of the normal values estimated by us
were considered abnormal. Amplitudes ranging from the maximum of IRD
population values to the 25" quantile of the IRD population were considered
moderately reduced. The amplitudes lower than the 25™ quantile for the IRD
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population were considered to be severely reduced. Implicit times that were
higher than the maximal normal value and lower than the 75™ quantile of IRD
population values were characterized as moderately prolonged. Implicit times
exceeded the 75™ quantile and were equal to or exceeded the maximum implicit
time values of the IRD population median were characterized as severely

prolonged.

I1.4.2 Data collection

Electrophysiological examination included full-field electroretinography and
multifocal electroretinography (mfERG). Full-field electroretinograms were
recorded according to ISCEV standard [101] with an espion E? system and
ColorDome Ganzfeld stimulator (Diagnosys UK Ltd, Cambridge, UK) using DTL
electrodes. A stimulus of 0.007 cds/m?was used for recording dark adopted rod
b-wave. White flashes at a standard flash intensity of 2.25 cds/m? were used for
maximum a and b-waves as well as for the oscillatory potentials recordings. L-
cone single red flashes (650 nm) at a flash intensity of 2.25 cds/m? in a light
adapted state (34 cd/m? were used for photopic cone signals recording.
MfERG was performed according to the method described by Sutter and Tran
[102] using the VERIS system with luminance of the screen elements 100 cd/m?

in the lighted background.

I.4.3 Data management

Patient data was obtained by senior ophthalmologists specialized in IRD and
stored electronically in a generic patient registry (Ophthabase). The structure
and technical details of Ophthabase design were described by us earlier [96,
103]. Electronically stored data was entirely pseudonymized. Access to the
patients’ data was limited to researchers taking part in the study. Collected data
included general information such as age, sex, postal code, history of the
disease (age of the typical symptoms onset and age at first diagnosis), and
clinical data (best corrected visual acuity and perimetry data), as well as
technical data (full-field and mfERG).
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1.5  Visual-Related Quality of life assessment in a variety of IRD.

The fourth aim of the dissertation is to evaluate visual-related quality of life in
patients with IRD, as a baseline for clinical trials effectiveness assessment.

11.5.1 Data collection

The German validated version of the National Eye Institute Visual Function
Questionnaire (NEI-VFQ-25) [104, 105] was chosen for VRQL evaluation in
different types of IRD. The questionnaire was administered to all patients with
MD, RP, STD, USH | and Il types, CACD, CD, CRD, CHRD, LCA and
congenital stationary night blindness (CSNB).

The patients were enrolled during the 4-month period starting in July 2009.
Visual field (VF) data and BCVA in logMAR were obtained. The aim and content
of the study was explained to the patients/or their legal guardians by the
examining ophthalmologist. Oral informed consent was received from all
patients who agreed to participate in the study. Patients were informed about
the possibility of withdrawal from the study at any stage. Substantial time was
given to the patients to consider participation in this study. The NEI-VFQ-25
takes on average 10 minutes to be administered. Patients were given as much
time as required to fill out the form. The questionnaires were completed by the
patients themselves while they were waiting for their eye examination, unless
their sight was too poor to complete the form without assistance. Patients were
asked to bring a filled in questionnaire to their ophthalmologic examination.
Questionnaires were pseudonymized by the examining ophthalmologist using
the patients’ ID numbers from the electronic patient file system. The patients’
ID numbers enabled us to separate the information about patients’ identities
from relevant clinical data such as final diagnosis. All questionnaires were
accompanied by a letter for the patient, which briefly described the aim of the
study and instructions for filling it in. A general information form was attached to
all questionnaires and contained questions about sex, family status, living

situation, completed education, and profession. The general information form
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also included questions about the use of vision assistive devices, such as
glasses and contact lenses, and the patients’ views on their effectiveness.
Patients were also asked whether or not they have any other eye disorders, and
if so to name them. The 25-item NEI-VFQ-25 in the German version consists of
12 subscales: general health, general vision, near vision, distance vision,
driving, peripheral vision, color vision, ocular pain, and vision-specific questions
such as role limitations, dependency, social functioning, and mental health.
Each question is assigned a 5- or 6-scale rating, which is subsequently
transformed to a 0-100 scale, where 100 means no difficulty, 75 - little difficulty,
50 — moderate difficulty, 25-extrime difficulty, and O — unable to perform a task

because of eyesight.

[1.5.2 Data management

Descriptive statistics were used to characterize the demographic, socio-
economic and clinical characteristics of the study population as a whole.
Patients were divided into groups according to their clinical diagnosis. The
overall composite NEI-VFQ-25 score, represented by an unweighted average of
the responses to all 12 subscale items, was calculated as an arithmetic mean
for each patient. The overall score for each of the items was stratified by age,
sex, clinical diagnosis, education level and best corrected visual acuity. A
Kruskal-Wallis test was use to identify statistically significant differences
between groups.

Final diagnosis in all of the above described studies was established by a team
of four senior resident ophthalmologists at the University Eye Hospital,
Tuebingen, and was based on a comprehensive analysis of medical history,
clinical investigation including best corrected visual acuity, Goldmann or
semiautomatic kinetic perimetery, color testing (Panel D15 test), examination of
anterior segment and funduscopy, Ganzfeld ERG (in every patient), and mfERG

(in selected patients) according to current ISCEV protocols [101, 106].
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Informed consent was obtained from all persons involved in the studies or from
their legal guardians in accordance with the tenets of the 1964 Declaration of
Helsinki. All information was handled with a special guarantee of confidentiality
in order to avoid unwanted back-tracing of participants. Access to research
databases (RP-access database, Ophthabase) and to the patients’ data was
restricted to researchers directly involved in these studies. Electronically stored
data was entirely pseudonymized. The study protocols for all above presented
studies were reviewed and approved by the Ethics Commission of the Medical

Faculty, Eberhard-Karls University, Tuebingen, Germany.
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" Results:

.1 Epidemiology of inherited retinal dystrophies in Europe.

RP is a term commonly given to a group of inherited and progressive retinal
disorders that affect the photoreceptors of the retina. The prevalence of non
syndromic RP is approximately 1/4000 [107]. At the same time the
epidemiological status of retinitis pigmentosa varies between different countries.
RP causes 7% of blindness in Ireland and 8.1% in Baden, Germany [108, 109].
A prospective study in Puerto Rico estimated the prevalence of RP at 44/10000
(0.44%), 34.1% of all patients had RP as a part of Bardet-Biedl syndrome [76].
Results of another Spanish study of RP indicated that Usher syndrome type |
and Usher syndrom type Il were the most frequent varients of syndromic RP
[77]. A Valencian Community study in Spain determined the autosomal
recessive type of RP (31.8%) to be the most frequent, and the X-lined type the
most rare (1.5%). The autosomal dominant type was responsible for 14.4% of
cases, and simplex cases constituted half of the total prevalence of RP
registered in the region [110]. A similar trend was detected in a retrospective
study in Amsterdam, the Netherlands: simplex cases (37.1%), autosomal
recessive (30.1%), autosomal dominant (22.4%), and X-linked (10.4%) [78]. A
prevalence study in Slovenia showed that the prevalence of RP was 1/6023.
The highest prevalence of RP in the Slovene population was found in the age
group over 65 years (1/1902). The autosomal dominant RP type (27%) was the
most prevalent in Slovenia, followed by autosomal recessive (21%) and X-
linked (1.5), 47.5% of cases were determined to be the result of isolated
causes. Usher syndrome was present in 12% of all RP cases, and Bardet-Biedl
in 5% [70]. A retrospective study performed at the University Eye Clinic
Tldbingen, Germany detected the same trend: Usher syndrome types | and Il
(34%) were the most prevalent types of RP, while Bardet-Biedl syndrome was
detected in 5% of all patients [32]. 37% of patients in the 21-40 age group and
36% in the 41-60 age group were registered as legally blind, indicating a strong

impact of monogenic retinal degenerations on the incidence of blindness in
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highly productive age groups. Despite this fact, it was observed that a relatively
high number of patients with monogenic retinal dystrophies retained quite good
visual acuity, which shows that early and properly planned rehabilitation

strategies could increase quality of life for these patients [32].

Overall, the present literature review showed that the epidemiological data is
lacking for inherited retinal dystrophies. Very few studies on the epidemiology of
RP are nation-wide and population-based; this is mostly due to the fact that
these diseases are very rare. Most of these studies address only the most
frequent forms of IRD, and are often based on data derived from certificates of
legal blindness, which do not provide information on the burden of IRD itself.
Very few studies deal with disease onset and progression of IRD. We were
unable to find any studies that compare clinical electrophysiological data
between different IRD types. Such studies would be especially useful for the
identification of patients who may benefit from new treatments. We address this
shortcoming in the next chapter of the dissertation by performing a study on age
of disease onset estimation in central and peripheral IRD using an

epidemiological approach.
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1.2 An epidemiological approach for the estimation of disease onset in

Central Europe in central and peripheral monogenic retinal dystrophies.

Estimation of disease onset in central and peripheral IRD using an
epidemiological approach is extremely important for differentiation between
these two groups of IRD during the early stages of the diagnostic process, as
well as for the estimation of the optimal age for therapeutic intervention and

rehabilitation.

Records of 259 patients were studied. In total, group 1 (predominantly central
involvement) included 134 patients and group 2 (predominantly peripheral
involvement) 125 patients. Sex distribution: sex distribution analysis revealed
that in both groups men predominated in comparison with women. The same
trend was revealed when stratifying the data according to diagnosis in both
groups (Figures 1, 2a). Group 1 included 87 male and 47 female patients; group
2 included 72 male and 53 female patients. In the subgroup of patients with
choroideremia, men predominate, as the disease is inherited via an X-linked
recessive mechanism. At the same time, our data contained women who were
mostly obligatory carriers of the disease with or without symptoms, and one
case was diagnosed with choroideremia. The distribution of women in the

Choroideremia subgroup is shown in Figure 2b.
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Figure 2 a. Sex distribution of patients in group 2 (predominantly peripheral
involvement), stratified by diagnosis. b. Distribution of women in the

Choroideremia subgroup
Age distribution

Age distribution analysis showed that patients between 21 and 40 years old
(n=53) represented the majority in group 1. The age group 41-60 years old
included 42 patients in group 1; age groups 0-20, 61-80, and over 80 were
presented by two, 34 and three patients respectively (Figure 3a). Fifty-two
patients in group 2 were between 41 and 60 years old, 40 between 21 and 40
years old; 26 patients were aged between 61 and 80 years old, and there were
no patients older than 80 (Figure 3a). The mean age for the entire study
population was 47.2 years old (SD=15.6). A stratification of subgroups with
specific diseases according to contribution of certain age groups of the patients
is shown in Figure 3b. Nationality distribution of the patients: German patients

were predominant in both groups; in group 1 Germans represented 87 patients,
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and in group 2, 76 patients. 47 and 49 patients, respectively, originated from

other central European countries.
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Figure 3 a. Age distribution of the patients in groups 1 and 2. b. A stratification
of subgroups with specific diseases according to the age of the patients at first

visit in the special clinic on inherited retinal degenerations in Tuebingen.
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History of the disease data

History of the disease data incorporated age at first diagnosis, age at visual
acuity decrease, age at night blindness onset, photophobia onset and age at

visual field defects emergence.

Age at first diagnosis showed the same trend for groups 1 and 2. In group 1 we
observed that ten patients were diagnosed for the first time before 10 years of
age, 27 between 11 and 20 years, 45 between 21 and 30, 17 between 31 and
40, 27 between 41 and 50, and eight patients between 51 and 60 years of age
(Figure 4a). In group 2, 17 patients were first diagnosed before age 10, 31
between 11 and 20 years old, 40 between 21 and 30, 23 between 31 and 40, 12
between 41 and 50, and two were first diagnosed after 51 years of age (Figure

4a). Age at first diagnosis stratified by diagnosis is shown in Figure 4b.
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Figure 4 a. Age at first diagnosis in groups 1 and 2. b. The age when the first

correct diagnosis was made, as indicated by patient, stratified by diagnosis.

Night blindness onset is one of the most important signals for detecting the
onset of monogenic retinal degenerations with rod system involvement.
Information about night blindness onset was separately analyzed for groups 1
and 2. Forty-nine patients in group 1 first noticed night blindness when they
were between 41 and 50 years old, 35 patients in this group noticed the
presence of night blindness between 11 and 20 years of age, and 11 patients
each between 1 and 10, and between 31 and 40 years of age; the remaining
three patients first experienced night blindness between 51 and 60 years of
age. A different trend was observed in group 2: 38 patients in this group first
noticed the presence of night blindness before 10 years of age, 44 between 11
and 20, 21 between 21 and 30 years of age, 11 between 31 and 40 years of
age, five patients each between 41 and 50, and three between 51 and 60 years
old (Figure 5a). A stratification of age of night blindness onset according to the

disease is shown in Figure 5b.
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Photophobia is one of the middle-stage symptoms of monogenic retinal
degeneration. A similar tendency was observed in patients of both groups; the
majority in both groups first noticed photophobia when they were younger than
30 years old. In group 1, ten patients first reported photophobia before the age
of 10, 27 between 11 and 20 years old and 45 between 21 and 30 years old; of
the remaining 52 patients, 17 patients first recognized photophobia between 31
and 40 years old, 27 between 41-50, and eight after the age of 51 years (Figure
6a). In group 2, 17 patients first reported photophobia before the age of 10, 31
between 11 and 20 years old and 40 between 21 and 30 years old. 23 patients
reported photophobia between 31 and 40 years of age, 12 between 41 and 50
years old, and two patients after 50 years old (Figure 6a). Both groups were
quite similar with respect to photophobia onset, and the mean age of onset for
both groups was 26 years old (SD=15). A stratification of age of photophobia

onset in accordance to diagnosis is shown in Figure 6b.
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Figure 6 a. Age of photophobia onset in group 1 and 2. b. Stratification of
photophobia onset according to diagnosis

The age of onset of visual acuity decrease had different trends in the two
groups. The data were collected for right and left eyes; results showed that
there was no difference found in onset of visual acuity decrease between right
and left eyes. In group 1, the majority of patients (n=94) noticed a decrease in
visual acuity before 30 years old: 30 patients before 10, 33 between 11 and 20
years of age, and 31 between 21 and 30 years old. The remaining 40 patients
first noticed or were diagnosed with decreased visual acuity after 31 years of
age: 16 patients between 31 and 40 years old, 22 between 41 and 50, and two
patients after 51 years of age (Figure 7a). In group 2, 36 patients had visual
acuity decrease between 21 and 30 years old, and 32 between 31 and 40 years
old. 36 patients noticed visual acuity decrease before 20 years old: 19 of them
before 10, and 17 patients between 11 and 20 years old. A relatively high

number of patients (n=17) recorded visual acuity decrease between 41 and 50
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years of age and four patients after 51 years of age (Figure 7a). Age of onset of

visual acuity decrease stratified by diagnosis is shown in Figure 7b.
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visual acuity decrease stratified by diagnosis.
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It was observed that in both groups visual field defects emergence was reported
by a majority of patients before the age of 30 years. In the first group, 44
patients reported emergence of visual field defects at an age between 21 and
30 years old, 31 between 11 and 20 years old, and 26 between 41 and 50 years
old. The remaining patients reported early visual defects appearance: ten below
10 years of age, eight between 31 and 40 years old, and 15 between 51 and 60
years old (Figure 8a). In group 2, 38 and 36 patients presented visual field
defects at age periods 11-20 and 21-30 years old, respectively; 23 patients in
this group first observed visual field defects at an age before 10 years old, 22 at
an age between 31 and 40, and six in the 41-50 age range. No patients in
group 2 reported first onset of visual field defects beyond the age of 50 years
(Figure 8a). Visual defects appearance trends were quite similar between the
groups, and mean age onset for both groups was 26 years old (SD=14.5). A
stratification of emergence of visual defects according to diagnosis is shown in
Figure 8b.
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The clinical data analyzed included best-corrected VA (BCVA), types of visual
field defects and color perception problem diagnoses. BCVA was measured for
both eyes of the patients. Visual acuity better than or equal to 20/40 was
detected in 124 eyes in group 1 and 140 eyes in group 2; best-corrected visual
acuity lower than 20/40 and higher than 20/200 was observed in 81 eyes in
group 1 and 83 in group 2; lower than 20/200 was determined in 43 eyes from
group 1 and 15 from the second group (Fig. 9a). We defined legally blind
patients as having visual acuity lower than 20/400 or visual field less than 5° in
the better eye, according to the WHO definition [97]. Twenty eyes in group 1
and 12 eyes in group 2 had a visual acuity that corresponded to the criteria for
legal blindness (Figure 9a). Overall, 7% of patients in group 1 and 6% in the
second group were registered as legally blind. Best-corrected visual acuity

stratified by age is shown in Figure 9b.

A stratification of BCVA by age showed an interesting pattern: BCVA higher or
equal to 20/40 was observed in 35% of patients 41-60 years of age. Half of the
patients with BCVA less than 20/40 but higher than 20/200 were in the 21-40
age range, while the other half was in the 61-80 age range. Forty percent of
patients in the age group 41-60 and 39% in 21-40 had visual acuity less than
20/200. Thirty-seven percent of patients in the 21-40 age group and 36% in the
41-60 age group were registered as legally blind (Figure 9b).
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The types of visual field defects are as important as the age of their onset, since
they define the level of decrease of the patient's quality of life and the
effectiveness of further rehabilitation. Patients from group 1 had a higher
frequency of central scotoma (n=115), whereas concentric constriction (n=13)
and ring scotoma (n=6) were detected less frequently. By contrast, in group 2
concentric constrictions were observed in 81 patients, central scotoma in 34,

and ring scotoma in ten patients.

Both groups showed a quite similar tendency concerning the presence of color
perception problems. In group 1, color perception problems were present in 68
patients and absent in 68, while in group 2 color perception defects were

detected in 60 and were absent in 54.

The frequencies of main diagnoses in the study population were analyzed for
both groups together. Diagnosis frequency was Usher | and Il 34%, Stargardt
disease 31%, macular dystrophy 10%, CACD 8%, and Bardet-Biedl syndrome
5%.

Eighty-two patients (out of a total of 134) in group 1 and 89 patients (out of a
total of 125) in group 2 were genetically tested in the Genetics Department of
the University Eye Hospital Tuebingen. In the first group, 51 patients were
genetically verified to have Stargardt disease; ten macular dystrophy, including
six patients with Best’s disease; and 21 central choroidal dystrophy (CACD). In
the second group, six patients were genetically verified to have Bardet-Biedl
syndrome; 18 Usher syndrome I; 51 Usher syndroms Il, and 14 patients had

choroideremia.

Overall, the results of our study showed that these monogenic retinal
dystrophies are more frequent among men than among women. We also found
that relatively high numbers of patients in both groups retained quite good visual
acuity, which shows that early and properly planned rehabilitation strategies
could be beneficial in order to increase quality of life for these patients.

Moreover, for both groups an age for optimal therapeutic intervention was
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defined. It is recommended that this should be taken into account while
screening for patients to take part in clinical trials for testing new treatment
strategies. It was also shown in the study that color perception problems didn’t

appear to be a very specific symptom in both groups; this may be a
consequence of the “bystander effect.”
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1.3 Pattern of Visual Symptoms Onset in Inherited Retinal Dystrophies.

The application of an epidemiological approach for the age of disease onset
estimation in IRD with predominantly central and peripheral involvement is
essential for the early differential diagnosis between two groups of IRD, as well
as for the definition of the optimal age for treatment. Nevertheless, an even
more differential approach is required in order to obtain a deeper understanding
of the pattern of disease onset and its differences in various forms of IRD.
Therefore, the aim of our study is to compare the pattern of the typical visual

symptoms onset in different types of IRD.

[11.3.1 General information about the study population.

Sex distribution analysis showed that men (n=302) were more prevalent than
women (n=242) in the study population. The same trend was observed when
stratifying the data by diagnosis. Choroideremia patients were represented in
the vast majority by men; nevertheless 4 female obligatory carriers with
symptoms were identified and included in the study population. Sex distribution

of the study population, stratified by diagnosis, is shown in Figure 10a.

Age distribution was based on the age of the patients at first visit to the hospital
and was analyzed for each disease separately, which enabled a comparison of
age groups within individual diseases as well as between different diseases.
The age of the patients at the first visit in the hospital was approximately
normally distributed: the mean age of patients was 43.46 (SD=18.34) years old.
208 patients were between 21-40 years of age, 152 between 41-60 years of
age and 142 were 0-20. 41 patients were 60-80 years of age, and one patient
was over 80 years of age. Patients younger than 20 years of age were
diagnosed with RP (n=55), CRD (n=26), CD (n=16), STD (n=17), BBD (n=7),
LCA (n=6), USH Il (n=5), and USH | (n=4). The vast majority of patients with RP
(n=106), STD (n=41), CRD (n=26), CD (n=9), LCA (n=8), or MD (n=7) were in
the age group between 21-40 years old. The age group between 41 and 60
years of age was mostly represented by patients with RP (n=91), CRD (n=14),
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CHRD (n=10), CD (n=9), and STD (n=8). The majority of patients in the age
group between 61 and 80 years of age had diagnosis of RP (n=24), CRD (n=5)

and MD (n=4). The age distribution of patients with IRD is shown in Figure 10b.
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Diagnosis distribution: Analysis revealed that RP, Stargardt disease, CRD, and
CD were the most wide spread diagnoses among patients in the study
population, whereas CHRD and MD were less frequent. The distribution of final

diagnoses is shown in Figure 10c.

The geographic distribution of patients in the study population was analyzed by
accounting for the first number in the postal code, which divides Germany into
ten regions. The geographic distribution of the patients in absolute numbers is
shown in Figure 11. As indicated in the figure majority of the patients were from
the South-West, where Eye University Hospital is located. Nevertheless,

patients with IRD were forwarded to the Hospital from all over Germany.

17 8

40

= Tuebingen University Eye Hospital Location

Figure 11 Geographic distribution of the study population across Germany.
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[11.3.2 Comparison of the pattern of the main visual symptoms onset in a

variety of IRD.

Night blindness appearance is one of the earliest symptoms indicating the
involvement of rods. Age at night blindness onset was compared between
different IRD. LCA and BBD had the earliest median onset of night blindness
followed by Stargardt disease, X-linked RP, USH II, ADRP, RP of non-specified
inheritance (RP-NSI) and CHRD. Comparatively late median onset of night
blindness was experienced by patients with CRD, CD, ARRP, and USH |
syndrome. Median onset of night blindness later than 25 years of age was
found in MD, SIM-RP, and CACD. A high variation of age at night blindness
onset from birth to maximum 69 years of age was noted in patients with
autosomal dominant RP. This can be explained by a general high variation of
the disease onset, which can be at almost any age. A comparison of the age of

night blindness onset is shown in box-plots [98] in Figure 12a.

Photophobia is one of the most important early symptoms for dystrophies with a
predominantly cone involvement or mixed cone-rod dystrophies. Patients with
BBD and LCA had an onset of photophobia early in their lives. CD had a
relatively early median onset of photophobia, where as patients with CRD had a
later median onset. Late photophobia onset was also detected in patients with
ADRP, USH II type, SIM-RP, and CACD. A comparison of age at photophobia
onset is presented in Figure 12b.

Visual acuity decrease is typically the earliest symptom of cone and cone-rod
dystrophies as well as one of the symptoms that has the greatest impact on the
patients’ quality of life. Median visual acuity decrease was quite early in LCA
and BBD as well as in CRD and CD patients. Patients with X-RP and RP- NSI
had an earlier median onset of visual acuity decrease in comparison with other
RP types. Later median onset of visual acuity decrease was noticed in STD,
ARRP, ADRP, USH I type, MD and SIM-RP. Visual acuity decreased after 30
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years of age in patients with USH Il type, CHRD, and CACD. A comparison of

age at first reported visual acuity decrease is shown in Figure 12c.

Visual field defects are highly anti-correlated with performance of daily activities

by the patient [90]. Visual field defects were reported very early in patients with

LCA and BBD. USH I, X-RP were characterized by early median appearance of

visual field defects. RP-NSI, CD and CRD had a later median onset of visual

field defects.

Patients with USH Il, STD, and ARRP had a median onset of

visual field defects in their twentieth year. CHRD, ADRP, SIM-RP, MD and

CACD were characterized by late (after 30 years old) median visual field

defects onset. Comparison of age at visual field defects onset is shown in

Figure 12d. The median age of onset for typical symptoms of IRS is shown in
Table 7.

Table 7. The median age of onset for typical symptoms of IRD.

IRD Median age at night | Median age at Median age at Median age at Median age at 1%
types blindness onset visual acuity photophobia visual field diagnosis

(25;75 quantiles) decrease onset defects (25;75 quantiles)

(25,75 quantiles) | (25;75 appearance
quantiles) (25;75 quantiles)

ADRP 17 (0;35.5) 25 (8.8;49.8) 34 (27.5;445) | 33(21.5;43.5) 27 (15.5; 57)
ARRP 20 (9;30) 21 (13.5; 46.5) 25.5 (9.3; 33) 25 (13; 37) 16.5 (14.25; 22)
SIM-RP | 30.5 (15; 46) 28.5 (16; 44) 38 (25.3; 9.8) 34 (21; 47) 31 (16.25; 70.3)
X-RP 16 (7; 25) 16 (6; 28) 19 (16; 32.3) 17 (7; 30.3) 20 (20; 79.5)
NSPI-RP | 18 (10; 40) 15 (6; 41.5) 25 (14.8; 40.3) 20 (10;37) 24.5 (24.5; 55)
BBD 7 (3; 8.75) 5(2.5; 12) 3(1; 15.5) 6.5 (3.3; 18) 5.6 (3.5;7)
CACD 47 (46.5; 58) 44 (32; 49) 45 (35; 50) 52 (39; 56) 55.5 (43.25;9.75)
CHRD 18 (10; 23) 36.5 (11.5; 42.8) | 24 (15.8; 40) 30 (15; 41) 16.5 (10; 43)
CD 20 (10; 40) 12.5(5.75; 38.3) | 12 (5; 31) 30 (25; 40) 19 (10; 45.3)
CRD 18 (7; 32) 10 (6.5; 34) 20 (8;4 0.5) 22 (9; 37.3) 12 (6; 26.5)
MD 27 (19.25; 36) 27 (7.5; 39.75) 19.5(7.5; 27.8) | 407(30; 51) 33.5 (27.25; 51.75)
STD 14 (12; 28) 17.5 (10; 28) 18 (10; 31) 24.50 (15.8;34.3) | 23 (15; 32.5)
USH | 23 (7; 36.5) 25 (8.5; 37) 27.17 (16;32) | 11.5(6.25;17.8) | 14 (7; 15)
USH II 16 (6; 24.5) 30 (16.3; 36.3) 35 (19.3; 42.8) 24 (17;31.5) 23.50 (19; 34)
LCA 3(2;6) 3(2;6) 11.5 (4; 15.3) 3(3;6) 3(3;6)
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Figure 12 Comparison of age at visual symptoms onset in IRD.
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BCVA was analyzed for the patient’s first visit and was calculated in logMAR.
No significant difference was found between the two eyes; therefore results are
reported here in number of patients. 117 patients had BCVA<0.3, 151 patients
had 0.3<BCVA<0.5; 182 patients had 0.5<BCVA<1.0, 57 patients had
1<BCVA<1.3, and 31 patients had 1.3<BCVA<1.8. Only six patients were
legally blind according to the WHO definition of blindness and had BCVA higher
than 1.8. Patients with RP (n=84), STD (n=19), CRD (n=15), and CD (n=14) fell
into the category 0.3<BCVA<0.5, which corresponds to the first category of
visual impairment defined by the World Health Organization [97]. A large
amount of patients with RP (n=20), CD (n=102) and STD (n=23) had
0.5<BCVA=<1.0, which corresponds to the second category of visual impairment.
The third stage of visual impairment, 1<BCVA<1.3, was represented by patients
with RP (n=25), STD (n=13), and CRD (n=10). 17 patients with RP, 5 patients
with CRD, 4 patients with BBD and 3 patients with STD had 1.3<BCVA<1.8.
117 patients had a BCVA <0.3 and 6 patients were legally blind with BCVA>1.8.
BCVA of the study population is shown in Figure 13a.

Visual field defect appearance can significantly reduce the quality of patients’
lives. Some difference in isolated peripheral constriction was detected in
patients with USH | (n=4). Most of the patients in the study population had a
combination of central and peripheral defects. A combination of peripheral (n;)
and central (ny) visual field involvement was observed in eyes of patients with
RP (n;=152 and n,=45) and in eyes of the patients with CRD (n;=23 and
n,=31). Patients with such IRD as LCA (n;=9), USH Il (n;=15), CHRD (n;=11)
and BBD (n;=8) had predominantly peripheral constriction. Central scotoma
was a more typical visual field defect in patients with Stargardt disease (n,=48),
MD (n,=7), and CD (n,=23). CACD was characterized by a mixture of peripheral
(n2=2) and central defects (n1=3). A detailed distribution of visual defects

stratified by diagnosis is shown in Figure 13b.
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In order to better understand the differences in the pattern of disease onset in
RP and CRD, the relationship between the BCVA and the period of time
between the time point when the patient first experienced a decrease in visual
acuity and the time when he/she underwent the first ophthalmological
examination was studied. All CRD patients (n=66) and a fraction of RP patients
(n=48), including ADRP (n=6), ARRP (n=5), early onset RP (n=18), SIMRR
(n=9), and X-RP (n=4), responded to the questions concerning their age at first
experienced VA decrease. The age at which they first were examined by the
ophthalmologist and BCVA at first visit to ophthalmologist were obtained from
their patient records. RP patients who were unable to specify when they first
experienced the first VA decrease were compared to those who were able to
reply. The group of non-respondents was not different by age, sex distribution
or reason for visit to the ophthalmologist from those who replied to the
guestions. BCVA measured at first ophthalmological examination was plotted
versus the difference between the age at which the patient first visited the
ophthalmologist and the age at which he/she experienced the first VA decrease.
The scatter plot of BCVA plotted versus age in patients with RP is shown in
Figure 14a. The scatter plot of BCVA versus age in patients with CRD is shown
in Figure 14b.

It is noted that early onset RP patients as well as patients with simplex RP had
more stable BCVA than other RP types. Although we were unable to define the
exact change of BCVA in other types of RP when stratified by diagnosis, due to
a low sample size in the groups, it was found that most of the patients with RP
who had a relatively good visual acuity delayed their visit to the ophthalmologist
for many years. It was also observed that some patients who had on average
better BCVA visited the ophthalmologist in the early disease stages. We
therefore speculate that it could be due to some other major eye symptoms
onset, for example due to the onset of a combination of central and peripheral
VF defects typical of the RP population in our study. Interestingly, when

studying the BCVA as a function of time in CRD patients, we observed that the

51



Results

trend of BCVA change was similar to VF area change described in a two-stage

hypothesis for the natural course of retinitis pigmentosa [111].
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Figure 14 The relationship between BCVA versus the period between the first

VA decrease and actual VA assessment in RP and CRD.
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Overall, the results of this study show that the age at onset can provide an extra
clue for early differential diagnosis of patients with IRD. It can guide the clinician
through further diagnostic processes, although the final diagnosis requires a
more complex approach. Furthermore, knowledge of the age of the typical
visual symptoms onset in different types of IRD is extremely important for the
assessment of manifestation risk, patient counselling, and prognosis.
Additionally, it will play an important role in the early identification and selection
of patients that can benefit from new treatments. The study also showed that
severe loss of visual acuity in patients with CRD occurs earlier than in RP,
which in combination with mixed visual field defects can lead to early disability
and requires special attention that should be taken into account when treating

these patients.
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1.4 Special Signs in the Electrophysiology of the Visual System in
Inherited Retinal Dystrophies.

[11.4.1 Quantitative assessment of the full-field and mfERG parameters and

their comparison between a variety of IRD and normal values.

The study had a retrospective cross-sectional study design. Records of 544
patients with IRD seen at the University Eye Hospital in Tuebingen, Germany
from 2005 to 2008 were selected for this study. 21 patients were randomly
selected from the population, including the whole IRD study population (n=544)
(this was done for estimation of the median of IRD population as a whole and
definition of the criteria for the qualitative data assessment in the second part of
the study), as well as from subsets including each IRD type (USH I, USH II,
STD, RP, MD, CD, CRD, CHRD, CACD, BBD) (for calculation of the median
values for each IRD and for the median comparison). 21 patients with normal
ophthalmological findings were selected as a reference group. The sample size
of 21 patients/controls for the random selection was chosen based on the fact
that a sample size of 21 patients/controls enables us to estimate the median
with a very low variance, whereas increasing the sample size over 21 will not

substantially influence the variance of the median estimate.

Disease duration at first visit was considered as one of the confounders that can
potentially influence the comparison of full-field and mfERG parameters in a
variety of IRD. Therefore, the data on disease duration was analyzed for each
IRD and compared using a Kruskal-Wallis test. Medians and 25" and 75"
quartiles of disease duration for each IRD type are shown in Table 8. The
disease duration was not significantly different between the IRD types (p=0.23)
(Figure 15), which justifies the comparison of full-field and mfERG parameters

between the selected IRD patients.

Median values for full-field and mfERG parameters in normal subjects and
randomly selected IRD patients were calculated and used for the definition of

the assessment criteria for evaluation of the full-field and mfERG parameters in
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the second (qualitative) part of the study are shown in Table 9. Median,
minimal, and maximum values, 5", 25", 75", 95" quantiles of full-field ERG for
normal subjects and a random selection of IRD patients were calculated and

are shown in Table 9. mfERG is shown in Table 10.

Kruskal-Wallis Test p=0,23
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Figure 15 Box-plots of the disease duration at first visit to the eye hospital.

Table 8. Disease duration at first visit the University Eye Hospital, Tuebingen.

Disease Median 25th Quantile 75th Quantile
USH | 18 4 22
USH I 23 12.25 30.25
STD 11 6 17
RP 11 5.75 25.5
MD 8.5 25 175
CRD 125 3.75 18
CD 8 45 25
CHRD 14 55 28
CACD 7 3.75 23.75
BBD 155 8.5 21
LCA 19 7.5 22
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Table 9. Full-field ERG for normal subjects and a random selection of IRD patients.

Type of wave Median Min. | 5th 25th 75th 95th Max.
Quantile Quantile Quantile Quantile
Reference group
rod b-wave amp, mV 292.9 | 157.9 163.7 236.3 374.8 435.6 437.7
rod b-wave imp.time, 84 53 58.1 77.5 89 97.1 98
ms
max ERG a-wave 227.1 | 99.6 106.7 184.2 275.9 322.2 | 326.3
amp., mV
max ERG a-wave 15.5 14 14.3 15 16.8 255 26
imp.time, ms
max ERG b-wave 415.2 | 275.6 277.2 330.5 490.9 640.1 | 663.2
amp., mV
max ERG b-wave 46 42 42.3 45 51.5 55.8 56
imp.time, ms
OP amp, mV 78.8 | 63.1 65.6 76.3 80.8 95.1 95.5
OP imp. time, ms 21.6 21 21 21.4 22.1 22.6 22.6
photopic a-wave 39.2 | 158 18.3 33.3 45.2 61.5 61.7
amp., mV
photopic a-wave 14 12 12.3 14 15 16 16
imp.time, ms
photopic b-wave 171.1| 76.3 79.4 121.8 205.6 2714 | 283.9
amp., mV
photopic b-wave 30 28 28 29 31 32.7 33
imp.time, ms
30 HZ amp.,mV 101.4 | 57.9 59.7 78.8 117.2 136.9 | 138.1
30 Hz imp. Time, ms 59 45 48.3 57.5 60.3 61.9 62
Random selection of IRD patients
rod b- wave 79.1 | 60.3 60.3 72.8 111.5 192.7 | 192.7
amplitude, mV
rod b-wave imp.time, 1005 | 66.5 66.5 90 120.5 1315 | 1315
ms
max ERG a-wave 138.7 | 21.1 22.4 67.1 195.1 261.2 | 262.5
amp., mV
max ERG a-wave 18.3 16 16 16.5 225 24 24
imp.time, ms
max ERG b-wave 273.6 15.4 17.6 149.2 389.5 535.2 535.9
amp., mV
max ERG b-wave 52 | 384 38.5 44.9 59 81.05 82
imp.time, ms
OP amp, mV 27.6 | 10.9 10.9 19.9 43.8 59.7 59.7
OP imp. Time. ms 248 | 10.8 10.8 235 25.4 33 33
photopic a-wave 21.9 6.8 6.8 11.96 28.1 49.1 49.1
amp., mV
photopic a-wave 16.5 15 15 15.1 17.8 215 215
imp.time, ms
photopic b-wave 77.5 8.8 9.2 45.2 151.5 183.1 | 183.2
amp., mV
photopic b-wave 32 29 29 30.2 35.1 40.5 40.5
imp.time, ms
30 HZ amp., mV 448 | 19.7 19.8 31.6 96.1 138.9 | 140.04
30 Hz imp. Time, ms 62.4 | 58.8 58.8 60.3 69 73.9 74
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Table 10. The quantitative characteristics of mMfERG parmeters in the reference group

and IRD.

mfERG Parameter

| Median | Min. | 5th Quantile | 25th Quantile | 75th Quantile

| 95th Quantile | Max.

Reference Group

R1Amplitude, mV 61.3 23.7 25.2 43.7 79.1 84.8 85.6
RI1I Amplitude, mV 34.5 14.2 14.7 24.6 43.95 53.3 554
RII1 Amplitude, mV 20.2 9.6 9.9 16.5 26.3 29.5 29.8
RIV Amplitude, mV 14 7.4 7.5 10.3 19 27.1 28.8
RV Amplitude, mV 13.3 5.4 5.9 8.2 16.4 215 21.9
RI Implicit time, ms 29.2 7.9 13.8 29.1 30 30.8 30.8
RII Implicit time, ms 29.2 26.6 26.6 28.3 30 30 30
RIII Implicit time, ms 28.3 25.8 26.04 27.9 29.2 29.8 30
RIV Implicit time, ms 29.2 25.7 25.97 28.2 29.2 31.99 325
RV Implicit time, ms 29.2 26.6 26.6 28.3 30 35.5 37.5
Random selection of IRD patients
mfERG Parameter Median | Min. | 5th Quantile | 25th Quantile | 75th Quantile | 95th Quantile | Max.
RIAmplitude, mV 12.9 5.4 5.4 9.9 22.7 34 34
RIl Amplitude, mV 8.9 2.1 2.1 5.1 12.2 153 | 153
RIIT Amplitude, mV 7.4 1.5 15 2.8 11.05 189 | 189
RIV Amplitudel, mV 6.3 1.4 1.4 2.2 10.3 185 | 185
RV Amplitude, mV 6.6 1.4 1.4 2.5 9.95 153 | 153
RI Implicit time, ms 30 [ 257 25.7 29.2 32.9 38.3 | 38.3
RII Implicit time, ms 31.2 | 274 27.4 28.95 34.6 441 | 441
RIII Implicit time ,ms 31.3| 274 27.4 29.1 35.8 425 | 425
RIV Implicit time, ms 33.8 | 274 27.4 29.8 36.2 45 45
RV Implicit time, ms 33.8 | 28.2 28.2 30.6 36.9 45 45
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[11.4.1.1 Comparison of median values of full-field ERG amplitudes in a
variety of IRD types.

Kruskal-Wallis test (Chi*-test for more than 2 groups) was used for the
comparison of full-field and mfERG amplitudes and implicit times of IRD
subgroups and with subjects with normal ophthalmological finding. Photopic a-
wave was non-detectable in USH | and USH II, and BBD patients and was the
most reduced in patients with CRD, CACD, CHRD (p=0.0001) (Figure 16a).
Interestingly, the photopic a-wave was almost equally reduced in patients with
RP and CD, whereas patients with STD and MD had amplitude close to the
normal range. BBD, CHRD, CRD and RP patients had the most reduced
amplitudes of the maximum b-wave (p=0.0001) (Figure 16b). A similar trend
was observed when analyzing the amplitude of the maximum a-wave. It was
found to be most reduced in patients with BBD, CHRD, CRD, RP, and CACD in
comparison with CD, STD and MD, in which amplitudes were closer to normal
values (p=0.0001) (Figure 16c). Oscillatory potentials were non-detectable in
BBD, and USH I and Il patients. Patients with CHRD, RP, CRD, and CACD had
on average lower median oscillatory potentials amplitude than those with MD,
CD, and STD, which were again closer to the normal values (p=0.0001) (Figure
16d). Rod b wave amplitude was non-detectable in BBD, or USH | and Il types.
It was significantly reduced in patients with CHRD, CRD, CACD, RP and STD,
whereas patients with MD and CD had amplitudes close to normal (p=0.0039)
(Figure 16e). 30 Hz flicker were significantly more reduced in patients with USH
I, RP, BBD, CHRD, CRD, and CD, whereas patients with USH 1l, and CACD
had a slightly less reduced amplitude, and amplitudes of those with STD and
MD were close to normative values (p=0,0001) (Figure 16f). USH | and CHRD
had the most reduced photopic b-wave amplitude, with low variance, whereas
patients with RP, CRD and CD had slightly less reduced amplitudes with higher
variance (p=0,0001). Patients with CACD, STD, and MD had amplitude close to
normative values (Figure 16g). A detailed comparison of the amplitudes in a

variety of IRD is shown using box-plots in Figure 16. The comparison of
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amplitudes between different IRDs types and with normal parameters using a

Kruskal-Wallis test is shown in Appendix 1.
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Figure 16f. Box-plots of 30 Hz flicker
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Figure 16g. Box-plots of photopic b-wave
amplitude in different IRD types.
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Figure 16 Box-plots of full-field ERG amplitudes in normal subjects and a variety

of IRD
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[11.4.1.2 Comparison of the median values of full-field ERG implicit time in
a variety of IRD types.

Implicit times were observed to be less variable in comparison with amplitude.
The implicit time of photopic a-wave was significantly more prolonged in
patients with RP, CRD, and CHRD (p=0.0001) (Figure 17a), whereas photopic
b-wave implicit time was observed to be in a normal range in patients with MD
and was significantly more prolonged in patients with BBD, RP, CRD, CHRD,
and USH | than those with CACD, STD, and CD (p=0.0001) (Figure 17g). The
difference between the implicit times of the maximum b-waves was not
significant (p=0.221). Nevertheless, it was observed that implicit times of
maximum b-wave were slightly more variable in CRD patients (Figure 17b).
Maximum a-wave implicit time was close to normal in all the observed IRD
types. Slight prolongation was noted in CRD, STD, CD, RP, and CHRD, but no
statistical significant difference was found (p=0.4392) (Figure 17c). Oscillatory
potentials implicit times differ just slightly between different IRD types and were
not recordable in BBD, USHI, USHII patients. The implicit times values were
close to normal ones and vary slightly more in patients with CD, CRD, and RP
(p=0.0001) (Figure 17d). The implicit time of the rod b-wave was within the
normal range in patients in CD and CHRD, and slightly prolonged in CACD,
STD, RP, MD, and CRD (p=0.0097) (Figure 17e). 30 Hz flicker implicit time was
significantly more prolonged in patients with BBD, CHRD, CRD, RP, and CD
than in those with CACD, USH I, STD, and MD (p=0.0001) (Figure 17f). The
median of the USH Il patients was significantly lower than the median of the
normal group, although the variance of the implicit time parameter was very
high due to fewer USH Il patients having a recordable 30 Hz flicker wave. The
comparison of implicit times between different IRD types and with normal

parameters, using a Kruskal-Wallis test is shown in Appendix 1.
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Figure 17 Box-plots of full-field ERG implicit time in a variety of IRD.
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[11.4.1.3 Comparison of median mfERG amplitudes in a variety of IRD.

The amplitude in the first ring (RI) of the mMfERG was significantly more reduced
in patients with USH I, STD, USH Il, CACD, CD, and CHRD than in those with
CRD, RP, and MD (p=0.0001). which were closer to the lower limit of the normal
values (Figure 18a). The amplitude of the second ring (RIl) was in the normal
range in patients with RP, and significantly reduced in CD, CHRD, CRD, and
USH II. RP RIlI amplitude was quite variable and the maximum of RIl amplitude
in RP reached the minimum normal value. A similar trend was observed in CD
and CRD patients. These differences were statistically significant (p=0.0001)
(Figure 18b). The third ring (RIIl) amplitude was significantly more reduced in
CRD, RP, CHRD, and USH | in comparison with CD, USH Il, CACD, STD, and
MD (p=0.0001) (Figure 18c). The amplitude of RIll in MD was detected to be in
the normal range. The high variation in STD and CD resulted in their maximum
values being in the normal range. The amplitude of the fourth ring (RIV) was
significantly more reduced in USH I, USH II, RP, CRD, CHRD, and CACD
(p=0.0001) (Figure 18d). Patients with CD, and STD had high variation in their
amplitude values and therefore the values of these patients were on average
closer to normal and had a more moderate reduction in comparison with other
IRD types. The amplitude of the fifth ring was characterized by a significant
amplitude reduction in USH Il, CHRD, CRD, RP, and CD. CACD patients had a
mild RV amplitude reduction, whereas STD and MD had RV amplitudes within a
normal range (p=0.0001) (Figure 18e). The comparison of MfERG amplitudes

between different types of IRD and with normal values is shown in Appendix 2.

[11.4.1.4 Comparison of mfERG implicit time in a variety of IRD types.

MfERG implicit times were characterized by less variability than mfERG
amplitudes (Figure 18 f-j). Implicit time of the first ring (RI) was in the range of
normal values in USH | and USH II. Patients with CHRD and CACD had more
prolonged implicit times in RI in comparison with other patients who were
diagnosed with CRD, MD, RP, CD and STD (p=0.0032) (Figure 18f). Implicit
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amplitude of the second mfERG ring was close to normal in USH Il and USH |
patients. It was observed that CACD had significantly more prolonged implicit
times than other IRD types (p=0.0382) (Figure 18g). Implicit times of the third
and the fourth rings showed a similar trend when comparing between different
IRD types: USH | implicit times were significantly less prolonged than those in
USH Il in both RIIl (p=0.0001) (Figure 18h) and in RIV (p=0.0001) (Figure 18i).
Overall, ring 3 was characterized by significantly more prolonged implicit times
in patients with USH II, CRD, CACD, CHRD and CD (p=0.0001) in comparison
with other IRD types (Figure 18h). Ring 4 implicit times were significantly more
prolonged in USH II, CRD, CACD, and CHRD (p=0.0001) (Figure 18i). Implicit
times in ring 5 were significantly more prolonged in USH Il, CRD, and CHRD in
comparison with other IRD types (p=0.0001). USH | had no signal detectable in
ring 5 (Figure 18j). The comparison of MfERG implicit times between different
types of IRD and with normal values is shown in Appendix 2.

63



Results

10¢ 501
=] RI "BBD .| R *BBD .
_ 7o ¢ - T _  mm ?
£ w0 5 9] e e e [ O
2 50 = -
E‘ 40 & 20]
30 o
20 107
109
) s, T, O, T Bo B S Gy O
Diagnosis Diagnosis
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Figure 18 Box-plots of mMfERG amplitudes and implicit times in a variety of IRD.
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[11.4.2 Qualitative assessment of the full-field and mfERG parameters and

their comparison between the variety of IRD types.

Full-field ERGs of 355 IRD patients with RP (132), STD (43), CRD (62), CD
(32), CHRD (19), MD (14), USH I (4), USH Il (15), LCA (15), BBD (13), CACD
(7) and mfERGs of 316 patients with IRD: RP (151), STD (41), CRD (39), CD
(28), CHRD(14), MD (15), USH I (3), USH Il (10), LCA (5), BBD (4), CACD (6)
were analyzed. mfERG was not recorded in all patients from the study
population due to difficulties resulting from nystagmus or other concentration

problems.

Analysis of full-field ERGs was directed to the comparison of changes in
amplitude and implicit times of a and b-waves under different conditions in a
variety of IRD, whereas analysis of mfERG aimed at the identification of the
spatial characteristics of changes identified in full-field ERG. Patients included
in this study were recruited from a larger study population that comprised 544
patients with IRD. The detailed characteristics of the study population, including
age, sex distribution, geographic distribution, genetic testing data, comparison
of age of typical visual symptoms onset, and analysis of major clinical
parameters (best corrected visual acuity and perimeter results) were discussed
by us in a previous chapter. The results were calculated in absolute numbers of
patients, as well as in percentages of patients within a given IRD subgroup.
The number of patients with a-wave changes is denoted n;, and n, denotes the
number with b-wave changes. Similar findings were revealed in the left and right
eyes of the patients, therefore when reporting the results we refer to a number
of patients (and not a number of eyes). The number of patients with a-wave
change will be denoted by n;, and the number with b-wave change n,. If the
number represents patients that are similar in both cases we use the notation
ni » and in case of oscillatory potentials and 30-Hz flicker the number of patients
with changes will be reported as n. In all cases the numbers will be shown in

absolute values as well as in percentage of patients within that group.
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[11.4.2.1 Rod system ERG

Scotopic amplitudes: It is known that scotopic a-wave is related to the kinetics
of phototransduction [112], and the positive b-wave is generated post-
receptorally [113]. Normal a and b amplitudes were observed in all patients with
macular dystrophy (n; ,=14/100%). A majority of patients with STD (n;=28/65%,
n,=33/77%), CD (n;=22/69%, n,=23/72%), and CACD (n1=4/67%, n,=4/67%)
also had normal a and b-amplitudes. A smaller proportion of patients with cone-
rod dystrophy (n;=14/22%, n,=15/24%) had normal scotopic a and b- waves

amplitudes.

Moderately reduced a and b-waves were detected in patients with cone-rod
dystrophy (n;=24/39%, n,=31/50%). A smaller proportion of patients with STD
(n1=15/35%, n,=10/23%), CD (n;=10/31%, n,=9/28%) and CACD (n;=2/33%,
n,=2/33%) had moderately reduced amplitudes. Moderately reduced a and b-
amplitudes were also observed in four patients with CHRD (21%). Patients with
retinitis pigmentosa had moderately reduced a and b-waves (ni1=5/4% and
n,=41/31%).

Severely reduced amplitudes were detected in a large proportion of RP patients
(ni= 45/34%, ny,= 43/33%) waves. Patients with other diseases were
represented in significantly smaller proportions: USH Il (n1=5/33%, n,=11/73%),
CRD (n;=8/13%, n,=7/11%), CHRD (n,;=5/26%, n,=4/21%), and BBD
(n1=3/23%, N,=3/23%).

A vast majority of patients with RP had non-detectable a (n;=82/62%) and b-
amplitudes (n,=48/36%). Patients diagnosed with USH Il (n;=10/67% n;
=4/27%) and | types (n;=4/100%, n,=3/75%), CRD (n;=16/26%, n,=9/15%),
CHRD (n;=10/53%, n,=10/53%) and BBD (n;=10/77%, n,=9/69%) also had
non-detectable scotopic a and b-waves. Scotopic amplitudes are illustrated in

Figures 19a and 19c.
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Scotopic implicit times: Scotopic implicit times also showed symmetric changes
for left and right eyes. All patients with macular dystrophy had normal scotopic
implicit times for both a and b-waves. A majority of patients diagnosed with STD
(n1=28/65%, n,=33/77%), CD (n1=26/81%, n,=27/84%), CRD (n;=16/26%,
n,=26/42%), and CACD (n;=4/67%, n,=4/67%) also had normal scotopic
implicit times for a and b-waves. CHRD was represented by only one patient in

the category of normal standard flash b-wave.

Moderately prolonged scotopic implicit time was noted both in CRD
(n1=18/29%, n,=28/45%) and RP (n;=8/6%, n,=16/12%). These patients
represented a majority of the study population with moderately prolonged a and
b-waves. Patients with STD (n;=15/35%, n,=10/23%), CD (n;=4/13%,
n,=5/16%), and CACD (n1=2/33%, n,=2/33%) also had moderately prolonged

scotopic implicit times.

Severely prolonged scotopic a and b-wave implicit times were observed in a
relatively large number of patients with RP (n1=42/32%, n,=68/51%). In the
category of severely prolonged scotopic b-wave USH Il (n,=9/60%), CRD
(n2=8/13%) and CHRD (n,=9/47%) were almost equally represented. BBD
accounted for six patients in this category. The patients with severely reduced
scotopic a-wave were represented by patients with CRD (n1=16/26%), BBD
(n1=10/77%), USH Il (n;=10/67%), and CHRD (n1=9/53%).

Non-detectable scotopic a and b-wave implicit times were noted in all patients
with LCA, and a majority of patients with RP had non-detectable a (n1=82/62%)
and b (ny= 48/36%) wave implicit times. The remaining study population with
non-detectable a and b-wave implicit times were represented by patients with
CHRD (n1=10/53%, n,=10/53%), and USH | (n;=4/100%, n,=3/75%) and Il
types (n1=10/67%, n,=4/27%). Assessment of scotopic implicit times is shown
in Figures 19b and 19d.

Maximum ERG a and b-wave amplitude: The response to the 1.5-3.0 cd.s.m™

flash under scotopic conditions, with fully dilated pupil, is called standard, mixed
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or maximum. This response is often regarded as the “typical” ERG. Although
there is a cone contribution to it, the maximum response is dominated by rod

driven activity.

Normal a and b-wave amplitudes were detected in a small number of patients
with RP (n;=17/13%, n,=19/14%), in all patients with MD (n1,,=14/100%), and in
patients with USH Il (n, ,=7/47%), and CHRD (n,=2/11%). Moderately reduced
a and b-wave amplitudes were observed in patients with RP (n;=17/13%,
n,=19/14%), CRD (n1=26/41%, n,=7/11%), CD (n1=5/16%, n,=4/12,5%), and in
a few STD patients (n;=4/9%, n,=2/5%). Severely reduced a and b-wave
amplitudes were detected in CRD (n;=20/32%, n,=6/10%), CD (n;=20/63%,
n,=6/19%), RP (n;=16/12%, n,=16/12%), and STD (n;=16/37%, n,=10/23%).
Non-detectable maximum ERG a- and b-wave amplitudes were detected in a
majority of patients with RP (n;=81/61%, n,=78/59%), STD (n;=20/47%,
n,=26/60%), CRD (n;=16/26%, n,=41/66%), CD (n;=5/16%, n,=19/59%), and
LCA (n1=10/67%, n,=10/67%). Maximum ERG a- and b-wave amplitudes in a
variety of IRD are shown in Figures 19e and 19g.

Maximum ERG a and b-wave implicit times were classified as normal in a
minority of RP patients (n;=25/19%, n,=26/20%), in some patients with CRD
(n1=10/16%, n,=4/7%), in all patients with MD (n;,=14/100%), in STD
(n1=9/20%, n,=4/9%), and in USH Il patients (n1=8/53%, n,=6/40%). Moderately
prolonged maximum ERG a and b-wave implicit times were detected in RP
patients (n1=8/6%, n,=14/11%), CRD patients (n;=11/18%, n,=4/7%), and in CD
patients (n;=7/22%, n,=2/6%). Severely prolonged maximum ERG a and b-
wave implicit times were observed in patients with RP (n;=18/14%, n,=14/10%),
CRD (n1=25/40%, n,=13/21%), and STD (n;=7/16%, n,=9/21%). Not recordable
a and b-wave implicit times were noted in patients with RP (n;=81/61%,
n,=78/59%), CRD (n;=16/25%, n,=41/66%), LCA (n;=10/66%, n,=10/66%),
BBD (n;=10/77%, n,=9/69%), and CHRD (n;=10/53%, n,=8/42%). Maximum
ERG a- and b-wave implicit times in a variety of IRD are shown in Figures 19f
and 19h.
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[1.4.2.2 Cone system ERG

Patients with STD (n1=22/51%, n2=31/72%), RP (n1=80/61%, n2=84/64%),
and all patients with MD (n1=14/100%, n2=14/100%) had normal photopic a
and b-wave amplitudes. All patients with CACD (n1=6/100%) had normal
photopic a-wave amplitudes.

Patients with moderately reduced amplitudes of photopic a and b-waves were
mostly diagnosed with RP (n1=52/39%, n,=48/36%), and STD (n1=21/48%, n,=
12/28%). However, patients with predominantly cone involved dystrophies also
appeared in this group: CRD (n;=16/26%, n,=17/27%), CD (n1=2/6%), and
CHRD (n1=2/11%, n,=5/26%).

Severely reduced photopic a and b amplitudes were mostly detected in patients
with CRD (n1=20/32%, n,=26/41%), USH Il (n;=13/87%), CD (ni=4/12.5%,
n,=7/22%), CHRD (n1=7/37%, n,=4/21%), BBD (n1=4/31%, n,=4/31%), and
USH I (n1=2/50%, n,=2/50%).

Non-detectable photopic a and b amplitudes were observed in all patients with
LCA (n1=15/100%, n,=15/100%) and a vast majority of patients with CD
(n1=26/81%, n,=25/78%), CRD (n1=26/42%, n,=19/31%), CHRD (n1=9/47%,
n,=8/42%), and BBD (n;=9/69%, n,=9/69%). Photopic amplitudes of a and b-

waves stratified by diagnosis are demonstrated in Figures 20a and 20c.

All patients with macular dystrophy (n;=14/100%, n,=14/100%), a large
proportion of patients with RP (n;=104/79%, n,=96/73%) and STD (n;=23/54%,
n,=33/77%), as well as patients with USH Il (n;=6/40%, n,=5/33%) had normal
photopic implicit times for a and b-waves.

Almost equal numbers of patients with RP (n;=28/21%, n,=36/27%), STD
(n1=20/47, n,=10/23%), CRD (n;=0, n,=23/37%), and CD patients (n;=6/14,
n,=9/22%) had moderately prolonged implicit times of photopic a and b-waves.
The rest of patients in this group were represented with CACD (n;=4/67%,
n,=5/83), USH | (n;=3/75%, n,=4/100%) and USH Il (n;=9/60%, n,=5/33%).
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Severely prolonged photopic a and b-wave implicit times were detected in BBD
(n1=4/31%, n,=4/31%), and in some of patients with CD (n1=10/24%, n,=0),
CRD (n1=36/58%, n,=20/32%), and CHRD (n;=0, n,=5/26%). 10 patients (67%)
with USH Il had a severely prolonged photopic b-wave implicit time. Implicit
times of photopic a and b-waves in a variety of IRD are presented in Figures
20b and 20d.

30 Hz-flicker full-field ERG: Normal 30 Hz flicker amplitudes were detected in
patients with RP (n=95/72%), STD (n=30/70%), and MD (n=14/100%). Patients
with CRD (n=11/18%) were also represented in this group, as well as patients
with CACD (n=4/67%) and CHRD (n=1/5%). Moderately reduced 30 Hz flicker
amplitudes were observed in patients with RP (n=37/28%), USH | (n=13/87%),
STD (n=12/28%), CRD (n=20/32%), CD (n=6/19%), and CACD (n=2/33%)
patients. 30-Hz flicker amplitudes are shown in Figure 20e. CRD (n=15/24%),
CD (n=13/41%), CHRD (n=5/26%), and BBD (n=4/31%) had severely reduced
30 Hz flicker amplitudes. A majority of patients with non-detectable 30 Hz
amplitudes had CRD (n=16/26%), CD (n=13/41), and CHRD (13/68%). All
patients with LCA and nine patients with BBD (69%) had non-detectable

amplitudes.

A relatively large number of patients with RP (n=79/60%) had normal implicit
times, as well as all patients with MD (n=14/100%) and a vast majority of STD
(n=40/93%). 43 RP patients (33%) had moderately prolonged implicit time, as
well as 11 patients (18%) with CRD, and 14 patients (93%) with USH Il. The
group with severely prolonged 30 Hz flicker implicit times was represented by
patients with CD (n=21/59%), CRD (n=41/66%), and CHRD (n=6/32%). All
patients with LCA (n=15/100%), and some with CHRD (n=13/68%), CD
(n=13/41%), CRD (n=10/16%), and BBD (n=9/69%) had non-recordable 30 Hz

implicit time. 30Hz implicit time stratified by diagnosis is shown in Figure 20f.

Oscillatory potentials: The oscillatory potentials, small wavelets on the

ascending limb of the b-wave, are probably generated in relationship to
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amacrine cell activity. Normal oscillatory potentials wave amplitudes in our
study were typical for patients with RP (n=48/36%) and macular dystrophy
diseases group such as MD (n=14/100%) and STD (n=30/67%). Moderately
reduced oscillatory potential amplitudes were observed in a majority of patients
with RP (n=84/64%). Patients diagnosed with CRD (n=11/18%), USH I
(n=10/67%), STD (n=9/21%), CACD (n=3/50%), and CHRD (n=2/11%) also had
moderately reduced oscillatory potential amplitudes. Severely reduced
amplitudes of oscillatory potentials were mostly noted in patients with
predominantly cone dystrophies: CD (n=10/31%), CRD (n=10/16%) and CHRD
(n=5/26%). The remaining patients with severely reduced oscillatory potentials
were patients with USH 1l (n=5/33%), USH | (n=3/75%), and BBD (n=2/15%).
Non-detectable oscillatory potential amplitudes were noted in all patients with
LCA, as well as in a majority of patients with cone dystrophies pathology such
as: CD (n=22/69%), CRD (n=34/55%), and CHRD (n=12/63%), as well as in
BBD patients (n=9/69%), and a small group of STD patients (n=4/9%).

Amplitudes of oscillatory potentials are shown in Figure 20g.

Some patients with predominantly rod or macular involvement such as RP
(n=64/49%), STD (n=27/63%), and MD (n=14/100%) had normal implicit time of
oscillatory potentials, as well as nine patients with USH Il and two patients with
CACD. The same trend was observed in the category of moderately prolonged
implicit time: 68 patients with RP (51%), and 12 with STD (28%). Patients with
CRD (n=17/27%) also appeared in this category, despite the expectation that
they would be more severely affected. The rest of this group is represented by
patients with USH | (n=1/25%) and Il (n=6/40%), and CACD patients
(n=3/50%). Severely prolonged implicit times were detected in patients with
CRD (n=11/18%), CD (n=7/22%), CHRD (n=7/37%), BBD (n=4/31%), and USH
I (n=3/75%). Non-detectable implicit times were observed in all patients with
LCA and a majority of BBD patients (n=9/69%). Patients with dystrophies with

predominantly cone involvement represented a majority in this group: CD
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(n=25/78%), CRD (n=34/55%) and CHRD (n=12/63%). Implicit times of the
oscillatory potentials are shown in Figure 20h.
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Figure 20 Photopic full-field ERG in a variety of IRD: a) photopic single flash a-

wave amplitude; b) photopic single flash a-wave implicit time; c) photopic single

flash b-wave amplitude; d) photopic single flash b-wave implicit time e) 30 Hz-

flicker amplitude; f) 30 Hz-flicker implicit time, g) oscillatory potentials amplitude

h) oscillatory potentials implicit time
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[11.4.3 mfERG in a variety of inherited retinal dystrophies.

The local effect of IRD can be studied using mfERG. mfERG is an important
tool for the assessment of cone function and for studying outer retinal disorders,
it also provides spatial information, which is not available in full-field ERG, as
well as the possibility for better follow-up on the pathologic process and
differential diagnosis. The results were calculated in absolute numbers of
patients, as well as in percentage of patients within a given IRD subgroup. The
number of patients with changes in the first ring (RI), in the second ring (RII), in
the third ring (RII), in the fourth ring (RIV), and in the fifth ring (RV) were

denoted nl, nll, nlll, nlV, and nV, respectively.

Patients with MD had a predominantly central decrease of mfERG amplitude
with slightly more normal values on the periphery (nl=4/12.5%, nll=5/16%,
ni=7/22%, nlV=8/25%; nV=8/25%). Moderately reduced amplitudes were
detected in | (n=3/12%), Il (n=6/23%), Il (n=5/19%), IV (n=6/23%), and V
(n=6/23%), with a slight predominance in the periphery. Central (I-11l) rings were
characterized by fewer patients with normal recordings (nl=4/12.5%, nll=5/16%)
or moderately reduced amplitudes (nl=3/12%), in comparison with severely
reduced amplitudes (nl=6/55%, nll=2/18%). In contrast, the peripheral rings had
a higher frequency of normal (nlll=7/22%, nlIV=8/25%, nV=8/25%) and
moderately reduced amplitudes (nll=6/23%, nllI=5/19%, nIV=6/23%,
nV=6/23%). At the same time, only few patients with MD had an abnormal
implicit time. A relatively large number of MD patients had a normal implicit time
in all rings (n1=11/21%, nll=10/19%, nllI=11/21%, nlV=11/21%, nV=10/19%).
Few patients had moderately (nl=2/18%, nll=3/27%, nlll=1/9%, n=2/18%,
n=3/27%) or severely prolonged implicit time (nlll=1/20%, nIV=2/40%,
nV=2/40%). 2 patients had a non-detectable implicit time in the central (I-1Il)
rings. mMfERG amplitudes and implicit times in patients with MD are shown in

Figures 21a and 21b, respectively.
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A higher frequency of normal mfERG amplitudes in RP patients was observed
in the central MfERG rings (nl=15/35%, nll=14/33%) in comparison with the
periphery (nllI=5/12%, IV=5/12%, nV=4/9%) for both eyes. RP patients had an
approximately equal representation of severely reduced amplitudes in central
(nl=44/20%, nll=43/20%) and peripheral rings (nlll=50/23%, nlV=41 /19%,
nV=38/18%), whereas non-detectable amplitudes were more predominant in
the periphery (nllI=81/20%, nlV=92/23%, nV=96/24%) in comparison with
central rings (nl=66/16%, nll=67/17%). In contrast with amplitudes, implicit
times were classified as normal in a significant proportion of RP patients. Some
RP patients had normal implicit times in the central rings (nl=50/31%,
nll=44/27%, nllI=27/17%), and non-detectable mMfERGs were observed on the
periphery (nlllI=81/20%, nlV=92/23%, nV=96/24%), which supports the
predominantly peripheral location of the pathological photoreceptors. A smaller
group of patients was observed with moderately prolonged implicit times
(nl1=13/17%, nll=18/23%, nlllI=20/26%, nlV=13/17%, n=14/18%). The high
frequency of severe prolongation (nl=22/20%, nll=22/20%, nllI=23/20%,
niV=24/20%, nV=24/20%) in a relatively large number of RP patients indicates
an unfavorable prognosis for future visual function. mfERG amplitudes are

shown in Figure 21c, and implicit times in Figure 21d.

STD mfERG amplitudes were moderately (nl=6/17%, nll=5/14%, nllI=7/19%,
nlV=10/28%, nV=8/22%) to severely reduced (nl=23/30%, nll=24/31%,
nil=21/27%, nlV=4/5%, nV=6/8%) or non-detectable (nl=7/37%, nll=6/32%,
nlli=5/26%, nlV=1/5%, nV=0), with a predominance of changes in the center (I-
[l rings) in comparison with the periphery (IV-V). Although a relatively large
number of STD patients had normal implicit times (nl=14/15%, nll=13/14%,
nill=16/17%, nlV=27/28%, nV=26/27%), severe (nl=13/24%, nll=16/30%,
nil=13/24%, nlV=5/9%, nV=7/13%) and moderate reductions (nl=7/38%,
nll=6/33%, nlll=7/28%, nlV=9/24%, nV=8/22%) were the second and the third
most frequent categories of implicit time change. It was observed that severe

MfERG prolongation in STD patients was more predominant in the central
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MfERG rings (I-11l) in comparison with the periphery. mfERG amplitudes and
implicit times are shown in Figures 21e and 21f, respectively.

USH II was revealed to have more severe changes in mfERG than USH I,
although the small number of patients with USH | syndrome should be
considered when taking this difference into account. Patients with USH Il type
syndrome were revealed to have non-detectable amplitudes in the central rings
(I-111)  (nl1=9/33%, nll=9/33%, nllI=9/33%) and moderately (nlV=1/20%,
nV=4/80%) or severely prolonged implicit times (nlV=9/50%, nV=6/33%)
predominantly on the periphery (IV-V). USH | had more mild changes in mfERG
implicit time, represented by a lower number of patients who had severely
prolonged implicit (nIV=9/50%, nV=6/33%) in comparison with USH II patients,
a majority of whom had moderately prolonged implicit times in the peripheral
rings (nlV=2/29%, nV=2/29%). mfERG amplitudes in patients with USH | and
USH II syndrome are shown in Figures 21g and 21i, and mfERG implicit times

in Figures 21h and 21j, respectively.

BBD and LCA are autosomal recessive diseases with early onset of retinal
dystrophies. LCA can usually be diagnosed within several months after birth,
and BBD is apparent in the first two decades of life. MfERGs of LCA patients
demonstrated symmetric changes in both eyes. Non-detectable mfERG signals
were observed in all patients in the outer 11-V rings (n=5/100%), central MfERG
rings I-Il were characterized by predominantly non-detectable signals in 4
patients/80%, and 1 patient/20% had a severely reduced signal in the central
rings and non-detectable signal on the periphery. Severely reduced implicit time
was observed in center rings I-ll, whereas no signal was detectable on the
periphery. Amplitudes and implicit times of MfERG in LCA are shown in Figures
21k and 21l.

BBD mfERGs had slightly milder changes: amplitudes and implicit times were
also mostly non-recordable: 3 patients were observed having non-detectable
MfERG in each of the mfERG rings. One patient (nl-V=1/20%) had moderately
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reduced amplitudes in the central rings (I-Il) and peripheral rings (ll1-V). Implicit
times were observed to be detectable in one BBD patient and were graded as
severely prolonged in the central rings (I-1ll) to moderately prolonged on the
periphery (IV-V rings). mfERG amplitudes and implicit times in patients with
BBD are shown in Figures 22a and 22b, respectively.

MfERG in CACD patients was characterized by predominantly severe central
reduction of the amplitude in I-lll rings (nI=3/21%, nl1=4/29%, nll1=3/21%) and
normal in the periphery (nlV=2/33%, nV=2/33%). Moderately reduced amplitude
was observed in 2 patients and was equally represented in central and
peripheral rings. Implicit time was equally severely reduced in the central and
peripheral rings (nl=4/19%, nll=5/24%, nllI=5/24%, nIV=4/19%, nV=3/14%).
Few eyes with CACD had normal recordings (nl=2/25%, nll=1/13%, nlll=5/24%,
nlV=4/19%, nV=3/14%). Interestingly, the change in implicit time was
characterized by milder changes in rings I, IV, and V, and slightly more severe
changes in rings Il and Ill, which was symmetric in both eyes. mfERG
amplitudes and implicit times in CACD patients are shown in Figures 22c¢ and
22d.

Patients with CHRD had on average severely reduced (nl=6/19%, nll=6/19%,
nlll=6/19%, nlV=7/22%, nV=22%) and/or non-detectable amplitudes (nl1=6/20%,
nll=6/20%, nlllI=6/20%, nIV=6/20%, nV=6/20%), and severely prolonged
(n1=3/20%, nll=3/20%, nll1=3/20%, nIV=3/20%, nV=3/20%) or non-detectable
implicit times (nl=6/20%, nll=6/20%, nllI=6/20%, nlV=6/20%, nV=6/20%),
whereas only a small proportion of recordings had normal (nl=1/20%,
nll=1/20%, nlllI=1/20%, nIV=1/20%, nllI=1/20%) or moderately reduced
amplitudes (nl=1/33%, nll=1/33%, nllI=1/33%). In contrast, a significant
proportion of CHRD patients had normal amplitudes (nl=4/22%, nll=4/22%,
nll=4/22%, nlV=3/17%, nV=3/17%). Amplitude change was more predominant
in comparison with implicit time changes. mfERG amplitudes and implicit times

in CHRD patients are presented in Figures 22e and 22f.
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CRD patients’ mfERGs were characterized by overall amplitude reduction and
severe implicit time prolongation in all rings. A majority of CRD patients had
moderately (nl=5/13%, nll=6/16%, nllI=9/24%, nIV=9/24%, nV=9/24%),
severely reduced (nl=19/21%, nll=19/21%, nllI=16/18%, nlIV=18/20%,
nV=18/20%), or non-detectable (nl=11/21%, nll=11/21%, nllI=12/23%,
nivV=9/17%, nV=9/17%) amplitudes, with fewer patients having normal mfERG
amplitudes (nl1=4/27%, nll=3/20%, nllI=2/13%, nlV=3/20%, nV=3/20%). The
majority of CRD patients had severely prolonged implicit times that were
present more often on the periphery (nlllI=15/19%, nlV=18/23%, nV=18/23%) in
comparison with central rings (nl=14/18%, nll=14/18%). Many CRD patients
had non-detectable implicit times (nl=11/21%, nll=11/21%, nllI=12/23%,
nivV=9/17%, nVvV=9/17%), whereas normal (nl=11/27.5%, nll=9/22.5%,
nll=8/20%, nlV=6/15%, nV=6/15%) and moderately prolonged implicit times
(n1=3/12,5%, nll=5/21%, nllI=4/17%, nlV=6/25%, nV=6/25%) were recorded in
a small proportion of patients. mfERG amplitudes and implicit times in patients

with cone-rod dystrophies are shown in Figures 22g and 22h, respectively.

The majority of patients with CD had severely (nl=15/21%, nll=18/25%,
nil=15/21%, nlV=12/17%, nV=12/17%) or moderately (nl=5/16%, nll=4/13%,
nlli=7/22%, nlV=8/25%, nV=8/25%) reduced amplitudes. A smaller number of
CD patients had normal (nl=3/13%, nlI=3/13%, nlllI=4/17%, nIV=7/29%,
nV=7/29%) and non-detectable amplitudes (nl=5/42%, nll=3/25%, nll1=2/17%,
nlV=1/8%, nV=1/8%). mfERGs in patients with CD were characterized by
predominantly severe or moderate reduction of amplitudes, which was more
notable on the periphery for moderate reduction. Severe amplitude reduction
was more typical in the center (I-1ll rings). A relatively large number of eyes with
a cone dystrophy had normal implicit times (nl1=8/21%, nll=8/21%, nllI=7/18%,
niv=8/21%, nV=7/18) in mfERG. Nevertheless, severely (nl=9/17%;
nl1=10/19%, nll1=13/24%, nlV=11/20%, nV=11/20%) and moderately prolonged
(nI=6/17%, nllI=7/19%, nllI=6/17%, nlV=8/22%, nV=9/25%) waves were also

present in all mMfERG rings. Few patients had a non-recordable implicit time
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(nI=5/42%, nll=3/25%, nllI=2/17%, nlV=1/8%, nV=1/8%). mfERG amplitudes
and implicit times in patients with cone dystrophies are demonstrated in Figures

22i and 22j, respectively.
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Figure 21 Changes of mfERG in a variety of rare IRD: a) mfERG amplitude in
MD b) mfERG implicit time in MD ¢) mfERG amplitude in RP d) mfERG implicit
time in RP e) mfERG amplitude in STD f) mfERG implicit time in STD g) mfERG
amplitude in USH | h) mfERG implicit time in USH | i) mfERG amplitude in USH
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time in LCA.
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Figure 22 Changes of mfERG in a variety of rare IRD (cont.): a) mfERG
amplitude in BBD b) mfERG implicit time in BBD ¢) mfERG amplitude in CACD
d) mfERG implicit time in CACD e) mfERG amplitude in CHRD f) mfERG
implicit time in CHRD g) mfERG amplitude in CRD h) mfERG implicit time in
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1.5 Visual-related quality of life in patients with inherited retinal

dystrophies - a baseline for assessing clinical trial efficacy

Differential diagnostic approaches including epidemiological approaches for
differentiation between predominantly central and peripheral IRD, as well as
analysis of pattern of disease onset, and a comparison of clinical signs in the
electrophysiology of the visual system in eleven rare IRD, helps to identify and
select IRD patients who can benefit from new treatment strategies in very early
stages of the disease that can prevent decrease of visual function and disability.
Active and successful development of new treatment strategies for IRD requires
their effectiveness assessment. Vision-related quality of life is now recognized
as a standard patient reported outcome value and is widely used in the
assessment of the effectiveness of different therapeutic strategies. Because the
existing literature is limited in its cover of this topic, the third aim of the
dissertation was is to characterize the visual-related quality of life (VRQL) of
patients with different forms of IRD and to estimate a baseline for assessing

efficacy of clinical trials in IRD patients.

The National Eye Institute Visual Function Questionnaire (NEI-VFQ-25), using a
German validated version, was administered to patients with macular dystrophy
(8), retinitis pigmentosa (34), Stargardt disease (31), Usher | and Il types (10),
central areolar choroidal dystrophy (3), cone (4) and cone-rod dystrophies (13),
choroideremia (2), Leber congenital amaurosis (1) and CSNB (2). Visual field
(VF) data and BCVA in logMAR were obtained. The mean and standard

deviations were calculated.

108 patients (62 men/46 women) were studied. The mean age was 39.5
(SD=1.5). Equal numbers of patients in the study population were married or
single, and a minority was divorced. The majority of them lived with their family
and graduated from secondary school or university, and were studying or
employed half to full-time. 78% used corrective glasses or contact lenses. 84%

of the study population considered themselves near-sighted and 75% described
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their visual field as constricted. Table 11 shows a general description of the
study population: sex, family status, living situation, education, working
situation. Table 12 demonstrates the results of the patients’ subjective
perception of their vision abilities (including subjective perception of their visual

field and visual acuity), use of glasses and contact lenses.

Table 11. Socio-demographic description of the study population.

Sex N %
men 62 58 %
women 46 42%
Family situation

married 47 43 %
single 44 40 %
divorced 18 17%
Living Situation

in family 91 84%
alone 17 16%
Education

Grammar/secondary/commercial school 43 40%
University 27 25%
Elementary School 21 19%
Gymnasium 17 16%
Work

full-time employed 51 47%
pupil 18 16%
half-time employed 13 12%
pensioner 9 8%
unemployed 6 6%
housewife 5 5%
not able to work 3 3%
student 3 3%
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Table 12. Ophthalmological characteristics of the patients

84

Use of glasses/contact N % from total
lenses

yes 79 73%
no 27 25%
no data 2 2%
Subjective perception of

the visual acuity

changes

near-sighted 52 48%
far-sighted 10 9%
could not define 46 43%
Subjective perception of

the visual field changes

constricted 82 76%
normal 17 16%
could not define 9 8%




Results

[11.5.1 Visual-Related Quality of life in the IRD patient population

The mean NEI-VFQ composite score was 59 (SD=13.7). The most reduced
subscales were role limitations (35.9; SD=18.8), mental health (30.3; SD=15.6),
and dependence on others (26.12; SD=20.7). Social functioning (69.2;
SD=22.6), ocular pain (79.3; SD=19.96), and color vision (82.5; SD=26.2) were
least reduced. The mean and SD of NEI-VRQL questionnaire subscales are

shown in table 13.

Table 13. NEI-Visual-Related Quality of life in population with IRD.

Subscales Mean SD

Dependence on 26.1 20.7
others

Mental health 30.3 15.6
Role limitations 35.9 18.8
General vision 43.1 18.6
Peripheral vision 56.3 29.2
Near vision 56.8 26.9
General health 59.9 22.5
Driving 62.4 26.7
Distance vision 62.5 22.1
Social functioning 69.2 22.6
Ocular pain 79.3 19.9
Color vision 82.5 26.2

[11.5.2 Visual-Related Quality of life in a variety of rare IRD.

The general health subscale was the most reduced in patients with USH I,
CACD, and RP (range 37.5-57.5). Whereas patients with CRD, STD, MD, CD,
CHRD, USH I, and congenital stationary night blindness (CSNB) (range 65-
77.5) had the same level of general health and were characterized only by a

very moderate reduction.

The second subscale, which characterizes general vision, was the most
reduced in CHRD, CACD, CRD, and CD (20-35). Moderate reduction of this
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subscale was observed in RP, STD, USH II, MD, and CSNB (range 40-50). The
smallest reduction was observed in patients with USH | (70).

The ocular pain subscale was shown to be the least reduced in the overall
VRQL analysis, as well as when stratified by disease. The score varied from 75
in RP, USH 11, and MD, to 81.25-87.5 in CRD, CD, CSNB, and USH I, and was
normal (100) in CHRD, CACD, and STD.

The near vision subscale was the most reduced in CRD, MD, and CHRD (range
37.5-45.8). Moderate reduction of this subscale was observed in CACD, STD,
and RP (range 50-56.25). The lowest reduction was observed in patients with
USH II, CD, CSNB, and USH Il (range 79.2-85.4).

The distance vision subscale was most reduced in patients with CRD, CACD,
and CHRD (range 37.5-47.9). Moderate reduction of this subscale was
observed in patients with MD, RP, USH II, and STD (range 54.2-68.8). The
least reduced distance vision subscale was observed in CD, CSNB, and USH Il
(range 75-85.4).

The social functioning subscale was found to be the most reduced in patients
with CSNB, CACD, MD, and USH | (range 17.5-25). Patients with USH II, RP,
and STD had a similar level of social functioning and were characterized by a
moderate reduction in this subscale. Patients with CRD and CHRD had the

least reduced social function in comparison with other IRD (range 42.5-55).

The mental health subscale was most reduced in CACD, USH |, and STD
(range 31.25-34.4). Moderately reduced mental health subscale was observed
in MD, USH II, RP, CD, and CRD patients (range 37.5-43.7), whereas the least
reduced mental health subscale in comparison with other IRD was observed in
CHRD (range 46.8-50).

Dependence on others was observed to be one of the most reduced subscales
for the entire IRD study population, as well as when stratified by diagnosis. The
most reduced scores were observed in USH |, STD, USH II, and RP (range 3.1-
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21.9). Moderate reduction of this subscale was observed in MD, CACD, CD,
CRD, and CSNB (31.2-37.5). This subscale was the least reduced in patients
with CHRD in comparison with other IRD patients.

Only 24 patients from the study population were still driving: RP (n=8), STD
(n=5), CRD (n=5), MD (n=5), USH Il (n=2), CD (n=1), CACD (n=1). The
greatest difficulty in driving was experienced by patients with CACD and USH Il
(range 8.3-17.7). Moderate reduction of this subscale was noted in patients with
CRD, RP, STD, and MD (range 58.3-66.7). No reduction of this subscale was

observed in CD patients.

The color vision subscale was the one of the least reduced subscales for the
IRD study population, as well as for all IRD when stratified by diagnosis. A slight
reduction of this scale was observed in patients with CACD, USH II, CRD, RP,
and CHRD. No reduction was observed in STD, MD, CD, USH I, and CSNB

patients.

The peripheral vision subscale was most reduced in USH Il, CRD, CHRD, and
RP patients (range 25-37.5). Moderate reduction of this subscale was observed
in patients with CACD, MD, CD, USH I, and CSNB (range 50-75). No reduction
was observed in STD patients. A graphic representation of the VRQL in a
variety of rare IRD is shown in Figure 23.
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Figure 23 Vision- Related Quality of life in a variety of rare IRD. VRQL
subscales: 1. General Health, 2. General Vision, 3. Ocular Pain, 4. Near Vision,
5. Distance Vision, 6. Social Functioning, 7. Mental Health, 8. Role Limitations,
9. Dependency, 10. Driving, 11. Color Vision, 12. Peripheral Vision

[11.5.3 The relation of the VRQL and clinical data.

The next step of the study was aimed at detection of the factors/clinical
parameters that are highly correlated with certain subscales of the NEI VFQ-25
in patients with IRD. It was found that sex had a significant influence on the
changes observed in general health, general vision and ocular pain scores.
Women reported lower scores in general health and ocular pain in comparison
with men, whereas men had more reduced general vision scores. It was also
observed that those with lower BCVA had decreased general (p<0.0251), near

(p<0.003), distance vision (p<0.03), and social functioning (p<0.0069) scores
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(Table 14). The peripheral vision score was significantly lower in patients with
concentric VF constriction (p<0.0076) (Figure 30).

Overall, we showed that the composite score, role limitations, mental health,
and dependence on others were the most reduced subscales in the overall IRD
study population, as well as when stratifying by diagnosis. We also compared
all subscales between a variety of rare IRD. The near and distance vision
subscales were the most reduced in CRD, whereas the peripheral vision scale
was most reduced in CRD, CHRD, USH II, and RP. The role limitation score
was the most reduced in CACD, USH I, and STD; mental health was most
impaired in CSNB, CACD, CD, and USH I; dependence on others in USH I,
STD, USH II, and RP. The lowest composite scores were noted in USH Il and
CACD. A lower peripheral vision score was associated with concentric VF
constriction. Lower general, near, distance vision, and social functioning scores
were linked to BCVA decrease. The results of this study can be used as a

baseline for the assessment of clinical trials efficacy.
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Table 14. VRQL-scores changes in relation to different factors.

NEI-VFQ-25 General patient data and clinical parameters
Subscales

Sex Age BCVA Peripheral

vision

General Health 0.0285* 0.262 0.7571 0.2729
General Vision 0.0234* 0.134 0.0251* 0.2337
Ocular Pain 0.0423* 0.468 0.6330 0.4167
Near Vision 0.8932 0.184 0.003* 0.4189
Distance vision 0.5344 0.388 0.00325* 0.6026
Social 0.8703 0.545 0.0069* 0.5406
functioning
Mental Health 0.1204 0.441 0.1729 0.5501
Role limitations 0.7378 0.461 0.2210 0.5584
Dependence on | 0.5840 0.363 0.1697 0.2135
others
Driving 0.2995 0.305 0.4920 0.4739
Color vision 0.2747 0.617 0.1541 0.4068
Peripheral vision | 0.5544 0.257 0.2482 0.0385*
Composite score | 0.3285 0.403 0.6998 0.4784

*.indicates statistical significance; Kruskal-Wallis test (Chi*-test for more than 2

groups) was used for the association assessment.
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IV Discussion

In order to understand the current epidemiological status of eye diseases
leading to blindness in Europe the most recent literature on age-related macular
dystrophy, diabetic retinopathy, intraocular hypertension, glaucoma, and
inherited retinal dystrophies, was reviewed. This review showed that there are
fewer epidemiological data in Europe on retinitis pigmentosa in comparison with
other eye disease (ARMD, diabetic retinopathy, glaucoma, and cataract) that

lead to blindness.

The above mentioned diseases lead to blindness and visual impairment in older
ages, whereas IRD cause blindness in young people decreasing their ability to

work and maintain an independent lifestyle, decreasing their quality of life [94].

IRD is one of the most frequent causes of blindness in younger Europeans. The
level of blindness in Europe due to IRD varied from 7 to 8%. The study from
Spain showed that Usher | and Il syndromes were the most widespread form of
syndromic IRD in this population. Studies performed in Valencia, Spain and
Slovenia reported autosomal dominant RP to be the most common form of non-
syndromic IRD, whereas X-linked RP was the most rare one. Simplex RP
appeared to be the most common form in a study from the Netherlands. Only
few studies report on the epidemiological status of IRD in Europe, including age

of disease onset estimation and geographic distribution [32, 77, 78].

Previous literature reviews related to the epidemiology of eye diseases leading
to blindness in Europe have focused mostly either on the incidence of blindness
and its causes [109] or on a specific disease within a specific country or
geographic region, e.g. age-related macular degeneration [12-14], diabetic
retinopathy [15-17], glaucoma [19, 36], or cataract [110]. Studies on RP were
mostly based on blindness data obtained from social services. One of the most
comprehensive and recent literature reviews was conducted in 2002 within the
WHO Programme for the Prevention of Blindness and Deafness and contained

data on the prevalence of blindness and low vision in WHO regions as well as
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on the percentage of total blindness for each cause [109]. Data was
significantly lacking for Europe in comparison with other WHO regions, and a
comparison of different countries was not included. The study included results
from twenty five European population-based studies published between 1982
and 2000.

Kocur and Resnikoff reviewed five European studies on major eye diseases
published from 1970 to 1998 [2]. While they summarized the impact of these
diseases on visual impairment within each country, they failed to make a
comparison of epidemiological data among the studies. This review did not

include data on IRD.

The present review compared data from (to the best of the authors' knowledge)
all most recent studies on IRD. Overall, the present review showed that, despite
the large number of epidemiological studies of eye diseases leading to
blindness performed worldwide, accurate data are still largely lacking for
Europe. This review highlighted the importance of undertaking multi-centre,
population-based studies of eye diseases leading to blindness in Europe. It also
showed that the amount of epidemiological data on IRD is considerably lacking
in comparison with the diseases leading to blindness older ages. In the light of
active and successful development of new treatments for IRD, a deeper
knowledge of the disease is required for selection of the patients for clinical
trials and further treatment.

Estimation of age of disease onset, as well as an optimal age for therapeutic
intervention is important for an early differential diagnosis and selection of
patients for clinical trial participation. Therefore, an epidemiological approach
was applied in order to estimate the age of onset in central and peripheral
monogenic retinal degeneration. The results of this study suggested that
monogenic retinal degenerations are more frequent among men than among
women. This may be due to X-recessive inheritance mechanism of some of the

diseases, such as macular dystrophy and choroideremia. The majority of
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patients in the study population were first diagnosed by an ophthalmologist at
an age between 11 and 30 years old, which is in line with the results obtained
by Tsujikawa et al. in the study of age at onset curves of retinitis pigmentosa
[114].

A large number of patients in both groups retain good visual acuity equal or
better to 20/40, with 124 eyes in group 1 (predominantly central involvement)
and 140 eyes in the second group (predominantly peripheral involvement). This
result is in line with other studies conducted earlier [69, 115]. BCVA for both
groups by age showed that 37% of patients in age group 21-40 and 36% in age
group 41-60 were registered as legally blind, indicating a strong impact of
monogenic retinal degenerations on incidence of blindness principally in a

productive age group.

Color perception problems didn’t appear to be a very specific symptom in either
group, since an equal number of patients in both groups indicated the presence
or absence of color vision problems. This is surprising, since color vision
discrimination problems should be more common primarily in diseases affecting
the central retina than in diseases affecting the periphery. This may be a
consequence of the “bystander effect”, when cones are effected secondarily
because of rod degeneration and production of rod-derived cone viability factor
(RACVF) [116].

Usher syndrome | and Il, Stargardt disease, and choroideremia were the most
frequent diagnoses in this study. This corresponds to the results of other
studies, where Usher syndrome types | and Il were found to be the most
frequent types of monogenic retinal dystrophies in Germany and in Spain [49,
77].

Overall, the results of our study showed that these monogenic retinal
dystrophies are more frequent among men than among women. It was also
found that relatively high numbers of patients in both groups retained quite good

visual acuity, which shows that early and properly planned rehabilitation
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strategies and/or timely application of new treatment strategies could be
beneficial in order to increase quality of life for these patients. Moreover, for
both groups an age for optimal therapeutic intervention was defined. It is
recommended that this should be taken into account while screening for

patients to take part in clinical trials for testing new treatment strategies.

Furthermore, this study showed that the age at disease onset can be estimated
on the basis of an epidemiological approach, which is based on an
epidemiological analysis of age at main symptoms onset, derived from the
history of the disease, and main clinical parameters. An epidemiological
approach to the estimation of the disease onset could be used by clinicians for
detecting the duration of the disease and its prognosis, planning rehabilitation
measures, and for researching future possibilities for treatment. Further long-
term, follow-up studies of clinical parameters are needed for the establishment
of a decision-making algorithm for the estimation of disease prognosis and

rehabilitation.

Differentiation of IRD into two groups with predominantly central or
predominantly peripheral involvement is essential in early diagnostic stages,
and even more precise differentiation is needed for the final diagnosis.
Furthermore, an even more granular approach is necessary to obtain an
understanding of the pattern of the disease onset in a variety of rare IRD.
Therefore, the pattern of major visual symptoms onset was studied in eleven
rare IRD. The results of this study suggested that patients with USH Il were 3
times more frequent than USH | patients, which is also supported by earlier
results [72]. SIM-RP was the most frequent mode of inheritance followed by X-
RP, ADRP, and ARRP. Previous studies of the frequency of RP inheritance
mechanisms in different populations detected a simplex “sporadic” inheritance
as most frequent [117]. The X-linked inheritance mechanism was more frequent
in our study population compared with other studies [118, 119], although similar

findings were observed in a nation-wide study in Denmark [120]. This result can
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be explained by the higher frequency of mutation identification when testing X-

chromosomes.

Onset of the most typical IRD visual symptoms was analyzed in eleven rare
IRD. Early night blindness was detected in patients with rare forms of IRD such
as LCA and BBD, as well as in STD and in IRD with predominantly rod
involvement, such as X-RP, USH | syndrome, ADRP and RP-NSI. In contrast
CHRD, CRD, and CD had a later onset of night blindness. Early night blindness
onset was mostly typical for the IRD with predominantly peripheral visual field
involvement such as LCA, BBD, X-RP, USH II, ADRP, as well as for STD
patients (predominantly central visual field involvement). A high variation of the
age at night blindness onset was noted in patients with ADRP. CD and CRD
(predominantly central visual field involvement group) had an earlier onset of
photophobia and decrease in visual acuity than is normally observed in these
diseases, due to predominantly cone involvement in the pathological process
[34]. Early onset of photophobia was also observed in BBD, LCA, and X-RP
(predominantly peripheral visual field involvement group). Patients with X-RP
and RP-NSI (predominantly peripheral visual field involvement) reported visual
acuity decrease and visual field defects onset earlier than other types of RP,
excluding LCA and BBD. CRD and CD (predominantly central visual field
involvement) also noted visual acuity decrease early in life. Interestingly,
patients with predominantly peripheral visual field involvement (LCA, BBD, USH
I, X-RP, NSPI-RP) reported earlier visual field defects onset in comparison with

those, who had a predominantly central visual field involvement.

During the analysis of the dependence of BCVA measured at first visit to the
ophthalmologist versus the period between the age first experienced VA
decrease and the first ophthalmological examination, it was noted that early
onset RP and RP simplex had a more stable BCVA in comparison with other
RP types. CRD patients had a shorter period between first VA decrease
appearance and first visit to an ophthalmologist, and had on average worse
BCVA at a first visit than RP. This indicates that RP patients have a more stable
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BCVA through the disease and tend to visit an ophthalmologist later, whereas
those RP patients who had an ophthalmological examination early in the
disease history usually had some other symptom than VA decrease. Patients
with CRD had a decrease of BCVA early in the disease and most of them
tended to visit an ophthalmologist early in the disease. Our findings are in line
with the observation that patients with CRD normally have a severe loss of
visual acuity earlier than those with RP [34]. Previous studies of the visual
acuity in RP patients showed that visual acuity can remain normal even in
individuals in advanced disease stages, with only a small island of remaining
visual field [121]. Furthermore, patients with RP are known to suffer irreversible
and progressive loss of visual field as they age. Simple logistic regression
showed that decrease in the visual field depended strongly on age [122].
Therefore, we speculate that the report of early decrease of visual acuity by
some of RP patients, as well as the shorter period between the first experienced
VA decrease and the first visit to an ophthalmologist in some RP patients can
be explained by combined central and peripheral visual field defects that can
potentially lead to the subjective perception of lowered visual acuity. The trend
observed by us when plotting BCVA versus the period between first
experienced VA decrease and the first visit to ophthalmologist in CRD was very
similar to the trend of visual field area plotted against the period between the
first VF defects experience and time of the ophthalmological examination, as
measured by Massof et al., when studying a two-stage hypothesis for the
natural course of retinitis pigmentosa [111].

A significant number of patients had BCVA within a normal range and only 6
patients were registered as legally blind according to the WHO definition.
Previous findings indicate that it is rare for such patients to lose all vision in both
eyes, and more than half of them retain good BCVA at a level less than 0.3 [32,
37]. Visual field defects were found to be often of a mixed nature. A combination
of central scotoma and peripheral constriction was observed in patients with RP

and CRD, while peripheral constriction with annular scotoma was observed in
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CHRD patients. Follow-up studies of RP showed that the smallest amount of
change occurred for visual acuity and the greatest amount of change occurred
for visual field area [82]. Visual field defects in this disease tend to progress
from mid-peripheral visual field loss to the loss of far peripheral vision, and then
to the development of tunnel vision [121]. A combination of central and
peripheral visual field defects can be explained by the advance of the disease.
Although, RP is characterized by peripheral visual field loss, whereas CRD
typically have central scotoma, both of these diseases in later stages are
characterized by a combination of central and peripheral visual field loss, which

explains our findings [34, 121].

Disease history such as typical age at onset of visual symptoms and clinical
signs is important for the early identification and differential diagnosis of IRD
and can guide clinicians through the diagnostic process. Nevertheless, these
parameters alone are not sufficient for a final differential diagnosis. Evaluation
of full-field and mfERGs is essential for the establishment of the final diagnosis
of IRD.

Previous publications focused on the detection of normative values for full-field
ERG parameters as well as values for single IRD types such as CD, CRD, and
STD [123], the estimation of normal values for mfERG [124], or on the
differential diagnosis of the subtypes of frequent IRD types such as
differentiation between Usher syndrome subtypes [44]. Despite the very high
value of this research, the comparison of the electrophysiological data between
normal subjects and different IRD types as well as between IRD types is still
largely lacking. Furthermore, there are no generally accepted qualitative and
quantitative criteria for the reduction in electrophysiological parameters, which
are necessary for the assessment of disease severity and are required to better

communicate test results to patients.

Van Lith established that qualitative descriptions or labels of ERG wave-forms

are less desirable to use in clinical practice than quantitative determinations
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[125]. He proposed to determine the lower limit by obtaining a standard
deviation value of 2 in reference to the mode, and then the reduction of
amplitude was expressed in the percentage of the mode and the lower limit.
Nevertheless, one could argue that the standard deviation would not be most
optimal to use in order to characterize non-normally distributed ERG data.
Therefore in this study non-parametric statistics (median and quantiles) were
used to describe the ERG data. In addition, Fishman and coauthors noted that
describing an ERG result as solely “subnormal” is inexact and in need of
quantitative documentation [126]. Despite this fact, such qualitative descriptions
are still quite often used to describe ERG data along with quantitative data.
Therefore in this study we formulated the approach of using both quantitative
and qualitative characteristics for full-field and mfERG data. Indeed, the
interrelated use of qualitative and quantitative measures will assist in the
comparison of electrophysiological data between disease groups and will
increase the efficacy of communication of information to the patient. Moreover,
guantitative and qualitative characteristics of ERG values can be further applied
to the creation of software that will allow the automatic classification of the
recording into a specific disease and degree of severity.

As a result of this study we were able to estimate the normal parameters of full-
field and mfERG, which were used as a reference for the current study and
could be potentially helpful in future studies. We also calculated the median and
25-75 and 5-95 quantiles for the random sample of IRD population that enabled
us to define the criteria for qualitative assessment of full-field and mfERGs.
Importantly, as a result of this study we calculated the median and 5-95
guantiles of each full-field ERG and mfERG parameter for each IRD type.
Furthermore, medians of the identical parameters of full-field and mfERGs were
compared between IRD types using a Kruskal-Wallis test. Observed differences
can be used as a guideline for differential diagnosis of IRD. The qualitative
characteristics of full-field and mMfERG amplitudes were considered as

moderately reduced if the amplitudes ranged from the maximum of IRD
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population values to the 25" quantile of the IRD population median, and
severely reduced if amplitudes were lower than the 25" quantile and higher
than the minimum amplitude of the IRD population. Implicit times that were
higher than maximal normal values and lower than the 75™ quantile of IRD
population values were characterized as moderately prolonged. Implicit times
exceeding the 75" quantile and equal or exceeding the maximal implicit time

values of IRD population median were categorized as severely prolonged.

We observed that patients with RP, despite their predominant affection of the
rod system, also often had substantially decreased amplitudes and prolonged
implicit times in photopic ERG. On the other hand CRD, besides the decrease
of photopic amplitudes, were characterized by decreased scotopic amplitudes
as well as prolonged implicit times. Similar findings were described by Fishman
et al. [127] and can be interpreted in CRD as a sign of the beginning of cone
involvement in the first stage and rod involvement in the second stage.
Furthermore, our study also showed that USH | has significantly less prolonged
MfERG implicit times than USH I, which corresponds to previous findings [44].
Interestingly, the described differences were mostly observed in peripheral

MfERG rings, whereas in central rings these differences were not as obvious.

Full-field ERG has been shown to be a very useful tool for the early diagnosis of
IRD when symptoms are not yet noticed by patients [128, 129]. The qualitative
part of our study was performed on relatively large sample of patients, and was
aimed at revealing specific qualitative differences that will allow further
specification of typical electrophysiological signs and symptoms of rare IRDs.
The qualitative study showed that scotopic amplitudes and implicit times were
severely reduced and non-detectable in a majority of patients with retinitis
pigmentosa, which indicates the presence of diffuse retinopathy [127]. Photopic
ERG was characterized by more moderate changes in comparison with
scotopic. Patients with RP frequently had moderately reduced implicit times in
photopic ERG, which suggests that they were more likely to have a better
prognosis [86]. Patients with CD and CRD had both reduced and prolonged
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scotopic and photopic ERG with a predominance of scotopic changes, which is
a sign of the beginning of a mixed cone-rod dystrophies processes, and can
lead to difficulties in the differential diagnosis between cone-rod [130] and cone
dystrophy patients [35]. MD was represented by a normal full-field ERG, which
differentiates it from other IRD and conforms to the results of other studies [35].
The majority of patients with STD had scotopic and photopic full-field ERG
within a normal range with moderately reduced amplitudes and moderately
prolonged implicit times, which corresponds to previous findings [131]. A vast
majority of patients with LCA and BBD had non-detectable or severely impaired
full-field ERG [132-137], which suggests severe retinal dystrophies and
unfavorable prognosis for the visual function of these patients. USH | had
slightly more decreased amplitudes and more prolonged implicit times in
comparison with USH I, which corresponds to the fact that USH | usually has
earlier onset and progresses faster in comparison with USH 1l syndrome [43].
CACD was characterized by normal or moderately reduced amplitudes and
normal or moderately prolonged implicit time in both scotopic and photopic
conditions, which corresponds to previous findings [138, 139]. Photopic b-wave
amplitude was severely reduced, which indicated continued disease
progression [140].

With the progression of dystrophies, full-field ERG often becomes non-
detectable and therefore has only a limited diagnostic utility. In such cases
MfERG response can still be obtained. mMfERG gives information about cone
system dysfunction and is a very valuable tool for following up on disease
progression and detecting spatial retinal changes. If recordable, mfERG implicit
times were moderately and severely prolonged in USH | patients and non-
detectable and severely reduced in USH Il patients. Patients with MD had a
predominantly central decrease of mfERG amplitude with slightly more normal
values on the periphery and normal implicit time, which is in concordance with
previous studies [141]. STD mfERG amplitudes were either moderately to

severely reduced or non-detectable, and implicit times were moderately or
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severely prolonged, with more severe changes in the center [142]. That RP
patients had severely prolonged implicit time, as reported in previous studies,
indicates cone system damage [143]. Implicit times in MfERG of patients with
USH | showed a significantly milder change than in USH Il patients, especially
in the peripheral rings, which corresponds to findings in previous studies [44].
In our study mfERG was shown to be more sensitive in the evaluation of such
disease as macular dystrophy, Stargardt disease, retinitis pigmentosa, Usher I,

and Usher Il syndromes.

This study is, to the best of our knowledge, the only study with evaluation of
both full-field and mfERG in such a wide variety of IRD. Overall, these studies
show that knowledge of the pattern of the onset of the key diagnostic symptoms
provides an extra clue for clinicians and can guide them through the further
diagnostic process. Specific electrophysiological signs of the vision system in a
variety of IRD, along with knowledge of the pattern of the disease onset will be

very helpful for the selection of patients for ongoing clinical trials.

The active development and testing of new treatment strategies for IRD
requires efficient methods for testing their efficacy. It was shown that, although
certain ERG amplitude measures did show positive correlations with some self-
reported activities, overall, the ERG amplitude measures showed the least
relationship with patients’ self-reported data [90]. Thus, ERG alone cannot be
used as a reliable test of the efficacy of clinical trials. Questionnaires for visual-
related quality of life assessment were shown to be more sensitive than clinical
parameters [105], therefore they should be used in parallel with the evaluation

of visual function.

Visual-related quality of life (VRQL) is widely recognized as a patient related
outcome and is used in clinical trials in the pharmaceutical industry [144, 145],
and in assessment of the efficacy of rehabilitation measures [146]. Ongoing
clinical trials for testing IRD treatments require a baseline for clinical trial

efficacy assessment. Previous studies report on VRQL in different patients
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populations such as patients with age-related macular degeneration [147, 148],
refractive error [149], blepharospasm [150], cataract, and glaucoma [151]. Only
few studies are devoted to the evaluation of the VRQL in patients with RP [90,
91, 93, 94]. These studies are mostly focused on the correlation between the
results of the self-reported VRQL and BCVAlvisual field or the efficacy of
rehabilitation measures. The only up-to-date study related to the psychological
well-being of patients taking part in a clinical trial for testing subretinal implants
was done in the Tuebingen University Eye Hospital by Peters et al. [152]. The
Brief Symptom Inventory that was used in the study allowed the evaluation of
the emotional state of the patient, but did not give any idea on VRQL changes
before and after implantation. Consequently, there is a high need for the
assessment of VRQL in RP patients, which can be later used as background for

clinical trials efficacy evaluation.

In our study we included patients with eleven rare inherited retinal
degenerations. We were able to define VRQL changes in the overall IRD
population, as well as for each IRD type and to reveal the differences between
eleven rare IRD types. The results of the study showed that the composite
score, role limitations, mental health, and dependence on others subscales
were the most reduced in the IRD study population, as well as when stratifying
by diagnosis. As a result, it is recommended to especially focus on the changes
in the mentioned above subscales when following-up with patients with RP in

any clinical trial.

As different IRD types are quite heterogeneous in their pathogenesis, main
symptoms, and trends of progression, it is especially important to define
differences in VRQL change. To the best of our knowledge, there are no
previous studies that cover this question. Therefore, all subscales of NEI-VFQ-
25 were compared across eleven rare IRD. The near and distance vision
subscales were the most reduced in CRD, whereas the peripheral vision
subscale was the most reduced in CRD, CHRD, USH Il and RP. Role limitation
was the most reduced in CACD, USH | and STD; mental health was the most
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impaired in CSNB, CACD, CD, USH I; dependence on others in USH |, STD,
USH II, and RP. The lowest composite score was noted in USH Il and CACD.
Revealed differences are very helpful for assessing the efficacy of clinical trials,
and are of very high value for the planning of rehabilitation, dependent on

diagnosis and the patient’s individual needs.

Burstedt et al. found a strong relationship between objective tests of visual
function and patient perceived VRQL as assessed by a questionnaire. Visual
acuity was the strongest predictor of the variability of the composite score [91].
Nevertheless, previous studies did not identify which subscales of NEI-VFQ-25
were correlated with BCVA changes. In the current study it was found that lower
general, near, distance vision, and social functioning scores were linked to
BCVA decrease. We also found that a lower peripheral vision score was
associated with concentric VF constriction. This finding is supported by the
conclusion of Szlyk et al., who showed that a perceived difficulty in performing
common tasks was most strongly related to level visual fields in patients with
RP [90]. The results of this study provide insight into the VRQL changes both in
overall IRD population as well as in eleven rare IRD types. These data will be
used as a baseline for the assessment of clinical trials efficacy. Furthermore,
the study of VRQL in the IRD population showed that women with IRD often
had more reduced general health and ocular pain scores, whereas men
reported lower general vision scores. Results obtained in the study will help to

develop an individual approach to the assessment of clinical trials efficacy.

The studies that are part of the current dissertation have some limitations. The
literature review that was performed to make an update on the epidemiology of
IRD in Europe included all relevant papers without restriction to any specific
ethnicity. Available publications did not adequately report on the epidemiology
of these diseases in non-Caucasian populations. Therefore, the scope of the
literature review was limited in order to perform a comprehensive analysis of
data available on people of Caucasian origin. The issue of ethnic differences is
quite complicated, and, unfortunately, rarely described in the literature.
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Furthermore, most of the studies reported were based on the data from social
sources and represented blindness data, rather than data on prevalence and
incidence of IRD itself. Moreover, some caution is also advisable in a
comparison of different epidemiological studies, especially from different
European countries, since such studies often use different age group definitions
and diagnostic methods.

We attempted to minimize this limitation by using very specific and strict
inclusion criteria. The reported studies used similar diagnostic procedures and
approaches. Where differences remained, we have clarified this to ensure the

reliability of conclusions derived from this systematic literature review.

Further clinical studies had a retrospective cross-sectional design, and the data
was obtained from a clinical database or patients’ paper files, which were not
initially designed for research purposes. This limited us to the analysis of data
that were available. Furthermore, the age of symptoms onset estimation was
based on the patients’ perceptions, and therefore is subjective. The analysis
was limited to information obtained during the patients’ first visit to the eye
hospital. The relatively small sample size of RP patients who were able to
define their age at first VA decrease did not allow us to see a trend of VA
change for all types of RP in the study of the pattern of the visual symptoms
onset in IRD. It was also not always possible to record both full-field and mfERG
in all patients due to difficulties resulting from nystagmus or other concentration

problems.

The literature review study data represents the most recent and complete
overview of (to the best of the authors' knowledge) all recent European studies
on the epidemiology of IRD. A summary and comparison of overall and specific
prevalence and incidence estimates of major eye diseases in Europe is
presented, and the natural progression, economic impact, and methods of

treatment were discussed.
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The study on the use of epidemiological approach for the estimation of the
disease onset in IRD was based on clinical data obtained from a database, and
included all patients with a diagnosis of interest, whereas earlier studies
performed by Krumpatszky derived data from social services and focused only
on those patients that were already registered as blind. Furthermore, the study
included a high percentage of patients originating from other countries, which
will make it possible to more effectively compare to other non-German studies

performed in the future.

The data for the study of the pattern of the visual symptoms onset was collected
over a four-year period, which enabled us to obtain a relatively large sample
size of patients with a wide variety of rare IRD. Patients with more prevalent and
rare types of IRD were represented in the study population. Patients from all
over Germany were represented in the study population, which allows us to
conclude that the study population is representative of the whole IRD population
in Germany and that the results of the study can be generalized. Moreover, we
were able to see the main trend of VA change in RP and to compare it with VA
change in CRD. We also were able to define the trend of visual acuity change
for a few RP types. Further study of BCVA change in different types of RP
requires a larger sample size for each of the observed types of RP inheritance.
This is the first study in which a combined analysis of disease history and
clinical data was done in such a wide variety of rare IRD types. The results of
this study will give the reader a deeper understanding of IRD, and revealed the

differences between its types.

The study on the typical clinical signs of the electrophysiology of the visual
system in IRD was done on a sufficiently large sample size of a wide variety of
rare IRD. In this study it was also possible to ascertain that patients with
different IRD types were not different in respect to the disease duration, which
removes selection bias and justifies the comparison between patients in this
sample. The study led to the estimation of quantitative mf and full-field ERG
criteria for normal subjects and a variety of IRD, which had not been done
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before, and enables differentiation between different IRD types. Furthermore, it
resulted in the formulation of qualitative criteria that will help to estimate the
severity of IRD and to enhance doctor-patient communication. These criteria will
be of high value for the estimation of prognosis as well as for planning

rehabilitation and/or treatment measures.

The study on VRQL in the IRD population had a prospective cross-sectional
design. All patients therefore were observed at one point in time and the
information of the disease onset was not always available from all patients that
took part in the study. Consequently, it was not possible to make sure that all
patients were at the same disease stage, which can potentially lead to selection
bias. Nevertheless, the prospective design of the study allowed us to collect all
the information of interest. Furthermore, in comparison with previous studies we
focused on the specification of the decrease in certain subscales and its
correlation with visual function. We also were able to describe the differences
between VRQL changes in eleven rare IRD. These results provide useful
background for the assessment of new treatments. As the diseases we are
studying are rare, it took a considerable amount of time in order to reach the
achieved sample size. Nevertheless, some of the disease groups still had a

relatively small sample size. Therefore further study is needed.

This dissertation gives the most recent and complete systematic literature meta-
analysis on epidemiology of IRD, which will help researchers and patient
organizations to better understand this question. It is the author’s hope that
these results will also lead to the establishment of a common set of preventative
measures based on solid epidemiological data and will make it possible to
monitor the effects of such prevention and intervention. Furthermore, this
dissertation included the first study that showed that the age of disease onset in
central and peripheral monogenic retinal dystrophies can be estimated on the
basis of an epidemiological approach. The results are based on analysis of age
at main symptoms onset, derived from the history of the disease and main

clinical parameters, which can be used by clinicians to detect the duration of the
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disease and its prognosis, to plan rehabilitation measures, and to research
future possibilities for treatment.

This dissertation also covered the question of the pattern of the major visual
symptoms onset. A comparison of such a wide variety of rare IRD has not been
performed previously. It was shown that the pattern of major visual symptoms
onset can provide an extra clue for early differential diagnosis of IRD, and can
guide the clinician through the subsequent diagnostic process, although the
final diagnosis requires a more refined approach. Additionally, it will play an
important role in the early identification of patients that can benefit from new
treatments in early disease stages. The study also showed that severe loss of
visual acuity in patients with CRD occurs earlier than in RP, which in
combination with mixed visual field defects can lead to early disability and

requires special attention.

Moreover, this dissertation also includes a study of the special clinical signs of
the visual system in IRD. This study was the first that led to the estimation of
quantitative mf and full-field ERG criteria for normal subjects and a variety of
IRD. We additionally derived qualitative criteria, which will help to estimate the
severity IRD. It is often very difficult to differentiate between various types of
IRD, especially in later stages of the disease. Furthermore, ophthalmologists
specialized in such a wide range of IRD do not exist. The simultaneous
application of quantitative and qualitative criteria in software for full-field and
MfERG assessment is essential and will lead to a significant improvement in the
efficacy and the precision of differential diagnosis, as well as the communication

of results to the patient.

It is well known that clinical criteria are not sufficient for the assessment of
treatment/rehabilitation efficacy in patients with visual impairment. In light of the
successful development of treatment strategies for IRD, the estimation of a
baseline for the effectiveness estimation is essential. There were no existing

studies that provided this data. Our study on VRQL in patients with RP included
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the assessment of VRQL change in the IRD population as a whole, as well as in
eleven rare IRD types, which has not been done previously by other
researchers. It was also possible to reveal differences between the VRQL
changes in different types of IRD that should be considered when testing new
treatments. Furthermore, the subscales that were correlated with BCVA and
visual field changes were identified.

Overall, the results of the studies included in this dissertation will help to update
researchers, politicians, and decision makers on the current state of
epidemiology of eye diseases leading to blindness in Europe with special focus
on IRD, and we hope they will stimulate further multi-centre, population based
studies and will be provide a background for the increased funding of these
studies. An epidemiological approach can be applied in clinical practice for
differential diagnosis between central and peripheral IRD, as well as for
prognosis estimation and finding possibilities for further treatment. Patterns of
visual symptoms onset, together with quantitative and qualitative criteria for full-
field and mfERG assessment, will be used for the creation of software for
differential diagnosis and prognosis estimation, and are of very high importance
for the selection of the patients for the clinical trials participation. The results of
the VRQL study of patients with IRD will be essential background for the

evaluation of new treatment strategies for IRD.
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This dissertation includes the most recent systematic literature meta-analysis on
the epidemiology of inherited retinal degenerations (IRD) in Europe. Very few
studies on the epidemiology of retinitis pigmentosa (RP) are nation-wide and
population-based. Existing studies address only the most frequent forms of
inherited retinal dystrophies (IRD) and do not provide data on prevalence and
incidence of individual eye diseases. Only few studies deal with the onset and
progression of IRD and none compares clinical electrophysiological data of
different IRD types.

This shortcoming is addressed in a chapter that describes an epidemiological
approach for estimating age of disease onset in central and peripheral IRD.
Interestingly a relatively high number of patients in both groups retained quite
good visual acuity. An age for optimal therapeutic intervention was defined.

Moreover the pattern of the onset of major visual symptoms in a variety of IRD
was investigated, providing for the first time such a comprehensive analysis. It
was shown that the pattern of major visual symptoms onset can provide an
extra cue for early differential diagnosis of IRD. Moreover severe loss of visual
acuity in patients with cone-rod dystrophies (CRD) in combination with mixed
visual field defects can lead to early disability and requires special attention.
This dissertation also includes a study of particular clinical signs of the visual
system in IRD. Multifocal (mf) and full-field electroretinogram (ERG) of normal

subjects is compared with those obtained in IRD.

A further chapter on visual-related quality of life (VRQL) in patients with RP
includes the assessment of VRQL change in the IRD population as a whole, as
well as in eleven rare IRD types, which has not been performed previously by
others. It was also possible to reveal differences between the VRQL changes in
different types of IRD, which should be considered when testing new
treatments. This epidemiological approach can be applied in clinical practice for
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differential diagnosis between central and peripheral IRD, as well as for
prognosis estimation and selection of treatment strategies.

The results described here will help to properly inform researchers, politicians,
and decision makers about the current state of the epidemiology of IRD in

Europe and to stimulate further multi-centre population-based studies.
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Zusammenfassung

In der vorliegenden Promotionsarbeit wird eine systematische Meta-Analyse der
aktuellen Literatur zu erblichen Netzhautdystrophien (inherited retinal
dystrophies, IRD) vorgestellt. Es gibt nur wenige Untersuchungen zur die
Epidemiologie der Retinitis Pigmentosa, weder landerlbergreifend noch auf der
Grundlage von bestimmten Populationen. Vorhandene Studien beziehen sich
nur auf die haufigsten Formen der angeborenen Netzhautdegenerationen und
sagen nichts aus Uber die Ausbreitung und die Haufigkeit von einzelnen
Augenerkrankungen. Nur wenige Studien widmen sich dem Auftreten und der
Ausbreitung von IRD. Um diese Lucke zu fullen, beschreibt diese
Promotionsarbeit eine epidemiologische Untersuchung des Anfangsalters der
Patienten bei erstmaligem Auftreten von zentraler und peripherer IRD.
Interessanterweise behielten Patienten in beiden Gruppen eine recht gute
Sehscharfte. Das fur eine Therapie am besten geeignete Alter wurde ermittelt.
In einem weiteren Kapitel wurde das Muster der wichtigsten Symptome bei
Netzhautdegenerationen erstmals untersucht. Das jeweilige, fur eine
Erkrankung typische Muster erstmals auftretender Symptome kann demnach
als zusatzlicher Hinweis fur eine frihzeitige Differentialdiagnose dienen. Der
Verlust an Sehscharfe, kombiniert mit unterschiedlichen Gesichtsfeldstérungen
fuhrt zu einer frihen Behinderung und erfordert besondere Aufmerksamkeit.

Die Promotionsarbeit widmet sich auch den besonderen klinischen Zeichen im
visuellen System bei IRD. Es wurden in dieser Studie erstmals quantitative
Kriterien aufgestellt, um multifokale und Ganzfeld-Elektroretinogramme bei
normalsichtigen und bei fehlsichtigen Probanden miteinander zu vergleichen.
Es wurden qualitative Kriterien abgeleitet, die es ermoglichen, die Schwere der

individuellen Erkrankung abzuschéatzen.

Die vorliegende Studie Uber Sehvermégen-bezogene Lebensqualitdt (VRQL) in
RP-Patienten beinhaltet erstmals eine Bewertung von VRQL-Veranderungen in
der gesamten IRD-Population, wie auch in elf seltenen Formen von IRD. Es
konnten unterschiedliche VRQL-Veranderungen bei unterschiedlichen Formen
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von IRD aufgezeigt werden; bei der Evaluierung neuartiger Therapien sollten
die Ergebnisse der VRQL-Studie berucksichtigt werden.

Dieser epidemiologische Ansatz dient in der klinischen Praxis der
Differentialdiagnose zwischen zentraler und peripherer IRD, sowohl im Hinblick

auf die Verlaufsprognose als auch auf die Wahl der therapeutischen Strategie.

Die hier vorgelegten Ergebnisse sollen auch dazu beitragen, Forschern,
Politikern und Entscheidungstrdgern den gegenwartigen Stand der IRD-
Epidemiologie in Europa zu vermitteln sowie weitere multizentrische, auf

Populationen basierte Studien anzuregen.
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Appendix 1. Comparison of full-field ERG values between different types of IRD and with normal values

Parameter/ USH Il USH | STD RP MD CD CRD CHRD CACD BBD Normal controls Kruskal-

IRD type Wallis-Test
(Chi?test)

Rod b-wave | nd nd 124.67 109.37 166.295 208.41 79.92 46.155 100.67 nd 292.93 (163.667; | p=0.0001*

amplitude, (15.88; (19.24; (92.8; 300) (128.8; (15.88; (25.95; (81.22; 435.602)

mV 189.9) 199.5) 273.2) 130.2) 66.36) 115.7)

Rod b-wave | nd nd 98 (67.2; | 101.25 103.5 60.8 104.75 65.5 919 (62; | nd 84 p=0.0097*

implicit time, 131.5) (88; (19; 121) (17; 94) (76;111) (65;66) 106.5) (58.1; 97.1)

ms 114.5)

Maximum a- | nd nd 200.445 81.155 206.9 137.75 63.44 47.61 132.15 33.14 227.07  (106.6; | p=0.0001*

wave (64.82; (8.469; (199.95; (38.529; 220. | (25.33; (21.84; (53.34; (27.22; 322.2)

amplitude, 370.7) 254.8) 236.8) 729) 193.5) 73.51) 174.68) 39.06)

mV

Maximum a- | nd nd 16.5 16.3 16.3 17.75 235 21 18 2.4 16 (15.5;17) p=0.004*

wave implicit (15; 23) (12; 24) (15.5;17) (15; 23.5) (15.5; (16; 25) (17;19.5) (2.4;2.6)

time, ms 24.5)

Maximum b- | nd nd 352.05 177.42 416.5 292.4 131.96 90.08 288.575 55.32 415.185 (277;15; | p=0.0001*

wave (97.9; 763.3) | (21.78; (292; (35.915; (14.32; (27.58; (140.3; (16.4;94.2) | 640.05)

amplitude, 467.6) 531.71) 412.361) 271.678) 108.9) 369)

mV




Maximum b- | nd nd 48 (34.4;,63) | 55.5 49 50.5 (35.32; | 48 56 427 56.5 46 (42.25;55.75) p=0.2221
wave implicit (51;84) (41.6;53.5) 59.95) (37.6; (40; 61) (40; 59) (46.4;66.6)

time, ms 78.5)

OoP nd nd 4253 (7.99; | 13.64 40.6 (28.03; | 41.6 17.315 6 34.54 nd 78.83 (65.59; | p=0.0001*
amplitude, 109) (6.48; 80) (37.6; 59) (11.43; (3.716; (33.95; 95.06)

mV 40.62) 40.13) 16.52) 35.41)

OP implicit | nd nd 23.6 24 (235; | 244 24.5 25.4(23.2; | 255 25.6 (24.8; | nd 23.6 (22.5;24.7) p=0.0012*
time, ms (22.4; 29.2) 28.8) (23;24.8) (23.6; 25.5) 32) (24.8;29) 27.5)

Photopic a- | nd nd 25.27 21.53 41.24 22.455 10.355 12.442 11.35 nd 39.18 (15.81; | p=0.0001*
wave (8.623; (2.618; (25.53; (4.058; (0.4; (4.771, (10.06; 61.45)

amplitude, 79.37) 41.56) 104.8) 63.68) 21.35) 27.49) 12.64)

mV

Photopic  a- | nd nd 15.5 17 155 16 19.75 22.16 15.75 nd 14 (12.25; 16) p=0.0001*
wave implicit (15;18.5) (15.5;30) | (15; 19.6) (15;17.125) (16.75; (16.38; (15;16.5)

time, ms 27.38) 26.8)

Photopic  b- | nd 16.09 110.645 24.39 147.36 66.435 (6.43; | 30.59 19.82 97.1 19.74 171.13 (79.41; | p=0.0001*
wave (13.23; (12.829; (6.1; (110.4; 141.4) (7.587; (2.771; (45.14; (10; 46.94) | 271.38)

amplitude, 26.16) 225.8605) 172.7) 214.55) 68.97) 58.12) 137.89)

mvV

Photopic  b- | nd 33.6 31.2 38.4 30.5 32.75 (29.4; | 38 35.4 31(30.6; 48.8 30(28;33) p=0.0001*
wave implicit (31.2; (27.1; 41.33) | (29;59) (26.2;59.4) | 42.58) (17.85; (30;43.9) | 34.2) (42.8; 49.8)

time, ms 37.2) 74.4)




30 Hz flicker | 44.47 6.93 65.515 10.82 90.81 32.83 (4.54; | 22.19 16.64 54.09 18.185 10141 p=0.0001*
wave (16.64; (5.47; (24.88; (2.22; (57.48; 108.51) (2.812; (3.12; (25.45; (9.12;20) (59.676;136.958)

amplitude, 72.3) 8.45) 179.456) 103) 111.6) 67.5) 39.17) 104.62)

mV

30 Hz flicker | 32 (30; | 62.4 60.5 68.9 59.5 (58.2; | 645 (52.6; | 69 714 62.4 75.9 59 p=0.0001*
implicit time, | 72.6) (60; (47.4;73.2) (45; 78) 61) 75.9) (60; 75) (30.5; (61.8;65) | (65;76.8) (48.3; 61.85)

ms 62.4) 75.5)

nd- not detectable; *-indicates that the difference was found to be statistically significant; 5" and 95™ quantiles are indicated in brackets; Kruskal-Wallis test (Chi*-test for more
than 2 groups) was used for the comparison of IRD subgroups and with subjects with normal ophthalmological finding.




Appendix 2. Comparison of mfERG values between different types of IRD and with normal values

Parameters/IRD USH Il USH | STD RP MD CD CRD CHRD CACD BBD Normal Kruskal-
types controls Wallis-Test
(Chi?test)

Rl Amplitude, mV | 12.9 (7; 43.9) 12.55 12.65 (7.2; | 20.3 (5.5; | 27.4 (125; | 169 (6.9; | 20.2 177 (4.8; | 154 (8.6; | nd 61.3 (25.17; | p=0.0001*

(10.8; 14.3) | 38.1) 39.5) 63) 33.5) (3.7;28.1) 45.8) 30.9) 84.82)
RII Amplitude, | 4.4 (2.3;10.1) 91 (66; |78 (39;|6 (2.3; | 154 (55; |74 (1.9; | 535 64 (11;]91 (6.6;|nd 23.25 (11.2; | p=0.0001*
mV 21.4) 25.5) 21.6) 39.4) 17.3) (1.6;15.4) 21.6) 39.4) 36.07)
RIII Amplitude, | 6.1 (2.3;10.1) 45 84 (3.1;| 28 (0.7, | 148 (91;|57 (12;|24 (01;|29 (08;|645 (2.2;|nd 15.65 (8.3; | p=0.0001*
mV (2.3;5.7) 23.7) 15.4) 25.6) 18.5) 12.8) 10.6) 9.2) 22.4)
RIV  Amplitude, | 1.4 (1.1;1.5) 14(0.9;2) | 895 (26; |21 (04; | 117 295 (1.1; | 2.15 26  (1.2; | 6.85 nd 11.65 p=0.0001*
mV 22.8) 10.7) (8.1;19.3) 18.3) (0.9;11.8) 5.7) (2.5;7.6) (5.3;16.3)
RV  Amplitude, | 1.4 (1.3;1.6) nd 105 (47; | 24 121 33 (13 )21 21 (0.9;| 765 (3.4;|nd 10.35  (4.7; | p=0.0001*
mV 14.03) (0.5;10.8) (7.4;18.8) 9.2) (1.5;11.4) 10.15) 9.2) 14.03)
RI 28.3(26.6; 29.9) 275 (27.4; | 315 (24.9; | 30.8 (20.8; | 30 (26.7; | 31.25 30 (25.7; | 33.75(28.3; | 33.3 (33.2; | nd 29.2  (25.8; | p=0.0032*
Implicit time, ms 29.2) 40) 36.7) 35.8) (25.8; 40) 35) 42.3) 37.5) 34.16)
RII 29.1(28.3;33.2) 29.2 (26.6; | 30.8 (28.2; | 30.7 (19.2; | 30 (15.4; | 30.7 329 (27.4.| 32.85(24.2; | 34.55(32.4; | nd 29.2  (26.7; | p=0.0382*
Implicit time, ms 31.6) 44.1) 37.5) 33.3) (25.44.1) 41.1) 44) 39.1) 39.2)
RIII 39.1(32.5;52.5) 29.1 (26.6; | 29.95 30.8 (27.5; | 29.2 (11.4; | 324 (25; | 35.3 (0.8; | 32.85(28.3; | 34.55 (32.4; | nd 28.75 (26.7; | p=0.0001*
Implicit time, ms 30.8) (28.2; 41.5) 31.7) 40.8) 63.2) 37.4) 36.7) 32.41)

47.08)
RIV 40.8 (33.3; 48.3) 30 (26.6; | 30.4 (28.2; | 32.1 (28.3; | 30 (9.1; | 32.1 (28.3; | 37.45 (30; | 32.85(28.3; | 34.55(33.2; | nd 28.3  (25.8; | p=0.0001*
Implicit time, ms 35.8) 46.72) 44) 31.7) 44) 60.7) 36.7) 35) 32.4)
RV 40.8 (37.7; 48.3) nd 30.35 329 (26.7; | 30 329 (26.7; | 37.45 35.8 (29.9; | 329 (28.2; | nd 28.3 (26.7; | p=0.0001*
Implicit time, ms (29.1; 46.6) (8.5;33.2) 46.6) (30.8; 69.1) | 41.6) 34.2) 33;2)
43.85)

nd- not detectable; *-indicates that the difference was found to be statistically significant; 5™ and 95 quantiles are indicated in brackets; Kruskal-Wallis test (Chi*-test for more than 2 groups) was

used for the comparison of IRD subgroups and with subjects with normal ophthalmological finding.
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