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8 Abstract in German

Hintergrund: Die dominante Optikusatrophie ist eine Erkrankung der retinalen
Ganglienzellen, der zumeist eine Mutation im OPA 1 Gen zugrunde liegt. Derzeit gibt es keine
zugelassene Therapie. Die OPAI Mutationen fiihren zu einem Defekt im Komplex I der
Atmungskette. Idebenon ist in der Lage, den Komplex I zu umgehen und direkt Elektronen zum

Komplex III zu transferieren.

Methoden: 16 Patient*innen mit einer genetisch bestétigten OPA/-bedingten dominanten
Optikusatrophie wurden mit 900 mg Idebenon taglich fiir 12 Monate behandelt. Priméres Ziel
war der grofite Visusanstieg beziehungsweise der geringste Visusverlust. Sekundire Ziele
waren die Verdnderung des Visus, Farb- und Kontrastsehens, des Gesichtsfeldes sowie der
peripapilldren, retinalen Nervenfaserschichtdicke und der sehleistungsbezogenen

Lebensqualitét in einem Zeitraum von 12 Monaten.

Ergebnisse: Beziiglich des priméren Zieles wurde eine signifikante Verdnderung der Differenz
des angepassten Mittelwertes (LSMD) von -0.08 logMAR (P = 0.0027) im rechten Auge, -0.06
logMAR (P =0.0111) im linken Auge, -0.05 logMAR (P = 0.0152) im besser-sehenden Auge
und -0.09 logMAR (P = 0058) im schlechter-sehenden Auge beobachtet. Hinsichtlich des
sekundédren Zieles Visusverdnderung tliber einen Zeitraum von 12 Monaten wurde eine
signifikante Verdnderung im schlechter-sehenden Auge zum Zeitpunkt der 6-Monatskontrolle
gefunden (LSMD 0.05 logMAR, P = 0.0447). Fiir das Farb- und Kontrastsehen wurden keine
Verdnderungen beobachtet. Im Gesichtsfeld wurde bei der 9-Monatskontrolle sowohl des
linken Auges als auch des schlechter-sehenden Auges eine signifikante Verbesserung von -1.66
dB (P = 0.0038) und -1.42 dB (P = 0.0447) dokumentiert. Beziiglich der peripapilldren,
retinalen Nervenfaserschichtdicke wurde im linken Auge eine signifikante Abnahme bei der 3-
und 6- Monatskontrolle von 0.67 um (P = 0.0413) sowie 0.83 pm (P = 0.0448) beobachtet. Die
Visus-bezogene Lebensqualitit im Bereich “Allgemeine Sehkraft” sowie in der
Gesamtbewertung zeigte eine signifikante Verbesserung mit einem Anstieg des Medians von

60 auf 80 (P = 0.0156) sowie von 84 auf 93 (P = 0.0256).

Schlussfolgerung: Hinsichtlich des Zieles groBter Visusanstieg/geringster Visusverlust wurde
eine signifikante Verdnderung gefunden, auch wenn die Verbesserung sehr gering ist. Weiters

wurde eine Stabilisierung des Visus iiber einen Zeitraum von 12 Monaten sowie eine
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signifikante Verbesserung der sehleistungsbezogenen Lebensqualitét erreicht. Ob dies auf die
Therapie mit Idebenon oder auf den Placeboeffekt zuriickzufithren ist oder durch den

natiirlichen Verlauf der Sehnervenerkrankung erklérbar ist, ist unklar.
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9 Abstract in English

Background: Dominant optic atrophy is a currently untreatable disease of the retinal ganglion
cells, in most cases caused by a mutation in the OPA gene. OPA I mutations cause a defect in
complex I of the respiratory chain. Idebenone is able to bypass complex I and to transport

electrons directly to complex III.

Methods: 16 patients with OPA4/-dominant optic atrophy were enrolled in this study receiving
900 mg of idebenone/day for one year. Primary endpoint was defined as best recovery/least
deterioration of visual acuity. Furthermore, change of visual acuity, colour vision, contrast
vision, visual field, peripapillary retinal nerve fiber layer thickness and visual-performance

related quality of life was assessed.

Results: Concerning best recovery/least deterioration of visual acuity, a significant change of
least square mean difference (LSMD) of -0.08 logMAR (P = 0.0027) was noticed for the right
eye, -0.06 logMAR (P = 0.0111) for the left eye, -0.05 logMAR (P = 0.0152) for the better-
seeing eye and -0.09 logMAR (P = 0058) for the worse-seeing eye. Regarding the secondary
outcome change of visual acuity over 12 months, a significant change was found only for the
worse-seeing eye between baseline and the 6-month follow-up (LSMD 0.05 logMAR, P =
0.0447). For colour and contrast vision no significant change could be detected. A significant
improvement in visual field of -1.66 dB (P = 0.0038) was assessed in the left eye and -1.42 dB
(P=0.0447) in the worse-seeing eye between baseline and 9 months. In the left eye, a reduction
of 0.67 um (P = 0.0413) in peripapillary retinal nerve fiber layer thickness was identified
between baseline and 3 months, and 0.83 um (P = 0.0448) between baseline and 6 months.
Visual performance-related quality of life showed significant improvement in the subscale
general vision from a median of 60 to 80 (P = 0.0156). Additionally, the composite score

improved significantly from 84 to 93 (P = 0.0256).

Conclusion: Best recovery/least deterioration of visual acuity increased significantly, although
the degree of improvement was not clinically relevant. After receiving idebenone for one year,
visual acuity stabilized and quality of life associated with visual function increased
significantly. However, it remains uncertain whether these effects can be attributed to
idebenone therapy, placebo effect, or resulted from the natural course of disease progression in

dominant optic atrophy.
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10 Introduction

10.1 Hereditary optic neuropathies

10.1.1 Definition and classification

Hereditary optic neuropathies are a heterogenous group of inherited diseases with optic nerve
dysfunction(2), determined by degeneration of retinal ganglion cells(3,4). The prevalence is

about 1 in 10,000.(5)

They can be classified according to the mode of inheritance. The most common types are
autosomal dominant, autosomal recessive and mitochondrial. Latter is determined by a strict
maternal mode of inheritance.(6,7) Recently, in a retrospective analysis the 10 most frequently
nuclear genes causing 96% of hereditary optic neuropathies were described. This 10 genes are

OPAI, WFS1, ACO2, SPG7, MFN2, AFG3L2, RTN4IP1, TMEM126A, NR2F1 and FDXR.(4)

Hereditary optic neuropathies can occur as isolated optic neuropathies or in combination with
multi-systemic diseases, also known as syndromic hereditary optic neuropathies.(5) In these
syndromic diseases, optic neuropathy can occur together with other neurological or systemic
abnormalities.(3,6) A combination of optic atrophy and deafness or diabetes mellitus is often

described.(6)
Examples for optic atrophies in combination with multi-systemic diseases are:

o Wolfram syndrome: diabetes mellitus, diabetes insipidus, sensorineural hearing loss(3)

e GAPO syndrome: growth retardation, alopecia, pseudoanodontia(3)

e Warburg Micro Syndrome(3): main symptoms are microcephaly, microphthalmia,
congenital cataract and mental disability(8)

e CAPOS syndrome: cerebellar ataxia, areflexia, pes cavus, sensorineural deafness(3)

e Mohr-Tranebjaerg syndrome(3): sensorineural impairment and gradual dystonia(9)

e Charcot-Marie-Tooth(3): peripheral neuropathy and sensorineural deathess(10)

e Friedrich ataxia: peripheral neuropathy, pes cavus, cardiomyopathy and scoliosis(10)

e Behr's syndrome: cerebellar and pyramidal diseases(11)
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Figure 1: Optic discs of a patient with CAPOS syndrome

Figure 2: Bilateral optic atrophy in OCT in a patient with CAPOS syndrome (same patient as in Figure 1)

Under the non-syndromic optic neuropathies, Leber’s hereditary optic neuropathy (LHON) and
Dominant optic atrophy (DOA) are the most common.(5,12) In a small group of patients, DOA
was observed as syndromic form. This phenomenon is called as DOA “plus” syndrome(13) and
characterized by the presence of neurological abnormalities besides optic atrophy. The same

syndromic form is described for LHON patients, referred to as LHON plus.(14)
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10.1.2 Clinical appearance

Hereditary optic neuropathies have a common clinical appearance consisting of bilateral,
symmetrical and painless decrease of visual acuity, central or cecocentral defects in visual field
and involvement of the papillo-macular bundle.(6,7) Other hallmarks are dyschromatopsia,

pathological visual evoked potential and unremarkable standard flash electroretinography.(7)

But some clinical features in hereditary optic neuropathies are different including age of onset,

acute or progressive decrease of visual acuity or severity of visual loss.(4)

Optic nerve dysfunction leads to optic nerve injury and to irreversible and progressive optic
atrophy, presenting as pale optic disc on fundus examination. Another characterization of
hereditary optic neuropathies is the high intra- and interfamilial variability making diagnostic
pathway difficult. Family history and development of genetic analysis enabled the way for

correct and quick diagnosis.(6,7)

17



10.1.3 Pathophysiology

Until now, the exact pathophysiology and underlying cause of optic nerve damage is unclear.
However, it seems that mitochondrial defects play an important role in the pathogenesis of most
hereditary optic neuropathies.(6) Mitochondrial dysfunction leads to defective oxidative
phosphorylation with decreased ATP production. Augmentation of reactive oxygen species is
responsible for reduced mitochondrial potential and in consequence for transition of
cytochrome ¢ into the cytoplasm. There cytochrome ¢ docks to the activating factor-1 of
apoptosis, also called as APAF-1. This mechanism induces apoptosis and degeneration of
retinal ganglion cells.(3,15) Retinal ganglion cells of the papillo-macular bundle are especially
vulnerable among others because of their small calibre.(14) In this way optic nerve function

can be compromised.

Mitochondrial diseases are not only caused by mitochondrial DNA mutations. Also, nuclear
DNA mutations are responsible for mitochondrial disorders. An explanation therefor is that

90% of mitochondrial proteins are encoded in nuclear genes.(6)
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10.1.4 Common hereditary optic neuropathies with multi-system involvement

10.1.4.1 Wolfram syndrome

Beside Behr syndrome, Wolfram syndrome counts to the most common hereditary optic

neuropathies with multi-system involvement.(2)

Wolfram syndrome has an autosomal recessive mode of inheritance and is caused by mutations
in two genes: Wolfram syndrome 1 is determined by mutations in WFSI gene and Wolfram
syndrome 2 by mutations in CIDS2 gene. The disorder was described by Wolfram and Wagner
in 1938 for the first time and is characterized by diabetes insipidus, diabetes mellitus, optic
atrophy and hearing loss.(16) Usually, symptoms become manifest in the first or second decade
of life. Expression and progression are variable.(2) Also, neurological and psychiatric signs
were reported in Wolfram syndrome 1. Contrary, in patients with Wolfram syndrome 2
dysregulation of platelet aggregation, bleeding as well as intestinal ulcer were observed.(16)
Ophthalmological findings are decrease of visual acuity, dyschromatopsia, central scotomas or
constriction of visual field as well as optic atrophy. Also, cupping of optic disc was observed.(2)
The prevalence depends on the population and ranges between 1 of 770,000 patients in the
United Kingdom and 1 of 54,478 affected in Sicily. Most patients die early with a median age
of 39 years because of respiratory dysfunction. There were several attempts with gene therapy,
but until now there exists no specific therapy for Wolfram syndrome. Only options are
medications under off-label use with the aim to prevent and treat complications. Early diagnosis
is important and multi-systemic presentation of the disease makes a multidisciplinary approach

important.(16)
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10.1.4.2 Behr syndrome

Behr syndrome was first described by Behr in 1909. The disease is characterized by visual
impairment in the childhood caused by optic atrophy and sometimes accompanied by
nystagmus. Cerebellar and pyramidal abnormalities lead to mental retardation. Other hallmarks
of Behr syndrome are pes cavus, ataxia and aconuresis. The disease seems to have an autosomal

recessive mode of inheritance and can affect both sexes.

As causative role of Behr syndrome, 3-methylglutaconic aciduria was found in some patients
of the Iraqi-Jewish population that leads to mapping of the OPA3 gene. It was described
predominantly in female patients. In these patients, optic atrophy was observed in the first years
of life as well as early movement disorders. Spastic paraparesis during adolescence was

described in half of the patients.(2)
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10.1.5 Common non- syndromic optic neuropathies

10.1.5.1 Dominant optic atrophy (DOA)

10.1.5.1.1 Definition

DOA is the most frequent type of familiar optic atrophies(17,18) with a prevalence between
one in 10,000 and one in 50,000(19-23).

It is a disease of the retinal ganglion cells and mostly the result of a mutation in the OPAI
gene.(5,12,19,24,25). Yu-Wai-Man et al.(25) reported that 60% of cases are determined by a
OPAI mutation, according Amati-Bonneau et al.(26) 60-70% of OPAIl mutations are
responsible for DOA. The OPAI gene encodes a protein for the mitochondrial inner
membrane.(10) Firstly in 1994, the region of the OPA I gene was described by Eiberg et al.(27)
on chromosome 3q28-q29(23). Afterwards, the same gene locus was confirmed by many other
studies.(28) Until today, 1,238 mutations are registered on the mitodyn-homepage.(29) Other
less often found gene loci are OPA4, OPAS5 and OPAS.(5)

10.1.5.1.2 Clinical presentation

In 1959 clinical features of DOA were reported by Kjer(30), followed by many other
publications.(18,31) DOA affects females and males equally.(5) Often, first symptoms are
observed during childhood with a gradual onset of bilateral visual decline , but visual
impairment may be evident or detectable in the adolescence. Then typically visual acuity is

stable or progresses slowly. Fast visual loss is extremely rare.(10,18,20-22,28,32-34).

Concerning visual acuity, the literature is inconsistent. Eliott et al.(18) described a decrease of
visual acuity in 20 patients with DOA over a mean follow-up period between five and 20 years.
In this study, visual acuity was measured by Snellen charts. In 65% of patients, visual acuity
remained equal or deteriorated by one Snellen line in both eyes. A decrease of visual acuity
between two and four Snellen lines was reported in 15% of patients in one eye and in 20% of

patients in both eyes.

In a case series Johnston et al.(28) reported about the visual progress of nine individuals with

linkage to chromosome 3q27-3q29 over a mean follow-up time of 14.4 years. Visual acuity
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data were used from patient’s ophthalmological records. Worsening of visual acuity could be

shown in all nine individuals.

Furthermore, Puomila et al.(22) observed 20 of 33 affected individuals with mutations in the
OPAI gene for six years or more. In 10 patients, visual acuity of both eyes worsened by two

lines or more, the other 10 patients remained stable.

In a retrospective longitudinal study with a mean follow-up of 9.6 years, Cohn et al.(35)
described the course of visual acuity of 69 OPAI mutation carriers. Visual acuity was tested
with Snellen or Logarithm of the Minimum Angle of Resolution (logMAR) charts and follow-
up data were obtained partially from patient’s ophthalmological history. Best-corrected visual
acuity of the right eye was stable in 62% (visual acuity unchanged or within one line),
deteriorated by two lines in 19% and more than two lines in 9%. In the remaining 10% visual

acuity improved by two or more lines.

In a retrospective case series in 2011 Yu-Wai-Man et al.(25) published data including 24 OPA1
individuals with a mean follow-up period of 8.5 years. Mean rate of vision loss was 0.07

logMAR annually. In 13 participants best-corrected visual acuity decreased.

In another study, Yu-Wai-Man et al.(19) reported about visual function data of 43 patients with
an OPA 1 mutation and a mean follow-up time of 18 years. Average rate of visual decline was
0.032 logMAR/year. Deterioration of visual acuity was observed in 67,4% of patients with a
decrease < 0.2 logMAR in 9.3% of patients and visual loss > 0.2 logMAR in 58.1%. In this
study visual acuity was measured mostly using Snellen charts. For follow-up data, patient’s

achieved records were also obtained.

In a retrospective study Romagnoli et al.(36) described visual acuity data of 50 treated and 37
untreated OPAI-DOA individuals. Regarding untreated patients, a stabilization (+ 0.1
logMAR) or recovery (changes < -0.1 logMAR) of visual acuity was observed in 75.7% and a
decline (changes > 0.1 logMAR) only in 24.3% with a mean follow-up duration of 3.4 years.

Enhancement of visual acuity is mentioned in just two retrospective studies by Cohn et al.(35)
and Romagnoli et al.(36) as well as in a report about a patient with a LHON-like phenotype due
to ¢.740G>A mutation(37). After reviewing this studies, several limitations become apparent:
observation periods were not standardized, visual acuity charts were not mentioned(36) or

varying visual acuity charts were included in the same study(35). In some instances, data from
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previous ophthalmological records were retrieved.(35) Furthermore, Cohn et al.(35) had
reservations about the reliability of their outcomes and could not dismiss the likelihood of a

learning effect in children.

Furthermore, clinical phenotype of DOA is characterized by a temporal optic atrophy
progressing to total optic atrophy on both eyes. A relative afferent pupillary defect is not
described.(5) Typically, colour vision is impaired. Visual field shows central, paracentral or
cecocentral scotomas and optic nerve head can reveal an excavation or pseudocupping. DOA
is characterized by a great variety of clinical manifestation within and between families.
Phenotypic spectrum ranges from asymptomatic carriers to patients with severe impairment
classified as legally blind.(5,10,17-22,28,32-35) Expressivity can be influenced by
environmental factors and genetic background. Actually, the role of the mitochondrial DNA is

still unclear.(13) Penetrance in DOA is incomplete.(12,13)

Figure 3: Bitemporal optic disc pallor in a patient with OPA1-DOA

23



ﬁm

a kA AR o

Figure 4: Bitemporal optic atrophy in OCT of a patient with OPAI-DOA (same patient as in Figure 3)
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Figure S: Octopus visual field of a patient with OPA1-DOA (same patient as in Figure 3)
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10.1.5.1.3 Extraocular abnormalities

Mostly, OPA I mutations lead to an isolated optic nerve dysfunction. Besides this classical DOA
phenotype, genetic studies of OPAI have revealed two other distinct phenotypes: Autosomal
dominant optic atrophy and deafness (ADOAD) and DOA plus.(13)

In DOA plus syndrome optic atrophy occurs together with multisystemic disorders such as
ataxia, = myopathy, sensorimotor  neuropathy, chronic  progressive  external
ophthalmoplegia(13,14,38) or hearing loss(13,38). Extraocular abnormalities were found in 10-
20% of patients ranging from mild visual impairment to severe multi-system
involvement.(13,14,38) In chronic progressive external ophthalmoplegia increased somatic
mitochondrial DNA mutations in extraocular muscles were observed in contrary to skeletal
muscle. This could explain the manifestations of ptosis and ophthalmoplegia in 50% of patients

with DOA plus syndrome.(14)

A study consisting of 104 DOA plus patients described multisystemic neuromuscular
dysfunctions in 20% of participants, predominantly in patients with OPA [ missense mutations.
Muscle biopsy showed several deletions in mitochondrial DNA, an increase of cytochrome c,

oxidase defects in muscle fibers as well as ragged red fibers.(14)

Also, in OPAI carriers a combination of optic atrophy and spastic paraplegia was observed
similar to Behr syndrome. In these patients, the missense mutation c.1146A>G was identified

mostly.(14)

A mild form of optic neuropathy combined with symptoms of parkinsonism, dementia and
chronic progressive external ophthalmoplegia was found in two Italian families with diverse

missense mutations in the OPA1 gene.(14)

Amati-Bonneau et al.(26) reported about the co-occurrence of optic atrophy and neuromuscular
abnormalities including hearing impairment, ataxia, polyneuropathy and mitochondrial
myopathy in eight families with missense mutations in the OPA/ gene. Furthermore, several
deletions of mitochondrial DNA could be identified and chronic progressive external

ophthalmoplegia could be observed in some patient also.

The common appearance of autosomal dominant optic atrophy and deafness is abbreviated as
ADOAD.(13) Hearing loss was observed predominantly in patients with the missense mutation

c.1334G>A in the OPAI gene(14,26). In rare cases this patients suffered additionally from
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chronic progressive external ophthalmoglegia, ptosis and myopathy.(26) In the last years other
mutations have been descried also. An explanation for deafness could be the expression of

OPAL1 in the inner ear.(13)

Furthermore, in OPA 1 individuals a disease with neuroradiologic and serologic characteristics
concordant with multiple sclerosis (MS) is described, similar to Harding syndrome in

LHON.(14)

In rare cases OPAI mutations can cause multisystemic deficits without affecting the optic
nerve.(13) For example Milone et al.(39) observed a 48-years old female patient with weakness,
myalgia, ptosis in both eyes, dysfunction of ocular muscles and sensorineural deafness. Visual
acuity as well as colour perception was unremarkable and no optic atrophy could be found.
Examination of mitochondrial and nuclear DNA revealed mitochondrial DNA deletions in

muscles and an in-frame deletion in the OPA1 gene.(39)

The far-ranging phenotypic spectrum of DOA plus demonstrates the neurodegenerative impact

of OPA1 besides optic nerve dysfunction.(14)

10.1.5.1.4 Pathophysiology

Studies have shown that the OPA/ gene is transcribed into eight different mRNA isoforms,
which encode a GTPase. Dependent on the tissue, the mRNA isoforms are expressed in
different concentrations. Retina, predominantly in ganglion cells, photoreceptors and in the
optic nerve, as well as brain are among the tissues with highest levels of OPAI

expression.(39,40)

OPAI1 plays an important role in mitochondrial processes, including mitochondrial fusion,
cristae derangement and apoptosis mediated by cytochrome c. A dysfunction of these
mitochondrial regulations may result in defective oxidative phosphorylation and reduced ATP
synthesis by complex 1.(36,40) It is assumed that the retinal ganglion cells are affected by this
dysregulations.(41)

Complex I is the first part of the respiratory chain and the site at which electrons get imported

into it.(40)
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In a trial with human fibroblasts Zanna et al.(40) showed that OPAI mutations cause a
significant reduction of ATP synthesis especially in the mitochondrial complex I and that a
combination of exogenous oxidative stress and OPAI mutations can lead to a higher rate of

apoptosis.

Besides this effects an increased generation of reactive oxygen species was observed in

individuals with DOA.(36)

10.1.5.1.5 Therapy

Currently, there exists no therapy for DOA.(42) Off-label use of idebenone in DOA patients is
described in chapter 10.2.4. Investigations regarding gene therapy in mouse models carrying
OPAI mutations were performed in the last years. One of them describes protection of retinal
ganglion cells after intravitreal injection. Further examinations are necessary to pave the way

for the use of gene therapy in human trials.(12,43)
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10.1.5.2 Leber’s hereditary optic neuropathy (LHON)

10.1.5.2.1 Definition

LHON is one of the most common mitochondrial diseases(5,44,45) with a prevalence of
1:45,000(46) in Europe. The three common primary mitochondrial DNA mutations
m.11778G>A/MT-ND4, m.3460G>A/MT-NDI and m.1448T>C/MT-ND6 are responsible for
approximately 85% of LHON cases.(47)

As usual for mitochondrial diseases, the mode of inheritance is maternal. Children from male
mutations carriers can’t be affected. The penetrance in women is 10% and in men 50%.(5,14)
The reason for this distinction between women and men is actually unclear. Mitochondrial and
genetic factors may influence the severity of visual impairment. Oestrogens could play a

protective role and may be responsible for the lower penetrance in females.(14)

Also, environmental factors as alcohol, use of tobacco or antibiotics like macrolides,
aminoglycosides, ethambutol, isoniazid and linezolid , could contribute to the expression of

LHON.(5,48)

Equally to DOA, it is a disease of the retinal ganglion cells leading to degeneration and finally

to optic atrophy one year after disease onset.(5,44,45)

10.1.5.2.2 Clinically presentation

In a consensus conference in 2017(44) LHON experts described different clinical stages of

disease progression:

e Subacute: first 6 months after disease onset (Figure 7)
e Dynamic: between 6 and 12 months after disease onset (Figure 8)

e Chronic: after 12 months of disease onset (Figure 9)

The subacute stage is characterized by a unilateral or bilateral painless deterioration of visual
acuity(5,44,49). Usually, the second eye is affected weeks or months after the first eye.(49)
Further hallmarks are impaired colour vision as well as central or cecocentral defects in the
visual field.(5) (Figure 6) Typical findings in Optical Coherence Tomography (OCT) are a
thickening of retinal nerve fiber layer in the first 6 months followed by thinning.(44) (Figure 7)
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In the dynamic stage visual acuity stabilizes, but visual field defects may still progress.

Furthermore, retinal nerve fiber layer thickness in OCT can decrease.(44,49) (Figure 8)

The chronic stage initiates one year after disease onset with a stabilization of visual function
and retinal morphology.(5,44,49) (Figure 9) Usually, visual impairment is really severe and
most patients were classified as legally blind.(50,51) In rare cases improvement of visual acuity
was observed depending on the mutation type.(44,45,50,51) The mitochondrial mutation
11778G>A is responsible for the worst visual function. A spontaneous recovery of visual acuity

was reported in 11% of patients with m.11778G>A mutation.(49)

Equally to DOA, LHON is characterised by an absence of a relative afferent pupillary defect.(5)
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&

Figure 6: Goldmann visual field of a LHON patient with central scotoma in both eyes

29



Figure 7: Subacute stage of LHON with thickening of retinal nerve fiber layer in the right eye and thinning of temporal
retinal nerve fiber layer in the left eye

Figure 8: Dynamic stage in LHON with thinning of temporal retinal nerve fiber layer in both eyes.

Figure 9: Chronic stage in LHON with stabilization of retinal nerve fiber layer thickness
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10.1.5.2.3 LHON plus

Diverse case reports describe the combined appearance of LHON mutations and similar
syndromic manifestations. This phenomenon is called as “LHON plus” syndrome. The
occurrence of movement disorders like dystonia or myoclonus was observed in combination
with the three common primary LHON mutations. Other mitochondrial DNA mutations like
m.4160T>C, m.11696A>G, m.14596T>A or m. 14459G>A were reported to be associated with
severe impairment of the central and peripheral nervous system, movement disorders, cerebral
dysfunctions and psychiatric abnormalities. Besides LHON phenotype in patients with
mitochondrial DNA mutation m.3376G>A or m.3697 G>A symptoms of MELAS syndrome

(mitochondrial encephalomyopathy, lactic acidosis and stroke-like episodes) were found.(14)

In several patients, co-occurrence of LHON and MS was observed. This association is referred
to as Harding syndrome(14) and was described by Lees et al. in 1964.(52,53) The phenotypic
manifestation of LHON-MS differs from stand-alone LHON. Contrary to classical LHON,
Harding syndrome affects mostly female patients. In LHON-MS the delay until involvement of
the second eye is usually longer. The second eye is affected approximately after 20 months in
Harding syndrome. In LHON visual loss in the other eye occurs earlier. In 25% of patients with
Harding syndrome more than two phases of visual loss were observed.(54) Visual prognosis in
LHON-MS is worse, half of the patients are registered as legally blind. To prevent visual loss

and progression of optic atrophy, early diagnosis and appropriate therapy is necessary.(14)

It is assumed, that primary LHON mutations increase the neurodegenerative process in patients

with a predisposition for MS, but they have no influence on the risk of developing MS.(14)

10.1.5.2.4 Pathophysiology

Besides the similar clinical presentation between DOA and LHON, they share also a similar
pathogenic mechanism. Mitochondrial DNA mutations in LHON affect complex 1 of the
mitochondrial respiratory chain.(24,50) Furthermore increased mitophagy(51) and a defect of
ATP synthesis was observed leading to an accumulation of reactive oxygen species. Retinal

ganglion cells are affected by this dysfunctions and degenerate.(50)
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10.1.5.2.5 Therapy

In a randomized placebo-controlled trial about patients with LHON, Klopstock et al.(50) could
show that patients may benefit from the idebenone treatment. On basis of this trial and an early-
access-program of the company Santhera Pharmaceuticals GmbH, the European Medicines
Agency approved idebenone under the brand name Raxone® for the treatment of LHON in
patients with an age of 12 years or older.(55) Following current recommendations, idebenone
therapy should be initiated as soon as possible within one year after disease onset.(44) For the
first time, in a retrospective study Pemp et al.(45) described a significant increase of visual
acuity in chronic LHON patients with initiation of idebenone treatment more than five years

after disease onset.

Beside idebenone, gene therapy gained more importance for LHON treatment in the last years.
Gene therapy was tested for the most frequent mutation m.11778G>A/ND4.(49,56,57) Wan et
al.(57) described the unilateral intravitreal injection of rAAV2/2-ND4 in nine patients. In six
patients an improvement of 0.3 logMAR was observed in the injected eye. Injection with
rAAV2/2-ND4 was well tolerated and safe.(57) In a phase III clinical trial, Newman et al.(56)
observed the effect of a single unilateral intravitreal injection of rAAV2/2-ND4 in 39 patients
harbouring the m.11778 G>A mutation with a disease onset less than six months. Primary
outcome was the difference of best-corrected visual acuity between rAAV2/2-ND4-injected
eyes and the sham treated eyes from baseline to 48 weeks after treatment. A change of -0.3
logMAR was defined as statistically significant. The primary endpoint could not be reached.
Nevertheless, an increase of best-corrected visual acuity in both eyes from nadir to week 96

could be detected.

Also, in the last years other pharmaceutical substances were tested, for example EPI-743,
elamipretide, rapamycin, microRNA-based drugs or products similar to oestrogen. Some

studies are still going on.(12)
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10.1.6 Differential diagnosis

10.1.6.1 Primary retinal diseases

Distinguishing hereditary optic neuropathies from other diseases with optic disc pallor is
important. Such differential diagnosis are primary retinal degenerations. Often, the first
manifestation of cone dystrophy is optic nerve atrophy. Especially in patients with temporal
optic disk pallor primary retinal disorders should be excluded, although the retina seems
unremarkable. Helpful in the distinction from primary optic neuropathies are

electroretinography and thinning of retinal arteries.

The combined appearance of primary retinal abnormalities and secondary optic nerve atrophy
is a common feature in multi-systemic diseases. In these disorders, differentiation from primary
optic neuropathies can be difficult. Also, co-occurrence of retinal abnormalities and optic nerve

pathologies is possible.(58)

10.1.6.2 Acquired mitochondrial optic neuropathies

The term “mitochondrial optic neuropathies” comprises a lot of diseases caused by
mitochondrial dysfunction. Mitochondrial optic neuropathies can be divided into two groups:
hereditary and acquired forms. Hereditary optic neuropathies with mitochondrial dysfunction

are described in chapter 10.1.3.
In this chapter acquired mitochondrial optic neuropathies are summarized.

Clinical presentation of the acquired form is similar to the hereditary determined mitochondrial
optic neuropathies. Often, first symptom is a symmetrical, bilateral and painless loss of visual
acuity. Visual degree can range between 20/25 and 20/200. Severe visual impairment from hand
movement or light perception were observed in patients with methanol toxicity mostly. Other
hallmarks are pathological colour vision, reduced contrast sensitivity in some mitochondrial
optic neuropathies, absence of a relative afferent pupillary defect and central or cecocentral
scotomas in visual field. Optic disc features on fundus examination are concordant with the
severity of disease and can vary from unremarkable to an oedematous or hyperemic appearance

of optic disc in early stages. Also, peripapillary hemorrhages can be found. In later stages
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degeneration of the papillo-macular bundle with temporal optic atrophy and pallor is possible

as well as progression to total optic atrophy.

Disease progression can be observed in OCT. Typically for the early stage is a thickening of
retinal nerve fiber layer followed by thinning. Usually, in visual evoked potential p100

amplitude is reduced and the latency unremarkable.(15)

Acquired mitochondrial optic neuropathies can be induced by contact to fumes like cyanide or
organic solvents such as ethylene, glycol, toluene, styrene or perchloroethylene. Furthermore,
exposure to carbon dioxide or heavy metals like lead, mercury or thallium are risk factors for

development of an optic neuropathy.

Other inducing factors are excessive consumptions of toxins such as alcohol and tobacco or
intake of medications like ethambutol, isoniazid, chloramphenicol, linezolid, erythromycin,
streptomycin, ciprofloxacin, dapsone, antiretrovirals, amiodarone, infliximab, clioquinol,

pheniprazine, suramin or quinine.

Deficiency of vitamin B1, B2, B6, B12 und folic acid were also observed as cause for acquired
mitochondrial optic neuropathies. This nutrition deficiencies can be the consequence of diets
or reduced access to food, diseases like anorexia nervosa, excessive consumption of alcohol or

malnutrition because of gastrointestinal disorders.

Accumulation of toxins, nutrition deficiency and hereditary disposition in a single patient can
increase the risk for developing an optic neuropathy. Acquired mitochondrial optic neuropathy

1s a diagnosis of exclusion, all other differential diagnosis should be ruled out prior to diagnosis.

Family history and accurate anamnesis regarding medical and social history, exposure to toxins

and consumption of drugs can help distinguishing the acquired from the hereditary form.(15)

10.1.6.3 Other differential diagnosis

Intracerebral or orbital expanding lesions can cause papilledema or optic nerve atrophy and

should be ruled out by magnetic resonance imaging (MRI) of brain and orbits.(15)

Furthermore, optic neuritis should be excluded. Characteristic for optic neuritis is the pain

during eye movement. An MRI of brain and orbits is essential to rule out a demyelinating
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disorder. Helpful for diagnosis of optic neuritis is also visual evoked potential: usually the P100

amplitude is reduced and response delayed.(15)

Another differential diagnosis is ischemic optic neuropathy, presenting first with papilledema
followed by optic atrophy.(15) In patients with headache, jaw claudication and weight loss
besides visual loss, the possibility of an arteritic ischemic optic neuropathy should be ruled out
by blood draw including C-reactive protein and erythrocyte sedimentation rate or temporal

artery biopsy.(15,59)

Bilateral papilledema accompanied by headache, nausea and vomiting can be caused by
increased intracranial pressure.(15) In this case, an MRI of brain and orbits as well as lumbar

puncture should be performed.(60)

If the patient has a history of head or eye trauma, the possibility of traumatic optic neuropathy

should not be forgotten.(15)

Furthermore, another important differential diagnosis is Normal Tension Glaucoma. Many
features of this disease can be observed also in DOA patients. For example, in both diseases an
excavation of optic disk and paracentral scotomas in visual field are described. Distinction from
DOA is difficult. Usually, Normal Tensions Glaucoma affects older patients.(15,21) In
contrary, first signs of DOA can be observed in the childhood.(10,18,20-22,28,32-34)
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10.2 Idebenone

10.2.1 Effect of idebenone on mitochondrial function

The mitochondrial electron transport chain contains four complexes, complex I-IV, and two
electron carriers, ubiquinone and cytochrome c. Electron carriers shuttle electrons from one

complex to the others.(61)

Ubiquinone is a long-chain quinone and also known as coenzyme Qio. It fulfils a crucial
function in electron transport within the respiratory chain as a lipophilic electron carrier. It is
capable of directly transporting electrons to complex III, thereby circumventing mitochondrial

complex 1.(5,41,61)

In contrast, idebenone, resembling the short chain of coenzyme Q1o, is less lipophilic. As a
result of this biochemical feature, idebenone can more effectively enter the mitochondrial

membrane compared to coenzyme Q1o.(41,61)

Furthermore, idebenone has the capability capturing electrons. Therefore, it performs a role of
an antioxidant neutralizing reactive oxygen species.(36,61) These two biochemical

characteristics of idebenone can address dysfunctions caused by OPA1 defects.

Furthermore, a reduced mitophagy rate was observed in LHON fibroblasts under idebenone

therapy.(51)

Another distinction from coenzyme Qio. is, that idebenone is able to increase ATP synthesis
under conditions of impaired complex I, as shown in a trial with human hepatoma cells. This

advantage of the short-chain quinone justify the use of idebenone in mitochondrial diseases.(62)
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10.2.2 Investigation areas of idebenone

Because of its biochemical characteristics, use of idebenone as treatment for many
neurodegenerative disorders determined by mitochondrial dysfunction was evaluated in the last

decades.

Friedreich’s ataxia is an inherited disorder with multi- system involvement. The disease affects
the nervous system, heart and many other organs and becomes manifest in the childhood.
Among other things, reduced mitochondrial production seems to play a causative role in the
pathophysiology. Many studies examined the therapeutic effect of idebenone in patients with
Friedreich’s ataxia. In some of these studies favourable effects on symptoms were observed
leading to “authorization with conditions” of idebenone as Catena® in Canada. Later, a
placebo-controlled study described no statistically significant differences between idebenone-
and placebo-treated participants. Therefore, in 2013 the authorization of idebenone was

withdrawn in Canada.

Furthermore, idebenone was tested in patients with Alzheimer’s disease. Also in this indication,
studies reported controversial results. In a trial the neuroprotective effect of idebenone led to a
slowed disease progression.(63) In another multicentric and placebo-controlled study, no

positive effect on cognitive function in patients with Alzheimer’s disease was found.(64)

Another investigation area of idebenone is MS. In this disorder, mitochondrial dysfunction
could be responsible for axonal loss.(65) A double-blind, placebo-controlled phase I/II study
examined the use of idebenone in patients with primary progressive MS. In this trial, no positive

effect of idebenone treatment was described.(66)

Duchenne muscular dystrophy is a disease leading to progressive muscle weakness and spinal
abnormalities, respiratory dysfunction and cardiomyopathy. Mostly, respiratory dysfunction
leads to early death. Until now there exist no therapy for respiratory insufficiency. In several
studies idebenone was investigated in patients with Duchenne muscular dystrophy.(67) In a
double-blind, randomised and placebo-controlled phase III trial (DELOS) 64 patients between
10 and 18 years without simultaneously glucocorticoid administration were treated with 900
mg idebenone daily for 52 weeks. A significant reduction of respiratory decline could be shown
in this study.(68) Furthermore, in a post-hoc analysis of DELOS it could be observed, that

idebenone treatment was associated with reduced bronchopulmonary complications.(69) Also,
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another retrospective study described a preserving potential of idebenone on respiratory

function.(67)

In a case report from Lekoubou et al.(70) oral administration of idebenone and L-arginine in a
38-years old patient with mitochondrial encephalopathy, lactic acidosis and stroke-like episodes
(MELAS) was observed. MELAS is a disease with maternally mode of inheritance and multi-
system involvement. Over a time period of 27 months, treatment was interrupted twice. In this
two treatment breaks a cerebral metabolic attack was reported while the patient was free of

attacks during idebenone and L-arginine intake.(70)

In the last years many studies regarding the use of idebenone as therapy or prevention of
atherosclerosis were performed. Atherosclerosis is caused by several pathological processes.
For example accumulation of oxidized low-density lipoprotein in the walls of arteries and
mitochondrial dysfunction play a key role in the development of atherosclerosis.(71) A study
of Lin et al.(72) showed a significantly inhibition of endothelial dysfunction caused by
oxidative low-density lipoprotein under idebenone treatment. Oxidative low-density
lipoprotein is responsible for mitochondrial dysfunction. Idebenone is able to prevent oxidative

stress and to increase mitochondrial function.(71,72)

In the last decades the coenzyme Q1o analogue idebenone gained increasing scientific interest
and many potential application areas were tested. However, until now the European medicine

agency approved idebenone as Raxone® only for the treatment of LHON.(55)
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10.2.3 Idebenone in LHON

As in chapter 10.1.5.2.4 described, mutations in LHON cause a defect in complex I of the
respiratory chain. Idebenone is able to transfer electrons from complex I to complex
I11.(5,41,61) This favourable function of idebenone in combination with other effects on
mitochondrial function explained in chapter 10.2.1 may promote signal transduction in non-
apoptotic dysfunctional and injured retinal ganglion cells and reactivate them for signal
transmission to the outer retina. This process could be an explanation for visual recovery in

LHON.(45,51)
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10.2.4 Idebenone in DOA

OPAI mutations in DOA induce a defect in complex I of the respiratory chain. Moreover, the
presence of reactive oxygen species was found to be higher in DOA.(36) Idebenone has a
positive effect on both pathologies: it is capable of directly transporting electrons to complex
III, thereby circumventing mitochondrial complex 1(5,41,61) and it performs the role of an

antioxidant neutralizing reactive oxygen species.(36,61)

As of today, two studies have been published detailing the utilization of idebenone in patients
with OPA1-DOA. The initial publication is a prospective study conducted by Barboni et al.(24),
where seven patients were included. In this study an improvement of visual function in at least
one eye of five participants could be shown and in both eyes of four individuals. In this trial
Mnesis, the approved reference drug of Raxone®, was used in different doses between 270 and

1000 mg/d for at least one year.

The second publication is a retrospective analysis conducted by Romagnoli et al.(36) involving
87 patients, with 50 of them undergoing idebenone treatment (dosage between 135-675 mg/day)
for at least 7 months. Visual acuity remained stable (+ 0.1 logMAR) or improved (increase > 1
logMAR line) in 92% of treated patients in contrary to 75.7% of untreated individuals.
Regarding the best-seeing eyes, median difference between baseline and last visit was
significantly different only in the treated group, which showed a stabilization of visual acuity
in most cases. Romagnoli et al.(36) concluded, that the administration of idebenone in DOA
patients with OPAI gene mutation is significantly associated with stabilization or recovery of

visual acuity.
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10.3 Purpose of this study

To date, there are no well-designed prospective studies investigating the extended therapeutic
effect of idebenone for DOA patients carrying OPA I mutations. The current literature has some
limitations. One limitation is the lack of structured data regarding visual function. Most studies
have a retrospective design and different follow-up durations of patients. Another limitation is

the reduced number of patients due to the “orphan disease status” of DOA.

By conducting this research, the dissertation aims to contribute insights into the potential
benefits and efficacy of idebenone as a therapeutic intervention for individuals affected by
OPAI-DOA.Our hypothesis is that idebenone leads to an improvement of visual acuity from
baseline to the 12-month follow-up. A spontaneous improvement of visual function in DOA
patients is rare, therefore it can be attributed to the idebenone therapy. In LHON, an
improvement of two logMAR lines (corresponding to 0.2 logMAR) on ETDRS (Early
Treatment Diabetic Retinopathy Study) chart is accepted as clinically relevant recovery(44,51).

Therefore, we defined an improvement as change <-0.2 logMAR.

Furthermore, we expect an improvement of colour vision, contrast vision, visual field, quality

of life as well as peripapillary retinal nerve fiber layer thickness (pRNFLT).
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11 Materials and methods

For manuscript preparation the STROBE cohort checklist was used.(73)

11.1 Study design

We conducted a phase II, prospective, single-center clinical trial of a registered pharmaceutical
product administered in a manner not specified by its label at the Department of

Ophthalmology, Medical University of Graz, Austria, between October 2020 and April 2022.

11.2 Medication

Patients were administered with 900 mg idebenone (Raxone® 150mg, Santhera
Pharmaceuticals), the approved dosage for LHON(55), for a period of 12 months in accordance

with LHON guidelines to evaluate treatment response.(44)

At baseline, patients were informed about the correct intake and storage. Three times daily, two
film-coated tablets were administered orally at the same time together with meals. Medication
was kept at room temperature and under 25°C according to the recommended storage

conditions.
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11.3 Selection of trial participants

For trial registration, patients had to fulfil the inclusion and exclusion criteria. Written informed
consent was obtained from all trial participants. In underage patients, additional written
informed consent was taken from the legal guardian. If patients reached the age of majority

during trial participation, a new informed consent was obtained.

11.3.1 Inclusion criteria

Inclusion criteria were following:

e genetically confirmed OPA I mutation in patients with diagnosed DOA

e age of 12 years or more

¢ intention and ability of the patient, to take part in the trial and control visits

e agreement of the participants to the treatment with Raxone®

e Patients were informed about the scientific nature of the trial. They had to sign the

informed consent. A copy of the written informed consent was given to the patients.

Reproduced from Valentin et al. with permission from the copyright holders Taylor & Francis (1)

11.3.2 Exclusion criteria

Exclusion criteria were following:

e patients in the state of pregnancy or lactation or a planned pregnancy within the next 12
months

e patients with allergies or hypersensitivities to the active substance or to any of the
excipients contained in Raxone®

e patients with hereditary diseases as galactose intolerance, the Lapp lactase deficiency
or glucose-galactose malabsorption

e patients with a diagnosed high-grade hepatic or renal impairment

e previous treatment with idebenone
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e patients with other diseases, which would limit the compliance required for trial
participation

e At baseline a detailed anamnesis including current medication was performed. If there
were any possible drug interactions, patients could be excluded from the trial.

e patients with participation in other medicines- or medical-devices-trials in the last three
months

e patients with glaucoma or with any other optic neuropathy than DOA

e patients with a best-corrected visual acuity less than counting fingers

Reproduced from Valentin et al. with permission from the copyright holders Taylor & Francis (1)

11.3.3 Sample size

The small sample size was attributed to the rare status of DOA as an “orphan disease”.

The number of participants was determined based on the projected number of patients seen at
the Department of Ophthalmology in Graz. Patients were deemed eligible for study inclusion
if they expressed interest in participating and met the predefined inclusion and exclusion
criteria. The intended enrolment target was 16 with an approximate expected attrition rate of

10%.

11.3.4 Recruitment

Eligible patients were informed about the trial during a clinical routine examination. All patients
were given the opportunity to participate in the trial, that met the above-mentioned inclusion
criteria and were not eliminated by the exclusion criteria. The first 16 patients, that were

interested in study participation, were included.

Recruitment period was planned for October 2020 to September 2022, effectively the last
patient was included at the beginning of May 2021.
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11.3.5 Drop-out

Drop-out of a single participant occurred if one or more of the following circumstances applied:

e withdrawal of the participant’s informed consent
e unbearable side effect

e breach of the trial protocol

e occurrence of an exclusion criterion

e occurrence of a disease

e pregnancy or a planned pregnancy (According to § 30 of the Medicinal Products Act
BGBI. I Nr. 185/1983 of the Republic of Austria a clinical trial of a pharmaceutical

product is permitted only in women that are not pregnant.(74))

e if study continuation was associated with impairment of participant’s health

Furthermore, patients could stop trial participation at any time without giving reasons and

without negative consequences for their further medical care.
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11.4 Approval

The study was conducted in accordance with the Declaration of Helsinki and received approval
from both the Ethics Committee of the Medical University of Graz (EC number: 32-250 ex
19/20) and the Federal Agency for Safety and Health Care in Austria (reference number:
13371525). In addition, the trial was registered with the European Union Clinical Trials
Register under the EudraCT number: 2019-001493- and announced at the medical heath office
of the local hospital operator (Steiermérkische Krankenanstaltengesellschaft, KAGes).

All participants provided informed consent.
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11.5 Objectives and outcomes

Examinations were collected for both, the right and left eyes. Additionally, we assessed all
parameters for the eye with better visual acuity, assuming that it has a higher likelihood of

regenerating visual function with idebenone treatment.

11.5.1 Primary objective

Primary objective is the observation of the therapeutic effect of 900 mg Raxone® per day on

visual acuity in DOA patients with OPA[ mutation within a 12-month period.
11.5.1.1 Primary outcome

Primary outcome of this study is the best recovery of visual acuity observed from baseline to
12 months measured with ETDRS charts and given in logMAR. Stabilization or the least
decline of visual acuity was categorized as "recovery" in patients who did not experience an

improvement.

11.5.2 Secondary objectives

Secondary objective is the evaluation of the therapeutic effect of 900 mg Raxone® per day on
colour vision, contrast vision, visual field, pPRNFLT and the change of the visual performance-

related quality of life within a 12-month period.
11.5.2.1 Secondary outcomes

Secondary outcomes are the change of:

e visual acuity measured with ETDRS charts (in logMAR) within a 12-month period
e visual field measured with Octopus perimetry

e colour vision measured with Ishihara plates

e contrast vision measured with Pelli Robson charts

e pRNFLT measured with OCT

e visual performance-related quality of life measured with the National Eye Institute

Visual Function Questionnaire-25 (NEI-VFQ-25)
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11.6 Examinations

Examinations were carried out at baseline and subsequently every three months (£ 10 days), in
accordance with the current LHON treatment guidelines(44). During each visit, all primary and
secondary outcomes were assessed. Visual function was measured by best-corrected visual
acuity, colour vision and contrast vision. Additionally, OCT, visual field, slit-lamp examination
and fundoscopy were performed. Furthermore, a blood draw was made every three months. To
rule out a pregnancy, childbearing women underwent pregnancy tests monthly. Moreover,

participants had to complete the NEI-VFQ-25 at baseline and at the 12-months-visit. (Table 1)

All participants underwent examinations on a minimum of one occasion prior to their inclusion

in the study.

A detailed baseline-examination was performed including anamnesis regarding medical
history, environmental factors such as alcohol and tobacco use, medication usage, the age when

vision loss began as well as sensory neuronal impairment.

MRI scans of the brain and orbits were performed to exclude other potential causes of optic

atrophy, such as intracranial or orbital lesions.

During each follow-up visit, patients were inquired about their medical history and any potential

adverse events or reactions.
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Table 1: Examination-schema

Examinations for study-visit are marked with x

+ 10 days
2 months
+ 10 days
3 months
+ 10 days
4 months
+ 10 days
5 months
+ 10 days
6 months
+ 10 days
7 months
+ 10 days
8 months
+ 10 days
9 months
+ 10 days
10 months
+ 10 days
11 months
+ 10 days
12 months
+ 10 days

o =
= =
Examinations T(g S
4 g
==} —
Medical history X
Informed consent X
NEI-VFQ-25 X
ETDRS visual acuity X
Octopus-perimetry X
Ishihara colour vision X
Pelli Robson contrast
vision X
OCT X
Documentation of
adverse events/
reactions
Pregnancy test (in
childbearing women) X X
Blood draw X
Compliance-check
Distribution of study
medication X




11.6.1 Visual acuity

Best-corrected visual acuity was assessed using illuminated ETDRS charts in adherence to the
recommended guidelines.(75,76) If the patient was not able to identify 20 letters in a distance
of 4 meters, the examination was repeated at a distance of 1 meter with an addition of +0.75
diopters. If the participant could not read any letter in a distance of 1 meter, counting fingers,

hand movement, light or no light perception was tested.

The smallest readable ETDRS line with either no or only one error was converted to logMAR.

11.6.2 Colour vision

Colour vision was evaluated utilizing Ishihara plates positioned at a 75cm distance. Out of 38
plates presented in a well-lit setting, 21 were considered for the test, while the remaining 17
acted as placebos. Participants were required to respond within three seconds for each plate
(forced-choice). The cumulative number of correct answers was documented as a fraction

(n/21).

11.6.3 Contrast vision

Contrast vision was assessed using well-illuminated Pelli-Robson charts placed at a 1-meter
distance, following the examination guidelines, with an addition of +0.75 diopters.(77) The
triplet with the least discernible contrast, in which at least two of the three optotypes were

identified, was recorded as a logarithm.

11.6.4 Visual field

Visual field was performed by certified examiners.

For Octopus perimetry (Octopus 900, Haag-Streit Switzerland) the 30-2 program was used.

Alteration in visual field was evaluated using mean deviation (MD) in Octopus perimetry.
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11.6.5 Peripapillary fiber layer thickness (pRNFLT)

A Spectral-Domain optical coherence tomography (SD-OCT, Heidelberg Engineering GmbH,
Germany, Spectralis Family Acquisition Module Software Version 6.16.8.0) was used to
perform a peripapillary 12° scan centered at the optic disc with 100 averaged images by
Automatic Real Time-function (ART) to measure the thickness of the peripapillary retinal nerve
fiber layer (pRNFLT).(78) Scans at baseline were used as reference point for the subsequent
follow-up scans. The built-in software was employed to segment the retinal nerve fiber layer.
A single examiner reviewed segmentation and made corrections when necessary. The global

pRNFLT was then analysed for comparing follow-up visits.

11.6.6 National Eye Institute 25-Item Visual Function Questionnaire (NEI-VFQ-25)

At baseline and at the 12-months-visit, participants had to complete the NEI-VFQ-25 (Version
2000).(79,80) The survey consists of 25 questions and six optional items. Each item belongs to
one of the 12 following sub-scales: general health, general vision, ocular pain, near activities,
distance activities, social functioning, mental health, role difficulties, dependency, driving,
colour vision and peripheral vision. Value of each question was recoded to a 0-100 scale
according to the description.(81) 0 represents the worst and 100 the best possible score. For
example, a score of 30 means that 30% of the highest possible score was reached. The questions
were assigned to the 12 corresponding sub-scales and an average of all items in each subscale
was created. The average of each subscale represents the percentage of total possible score.
Furthermore, a composite score was calculated by averaging all subscales exempt the general

health subscale.

11.6.7 Blood draw

At 3-month intervals, peripheral venous blood samples were examined to monitor the impact
of idebenone on blood counts, liver and kidney function parameters, and electrolyte levels. The
blood draw was conducted according to the hygienic regulation of the local hospital operator

(Steiermirkische Krankenanstaltengesellschaft, KAGes)

51



11.6.8 Pregnancy test

Females capable of bearing children underwent monthly pregnancy tests according to the

Medicinal Products Act BGBI. I Nr. 35/2004 of the Republic of Austria.(74)

At baseline and at the 3-, 6-, 9- and 12-months visit, pregnancy was ruled out analysing serum-
BHCG level. 1-, 2-, 4-, 5-, 7-, 8-, 10- and 11-months after baseline, pregnancy test was
performed by childbearing women themselves at home. At baseline they were informed about
the correct use of the pregnancy tests. At baseline and at the 3-, 6- and 9-months visit they got

two tests for self-testing.

Photo of the test-result was sent via e-mail to the investigator. If the investigator did not receive

an e-mail, the patient was called to acquire the test-result.
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11.7 Compliance

To check the correct intake of study medication, the number of remaining tablets was tallied

and documented by the study coordinator at each follow-up visit.

11.8 Statistical analysis

For statistical purposes, the eye with the lower logMAR best-corrected visual acuity at baseline
was classified as the better-seeing eye. In cases where both eyes had the same visual acuity, the

eye with lower MD in the visual field was defined as the better-seeing eye.

Categorical data are given in quantity and percent, while continuous data are described through

mean, standard deviation (SD) or median, minimum and maximum.

Changes over time for the primary outcome was estimated via mixed model accounting for the
repeated measures (baseline, follow-up) and including time, eye, time-eye interaction as fixed
effects and a random intercept for subject. P-values and the corresponding 95% confidence
intervals (Cls) for the differences in means (follow-up — baseline value), overall and within eye
were estimated by least squares means (LSM). The secondary outcomes were analysed via
mixed model with repeated measures (baseline, 3-, 6-, 9- and 12 months) and including time,
eye, time-eye interaction as fixed effects and a random intercept for subject and eye. For the

repeated measures a first-order autoregressive [AR(1)] covariance structure was modelled.

Additionally, analyses were repeated by including only one eye (the better-seeing eye at
baseline). Mixed models including time as fixed effect, a random intercept for subject and an

AR(1) covariance structure for the time points were used.

The P-values for the comparison of the questionnaire results from baseline to 12 months were
obtained by Wilcoxon signed-rank test. P-values below 0.05 were defined as statistically
significant. No imputation of missing data were applied. SAS version 9.4 (Cary, NC, USA) was

used for statistical analysis.

Reproduced from Valentin et al. with permission from the copyright holders Taylor & Francis (1)
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12 Results

12.1 Baseline clinical data

A total of sixteen patients were included in the study, consisting of eleven males (68.8%) and
five females (31.3%), all of whom were of Caucasian ethnicity. Genetic data are depicted in
Table 2. Mean age at baseline was 38.06 years (SD 17.31, median 37 years, range 14 - 62 years).
First symptoms of visual deterioration were perceived at a mean age of 14.13 years (SD 10.00,
median 13 years, range 2 - 43 years). At baseline, the right eye was the better-seeing eye in nine
patients (56.3%) and the left eye in seven patients (43.8%). Mean baseline best-corrected visual
acuity of the right eye was 0.52 logMAR (SD 0.32, median 0.50, range 0.10 - 1.10) and of the
left eye 0.54 logMAR (SD 0.36, median 0.45, range 0.10 - 1.30). Regarding the better-seeing
eye, mean best-corrected visual acuity was 0.46 logMAR (SD 0.32, median 0.40, range 0.10 -

1.10). Baseline characteristics are shown in Table 3.

Table 2: Genetic data of participants

Reproduced from Valentin et al. with permission from the copyright holders Taylor & Francis (1)

Patient Mutation

1 c.1879A>T p-Arg627Ter

2 c.1780C>T p-Arg594*

3 c.2232dupT p-11e745Tyrfs*16
4 c.2708 2711delTTAG p-Val903Glyfs*3
5 c.2131C>T p.-Arg711Ter

6 c.2708 2711delTTAG p-Val903Glyfs*3
7 c.116_119del p-Ser391lefs*9

8 c.2708 2711delTTAG p-Val903Glyfs*3
9 c.687T>A p-Tyr229Ter

10 c.687T>A p-Tyr229Ter

11 c.1313A>G p-Asp438Gly

12 c.1313A>G p-Asp438Gly

13 c.2708 2711delTTAG p.Val903Glyfs*3
14 c.2708 2711delTTAG p-Arg904Aspfs*2
15 c.(32+1 33-1) (678+1_679-1)del, c.(32+1 33-578) (678+1 679-1)del

16 c.(32+1_33-578)_(678+1_679-1)del
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Table 3: Demographic and clinical data

OD right eye
OS left eye

Reproduced from Valentin et al. with permission from the copyright holders Taylor & Francis (1)

Best-corrected visual

Patient Gender Age at baseline Age at onset of vision loss acuity at paseline
(years) (years)

(logMAR)

oD 0S
1 male 37 11 0.7 0.6
2 male 19 6 0.2 0.2
3 female 43 20 0.3 0.1
4 female 57 0.1 0.3
5 male 31 13 0.6 0.5
6 male 62 22 0.2 0.5
7 male 28 10 0.1 0.2
8 female 22 14 0.3 0.3
9 male 54 16 0.7 0.4
10 male 19 6 0.7 0.6
11 female 37 4 0.9 1.2
12 female 14 2 1 1.3
13 male 62 18 0.3 0.3
14 male 53 18 0.7 0.6
15 male 55 43 1.1 1.1
16 male 16 9 0.4 0.4
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12.2 Primary outcome

Data about best recovery/least deterioration of visual acuity were available from all 16 patient.

For the primary outcome best recovery/least deterioration a significant change of the right eye
(Table 4) from 0.52 logMAR (SD + 0.32) to 0.44 logMAR (SD £ 0.32) with a least square mean
difference (LSMD) of -0.08 logMAR (95% CI: -0.12 to -0.03, P = 0.0027) and of the left eye
(Table 5) from 0.54 logMAR (SD =+ 0.36) to 0.48 logMAR (SD + 0.38) with a LSMD of -0.06
logMAR (95% CI: -0.011 to -0.01, P =0.0111) was observed. (Figure 10)

Additional significant change could be found for the better-seeing eye with a mean change of
visual acuity from 0.46 logMAR (SD + 0.32) to 0.41 logMAR (SD £ 0.35) and a LSMD of -
0.05 logMAR (95% CI: -0.09 to -0.01, P = 0.0152). (Table 6, Figure 10)

Visual acuity: best recovery/least deterioration

oD 0OS better-seeing eye
1'2 w— o o] (=]
1.0 - T
0.8 —
~
§ 0.6
=10} ' S <o
= o S o
0.4 - >
21 ] I |
0.0 — J~
\ | ! | ! |
0 follow-up 0 follow-up 0 follow-up

time (months)

Figure 10: Best recovery/least deterioration of visual acuity from baseline to 12-months

OD right eye
OS left eye
Reproduced from Valentin et al. with permission from the copyright holders Taylor & Francis (1)
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Regarding best recovery of visual acuity on the right eye, change of visual acuity > -0.1
logMAR was observed in nine patients (56.25%), > -0.2 logMAR in two patients (12.5%) and
>-0.3 logMAR in one patient (6.25%).

In the left eye, an improvement of > -0.1 logMAR was found in 10 patients (62.5%) and > -0.2
logMAR in three patients (18.75%).

On the better-seeing eye, a change of visual acuity > -0.1 logMAR was observed for eight

patients (50%) and > -0.2 logMAR for one patient (6.3%).

Best recovery of visual acuity >-0.1 logMAR in both eyes was observed in six patients (37.5%)
Furthermore, a recovery of visual acuity in both eyes > -0.2 logMAR was found in one patient
(6.3%).
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Table 4: Outcomes of the right eye

Primary and secondary outcomes were analysed via mixed model

*P- value < 0.05
Min = Minimum
Max = Maximum

Reproduced from Valentin et al. with permission from the copyright holders Taylor & Francis (1)

Time n Median (Min, Max) Mean £ SD LSMD (95% CI) P
Visual acuity: best recovery/least deterioration (logMAR)
Baseline 16 0.50 (0.10, 1.10) 0.52+£0.32 -
Follow-up 16 0.40 (0.00, 1.00) 0.44+0.32 -0.08 (-0.12, -0.03) 0.0027*
Visual acuity within a 12- months period (logMAR)
Baseline 16 0.50 (0.10, 1.10) 0.52+0.32 -
3 months 16 0.50(0.10, 1.30) 0.53+0.34 0.01 (-0.04, 0.06) 0.8011
6 months 15 0.50 (0.10, 1.10) 0.55+0.30 0.00 (-0.05, 0.06) 0.8876
9 months 15 0.50 (0.10, 1.00) 0.53+£0.29 -0.01 (-0.06, 0.04) 0.7164
12 months 15 0.60 (0.00, 1.10) 0.52+£0.35 -0.02 (-0.07, 0.03) 0.3825
Visual field (dB)
Baseline 15 3.40 (0.20, 12.80) 441+3.27 -
3 months 15 4.00 (0.00, 15.30) 4.73 +3.87 0.33 (-0.72, 1.37) 0.5370
6 months 14 3.05 (0.60, 12.90) 436 +3.35 -0.19 (-1.26, 0.88) 0.7263
9 months 13 2.20 (0.40, 9.90) 3.09+2.97 -0.83 (-1.93, 0.26) 0.1351
12 months 14 3.20 (-0.60, 13.80) 431+3.93 -0.24 (-1.31, 0.83) 0.6582
Colour vision (n/21)
Baseline 16 1.50 (0.00, 13.00) 3.81+£4.42 -
3 months 16 1.00 (0.00, 18.00) 3.56 £4.75 -0.25 (-1.13, 0.63) 0.5747
6 months 15 2.00 (0.00, 20.00) 3.80+5.47 -0.16 (-1.13, 0.81) 0.7405
9 months 15 2.00 (0.00, 20.00) 4.07 +5.28 0.11 (-0.87, 1.09) 0.8279
12 months 15 2.00 (0.00, 19.00) 4.25+5.08 0.29 (-0.69, 1.27) 0.5575
Contrast vision (log)
Baseline 16 1.20 (0.45, 1.50) 1.11 £0.31 -
3 months 16 1.13 (0.60, 1.35) 1.13+£0.23 0.02 (-0.1, 0.13) 0.7462
6 months 15 1.20 (0.30, 1.65) 1.16 £0.34 0.07 (-0.06, 0.20) 0.3189
9 months 15 1.35(0.45, 1.50) 1.19+0.28 0.10 (-0.04, 0.23) 0.1624
12 months 15 1.05 (0.45, 2.00) 1.12+0.40 0.03 (-0.11, 0.16) 0.6762
Peripapillary retinal nerve fiber layer thickness (um)
Baseline 15 60.00 (45.00, 70.00)  58.47 +8.02 -
3 months 15 60.00 (46.00, 69.00) 58.40+8.14 -0.07 (-0.71, 0.57) 0.8367
6 months 13 59.00 (48.00, 68.00)  59.23 £7.36 0.25 (-0.57, 1.07) 0.5487
9 months 14 58.50 (43.00, 69.00) 57.57 +8.46 -0.38 (-1.26, 0.50) 0.3984
12 months 14 58.50 (44.00, 68.00) 57.36 £8.24 -0.58 (-1.5,0.34) 0.2109
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Table 5 Outcomes of the left eye

Primary and secondary outcomes were analysed via mixed model

*P- value < 0.05
Min = Minimum
Max = Maximum

Reproduced from Valentin et al. with permission from the copyright holders Taylor & Francis (1)

Time n Median (Min, Max) Mean = SD LSMD (95% CI) P
Visual acuity: best recovery/least deterioration (logMAR)
Baseline 16 0.45 (0.10, 1.30) 0.54+£0.36 -
Follow-up 16 0.40 (0.10, 1.30) 0.48 +£0.38 -0.06 (-0.11, -0.01) 0.0111*
Visual acuity within a 12- months period (logMAR)
Baseline 16 0.45 (0.10, 1.30) 0.54+0.36 -
3 months 16 0.40 (0.20, 1.30) 0.55+0.38 0.01 (-0.04, 0.06) 0.6145
6 months 15 0.40 (0.10, 1.30) 0.52+0.41 -0.04 (-0.09, 0.01) 0.1546
9 months 15 0.40 (0.10, 1.30) 0.54+0.40 -0.02 (-0.07, 0.03) 0.50064
12 months 15 0.40 (0.10, 1.30) 0.52+0.38 -0.04 (-0.09, 0.01) 0.1537
Visual field (dB)
Baseline 14 5.10 (0.80, 11.00) 4.81+2.48 -
3 months 14 3.40 (1.30, 8.30) 4.08 +2.10 -0.74 (-1.82, 0.35) 0.1807
6 months 13 3.10 (-1.00, 10.80) 4.08 +3.28 -0.83 (-1.94, 0.27) 0.1383
9 months 13 2.60 (-0.60, 9.40) 3.26 +2.81 -1.66 (-2.77, -0.55) 0.0038*
12 months 13 3.90 (-0.40, 10.80) 3.90 £3.01 -1.02 (-2.13, 0.09) 0.0711
Colour vision (n/21)
Baseline 16 1.00 (0.00, 15.00) 3.50+4.63 -
3 months 16 2.00 (0.00, 16.00) 4.19+£531 0.69 (-0.19, 1.57) 0.1245
6 months 15 1.00 (0.00, 21.00) 3.87+595 0.22 (-0.75, 1.19) 0.6565
9 months 15 1.00 (0.00, 15.00) 3.67+4.69 0.02 (-0.96, 1.00) 0.9718
12 months 15 3.00 (0.00, 15.00) 4.22+497 0.57 (-0.41, 1.56) 0.2494
Contrast vision (log)
Baseline 16 1.35(0.45, 1.50) 1.20+0.28 -
3 months 16 1.28 (0.30, 1.50) 1.18+£0.33 -0.02 (-0.13, 0.10) 0.7462
6 months 15 1.35 (0.60, 1.65) 1.26 £0.31 0.07 (-0.06, 0.20) 0.2819
9 months 15 1.35(0.15, 1.65) 1.17+0.41 -0.02 (-0.15, 0.12) 0.7852
12 months 15 1.35(0.30, 2.00) 1.19+ 045 0.00 (-0.13, 0.14) 0.9441
Peripapillary retinal nerve fiber layer thickness (um)
Baseline 15 62.00 (46.00, 83.00)  60.73 £10.15 -
3 months 15 60.00 (45.00, 83.00)  60.07 +10.05 -0.67 (-1.31, -0.03) 0.0413*
6 months 14 58.50 (44.00, 83.00)  59.43+£10.31 -0.83 (-1.63,-0.02) 0.0448*
9 months 14 60.00 (45.00, 81.00)  59.36 +£10.06 -0.87 (-1.75,0.01) 0.0532
12 months 14 60.50 (45.00, 81.00)  59.43 £10.20 -0.78 (-1.70, 0.13) 0.0937
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Table 6: Outcomes of the better-seeing eye

Primary and secondary outcomes were analysed via mixed model

*P- value < 0.05
Min = Minimum
Max = Maximum

Reproduced from Valentin et al. with permission from the copyright holders Taylor & Francis (1)

Time n Median (Min, Max) Mean + SD LSMD (95% CI) P
Visual acuity: best recovery/least deterioration (logMAR)
Baseline 16 0.40 (0.10, 1.10) 0.46 £ 0.32 -
Follow-up 16 0.40 (0.00, 1.20) 0.41+0.35 -0.05 (-0.09, -0.01) 0.0152*
Visual acuity within a 12- months period (logMAR)
Baseline 16 0.40 (0.10, 1.10) 0.46 +0.32 -
3 months 16 0.40 (0.10, 1.30) 0.49 £0.36 0.03 (-0.02, 0.08) 0.2342
6 months 15 0.40 (0.10, 1.20) 0.50£0.33 0.02 (-0.04, 0.07) 0.5560
9 months 15 0.40 (0.10, 1.20) 0.50£0.33 0.02 (-0.04, 0.07) 0.5527
12 months 15 0.40 (0.00, 1.20) 0.46 £ 0.37 -0.02 (-0.08, 0.03) 0.3823
Visual field (dB)
Baseline 15 4.50 (0.20, 11.00) 4.73+£2.90 -
3 months 15 4.00 (0.00, 15.30) 4.74+3.71 0.01 (-1.03, 1.04) 0.9898
6 months 14 3.40 (0.70, 12.90) 4.66 +3.66 -0.21 (-1.33,0.91) 0.7085
9 months 13 2.70 (0.40, 9.40) 322+2.82 -1.03 (-2.19, 0.12) 0.0787
12 months 14 3.75 (-0.60, 13.80) 449 +3.90 -0.38 (-1.51,0.75) 0.5071
Colour vision (n/21)
Baseline 16 2.00 (0.00, 13.00) 3.81+4.32 -
3 months 16 2.00 (0.00, 18.00) 3.81+4.72 0.00 (-0.96, 0.96) 1.0000
6 months 15 1.00 (0.00, 20.00) 3.73+5.57 -0.23 (-1.26, 0.80) 0.6571
9 months 15 2.00 (0.00, 20.00) 4.07 +£5.38 0.11 (-0.93, 1.14) 0.8369
12 months 15 4.00 (0.00, 19.00) 4.42+5.01 0.46 (-0.57, 1.50) 0.3738
Contrast vision (log)
Baseline 16 1.35(0.45, 1.50) 1.15+0.31 -
3 months 16 1.20 (0.60, 1.50) 1.15+0.27 0.00 (-0.12, 0.12) 1.0000
6 months 15 1.20 (0.30, 1.65) 1.20 +0.34 0.08 (-0.07, 0.22) 0.2814
9 months 15 1.35(0.45, 1.50) 1.20+£0.29 0.02 (-0.13, 0.17) 0.8246
12 months 15 1.05 (0.45, 2.00) 1.15+0.41 0.02 (-0.13, 0.17) 0.7979
Peripapillary retinal nerve fiber layer thickness (um)
Baseline 15 60.00 (46.00, 83.00)  60.00 + 10.09 -
3 months 15 59.00 (45.00, 83.00)  59.60 + 10.45 -0.40 (-1.03, 0.23) 0.2086
6 months 14 57.00 (44.00, 83.00)  59.21 +10.79 -0.36 (-1.10, 0.38) 0.3290
9 months 14 58.00 (45.00, 81.00)  59.00 + 10.21 -0.57 (-1.33, 0.20) 0.1456
12 months 14 58.50 (45.00, 81.00)  58.79 +10.15 -0.78 (-1.55, 0.00) 0.0501
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12.3 Secondary outcomes

12.3.1 Visual acuity

Visual acuity data were available from both eyes of all patients at baseline and at the 3-month
visit. Then one patient was lost to follow-up, so that for later visits data of 15 patients were

analysable. (Table 4, 5 and 6)

Visual acuity of the right eye (Table 4) was stable within the 12-month period. Mean visual
acuity at baseline was 0.52 logMAR (SD + 0.32), after 3 months 0.53 logMAR (SD + 0.34),
after 6 months 0.55 logMAR (SD =+ 0.30), after 9 months 0.53 (SD + 0.29) and after 12 months
0.52 (SD + 0.35). Between baseline and follow-ups, no significant change was observed
(baseline - 3 months: LSMD 0.01 logMAR, 95% CI: -0.04 to 0.06, P = 0.8011; baseline - 6
months: LSMD 0 logMAR, 95% CI: -0.05 to 0.06, P = 0.8876; baseline — 9 months: LSMD -
0.01 logMAR, 95% CI: -0.06 to 0.04, P = 0.7164; baseline — 12 months: LSMD -0.02 logMAR,
95% CI: -0.07 to 0.03, P = 0.3825).

Regarding visual acuity of the left eye (Table 5), the same stabilising effect as in the right eye
was found. Mean visual acuity at baseline was 0.54 logMAR (SD + 0.36), 0.55 logMAR (SD +
0.38) after 3 months, 0.52 logMAR (SD =+ 0.41) after 6 months, 0.54 (SD + 0.40) after 9 months
and 0.52 logMAR (SD + 0.38) at the last follow-up. A significant change could not be
documented (baseline - 3 months: LSMD 0.01 logMAR, 95% CI: -0.04 to 0.06, P = 0.6145;
baseline - 6 months: LSMD -0.04 logMAR, 95%CI: -0.09 to 0.01, P = 0.1546; baseline - 9
months: LSMD -0.02 logMAR, 95% CI: -0.07 to 0.03, P = 0.5064; baseline — 12 months: LSMD
-0.04 logMAR, 95% CI: -0.09 to 0.01, P = 0.1537).

Mean visual acuity of the better-seeing eye (Table 6) was 0.46 logMAR (SD + 0.32) at baseline
and remained stable within the 12-months period. After 3 months, a mean visual acuity of 0.49
logMAR (SD + 0.36) was documented, after 6 as well as after 9 months 0.50 logMAR (SD +
0.33) and after 12 months 0.46 logMAR (SD # 0.37). No significant change was found (baseline
- 3 months: LSMD 0.03 logMAR, 95% CI: -0.02 to 0.08, P = 0.2342; baseline - 6 months:
LSMD 0.02 logMAR, 95% CI: -0.04 to 0.07, P = 0.5560; baseline - 9 months: LSMD -0.02
logMAR, 95% CI: -0.04 to 0.07, P = 0.5527; baseline - 12months: LSMD -0.02 logMAR, 95%
CI: -0.08 to 0.03, P = 0.3823). (Figure 11)
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Visual acuity: changes within a 12-months period
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Figure 11: Change of visual acuity within a 12-month period
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OS left eye
Reproduced from Valentin et al. with permission from the copyright holders Taylor & Francis (1)
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12.3.2 Visual field

Before study inclusion, both eyes of one patient and the left eye of another patient were unable
to perform Octopus perimetry due to severe visual impairment. So, they were excluded. One
patient was lost to follow-up after the first 3 months. At the 9-month assessment, Octopus

perimetry was not feasible for the right eye of another patient.

Therefore, visual field data were available from 15 right and 14 left eyes at baseline and at the
3-month visit, 14 right and 13 left eyes at the 6-month visit, 13 right and 13 left eyes at the 9-
month visit and 14 right and 13 left eyes at the 12-month visit. (Table 4 and 5)

In the Octopus visual field of the right eye (Table 4), MD at baseline was 4.41 dB (SD + 3.27)
and remained stable within 12 months. After 3 months a mean change of MD to 4.73 dB (SD +
3.87) was observed, after 6 months to 4.36 dB (SD + 3.35), after 9 months 3.09 dB (SD +2.97)
and after 12 months 4.31 dB (SD +3.93). No significant difference could be found between
baseline and the last follow-up (baseline - 3 months: LSMD 0.33 dB, 95% CI: -0.72 to 1.37, P
=(0.5370; baseline - 6 months: LSMD -0.19 dB, 95% CI: -1.26 to 0.88, P = 0.7263, baseline —
9 months: LSMD -0.83 dB, 95% CI: -1.93 to 0.26, P = 0.1351; baseline - 12 months: LSMD -
0.24 dB, 95% CI: -1.31 to 0.83, P = 0.6582).

Analysing visual field of the left eye (Table 5), MD at baseline was 4.81 dB (SD + 2.48), after
3 months as well as after 6 months 4.08 dB (SD + 2.10, SD =+ 3.28), after 9 months 3.26 dB
(SD + 2.81) and after 12 months 3.90 dB (SD + 3.01) In the left eye a significant
improvement could be observed between baseline and the 9-months visit (LSMD -1.66 dB,
95% CI: -2.77 to -0.55, P = 0.0038), but between baseline and the other follow-up visits
change of MD was not significant (baseline — 3 months: LSMD -0.74 dB, 95% CI: -1.82 to
0.35, P=0.1807, baseline - 6 months: LSMD -0.83 dB, 95% CI: -1.94 to 0.27, P = 0.1383;
baseline - 12 months: LSMD -1.02 dB, 95% CI: -2.13 to 0.09, P = 0.0711).

Octopus visual field of the better-seeing eye (Table 6) between baseline and the 12-months visit
remained stable. MD at baseline was 4.73 dB (SD + 2.90), after 3 months 4.74 dB (SD + 3.71),
after 6 months 4.66 dB (SD £3.66), after 9 months 3.22 dB (SD + 2.82) and after 12 months
4.49 dB (SD + 3.90). During the 12-month period no significant change was found (baseline -
3 months: LSMD 0.01 dB, 95% CI: -1.03 to 1.04, P = 0.9898; baseline - 6 months: LSMD -
0.21 dB, 95% CI: -1.33 to 0.91, P = 0.7085, baseline — 9 months: LSMD -1.03 dB, 95% CI: -
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2.19 t0 0.12, P = 0.0787; baseline - 12 months: LSMD -0.38 dB, 95% CI: -1.51 to 0.75, P =

0.5071). (Figure 12)
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Figure 12: Change of visual field
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Reproduced from Valentin et al. with permission from the copyright holders Taylor & Francis (1)
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12.3.3 Colour vision

After the 3-month visit, a single patient was lost to follow-up. So, colour vision data were
available from both eyes of all patients at baseline and at the 3-month visit. For later follow-

ups data of only 15 patients could be collected. (Table 4, 5 and 6)
All patients had a pathological colour vision.

On the right eye, colour vision was stable within the 12-month period (Table 4). At baseline a
mean of 3.81/21 (SD =+ 4.42) Ishihara plates could be identified, after 3 months 3.56/21 (SD +
4.75), after 6 months 3.80/21 (SD =+ 5.47), after 9 months 4.07/21 (SD =+ 5.28) and after 12
months 4.25/21 (SD +5.08). A significant difference between baseline and follow-up visits
could not be observed (baseline — 3 months: LSMD -0.25/21, 95% CI: -1.13t0 0.63, P=0.5747;
baseline - 6 months: LSMD -0.16/21, 95% CI: -1.13 to 0.81, P = 0.7405, baseline - 9 months:
LSMD -0.11/21, 95% CI: -0.87 to 1.09, P = 0.8279; baseline - 12 months: LSMD 0.29/21, 95%
CI: -0.69 to 1.27, P = 0.5575).

The same was found for the left eye (Table 5). At baseline, a mean of 3.50/21 (SD =+ 4.63)
Ishihara plates were detected, after 3 months 4.19/21 (SD =+ 5.31), after 6 months 3.87/21 (SD
+ 5.95), after 9 months 3.67/21 (SD + 4.69) and after 12 months 4.22/21 (SD + 4.97). Also, for
the left eye no significant change was observed (baseline - 3 months: LSMD 0.69/21, 95% CI:
-0.19 to 1.57, P = 0.1245; baseline - 6 months: LSMD -0.22/21, 95% CI: -0.75 to 1.19, P =
0.6565; baseline - 9 months: LSMD 0.02/21, 95% CI: -0.96 to 1, P = 0.9718; baseline - 12
months: LSMD 0.57/21, 95% CI: -0.41 to 1.56, P = 0.2494).

On the better-seeing eye (Table 6), at baseline 3.81/21 (SD =+ 4.32) Ishihara plates were seen,
after 3 months 3.81/21 (SD + 4.72), after 6 months 3.73/21 (SD + 5.57), after 9 months 4.07/21
(SD + 5.38) and after 12 months 4.42/21 (SD + 5.01). In the 12-month period, no significant
change was found (baseline — 3 months: LSMD 0/21, 95% CI: -0.96 to 0.96, P = 1.0000;
baseline - 6 months: LSMD -0.23/21, 95% CI: -1.26 to 0.8, P = 0.6571, baseline - 9 months:
LSMD 0.11/21, 95% CI: -0.93 to 1.14, P = 0.8369; baseline - 12 months: LSMD 0.46/21, 95%
CI: -0.57 to 1.5, P = 0.3738). (Figure 13)
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Figure 13: Change of colour vision
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Reproduced from Valentin et al. with permission from the copyright holders Taylor & Francis (1)
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12.3.4 Contrast vision

Data of contrast vision were analysable from all patients at baseline and at the 3-month visit.
For later visits data of 15 patients were available, because one patient was lost to follow-up

after the 3-month visit. (Table 4, 5 and 6)
Our data showed a pathological contrast vision of both eyes.

For the right eye (Table 4) at baseline a mean contrast sensitivity of 1.11 log (SD + 0.31) was
observed, 1.13 log (SD + 0.23) after 3 months, 1.16 log (SD £ 0.34) after 6 months, 1.19 log
(SD £ 0.28) after 9 months and 1.12 log (SD =+ 0.40) after 12 months. A significant change
between baseline and follow-up visits was not found (baseline - 3 months: LSMD 0.02 log,
95% CI: -0.1 to 0.13, P = 0.7462; baseline — 6 months: LSMD 0.07 log, 95% CI: -0.06 to 0.2,
P =0.3189; baseline - 9 months: LSMD 0.1 log, 95% CI: -0.04 to 0.23, P = 0.1624; baseline -
12 months: LSMD 0.03 log, 95% CI: -0.11 to 0.16, P = 0.6762).

Also, on the left eye mean contrast sensitivity was stable between baseline and the 12-month
visit. (Table 5) At baseline, mean contrast vision was 1.20 log (SD + 0.28), after 3 months 1.18
log (SD £ 0.33), after 6 months 1.26 log (SD # 0.31), after 9 months 1.17 log (SD + 0.41) and
after 12 months 1.19 log (SD # 0.45). Neither for the left eye a significant change could be
found (baseline - 3 months: LSMD -0.02 log, 95% CI: -0.13 to 0.1, P = 0.7462; baseline - 6
months: LSMD 0.07 log, 95 %CI: -0.06 to 0.2, P = 0.2819; baseline - 9 months: LSMD -0.02
log, 95% CI: -0.15 to 0.12, P = 0.7852; baseline - 12 months: LSMD 0 log, 95% CI: -0.13 to
0.14, P =0.9441).

Regarding the better-seeing eye (Table 6), mean contrast sensitivity at baseline was 1.15 log
(SD £ 0.31) and remained stable within the 12-month period. After 3 months a mean contrast
sensitivity of 0.15 log (SD + 0.27) was documented, after 6 months as well as after 9 months
1.20 log (SD +0.34, SD + 0.29) and after 12 months 1.15 log (SD + 0.41). Within the 12-month
period no significant change could be found (baseline - 3 months: LSMD 0 log, 95% CI: -0.12
to 0.12, P = 1.000; baseline — 6 months: LSMD 0.08 log, 95% CI: -0.07 to 0.22, P = 0.2814;
baseline - 9 months: LSMD 0.2 log, 95% CI: -0.13 to 0.17, P = 0.8246; baseline - 12 months:
LSMD 0.02 log, 95% CI: -0.13 to 0.17, P = 0.7979). (Figure 14)
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Reproduced from Valentin et al. with permission from the copyright holders Taylor & Francis (1)
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12.3.5 Peripapillary retinal nerve fiber layer thickness

For statistical analysis both eyes of one patient were excluded due to vitreous detachment
causing traction on the optic nerve head during study period. Furthermore, at the 6-month visit
OCT quality of the right eye of a patient was insufficient, so that correct retinal nerve fiber layer

segmentation was not possible. Moreover, after the 3-month visit, a patient was lost to follow-
up.

Therefore, pRNFLT data were available from 15 right and left eyes at baseline and at the 3-
month visit, 13 right and 14 left eyes at the 6-month visit and 14 right and left eyes at the 9-
month and 12-month visit. (Table 4 and 5)

Optic nerve head of all patients showed a bitemporal or total atrophy with a reduced global

pRNFLT.

Mean global pRNFLT of the right eye (Table 4) at baseline was 58.47 um (SD + 8.02), after 3
months 58.40 um (SD = 8.14), after 6 months 59.23 um (SD =+ 7.36), after 9 months 57.57 um
(SD + 8.46) and after 12 months 57.36 um (SD #8.24). Change of pRNFLT of the right eye
was stable within the 12-month period and without a significant decrease (baseline - 3 months:
LSMD -0.07 um, 95% CI: -0.71 to 0.57, P = 0.8367; baseline - 6 months: LSMD 0.25 pm, 95%
CI: -0.57 to 1.07, P = 0.5487; baseline - 9 months: LSMD -0.38 um, 95% CI: -1.26 to 0.5, P =
0.3984; baseline — 12 months: LSMD -0.58 um, 95% CI: -1.5 to 0.34, P = 0.2109).

On the left eye (Table 5) at baseline a mean global pRNFLT of 60.73 pm (SD + 10.15) was
observed. 3 months later, pPRNFLT was 60.07 pm (SD + 10.05), 6 months later 59.43 pm (SD
+ 10.31), 9 months later 59.36 um (SD + 10.06) and at the last follow-up 59.43 um (SD =+
10.20). On the contrary to the right eye, in the left eye we identified a significant decrease
between baseline and the 3-month visit (LSMD -0.67 pum, 95% CI: -1.31 to -0.03, P = 0.0413)
as well as baseline and the 6- month visit (LSMD -0.83 um, 95% CI: -1.63 to -0.02, P = 0.0448).
Comparing pRNFLT between baseline and the 9-month visit as well as baseline and the 12-
month visit, no significant change was found (baseline - 9 months: LSMD -0.87 um, 95% CI:
-1.75 to 0.01, P = 0.0532; baseline - 12 months: LSMD -0.78 pum, 95% CI: -1.7 to 0.13, P =
0.0937).
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Analysing pRNFLT of the better-seeing eye (Table 6), the same stabilizing effect as in the right
eye was observed. At baseline pRNFLT was 60.00 um (SD = 10.09), after 3 months 59.60 pm
(SD + 10.45), after 6 months 59.21 um (SD + 10.79), after 9 months 59.00 um (SD + 10.21)
and after 12 months 58.79 um (SD + 10.15). No significant change was found between baseline
and follow-ups (LSMD -0.4 um, 95% CI: -1.03 to 0.23, P = 0.2086; baseline - 6 months: LSMD
-0.36 um, 95% CI: -1.1 to 0.38, P = 0.3290; baseline - 9 months: LSMD -0.57 um, 95% CI: -
1.33t0 0.2, P=0.1456; baseline — 12 months: LSMD -0.78 um, 95% CI: -1.55to 0, P=0.0501).
(Figure 15)
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Figure 15: Change of pRNFLT
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Reproduced from Valentin et al. with permission from the copyright holders Taylor & Francis (1)
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12.3.6 Visual performance-related quality of life

Analysing the NEI-VFQ-25 at baseline, severe impairment was found in the subscales general
vision with a median of 60.0 (range 20.0 to 80.0), role difficulties with a median of 68.8 (range
25.0 to 100.0) and driving with a median of 62.5 (range 0.0 to 91.7). No impairment of visual-
related quality of life was found in the subscales ocular pain, social functioning, dependency,

colour and peripheral vision.

At the 12-month visit, patients reported improvement in all aspects (Table 7). Nevertheless, a
significant increase was documented solely in the area general vision with a median of 80.0

(range 40.0 to 80.0, P = 0.0156) after 12 months.

Enhancement in all subscales contributed to a significant increase in the composite score, rising
from median of 83.6 (range 45.9 to 95.5) at baseline to 92.5 (range 57.8 to 97.6) after 12 months
of idebenone treatment (P = 0.0256).

Table 7: National Eye Institute Visual Function Questionnaire

*P-value < 0.05, calculated with Wilcoxon signed-rank test

Min = Minimum
Max = Maximum

Reproduced from Valentin et al. with permission from the copyright holders Taylor & Francis (1)

Baseline 12-months Difference P*
Scale Name Median (Min, Median (Min, Median (Min,
Max) Max) Max)
General Health 75.0 (50.0, 100.0) 75.0 (50.0, 100.0) 0.0 (-50.0, 0.0) 0.2500
General Vision 60.0 (20.0, 80.0) 80.0 (40.0, 80.0) 0.0 (0.0, 20.0) 0.0156*
Ocular Pain 100.0 (37.5,100.0)  100.0 (87.5, 100.0) 0.0 (0.0, 50.0) 0.0625
Near Activities 91.7 (33.3, 100.0) 91.7 (25.0, 100.0) 0.0 (-16.7, 16.7) 0.8105
Distance Activities 79.2 (37.5, 100.0) 87.5 (45.8, 100.0) 4.2 (-20.8, 33.3) 0.0898
Vision Specific:
Social Functioning 100.0 (37.5,100.0)  100.0 (37.5,100.0) 0.0 (-12.5, 50.0) 1.0000
Mental Health 87.5(75.0,93.8) 87.5(57.3, 100.0) 0.0 (-25.0, 25.0) 0.7871
Role Difficulties 68.8 (25.0, 100.0) 100.0 (25.0, 100.0) 0.0 (-50.0, 50.0) 0.6328
Dependency 100.0 (58.3,100.0)  100.0 (58.3,100.0) 0.0 (-33.3,41.7) 0.3750
Driving 62.5(0.0,91.7) 79.2 (0.0, 100.0) 4.2 (-8.3,91.7) 0.0625
Colour Vision 100.0 (50.0, 100.0)  100.0 (75.0, 100.0) 0.0 (-25.0, 25.0) 1.0000
Peripheral Vision 100.0 (25.0, 100.0)  100.0 (2.0, 100.0) 0.0 (-50.0, 25.0) 0.8125
Composite Score 83.6 (45.9,95.5) 92.5(57.8,97.6) 3.7 (-6.5,13.8) 0.0256*
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12.4 Compliance and safety

Adherence to the study medication intake was high, with a median pill intake rate of > 95%
throughout the entire study period. After the first three months one patient (6,25%) no longer

appeared for study visits.
Following adverse events were noticed:

e headache (2x)

e anorexia (1x)

e anacmia (2 female patients)

e clevation of liver parameters (2x)
e sore throat (1x)

e pyrosis (1x)

Reproduced from Valentin et al. with permission from the copyright holders Taylor & Francis (1)

The first five are listed in the product information. During the whole study period, no adverse

reactions or serious adverse events were noted.
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12.5 Post hoc analysis

12.5.1 Worse-seeing eye

In our outcomes we observed the effect of idebenone on both eyes. Furthermore, we evaluated
visual function of the better-seeing eye, assuming that this eye would have a higher probability
to regenerate under idebenone treatment. For the primary outcome best recovery/least
deterioration a significant change was found. For the secondary outcomes no clear results were

observed.

We performed a post hoc analysis to examine the effect of idebenone on visual function of the

worse-seeing eye. (Table 8)
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Table 8: Outcomes of the worse-seeing eye
*P- value < 0.05

Min = Minimum

Max = Maximum

Time n Median (Min, Max) Mean + SD LSMD (95% CI) P
Visual acuity: best recovery/least deterioration (logMAR)
Baseline 16 0.55(0.20, 1.30) 0.59+0.35 -
Follow-up 16 0.40 (0.10, 1.30) 0.51+0.35 -0.09 (-0.15, -0.03) 0.0058*
Visual acuity within a 12- months period (logMAR)
Baseline 16 0.55 (0.20, 1.30) 0.59+0.35 -
3 months 16 0.55(0.20, 1.30) 0.58+£0.36 -0.01 (-0.06, 0.03) 0.5900
6 months 15 0.50 (0.20, 1.30) 0.57+0.39 -0.05 (-0.01, 0) 0.0447*
9 months 15 0.40 (0.10, 1.30) 0.57+0.36 -0.04 (-0.09, 0.01) 0.0811
12 months 15 0.60 (0.20, 1.30) 0.58+0.34 -0.04 (-0.08, 0.01) 0.1398
Visual field (dB)
Baseline 14 4.10 (0.80, 12.80) 4.46 £2.94 -
3 months 14 3.35(1.20, 10.00) 4.07+2.39 -0.39 (-1.54, 0.75) 0.4946
6 months 13 2.80 (-1.00, 9.10) 3.75+2.83 -0.8(-1.97,0.37) 0.1766
9 months 13 2.20 (-0.60, 9.90) 3.13+2.97 -1.42 (-2.59, -0.25) 0.0182*
12 months 13 3.10 (-0.40, 10.60) 3.70 +£3.01 -0.85(-2.02,0.32) 0.1492
Colour vision (n/21)
Baseline 16 1.00 (0.00, 15.00) 3.50+4.72 -
3 months 16 1.50 (0.00, 16.00) 3.94+535 0.44 (-0.41, 1.28) 0.3041
6 months 15 1.00 (0.00, 21.00) 3.93+585 0.29 (-0.64, 1.22) 0.5296
9 months 15 2.00 (0.00, 15.00) 3.67+4.58 0.02 (-0.91, 0.96) 0.9579
12 months 15 2.00 (0.00, 15.00) 4.05+5.03 0.41 (-0.53, 1.35) 0.3891
Contrast vision (log)
Baseline 16 1.28 (0.45, 1.50) 1.15+0.29 -
3 months 16 1.20 (0.30, 1.50) 1.15+0.30 0(-0.12,0.12) 1.0000
6 months 15 1.35(0.60, 1.65) 1.22+0.32 0.08 (-0.07, 0.22) 0.2814
9 months 15 1.35(0.15, 1.65) 1.16 £0.40 0.02 (-0.13, 0.17) 0.8246
12 months 15 1.35(0.30, 2.00) 1.16 £ 0.44 0.02 (-0.13, 0.17) 0.7979
Peripapillary retinal nerve fiber layer thickness (um)
Baseline 15 60.00 (45.00, 71.00)  59.20+8.24 -
3 months 15 60.00 (46.00, 70.00) 58.87+7.71 -0.33 (-1.02, 0.35) 0.3339
6 months 13 60.00 (48.00, 69.00) 59.46 +6.57 -0.24 (-1.15, 0.67) 0.6017
9 months 14 60.50 (43.00, 70.00)  57.93 £8.33 -0.7 (-1.72, 0.32) 0.1741
12 months 14 60.00 (44.00, 70.00)  58.00 + 8.42 -0.61 (-1.7, 0.48) 0.2646
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12.5.1.1 Visual acuity: best recovery/least deterioration

For the analysation of the best recovery/least deterioration of the worse-seeing eye, data of all

16 patients were available. (Table 8)

A significant change of mean visual acuity from 0.59 logMAR (SD + 0.35) to 0.51 logMAR
(SD £ 0.35) with a LSMD of -0.09 logMAR (95% CI: -0.15 to -0.03, P = 0.0058) was observed.
(Table 8)

A change of visual acuity > -0.1 logMAR was documented for 11 participants (68.75%), > -0.2
logMAR for four participants (25.00%) and > -0.3 logMAR for one participant (6.25%).

12.5.1.2 Visual acuity within a 12-month period: worse-seeing eye

Visual acuity data of the worse-seeing eye were available from all patients at baseline and at
the 3-month visit. Then a patient was lost to follow-up, so that for later visits data of 15 patients

were analysable. (Table 8)

For the worse-seeing eye, a mean baseline visual acuity of 0.59 logMAR (SD £ 0.35) was found.
During idebenone treatment visual acuity remained stable with a mean visual acuity of 0.58
logMAR (SD =+ 0.36) after 3 months, 0.57 logMAR (SD =+ 0.39) after 6 months, 0.57 logMAR
(SD £ 0.36) after 9 months and 0.58 logMAR (SD =+ 0.34) after 12 months. Between baseline
and 6 months a significant change of LSMD of -0.05 logMAR (95% CI: -0.1 to 0) with a P-
value of 0.0447 was observed. LSMD between baseline and 3 months (-0.01 logMAR, 95% CI:
-0.06 to 0.03, P = 0.5900), baseline and 9 months (-0.04 logMAR, 95% CI: -0.09 to 0.01, P =
0.0811) and baseline and 12 months (-0.04 logMAR, 95% CI: -0.08 to 0.01, P = 0.1398)

revealed no significant change. (Table 8)

12.5.1.3 Visual field

Before study inclusion, two worse-seeing eyes were unable to perform Octopus perimetry
because of insufficient visual acuity. So, they were excluded. Furthermore, after 3 months one

patient was lost to follow-up.
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Therefore, visual field data were available from 14 worse-seeing eyes at baseline and at the 3-

month visit. For later follow-ups, data of 13 worse-seeing eyes were analysable. (Table 8)

MD analysation of the worse-seeing eye showed a mean of 4.46 dB (SD + 2.94) at baseline,
4.07 dB (SD = 2.39) after 3 months, 3.75 dB (SD + 2.83) after 6 months, 3.13 dB (SD £ 2.97)
after 9 months and 3.70 dB (SD + 3.01) at the last follow-up. Between baseline and 9 months a
significant change with a LSMD of -1.42 dB (95% CI: -2.59 to -0.25) and a P-value of 0.0182
was found. No significant change was observed between baseline and 3 months (LSMD -0.39
dB, 95% CI: -1.54 to 0.75, P = 0.4946), baseline and 6 months (LSMD -0.8 dB, 95% CI: -1.97
to 0.37, P =0.1766) as well as baseline and 12 months (LSMD -0.85 dB, 95% CI: -2.02 to 0.32,
P =0.1492). (Table 8)

12.5.1.4 Colour vision

Colour vision data of the worse-seeing eye were available from all patients except one, that was
lost to follow-up after the 3-month visit. So, colour vision data were available from all 16
patients at baseline and at the 3-month visit. For later follow-ups data of 15 patients could be

collected. (Table 8)

Observing the worse-seeing eye, at baseline a mean of 3.50/21 (SD +4. 72) Ishihara plates were
identified. 3 months later a mean of 3.94/21 (SD £ 5.35) plates were seen, 6 months later 3.93/21
(SD + 5.85), 9 months later 3.67/21 (SD + 4.58) and 12 months later 4.05/21 (SD + 5.03).
During the 12-month period of idebenone treatment, no significant change was found (baseline
- 3 months: LSMD 0.44/21, 95% CI: -0.41 to 1.28, P = 0.3041; baseline - 6 months: LSMD
0.29/21, 95% CI: -0.64 to 1.22, P =0.5296; baseline - 9 months: LSMD 0.02/21, 95% CI: -0.91
t0 0.96, P = 0.9579; baseline - 12 months: LSMD 0.41/21, 95% CI: -0.53 to 1.35, P = 0.3891).
(Table 8)

12.5.1.5 Contrast vision

Contrast vision data of the worse-seeing eye were available from all 16 patients at baseline and
at the 3-month visit. Due to loss of follow-up of a patient after the 3-month visit, contrast vision

data of 15 worse-seeing eyes were analysable for later visits.
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Evaluation of contrast vision of the worse-seeing eye showed a contrast sensitivity of 1.15 log
(SD £ 0.29) at baseline, 1.15 log (SD + 0.30) after 3 months, 1.22 log (SD + 0.32) after 6
months, 1.16 log (SD + 0.40) after 9 months and 1.16 log (SD + 0.44) after 12 months. A
significant change between baseline and follow-up visits was not found (baseline - 3 months:
LSMD 0 log, 95% CI: -0.12 to 0.12, P = 1.0000; baseline - 6 months: LSMD 0.08 log, 95 %CI:
-0.07 to 0.22, P = 0.2814; baseline - 9 months: LSMD 0.02 log, 95% CI: -0.13 to 0.17, P =
0.8246; baseline - 12 months: LSMD 0.02 log, 95% CI: -0.13 to 0.17, P = 0.7979). (Table 8)

12.5.1.6 Peripapillary retinal nerve fiber layer thickness

During study participation, the worse-seeing eye of a patient had a vitreous detachment with
traction on the optic nerve head. So, this patient was excluded. After the 3-month visit, a patient
was lost to follow-up. Furthermore, at the 6-month visit OCT quality of the worse-seeing eye
of a patient was insufficient, so that correct retinal nerve fiber layer segmentation was not

possible.

Therefore, pRNFLT data were available from 15 worse-seeing eyes at baseline and at the 3-
month visit, 13 worse-seeing eyes at the 6-month visit and 14 worse-seeing eyes at the 9-month

and 12-month visit. (Table 8)

Evaluation of retinal nerve fiber layer on the worse-seeing eye showed a mean thickness of 59.2
pum (SD + 2.11) at baseline, 58.87 pum (SD =+ 2.11) after 3 months, 58.96 um (SD £2.12) after
6 months, 58.5 um (SD + 2.12) after 9 months and 58.59 pm (SD + 2.12) after 12 months of
idebenone treatment. Between baseline and follow-up visits, no significant change was found
(baseline - 3 months: LSMD -0.33 um, 95% CI: -1.02 to 0.35, P = 0.3339; baseline - 6 months:
LSMD -0.24 pm, 95% CI: -1.15 to 0.67, P = 0.6017; baseline - 9 months: LSMD -0.7 pm, 95%
CI: -1.72 t0 0.32, P = 0.1741; baseline — 12 months: LSMD -0.61 pm, 95% CI: -1.7 to 0.48, P
=(.2646). (Table 8)
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12.5.2 Intraindividual outcomes

We performed also a post-hoc analysis to evaluate following questions:

1) If the better-seeing eye showed a recovery of visual acuity, how many worse-seeing
eyes improved?

2) If the worse-seeing eye showed a recovery of visual acuity, how many better-seeing
eyes improved?

Outcomes:

1) Eight patients (50.0%) showed a recovery of visual acuity > -0.1 logMAR in the better
seeing eye.
In six of this eight patients (75.0%), also a recovery in the worse-seeing eye was
observed (one patients -0.3 logMAR, one patient -0.2 logMAR, four patients -0.1
logMAR).
In one patient (6.3%) a recovery of visual acuity > -0.2 logMAR was observed in the
better-seeing eye The same patient had a recovery in the worse-seeing eye of -0.2
logMAR.

2) In 11 patients (68.8%) a recovery of > -0.1 logMAR was observed in the worse-seeing

eye.
In six of this 11 patients (54.5%) also a recovery in the better-seeing eye was observed
(one patient -0.2 logMAR, five patients -0.1 logMAR).

Analysing the worse-seeing-eyes, four patients (25.0%) showed a visual recovery > -
0.2 logMAR. In two of this four patients (50.0%) also a recovery in the contralateral
eye was observed (one patient -0.2 logMAR, one patient -0.1 logMAR).
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13 Discussion

DOA is the most common type of familiar optic atrophy(17,18). It is a disease of the retinal

ganglion cells in most cases caused by a mutation in the OPA1 gene.(5,12,19,24,25)

Beside reduced colour vision, visual field defects and optic atrophy(3,8,30-32,15-20,25,29),
deterioration of visual acuity during childhood is hallmark of the disease. Then follows a

stabilization of visual acuity or a slow progression over many years.(10,18,20-22,28,32-34)

The decrease of visual acuity varies across studies, with rates ranging from 24% to 100% in
different investigations.(19,22,25,28,35,36) In 2010 Yu-Wai-Man et al.(19) published
longitudinal visual acuity data of 43 OPA1 patients with a mean observation time of 18.0 years.
Mean rate of visual acuity worsening was 0.032 logMAR/year. In 67.4% of patients, they
described a decrease of visual acuity: in 9.3% < 2 logMAR lines and in 58.1% > 2 logMAR
lines. In another retrospective case series from 2011, Yu-Wai-Man et al.(25) reported visual
acuity data of 24 individuals with OPA [ mutation, with an average follow-up time of 8.5 years.
They observed a mean rate of vision loss of 0.070 logMAR/year. Among the patients, 13

showed a deterioration in visual acuity over the follow-up period.

Enhancement of visual acuity is mentioned in just two retrospective studies by Cohn et al.(35)
and Romagnoli et al.(36) as well as in a case presentation of a patient exhibiting a LHON-like
phenotype carrying the c.740G>A mutation(37). Upon reading the retrospective studies, several
data collection limitations stand out: observation periods vary between studies, no description
of visual acuity chart(36) or varying visual acuity measurements(35). In some instances, data
from previous ophthalmological records were retrieved.(35) Furthermore, Cohn et al.(35) had
reservations about the reliability of their outcomes and could not dismiss the likelihood of a
learning effect in children. In contrast to this retrospective reports our study had a prospective
design with defined follow-ups. Furthermore, we used the same chart for evaluation of visual

acuity.
At present, there is no authorized treatment for DOA.(42)

OPA1 mutations in DOA lead to a defect in the complex I of the respiratory chain. Also,
accumulation of reactive oxygen species are described.(36) Idebenone has the capacity to

circumvent the mitochondrial complex I and to shuttle electrons directly to the complex

79



I11.(5,41,61) Furthermore, idebenone has a role as antioxidant neutralizing reactive oxygen

species.(36,61)
As of today, idebenone treatment in OPA1-DOA patients has been analysed in two studies.

The first study was published in 2013 from Barboni et al.(24) Seven patients were included in
this prospective pilot study. They received idebenone from different brands in dosages between
270 and 1000 mg for at least one year. Follow-up visits were performed after 7 months and
after 1 year, but with a variation of 4 months. Mean visual acuity of the seven patients improved
significantly in both eyes. In the analysation of the visual field of five patients a significant
improvement was shown for the left eye. Furthermore, retinal nerve fiber layer thickness of the
right eye was stable with a mean thickness of 62.2 pm +4.5 at baseline and 63.3 pm £6.0 at the

last examination.

The second study is a retrospective analysis from Romagnoli et al.(36) They included 87
patients, with 50 of them undergoing treatment for at least 7 months with idebenone in different
doses between 135 and 675 mg/d. They evaluated the effect of idebenone on visual acuity only.
Mean observation time of the untreated group was 3.4 years with an interquartile range between
1.4 and 5.5 years. The treated group was observed for a mean duration of 4.2 years with an
interquartile range between 1.9 and 6.2 years. Median difference of visual acuity between

baseline and last follow-up was significantly different only in the treated group.

Summarized, both publications indicate a positive impact of idebenone in DOA patients, but

both reveal several limitations as follows:
Some limitations of Barboni et al.(24):

e different dosage of idebenone

e observation times with large variation

e visual acuity chart not described

e visual field: learning effect cannot be excluded (not described if participants were
familiar with Humphrey visual field testing)

e analysation of visual field was performed only of five from seven patients

e retinal nerve fiber layer thickness of the left eye is not described
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Limitations of Romagnoli et al.(36):

e different doses

e different treatment duration

e different observation times

e only visual acuity observed

e visual acuity chart not described

e visual acuity of baseline was compared with the last visit, but it is not described if

participants of the treated group got idebenone until the last visit

However, there has been no formal study conducted to investigate the long-term effects of

idebenone as a treatment for DOA patients with OPA [ mutations so far.

The purpose of this dissertation is to assess the therapeutic impact of a daily administration of
900 mg idebenone in patients with a OPAI-DOA for a period of 1 year. Our hypothesis is that
idebenone leads to an improvement of visual acuity from baseline to the 12-month follow-up.
Furthermore, we expect an improvement of colour vision, contrast vision, visual field, pPRNFLT

as well as quality of life.

Knowledge about DOA among ophthalmologists is limited due to the rare incidence of the
disease. Additionally, the lack of a centralized patient registry in Austria and Europe makes it
challenging to calculate sample size and recruit participants for the study. The promising
findings from previous studies by Barboni et al.(24) and Romagnoli et al.(36), which described
positive effects of idebenone on visual function in DOA patients, motivated us to provide access

to idebenone for all participants and led us to opt for an uncontrolled study design.
In our study, 16 patients with a OPA1-DOA were treated with idebenone.

Our primary outcome was the best recovery/least deterioration of best-corrected visual acuity

observed in a 12-month period.

As secondary outcomes we evaluated the effect of idebenone on visual acuity, visual field,
colour vision, contrast vision, pRNFLT and the change of visual performance-related quality

of life from baseline to 12 months.

We assessed the best-corrected visual acuity using ETDRS charts in accordance with the

established guidelines.(75) Ishihara plates were employed to test colour vision at a distance of
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75 cm. For contrast vision evaluation, Pelli Robson charts were used, adhering to the
examination guidelines.(77) Visual field changes were evaluated using the mean deviation
(MD) in the 30-2 program of Octopus 900. pRNFLT was measured with OCT and changes
were evaluated by comparison of the global pPRNFLT between baseline and follow-ups. Visual
performance-related quality of life was examined utilizing the German version of the National

Eye Institute 25-Item Visual Function Questionnaire (Version 2000).(79,80)

Every participant was acquainted with the study examinations and underwent them on a
minimum of one occasion prior to their inclusion in the study. A learning effect and a
spontaneous recovery of visual acuity are considered unlikely. Hence, we compared our 12-

month findings with baseline data.

For the primary outcome (best recovery/least deterioration) of our study, we observed a
statistically significant improvement of -0.08 logMAR for the right eye (Table 4), -0.06
logMAR for the left eye (Table 5), -0.05 logMAR for the better-seeing eye (Table 6) and -0.09
logMAR for the worse-seeing eye (Table 8).

In the similar disease LHON, a clinically relevant recovery is recognized when there is an
improvement of two logMAR lines (corresponding to 0.2 logMAR) on ETDRS charts.(44,51)
For the primary outcome of our study, a statistically significant change was found (LSMD: right
eye -0.08 logMAR (Table 4), left eye -0.06 logMAR (Table 5) and better-seeing eye -0.05
logMAR (Table 6)), but this change was not clinically relevant.

Within the 12-month period, in 12.5% of patients an increase > 2 logMAR lines was observed
in the right eye. An improvement > 2 logMAR lines was found in 18.8% of patients analysing
the left eye, in 6.3% of participants in the better-seeing eye and in 25% of patients in the worse-
seeing eye. In 6.3% of patients a visual recovery > 2 logMAR lines was found in both eyes.
Summarized, in 25% of participants a clinically relevant increase of visual acuity was reached
under idebenone treatment. In contrary to our expectations the worse-seeing eyes showed more

potential to regenerate under idebenone treatment.

Evaluating the change of visual acuity over a period of 12 months (secondary outcome), a
significant improvement of -0.05 logMAR was observed only in the worse-seeing eye (Table
8) between baseline and the 6-month visit. This significant trend disappeared in the later follow-

ups and therefore it can be disregarded. In the right eye, left eye and better-seeing eye no
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significant difference was observed. However, the mean visual acuity remained stable and did
not show any deterioration. Between baseline and the 12-months visit, a LSMD of -0.02
logMAR could be observed for the right eye (Table 4), -0.04 logMAR for the left eye (Table
5), -0.02 logMAR for the better-seeing eye (Table 6) and -0.04 logMAR for the worse-seeing
eye (Table 8). Compared to the annually rate of visual decrease described by Yu-Wai-Man et
al. 0£0.032(19) and 0.070(25) logMAR, the preservation of visual acuity could be deemed as a

favourable outcome.

Romagnoli et al.(36) reported a stable visual acuity in the best-seeing eyes of the treated group,
with a median of 0.52 logMAR at the beginning and 0.51 logMAR after 4.2 years. The control
group showed a consistent median visual acuity of 0.52 logMAR in 3.4 years. Our findings
align with those of Romagnoli et al.(36) in both groups, as we observed an unchanged visual
acuity of 0.40 logMAR in the better-seeing eye from baseline to the end of the study
period.(Table 6)

Barboni et al.(24) demonstrated a notable enhancement in average visual acuity of the right eye,
progressing from mean 0.7 logMAR to 0.5 logMAR after a treatment period of 16.4 months. In
our investigation, the mean visual acuity of the right eye was consistent after the 12-month
therapy, with a baseline value of 0.52 logMAR and retaining its level after 1 year. (Table 4). In
the left eye Barboni et al.(24) observed an unaltered mean visual acuity of 0.6 logMAR. In our
study, we obtained comparable data for the left eye, with a modest change from 0.54 logMAR
to 0.52 logMAR at the end of the study period. (Table 5).

Analysation of visual field showed a significant improvement in the left eye (Table 5) and in
the worse-seeing eye (Table 8) only between baseline and the 9-month visit. In the right eye
(Table 4) and in the better-seeing eye (Table 6) change of visual field was not significant.
However, a discernible trend towards improvement becomes apparent with longer treatment
duration. In order to substantiate this positive trend, it may be essential to include a control

group or extend the treatment duration, given the slow disease progression.

The colour vision impairments observed in our study population align with the colour vision
deficits reported in natural history studies.(10,17-22,27,28,32,33,35) However, we could not
find any improvement in colour vision during study participation. On the other hand, Barboni
et al.(24) reported that three out of seven DOA patients showed an improvement of more than

5 out of 15 Ishihara plates while undergoing idebenone treatment. Also, in LHON a significant
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improvement of tritan domain between idebenone and placebo treated group could be found.

For protan domain, no statistically significant difference was observed.(50)

Regarding contrast sensitivity, a recent published study found a significant reduction in DOA
patients, with a mean of 1.21 log compared to 1.56 log in healthy first-degree relatives and 1.58
log in unrelated controls.(82) Contrast sensitivity deficits of the DOA population of this study
are similar to our baseline data with a mean of 1.11 log on the right eye (Table 4) and 1.20 log
on the left eye (Table 5). In our study, idebenone therapy did not show any effect on the ability

of contrast vision.

In terms of pRNFLT, a notable reduction was documented in the left eye at 3 and 6 months
compared to baseline. (Table 5) Later the decrease of pRNFLT was no longer significant,
although values of LSMD remained similar. An explanation therefore could be, that the
standard deviation of LSMD between baseline and 9 months as well as baseline and 12 months
is larger as the standard deviation between baseline and 3 as well as baseline and 6 months.
Therefore, the significant decrease should not be over-interpretated. Analysing pRNFLT of the
right eye, better-seeing eye and of the worse-seeing eye within the 12-months period, no
significant change was found. Summarized, in our data pRNFLT was stable within the 12-
month period. Our results confirm the observations of Barboni et al.(24), who also did not
observe a significant change of mean retinal nerve fiber layer thickness under idebenone
treatment. If this stabilizing effect of retinal nerve fibers is explainable by the slow natural

progress of DOA or positively influenced by idebenone, is unclear.

Recently Pemp et. al.(51) evaluated correlations between visual function and inner retinal
structure in LHON patients after treatment with idebenone. They found a strong correlation
between OCT and visual function. Pemp et al.(51) described, that retinal ganglion cells and
retinal nerve fibers are damaged irreversibly, but some may survive deactivated. Reactivation
of this survived retinal ganglion cells may be positively influenced by idebenone. Similar
improvement of visual function is described in other optic neuropathies after treatment. Also,
in these optic neuropathies dysfunctional retinal ganglion cells may be reactivated.(51) In our
study, pRNFLT and visual function was stable within the 12-month period, but we did not
evaluate, if there is a correlation between visual function and pRNFLT. This issue could be

answered by a future study.
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Corresponding to different inherited eye disorders, DOA patients have exhibited a decreased
quality of life.(82) Following 12 months of idebenone treatment, an improvement in quality of
life was observed in our study, with a significant enhancement in general vision being
particularly noticeable. (Table 7) In a study with an unblinded design, like in our investigation,
it becomes difficult to discern whether the enhancement in quality of life noticed after 12
months is due to the utilization of idebenone or merely a placebo effect. Despite the presence
of abnormal colour vision and visual field defects in our findings, participants did not report
any impairment in their daily activities. One possible reason could be that they have developed
adaptive strategies to compensate for their impairments in their everyday activities. Yet, the
possibility of a pharmaceutical treatment holds great importance for mental well-being of

patients, particularly in such a rare and hereditary disease.

Patients tolerated the dose of 900 mg idebenone well, and there was no requirement to stop the
treatment. The recorded adverse events were mild and nearly all of them had been previously

noted in the product information.

A strength of this study is the use of a standardized dose of idebenone with defined follow-up
visits for the first time, contrary to the existing literature of Barboni et al.(24) and Romagnoli
et al.(36). The therapeutic effect of idebenone was not only assessed through evaluation of
visual acuity. Furthermore, change of colour and contrast vision, visual field and pPRNFLT were
evaluated with standardized examinations. For the first time we analysed the effect of idebenone
on vision-related quality of life. This evaluation should be included in future studies, because

improvement of quality of life should be a main outcome of therapies.

However, our trial exhibits some limitations, such as the small sample size. Nevertheless, it is
important to acknowledge that our sample size is the second largest among reports on OPA -
DOA patients undergoing idebenone therapy. An additional limitation of our study is the
absence of a control group. Creating a unified patient registry in Austria and Europa would help
in designing and conducting a sufficiently powered and placebo-controlled trial. Furthermore,
there exist no reasonable endpoints. This makes power calculation difficult. To evaluate the
results of a pharmaceutical study, defined endpoints are needed. To establish these, a
prospective study on the detailed natural course of the disease must be conducted beforehand.

The National Eye Institute 25-Item Visual Function Questionnaire was not specifically
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developed for patients with hereditary optic neuropathies. Items like ocular pain are not

important in DOA.

In summary, we found a statistically significant improvement of best recovery/least
deterioration of visual acuity under idebenone treatment, but this change was not clinically
relevant. Visual function remained stable, and there was a significant enhancement in vision-
related quality of life. However, it remains unclear whether these effects can be attributed to
idebenone treatment, placebo effect, or are a result of the natural progression of DOA. This
issue could be addressed by conducting a study with randomization, placebo control, and

double-blind design, spanning at least two years.
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