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SUMMARY

Leber hereditary optic neuropathy (LHON) is amitochondrial disease leading to rapid and severe bilateral vision

loss. Idebenone has been shown to be effective in stabilizing and restoring vision in patients treated within 1

year of onset of vision loss. The open-label, international, multicenter, natural history-controlled LEROS study

(ClinicalTrials.gov NCT02774005) assesses the efficacy and safety of idebenone treatment (900mg/day) in pa-

tients with LHON up to 5 years after symptom onset (N = 199) and over a treatment period of 24 months,

compared to an external natural history control cohort (N = 372), matched by time since symptom onset.

LEROSmeets its primary endpoint and confirms the long-term efficacy of idebenone in the subacute/dynamic

and chronic phases; the treatment effect varies depending on disease phase and the causative mtDNA muta-

tion. The findings of the LEROS study will help guide the clinical management of patients with LHON.

INTRODUCTION

Leber hereditary optic neuropathy (LHON) is a rare inherited dis-

ease characterized by painless, sequentially bilateral central

vision loss.1–3 Subacute worsening of visual acuity (VA) occurs

within 6 months after onset, typically reaching a nadir before

entering a dynamic phase, characterized by ongoing changes

in the retinal nerve fiber layer and progression of visual field de-

fects.1 The chronic phase begins after 12months, by which point

VA loss remains severe and permanent in the majority of

cases.1,2,4

The primary etiological factor for LHON is an mtDNA mutation

that affects essential components of complex I (NADH:ubiqui-

none oxidoreductase).3 However, the penetrance of LHON is
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(Affiliations continued on next page)

Cell Reports Medicine 5, 101437, March 19, 2024 ª 2024 The Authors. 1
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

ll
OPEN ACCESS



incomplete and variable and can therefore not be explained by a

single point mutation of mtDNA alone.5–10 Worldwide, approxi-

mately 90% of patients carry one of three common mtDNA mu-

tations, m.11778G>A in MT-ND4, m.3460G>A in MT-ND1, and

m.14484T>C in MT-ND6.2 This proportion can vary by region.

For example, in a cohort of over 1,200 Chinese patients, only

approximately 40% carried one of these three mutations.6,9,11

Recessive forms of LHON have recently been described, caused

by mutations in the DNAJC30, MCAT, MECR, and NDUFS2

genes.12–16

Therapeutic management of LHON is limited. Several thera-

peutic approaches are being investigated, including gene ther-

apy treatments, but idebenone is the only currently approved

therapy.17,18 Idebenone is a synthetic short-chain benzoquinone

thought to restore mitochondrial function by bypassing the

dysfunctional complex I and thus restoring ATP generation,19,20

and by acting as a potent antioxidant. Recently, additional

modes of action have been proposed, including effects on

apoptosis, mitophagy, and myelination.21,22

In the randomized, double-blind, placebo-controlled Rescue

of Hereditary Optic Disease Outpatient Study (RHODOS), pa-

tients with LHON and disease onset %5 years were treated

with idebenone (300 mg 3 times/day) or placebo for 6 months23

A trend toward improved VA was observed in idebenone-

treated patients. In hindsight, the 6-month treatment duration

was likely too short to fully capture the potential treatment

benefit.

An expanded access program (EAP) allowed for analysis of

long-term idebenone treatment in the real world, in subacute/dy-

namic patients (%1 year after onset).24 This noncontrolled study

indicated the potential benefit of maintaining idebenone therapy

for 24–30 months before classifying patients as nonresponders.

This approach resulted in a VA stabilization and/or recovery rate

that was higher than expected from limited natural history (NH)

studies.25,26 Based on this cumulative clinical evidence, the Eu-

ropeanMedicines Agency approved idebenone for the treatment

of individuals R12 years old with LHON.

Long-term efficacy studies for idebenone in LHON are limited

by the lack of direct control data, which are difficult to prospec-

tively compile for rare diseases with an approved treatment. In

addition, little data have been collected in the chronic phase

(>1 year after onset).27,28 Here, we present the primary results

from LEROS (this study was registered at Clinicaltrials.gov:

NCT02774005), an open-label idebenone study in subacute/dy-

namic and chronic LHON with an external historical control

group.

RESULTS

Study populations and baseline characteristics

In LEROS, conducted from 2016 to 2021, 198 of 199 enrolled pa-

tients received at least one dose of idebenone (safety population).

Of these, postbaseline VA assessments were available for 196 pa-

tients (intention to treat [ITT] population). For direct comparisons

between the LEROS and comparator groups, only patients with

the 3 common mutations were included, resulting in 181 patients

in the modified (m)ITT population (Figure S1).

For the NH comparator group, 592 case records were as-

sessed for eligibility, leading to 731 eyes from 372 patients being

eligible for matching (Figure S2). Case records of 383 patients

were available from the Case Record Survey-1 (CRS-1). Of

these, 10 patients had also provided case records in the Case

Record Survey-2 (CRS-2) and were excluded from the dataset

of CRS-1. Of the remaining 373 case records, 28 were excluded

to match the LEROS eligibility criteria, leading to 345 subjects

and 690 eyes, respectively (Figure S2). Of these, 358 eyes

were excluded due to unknown year of symptom onset, onset

of symptoms over 5 years prior or less than 2 VA assessments

after onset of symptoms, and previous idebenone use, leading

to 168 patients and 332 eyes, respectively, being eligible for
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matching to the LEROS group. From CRS-2, there were 219

case records available, 6 of which were excluded due to pa-

tients’ age of <12 years. From the remaining 213 eligible patients

and 426 eyes, 27 eyes were excluded either due to an unknown

onset year or having fewer than two VA assessments after onset

of symptoms and previous idebenone use. Consequently, 399

eyes from 204 patients were eligible for matching to the

LEROS group.

Patient demographics of the ITT population were typical of

LHON (Table S4), with a high proportion of males (73.5%) and

a mean age at symptom onset of 32.5 years. For efficacy ana-

lyses (mITT), eyes were stratified according to disease phase,

defined by time since symptom onset at baseline (subacute/dy-

namic:%1 year; chronic: >1 year). Comparison of baseline char-

acteristics of individually matched datasets at each analysis time

point (by eyes) (Table 1) revealed important differences in the dis-

tribution of mtDNA mutations, gender, age, and VA blindness

categories. Other baseline characteristics were comparable,

including time since onset of symptoms.

Patient characteristics in the overall NH dataset (N = 592) and

in patients eligible for matching (N = 372) are shown in Tables S1

and S2. The proportion of male patients and the distribution of

the primary mtDNA mutations was comparable to reports in

the literature.3,29 In patients eligible for matching, the mean

follow-up time was 47.9 months (4 years), ranging from 0.1 to

514.1 months (0–42.8 years), the mean time from onset of symp-

toms to the first visit was 0.4 years, and over 90%of patients had

their first visit within 1 year from onset of symptoms (Table S2).

Of the 3,999 VA measurements in the 372 patients eligible for

matching in the NH cohort, 51.3%were reported as Snellen frac-

tions (Table S3). The proportion of VA assessments reported as

the logarithm of the minimum angle of resolution (logMAR) and

decimal scores was balanced with 12.7% and 14.5%, respec-

tively. Approximately 20% of VA measurements recorded an

off-chart VA for which no measurement method was available

in the case record surveys.

Efficacy

Responder analyses

Subacute/dynamic phase. LEROS met its primary endpoint; in

subacute/dynamic eyes the rate of clinically relevant benefit

(CRB) from baseline was significantly higher following 12months

of treatment versusmatchedNH eyes (42.3% [60/142] vs. 20.7%

[40/193] [p = 0.002; odds ratio 2.29; 95% confidence limit

1.35–3.88]).

The treatment effect observed in the primary endpoint re-

mained significant in a sensitivity analysis, done through the

imputation of missing data, inverse probability of treatment,

and an extension of the observation window to 12 ± 3.5 months

and 12 ± 4 months. Overall, regardless of the methods used for

sensitivity analysis, the estimated difference between the rates

of CRB in treated and NH eyes wasmaintained with a p value be-

tween <0.001 and 0.006 in favor of idebenone presenting with

odds ratio values between 2.028 and 2.2980 (data not shown).

The observed treatment effectwasmaintained after 24months

(52.9% vs. 36.0%, p = 0.03) and was primarily driven by a differ-

ence in clinically relevant stabilization (CRS) rates between the 2

groups at 12 months (64.5% vs. 22.5%, p < 0.001) and at

24 months (66.7% vs. 46.2%, p = 0.10) (Figure 1A; Tables S5,

and S6). Although not statistically significant, the clinically rele-

vant recovery (CRR) rates also indicated a positive treatment ef-

fect at 12 months (33.1% vs. 18.1%, p = 0.09) and 24 months

(47.9% vs. 33.3%, p = 0.07).

Furthermore, clinically relevant worsening (CRW) rates were

significantly lower in treated versus untreated subacute/dynamic

eyes at both 12 (29.1% vs. 58.5%, p < 0.001) and 24 months

(25.8% vs. 51.0%, p = 0.005). These treatment effects remained

significant in a sensitivity analysis with the additional covariates

of age at first symptom onset and time since symptom onset

(Table S5).

Exploratory stratification of the data into eyes initiating treat-

ment in the subacute (<6 months after onset of symptoms) and

in the dynamic phase of the disease (6–12 months after onset

of symptoms) confirmed a treatment benefit across all of the

responder outcomes (CRB, CRR, CRS, CRW) at 24 months

treatment (Figure S3).

Chronic phase. The frequency of a CRB from baseline at

12months was significantly higher in treated chronic eyes versus

matched NH eyes (50.3% vs. 38.6%, p = 0.009). This was main-

tained at 24 months (49.1% vs. 37.6%, p = 0.02) and was driven

by a significantly higher proportion of eyes with a CRR at

12 months (32.9% vs. 19.6%, p = 0.003) and 24 months

(31.9% vs. 16.1%, p = 0.001) (Figure 1B; Table S5). CRW rates

were significantly lower in treated versus untreated chronic

eyes at both time points (at 12 months 4.9% vs. 16.9%, p =

0.006; at 24 months 2.9% vs. 20.0%, p < 0.001).

Impact of LHON-causative mutations. Prespecified subgroup

analyses by mtDNA mutation confirmed a therapeutic benefit

in eyes with the m.11778G>A mutation (Figure 1; Table S7). In

the subacute/dynamic phase, treatment significantly increased

the rate of CRB, CRR, and CRS, and significantly reduced

CRW compared to matched NH eyes at 12 and 24 months. In

the chronic phase, a significant treatment benefit was found

for CRB and CRW at both time points.

In the LEROS study, eyes with the m.3460G>A mutation did

not benefit from idebenone treatment, regardless of disease

phase. At 24 months, CRB and CRRwere nonsignificantly lower,

and CRW was significantly higher in treated subacute/dynamic

eyes versus the NH control. In the chronic phase, differences

were less pronounced, nonsignificant, and reversed for CRR

and CRW compared to subacute/dynamic eyes.

In treated subacute/dynamic eyes with the m.14484T>C mu-

tation, CRB, CRR, and CRS rates were comparable to the NH

cohort at 24 months, and a nonsignificant reduction in CRW

was observed. Significantly increased CRB and CRR rates

were observed in treated, chronic eyes at 24 months.

The ratio of VA recovery versus worsening at 24 months (from

baseline) in each subpopulation is highlighted when displayed as

sigmoid plots (Figure 2).

Impact of age and gender on responder analyses. Subgroup

analyses ofCRBstratified by age at symptomonset showeda sig-

nificant treatment benefit in eyes of patients R18 years at onset,

both for subacute/dynamic and chronic eyes. Subgroup analyses

of CRB by gender demonstrated a significant treatment benefit in

theeyesof femaleswithchronicLHON,whereas thebenefitdidnot

reach significance in males (Figure S4).
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Impact of treatment duration on CRR probability

In the eyes of subacute/dynamic patients from the LEROS ITT

population (N = 195), the Kaplan-Meier estimate of a first CRR

from baseline increased progressively from 18.4% at month 6

to 34.9% at month 12, reaching 47.3% at month 24 (Fig-

ure 3A). In the chronic phase (N = 186), the incidence of a first

CRR from baseline increased progressively from 18.2% at

month 6 to 26.7% at month 12, reaching 29.1% by month

24 (Figure 3B).

Magnitude of VA change

To assess the impact of treatment on themagnitude of VA change

in treated eyes versus theNHcohort, the differences in VA change

(least squares [LS]-means) from baseline to months 12 and 24

were compared (mITT vs. NH) (Figure 4; Table S8).

Table 1. Demographic and baseline characteristics for eyes with 12- and 24-month VA assessments, by disease phase (mITT)

Characteristic

Subacute/dynamic eyes Chronic eyes

12 months 24 months 12 months 24 months

Idebenone NH Idebenone NH Idebenone NH Idebenone NH

(N = 142) (N = 193) (N = 121) (N = 75) (N = 143) (N = 153) (N = 116) (N = 93)

mtDNA mutations,

n (%)

m.11778G>A 68 (47.9) 138 (71.5) 60 (49.6) 47 (62.7) 105 (73.4) 102 (66.7) 82 (70.7) 51 (54.8)

m.3460G>A 32 (22.5) 34 (17.6) 26 (21.5) 18 (24.0) 23 (16.1) 26 (17.0) 23 (19.8) 24 (25.8)

m.14484T>C 42 (29.6) 21 (10.9) 35 (28.9) 10 (13.3) 15 (10.5) 25 (16.3) 11 (9.5) 18 (19.4)

Gender, n (%)

Male 98 (69.0) 162 (83.9) 84 (69.4) 64 (85.3) 113 (79.0) 119 (77.8) 96 (82.8) 75 (80.6)

Female 44 (31.0) 31 (16.1) 37 (30.6) 11 (14.7) 30 (21.0) 34 (22.2) 20 (17.2) 18 (19.4)

Age at first

symptom

onset, year

Mean ± SD 31.4 ± 14.3 31.7 ± 14.5 31.9 ± 14.1 31.2 ± 15.9 32.6 ± 15.8 29.0 ± 15.6 32.9 ± 16.2 25.5 ± 14.0

Min–max 12.1–78.2 13.0–75.0 12.1–78.2 11.0a – 63.0 8.8b–78.2 7.0c– 63.0 8.8b–78.2 7.0d–63.0

Age at first symptom onset, by gender, year,

mean ± SD

Female 37.6 ± 14.0 37.8 ± 13.0 36.3 ± 13.3 46.0 ± 10.8 32.6 ± 20.4 37.1 ± 15.7 35.3 ± 21.8 30.7 ± 13.7

Male 28.6 ± 13.6 30.5 ± 14.5 30.0 ± 14.2 28.7 ± 15.3 32.5 ± 14.5 26.6 ± 14.8 32.3 ± 14.9 24.3 ± 13.8

Age, year

Mean ± SD 32.0 ± 14.3 32.0 ± 14.5 32.5 ± 14.2 31.7 ± 15.9 35.1 ± 15.8 31.4 ± 15.6 35.3 ± 16.1 28.1 ± 13.6

Min–max 12.6–79.2 13.0–75.2 12.6–79.2 11.7–63.9 12.1–79.2 11.1–66.8 12.1–79.2 11.5–64.3

Age, n (%)

<18 yr 22 (15.5) 9 (4.7) 20 (16.5) 8 (10.7) 20 (14.0) 24 (15.7) 16 (13.8) 16 (17.2)

R18 yr 120 (84.5) 184 (95.3) 101 (83.5) 67 (89.3) 123 (86.0) 129 (84.3) 100 (86.2) 77 (82.8)

Months since

onset

Mean ± SD 6.03 ± 3.08 4.65 ± 2.84 6.01 ± 3.12 5.17 ± 3.06 29.29 ± 14.30 28.60 ± 13.07 29.20 ± 13.94 30.55 ± 14.02

Min–max 0.00–11.73 0.00–10.87 0.00–11.73 0.00–10.91 12.02–58.32 12.02–58.18 12.02–58.32 12.55–59.79

VA, logMAR

Mean ± SD 1.28 ± 0.48 1.26 ± 0.52 1.26 ± 0.47 1.31 ± 0.49 1.33 ± 0.53 1.25 ± 0.63 1.32 ± 0.53 1.24 ± 0.61

Min–max �0.12 to 1.80 �0.10 to 1.80 �0.12 to 1.80 0.00–1.80 �0.04 to 1.80 �0.11 to 1.80 0.06–1.80 0.00–1.80

Blindness

category (%)

Off-chart 25 (17.6) 63 (32.6) 18 (14.9) 26 (34.7) 47 (32.9) 64 (41.8) 36 (31.0) 33 (35.5)

1.00 % logMAR

%1.68

86 (60.6) 90 (46.6) 76 (62.8) 36 (48.0) 62 (43.4) 51 (33.3) 52 (44.8) 37 (39.8)

logMAR <1.00 31 (21.8) 40 (20.7) 27 (22.3) 13 (17.3) 34 (23.8) 38 (24.8) 28 (24.1) 23 (24.7)

Max, maximum; min, minimum. See also Tables S1, S2, S4, and S9.
a2 eyes from patients <12 years (both 11 years).
b8 eyes from patients <12 years, thereof 2 eyes <9 years.
c21 eyes from patients <12 years, thereof 4 eyes <9 years.
d18 eyes from patients <12 years, thereof 4 eyes <9 years.
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A

B

Figure 1. Responder analyses

Responder analyses in (A) subacute/dynamic eyes

and (B) chronic eyes, overall and by mutation (mITT

vs. matched NH). For CRS analyses, only eyes with

a baseline VA <1.0 logMAR were included. Only

eyes with a baseline VA %1.68 logMAR (on-chart

VA) were included in analyses of CRW. Brackets

indicate p values. See also Figures S3 and S4 and

Tables S5–S7. N.E., not estimable.
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In subacute/dynamic eyes, VA improved from 1.29 logMAR at

baseline to 1.20 logMAR at 12 months in treated eyes and wors-

ened from 1.26 to 1.32 logMAR in the matched NH group. The

difference in magnitude of VA change between treated eyes

and the NH group correspond to a significant relative improve-

ment of �0.12 logMAR in favor of idebenone (p = 0.03), equiva-

lent to an improvement of 6 letters on the Early Treatment Dia-

betic Retinopathy Study (ETDRS) chart. At 24 months, there

was a nonsignificant improvement in treated eyes of �0.03 log-

MAR relative to the control group.

Subanalyses by mutation showed a consistent treatment

benefit over time in subacute/dynamic eyes with the

m.11778G>A mutation. At 12 months, treated eyes improved

from 1.29 logMAR at baseline to 1.25 logMAR, whereasmatched

NH eyes worsened from 1.27 logMAR to 1.57 logMAR, corre-

sponding to a relative improvement in treated eyes of�0.33 log-

MAR (p < 0.001) (16 ETDRS letters) in favor of idebenone. This

was comparable at 24 months, with an improvement from 1.31

logMAR at baseline to 1.22 logMAR in treated eyes versus a

worsening from 1.36 logMAR to 1.53 logMAR in the matched

control group, corresponding to a relative improvement of

�0.32 logMAR (p = 0.002) (16 ETDRS letters) in favor of

idebenone.

In subacute/dynamic m.3460G>A and m.14484T>C eyes, dif-

ferences in VA change from baseline between the treatment

groups were nonsignificant at both time points, except for eyes

with the m.3460G>A mutation at 24 months. Here, treated

eyes worsened from 1.29 logMAR at baseline to 1.48 logMAR,

whereas the matched NH group improved from 1.45 logMAR

at baseline to 0.95 logMAR, equivalent to a relative worsening

Figure 2. Cumulative frequency of change in VA from baseline to 24 months by disease phase and mutation status (mITT vs. matched NH)

The dotted lines at�0.2 logMAR and +0.2 logMAR indicate the thresholds for improvement andworsening, respectively, by at least 10 letters on the ETDRS chart.

BL, baseline; cum, cumulative.
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in treated versus untreated eyes of 0.53 logMAR (p = 0.001)

(26 ETDRS letters).

In the chronic phase, a significant treatment benefit was

observed at both analysis time points for the overall mITT popu-

lation and the m.11778G>A mutation, and for the m.14484T>C

mutation at 24 months. In the overall population, VA improved

from 1.16 logMAR at baseline to 1.11 logMAR at 12 months in

treated eyes, versus a worsening from 1.11 logMAR to 1.21 log-

MAR in the control group, corresponding to a relative improve-

ment of �0.10 logMAR (p = 0.004) (5 ETDRS letters) in favor of

idebenone. This was similar at 24 months, with an improvement

from 1.20 logMAR to 1.07 logMAR in treated eyes versus a wors-

ening from 1.18 logMAR to 1.24 logMAR in the control group,

corresponding to a relative improvement of �0.17 logMAR

(p < 0.001) (8 ETDRS letters).

In m.11778G>A eyes, treatment improved VA from 1.35 log-

MAR at baseline to 1.17 logMAR at 12 months, versus an

improvement in the control group from 1.49 logMAR to 1.27 log-

MAR, corresponding to a relative improvement of�0.10 logMAR

(p = 0.02) (5 ETDRS letters) in favor of idebenone. This was

comparable at 24 months, with an improvement from 1.34 log-

MAR at baseline to 1.15 logMAR in treated eyes, versus an

improvement from 1.54 logMAR to 1.26 logMAR in the control

group, corresponding to a relative improvement of �0.11 log-

MAR (p = 0.04) (5 ETDRS letters) in favor of idebenone.

In chronic m.3460G>A eyes, no statistically significant differ-

ences were found between treated eyes and the NH group at

12 or 24 months.

Treated chronicm.14484T>C eyes improved from1.21 logMAR

at baseline to 0.75 logMAR at 24 months, whereas the

control group worsened from 1.00 logMAR to 1.27 logMAR,

corresponding to a relative improvement of �0.52 logMAR

(p< 0.001) (26 ETDRS letters) in favor of idebenone. A similar trend

was observed at 12 months, but it was not statistically significant.

To better understand the behavior of m.3460G>A eyes, we

displayed the VA score of each eye at baseline versus the VA

score at the corresponding visit time (Figure S5). The resulting

scatterplots confirm the findings above. In addition, they show

that many subacute/dynamic eyes with the m.3460G>A muta-

tion worsened to off-chart VA after 24 months of treatment,

with only 2 eyes improving considerably. This is opposed to

the matched NH group, in which 5 eyes improved to <0.5 log-

MAR, and few eyes worsened to off-chart VA.

Safety

The NH populations did not include any safety data. The LEROS

safety population included all of the patients enrolled in LEROS,

who received at least one dose of study treatment (N = 198).

Baseline characteristics are summarized in Table S9. The distri-

bution of gender and mutation status, as well as mean age, were

typical of patients with LHON.

The mean duration of treatment in the safety population was

589.17 days (range: 1–806 days). The majority of treatment-

emergent adverse events (TEAEs) were considered to be of

mild to moderate intensity, with only 11.3% considered to be

related to idebenone treatment by the investigator, during a

mean duration of treatment of 247 days (Table S10). By System

Organ Class, the majority of treatment-related TEAEs were clas-

sified as investigations (36 events), followed by gastrointestinal

disorders (28 events); nervous system disorders (9 events); gen-

eral disorders and administration site conditions (6 events); renal

and urinary disorders (6 events); psychiatric disorders (4 events);

eye disorders (3 events); 2 events each in musculoskeletal and

connective tissue disorders, respiratory, thoracic, and medias-

tinal disorders, and skin and subcutaneous tissue disorders;

and 1 event each in infections and infestations, metabolism

and nutrition disorders, and vascular disorders.

A total of 154 patients (77.8%) received treatment for

>12months and 106 (53.5%) for 24months, and 154 (77.8%) pa-

tients reported TEAEs.

The frequency and type of TEAEs were as expected and no

new safety signals were observed. Overall, 891 TEAEs were

observed. A total of 13 (6.6%) patients reported severe TEAEs,

and 49 (24.7%) patients reported TEAEs that were considered

by the investigator to be treatment related. Ten (5.1%) had AEs

that led to permanent discontinuation of study treatment.

Twenty-seven (13.6%) patients experienced serious AEs. One

TEAE led to death (alcoholic liver failure) and was deemed

A B

Figure 3. Kaplan-Meier (K-M) analysis

Kaplan-Meier analysis of initial CRR from baseline up to month 24 as a function of treatment duration in (A) subacute/dynamic and (B) chronic eyes (ITT). CRR is

presented as the Kaplan-Meier estimate.
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unrelated to study treatment by both the investigator and

sponsor. The most frequent TEAEs were headache and naso-

pharyngitis (Table 2).

Four (0.4%) mild events of increased blood cholesterol levels

were observed in 4 (2.0%) patients and 6 (0.7%) mild events of

increased triglyceride levels were observed in 5 (2.5%) patients.

One event of increased liver function test was observed in 1

treated patient (1/198; 0.5%) across the study period. This event

was of moderate severity and deemed not related to study treat-

ment by the investigator.

DISCUSSION

The results of LEROS substantially contribute to the existing body

ofevidence, suggestingabenefitof idebenone treatment inLHON,

and at least partially address the main limitations of previous

studies: the short duration (6 months) of the only placebo-

controlled randomized trial (RHODOS),23 and the lack of a control

group in other studies.24,27,28,30,31 In addition, LEROS provides

supportive efficacy data for the chronic disease phase, a group

ofpatientswho,until recently, havebeenunderrepresented.27,28,30

Baseline demographics for LEROS mITT and matched NH

groups were typical of LHON. Differences in the distribution of

mtDNA mutations, gender, and age have been considered

when interpreting the results as discussed further below. There

were also some differences in the distribution of eyes among

VA categories (Table 1), in particular, there was a shift from the

legally blind category toward the off-chart category in the

matched NH groups compared to the corresponding mITT

groups. Potential explanations for these differences are consid-

ered in the limitations section below.

Efficacy of idebenone in subacute/dynamic LHON

Idebenone treatment provided a therapeutic benefit in the sub-

acute/dynamic phase when compared to the external NH group.

This was observed as an increased proportion of eyes experi-

encing a CRB when treated, which was largely driven by an

increased rate of CRS (Figure 1A; Table S5). Treatment also

reduced the rate of CRW.

The CRB rate for treated eyes at 12 months (42.3%) was

similar to that from a post hoc analysis of RHODOS at 6 months

(39.6% of patients) (data not shown). Despite CRR from baseline

likely being lower compared to CRR from nadir, the CRR rate

from baseline at 24 months (47.9%) was consistent with real-

world values of CRR from nadir reported in patients treated

with idebenone: 46.0% in the EAP24 and 53% in a retrospective

Dutch cohort study.31

The CRS rate (66.7% at 24months), based on eligible eyes with

baselineVA<1.0 logMAR,was higher compared to those reported

previously (22% in the Dutch cohort study and 50% in the

EAP).24,31 The reasons for these differences are likely multifacto-

rial and include the distribution ofmutations, age at onset of symp-

toms, duration of symptomatic disease, and VA at baseline.

Because there were differences in the distribution of the three

mtDNA mutations between the mITT and NH groups, we per-

formed subgroup analyses to understand the impact of bias.

These subanalyses offer useful insights that complement the

combined group data, with the caveat that the number of eyes,

and therefore, the statistical power, is reduced. This was espe-

cially the case for the m.3460G>A and m.14484T>C subgroups.

Our findings substantiate previous evidence indicating that ide-

benone treatment response varies according to the underlying

causative mtDNA mutation.23,24

A significant therapeutic benefit was observed in all four VA

response measures in subacute/dynamic m.11778G>A eyes

(Figures 1A and 2; Table S7). These results are noteworthy

considering the poor visual prognosis with this mutation.25,32

The m.14484T>C mutation confers a relatively favorable prog-

nosis33,34 that was also observed in LEROS as high rates of

spontaneous recovery (and stabilization) in the subacute/dy-

namic phase. This likely masked a relative treatment benefit in

these eyes, as previously observed in RHODOS.23

In subacute/dynamic m.3460G>A eyes, treatment signifi-

cantly increased the proportion of eyes with a CRW, and resulted

in nonsignificant, negative trends for CRR, CRS, and CRB. Little

previous data are available to assess the efficacy of idebenone in

patients carrying the m.3460G>A mutation. A breakdown of re-

sults by mutation was not carried out in RHODOS.23 In the

EAP, a CRR rate of 41% was observed in treated patients with

the m.3460G>A mutation. This is roughly comparable to the

rate in LEROS at 24 months (34.6%).

Although spontaneous recovery of vision in NH eyes carrying

the m.11778G>A or m.14484T>C mutation was largely consis-

tent with previous data,3,5,25,34,35 it was more frequent in sub-

acute/dynamic (but not chronic) m.3460G>A eyes (61.1% at

24 months vs. 15%–25% in previous reports).3,5,34–37 Sponta-

neous recovery may be overrepresented in the NH cohort and

could partly explain the apparent trend toward a negative treat-

ment effect. It is feasible that this potentially ‘‘milder’’ disease

course could also manifest as a reduced rate of CRW; however,

this cannot be verified due to the lack of comparable data in the

literature. It is also important to note the relatively small sample

size used for assessing outcomes in subacute/dynamic

m.3460G>A eyes, which was considerably smaller than for the

other two LHON mtDNA mutations. The rates of CRW in sub-

acute/dynamic eyes with the m.3460G>A mutation should,

therefore, be interpreted with caution.

It is also possible that the response to idebenone is muted to a

degree in the LEROS m.3460G>A subgroup. Low NQO1 protein

levels hamper the reduction of idebenone from its oxidized form,

which is a precondition for its therapeutic effect, and this has

recently been associated with idebenone cytotoxicity.38,39 The

m.3460G>Amutationhas recently been reported tobeparticularly

sensitive toNQO1protein levels,greatly limiting the therapeutic ef-

ficacy of idebenone.40 A hypothesis that may partially explain the

observations in themITT population is that a subgroup of patients

Figure 4. Change in VA (LS-mean VA) from baseline to 12 and 24 months (mITT vs. matched NH)

Difference in change of LS-mean VA from baseline to visit time point between treated eyes and matched eyes in the NH group (delta VA) were calculated using

analysis of covariance (ANCOVA) with fixed factors of treatment, gender, mutation, and VA at baseline as a covariate. Error bars indicate 95% confidence limits.

ns p > 0.05; *p % 0.05; **p % 0.01; ***p % 0.001. See also Figure S5 and Table S8. ns, nonsignificant.
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with them.3460G>Amutationcarry specificpolymorphisms inho-

mozygousor compoundheterozygous combinations in theNQO1

gene (encoding the NAD[P]H:quinone oxidoreductase), which are

known to affect the amount of NQO1protein.41–43 This hypothesis

needs to be investigated as part of future work, for example, by

stratification of the data by NQO1 pharmacogenetics.

Subgroup analyses by age at symptom onset demonstrated a

significantly higher rate of CRB at 24months in treated versus un-

treated eyes of patients R18 years regardless of disease phase,

consistentwith theoverall cohort (FigureS4). In theeyesofpatients

aged <18 years at onset, CRB rates were similar between treated

and NH groups, partially because spontaneous recovery was

comparatively high in the NH population. This may be explained

by the high proportion of eyes with the m.3460G>A mutation in

the NH group (8/22) compared to the treated group (4/22) (data

not shown). As mentioned above, the rate of spontaneous CRR

was unexpectedly high for this mutation and likely contributed to

thehigh rateofCRB in the<18yearsNHgroup.Furthermore,child-

hood-onset LHON has a relatively good visual prognosis, with a

high rateof spontaneous visual recovery for them.3460G>Amuta-

tion.44,45 Notably, none of the treated eyes and only 2/75 eyes in

the subacute/dynamic NH group at 24 months were of patients

<12 years old at symptom onset; both were 11 years old.

Subgroup analyses of CRB by gender revealed no significant

differences in CRB rates between treated eyes and the matched

NH cohort, except in chronic eyes of female patients (Figure S3).

The Kaplan-Meier estimates of CRR at 12 and 24 months (Fig-

ure 3) compared well to outcomes of responder analyses, both

in the subacute/dynamic and chronic phase (Figure 1). In the sub-

acute/dynamic phase, the probability of a CRR increased from

34.6% at 12 months to 47.3% at 24 months, comparable to data

from the EAP,24 where longer treatment duration increased the

likelihood of eyes achieving CRR, reaching 44.4% at 24 months24

Similarly, a retrospective Dutch cohort study showed a substantial

increase in CRR rates between 12 and 24 months of idebenone

treatment.31Together, thesedata indicate that a considerablepro-

portion of patients benefit from treatment beyond 12 months, in

particular those in the subacute/dynamic phase.

When considering absolute VA change from baseline to

month 24, no significant treatment benefit was observed in

the overall subacute/dynamic cohort. This is not entirely sur-

prising when accounting for the influence of the m.3460G>A

subgroup described above. When stratified according to the

causative mtDNA mutation, a treatment benefit became

apparent in the m.11778G>A subacute/dynamic population,

for which treatment improved VA by 16 ETDRS letters relative

to the NH group.

Efficacy of idebenone in chronic LHON

Idebenone treatment provided a benefit in chronic LHON with a

significantly increased CRB rate at 12 and 24 months, driven by

CRR (Figure 1B; Table S5). An RHODOS post hoc analysis re-

vealed a CRR rate of 23.5% in chronic eyes after 6 months of

treatment.46 In LEROS, the CRR rate was a comparable 25.5%

at month 6 (data not shown) and increased to 31.9% at month

24, suggesting a higher benefit with prolonged treatment. The

rate of spontaneous CRR in the RHODOS placebo arm was

5.3%, lower than the 15.2% in the LEROS NH group (month 6,

data not shown), or at any other time point.

CRS is not a valid comparative outcomemeasure in the chronic

phase. In mild cases, in which VA remains <1.0 logMAR beyond 1

year after onset, it is likely to remain in this range regardless of

treatment. This was indeed the case in LEROS, with similarly

high CRS rates (>90%) in both groups. The same would have

been expected for CRW, but the rate was higher than expected

(up to 20%) in the NH group and was significantly reduced by ide-

benone treatment. This result is interesting because it suggests

the potential for further worsening in the chronic phase; treatment

could therefore have a positive impact in this regard and warrants

further study.

Subgroup analyses based on mtDNA mutation showed a

significant therapeutic benefit in chronic m.11778G>A and

m.14484T>C eyes (Figure 1B; Table S7). At 24 months, idebe-

none significantly increased the CRB rate and reduced the

CRW rate in m.11778G>A eyes and improved the mean VA by

5 ETDRS letters relative to the NH group.

Table 2. TEAEs (MedDRA preferred term) occurring in >5% of patients

Preferred term

TEAE Patients Days in treatment

f (%)

(F = 891)

n (%)

(N = 198) Mean (SD) Min–max

Headache 131 (14.7) 37 (18.7) 259.0 (230.3) 1.0–760.0

Nasopharyngitis 51 (5.7) 33 (16.7) 217.2 (213.5) 1.0–714.0

Diarrhea 28 (3.1) 19 (9.6) 142.8 (212.0) 1.0–705.0

Alanine aminotransferase increased 18 (2.0) 17 (8.6) 267.8 (239.2) 19.0–734.0

Blood creatine phosphokinase increased 17 (1.9) 15 (7.6) 219.8 (226.3) 22.0–734.0

Nausea 20 (2.2) 15 (7.6) 135.2 (183.3) 1.0–714.0

Aspartate aminotransferase increased 14 (1.6) 14 (7.1) 276.8 (239.2) 33.0–734.0

Oropharyngeal pain 22 (2.5) 14 (7.1) 258.5 (203.1) 4.0–718.0

Abdominal pain upper 14 (1.6) 13 (6.6) 80.4 (126.9) 1.0–479.0

Cough 14 (1.6) 12 (6.1) 232.6 (218.6) 4.0–698.0

g-Glutamyl transferase increased 10 (1.1) 10 (5.1) 246.3 (211.2) 19.0–561.0

MedDRA, Medical Dictionary for Regulatory Activities. See also Table S10.
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In subacute/dynamic m.14484T>C eyes, the outcomes were

generally favorable, even in the absence of treatment, as ex-

pected based on the greater likelihood of spontaneous visual re-

covery with this mutation.33,34 This was not the case in the

chronic phase, in which a significant treatment benefit was

observed with improved CRB and CRR rates at month 24, and

a relative mean VA improvement of 26 ETDRS letters in favor

of idebenone.

In chronic m.3460G>A eyes, idebenone treatment appeared

to have little impact overall, but the clear negative trend against

treatment was not apparent as for the subacute/dynamic phase.

As alreadymentioned, a degree of caution is needed in interpret-

ing these observations given the small number of eyes and the

unexpectedly mild disease severity in the NH group.

Subanalyses by age at symptom onset revealed a comparable

CRB increase with idebenone treatment in theR18 years group

as observed for the mITT, and a similar, albeit nonsignificant,

trend in the group <18 years (Figure S4). In the chronic phase

at month 24, 8/116 eyes belonged to idebenone-treated patients

aged <12 years old at symptom onset, and of those, 2 were from

a patient <9 years old (8.8 years). In the corresponding NHgroup,

18/93 eyes were from patients <12 years old at symptom onset,

with 4 from patients <9 years old. A recent study in 68 patients

with childhood-onset LHON reported a better visual outcome

in patients <9 years old at symptom onset compared to those

aged 9–12 years old, who showed more similarity with the clas-

sical adult form of LHON.47 The low number of patients aged <9

years at symptom onset in both groups is, therefore, unlikely to

have had a strong impact on the analyses of the overall popula-

tions and by mutation.

When assessing the impact of gender, idebenone particularly

affected the CRB rate in females with chronic LHON. Anecdotal

evidence suggests female LHON patients worsen after meno-

pause (unpublished data).48–50 This may result in a second

‘‘peak’’ in the chronic phase.

As in the subacute/dynamic phase, and in prior studies,24,27,28

longer treatment duration increased the likelihood of CRR in the

chronic phase (Figure 3). This increase was largely observed up

to month 12, after which further increase was relatively small

(reaching 29% at month 24). Idebenone significantly improved

the mean VA change from baseline at 24 months in the mITT

population compared to the matched NH cohort. This was driven

by a significant treatment benefit in both m.11778G>A and

m.14484T>C eyes, in which VA in the NH cohort remained nearly

unchanged at 24 months versus baseline. However, treatment

significantly improved VA, particularly for the m.14484T>C

mutation.

Safety

The safety profile in idebenone-treated patientswas similar to that

from previous studies in regard to the type and frequency of treat-

ment-emergent adverse events (Tables 2, S8, and S9).23,24

Conclusions

LEROS confirmed the benefit of idebenone in LHON, including in

the chronic phase (1–5 years since onset). Increased treatment

duration to 24 months maximized the rate of VA recovery. The

treatment effect varied depending on disease phase and the

causative mtDNA mutation, with a consistent treatment benefit

observed for patients with the most common m.11778G>A mu-

tation regardless of disease phase, and for patients with the

m.14484T>Cmutation in the chronic phase. Further study of ide-

benone use in patients carrying the m.3460G>A mutation is

needed to clarify treatment benefits. In the meantime, patients

carrying this particular mtDNA mutation who are in the sub-

acute/dynamic phase should be adequately counseled to allow

them to make an informed decision as to whether treatment

with idebenone should be initiated.

Limitations of the study

Although desirable, another placebo-controlled trial after

RHODOS would be logistically almost impossible to conduct

considering the availability of idebenone as an approved treat-

ment in several countries and the relative rarity of LHON. Use

of an external historical control group is the best approximation,

but it comes with several limitations, such as lack of standard-

ized VA measurements, potential for missing data points, and

inconsistent follow-up.25,51 For example, it has been shown

that patients tend to perform better on ETDRS charts than

Snellen charts.52 This may explain, in part, the higher proportion

of eyes with off-chart VA at baseline in the NH group, since

Snellen charts were used in the NH group in some cases, but

not in LEROS (Table S3). It is unclear to what extent this may

have influenced outcomes. On the one hand, a high proportion

of eyes with off-chart VA at baseline could give more room for

improvement; on the other hand, it could indicate that a larger

proportion of NH eyes had already deteriorated beyond the point

of therapeutic rescue. Considering that for any one patient, the

same methods would typically be used over time, their influence

on outcomes compared from baseline are likely minimal. Finally,

the difference in rates of the various responder analysis out-

comes were sufficiently high in many cases, making it unlikely

that they are primarily caused by systematic differences in VA

assessment method. The present study contains data from pa-

tients dating back to the 1950s and we cannot rule out or confirm

secular trends in VA outcomes in the NH control population.

Nevertheless, over half of eligible eyes in the NH population

were derived from CRS-2 (399/731 eyes; see Figure S2), which

included case records from 2000 and later.

Finally, the need to conduct subanalyses resulted in a low

number of eyes for some comparisons, limiting data robustness.

This study was powered for the primary endpoint and the differ-

ence in outcomes between subgroups should not be overinter-

preted. Although stringent matching criteria were applied for

comparison to LEROS data, it is not possible to fully exclude

biases, particularly in mutational subgroup analyses involving

fewer eyes. We also did not correct the data for the interdepen-

dence of eyes to reduce complexities.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

An Institutional Review Board or Independent Ethics Committee reviewed and approved the study protocol and any amendments

prior to their implementation, the informed consent forms and their updates, and any written materials given to patients at each

site. All patients provided informedwritten consent to participate before any study activity was initiated. All procedures were followed

in accordance with the ethical principles of the Declaration of Helsinki, and in compliance with the approved protocol, Good Clinical

Practice guidelines, and applicable regulatory requirements.

Patients with LHON were enrolled in this study. Information on the sample size and demographics of the idebenone-treated pop-

ulation (LEROS) is provided in Table 1, Table S4 and Figure S1. Information on the sample size and demographics of the Natural His-

tory (NH) population is provided in Table 1, Table S1 and Figure S2.

METHOD DETAILS

Study design and objectives

LEROS was an international, multicenter, Phase IV, open-label interventional study to assess the efficacy and safety of idebenone in

LHON relative to an idebenone-naı̈ve, external NH cohort. In LEROS, VA assessments were performed at follow-up visits 1, 3, 6, 12,

18 and 24 months after the baseline visit.

Sample size determination

LEROS sample size was based on the primary endpoint, clinically relevant benefit (CRB) from baseline at 12 months in the eyes of

patients with LHON in the subacute/dynamic phase. The initial sample size calculation for LEROS assumed an expected 24%

responder rate in the external NH control group and 40% in the idebenone-treated population. A total of 177 eyes per group were

needed to demonstrate a CRB in favor of idebenone, with 90% power and 5% alpha 2-sided binomial test with normal approxima-

tion. Once the enrollment of CRS-2 was completed, a pre-planned check of the estimate of responder rate in the control group was

performed, using combined data from 175 eyes in the two NH studies. The updated estimated responder rate was a maximum of
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22%. A sample size re-calculation using the updated control group estimate and maintaining all other previous assumptions, deter-

mined that 137 eyes per groupwere enough to demonstrate aCRB in favor of idebenone, with an assumed ratio of idebenone-treated

and NH patients of 1:1. In order to account for a drop-out rate of 30%, at least 80 patients (equal to 160 eyes) were enrolled to the

LEROS study. The sample size calculation was performed using nQuery Advisor version 8.3.

Eligibility criteria and study populations

Treatment-naı̈ve patientsR12 years of age with LHON-related impaired vision and symptom onset%5 years prior to baseline were

enrolled. Patients who had previously provided NH data to the CRS-153,54 (these studies were registered at ClinicalTrials.gov:

NCT01892943) and �2 (CRS-2, ClinicalTrials.gov: NCT02796274), used idebenone, were pregnant or breastfeeding, had partici-

pated in another clinical trial of any investigational drug %3 months prior to the baseline visit, or had a known history of abnormal

liver function tests were not eligible for enrollment. Patients with LHON caused by the m.11778G>A mutation who had undergone

gene therapy for LHON over 3 months before participating in LEROS were not excluded from participation. Nevertheless, no use

of such therapy was recorded in any of the patients in this study. Enrolled patients received 900 mg/day idebenone (2 3 150 mg;

orally three times/day) for up to 24 months from the baseline visit.

The ITT population included all enrolled patients undergoing at least one post-baseline VA assessment. The modified-ITT (mITT)

population was used to evaluate efficacy endpoints relative to theNH cohort and only included patients carrying one of the threemost

common causative mtDNA mutations (m.11778G>A, m.3460G>A, and m.14484T>C).

Natural history comparator population

Background and rationale

The generation of a combined dataset of natural history data from two case record surveys was performed as a post-authorization

measure in response to a request from the EuropeanMedicines Agency (EMA) to provide controlled efficacy data to support themar-

keting authorization of idebenone under exceptional circumstances. The EMA acknowledged that a placebo-controlled study in

newly diagnosed patients is not feasible considering the rarity of LHON and the fact that idebenone is already available on themarket.

The regulators agreed that the comparison of treatment outcomes with natural history data from a prospectively defined, external,

untreated ‘‘Natural History’’ control group dataset represents a feasible option in a rare disease with high unmet medical need such

as LHON.

Data for the external control group were obtained as secondary data from two retrospective case record surveys, CRS-1

(NCT01892943)53,54 and CRS-2 (NCT02796274), the latter being designed specifically to contribute to the external control group

for LEROS. The proposedmethodology for generating the external control dataset was reviewed by the EMA as part of the regulatory

pathway toward marketing authorization and no issues were raised.

Limitations around the use of external historical control data

The use of external controls is associated with potential limitations that have been well described.55 For example, untreated historical

control groups tend to haveworse outcomes than apparently similarly chosen control groups in randomized studies, possibly reflect-

ing a selection bias. However, strategies to increase the assurance of comparability between patient groups and to reduce bias, such

as pre-specification of patient selection and matching criteria, can be implemented to improve the interpretability of externally

controlled study outcomes.55 To optimize the comparability of the LEROS data with the combined case record survey control

data, the control dataset was prospectively established, and a matching algorithm was applied to select baseline datapoints only

after LEROSwas finished and baseline characteristics were known (see sectionMatching algorithm). In this way, bias in the selection

of control data for comparison with the outcomes of the open label study was minimized.

Design

The external NH control set consisted of combined data from two international, multicenter historical case record surveys;

CRS-153,54,56 (ClinicalTrials.gov: NCT01892943) and CRS-2 (ClinicalTrials.gov: NCT02796274). CRS-1 was a retrospective medical

record survey conducted at ten sites across Europe and one site in the USA from May 2013 to February 2014. Participating clinical

centers were asked to provide historical case record data from all LHON patients with a molecular diagnosis on file without pre-se-

lection. CRS-2 was a retrospective medical record survey conducted at 20 sites across seven countries in Europe fromMay 2016 to

March 2018. It included data from existing medical records of patients who wereR12 years old, had one of the three most common

mitochondrial DNA (mtDNA) mutations, experienced onset of symptoms after 1999 with themonth of onset for both eyes known, and

at least two VA assessments with defined visit dates available within 5 years of onset and prior to idebenone use. Patients who had

participated in an interventional clinical trial after the onset of symptoms, or who had any other cause of visual impairment or any

active ocular disorder during the data collection period, were excluded.

Matching algorithm

In LHON, the time since onset of symptoms is a major factor influencing VA outcomes. A matching algorithm was applied to ensure

that the time from symptom onset to baseline assessment was comparable between idebenone-treated eyes and eyes from the NH

cohort. The proposed methodology for generating the external control dataset was reviewed by the EMA as part of the regulatory

pathway toward marketing authorization and no issues were raised. Different matching algorithms were used for eyes in the sub-

acute/dynamic and chronic phases.
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For subacute/dynamic eyes, the average time from onset of symptoms in the second eye to the baseline visit was calculated (on-

setL). Since there was no treatment in the NH control set, in principle any VA observation at any timepoint after the onset of symptoms

could be used as a baseline VA for a given eye. Eyes with a possible baseline visit within 1 year from symptom onset were selected

following identification of visit pairs in which a follow-up visit occurred within a window of ±3 months of each assessment timepoint

(e.g., 12 ± 3months and 24 ± 3months) (Figure S6). Of these visit pairs, that whichwas closest to onsetLwas selected for thematched

NH control group.

In chronic eyes, visit pairs were determined in the NH cohort, with the first VA assessment of each pair qualifying for a potential

baseline visit. Visit pairs were categorized into bins of >1 to 2, >2 to 3, >3 to 4, and >4 to 5 years according to the time from symptom

onset at each possible baseline timepoint. One eye could have a visit pair in each bin. In case several visit pairs fell in the same bin, the

baseline value closest to the midpoint of the bin was selected.

QUANTIFICATION AND STATISTICAL ANALYSIS

Definition of outcome measures

In LEROS, VA was determined using Early Treatment Diabetic Retinopathy Study (ETDRS) charts and recorded in logarithm of the

minimum angle of resolution (logMAR). The conversion of VA measurements in the NH group to logMAR values is described in

the subsection ‘‘Conversion of VA measurements to logMAR values’’ below and in Table S3. Off-chart subcategories (i.e., ‘‘counting

fingers’’, ‘‘hand motion’’, ‘‘light perception’’, ‘‘no light perception’’) or changes within these subcategories were not analyzed sepa-

rately in LEROS, but were all assigned a value of 1.8 logMAR, consistent with previous idebenone studies.

Treatment efficacy was assessed using four VA response measures: clinically relevant benefit (CRB), clinically relevant recovery

(CRR), clinically relevant stabilization (CRS), and clinically relevant worsening (CRW) (Figure S7). CRB was a composite measure

considered as a CRR and/or a CRS. CRR was defined as improvement from an off-chart VA to reading at least 5 letters on-chart

(%1.6 logMAR), or improvement of at least 10 additional letters (�0.2 logMAR) for those already on-chart. CRS was defined as main-

tenance of VA <1.0 logMAR from baseline to the visit timepoint. CRWwas defined as a worsening from on-chart to off-chart, or a loss

of at least 10 letters (+0.2 logMAR) on-chart. The primary endpoint was the rate of CRB from baseline at 12 months in idebenone-

treated, subacute/dynamic eyes versus matched eyes of the NH cohort.

Conversion of VA measurements to logMAR values

In the NH control group, VA was recorded using ETDRS charts, Snellen charts, or decimal scores. Snellen values were converted to

decimal scores, and in turn to logMAR values using the formula -log(decimal acuity).

Statistical methods

The primary endpoint and all other CRB, CRR, CRS, and CRW outcomes were analyzed using a logistic regression model, including

treatment, gender and mutation as fixed factors. Change in VA from baseline was analyzed using analysis of covariance (ANCOVA)

with VA at baseline as a covariate and fixed factors of treatment, gender, and mutation. For the analyses stratified by age group, the

same model was used, with the addition of age group and treatment-age group interaction. Time to CRR in the ITT populations was

evaluated using Kaplan-Meier estimates and curves. Except for the primary endpoint, to which the study was powered, all p values

were calculated as exploratory. Data analyses were performed using SAS version 9.4 (SAS Institute).

ADDITIONAL RESOURCES

This study was registered on ClinicalTrials.gov (NCT02774005).
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