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Abstract

Background/objectives REALITY is an international observational retrospective registry of LHON patients evaluating the
visual course and outcome in Leber hereditary optic neuropathy (LHON).

Subjects/methods Demographics and visual function data were collected from medical charts of LHON patients with visual
loss. The study was conducted in 11 study centres in the United States of America and Europe. The collection period
extended from the presymptomatic stage to at least more than one year after onset of vision loss (chronic stage). A Locally
Weighted Scatterplot Smoothing (LOWESS) local regression model was used to analyse the evolution of best-corrected
visual acuity (BCVA) over time.

Results 44 LHON patients were included; 27 (61%) carried the m.11778G>A ND4 mutation, 8 (18%) carried the
m.3460G>A NDI mutation, and 9 (20%) carried the m.14484T>C ND6 mutation. Fourteen (32%) patients were under 18
years old at onset of vision loss and 5 (11%) were below the age of 12. The average duration of follow-up was 32.5 months
after onset of symptoms. At the last observed measure, mean BCVA was 1.46 LogMAR in ND4 patients, 1.52 LogMAR in
NDI patients, and 0.97 LogMAR in ND6 patients. The worst visual outcomes were reported in ND4 patients aged at least
15 years old at onset, with a mean BCVA of 1.55 LogMAR and no tendency for spontaneous recovery. The LOESS
modelling curve depicted a severe and permanent deterioration of BCVA.

Conclusions Amongst LHON patients with the three primary mtDNA mutations, adult patients with the m.11778G>A ND4
mutation had the worst visual outcomes, consistent with prior reports.

Introduction

Leber hereditary optic neuropathy (LHON) is an inherited
optic neuropathy caused by mitochondrial DNA (mtDNA)
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mutations, which affect complex I subunits of the mito-
chondrial respiratory chain, impairing mitochondrial
respiration and increasing production of reactive oxygen
species [1-4]. Retinal ganglion cells (RGCs) are particularly
vulnerable to mitochondrial dysfunction, which may lead to
apoptotic cell death and axonal degeneration, ultimately
resulting in optic atrophy [5, 6]. LHON affects ~1 in 30,000
to 1 in 50,000 people [4, 7, 8], with a peak age of onset
between 15 and 35 years, and a large male predominance
[3, 9-12]. LHON is characterised by bilateral painless
central vision loss, typically sequential, with the fellow eye
undergoing disease conversion weeks to a few months after
onset in the first eye [13—15]. There is a well-documented
incomplete penetrance, implying that the mtDNA mutations
are necessary, but not sufficient to precipitate visual loss.
Although there is considerable interfamilial variability,
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approximately 50% of men and 10% of women who carry
one of the primary LHON mutations will experience visual
loss during their lifetimes, highlighting also a higher male
prevalence [8, 14, 16].

Three mtDNA point mutations account for about 90% of
LHON cases: m.11778G>A in ND4, m.3460G>A in NDI,
and m.14484T>C in ND6 [3, 4]. The m.11778G>A muta-
tion is the most common cause of LHON worldwide and it
is known to be a severe mutation with less than 15% of
patients experiencing some degree of visual recovery
[17, 18]. Children have a better visual prognosis, especially
when age of onset is before 12 years [10, 19]. Treatment
options for LHON remain limited, with some improvement
demonstrated in subgroups of LHON patients treated with
idebenone [20-22], and some early promising results with
intravitreal gene therapy [23-26].

The REALITY study is an international multicenter
observational retrospective registry of LHON patients
designed to evaluate the natural history of the three most
common disease-causing mtDNA mutations and the factors
influencing the visual outcome.

Methods
Study design

Eleven study centres in the US and Europe (France, Italy,
Spain, and the United Kingdom) participated in the REA-
LITY registry. To qualify for study inclusion, patients had
to have a diagnosis of LHON confirmed by genotyping for
one of the three primary mutations (m.11778G>A in ND4,
m.3460G>A in NDI and m.14484T>C in ND6). Further-
more, patients were included only if they had undergone at
least two visual function assessments, performed at any
time between Year 1 and Year 3 after onset of vision loss.
There was no restriction on age, and patients could have
received idebenone or any other treatment. The primary
source of demographic and clinical data was the enroled
subjects’ medical records.

The relevant local Independent Ethics Committees
approved the study protocol before subjects were identified
and data collected. For patients under 18 years old, per-
mission from a legal guardian was required to participate in
the study. This study was conducted in accordance with the
provisions of the Declaration of Helsinki and Good Clinical
Practice guidelines.

Best-corrected visual acuity (BCVA) analysis
On-chart BCV A measures, expressed in decimal fraction or
Snellen notation, were converted into LogMAR values. Off-

chart BCVA was assigned the following LogMAR values:
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2.0 for count fingers; 2.3 for hand motion based on the
Lange scale equivalence [27]; 4.0 for light perception; and
4.5 for no light perception.

Data analysis

The Full Analysis Set included all enroled subjects whose
eligibility was confirmed. Subgroup analyses were per-
formed by LHON genotype (ND4, ND1, ND6), age at onset
of vision loss (two cut-offs were applied: 12 and 15 years
old), and idebenone treatment status. Change in BCVA was
evaluated from the presymptomatic phase to the last avail-
able clinic observation. Missing data for presymptomatic
BCVA were imputed a LogMAR value of O (Snellen
equivalent 20/20; decimal fraction equivalent 1) [28, 29].
No other data imputation were performed for missing data.
A Locally Weighted Scatterplot Smoothing (LOWESS),
non-parametric, local regression model was used on the
individual BCVA data points of the LHON ND4 patients
who were at least 15 years old at onset. The resulting curve
depicting the evolution of BCVA over time was based on a
series of polynomial regressions around each data point. The
regressions used a limited look back and look forward, giv-
ing distant points less weight. The starting point of the curve
was set at the onset of vision loss and included presympto-
matic values (missing presymptomatic data were imputed O
LogMAR). All computations and generation of analysis
datasets and tables were performed using SAS® software
version 9.4 or higher (SAS Institute, Cary, NC, USA).

Results

Study population characteristics and follow-up
period

A total of 44 affected LHON patients were included in the
REALITY study: 34/44 (77%) from European countries
(France, Italy, Spain, and the United Kingdom) and 10/44
(23%) from the United States of America (Table 1). The
majority of enroled patients were male (33/44, 75%) and
Caucasian (33/44, 75%) (Table 1). The mean age at onset of
vision loss was 27.9 years (range: 4-71 years), with 30/44
(68%) patients >18 years old at the onset of vision loss. The
proportion of patients who were at least 15 years old at
onset was 82% (36/44). Five (11%) patients were 12 years
old or younger at onset.

Three LHON patients had been diagnosed with an addi-
tional genetic syndrome: (i) the blepharophimosis, ptosis,
and epicanthus inversus syndrome; (ii) the Ehlers—Danlos
syndrome; (iii) and the Marcus—Gunn syndrome. In addition,
one woman was diagnosed with multiple sclerosis following
the onset of visual loss from LHON.
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Table 1 Demographics of

LHON cohort.

All patients

ND4 patients

ND1 patients

ND6 patients

ND4 patients

(N=44) (N=27) (N=23) (N=9) aged > 15 at onset
(N=23)
Age at onset of vision loss” (years)
Mean (SD) 27.9 (18.7) 30.2 (20.1) 24.9 (15.8) 23.6 (17.7) 34.2 (19.0)
Median 21.5 23.0 17.5 21.0 25.0
IQR 16.0, 32.0 16.0, 39.0 15.5, 29.0 14.0, 24.0 19.0, 57.0
Min, Max 4,71 4,71 14, 61 8, 68 16, 71
Categories of age at onset®
<12 years old 5/44 (11.4%)  3/27 (11.1%)  0/8 (0.0%) 2/9 (22.2%) NA
13 to 14 years old  3/44 (6.8%) 1/27 (3.7%) 1/8 (12.5%) 1/9 (11.1%) NA

15 to 17 years old

18 and older

6/44 (13.6%)
30/44 (68.2%)

Sex
Male 33/44 (75.0%)
Female 11/44 (25.0%)
Ethnicity
Caucasian/White 33/44 (75.0%)
Black 1/44 (2.3%)
Asian 1/44 (2.3%)
Unknown 9/44 (20.4%)

Country of origin

France 9/44 (20.5%)
Italy 12/44 (27.3%)
Spain 5/44 (11.4%)

United Kingdom

United States

8/44 (18.2%)
10/44 (22.7%)

327 (11.1%)
20/27 (74.1%)

22/27 (81.5%)
5/27 (18.5%)

20/27 (74.1%)
1/27 (3.7%)
127 (3.7%)
5/27 (18.5%)

6/27 (22.2%)
6/27 (22.2%)
2127 (7.4%)

5/27 (18.5%)
8127 (29.6%)

3/8 (37.5%)
4/8 (50.0%)

5/8 (62.5%)
3/8 (37.5%)

5/8 (62.5%)
0/8 (0.0%)
0/8 (0.0%)
3/8 (37.5%)

3/8 (37.5%)
4/8 (50.0%)
1/8 (12.5%)
0/8 (0.0%)
0/8 (0.0%)

0/9 (0.0%)
6/9 (66.7%)

6/9 (66.7%)
3/9 (33.3%)

8/9 (88.9%)
0/9 (0.0%)
0/9 (0.0%)
1/9 (11.1%)

0/9 (0.0%)

2/9 (22.2%)
2/9 (22.2%)
3/9 (33.3%)
2/9 (22.2%)

3/23 (13.0%)
20/23 (87.0%)

18/23 (78.3%)
5/23 (21.7%)

18/23 (78.3%)
1/23 (4.3%)
0/23 (0.0%)
4/23 (17.4%)

523 (21.7%)
523 (21.7%)
2123 (8.7%)

4/23 (17.4%)
7/23 (30.4%)

IQOR inter-quartile range, NA not applicable, SD standard deviation.

Onset in first-affected eye.

Most patients (27/44, 61%) were seen by an ophthal-
mologist or a neuro-ophthalmologist within the first
3 months of disease onset. The mean time from onset to the
first visit was 5.7 months (range: 0-25.7 months), and the
mean duration of follow-up was 32.5 months (range:
14.1-178.3 months) (Table 2). Seven patients (7/44, 16%)
had a follow-up of more than 3 years, 6 of whom carried the
m.11778G>A mutation and one the m.14484T>C mutation.
The mean number of BCVA visits per patient was 7.9, with
a range of 4-28 visits reported per patient.

LHON genotypes

Twenty-seven patients (27/44, 61%) carried the
m.11778G>A mutation in ND4, 8 patients (8/44, 18%)
carried the m.3460G>A mutation in NDI, and 9 patients
(9/44, 21%) carried the m.14484T>C mutation in ND6, with
a mean age at onset of 30.2, 24.9, and 23.6 years, respec-
tively (Table 1). Among the 36 patients who were at least
15 years old at onset, there were 23 ND4 patients (64%), 7
NDI patients (19%) and 6 ND6 patients (17%).

Idebenone status

Twenty-five patients (25/44, 57%) had taken idebenone with
a mean cumulative duration of treatment of 55.7 months
(Supplementary Table S1). The treated group included 16/27
(59%) ND4 patients, 5/8 (62%) ND1 patients and 4/9 (44%)
ND6 patients. Treatment was started during the first year
after disease onset in 21/25 (84%) patients.

BCVA evolution based on LHON genotypes and age
of onset

For the entire study cohort, the mean (standard deviation
(SD)) BCVA was 1.37 (0.78) LogMAR at last observed
measure (mean of 32.2 months from onset of vision loss)
(Table 3). Based on the LHON genotype, the mean (SD)
BCVA was 1.46 (0.63) LogMAR in ND4 patients, 1.52
(1.06) LogMAR in ND] patients, and 0.97 (0.83) LogMAR
in ND6 patients (Table 3).

At last observed measure, LHON patients < 12 years old
at onset had a mean (SD) BCVA of 0.65 (0.52) LogMAR,

SPRINGER NATURE
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Table 2 BCVA data collection in REALITY.

All patients

ND4 patients

NDI patients

NDG6 patients

ND4 patients

(N=44) (N=27) (N=28) (N=9) aged > 15 at onset
(N=23)
Time from onset to first visit (months)
Mean (SD) 5.7 (71.3) 6.9 (7.8) 3.0 (6.2) 4.5 (6.2) 6.8 (7.2)
Median 1.9 2.9 0.6 1.3 3.0
IQR 0.5, 11.2 0.8, 14.5 0.2,2.0 1.1, 6.0 0.8, 14.5
Min, Max 0.0, 25.7 0.0, 25.7 0.0, 18.2 0.0, 17.8 0.0, 20.5

Time period of first visit post-onset

<1 month
>1 to 3 months
>3 to 6 months

>6 to 12 months

>2 months

14/44 (31.8%)
13/44 (29.5%)
4/44 (9.1%)
4/44 (9.1%)
9/44 (20.5%)

Time from onset to last visit (months)

7127 (25.9%)
7127 (25.9%)
327 (11.1%)
327 (11.1%)
7127 (25.9%)

Mean (SD) 32.5 (24.1) 36.3 (29.8)
Median 30.3 30.4

IQR 23.3, 34.5 25.0, 35.4
Min, Max 14.1, 178.2 15.9, 178.2

Time period of last visit post-onset

<18 months

>18 to 24 months
>24 to 30 months
>30 to 36 months

>36 months

4/44 (9.1%)
8/44 (18.2%)
9/44 (20.5%)
16/44 (36.4%)
7/44 (15.9%)

127 (3.7%)
4127 (14.8%)
8/27 (29.6%0
8/27 (29.6%)
6/27 (22.2%)

5/8 (62.5%)
2/8 (25.0%)
0/8 (0.0%)
0/8 (0.0%)
1/8 (12.5%)

26.0 (6.0)
273

222, 31.1
15.3,31.4

1/8 (12.5%)
2/8 (25.0%)
1/8 (12.5%)
4/8 (50.0%)
0/8 (0.0%)

219 (22.2%)
419 (44.4%)
1/9 (11.1%)
1/9 (11.1%)
1/9 (11.1%)

26.7 (8.6)
30.3

18.7, 35.1
14.1, 36.0

2/9 (22.2%)
2/9 (22.2%)
0/9 (0.0%)

419 (44.4%)
1/9 (11.1%)

6/23 (26.1%)
523 (21.7%)
3/23 (13.0%)
3/23 (13.0%)
6/23 (26.1%)

36.8 (32.2)
29.3

244, 35.3
15.9, 178.2

1/23 (4.3%)
4/23 (17.4%)
7123 (30.4%)
6/23 (26.1%)
5123 (21.7%)

Number of eyes with BCVA data available in time period
59/88 (67.0%)
76/88 (86.4%)
59/88 (67.0%)
14/88 (15.9%)

Up to Year 1 after onset
Year 1 to Year 2 after onset
Year 2 to Year 3 after onset
>Year 3 after onset

Number of BCVA visits per patient

35/54 (64.8%)
44/54 (81.5%)
42/54 (77.8%)
12/54 (22.2%)

10/16 (62.5%)
16/16 (100.0%)
10/16 (62.5%)
0/16 (0.0%)

14/18 (77.8%)
16/18 (88.9%)
7/18 (38.9%)
2/18 (11.1%)

31/46 (67.4%)
39/46 (84.8%)
34/46 (73.9%)
10/46 (21.7%)

Mean (SD) 7.9 (4.9) 7.2 (3.9)
Median 6.0 6.0

IQR 5.5, 8.0 5.0, 8.0
Min, Max 4,28 4,22

8.0 (3.7) 9.9 8.0) 7.3 (4.2)
7.0 6.0 6.0

6.0, 9.0 6.0, 10.0 4.0, 8.0
4,16 4,28 4,22

BCVA best-corrected visual acuity, IQOR interquartile range, SD standard deviation.

Date of onset of vision loss in the first eye to be affected was used to calculate times from onset for each patient.

compared with 1.46 (0.77) LogMAR in patients over 12
years old at onset (p = 0.0193) (Supplementary Table S2).

When considering LHON patients aged at least 15 years
at onset, 55/72 (76%) of eyes had a BCVA of 1.0 LogMAR
or worse at last observed measure: 39/46 (85%) for ND4
patients, 8/14 (57%) for NDI patients and 8/12 (67%) for
NDG6 patients (Fig. 1). The proportion of eyes with off-chart
BCVA was comparable for the three LHON genotypes: 22/
46 (48%) for ND4 patients, 6/14 (43%) for NDI patients
and 5/12 (42%) for ND6 patients. The proportion of patients

SPRINGER NATURE

with a BCVA better than 1.0 LogMAR 1in at least one eye at
the last observed measure was 5/23 (22%) for ND4 patients;
3/7 (43%) for ND1 patients and 2/6 (33%) for ND6 patients.

For LHON patients who were below 15 years of age at
onset, 6/16 (37%) eyes had a BCVA of 1.0 LogMAR or
worse at last observed measure: 4/8 (50%) of ND4 patients,
2/2 (100%) of NDI patients and 0/6 (0%) of ND6 patients
(Fig. 1). Of note, no eyes were off-chart at the last observed
measure in ND4 and ND6 patients who were less than 15
years old at onset (Fig. 1).
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Table 3 BCVA outcomes according to LHON genotypes.

All patients ND4 patients NDI patients ND6 patients ND4 patients aged > 15 ND4 patients aged > 15 at
(N =88 eyes) (N =54 eyes) (N =16 eyes) (N =18 eyes) at onset (N =46 eyes) onset and treated with
idebenone (N = 30 eyes)
Time from onset to last visit (months)
Mean (SD) 32.2 (24.0) 36.3 (29.5) 26.0 (5.8) 25.6 (8.6) 36.8 (31.8) 40.5 (38.0)
Presymptomatic 0 0 0 0 0 0
BCVA (LogMAR)*
Last-observed BCVA (LogMAR)
Mean (SD) 1.37 (0.78) 1.46 (0.63) 1.52 (1.06) 0.97 (0.83) 1.55 (0.62) 1.57 (0.62)
95% CI 1.15, 1.59 1.17, 1.74 1.00, 2.04 0.48, 1.46 0.96, 1.54 0.71, 1.52
Median 1.30 1.47 1.60 0.75 1.60 1.60
0.00, 4.00 0.00, 2.30 0.10, 4.00 0.00, 2.30 0.00, 2.30 0.10, 2.30
Minimum, maximum
Ql1, Q3 0.80, 2.00 1.10, 2.00 0.00, 2.00 0.22, 2.00 1.20, 2.00 1.10, 2.00

BCVA best-corrected visual acuity; SD standard deviation.

*Missing presymptomatic BCVA were assigned a value of 0 LogMAR (normal visual acuity).

100%

90% 7
80% X 6 4
70% 7
w 60%
9 3
@ 50% %) 2 6
R a0%
30%
20% 22 4 6 5
10%
0%
215 <15 215 <15 215 15
n=46 n=8 |n:14 n=2 | [nzlz n=6 |
ND4 ND1 ND6

BCVA < 1.0 LogMAR
BCVA 1.0 to 1.6 LogMAR
BCVA > 1.6 LogMAR (off-chart)

Fig. 1 BCVA data collection in REALITY. The distribution of
BCVA data collected in the REALITY registry is presented according
to LHON genotype and age at onset (below 15 or at least 15 years old).
The number of eyes is displayed for each category.

Subgroup analysis of LHON ND4 patients aged =15
years at onset

Twenty-three LHON patients carrying the m.11778G>A
ND4 mutation were at least 15 years old at onset, with the
majority being male (18/23, 78.3%). The mean (SD) age at
onset was 34.2 (19.0) years and 3/23 (13%) patients were
between 15 and 18 years old at onset of vision loss
(Table 1). The mean (SD) time from onset to the first visit
was 6.8 (7.2) months and the mean duration of follow-up
was 36.8 (32.2) months for this subgroup (Table 2).

The mean (SD) BCVA was 1.55 (0.62) LogMAR at the
last observed measure (Table 3). Fifteen (15/23, 65%) ND4
patients aged at least 15 years at onset were treated with
idebenone during the observational period (Supplementary
Table S1). For nine of these patients, the mean (SD)

cumulative duration of treatment with idebenone was 70.0
(24.9) months. At the last observed measure, the mean (SD)
BCVA for the idebenone-treated group was 1.57 (0.62)
LogMAR on average 40.5 (38.0) months after onset
(Table 3).

The LOWESS curve depicting the evolution of BCVA
over time showed a marked loss of visual acuity in the first
18 months after disease onset (Fig. 2). Following this initial
drop of vision, the deterioration of BCVA continued at a
slower rate and no trend of visual recovery was observed.

Discussion

The REALITY study cohort is representative of the general
LHON patient population with regards to the age of onset
(mean of 27.9 years) and gender distribution (75% males)
[3, 12]. Prior studies have estimated the peak age of onset to
be between 15 and 35 years old, although the reported range
for age at onset in molecularly-confirmed LHON patients
varies from 2 to 87 years of age [3, 10, 11]. The proportion
of patients in REALITY who were less than 15 years old at
disease onset was 18% (8/44) and the predominant geno-
type among all included patients was the m.11778G>A
ND4 mutation (61%), also in keeping with the literature.
[5, 6, 15, 17, 30-32] Half of the patients enroled in REA-
LITY had received treatment with idebenone for a cumu-
lative period of more than 4 years.

The genetic syndromes reported in three patients included
in REALITY are unlikely to be related to the underlying
LHON-causative mtDNA mutation. One additional patient
was diagnosed with multiple sclerosis. The co-occurrence of
visual loss due to LHON and central nervous system
demyelination is often referred to as Harding’s disease [33],
and this overlap syndrome can occur with all three primary
LHON mutations, predominantly in women [15, 33, 34].

SPRINGER NATURE
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Fig. 2 BCVA evolution in ND4patients aged 215 at onset of vision
loss. The LOWESS regression curve for ND4 patients aged at least 15
at onset of vision loss (n =23 patients, 213 individual BCVA mea-
sures) was based on fitting a series of linear regressions around each
data point collected. The regressions used a limited look back and look
forward, giving distant points less weight. The starting point of the
curves was set at the onset of vision loss and included presymptomatic
values (missing presymptomatic data were imputed a value of 0
LogMAR).

The two most important predictors of visual outcome in
LHON are the underlying causative mtDNA mutation and
the age at onset of vision loss. In the REALITY study,
LHON patients carrying the m.14484T>C mutation
achieved better final vision compared with those carrying
the m.11778G>A and m.3460G>A mutations. The literature
reports that children who become affected at the age of 12
years or younger achieve significantly better vision com-
pared with adult-onset LHON patients [13, 17, 19, 35].
Accordingly, in the REALITY registry we observed that
patients <12 years old at onset had a mean final BCVA of
0.65 LogMAR, compared with 1.46 LogMAR for those
over 12 years old at onset. Furthermore, the majority of eyes
of LHON patients who were below the age of 15 at onset
had a BCVA better than 1.0 LogMAR at the last observed
measure, and all the ND4 and ND6 patients younger than 15
at onset had on-chart visual acuity in both eyes, confirming
the better visual prognosis in these younger groups.

In the LHON ND4 subgroup of patients who were at least
15 years old at onset, the majority of eyes had a BCVA of 1.0
LogMAR or worse at the last observed measure. The
m.11778G>A mutation is known to carry a poor prognosis,
with <15% of patients experiencing spontaneous partial visual
recovery, and few achieving visual acuities better than 20/200.
[17] In REALITY, 84.8% (39/46) of eyes from LHON ND4
patients who were at least 15 at onset had BCVA of 20/200 or
worse, and 47.8% (22/46) were off-chart at the last observed

SPRINGER NATURE

measure. In this subgroup, a LOWESS model curve showed a
decline in two phases: a rapid decline in the first 18 months,
followed by a progressive slow decline. A prospective long-
term follow-up study of untreated LHON ND4 patients is
needed to confirm the projection of this model, which has
important implications for the treatment of chronic cases.

The REALITY registry bears a number of limitations due
to the retrospective nature of its study design and the rela-
tively small sample size of 44 LHON patients. Nevertheless,
the findings of this study confirm the better visual outcome
with childhood-onset LHON and the poor visual prognosis
for patients with the m.11778G>A mutation who were at
least 15 years old at disease onset.

Summary
What was known before

e LHON is a rare mitochondrial blinding disease affecting
mostly males between 15 and 35 years old.

e Three primary mtDNA mutations are responsible for
90% of the cases.

e Spontaneous partial visual recovery is scarcely reported
in the literature.

What this study adds

¢ This international retrospective registry study provided a
better understanding of the evolution of visual acuity in
LHON patients, including clinical data from 44 subjects
aged 4 to 71 years at onset of vision loss.

e LHON subjects carrying the ND4 mutation did not show
a trend for spontaneous improvement over time.

e LHON subjects aged 12 or less at onset showed the best
visual prognosis.

Data and materials availability

All data associated with this study are available in the main
text or the supplementary materials
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