'.) Check for updates

Received: 21 June 2022 | Accepted: 5 May 2023

DOI: 10.1111/ene.15847

ORIGINAL ARTICLE

european journal
of neurology
e

the official journal of the european academy of neurology

Age-dependent retinal neuroaxonal degeneration in children
and adolescents with Leber hereditary optic neuropathy under

idebenone therapy

Benedikt Schworm?

| Jakob Siedlecki® | Claudia Catarino® | Bettina von Livonius® |

Daniel R. Muth® | Guenther Rudolph! | Joachim Havla*® | Thomas Klopstock®%’ ® |

Claudia Priglinger!

1Department of Ophthalmology,

University Hospital, LMU Munich, Munich,

Germany

2Friedrich Baur Institute at the
Department of Neurology, University
Hospital, LMU Munich, Munich, Germany
3Department of Ophthalmology,
University Hospital Zurich, University of
Zurich, Zurich, Switzerland

“Institute of Clinical Neuroimmunology,

University Hospital, LMU Munich, Munich,

Germany

SData Integration for Future Medicine
(DIFUTURE) Consortium, University
Hospital, LMU Munich, Munich, Germany

SMunich Cluster for Systems Neurology
(SyNergy), Munich, Germany

’German Center for Neurodegenerative
Diseases (DZNE), Munich, Germany

Correspondence

Benedikt Schworm, Department of
Ophthalmology, University Hospital,
LMU Munich, Mathildenstrasse 8, 80336
Munich, Germany.

Email: benedikt.schworm@med.uni-
muenchen.de

Funding information
Bundesministerium fur Bildung

und Forschung, Grant/Award
Number: 01GM1906A, 01GM19208B,
01ZZ71603[A-D] and 01ZZ1804[A-H]

Abstract

Background: The aim of this study was to investigate the neuroretinal structure of young
patients with Leber hereditary optic neuropathy (LHON).

Methods: For this retrospective cross-sectional analysis, the peripapillary retinal nerve
fiber layer (pPRNFL) thickness and the macular retinal layer volumes were measured by
optical coherence tomography. Patients aged 12years or younger at disease onset were
assigned to the childhood-onset (ChO) group and those aged 13-16years to the early
teenage-onset (eTO) group. All patients received treatment with idebenone. The same
measurements were repeated in age-matched control groups with healthy subjects.
Results: The ChO group included 11 patients (21 eyes) and the eTO group 14 patients
(27 eyes). Mean age at onset was 8.6+ 2.7 years in the ChO group and 14.8 + 1.0years
in the eTO group. Mean best-corrected visual acuity was 0.65 +0.52 logMAR in the ChO
group and 1.60+0. 51 logMAR in the €TO group (p<0.001). Reduced pRNFL was evi-
dent in the eTO group compared to the ChO group (46.0+12.7um vs. 56.0+14.5um,
p=0.015). Additionally, a significantly lower combined ganglion cell and inner plexiform
layer volume was found in the eTO compared to the ChO group (0.266 +0.0027 mm® vs.
0.294+0.033mm?3, p=0.003). No difference in these parameters was evident between
the age-matched control groups.

Conclusion: Less neuroaxonal tissue degeneration was observed in ChO LHON than in
eTO LHON, a finding that may explain the better functional outcome of ChO LHON.
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INTRODUCTION METHODS
Leber hereditary optic neuropathy (LHON) is a rare inherited dis- Study population

ease leading to rapid bilateral vision loss due to degeneration of
retinal ganglion cells. Until recently, LHON has been described as
a maternally inherited mitochondrial disease with a typical age at
onset between 15 and 35years of age and, indeed, three mito-
chondrial DNA (mtDNA) mutations account for about 90% of cases
(m.11778G>A, m.3460G>A, and m.14484T>C) [1,2]. A recent pub-
lication then demonstrated a large cohort with a mutation in the
nuclear DNAJC30 gene with an autosomal-recessive trait leading
to a comparable clinical picture as in LHON with mtDNA mutations
[3]. To date, further recessive “LHON-like” optic neuropathies are
known, for example, by pathogenic variants in NDUFS2 [4] and
MCAT [5]. Remarkably, all known mutations in LHON typically show
a male preponderance and reduced penetrance. In patients with the
major mtDNA mutations, only 50% men and 10% women become
symptomatic [6]. Additional environmental factors capable of trig-
gering the clinical onset of the disease have been described with
smoking being the strongest [7,8].

The conversion from the asymptomatic stage [9] to the onset
of symptoms can occur at any age with a peak in the third decade
of life [2]. Disease onset up to the age of 12 years has been defined
as “childhood-onset” (ChO) LHON and accounts for 11% of LHON
cases [10]. As opposed to adult-onset LHON, onset of disease in
ChO LHON is more often slowly progressive or insidious, male
gender predominance is less pronounced, and the visual progno-
sis is better [10-12]. Another young age group, namely patients
becoming symptomatic at an age between 13 and 16years, has
been referred to as “early teenage-onset” (€TO) LHON and can be
associated with a particularly severe disease course [13]. As re-
cently shown, patients from the ChO cohort also experience a bet-
ter recovery from nadir (i.e., the lowest visual acuity after onset)
in the better eye compared to eTO LHON [13]. Dormant retinal
ganglion cells and neuroplasticity have been hypothesized to ac-
count for the better recovery. All pathogenic LHON mutations
cause an impairment of complex | in the mitochondrial respiratory
chain. Idebenone is an antioxidant molecule having beneficial ef-
fects on the mitochondrial respiratory chain by directly shuttling
electrons from the cytoplasm to complex lll, thus bypassing the
LHON-specific complex | defect. Idebenone has been shown to
positively affect the disease course in terms of visual acuity recov-
ery when compared to the natural course of the disease in adults
[14,15]. Accordingly, the European Medicine Agency authorized
idebenone as a treatment for LHON in 2015. While structural data
in adult-onset LHON have been reported previously [16-21], no
data on ChO LHON and eTO LHON after idebenone treatment
are available in the literature. The aim of this retrospective cross-
sectional analysis was to investigate the neuroretinal structure in
symptomatic LHON patients under idebenone treatment of two
age groups (ChO and eTO LHON) concerning factors that could be

relevant for visual outcome.

For this retrospective cross-sectional analysis, patients with LHON
who were followed in the outpatient clinics of the Friedrich-
Baur-Institute, Department of Neurology and the Department of
Ophthalmology (both University Hospital, LMU Munich) between
2009 and 2020 were included when meeting the following criteria:
(i) diagnosis of LHON at age <1éyears, (ii) treatment with idebenone
(Raxone®) 900mg per day (300mg three times a day) for at least
24 montbhs, (iii) stabilized visual acuity (i.e., no documented change in
visual acuity >1 line (decimal) in the 6 months before inclusion into
the study), and (iv) registration in the mitoREGISTRY of the German
network for mitochondrial disorders (mitoNET, www.mitoNET.org).
Exclusion criteria were incomplete imaging data and incomplete vis-
ual acuity data. The ethics committee of the University Hospital of
Munich, LMU, approved the mitoREGISTRY with the identifier 182-
09 and the proLHON study with the identifier 278-13. The ethics
committee identifier for measurements of healthy controls (see later,
“normal population”) was 19-799. All study procedures adhered to
the tenets of the 1964 Declaration of Helsinki and its later amend-
ments. Written informed consent for data storage in the registry was
obtained from all participants or their parents/legal guardians.

For analysis, patients were divided in two subgroups based on
the age of LHON onset: (i) ChO when age at onset was <12years and
(ii) eTO when age at onset was 213 to <16years.

All patients underwent a complete ophthalmological examination
with slit-lamp microscopy and dilated fundoscopy. Epidemiological
data were obtained from each patient, including age, gender, age at
first diagnosis, and idebenone treatment data. Best-corrected vi-
sual acuity (BCVA) was determined with Early Treatment Diabetic
Retinopathy Study (ETDRS) charts at 4m distance. LEA™ charts
were used for children who were unable to read letters. All BCVA re-
sults were converted into logMAR for statistical analysis with trans-
formation of the low vision categories “counting fingers” and “hand
movements” to logMAR 1.9 and 2.3, respectively [22].

Normal population

Control groups with healthy subjects were formed by assigning sub-
jects to the ChO or €TO control group based on their age. The age
relevant for the selection of control groups was the mean age at data
collection of the LHON groups. This was to ensure that the control
groups were not statistically significantly different from the respec-
tive LHON groups in terms of age. Furthermore, the control subjects
had to meet the following inclusion criteria: (i) spherical equivalent
(SE) between +3.0 and -3.0 diopters, (ii) BCVA of 0.0 logMAR or
better, and (iii) no diagnosed ocular diseases or structural alterations.
To avoid intraindividual bias, only one eye was selected from each

control subject.
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Imaging methods

Spectral domain optical coherence tomography (OCT) images were
acquired using the Heidelberg Spectralis® platform (Heidelberg
Engineering) with automatic real-time imaging (ART) for image aver-
aging and activated eye tracking. Imaging data were extracted from
the device manufacturer's software Heidelberg Eye Explorer (version
1.10.4.0, Heidelberg Engineering) with semi-automatic segmentation
of all retinal layers. All scans were checked for segmentation errors
by experienced graders (B.S. and C.P.) and corrected manually when
necessary. The OSCAR-IB and APOSTEL 2.0 recommendations were
applied for OCT data reporting and analysis in this study [23,24]. The
peripapillary retinal nerve fiber layer (pbRNFL) was measured with ac-
tivated eye tracker using ring scans around the optic nerve head (12°,
resolution: 768 pixels [X], 496 pixels [Z], 57 <ART<100) or the most
inner ring of a star-and-ring scan around the optic nerve (12°, resolu-
tion: 768 pixels [X], 496 pixels [Z], 57 <ART<100). The volume data
for total macular volume, macular retinal nerve fiber layer, combined
ganglion cell layer and inner plexiform layer (GCIPL), inner nuclear
layer, outer plexiform layer, and outer nuclear layer were calculated as
a 3mm diameter cylinder centered to the fovea derived from a macular
volume scan (20°x20° [5.9x5.9mm], 49 horizontal B-scans, resolu-
tion: 512 pixels [X]x 496 pixels [Z], 18 < ART <30). Optic disc volume-
try was performed using a volume scan centered to the optic disc
and measuring the total retinal volume (internal limiting membrane to
Bruchs membrane) in the 3.45mm ETDRS grid with the manufacturer's
software according to a previously described method [25]. Optic disc
rim area was measured manually in the infrared scanning laser ophthal-

moscope image with the caliper tool.

Statistical analysis

All data were collected in Microsoft Excel spreadsheets (version
16.25, Microsoft). Statistical analysis was performed in IBM SPSS
Statistics (version 28, IBM Corp.) and plotting of graphs was per-
formed using GraphPad Prism (version 9.3.1, Graphpad Software
Inc.). The Shapiro-Wilk and Kolmogorov-Smirnov tests were em-
ployed to test for normal distribution. The independent Student's
t-test or Mann-Whitney U test or chi-squared test were applied to
compare the imaging data between the two subgroups and Pearson's
or Spearman's correlation were applied to describe correlations be-
tween variables depending on the underlying data distribution level.

Statistical significance was defined as p <0.05.

RESULTS
Demographic data
After applying the exclusion criteria, 48 eyes of 25 patients were

included in the study. Both eyes were included in 23 patients. In
two patients, only one eye could be included due to unilateral

disease which was defined as missing symptoms and structural ab-
normalities as well as normal function (no decreased BCVA) in the
“healthy” eye. Only the time of onset with the first eye could be
taken into account for analysis. There was no patient in the cohort
whose LHON onset had an overlap between the age groups (e.g.,
one eye was first in the ChO and the next eye in the eTO LHON
group). The mean SE was -0.69+1.81D versus -1.96+1.96D
(ChO vs. eTO, p=0.026). None of the eyes showed tilted discs on
fundoscopy. Detailed demographic data and data on the distribu-
tion of mutations in the LHON groups can be found in Table 1.
For the control groups, 21 eyes of 21 subjects were included in
the ChO control group with a mean age of 12.2 + 3.4 (range 7-20)
years and 21 eyes of 21 subjects were included in the eTO con-
trol group with a mean age of 22.1 + 3.0 (range 15-25) years. Both
age distributions of the control groups were not statistically sig-
nificantly different from those of the corresponding LHON group
(ChO: p=0.25, eTO: p=0.08).

Functional and structural data

The mean BCVA was 0.65+0.52 logMAR in the ChO group and
1.60+0.51 logMAR in the €TO group (p<0.001). The proportion
of eyes with BCVA>1.3 logMAR (equivalent to decimal visual acu-
ity worse than 0.05 or Snellen worse than 20/400) was significantly
higher in the eTO group (78%) compared to the ChO group (19%)
with p<0.001 (chi-squared). In the OCT scan centered to the optic
nerve head, a significantly thicker global pRNFL (GpRNFL) was found
in the ChO group as compared to the €TO group (56.0+ 14.5um vs.
46.0+12.7um, p=0.015; Figure 1). In the macular volume scan, a
statistically significant difference was found in the GCIPL volume
(0.294+0.033mm?® vs. 0.266 +0.0027 mm?). A detailed summary of
all the structural data can be found in Table 2.

BCVA and GpRFNL had a statistically significant correlation in
the ChO group (Pearson r=-0.78, p<0.001; Figure 2) but not in
the eTO group (Pearson r=-0.19, p=0.33; Figure 2). When cor-
relating structure and function without grouping the data between
ChO and eTO, a statistically significant correlation between BCVA
and GpRNFL (Pearson r=-0.56, p<0.001) was observable also.
Over all groups, the structural parameters GpRNFL and GCIPL
showed a statistically significant correlation (rho=0.56, p<0.001,
Spearman).

The time interval between disease onset and the start of ide-
benone therapy varied between patients. However, no statistically
significant correlation of this time interval with the outcomes BCVA,
GpRNFL, and GCIPL was observable in both age groups.

When including only the eyes of patients with the m.11778G>A
mutation in a subgroup analysis, n=11 eyes of six patients remained
in the ChO group and n=15 eyes of eight patients in the eTO group,
all of them male. Again, a significantly better BCVA was observ-
able in the ChO group (0.86+0.40 logMAR vs. 1.72+0.50 logMAR,
p<0.001). A trend towards better preserved structure was observ-
able for GpRNFL (52.1+15.4pm ChO vs. 46.0+15.2um eTO) and
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TABLE 1 Overview of demographic data and the distribution of disease-causing mutations in the Leber hereditary optic neuropathy

groups.
Parameter Childhood-onset Early teenage-onset P value
neyes (npatients) 22 (11) 27 (14)
Male/female (npaﬁents) 9/2 14/0
Mean age at assessment (years) 13.7 +3.6 (7-19) 20.4+2.3(17-25)
Mean age at onset (years) 8.6+2.7 (4-12) 14.8+1.0 (13-16)
Mean follow-up (months) 44 +17 (21-74) 50+18 (20-90) 0.21
Time symptom onset to start of idebenone 13.6+13.5 (0-38.6) 7.7 +6.3(0.4-22.7) 0.21
treatment (months)
Laterality OD/OS 11/10 13/14
Spherical equivalent (diopters) -0.69+1.81(-4.125 to +2) -1.96+1.96 (-6.5 to +0.625) 0.026
Mode of onset: 2/9/0 11/3/0 0.003 (chi-squared)
Subacute/insidious/slowly progressive 18%/82%/0% 79%/21%/0%
Mutations (n patients)
m.11778G>A 6 8 0.67 (chi-squared)
m.14484T>C 3
m.3460G>A 2 4
Abbreviations: OD, right eye; OS, left eye.
(a) (b) FIGURE 1 Graphs (a, b) show the
100 1 * 0.40 7 *ok general peripapillary retinal nerve fibre
] layer thickness (GpRNFL, middle graph)
'g' 80 1 oo = 0.354 oo . . .
5 T .. e ° and the combined ganglion cell and inner
g 604 o '. E eofee L] plexiform layer volume (GCIPL, right
L] - .
z " ®egee Tt g 030 graph) for the childhood-onset (ChO)
8‘ e "l . 8 group and the early teenage-onset (€TO)
20 A " 0.251 group, respectively. Graphs (c, d) show the
p=0015 corresponding measurements for the age-
0 o' 0. 0.20 matched healthy control groups. Mean
[ & and standard deviation are indicated as
a horizontal line and whiskers. Level of
(c) ns (d) ns significance: *p <0.05; **p <0.01.
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GCIPL (0.286+0.030mm?® ChO vs. 0.265+0.025mm?® €TO) but did
not reach statistical significance in both cases with p=0.24 and
p=0.16, respectively.

Toassess theinfluence of myopia, asubgroup analysis with match-
ing for SE was conducted. After excluding the four most myopic eyes
from the eTO group, no statistically significant difference between
both groups was detected (-0.69+1,80D [ChO] vs. -1.38+1.44D
[eTO], p=0.164). Nevertheless, GpRNFL and GCIPL remained sig-
nificantly reduced in the eTO group (GpRNFL: 56.0+14.5 [ChO]

vs. 48.2+12.3 [eTO], p=0.031; GCIPL: 0.294+0.033 [ChO] vs.
0.269+0.028 [eTO], p=0.005). In the healthy control groups, no
statistically significant differences were found between the age
groups ChO and €TO for the parameters GpRNFL (100.6+12.0pum
vs. 100.0+9.8pm, p=0.87) and GCIPL (0.62+0.05 mm®  vs.
0.62+0.04mm?%, p=0.61). When comparing the LHON groups with
their corresponding control groups, the aforementioned parameters
were significantly lower in the LHON groups with p<0.001 each
(Figure 3).

85UB917 SUOWLLIOD SAIIERID 9|cealjdde 8y} Ag pousenoB ae Sajo1le YO ‘8sn J0 Se|n 10} ATeiqi 8UlIUO A8]IAA UO (SUONIPUOD-PUR-SWLS)/L0D AB 1M ARe1q|)BU1|UO//:SANL) SUONIPUOD PUe SWIs | 8U) 89S " [7202/90/90] Uo A%iqiauliuO AS|IM ‘/¥8ST SUS/TTTT OT/I0P/L0D A8 IM Alelq1BUlUD//:SANY WOJ) pepeojuMOd ‘8 ‘€202 ‘TEETSIYT



NEURODEGENERATION AND AGE IN LHON 2529
TAI.3L.E 2 Mean values +standard Early
deviation of the mean of structural data .
compared in both groups. Childhood-onset teenage-onset
Parameter (Ngyes=21) (Nyes=27) P value
BCVA (logMAR) 0.65+0.52 1.60+0.51 <0.001
PRNFL (um) 56.0+14.5 46.0+12.7 0.015
259+4.3 25.9+8.8 0.332°
49.5+17.1 43.2+20.2 0.258
TS 70.0+£27.2 59.0+17.3 0.3397
NS 85.6+29.4 61.0+22.8 0.002
63.8+21.6 47.8+16.9 0.006
NI 76.2+26.5 61.3+19.2 0.029
Macular volume T™MV 2.09+0.131 2.01+0.167 0.120°
scan (mm?) mRNFL 0.111:+0.047 0.101+0.022 0.588°
GCIPL 0.294+0.033 0.266+0.027 0.003
INL 0.300+0.044 0.280+0.032 0.013
OPL 0.216+0.033 0.222+0.018 0.442
ONL 0.564+0.046 0.567 +0.067 0.891
Optic disc volume Optic disc 2.02+0.28 1.68+0.25 <0.01
scan volume
(mm®)
Optic disc rim 1.94+0.21 2.03+0.26 0.21
area (mm?)

Abbreviations: BCVA, best-corrected visual acuity; G, global; GCIPL, combined ganglion cell layer
and inner plexiform layer; INL, inner nuclear layer; logMAR, logarithm of the minimum angle of
resolution; mMRNFL, macular retinal nerve fibre layer; N, nasal; NI, nasal-inferior; NS, nasal-superior;
ONL, outer nuclear layer; OPL, outer plexiform layer; pRNFL, peripapillary retinal nerve fibre layer;
T, temporal; Tl, temporal-inferior; TMV, total macular volume; TS, temporal-superior.

Indicates that a nonparametric test (Mann-Whitney U test) was performed; all other p values were
calculated with Student's t-test.
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FIGURE 2 Correlation graphs showing the relationship between general peripapillary retinal nerve fibre layer thickness (GpRNFL, pm)
and best-corrected visual acuity (BCVA, logarithm of the minimum angle of resolution logMAR) for the childhood-onset (ChO, graph a) group

and the early teenage-onset (eTO, graph b) group, respectively.

DISCUSSION

The results of this retrospective cross-sectional analysis show that
global pRNFL and GCIPL are less reduced in ChO compared to eTO
LHON. Furthermore, these structural differences correlate with
better functional outcome, with the mean BCVA being significantly
better in ChO LHON. To the best of our knowledge, this is the first
study reporting and comparing structural data and visual outcome in
ChO and eTO LHON under idebenone treatment.

The ChO LHON cohort presented in this study is compara-
ble to previously reported studies on ChO LHON with respect
to the distribution of the three major disease-causing mutations
(m.11778G>A=58%, m.3460G>A=17%, m.14484T>C=25%)
[10,11] and the less pronounced male preponderance. The pro-
portion of eyes with BCVA>1.3 logMAR (equivalent to decimal
BCVA<0.05) was markedly lower in the ChO group (19% in ChO vs.
78% in €TO). This is consistent with previous studies reporting that
19%-23% of the patients with ChO [10,11,13] and over 80% with

85UB917 SUOWLLIOD SAIIERID 9|cealjdde 8y} Ag pousenoB ae Sajo1le YO ‘8sn J0 Se|n 10} ATeiqi 8UlIUO A8]IAA UO (SUONIPUOD-PUR-SWLS)/L0D AB 1M ARe1q|)BU1|UO//:SANL) SUONIPUOD PUe SWIs | 8U) 89S " [7202/90/90] Uo A%iqiauliuO AS|IM ‘/¥8ST SUS/TTTT OT/I0P/L0D A8 IM Alelq1BUlUD//:SANY WOJ) pepeojuMOd ‘8 ‘€202 ‘TEETSIYT



SCHWORM ET AL.

FIGURE 3 First column: confocal scanning laser ophthalmoscope images showing a near-infrared fundus image of the posterior pole with
the macular region. Second and third columns: optical coherence tomography (OCT) images without and with retinal layer segmentation
highlighted, respectively. The first row (a-c) shows images of a 7-year-old male from the childhood-onset Leber hereditary optic neuropathy
(LHON) group. The second row (d-f) shows images of a 22-year-old male from the early teenage-onset LHON group. The third row (g-i)
shows images of a 22-year-old female from the healthy control group. The inner retinal layers of the LHON patients (ganglion cell layer
[GCLI: purple line = third segmentation line from above, inner plexiform layer [IPL]: mid-blue line = fourth segmentation line from above)

appear thinner compared to the healthy OCT image in the bottom row.

adult-onset remained <0.05 in the long-term natural course [26,27].
Thus, the outcome of the eTO group in this study was comparable to
that of adults [26,27].

There are several publications reporting structural OCT data in
normal pediatric populations, which were summarized in a recent
systematic review [28]. However, in order to achieve better compa-
rability and contingency of the data, age-matched healthy control

groups were added to the analysis of this study. Comparison of the
LHON groups with their corresponding control groups shows that
the LHON groups have significantly reduced structural parame-
ters throughout all measurements. An age-dependent decrease of
pRNFL in children is discussed controversially [28] and we believe
that the mean GpRNFL difference between the ChO and eTO LHON
groups of 10pum is very unlikely to be solely based on aging. The
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control groups presented here support this, as the age-dependent
structural differences between the LHON groups were not repli-
cated in the control groups (Figure 1). In order to analyze patients in
the chronic phase with stable structural and functional parameters,
patients were only included when visual acuity had been stable in
the 6 months before inclusion. It has been shown previously that the
thinning process in GCIPL and RNFL terminated 6 months after dis-
ease onset, which could be explained as a flooring effect of tissue
loss [21]. This indicates that with the inclusion criteria applied for
this study, it seems very likely that the imaging parameters represent
the final state of the disease.

An important aspect that requires discussion is the impact
of SE on retinal layer thickness measurements. Most normative
databases described a positive correlation between SE and RNFL
thickness [28]. In our study, the eTO mean SE was significantly
more myopic than in the ChO group which could impact the re-
sults. However, in a large population-based study, the mean in-
crease in pRNFL thickness per diopter was 1.39 pm in European
adults [29] whereas it was 1.7pum in Japanese schoolchildren
[30]. Applying these rates to the SE difference of 1.27 diopters
between the eTO and ChO group in the present study, the mean
GpRNFL difference should range between 1.77 and 2.16 um. The
actual difference between the groups is far higher (10.0pum). In
support of this, a subgroup analysis which excluded higher myopic
eyes as possible confounders showed that the structural differ-
ence between the groups stayed statistically significant. None of
the included eyes had tilted discs, an anatomical optic disc anom-
aly typical with higher myopia [31]. Furthermore, the optic disc
rim area of both groups did not differ significantly, indicating that
there were no significant differences in optic disc shape between
the groups.

A massive and early after onset reduction of pRNFL and GCIPL
has been described previously in adult-onset LHON [17-21].
Thinning of pRNFL has been shown to be more pronounced in the
temporal sectors [17,18,20] where the axons from the fovea enter
the optic nerve. In the present study, the mean temporal pRNFL was
thinner in the eTO group, but this was not statistically significant.
A reduction of pRNFL and GCIPL is regarded as a typical marker of
neuroaxonal degeneration, as it has been observed in many neuro-
degenerative diseases such as dementia, especially Alzheimer's dis-
ease [32], Parkinson's disease [33], and other rare neurodegenerative
diseases such as Niemann-Pick disease [34], Friedreich's ataxia [35],
and spinocerebellar ataxia [36]. Furthermore, neuroinflammatory
diseases such as multiple sclerosis also lead to reduced pRNFL thick-
ness and GCIPL volume, making these parameters potential markers
of disease activity and progression [37]. While the abovementioned
diseases cause a retrograde degeneration of retinal neuroaxonal tis-
sue, LHON is meant to be a primary retinopathy affecting retinal
ganglion cells first and then leading to anterograde axonal degener-
ation. In accordance with this concept, GCIPL was markedly reduced
in the present study. As pRNFL harbors the axons of retinal ganglion
cells, it seems not surprising that it was reduced as well and that
pRNFL and GCIPL showed a statistically significant correlation.

In LHON, there have been reports that structure and function
can diverge significantly; for example, in a case report, visual acuity
recovery was documented despite persistent loss of the GCL layer
[38]. This could be explained by a variable “functional reserve”, which
means that in some patients the remaining functional ganglion cells
have a better ability to pass on stimuli and therefore enable better
visual acuity than in other patients with a similar structural defect.
However, our results indicate that preserved structure actually does
correlate with preserved function. This is in clear contrast to chil-
dren with myelin oligodendrocyte glycoprotein antibody-associated
disease optic neuritis (MOG-ON), where a higher cortical neuroplas-
ticity was hypothesized to be responsible for better visual recovery
than in adults despite similar neuroaxonal atrophy [39]. However, in
contrast to LHON, MOG-ON cannot be assumed to be a primary
retinopathy, and so this causative model cannot be applied to LHON
patients. Here we demonstrated that a younger age of onset is asso-
ciated with less neuroretinal tissue loss and thus a less pronounced
functional deficit. We can only speculate about the reasons:

First, hormonal factors might play a role since 18% of the pa-
tients in the ChO group were female, while no female patients were
in the eTO group of this study. This distribution is in line with other
reports showing that the disease typically affects male individuals.
The cut-off after the age of 12years indicates that hormonal devel-
opment in puberty may play a role in the disease course. In fact, a
protective effect of estrogens has been hypothesized previously. In
an in vitro setting, LHON cybrid cells carrying the m.11778G>A mu-
tation showed better viability and less apoptosis in the presence of
estrogen-like compounds [40]. In a subgroup analysis, we analyzed
only male patients with the m.11778G>A mutation. Here again, the
eTO group had a worse BCVA and a trend towards more structural
damage. This indicates that apart from changes in estrogen levels,
the higher testosterone production in male adolescents could play a
role in facilitating LHON onset. Of note, the mode of disease onset
differed between the ChO and eTO groups, with a significantly more
frequent insidious disease onset in the ChO LHON group. The un-
derlying dynamics of disease onset could also serve as an explana-
tion for the differences in loss of neuroretinal tissue.

The study has several limitations. Due to the rare incidence of
LHON, especially at a young age, the sample size is small. The small
sample size leads to the next limitation, namely that for most pa-
tients both affected eyes were included in the statistical analysis
which might be a statistical confounder (intraindividual bias). The
cross-sectional approach in the chronic phase of the disease was
chosen to reach stable visual acuity endpoints, but a longitudinal
approach in the dynamic phase could probably help to character-
ize differences in the dynamics of loss of neuroretinal tissue in ChO
versus eTO LHON. A further limitation might be the fact that all an-
alyzed subjects received treatment with idebenone. This could limit
the results in such a way that they might not be transferable to un-
treated LHON. Interestingly, the visual outcome in the eTO group
of the present study seemed to be worse than in a recently pub-
lished cohort of patients without idebenone treatment (1.10+0.61
in the better eye and 1.32+0.50 in the worse eye vs. 1.60+0.51 in
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the present study) [13]. However, treatment effects of idebenone
cannot be derived from this study due to the limited sample size.
Prospective evaluation of idebenone treatment in these age groups
are warranted to assess differential treatment effects. Regarding
functional parameters, visual field data could have been a useful
addition to quantify the visual damage. A limitation of the dataset
regarding structural parameters was the absence of axial length
measurements.

In summary, by imaging with OCT significant structural differ-
ences were revealed in LHON with ChO compared to eTO. The more
favorable visual outcome in ChO LHON is consistent with a better-
preserved retinal nerve fiber layer and ganglion cell layer. These
findings underline the pathophysiological concept of a primary
retinopathy and the close relationship of structure and function in
LHON. Further studies are warranted to elucidate reasons for these

intriguing differences between age groups.
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