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Abstract

Purpose
Leber Hereditary Optic Neuropathy (LHON) is a primary mitochondrial disorder, where retinal ganglion
cell dysfunction typically leads to sequential blindness. Although targeted gene therapies have shown
promise, clinical trials have struggled to show efficacy using traditional biomarkers. Flavoprotein
autofluorescence (FPF) is able to quantify mitochondrial oxidative stress in vivo, and warrants
exploration as a potential biomarker for future clinical trials.

Methods
This was a cross-sectional exploratory study examining FPF in 13 LHON patients (24 eyes) and 18
controls (36 eyes). Raw FPF was quantified at the optic nerve head rim (Garway-Heath sectors) and the
macula (ETDRS sectors). Corrected values were also calculated accounting for tissue loss. Mixed
effects models were used to compare LHON and control groups and to examine other covariables.
Correlation with other established metrics was also examined.

Results
Both raw (t = 5.68, p < 0.001) and corrected (t = 7.63, p < 0.001) FPF values were significantly higher in
LHON patients at the optic nerve head. This was confirmed for all individual rim segments. In contrast,
only when corrected for tissue loss was macula FPF significantly higher (t = 6.65, p < 0.001). Symptom
duration, disease severity and age all variably influenced regression models. FPF was variably correlated
with other visual metrics.

Conclusions
FPF is significantly higher in LHON patients than controls both at the optic nerve head rim and central
macula. Tissue loss is a critical factor which must be taken into account. FPF may offer additional
information beyond traditional biomarkers, and shows good structure-function correlation.

Introduction
Leber Hereditary Optic Neuropathy (LHON, OMIM: 535000) is a mitochondrial disorder typically leading
to severe sequential visual loss in young patients. [1] It affects 1 in 30,000–50,000 people in European
cohorts, and approximately 1 in 9000 within these populations are carriers [2, 3]. As 95% of cases arise
from three discrete mutations in mitochondrial DNA (mtDNA: m.3460A > G, m.11778G > A, m.14484T > 
C) [4], targeted genetic therapies have been developed. [1]
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Clinical trials in LHON have largely used recovery of best corrected visual acuity [1], supported by a large
natural history study examining candidate biomarkers in LHON [5]. However, interpreting these trials has
not been straightforward. The variable natural history, sequential nature of visual loss and potential for
spontaneous visual improvement [1, 6], coupled with unanticipated visual improvement in contralateral
untreated eyes has called for a reevaluation of current study design and for more objective trial
endpoints. [1]

Flavoprotein fluorescence (FPF) is an emerging metabolic biomarker which is yet to be evaluated in
LHON patients. When mitochondria undergo oxidative stress, flavoproteins become oxidized. [7]
Oxidized flavoproteins emit a green fluorescence (~ 530nm) when excited by blue light (~ 460nm), a
phenomenon termed FPF. As flavoproteins are intimately linked to electron transport chain enzymes, FPF
affords real-time assessment of oxidative stress and is a surrogate for mitochondrial dysfunction.
Further, FPF intensity rises before apoptosis occurs, is quantifiable, is distinct from other retinal
fluorophores and is attenuated by N-acetyl-cysteine suggesting sensitivity to treatment response. [7–9] It
is therefore an attractive trial endpoint as it is non-invasive, quantifiable, objective, easily interpretable,
and most notably it directly measures the site of cellular dysfunction and therapeutic targets with high
conceptual validity. [10] FPF has been shown to be abnormal in primary open angle glaucoma [11, 12]
and ocular hypertension [11] and most recently optic disc drusen [13]. Herein we explore FPF as a
possible biomarker in LHON and discuss its potential role as a clinical trial endpoint.

Methods
Ethics approval

was granted by local HREC, and the study was carried out according to the Declaration of Helsinki. LHON
patients were identified from a pre-existing database across two tertiary clinics in Sydney, Australia. All
patients had genetically confirmed LHON with likely pathogenic or pathogenic mutations according to
ACMG guidelines [14], and included eyes required evidence of optic neuropathy without confounding
ocular comorbidities. Control patients were also recruited, and all had a normal ocular examination.
Informed consent was gained from all participants.

Data collection

All patients underwent visual acuity (best corrected visual acuity (BCVA), spectral domain optical
coherence tomography (SD-OCT) and FPF imaging. Subjective refraction was performed prior to testing
best corrected high contrast visual acuity. A logarithm of the minimum angle of resolution (LogMAR)
chart was used. Where a patient had vision less than 1.0 LogMAR, they were brought to a 1m distance. If
this failed, LogMAR values were derived from “count fingers”, “hand movements” and “light perception”
as per Lang et al. [15] Patients were dilated prior to SD-OCT testing. Images were captured using the
Heidelberg Spectralis (Heidelberg Engineering, Heidelberg, Germany). Peripapillary retinal nerve fibre
layer (RNFL) and macular were imaged, and were subdivided according to six-region Garway-Heath
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maps and posterior pole ETDRS sectors including layer segmentation respectively. All scans were
assessed for quality and clarity, with segmentation adjusted as required.

FPF image acquisition using the OcuMet Beacon (OcuSciences Inc. Ann Arbor, MI) has been described in
detail previously [8]. Standardized testing procedures included machine calibration, mesopic lighting
conditions, patient dilation and correct patient alignment. A 60o x 21.5o infrared image was taken to
assess quality and illumination, and to facilitate registration of the ONH rim and macula. A brief flash of
blue (455-470nm) light was followed by a 17o x 21.50 FPF image generated using a narrow band pass
filter (530-540nm) to detect the emitted green autofluorescence. Images were taken at the central
macula or optic nerve head (ONH) and were repeated once in each location. Images with poor quality
indices (FPF quality score < 50, shadow artefact, or poor centration or fixation) were removed from the
analysis.

Statistical Analysis
Image analysis by OcuSciences Inc. yielded “raw” FPF values for both the ONH rim and the macula which
included adjustment for lens FPF (see Fig. 1). Global and sectoral results were available for each. The
ONH rim was automatically identified and referenced from the matching infrared image, and subdivided
into six-location Garway-Heath sectors. Macular FPF signal within a 5.5mm diameter circle centered on
the fovea was analyzed. Only the inner five ETDRS sectors were used, as outer sectors typically lay partly
outside the imaged area. We then calculated “corrected” values to adjust for the degree of tissue loss by
dividing the raw score by OCT structural data. Global RNFL and sectoral RNFL OCT thicknesses were
used to adjust the corresponding optic disc FPF values. Similarly, global macular ETDRS GCL volume,
and ETDRS quadrant GCL thickness were used to correct the corresponding macula FPF values.

Statistical analysis used R 4.5.1 (R core team, 2025), and all data was screened for completeness and
outliers. Both eyes of each subject were included for analysis where possible. Baseline and demographic
data were compared between groups using two-sided Fisher’s exact test for categorical data, and Welch
t-test for continuous data. A linear mixed effects model was used to compare FPF metrics between
LHON patients and controls, while controlling within-subject clustering. Model assumptions were
assessed, while age, gender and idebenone use were included as covariables. Findings were reported as
estimated effect size with 95% confidence intervals, along with t statistic and p value. Subgroup analysis
was then performed on LHON patients to assess correlations between FPF metrics and other variables
using Spearman correlation. Mixed effects models were again used to test the effect of idebenone and
duration of symptoms on FPF values, correcting for patient age and severity of visual loss. Significance
level was set at p ≤ 0.05 throughout.

Results
A total of 13 LHON patients (24 eyes) and 18 controls (36 eyes) were recruited. Baseline demographics
and comparison statistics are detailed in Table 1. Almost half of LHON patients (6/13) were using
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idebenone, a rate significantly higher than controls. There were no other significant differences in
baseline characteristics between groups.

Table 1
– Baseline characteristics of recruited LHON patients and controls.

Total patients (n)

Total eyes (N)

LHON Controls Comparison p value

13

24a

18

36

 

Age 40.5 ± 15.5 40.9 ± 14.9 P = 0.94

Gender (female/total) 5/13 12/18 P = 0.13

Ethnicity (n)

- White

- Asian

- Otherb

10

1

2

12

6

0

P = 0.56c

Comorbidities (/n)

- DM

- Smoking

- HTN

1/13

1/13

3/13

0/18

1/18

0/18

P = 0.42

P = 0.84

P = 0.06

Idebenone use 6/13 0/18 P = 0.005

Spherical Equivalent -0.17 ± 1.21 -0.62 ± 1.68 P = 0.39

Age and spherical equivalent reported as mean +/- standard deviation. Categorical variables
represented as counts. DM – diabetes mellitus, HTN – hypertension. a Two LHON patients had one
eye excluded due to amblyopia (N = 1) or visually significant cataract (N = 1). b One patient was of
Aboriginal background, and another Middle-Eastern. c Calculated as European vs non-European.
There was also no significant difference between rates of individual Ethnic groups.

Mixed effect regression models were used to compare LHON patients and controls at the optic disc (see
Fig. 2 and supplementary table 1) and macula (Fig. 3 and supplementary table 2). At the disc, both raw
and corrected FPF values were significantly higher in LHON patients than controls (p < 0.001) in all
locations (global and sectors). Corrected FPF values tended towards higher t values than did raw FPF
values in most locations, but this was not the case in superonasal and nasal sectors. By way of
reference, comparing BCVA between groups in the same way yielded a similar level of significant
difference (t = 6.31, p < 0.001), while global macular GCL volume showed a greater level of difference (t = 
13.61, p < 0.01) between groups.
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At the macula, we found no significant difference in raw FPF values between LHON patients and controls
in any location. When corrected for OCT GCL loss, we found significantly higher (p < 0.001) FPF readings
in LHON patients compared to controls in all locations. T values for corrected macula FPF analysis were
comparable to those of the ONH.

Univariate correlation between FPF and other variables was restricted to LHON patients (Table 2). These
were performed at the subject (not individual eye) level, with the mean value taken for paired variables
where applicable. We found weak correlation between FPF values and BCVA. This correlation was
positive for optic disc FPF values, and negative for macular FPF values. Strong to very strong negative
correlations were found between OCT (macular GCL and RNFL) and disc FPF (raw and corrected)
metrics. This suggests FPF signal at the disc increases with OCT thinning. Log-duration of symptoms
showed strong positive correlation with disc FPF metrics, and variable positive correlation with macular
FPF metrics. In general, OCT metrics and symptom duration were better correlated with disc FPF values
than macula FPF values. Importantly for subsequent analysis, age and log duration of symptoms were
not correlated. It should be noted that corrected FPF values incorporate OCT data within them, so should
be interpreted cautiously.

Table 2
– Spearman correlation coefficients between different variables.

Age Mean FPF
disc

Mean FPF disc
corrected

Mean FPF
mac

Mean FPF mac
corrected

0.26 0.14 0.28 0.49

Mean BCVA 0.21 0.36 -0.32 -0.08

Log-duration of
symptoms

0.66 0.82 0.25 0.61

Mean mac GCL
volume

-0.88 -0.79 0.06 -0.51

Mean disc RNFL -0.72 -0.89 0.14 -0.33

Shaded cells identify scenarios where the corrected FPF composite metric contains the variable it is
being correlated with.

Mixed-effects models were again used to assess the impact of idebenone use, age, symptom duration
and BCVA (as a surrogate for disease severity) on FPF values (see Supplementary Table 3). We were
unable to detect a significant effect of idebenone use on FPF values in our LHON cohort. BCVA was
significantly positively correlated with raw disc FPF (t = 2.13, p = 0.047), but not for other FPF metrics.
There was stronger correlation between BCVA and disc FPF than macula FPF. Log-duration of symptoms
was also positively correlated with raw disc FPF (t = 2.43, p = 0.036), and trended towards a significant
positive correlation for corrected FPF disc (t = 1.83, p = 0.10) and corrected FPF macula (t = 1.96, p = 
0.11). These effects were independent of patient age.
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Discussion
To our knowledge, this is the first report to assess FPF in a LHON population. We have found a clear
difference between LHON patients and controls at the ONH, as well as at the macula when tissue loss is
controlled for. ONH FPF was significantly greater at all sectors and globally for both raw and corrected
values. At the macula, there was no significant difference in raw values between LHON patients and
controls. However, when tissue loss was accounted for, this revealed a significantly higher corrected FPF
in LHON patients at all inner ETDRS locations and globally. We found strong univariate correlation
between disc FPF values and structural OCT metrics at the ONH and macula at an individual level. When
individual eyes were analyzed with regression models, a positive correlation between raw ONH FPF and
BCVA was seen. Raw ONH was also found to be positively correlated with log-symptom duration both
with univariate and multivariate models. Correlations between macular FPF metrics were much weaker.

There is a growing need to assess novel biomarkers for future LHON trials. The only long term
prospective longitudinal study available [5] found 18% of LHON patients experienced spontaneous visual
recovery of > 15 ETDRS letters up to 6 years after visual loss. BCVA was thus considered the most
suitable trial end-point due to its sensitivity to detect change in visual function and therefore potential
treatment response. This rate of spontaneous recovery was supported by the pooled findings of
Newman et. al. [16] in 2020, along with the established sequence of visual nadir, followed by a dynamic
phase and finally stability of BCVA. Natural history data for other non-BCVA biomarkers is variable. Yang
et. al. [17] found changes in BCVA in LHON patients to correlate with 30 − 2 visual field mean deviation
and VFI as well as P100 metrics. Several variables have been shown to decline prior to BCVA loss,
including SS-PERG [18, 19] and OCT GCIPL [19]. Others have shown that VF [16, 20] and OCT [21, 22]
metrics may evolve beyond the classic nadir between 4–6 months.

Translating this background to the clinical trial setting, the potential issues with BCVA become more
apparent. In 2011, the RHODOS study [23] investigated the effect of idebenone in LHON patients using
best recovery of visual acuity as its primary end point. Despite enrolling 85 LHON patients and anecdotal
reports of treatment efficacy, the intention to treat analysis failed to reach statistical significance. Post-
hoc analysis found significant benefit in for those with discordant visual acuities and provides key
evidence for the use of idebenone in LHON patients. However it also highlights the difficulties and
potential pitfalls of BCVA in this population. More recently, the LEROS study [24] found a greater
proportion of idebenone-treated LHON patients achieving a clinically relevant benefit from 12 months of
idebenone treatment. What defines “clinically relevant recovery” or “clinically relevant benefit” is of
course debatable, and is one of the shortcomings of an analysis based on proportions. Similarly,
intravitreal allotopic intravitreal gene therapy trials have had their own challenges. In 2024, Lam [1] cited
spontaneous visual improvement, the sequential nature of visual loss and the subjectivity of BCVA as
key challenges encountered thus far. Three of the largest trials, RESCUE [25], REVERSE [26] and REFLECT
[27] failed to meet their primary end point of BCVA improvement following intravitreal injection.
Contralateral control eyes [25, 26] and those treated with placebo [27] also showed BCVA improvement,
which has also been found in unrelated studies [28]. The reliance on BCVA extends to other
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interventional studies for alternative therapies such as brimonidine [29], stem cell therapy [30],
cyclosporine [31] and elamipretide [32]. Lam [1] suggests that future trials would benefit from untreated
control LHON patients, however this would also affect recruitment and ethical considerations. As the
superiority of BCVA is not clear cut, alternative biomarkers such as FPF may also offer solutions, which
highlights the importance of this exploratory study.

In our cohort, raw ONH FPF was significantly higher (p < 0.001) across global and all Garway Heath rim
sectors, with comparable t statistics across all locations. Correcting for tissue loss inflated these values
further, again reaching strong significance in all locations (p < 0.001). Despite slightly lower levels of
significance compared to corrected metrics, multivariable regression models found raw ONH FPF was
positively correlated with BCVA (p = 0.047) while corrected values were not. There was also strong
univariate correlation between raw ONH FPF and structural metrics of RNFL (r = -0.72) and GCL volume
(r = -0.88). As the corrected ONH FPF did not offer any clear benefit and introduces an additional
variable, the global raw ONH FPF is likely the most simple and effective marker of optic nerve FPF. Taken
together, raw ONH FPF is significantly higher in LHON patients than controls, and correlates with other
markers of visual system structure and function. Although reports of FPF in other optic neuropathies are
limited, Zhou et. al. [12] found similar results in POAG eyes when measuring FPF at the ONH rim. POAG
eyes had higher FPF readings compared to controls, and were correlated with VF MD, VF PSD and OCT
RNFL.

Macular FPF was more complicated than our ONH results. In LHON patients, raw macular FPF was lower
at all locations except the fovea, and no location reached statistical significance. However when
corrected for tissue loss, all locations showed significantly higher FPF metrics (p < 0.001). The
importance of correcting for tissue loss has been noted by Geyman et. al. [11], who proposed that tissue
loss means fewer mitochondria are able to fluoresce. By correcting for tissue loss (dividing raw FPF by a
corresponding structural metric), the resulting “FPF per unit of tissue” offers an alternative metric to raw
FPF. Correlation with BCVA was very weak (-0.07), and correlation with structural metrics is inappropriate
as the composite value comprises structural OCT results already. Thus, corrected macular FPF was
significantly higher in LHON patients than controls, but its utility appears limited given minimal
correlation with other markers of visual function as well as the inherent shortcomings of a composite
metric.

As a potential clinical trial end-point in LHON studies, several points should be noted. The first is the
promising results of raw ONH FPF values in this cohort. The strongly significant results, coupled with
strong correlation to existing visual biomarkers supports its relevance. Unlike BCVA it is objective and
quantifiable, and unlike structural metrics it affords real-time functional and metabolic information about
the target tissue. Strong correlations between particularly ONH FPF and structural OCT metrics supports
a structure-function relationship. More than this, it has high conceptual validity as it images the target
tissue directly, and measures mitochondrial function which is both the pathologic organelle as well as
the direct therapeutic target [10]. The only caveat to its utility may be a relatively higher test-retest
variability, with variable registration and vessel masking along with unstable fixation contributing.
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Although only performed in one subject, coefficient of variation (CoV) of ONH rim FPF was as 8.2% in a
POAG patient compared with 10.5% in a control [12]. Macular FPF CoV was lower − 1.68% in a diseased
eye (not defined) and 2.82% in a control eye in a different study [8]. This remains to be assessed in a
LHON cohort.

The second is the sensitivity to tissue loss, particularly at the macular. While we did not find any reason
to favour macular FPF over ONH FPF, this must be kept in mind and adjusted for if macular values are to
be used. It is unclear which marker of tissue loss is best, and the introduction of a second variable
carries with it its own issues for a methodological and statistical viewpoint.

The third is a suggestion of how FPF behaves over time. There was a strong correlation between raw
ONH FPF and log-duration of symptoms on univariate analysis, and a mixed effects model again found a
positive correlation (t = 2.43, p = 0.036). This suggests that there may be an initial steep increase in FPF
which plateaus over time. Although this does not offer much information about initial changes around
the time of visual loss, it suggests that FPF values stay elevated long after symptom onset. In other
words, there is no descending limb, and suggests spontaneous improvement may be less likely to be
seen with ONH FPF than with BCVA. It also suggests that in the acute phase there may be more rapid
FPF changes, and that this dynamic phase may be prime for detecting treatment response and
optimizing sensitivity.

Conclusion
In a condition where previous trials have rested heavily on BCVA to measure treatment response, FPF
offers an objective alternative. Where the vast majority of LHON patients possess BCVA < 6/60 or “off
the chart”, the traditional measure of 3 lines of improvement may be less relevant. Instead, a metabolic
approach where a therapy can be proven to alter cellular functioning may prove more useful. This study
is limited by its small cohort, and the cross-sectional nature limits predictions regarding change over
time. Establishing test-retest variability, along with dedicated longitudinal studies will be required to
evaluate its utility as a clinical trial endpoint.

Declarations
Competing Interests

Funding:The authors did not receive support from any organization for the submitted work. Competing
interests:Authors CO and CF have no relevant financial or non-financial interests to disclose. JG is
supported by Belite Bio, although not directly relevant to this study.

Funding:
The authors did not receive support from any organization for the submitted work.

Page 9/17



Competing interests:

Authors CO and CF have no relevant financial or non-financial interests to disclose. JG is supported by
Belite Bio, although not directly relevant to this study.

Author Contribution
CO, JG and CF were all responsible for study design and set upCO performed testing, statistical analysis
and manuscript preparationCO, JG and CF were all involved in manuscript revisions and final submission

Acknowledgement
We thank the team at OcuSciences Inc for their expertise, access to the OcuMet Beacon and processing
of image results.

Data Availability
All data supporting the findings of this study are available within the paper and its Supplementary
Information. Results of regression models and covariate effect estimates are available from
supplementary tables 1-3.

References
1. Lam BL (2024) Leber hereditary optic neuropathy gene therapy. Current opinion in ophthalmology 35:
244–251 DOI https://dx.doi.org/10.1097/ICU.0000000000001028

2. Puomila A, Hämäläinen P, Kivioja S, Savontaus M-L, Koivumäki S, Huoponen K, Nikoskelainen E (2007)
Epidemiology and penetrance of Leber hereditary optic neuropathy in Finland. European Journal of
Human Genetics 15: 1079–1089 DOI 10.1038/sj.ejhg.5201828

3. Yu-Wai-Man P, Griffiths PG, Brown DT, Howell N, Turnbull DM, Chinnery PF (2003) The epidemiology of
Leber hereditary optic neuropathy in the North East of England. Am J Hum Genet 72: 333–339 DOI
10.1086/346066

4. Yu-Wai-Man P, Turnbull DM, Chinnery PF (2002) Leber hereditary optic neuropathy. J Med Genet 39:
162–169 DOI 10.1136/jmg.39.3.162

5. Lam BL, Feuer WJ, Schiffman JC, Porciatti V, Vandenbroucke R, Rosa PR, Gregori G, Guy J (2014) Trial
end points and natural history in patients with G11778A Leber hereditary optic neuropathy : preparation
for gene therapy clinical trial. JAMA ophthalmology 132: 428–436 DOI
https://dx.doi.org/10.1001/jamaophthalmol.2013.7971

Page 10/17



6. Newman NJ, Carelli V, Taiel M, Yu-Wai-Man P (2020) Visual Outcomes in Leber Hereditary Optic
Neuropathy Patients With the m.11778G > A (MTND4) Mitochondrial DNA Mutation. Journal of Neuro-
Ophthalmology 40: 547–557 DOI 10.1097/wno.0000000000001045

7. Field MG, Yang D, Bian Z-M, Petty HR, Elner VM (2011) Retinal flavoprotein fluorescence correlates
with mitochondrial stress, apoptosis, and chemokine expression. Experimental Eye Research 93: 548–
555 DOI https://doi.org/10.1016/j.exer.2011.06.023

8. Ahsanuddin S, Rios HA, Otero-Marquez O, Macanian J, Zhou D, Rich C, Rosen RB (2023) Flavoprotein
fluorescence elevation is a marker of mitochondrial oxidative stress in patients with retinal disease.
Front Ophthalmol (Lausanne) 3: 1110501 DOI 10.3389/fopht.2023.1110501

9. Chen AX, Conti TF, Hom GL, Greenlee TE, Raimondi R, Briskin IN, Rich CA, Kampani R, Engel R, Sharma
S, Talcott KE, Singh RP (2021) Functional imaging of mitochondria in retinal diseases using flavoprotein
fluorescence. Eye (Lond) 35: 74–92 DOI 10.1038/s41433-020-1110-y

10. Strimbu K, Tavel JA (2010) What are biomarkers? Curr Opin HIV AIDS 5: 463–466 DOI
10.1097/COH.0b013e32833ed177

11. Geyman LS, Suwan Y, Garg R, Field MG, Krawitz BD, Mo S, Rosen RB (2018) Noninvasive detection of
mitochondrial dysfunction in ocular hypertension and primary open-angle glaucoma. Journal of
Glaucoma 27: 592–599 DOI 10.1097/IJG.0000000000000980

12. Zhou DB, Castanos MV, Geyman L, Rich CA, Tantraworasin A, Ritch R, Rosen RB (2022) Mitochondrial
Dysfunction in Primary Open-Angle Glaucoma Characterized by Flavoprotein Fluorescence at the Optic
Nerve Head. Ophthalmol Glaucoma 5: 413–420 DOI 10.1016/j.ogla.2021.12.006

13. Pujari RR, Yu M, Zhang J, Almeda L, Pugazhendhi S, Zhu P, Rich C, Moss HE, Beres S, Liao YJ (2026)
Optic Disc Flavoprotein Fluorescence Imaging as a Novel Method to Quantify Disease Burden in Optic
Disc Drusen. American Journal of Ophthalmology 283: 14–25 DOI 10.1016/j.ajo.2025.11.018

14. Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, Grody WW, Hegde M, Lyon E, Spector E,
Voelkerding K, Rehm HL (2015) Standards and guidelines for the interpretation of sequence variants: a
joint consensus recommendation of the American College of Medical Genetics and Genomics and the
Association for Molecular Pathology. Genet Med 17: 405–424 DOI 10.1038/gim.2015.30

15. Lange C, Feltgen N, Junker B, Schulze-Bonsel K, Bach M (2009) Resolving the clinical acuity
categories "hand motion" and "counting fingers" using the Freiburg Visual Acuity Test (FrACT). Graefes
Arch Clin Exp Ophthalmol 247: 137–142 DOI 10.1007/s00417-008-0926-0

16. Newman NJ, Carelli V, Taiel M, Yu-Wai-Man P (2020) Visual Outcomes in Leber Hereditary Optic
Neuropathy Patients With the m.11778G > A (MTND4) Mitochondrial DNA Mutation. Journal of neuro-

Page 11/17



ophthalmology : the official journal of the North American Neuro-Ophthalmology Society 40: 547–557
DOI https://dx.doi.org/10.1097/WNO.0000000000001045

17. Yang S, Yang H, Ma S-Q, Wang S-S, He H, Zhao M-J, Li B (2016) Evaluation of Leber's hereditary optic
neuropathy patients prior to a gene therapy clinical trial. Medicine 95: e5110 DOI
https://dx.doi.org/10.1097/MD.0000000000005110

18. Guy J, Feuer WJ, Porciatti V, Schiffman J, Abukhalil F, Vandenbroucke R, Rosa PR, Lam BL (2014)
Retinal ganglion cell dysfunction in asymptomatic G11778A: Leber hereditary optic neuropathy.
Investigative ophthalmology & visual science 55: 841–848 DOI https://dx.doi.org/10.1167/iovs.13-13365

19. Lam BL, Feuer WJ, Porciatti V, Davis JL, Zheng DD, Vanner EA, Savatovsky EJ, Alba DE, Guy J (2024)
Leber Hereditary Optic Neuropathy Gene Therapy: Longitudinal Relationships Among Visual Function
and Anatomical Measures. American journal of ophthalmology 257: 113–128 DOI
https://dx.doi.org/10.1016/j.ajo.2023.09.005

20. Nakamura M, Yamamoto M (2000) Variable pattern of visual recovery of Leber's hereditary optic
neuropathy. The British journal of ophthalmology 84: 534–535 DOI
https://dx.doi.org/10.1136/bjo.84.5.534

21. Barboni P, Savini G, Valentino ML, Montagna P, Cortelli P, De Negri AM, Sadun F, Bianchi S, Longanesi
L, Zanini M, de Vivo A, Carelli V (2005) Retinal nerve fiber layer evaluation by optical coherence
tomography in Leber's hereditary optic neuropathy. Ophthalmology 112: 120–126 DOI
https://dx.doi.org/10.1016/j.ophtha.2004.06.034

22. Seo JH, Hwang JM, Park SS (2010) Comparison of retinal nerve fibre layers between 11778 and
14484 mutations in Leber's hereditary optic neuropathy. Eye (London, England) 24: 107–111 DOI
https://dx.doi.org/10.1038/eye.2009.36

23. Klopstock T, Yu-Wai-Man P, Dimitriadis K, Rouleau J, Heck S, Bailie M, Atawan A, Chattopadhyay S,
Schubert M, Garip A, Kernt M, Petraki D, Rummey C, Leinonen M, Metz G, Griffiths PG, Meier T, Chinnery
PF (2011) A randomized placebo-controlled trial of idebenone in Leber's hereditary optic neuropathy.
Brain : a journal of neurology 134: 2677–2686 DOI https://dx.doi.org/10.1093/brain/awr170

24. Yu-Wai-Man P, Carelli V, Newman NJ, Silva MJ, Linden A, Van Stavern G, Szaflik JP, Banik R, Lubiński
W, Pemp B, Liao YJ, Subramanian PS, Misiuk-Hojło M, Newman S, Castillo L, Kocięcki J, Levin MH,
Muñoz-Negrete FJ, Yagan A, Cherninkova S, Katz D, Meunier A, Votruba M, Korwin M, Dziedziak J, Jurkutė
N, Harvey JP, La Morgia C, Priglinger C, Llòria X, Tomasso L, Klopstock T (2024) Therapeutic benefit of
idebenone in patients with Leber hereditary optic neuropathy: The LEROS nonrandomized controlled trial.
Cell Rep Med 5: 101437 DOI 10.1016/j.xcrm.2024.101437

25. Newman NJ, Yu-Wai-Man P, Carelli V, Moster ML, Biousse V, Vignal-Clermont C, Sergott RC, Klopstock
T, Sadun AA, Barboni P, DeBusk AA, Girmens JF, Rudolph G, Karanjia R, Taiel M, Blouin L, Smits G, Katz B,

Page 12/17



Sahel J-A (2021) Efficacy and Safety of Intravitreal Gene Therapy for Leber Hereditary Optic Neuropathy
Treated within 6 Months of Disease Onset. Ophthalmology 128: 649–660 DOI
https://dx.doi.org/10.1016/j.ophtha.2020.12.012

26. Yu-Wai-Man P, Newman NJ, Carelli V, Moster ML, Biousse V, Sadun AA, Klopstock T, Vignal-Clermont
C, Sergott RC, Rudolph G, La Morgia C, Karanjia R, Taiel M, Blouin L, Burguiere P, Smits G, Chevalier C,
Masonson H, Salermo Y, Katz B, Picaud S, Calkins DJ, Sahel J-A (2020) Bilateral visual improvement with
unilateral gene therapy injection for Leber hereditary optic neuropathy. Science translational medicine 12
DOI https://dx.doi.org/10.1126/scitranslmed.aaz7423

27. Newman NJ, Yu-Wai-Man P, Subramanian PS, Moster ML, Wang AG, Donahue SP, Leroy BP, Carelli V,
Biousse V, Vignal-Clermont C, Sergott RC, Sadun AA, Rebolleda Fernández G, Chwalisz BK, Banik R, Bazin
F, Roux M, Cox ED, Taiel M, Sahel JA (2023) Randomized trial of bilateral gene therapy injection for
m.11778G > A MT-ND4 Leber optic neuropathy. Brain 146: 1328–1341 DOI 10.1093/brain/awac421

28. Yang S, Ma S-Q, Wan X, He H, Pei H, Zhao M-J, Chen C, Wang D-W, Dong X-Y, Yuan J-J, Li B (2016)
Long-term outcomes of gene therapy for the treatment of Leber's hereditary optic neuropathy.
EBioMedicine 10: 258–268 DOI https://dx.doi.org/10.1016/j.ebiom.2016.07.002

29. Newman NJ, Biousse V, David R, Bhatti MT, Hamilton SR, Farris BK, Lesser RL, Newman SA, Turbin RE,
Chen K, Keaney RP (2005) Prophylaxis for second eye involvement in leber hereditary optic neuropathy:
an open-labeled, nonrandomized multicenter trial of topical brimonidine purite. American journal of
ophthalmology 140: 407–415 DOI https://dx.doi.org/10.1016/j.ajo.2005.03.058

30. Weiss JN, Levy S, Benes SC (2016) Stem Cell Ophthalmology Treatment Study (SCOTS): bone
marrow-derived stem cells in the treatment of Leber's hereditary optic neuropathy. Neural regeneration
research 11: 1685–1694 DOI https://dx.doi.org/10.4103/1673-5374.193251

31. Leruez S, Verny C, Bonneau D, Procaccio V, Lenaers G, Amati-Bonneau P, Reynier P, Scherer C,
Prundean A, Orssaud C, Zanlonghi X, Rougier M-B, Tilikete C, Milea D (2018) Cyclosporine A does not
prevent second-eye involvement in Leber's hereditary optic neuropathy. Orphanet journal of rare diseases
13: 33 DOI https://dx.doi.org/10.1186/s13023-018-0773-y

32. Karanjia R, Sadun AA (2024) Elamipretide Topical Ophthalmic Solution for the Treatment of Subjects
with Leber Hereditary Optic Neuropathy: A Randomized Trial. Ophthalmology 131: 422–433 DOI
https://dx.doi.org/10.1016/j.ophtha.2023.10.033

Figures

Page 13/17



Figure 1

Sample FPF data for the right eye (OD) of a control (top) and LHON (bottom) patient. a) and e) Infrared
image showing area imaged for FPF at the ONH (green square) and macula (green circle). b) and f)
macula FPF findings, with overlaid ETDRS (yellow) grid. c) and g) ONH rim FPF images, with readings
taken from between the inner and outer red concentric n-gons. This was further quantified to give d) and
h), with global and 6-location Garway-Heath maps showing the patient’s raw FPF intensity (dB gsu) along
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with age-matched population average in brackets below. All raw images (a-c, e-g) show image quality
(IQ) score. All FPF images (b,c,f,g) depict FPF intensity according to the heat map on right vertical axis,
as well as global FPF from within the imaged area (“Retina:”) and an estimation of patient age based on
lens plane signal (“Lns:”)

Figure 2

Pictorial representation of FPF values at the optic nerve head.Top schematic shows the Garway-Heath
sectors for a right eye, G – global, T – temporal, ST – superotemporal, IT – inferotemporal, N – nasal, SN
– superonasal, IN – inferonasal. Below are the FPF values in each sector for raw and corrected values in
LHON patients and controls. Right column shows the estimated effect sizes derived from linear mixed
effects models, given as effect size (t statistic). A positive value represents a higher FPF value in LHON
patients than controls. A larger t statistic represents a greater statistical difference between the two
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groups. Sector colours represent the direction and statistical significance of the effect size, as per the
key (top right).

Figure 3

Pictorial representation of FPF values within the macula ganglion cell layer.Top schematic shows the
ETDRS grid over the macula of a right eye. C – central, IN – inner nasal, ON – outer nasal, IS – inner
superior, OS – outer superior, II – inner inferior, OI – outer inferior, IT – inner temporal, OT – outer
temporal. G – global, T – temporal, ST – superotemporal, IT – inferotemporal, N – nasal, SN –
superonasal, IN – inferonasal. Below are the FPF values for central and inner ETDRS sectors for raw and
corrected values in LHON patients and controls. Right column shows the estimated effect sizes derived
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from linear mixed effects models, given as effect size (t statistic). A positive value represents a higher
FPF value in LHON patients than controls. A larger t statistic represents a greater statistical difference
between the two groups. Sector colours represent the direction and statistical significance of the effect
size, as per the key (top right)
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