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ABSTRACT 

Introduction and aims: Neuro-ophthalmological findings in mitochondrial diseases are very 

common and may manifest in form of optic atrophy, pigmentary retinopathy, chronic progressive 

external ophthalmoplegia and retrochiasmal visual loss. The aims of this project were a deep 

characterization of the neuro-ophthalmological and electrophysiological phenotypes of patients with 

genetically confirmed mitochondrial diseases, either due to nuclear or mitochondrial DNA mutations. 

Identification of specific phenotype-genotype correlations and of clinical-instrumental measures of 

progression/response to therapy were secondary aims. 

Methods: The project is articulated into 3 parts: 1) characterization of patients with Dominant Optic 

Atrophy (DOA) phenotype associated with mutations in two nuclear genes (AFG3L2 and ACO2), 

rare cause of disease, in comparison with classical OPA1-associated DOA; 2) characterization of 

patients with mtDNA mutations affecting tRNA-encoding genes, causing respectively MELAS and 

MERRF syndromes, and correlation with heteroplasmy; 3) longitudinal evaluation of acute Leber’s 

Hereditary Optic Neuropathy (LHON) patients with m.11778G>A/MTND4 mutation treated with 

rAAV2/2-ND4 gene therapy. We performed a comprehensive neuro-ophthalmological assessment 

including Optic Coherence Tomography (OCT), visual fields and autofluorescence, coupled with 

electrophysiological examination, variably combining pattern electroretinogram (P-ERG), visual 

evoked potential (VEP), full-field ERG, and Photopic negative response (PhNR). 

Results: In the first part, we described and compared 23 ACO2 and 13 AFG3L2 patients with 72 age- 

and gender-matched OPA1 patients. All patients presented optic atrophy predominant in the temporal 

quadrant with various degrees of visual impairment. Comparison between AFG3L2 and OPA1 failed 

to reveal any significant difference. ACO2 patients presented overall higher values of nasal retinal 

nerve fiber layer (RNFL) thickness and average and sectorial ganglion cell layer (GCL) thickness 

compared to both AFG3L2 and OPA1, reflecting also in a less severe functional impairment at P-

ERG and VEP. These results were confirmed also comparing separately affected and visually 

asymptomatic patients.  

In the second part, we compared 33 MELAS and 8 MERRF patients. Retinopathy was the most 

common neuro-ophthalmological manifestation in 17/33 MELAS patients, displaying a large 

variability of clinical expression and severity amongst patients, confirmed at autofluorescence and 

electrophysiology. Conversely, optic atrophy was the most common finding in 7/8 MERRF patients, 

reflecting also in significantly lower values of RNFL thickness at OCT compared to MELAS despite 

an overall preserved visual function. A significant negative correlation of heteroplasmic mutant loads 

with age was confirmed both in blood and urinary cells in MELAS, but not in muscle nor in MERRF. 

Correlation of heteroplasmic mutant loads with neuro-ophthalmological parameters failed to disclose 



 
 

any significance in MELAS, while mutational load negatively correlated with both RNFL and GCL 

thickness in MERRF. 

In the third part, we prospectively investigated modifications in visual acuity, OCT parameters, Flash 

VEP and PhNR of 9 acute LHON patients co-treated for the first time with gene therapy and 

idebenone at 900mg/die. We compared the results at 3 timepoints (before intravitreal injection, after 

6 and 12 months). We observed a significant progressive decrease overtime of RNFL thickness, 

reduction of N2 component at Flash VEP and of PhNR amplitude with increased PhNR latency. 

Interestingly, visual acuity significantly improved overall at last evaluation of about -0.37 LogMAR, 

and it correlated significantly with time from onset and from injection, but not with idebenone therapy 

duration. 

Discussion: clinically DOA remains a fairly homogeneous entity despite growing genetic 

heterogeneity. ACO2 seems associated overall to better preservation of retinal ganglion cells (RGCs), 

probably depending on a different pathogenic mechanism involving mtDNA maintenance, as opposed 

to AFG3L2, which is involved in OPA1 processing, and it resulted virtually indistinguishable from 

classic OPA1-DOA. MELAS and MERRF patients presented with a clearly distinct ocular phenotype, 

respectively retinopathy in MELAS and optic atrophy in MERRF, possibly reflecting a selective 

susceptibility of different retinal cell types, respectively photoreceptors in MELAS and RGCs in 

MERRF, to a prevalent and global energy defect or to a prevalent oxidative stress insult. Longitudinal 

follow up of subacute LHON patients treated with gene therapy confirmed the reduction in RNFL 

thickness expected by natural history disease progression, describing for the first time the progressive 

deterioration in electrophysiological parameters, especially PhNR amplitude, which provides a direct 

measure of RGCs function. The amount of visual acuity improvement (-0,37 LogMAR) is remarkably 

similar to the one observed in recent clinical trials with rAAV2/2-ND4 gene therapy, nevertheless the 

effect of co-administration of idebenone therapy cannot be completely ruled out. 
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1. GENERAL INTRODUCTION 

 

Mitochondria are double-membrane cytoplasmic organelles, present in virtually all eukaryote cell, 

that host a number of metabolic pathways, including amino acid metabolism and fatty acid oxidation, 

and are involved in the apoptotic signalling for cell death; nevertheless, their major function is to 

produce energy in form of adenosine triphosphate (ATP) for the cell through the biochemical process 

of oxidative phosphorylation (OXPHOS). This is carried out by the mitochondrial respiratory chain, 

which consists in a series of redox reactions taking place at the inner mitochondrial membrane. Four 

embedded respiratory enzymatic complexes shuttle electrons one to the other and conserve the 

released energy by transferring protons across the membrane, thus building an electrochemical 

gradient charging the membrane potential, which is eventually used by a fifth enzyme to catalyse the 

ATP synthesis, the final reaction of OXPHOS (DiMauro et al., 2013). 

Mitochondria carry multiple copies of their own circular mitochondrial DNA (mtDNA). This small 

genome contains 13 genes encoding subunits of the OXPHOS complexes, and other 24 genes 

necessary to the local protein synthesis: two mitochondrial specific ribosomal RNAs (rRNAs) and 22 

transfer RNAs (tRNAs). This is also needed because the genetic code of mtDNA differs from the 

nuclear DNA (nDNA), making the two genomes reciprocally untranslatable. The mtDNA 

polypeptides are all subunits of four OXPHOS complexes, namely I, III, IV and V, and they interact 

with over 70 protein subunits encoded by nuclear genes and several non-protein prosthetic groups. 

Additional nucleus-encoded factors are essential for mtDNA maintenance and expression, as well as 

for formation and activity of the mitochondrial respiratory chain (Zeviani and Carelli, 2021). 

Consequently, genetic defects affecting mtDNA or OXPHOS-related nDNA genes can impair ATP 

synthesis and determine a mitochondrial dysfunction, ultimately causing human disease that may 

affect either paediatric or adult patients. To fully understand the pathogenic mechanisms of 

mitochondrial diseases, it is necessary to remind the key differences between the nDNA and mtDNA 

genetics. First, mutations affecting the mtDNA do not follow the traditional Mendelian rules since all 

mitochondria are inherited exclusively through the female germline, i.e. the oocytes, hence mtDNA 

mutations are only transmitted through the maternal lineage. Second, the concept of 

homoplasmy/heteroplasmy that depends on the presence of a homogenous mtDNA sequence or the 

coexistence of mutant and wild type mtDNA, which may segregate differently in somatic tissues and 

in the germline. Third, the threshold effect implicating that a certain amount of mutant load is 

necessary to cause mitochondrial dysfunction and this may vary from tissue to tissue. Forth, the high 

mutational rate and selection of different sequence variants, which ultimately shapes the population-

specific mtDNA haplogroups (La Morgia et al 2020). These paradigms and the double genetic 
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contribution account for the extreme complexity of genotype–phenotype correlations in 

mitochondrial diseases, in terms of variable penetrance and clinical expressivity, which is also due to 

selective cellular susceptibility to a specific genetic and biochemical defect. Tissue and organs with 

high energy demand, such as brain, skeletal and cardiac muscles and eyes, are more susceptible to 

inadequate ATP supply caused by mitochondrial dysfunction. This explains why primary 

mitochondrial disorders usually cause neurodegeneration and/or myopathy as main symptoms both 

in children and adults (DiMauro et al., 2013). However, specific mitochondrial syndromes may 

involve any other organ, either individually or in combination. Although individually rare, when 

taken together as a group, primary mitochondrial disorders affect 1 individual in 4300 live births in 

Europe. However, the number of individuals carrying a mtDNA mutation, even in a percentage below 

the clinical threshold, is probably much higher, around 1 in 500 live births (McFarland et al., 2010). 

 

1.1 NEURO-OPHTHALMOLOGIC FINDINGS IN MITOCHONDRIAL DISEASES 

Ophthalmological findings in mitochondrial disease are very common, although their frequency is 

still unclear. The four most common neuro-ophthalmic manifestations are: optic neuropathy, 

pigmentary retinopathy, muscular involvement in form of isolated ptosis or chronic progressive 

external ophthalmoplegia (CPEO), and retrochiasmal visual loss (Fraser et al., 2010). 

A retrospective study of 59 pediatric patients with genetically confirmed mitochondrial disease found 

that 81% had ophthalmologic manifestations. A total of 28% of patients had abnormal macular and/or 

peripheral retinal pigmentation, while retinal dystrophy was present in 27%. Other common findings 

included: reduced eye motility, partial or total optic atrophy and refractive errors (Gronlund et al., 

2010). Another pediatric study showed ocular involvement in 40/75 (53%) of patients. However, 

genetic diagnosis was not available for all patients (Skladal et al., 2003). A more recent retrospective 

study (Zhu et al., 2017) including 74 patients with confirmed mitochondrial syndrome or mutation, 

showed a lower prevalence of ophthalmological abnormalities, present in 35% of patients. Retinal 

pigmentary changes were the most common finding, present in 16% of patients, while optic atrophy 

was noted in 10%. Decreased extra-ocular movements were present in 8% of patients. 

We briefly describe the state of the art of the most common ophthalmological manifestations and the 

related mitochondrial disease, including available electrophysiological studies. 

 

1.1.1 Optic atrophy (OA) 

In the presence of mitochondrial mutations, bilateral OA may occur as part of systemic disease or as 

isolated manifestation, as in the two most common Hereditary Optic Neuropathies, i.e. Leber’s 

Hereditary Optic Neuropathy (LHON) and Dominant Optic Atrophy (DOA). These two diseases, 
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even if different in genetic transmission, have in common the selective vulnerability of the retinal 

ganglion cells (RGCs) and their axons forming the optic nerve. Histochemical studies have shown an 

uneven distribution of mitochondria in RGC axons with clustering in unmyelinated retinal and 

prelaminar portions and an abrupt decrease in number posteriorly to the lamina cribrosa where 

myelination begins. This suggests increased energy requirement and a special vulnerability of the 

prelaminar RGC axons to bioenergetic failure, in particular of the smaller-diameter P-type RGCs and 

their fibers in the papillomacular bundle, explaining the typical loss of central vision in both LHON 

and DOA (Carelli et al., 2004). 

 

LHON 

LHON is a maternally inherited disease, associated with mtDNA point mutations in genes encoding 

subunits of complex I of the respiratory chain. The three most common mtDNA mutations, 

accounting for about 90% of cases, are: m.11778G>A/MT-ND4 (69%), m.14484T>C/MT-ND6 

(14%), and m.3460G>A/MT-ND1 (13%). The classical presentation of LHON is a rapid, painless 

loss of central and color vision in one eye, followed by the fellow eye within days to months. Males 

are more affected than females with a 4:1 ratio (Newman, 2004). The prognosis is usually severe, 

with most patients progressing to very poor visual acuities associated with a dense central or 

cecocentral scotoma on visual fields (VF) testing. Fundus findings in the acute stages, and possibly 

in the asymptomatic mutation carriers, include circumpapillary telangiectatic microangiopathy and 

swelling of the retinal nerve fiber layer (RNFL) without leakage (pseudoedema). As the disease 

progresses a rapid axonal loss in the papillomacular bundle leads to temporal and eventually diffuse 

atrophy of the optic nerve head. Optical coherence tomography (OCT) allows quantifying the 

characteristic RNFL and RGC changes (Barboni et al., 2010; Balducci et al., 2016). 

Electrophysiological studies in LHON variably demonstrated a retinal dysfunction at pattern 

electroretinogram (P-ERG) and multifocal ERG and impaired neural conduction at Visual Evoked 

Potentials (VEP) (Salomao et al., 2004; Kurtenbach et al., 2004; Ziccardi et al., 2013; Guy et al., 

2014; Jarc-Vidmar et al., 2016). Recently, it was discovered that RGCs generate a slow negative wave 

response following the b-wave of the cone response on photopic electroretinogram and is referred to 

as the photopic negative response (PhNR). Studies on LHON families, reported that PhNR amplitudes 

were severely reduced in patients affected by LHON compared to carriers and mildly reduced in 

carriers, suggesting a potential subclinical RGC dysfunction also in asymptomatic patients (Karanjia 

et al., 2017; Majander et al., 2017; Botelho et al., 2021).  

Pupillary light reflex is typically spared in LHON even in advanced stages. A subset of RGCs 

expressing melanopsin (mRGCs) is responsible for the afferent pupillary reflex and is relatively 
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preserved in mitochondrial optic neuropathies (La Morgia et al., 2012). Their function in LHON 

patients has been studied using chromatic pupillometry and PLR was maintained despite the severity 

of optic atrophy. (Moura et al., 2013) 

 

DOA 

DOA is the most common autosomal hereditary optic neuropathy due, in the majority of cases (60–

70%), to mutations in the OPA1 gene on chromosome 3q28-29, encoding a dynamin-related GTPase 

anchored to the inner mitochondrial membrane and implicated in several subcellular functions 

including mitochondrial fusion, cristae morphology, mtDNA maintenance, apoptosis and OXPHOS 

efficiency (Lanaers et al., 2020).  

DOA patients typically present with slowly progressive, painless, bilateral, symmetric visual loss, 

beginning insidiously in the first two decades of life. Compared to LHON, vision loss is usually 

milder and VF shows the typical central or cecocentral scotoma. As for LHON, the optic disc atrophy 

in DOA is secondary to RGC loss; it may be present as a subtle temporal pallor or more diffuse and 

can be confirmed by OCT scans (Asanad et al., 2019).  

Electrophysiological studies showed abnormality at P-ERG, VEP and multifocal ERG (Holder et al., 

1998; Granse et al., 2003; Reis et al., 2013), a reduction in PhNR has also recently been described 

(Morny et al., 2015). 

 

Other mitochondrial optic neuropathies 

Clinically indistinguishable phenocopies of LHON or DOA have been described in association with 

mutations in other nuclear genes, such as ACO2, AFG3L2, SPG7, TMEM126A, DRP1 (Maresca and 

Carelli, 2021). Variable degrees of OA may be present along with other neurological and extra-

neurological symptoms in syndromic mitochondrial diseases like Myoclonic Epilepsy with Ragged 

Red Fibers (MERRF), Mitochondrial Encephalopathy with Lactic Acidosis and Stroke-like episodes 

(MELAS) and Leigh syndrome (Zhu et al., 2017), or in other genetic disorders causing modification 

in mitochondrial-related proteins (Freidreich Ataxia, Wolfram Syndrome, Charcot-Marie-Tooth 

disease, Hereditary Spastic Paraplegia) (Yu-Wai-Man et al., 2021). 

 

1.1.2 Pigmentary retinopathy (PR) 

PR is a non-specific manifestation of numerous mitochondrial disorders, associated with a variety of 

nDNA and mtDNA mutations. The retinal pigment epithelium (RPE) is particularly vulnerable to 

compromised mitochondrial function, presumably because of the high degree of oxidative stress 

during the phagocytosis of photoreceptor outer segments. The changes in RPE can range from the 
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classical salt and pepper retinopathy to severe bone spicule formations (typical of retinitis 

pigmentosa) or choriocapillaris atrophy (Zeviani and Carelli, 2021). PR is a prominent feature in 

Neuropathy Ataxia and Retinitis Pigmentosa (NARP), Maternally Inherited Leigh Syndrome (MILS) 

and Kearns-Sayre Syndrome (KSS), in the latter usually associated with CPEO. Mild pigmentary 

changes may also be seen in patients with MELAS and MERRF. Variable combination with other 

ophthalmological manifestations and ERG abnormalities have been demonstrated in a few studies, in 

particular in KSS (Gronlund et al., 2010) and Leigh syndrome (Han et al., 2015, Akebrand et al., 

2016). 

 

1.1.3 Ptosis/CPEO 

Mitochondria represent approximately 60% of the cell volume in eye muscles, indicating high-energy 

requirements and consequently an increased sensitivity to faulty mtDNA replication. CPEO is a 

frequent manifestation of mitochondrial myopathies, characterized by insidious and painless bilateral 

upper eyelid ptosis with mostly symmetrical limitation of eye movements, evolving slowly and 

progressively usually without diplopia (Kisilevsky et al., 2020). Isolated ptosis without 

ophthalmoplegia may be present in early phases, posing a diagnostic challenge with other 

neurological disorders. Visual acuity and pupillary response are typically spared. 

CPEO syndromes may be variably inherited or develop sporadically. Most frequently, a large-scale 

rearrangement of the mtDNA (single deletion) is responsible for sporadic CPEO, whereas mtDNA 

point mutations may account for maternal inherited CPEO or recessive/dominant mutations in nuclear 

genes (TWINKLE, POLG1, POLG2, ANT1, TP) are associated with secondary multiple large-scale 

rearrangements (multiple deletions), as all these genes are implicated in mtDNA replication and 

maintenance (Orsucci et al., 2021, Arena et al., 2022).  

Only a few studies investigated electrophysiological responses in CPEO patients and showed in the 

majority of patients some ERG and/or VEP alterations (Berdjis et al., 1985, Ambrosio et al., 1995, 

Sanderson et al., 2021). 

 

1.1.4 Retrochiasmal visual loss 

Visual impairment in patients with mitochondrial disorders may also occur due to disruption of the 

retrochiasmal visual pathways, usually due to metabolic strokes, resulting in homonymous 

hemianopic defects or cortical blindness.  

The most common mitochondrial disease with stroke-like episode is MELAS, which is caused, in 

approximately 80% of patients, by the mtDNA m.3243A > G mutation in the MT-TL1 gene encoding 

for mitochondrial tRNALeu(UUR). Patients may present different combinations of neuro-
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ophthalmological manifestations, in particular PR or OA (Latlava et al., 2002, de Laat et al., 2013), 

along with retrochiasmal lesions due to stroke like episodes.  

 

1.2 THERAPEUTIC OPTIONS IN HEREDITARY OPTIC NEUROPATHIES 

A definitive treatment for Hereditary Optic Neuropathies, such are LHON and DOA, is missing, 

nevertheless some options are currently available and under continuous evolution: ranging from 

molecules acting to overcome the metabolic defect or compensate the mitochondrial disfunction, to 

gene therapies and stem cells application. A comprehensive review of the available options was 

carried out during the first year of this project and published (Amore et al., 2021). 

At present, the only approved drug for LHON is idebenone 

(https://www.ema.europa.eu/en/medicines/human/EPAR/raxone).  Idebenone is a synthetic short-

chain analogue of Coenzyme Q10 with antioxidant properties, which has shown partial effectiveness 

in increasing visual recovery in LHON patients especially in the acute stage in a randomised, double-

blinded, placebo-controlled study (RHODOS) (Klopstok et al., 2011). The use of idebenone in OPA1-

related DOA is still under investigations but preliminary data indicate a possible beneficial effect of 

this therapy (Romagnoli et al., 2020). Other pharmaceutical agents, such as EPI-74, elamipretide 

(mtp-131), oestrogens-related compounds, rapamycin, and microRNA (miRNA) based, by targeting 

different pathways, have been or are currently under investigation in LHON at clinical and pre-

clinical stages (Amore et al., 2021). The ultimate goal for the treatment of Hereditary Optic 

Neuropathies is the correction of the genetic defect, or the prevention of its transmission to the 

progeny. In LHON, a significant step forward is expected from gene therapy, consisting in an adeno-

associated-viral vectors (AAV2) engineered to deliver the wild-type copy of ND4 complex I subunit 

and intended to be allotopically expressed from the nucleus and imported within mitochondria for 

functional complementation (Guy et al., 2002). Multiple trials, targeting acute LHON patients 

harboring the m.11778G>A/MTND4 mutation, are concluded or currently ongoing in Europe, US 

and China. In details, RESCUE and REVERSE trials evaluated the effects of the rAAV2/2-ND4 

(GS010 LUMEVOQ) delivered by unilateral intravitreal injections, reporting a bilateral improvement 

of visual acuity at 96 weeks, sustained also 3 years after treatment (Newman et al., 2021, Yu-Wai-

Man et al., 2020). The most recent REFLECT trial, comparing bilateral with unilateral intravitreal 

injections, confirmed a significant improvement of vision in the bilateral group (Yu-Wai-Man et al., 

2022). LUMEVOQ is currently under review by the EMA for approval.  As far it concerns gene 

therapy in OPA1-related DOA, there are ongoing preclinical studies on mouse models (Sarzi et al., 

2018, Juschke et al., 2021), with multiple approaches being considered, but there is no active clinical 

trial in humans yet. 
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2. GENERAL METHODS 

2.1 AIMS OF THE PROJECT 

Primary aims:  

- deep characterization of the neuro-ophthalmological phenotype of patients with confirmed 

mitochondrial diseases, presenting with one of the following ocular manifestations: optic 

atrophy or pigmentary retinopathy.  

- refine the knowledge of neuro-ophthalmological manifestations in mitochondrial diseases 

adding electrophysiological procedures to the standard neuro-ophthalmological evaluation 

Secondary aims: correlation among genetic, clinical and electrophysiological results in order to: 

- identify specific genotype-phenotype correlations, including patients harbouring rare 

mutations. 

- evaluate the role of different genetic, clinical and functional factors in determining the ocular 

phenotype. 

- identify potential anatomical or functional measures biomarking involvement or progression 

that can be used for early diagnosis, follow-up or therapeutic trials. 

- achieve a better understanding of the pathogenic mechanisms underlying different ocular 

manifestations in mitochondrial diseases. 

 

The project is articulated into 3 main parts: 

- PART 1: neuro-ophthalmological and electrophysiological characterization of patients 

presenting with a DOA phenotype associated with mutations in two rare nuclear genes 

(AFG3L2 and ACO2), in comparison with the classical OPA1-associated DOA. 

- PART 2: deep neuro-ophthalmological and electrophysiological characterization of patients 

harbouring mtDNA mutations affecting tRNA-encoding genes, causing respectively MELAS 

and MERRF syndromes. Comparison between ophthalmological phenotypes and correlation 

with heteroplasmic mutant loads. 

- PART 3: neuro-ophthalmological and electrophysiological longitudinal evaluation of acute 

LHON patients with the m.11778G>A/MTND4 mutation treated with rAAV2/2-ND4 gene 

therapy as compassionate use, for which co-administration of idebenone represents a 

significant difference from the previous clinical trials. 

 

2.2 RECRUITMENT 

We recruited patients with genetically confirmed mitochondrial disease, either due to nuclear or 

mitochondrial DNA mutations, on the basis of the ocular phenotype at the IRCCS Istituto delle 
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Scienze Neurologiche di Bologna (ISNB), UOC Clinica Neurologica, Bellaria Hospital (Bologna). 

Participation to the study was proposed during follow-up visits or by phone calls performed on regular 

basis to check for health conditions. Informed consent for all patients was obtained during ambulatory 

visits. 

The main groups of mitochondrial diseases under investigation were: hereditary optic neuropathies 

(DOA and LHON) and mitochondrial encephalo-myopathies associated with pigmentary retinopathy 

(MELAS and MERRF).  

We retrieved previously collected clinical data and genetic testing (retrospective phase); neuro-

ophthalmological and electrophysiological evaluation were subsequently performed, in case of 

evolving conditions, such as LHON in acute stage, evaluation was repeated at 6 and 12 months 

(prospective phase). 

Retrospective data were collected using a previously approved protocol on natural history of 

Hereditary Optic Neuropathies: 121-2019-OSS-AUSLBO-19012. 

We also obtained approval from local Ethical Committee for the electrophysiology study protocol: 

MITOEYE20 812-2020-SPER-AUSLBO – 20140. 

All genetic testing was performed at the Laboratory of Neurogenetics of the IRCCS ISNB. Genetic 

testing, depending on the clinical suspicion, included the screening for classical mtDNA mutations 

with quantitative heteroplasmy measurements on available tissues and/or sequencing of the major 

mitochondrial-associated nuclear genes. For negative cases, the complete mtDNA sequence was 

performed, followed eventually by Next Generation Sequencing (NGS) target panel. NGS panel 

including 35 genes associated with genetic forms of optic atrophy. The amplicon-based NGS library 

(TruSeq Custom Amplicon; Illumina, San Diego, CA) was sequenced on Illumina MiSeq. For 

bioinformatic analysis, reads were aligned to the human genome (hg19) and the identified variants 

were annotated (ANNOVAR) and filtered, focusing on rare variants (≤0.5% in public databases) 

causing potentially damaging changes (Combined Annotation Dependent Depletion, PolyPhen-2, 

DANN). Variant confirmation and segregation analysis were performed by Sanger sequencing. 

Exome sequencing was performed in selected cases. The NGS and exome analysis were performed 

in the frame of the GR project: GR-2016-02361449 “Italian Project on Hereditary Optic Neuropathies 

(IPHON): from genetic basis to therapy” (PI: Dr. L Caporali).  

 

Inclusion criteria 

-Patients with genetically confirmed diagnosis of mitochondrial disease presenting one of the 

following ocular phenotypes: optic atrophy or pigmentary retinopathy. 

-Age from 11 to 80 years 
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-Signature of the informed consent 

 

Exclusion criteria 

-Spherical or cylindrical refractive errors more than 3 or 2 diopters respectively 

-Presence of posterior pole pathology (i.e. macular degeneration, retinal detachment, vascular retinal 

pathology) except for hereditary optic neuropathy and pigmentary retinopathy.  

-Ocular pressure more than 20 mmHg 

-Severe lens opacity  

-Contraindication to intermittent light stimulation (like photosensitive epilepsy) or severe 

photophobia 

 

We created dedicated databases to collect genetic, clinical and electrophysiological data for each 

group of mitochondrial disease under investigation. Statistical analyses were carried out using R 

software (version 4.0.0) and IBM SPSS Statistics for Windows, version 20.0 (IBM Corp., Armonk, 

N.Y., USA) software. Specific comparison and correlation tests will be specified for each part of the 

protocol. 

 

2.3 NEURO-OPHTHALMOLOGIC EVALUATION 

All patients included were examined at the Neuro-ophthalmology Clinic, UOC Clinica Neurologica, 

IRCCS ISNB, Ospedale Bellaria and the following parameters were recorded: 

- best corrected visual acuity (BCVA) assessed using Snellen Charts  

- color vision assessed using Ishihara tables  

- slit lamp examination of the anterior segment 

- fundus oculi examination 

- applanation tonometry 

- ocular motility  

- computerized visual fields protocol 30-2 (Humprey Field Analyzer, Zeiss) 

- optical coherence tomography (OCT Triton, Topcon) to assess RNFL and GCL thickness 

- autofluorescence (Spectralis, Heidelberg) 

 

2.4 ELECTROPHYSIOLOGIC EVALUATION 

In subgroups of patients, a disease-specific electrophysiological protocol was applied and included 

more of the following tests: 
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-pattern electroretinogram (P-ERG) to differentiate retinal from optic nerve dysfunction and monitor 

ganglion cells dysfunction. 

-visual evoked potential (VEP), either pattern or flash (FVEP), to assess integrity of central vision 

pathways. 

-scotopic and photopic full field electroretinogramm (ff-ERG) to assess cone and rod function. 

-photopic negative response (PhNR) to assess RCG function. 

Details of the selected electrophysiological examinations will be specified for each part of the 

protocol. Description of the technical protocols is shown in appendix 1. 
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3. PART 1: NEURO-OPHTHALMOLOGICAL AND ELECTROPHYSIOLOGICAL 

CHARACTERIZATION OF NOT-OPA1 DOMINANT OPTIC ATROPHY 

3.1 Introduction 

Dominant Optic Atrophy (DOA) is an inherited condition due to loss of retinal ganglion cell (RGCs) 

characterized by autosomal dominant inheritance. Insidious central visual loss or inability to reach 

full vision at ophthalmic evaluations is usually recognized in the first two decades of life, frequently 

with a positive family history for low vision even if disease penetrance and severity may vary 

considerably among relatives (Lenaers et al., 2020). Although optic atrophy is usually the only 

clinical feature, DOA may be associated with other neurological signs such as hearing loss, chronic 

progressive external ophthalmoplegia (CPEO) and myopathy, peripheral neuropathy and other rare 

manifestations such as parkinsonism, dementia or multiple sclerosis, a condition referred to as DOA-

plus (Yu-Wai-Man et al., 2010; Carelli et al., 2015) 

Around 60% of cases are due to heterozygous pathogenic variants in the OPA1 gene (Delettre et al., 

2000; Alexander et al., 2000), which encodes for an inner mitochondrial membrane (IMM) protein 

processed in multiple isoforms fulfilling several functions within the cell, such as fusion of IMM and 

shaping of cristae morphology, but also OXHOS efficiency and energy metabolism, apoptosis 

control, calcium handling and maintenance of the mitochondrial genome integrity (Del Dotto et al., 

2019). Interestingly, at the opposite end of mitochondrial dynamics, also defective fission as due to 

mutations in the DNM1L/DRP1 gene may lead to DOA in a minority of cases (OPA5) (Gerber et al., 

2017), pointing to balance between fusion and fission as a key mechanism for RGCs survival and 

optic nerve physiology (Maresca et al., 2021). 

 Another gene (OPA3) and three further loci (OPA4, OPA5, OPA8) are known to be associated with 

DOA, while additional loci and genes (OPA2, OPA6 and OPA7/TMEM126A) are responsible for X-

linked or recessive forms of optic atrophy (Newman et al.,2023). Currently, the list of genes 

associated with DOA is facing a rapid growth thanks to the systematic use of Next Generation 

Sequencing (NGS) and it was recently enriched by the relatively frequent identification of pathogenic 

variants in AFG3L2 (MIM# 604581) (Charif et al., 2015; Colavito et al., 2017; Caporali et al., 2020; 

Charif et al., 2020) and ACO2 genes (Charif et al., 2021). Other rare genetic causes of DOA are 

mutations in SSBP1 (Jurkute et al., 2019; Piro-Megy et al, 2020, Del Dotto et al., 2020) and SDHA 

(Courage et al, 2017). 

The AFG3L2 gene encodes for a mitochondrial protease, which in combination with paraplegin in 

turn encoded by the SPG7 gene, forms a mitochondrial matrix AAA metalloprotease (m-AAA), a 

proteolytic complex located in the IMM responsible for quality control and processing of several 

mitochondrial proteins, reflecting also in OPA1 processing (Gerdes et al., 2012). Mutations in 
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AFG3L2 were originally described to cause a dominant form of spinocerebellar ataxia (SCA28, 

MIM# 610246) (Di Bella et al., 2010), whereas homozygous mutations have been associated with a 

recessive spastic ataxia syndrome (SPAX5, MIM# 614487) (Pierson et al., 2011). In recent years, 

heterozygous mutations in this gene have been increasingly recognized to cause non-syndromic DOA 

(Charif et al., 2015; Colavito et al., 2017; Caporali et al., 2020; Charif et al., 2020). Remarkably, the 

SCA28-associated mutations are located in the proteolytic domain, whereas all DOA-associated 

AFG3L2 mutations cluster in the ATPase domain (Caporali et al., 2020). The pathogenic role of 

DOA-associated AFG3L2 mutations was confirmed in yeast and in patients' fibroblasts, leading to 

the interesting observation of abnormal accumulation of short isoforms of OPA1, skewing 

mitochondrial dynamics towards fission of mitochondria, with consequent fragmentation of the 

mitochondrial network (Caporali et al., 2020; Baderna et al., 2020). Interestingly, recessive 

pathogenic mutations in the SPG7 gene were associated with spastic paraparesis, pure or associated 

with optic atrophy (Casari et al., 1998), and not surprisingly also for this gene dominant mutations 

associated with DOA have been reported (Klebe et al., 2012, Charif et al., 2020) 

Dominant mutations in another mitochondrial gene, ACO2 encoding for the tricarboxylic-acid-cycle 

enzyme aconitase, have been very recently described to be a frequent cause of dominantly inherited 

isolated optic atrophy (Metodiev et al., 2014; Charif et al., 2021). Recessive mutations in ACO2 have 

been previously associated with two distinct and severe infantile disorders: infantile cerebellar-retinal 

degeneration (ICRD; OMIM #614599) and optic atrophy 9 (OPA9; OMIM #616289) (Spiegel et al., 

2012). Monoallelic mutation in ACO2-mutant fibroblasts have been demonstrated to be sufficient to 

cause mitochondrial respiration dysfunction and mtDNA depletion, leading to an increase in 

susceptibility to oxidative stress and cell death (Neumann et al., 2020). 

In this part of the project, we aimed at characterizing the neuro-ophthalmological phenotype of 

patients with AFG3L2 and ACO2-associated DOA, in comparison with the classical OPA1-DOA 

patients, highlighting, if any, the different genotype-phenotype correlations. 

 

3.2 Cohort study and clinical assessment 

We investigated a cohort of patients with non-syndromic optic atrophy obeying the diagnostic criteria 

for DOA harboring heterozygous mutations in AFG3L2 or ACO2 genes (Appendix 2).  

Information about family history, disease onset and other symptoms were recorded. Given the 

insidious presentation of DOA, age at first evidence of optic atrophy was categorized into 3 groups: 

preschool (<6 years), childhood-adolescence (6-18 years) and adulthood (>18 years). Neuro-

ophthalmological examination included: best corrected visual acuity (BCVA) in LogMAR, color 

vision (Ishihara test), optic nerve appearance at slit lamp examination/fundus picture assessed by at 
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least two different ophthalmologists or two subsequent visits, computerized visual fields (VF) 

(Humphrey Field Analyzer, protocol Sita Standard 30-2, Zeiss, San Leandro, CA, USA), and Optical 

Coherence Tomography (OCT) to assess optic nerve head (ONH) size, retinal nerve fibre layer 

(RNFL) thickness and ganglion cell layer (GCL) segmentation analysis of the macula (DRI Triton, 

Topcon, Tokyo, Japan) (Barboni et al., 2005).  

OCT protocols images were obtained using a 3-dimensional wide scan protocol with a size of 12×9 

mm consisting of 256 B-scans, each comprising 512 A-scans. Peripapillary RNFL thickness were 

measured using a 360° 3.4-mm diameter circle scan with thicknesses measured across the superior, 

nasal, inferior, and temporal sectors and segmentation analysis of the macula measured across six 

sectors of the 6-mm diameter circular annulus centered on the foveal included GCL. 

We included patients with vision loss defined as LogMAR>0 from now on referred as 

affected/symptomatic, as well as patients with normal visual acuity defined as LogMAR<0 but 

displaying fundoscopic or instrumental signs of disease (temporal pallor or reduced RNFL thickness 

at OCT or both), from now on referred as subclinical. Patients with myopia higher than 3 diopters or 

astigmatism higher than 2 diopters were excluded. Relatives harboring a pathogenic mutation without 

any sign of visual involvement, clinical or instrumental, were excluded. 

Neuro-ophthalmological data were compared with a group of classic OPA1-related DOA patients 

followed regularly at our Neuro-ophthalmology Clinic. We retrospectively retrieved neuro-

ophthalmological data of the last available visit from patients carrying a heterozygous mutation in the 

OPA1 gene (Appendix 2), we included patients followed since 2018 who had comparable OCT 

measures, both affected and subclinical patients displaying instrumental sign of disease were 

included. Patients with myopia higher than 3 diopters or astigmatism higher than 2 diopters were 

excluded. Patients with mutations in OPA1 were matched by age and gender with a 2:1 ratio with 

patients carrying mutation in AFG3L2 or ACO2 genes to reduce the confounding effect of age and 

gender in group comparisons.   

Patients in the three groups were further classified according to type of mutation they carried, namely 

missense or causing haploinsufficiency. 

In subgroups of patients, we also performed a complete electrophysiological assessment including: 

visual evoked potential (VEP) to assess integrity of central vision pathways, pattern electroretinogram 

(P-ERG) to differentiate retinal from optic nerve dysfunction and monitor ganglion cells dysfunction, 

scotopic and photopic full field electroretinogramm (ff-ERG) to assess cone and rod function and 

photopic negative response (PhNR) to assess RCG function (Appendix 1).  
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3.3 Statistical analysis 

The three groups (from now on referred as AFG3L2, ACO2 and OPA1) were analyzed to compare 

gender, age, mutation distribution and visual function outcomes. 

For each group, continuous variables were summarized with statistics including the number of 

patients (n), mean, standard deviation (SD), median, interquartile range (IQR). Shapiro-Wilk and 

Kolmogorov-Smirnov normality tests were used to assess the normal distribution of data. 

Demographic data were compared using univariate ANOVA with Least Significant Difference (LSD) 

post-hoc test if normally distributed, contrariwise Kruskal-Wallis test was used, followed by Dunn 

Bonferroni post-hoc test. 

The following visual endpoints were analyzed: BCVA, mean deviation (MD) and fovea at VF, 

Ishihara color vision testing, ONH size, RNFL (average, temporal, superior, nasal, and inferior 

quadrants), and GCL (average and 6 individual macular sectors: superotemporal, superior, 

superonasal, inferonasal, inferior, and inferotemporal) thickness. 

Primary statistical analysis was conducted for the aforementioned visual endpoints to compare the 

three-patient groups by applying Clustered Wilcoxon rank sum test (Rosner-Glynn-Lee method) and 

Benjamini & Hochberg method was applied to adjust p-values for multiple comparisons. In particular, 

comparison among the three groups was conducted first on all patients, then only on subjects with 

clear visual dysfunction (reduced visual acuity defined as LOGMAR >0). Separately, subjects with 

normal visual acuity but fundoscopic or instrumental signs of disease were also compared. 

Secondary statistical analysis was performed in the same manner as the primary one with Clustered 

Wilcoxon rank sum test on the afore mentioned visual endpoints by stratifying each group of patients 

(AFG3L2/ACO2/OPA1) by gender (male VS female) and mutation type (missense VS 

haploinsufficiency) to identify any specific mutation type genotype-phenotype correlation. Given the 

exploratory character for these secondary sub-group analyses, no adjustments for multiplicity were 

applied.  

Electrophysiological results were compared using Mann-Whitney U non-parametric test. 

Two-sided p-values will be presented. Statistical analyses were carried out using R software (version 

4.0.0) and IBM SPSS Statistics for Windows, version 20.0 (IBM Corp., Armonk, N.Y., USA) 

software. 
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3.4 Results 

Demographic and general clinical/genetic features of the cohort are shown in Table 1. 

A total of 13 AFG3L2 patients (9 males) belonging to 6 pedigrees (reported in Caporali et al., 2020) 

and 23 ACO2 patients (17 males) from 15 families, were recruited. Mean age was respectively 

36,5±20,2 for AFG3L2, and 34,7±16,9 years for ACO2 patients. Neuro-ophthalmological data of 72 

matched OPA1 patients (mean age 36,21±17,4 years, 50 males) were retrieved and compared. As 

results of the matching procedure, age and gender were similarly distributed among the three groups: 

the p-values were respectively 0.93 and 0.76 (Table 1).  

A total of 91 affected patients (respectively 63 OPA1, 17 ACO2 and 11 AFG3L2) and 17 subclinical 

patients (respectively 9 OPA1, 6 ACO2 and 2 AFG3L2) were included.  

Among affected, we found a similar distribution of age at onset in the 3 groups (p=0.39), with a higher 

prevalence of onset in childhood/adolescence in all 3 groups (Table 1).  The number of affected 

relatives was not statistically different among groups (p=0.16) (Table 1). Apart from optic atrophy, 

other mild neurological symptoms, isolated or combined, were present in 23 patients (16 OPA1, 3 

ACO2 and 4 AFG3L2 respectively, p=0.40) (Table 1). 

All AFG3L2 patients presented missense mutations affecting the ATP-ase domain, as previously 

reported (Caporali et al., 2020), whereas the ACO2 patients harbored a missense mutation in 56% 

(n=13) of cases and other genetic defects predicted to causing haploinsufficiency (deletions, 

frameshift or splice defects) in the remaining 44% (n=10) of cases. Patients with OPA1 mutations 

were classified according to mutation type causing haploinsufficiency (n=57, 79%) or a missense 

variant (n=15, 21%).  All mutations are listed in Appendix 2. 

Neuro-ophthalmological features of ACO2, AFG3L2 and OPA1 groups are summarized in Table 2. 

In the ACO2 group, 2 eyes were excluded from analysis because of severe amblyopia and retinal 

venous occlusion respectively. Comparable OCT results (DRI Triton, Topcon) were available for 34 

out of 44 eyes in the ACO2 group, 14 out of 26 eyes in the AFG3L2 group and all 144 OPA1 eyes. 

VF were available or comparable (Humphrey, protocol 30-2) for 35 eyes in the ACO2 group, 24 eyes 

in the AFG3L2 group and 104 eyes in the OPA1 group. 
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ACO2 AFG3L2 OPA1 p 

Subjects [N] 23 13 72  

Eyes [N] 44 26 144  

Age [years, mean±SD] 34,7±16,9 36,5±20.2 36,2±17,4 a 0.93  

Sex [male, N(%)] 17 (73%) 9 (70%) 50 (70%) b 0.76 

Mutation - missense [N(%)] 13 (56%) 13 (100%) 15 (21%)  

  - haploinsufficiency [N(%)] 10 (44%) 0 57 (79%)  

Status  - affected [N(%)] 17 (74%) 11 (85%) 63 (87%) b 0.25 

             - asymtomatic [N(%)] 6 (26%) 2 (15%) 9 (13%) b 0.25 

Onset [N (%)] 17 8 (3 missing) 63 b 0.39 

- Preschool 4 (23%) 2 (25%) 18 (29%)  

- Childhood-adolescence 11 (65%) 4 (50%) 31 (49%)  

- adulthood 2 (12%) 2 (25%) 14 (22%)  

N° affected relatives [mean±SD] 1,1±0,9 2±1,3 2,26±2,4 a 0.16 

Other neurological symptoms [N(%)] 3 (13%) 4 (30%) 16 (25%) b 0.40 

- hearing loss 0 2 5  

- movement disorder 1 1 2  

- cognitive/psychiatric 1 2 4  

- migraine  1 0 3  

- myopathy/ptosis 0 0 2  

 

Table 1. Cohort description  

a p-value referred to Kruskal Wallis test. 

b p-value referred to Chi-squared test. 

Abbreviations: N: absolute frequency, %: relative frequency, SD: standard deviation. 
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 ACO2 AFG3L2 OPA1 

Eyes [N] 44 26 144 

Fundus [N(%)]    

- Normal 6 (14%) 2 (8%) 2 (1%) 

- Temporal pallor  25 (57%) 24 (92%) 120 (83%) 

- Diffuse pallor 13 (29%) 0 22 (15%) 

BCVA [LogMAR, mean±SD] 0,39±0,71 0,48±0,34 0,41±0,52 

Colors [median±IQR] 1 (0 - 12) 1 (0.25 - 3) 2 (0 - 11) 

    

VF [eyes, N] 35 24 104 

MD [dB, mean±SD] -5,71±4,09 -8,71±7,25 -6,69±4,91 

Fovea [dB mean±SD] 26,84±6,24 26,5±12,26 27,32±9,47 

    

OCT [eyes, N] 34 14 143 

OHN size [mean±SD] 2,02±0,43 1,69±0,28 1,86±0,38 

RNFL AVG [μm, mean±SD] 69,28±18,8 56,57±14,91 63,62±14,66 

RNFL T [μm, mean±SD] 35,83±13,56 29,86±6,84 32,76±9,64 

RNFL S [μm, mean±SD] 91,86±22,6 76,29±25,13 88,09±23,45 

RNFL N [μm, mean±SD] 69,41±17,8 51,5±12,33 58,15±13,78 

RNFL I [μm, mean±SD] 79,80±26,03 69,21±23,1 75,56±21,28 

GCL AVG [μm, mean±SD] 49,07±8,98 39,12±8,32 41,84±6,44 

GCL SN [μm, mean±SD] 49,03±10,78 35,86±9,82 42,54±8,38 

GCL S [μm, mean±SD] 51,72±9,2 39,5±8,13 44,01±7,88 

GCL ST [μm, mean±SD] 48,91±9,04 42,00±9,41 41,70±7,45 

GCL IT [μm, mean±SD] 48,03±8,67 42,00±9,21 40,40±6,45 

GCL I [μm, mean±SD] 48,49±7,71 39,07±8,05 41,39±5,26 

GCL IN [μm, mean±SD] 48,23±10 36,29±8,82 40,91±7,75 

 

Table 2. Neuro-ophthalmological results in ACO2, AFG3L2 and OPA1 groups. 

Continuous variables are presented as mean ± standard deviation, while categorical variables as absolute and 

relative frequencies. 

Abbreviations: N: absolute frequency, SD: standard deviation, VA: visual acuity, VF: visual fields, MD: mean 

deviation, OCT: optic coherence tomography, ONH: optic nerve head, RNFL: retinal nerve fiber layer, GCL: 

ganglion cell layer, AVG: average, T: temporal, S: superior, N: nasal, I: inferior, SN: supero-nasal, ST: supero-

temporal, IT: inferotemporal, IN: inferonasal 
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At fundus examination the majority of ACO2, AFG3L2 and OPA1 patients presented temporal optic 

disc pallor (57%, 83% and 92% respectively) (Table 2). Mean visual acuity in LogMAR was 

0,41±0,52 in OPA1, 0,39±0,71, in ACO2 and 0,48±0,34 in AFG3L2 group without significant 

differences among groups (p=0.84). VF showed a variable degree and pattern of bilateral central 

scotoma in all patients, however both MD and fovea sensitivity values did not differ among groups 

(p=0.41 and p=0.12 respectively). The average RNFL thickness at OCT was 63,62±14,66 in OPA1, 

69,28±18,8 in ACO2 and 56,57±14,91 in AFG3L2 without significant differences among groups 

(p=0.066) (Fig 1). ACO2 patients compared to AFG3L2 resulted having higher values in OHN size 

(p=0.020), nasal RNFL thickness (p=0.029) (Fig 1) and average (p=0.012), supero-nasal (p=0.013), 

superior (p=0.003), inferior (p=0.012) and infero-nasal (p=0.010) GCL thickness (Fig 2); after 

adjusting p-values for multiple comparisons, significance was confirmed only for the superior sector 

of the GCL (p-adj=0.026). Comparing ACO2 and OPA1, ACO2 had significant higher RNFL 

thickness in the nasal sector (p=0.023) (Fig 1) and higher GCL thickness (Fig 2), both average 

(p=0.0007) and sectorial (supero-nasal p=0.027, superior p=0.001, supero-temporal p=0.003, infero-

temporal p=0.0005, inferior p=0.0001, infero-nasal p= 0.004). After adjustment, significance was lost 

for nasal RNFL, while it remained for GCL thickness in average (p-adj=0.011) and all sectors except 

the supero-nasal (superior p-adj=0.015, superotemporal p-adj=0.026, inferotemporal p-adj= 0.011, 

inferior p-adj=0.007, inferonasal p-adj=0.026) (Fig 2). Between the AFG3L2 and OPA1 groups, we 

found no significant difference in visual and OCT parameters. 
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Figure 1. Average and sectorial RNFL thickness in ACO2, AFG3L2 and OPA1 groups. 

*p<0.05 
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Figure 2. Average and sectorial GCL thickness in ACO2, AFG3L2 and OPA1 groups. 

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 
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Then, we focused on patients with clear reduced visual acuity (affected/symptomatic). Data from 17 

ACO2, 11 AFG3L2 and 63 OPA1 were compared. ACO2 patients compared to AFG3L2 resulted 

having higher values in OHN size (p=0.044), average (p=0.048), superior (p=0.012), and infero-nasal 

(p=0.041) CGL thickness; while compared to OPA1, ACO2 patients had significant higher GCL 

thickness on average (p=0.009), superior (p=0.014), supero-temporal (p=0.037), infero-temporal 

(p=0.006) and inferior (p=0.002) sectors (Fig 3 and 4). Nevertheless, after adjusting p-values for 

multiple comparisons, significance was lost in all parameters. Comparing AFG3L2 and OPA1 

groups, we found no difference in any visual and OCT parameters (Fig 3 and 4). 

 

 
 

Figure 3. Average and sectorial RNFL thickness in ACO2, AFG3L2 and OPA1 symptomatic 

patients. 
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Figure 4. Average and sectorial GCL thickness in ACO2, AFG3L2 and OPA1 symptomatic 

patients.  

*p<0.05, **p<0.01. 

 

We then focused on the subclinical subjects defined as those maintaining normal vision (subclinical); 

we were able to compare the OCT data (RNFL and GCL thickness) only from 5 ACO2 and 9 OPA1, 

since unfortunately 1 ACO2 and 2 AFG3L2 asymptomatic patients did not have comparable OCT 

data. ACO2 patients compared to OPA1 showed higher values in nasal RNFL thickness (p=0.038), 

average (p=0.036) and all sectors GCL thickness except for the superior (supero-nasal p=0.047, 

supero-temporal p=0.036, infero-temporal p=0.039 inferior p=0.042 and infero-nasal p=0.02); after 

adjusting p-values for multiple comparisons, significance was not confirmed (Fig 5). 
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Figure 5. Average and sectorial GCL thickness in ACO2 and OPA1 asymptomatic patients. 

*p<0.05 

 

We also looked at gender difference within each group (ACO2, OPA1 and AFG3L2), and we found 

no statistically significant difference between males and females in the neuro-ophthalmological 

parameters. 
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We then stratified neuro-ophthalmological results according to the type of mutation (missense or 

causing haploinsufficiency) in the ACO2 and OPA1 groups in order to find any specific genotype-

phenotype correlation. In the ACO2 group, we compared 13 patients with missense mutation (referred 

as ACO2-m) with 10 haploinsufficiency mutation carriers (referred as ACO2-h).  We failed to 

disclose any significant difference in the explored parameters between the 2 groups (data not shown). 

Nevertheless, we observed that ACO-m group showed lower values of GCL thickness close the 

significance threshold in the average (p=0.059), supero-nasal (p=0.055) and superior (p=0.054) 

sectors (Fig 6).  

 

 
 

Figure 6. Average and sectorial GCL thickness within the ACO2 group, stratified by missense 

or haploinsufficiency mutation.  
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Within the OPA1 group, we compared results of 15 missense carriers (OPA1-m) and 57 patients with 

haploinsufficiency (OPA1-h). As already described in literature (Barboni et al., 2014), the OPA1-m 

group presented a more severe manifestation of disease, showing lower values of BCVA (p=0.01), 

colours (p=0.008), MD at VF (p=0.048), ONH size (p=0.039), average (p=0.036) and superior 

(p=0.011) RNFL thickness (data not shown). 

 

We were able to collect electrophysiological data in a subgroup of patients: 6 ACO2, 2 AFG3L2 

patients and 9 OPA1 patients. We compared the results of ACO2 patients with OPA1 and AFG3L2 

patients combined since no difference was evident at the neuro-ophthalmological analysis. Mean age 

was 39,82±17,95 years in OPA1+AFG3L2 group and 39±20,64 years for ACO2 group. In the ACO2 

group, except for two asymptomatic subjects, patients showed a reduced amplitude of the N95 

component at P-ERG and of P100 at VEP. ff-ERG and PhNR were overall within normal limits. In 

the OPA1+AFG3L2 group, all tested patients showed amplitude reduction of N95 at P-ERG and of 

P100 at VEP, as well as a reduced PhNR amplitude, while ff-ERG resulted normal. (Fig 7). 

 

 

 

Figure 7. P-ERG, VEP and PhNR waveforms in a patient with OPA1 mutation (upper panels) 

and in a patient with mutation in ACO2 gene (lower panels) 
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At comparison between groups, P-ERG registrations showed significant lower N95 amplitude in the 

OPA1+AFG3L2 group compared to ACO2 (-4,29±1,93 vs -7,32±1,13 µV, p=0.001), while N95 

latency was significantly delayed in ACO2 (95,64±3,81 vs 104,75±5,6 ms, p=0.000). VEP showed 

lower P100 amplitude in OPA1+AFG3L2 compared to ACO2, despite not reaching statistical 

significance (3,621±1,71 vs 7,83 ±5.54 µV, p=0.511), and significant prolonged latencies in 

OPA1+AFG3L2 (111±11,31 vs 97,75±5,70 ms, p=0.010). No difference in scotopic and photopic 

ERG was observed between groups. PhNR amplitudes did not differ between groups while PhNR 

latency was delayed in ACO2 compared to OPA1+AFG3L2 (63,409±9,18 vs 69,25±6 ms, p=0.024).  

(Fig 8). These results were confirmed also after excluding from the analysis the two asymptomatic 

ACO2 patients. 

 

 

Figure 8. Significant differences in electrophysiological parameters between the 

OPA1+AFG3L2 group and the ACO2 group. 
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3.5 Discussion 

We compared the ophthalmological phenotype of patients carrying two recently defined frequent 

genetic causes of DOA, i.e. ACO2 and AFG3L2 heterozygous mutations (Rocatcher et al., 2022), 

with a matched group of classical OPA1-related DOA patients. We found that, while AFG3L2-mutant 

patients were virtually identical to OPA1-related DOA, those carrying monoallelic ACO2 variants 

had in general better RGC preservation, as assessed by RNFL/GCL thickness at OCT, even if visual 

acuities and visual fields were comparable. This was true for symptomatic patients, but the same 

pattern was also reflected in the subclinical mutation carriers, where only an OCT abnormality could 

be detected without visual defects. Electrophysiological assessment confirmed in a way a less severe 

damage of the optic nerve in ACO2 compared to OPA1 and AFG3L2 patients (Morny et al., 2015). 

Nevertheless, we observed slight prolonged retinal responses concerning N95 and PhNR, probably 

reflecting an early RGCs dysfunction in ACO2 patients (Berezovsky et al., 2021).  

The limited case series hampered significance once cases were stratified by mutation category, i.e. 

missense vs haploinsufficiency mutations, but as for the well-established greater severity of missense 

mutations in OPA1 (Barboni et al., 2014), a similar tendency was recognized for ACO2. In general, 

optic atrophy in ACO2 and AFG3L2 patients was congruent with the canonical phenotypic 

characteristics of OPA1-DOA, with a prevalent childhood onset, temporal pallor, and an insidious, 

stable or slowly progressive clinical course. 

The fact that AFG3L2-DOA cases, all carrying missense mutations affecting the ATPase domain, 

resulted to be a phenocopy of OPA1-DOA, may be explained by an indirect effect of AFG3L2 

mutations on OPA1 processing. In fact, AFG3L2 encodes a subunit of a proteolytic complex located 

in the IMM, involved in mitochondrial protein quality control. Mutations affecting the ATPase 

domain impair both the proteolytic and the dislocase activity of AFG3L2, which is essential for the 

processing of proteins. The impairment in m-AAA function has been proposed to cause an excess of 

proteins in the IMM, determining a reduction in mitochondrial membrane potential and activation of 

the stress-related protease OMA1 that directly processes the long OPA1 isoforms into shorter ones 

(Baderna et al., 2020). We recently demonstrated in patient-derived fibroblasts that AFG3L2 

dysfunction results in an accumulation of short forms of OPA1 reflecting into an augmented 

fragmentation of the mitochondrial network, which is a well-known pathogenic paradigm for 

mitochondrial optic neuropathies (Caporali et al., 2020). Hence, the mechanism by which AFG3L2 

mutations lead to optic atrophy is assumed to be the unbalanced processing of OPA1, ultimately 

causing a phenotype that is indistinguishable from OPA1-related DOA. The same mechanism is 

proposed for DOA associated to dominant mutations in SPG7 gene, whose protein product combines 

with AFG3L2 to form the m-AAA protease and whose recessive mutations cause Hereditary Spastic 
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Paraplegia type 7 (HSP7) (Casari et al., 1998). Notably, contrarywise to AFG3L2 DOA-associated 

mutations, the SPG7 variants leading to DOA seem to be dispersed amongst the recessive variants 

that cause HSP7. Moreover, mutations leading to frameshift suggest that SPG7 haploinsufficiency 

might be the primary pathophysiologic mechanism determining DOA (Charif et al., 2020). 

On the other hand, ACO2-DOA, despite being not different in terms of functional measures such as 

BCVA and VF parameters, consistently showed higher values of nasal RNFL and GCL thickness at 

OCT compared to both AFG3L2 and OPA1. The reason for this anatomical difference, which was 

confirmed also in subclinical patients, can be explained in a different pathogenic mechanism not 

involving OPA1. ACO2 seems to play a role, regardless its enzymatic activity in the Krebs’ cycle, 

also in mtDNA maintenance. In fact, studies on fibroblasts with ACO2 mutations have shown, in 

conjunction with reduced levels of the protein, a reduction of mtDNA copy number up to 50%, which 

caused impaired mitochondrial respiration and augmented susceptibility to stress-induced and 

metabolically demanding conditions (Neumann et al., 2020). This could eventually be the cause of 

the optic nerve atrophy observed in heterozygous ACO2 mutations. Interestingly, a similar 

mechanism has been described in fibroblasts derived from patients with mutations, either dominant 

or recessive, in another nuclear gene, the single stranded binding protein 1 (SSBP1). This gene 

encodes for a key factor of the mtDNA replisome (Jiang et al., 2021). SSBP1 mutations, like for 

ACO2, can be transmitted as autosomal dominant or recessive traits and lead to either isolated optic 

atrophy or a complex syndromic form including retinal macular dystrophy, sensorineural deafness, 

myopathy and kidney dysfunction. The mechanism by which SSBP1 mutations cause pathology is 

now established to depend on impaired mtDNA replication, which in turn leads to mtDNA depletion 

without accumulation of multiple deletions (Jurkute et al., 2019; Piro-Megy et al., 2020; Del Dotto et 

al., 2020). As final note, both ACO2 and SSBP1 genes, in the severe clinical expression may also 

affect the retinal pigmented epithelium and photoreceptors, besides the RGCs and optic nerve, as 

mtDNA partial depletion in the retina possibly affects all energy dependent cell types (Zeviani and 

Carelli, 2021). 

Concerning the genotype-phenotype correlations, we confirmed once again that OPA1 missense 

mutations displayed a more severe phenotype compared to mutations causing haploinsuffiency, both 

in terms of functional and anatomical parameters. (Yu-Wai-Man et al., 2010, Barboni et al., 2014). 

In the current study, a similar tendency, although not statistically significant given the small cohort, 

was observed with ACO2-DOA patients. Subjects harbouring a missense mutation showed overall 

lower values of BCVA, VF and OCT parameter, especially in the GCL, compared to those having a 

mutation predicted to cause haploinsufficiency. We can postulate a similar dominant negative 

mechanism for missense mutation in ACO2, as described for OPA1. In conclusion, DOA remains a 
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fairly homogeneous entity on the clinical ground despite the growing genetic heterogeneity 

underlying the disease. However, ACO2 seems to stick out for being an overall milder phenotype, in 

terms of better preservation of RGCs, and we propose that this might depend on a different pathogenic 

mechanism involving mtDNA maintenance as opposed to AFG3L2, which obeys the OPA1 

dysfunction paradigm. These differences may reflect in the future in terms of better prognosis for 

ACO2 once therapeutic approaches will be available. 
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4. PART 2: NEURO-OPHTHALMOLOGICAL AND ELECTROPHYSIOLOGICAL 

CHARACTERIZATION OF MELAS AND MERRF-ASSOCIATED mtDNA 

MUTATIONS 

4.1 Introduction 

Mitochondria are intracellular organelles carrying multiple copies of their own circular mitochondrial 

DNA (mtDNA). This genome contains a limited set of 13 genes all encoding subunits of the oxidative 

phosphorylation (OXPHOS) complexes, as well as 22 transfer RNAs (tRNAs) and 2 mitochondrial 

specific ribosomal RNAs (rRNAs) in order to carry on local protein translation given the slight 

differences in genetic coding as compared with the nuclear genome (Carelli et al., 2014; DiMauro et 

al., 2013). Mutations in tRNA genes commonly cause generalized decrease in protein translation, 

which in turn affects OXPHOS complexes leading to global deficit in cellular energy production 

affecting in a variable measure several metabolically active tissues (Shaukat et al., 2021). These 

mutations are usually heteroplasmic, a condition where mutant and wild type mtDNA co-exist within 

cells and tissues (Stewart et al., 2021). Clinical manifestations mainly depend on two factors: 

heteroplasmic loads of mutant mtDNA and tissue sensitivity to a specific mutation. Heteroplasmy 

can vary significantly among different tissues: post-mitotic tissues, like muscle, usually present with 

higher loads of mutant mtDNA heteroplasmy, whereas in tissues with high turnover rates, like blood 

cells, mutant mtDNA is negatively counter-selected. This over time decreases the mutant loads in 

blood cells, frequently resulting in its consistent reduction or even disappearance with age. In contrast, 

mutant heteroplasmy levels may undergo clonal expansion in single cells within post-mitotic tissues 

with aging, which in addition promotes somatic accumulation of mtDNA mutations and deletions 

(Frederiksen et al., 2006). Clinically, symptoms manifest when the mutant heteroplasmic load reaches 

a certain threshold overtaking the cellular energetic reserve. Usually, but not always, higher levels of 

heteroplasmy correlate with the severity of the phenotype (Gorman et al., 2016). Despite 

mitochondria are present in virtually every cell of every tissue, the organs most prone to be affected 

are usually those most susceptible to energetic failure, such as brain, skeletal and cardiac muscles and 

eyes. Neuro-ophthalmological findings in mitochondrial disease are very common, although their 

frequency and combination are still unclear, with the classical phenotypes being: optic atrophy, 

pigmentary retinopathy, chronic progressive external ophthalmoplegia (CPEO) and cortical visual 

loss like in stroke-like episodes. (Zhu et al., 2017; La Morgia et al., 2020; Zeviani and Carelli, 2021). 

In this part of the project, we aimed at defining the neuro-ophthalmological features of the two most 

common phenotypes due to mtDNA mutations affecting tRNA-encoding genes, known respectively 

as Mitochondrial myopathy, Encephalopathy, Lactic Acidosis and Stroke-like episodes (MELAS) 

(Pavlakis et al., 1984) and Myoclonic Epilepsy with Ragged-Red Fibers (MERRF) (Tsairis et al., 
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1973). Even if both diseases are most commonly related to tRNA mutations, respectively leucine for 

MELAS and lysine for MERRF, there are also profound differences.    

MELAS is a proteomorphic syndrome due in the majority of cases to the m.3243A > G mtDNA 

mutation responsible for the adenine to guanine transition in the MT-TL1 gene encoding the leucine-

tRNA (Goto et al., 1990; Kobayashi et al., 1990). Other rarer mutations in MT-TL1 are also reported 

(Salsano et al., 2010; Lin et al., 2013; Keilland et al., 2016), as well as mutations in genes encoding 

for ND subunits of complex I have been described in association with overlap syndromes bridging 

MELAS with Leber’s hereditary optic neuropathy (LHON) and Leigh syndrome (Carelli et al., 2009; 

La Morgia et al., 2014; Vacchiano et al., 2021). The classical MELAS syndrome presents with three 

cardinal features: 1) encephalopathy with seizures and/or dementia, 2) myopathy with lactic acidosis 

at rest and/or ragged red fibers 3) stroke-like episodes causing transient focal symptoms before age 

40. Other manifestations include cardiac, endocrine, renal and psychiatric symptoms (Carelli and La 

Morgia, 2018). Ophthalmological findings, whether present, usually affect the outer retina and 

particularly the retinal pigmented epithelium (RPE) (Latlava et al., 2002), since photoreceptors in the 

RPE are particularly sensitive to OXPHOS impairment due to mtDNA mutations, requiring large 

amounts of energy to maintain their resting potentials (Zeviani and Carelli, 2021). MELAS-associated 

retinopathy can present in variable degrees of severity even within the same family, ranging from 

mild pigmentary changes in the outer retinal layers of the macula to a profound chorioretinal atrophy 

in the macula, nevertheless the fovea is usually relatively spared until late in the disease, resulting in 

a prolonged preservation of visual acuity (De Laat et al., 2013, Rath et al., 2008). Despite retinopathy 

is the most common ocular finding in patients with MELAS, some may present a phenotype with 

greater neuro-ophthalmologic involvement including myopathy with ptosis or CPEO and 

retrochiasmal visual loss due to stroke like-lesions affecting the visual cortex and occasionally optic 

atrophy (Hwang et al., 1997).  

MERRF is a much rarer multisystemic mitochondrial syndrome, characterized by variable onset of 

generalized seizures, myoclonus, and ataxia, associated most frequently (80%) with the m.8344A>G 

mtDNA point mutation causing adenine to guanine transition in the MT-TK gene encoding lysine 

tRNA (Miyaue et al., 2019). Ocular phenotype in MERRF mostly includes CPEO associated with 

ptosis and optic atrophy (DiMauro et al., 2002; Mancuso et al., 2013). Optic atrophy results from 

degeneration of retinal ganglion cells (RGCs), which are highly dependent on mitochondrial 

proficiency for transmitting the action potential along their unmyelinated axons (Carelli et al., 2017). 

The small axons of the papillomacular bundle, which serves the central vision, are the most sensitive 

to energy depletion, their selective degeneration presents usually with prevalent temporal optic pallor 

and decrease in visual acuity, even if asymptomatic patients with only instrumental sign of 
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neuroretinal involvement have been described (Najjar et al., 2019). However, both MELAS and 

MERRF share high variability of clinical expression and penetrance even within the same family, 

partially attributed to mitochondrial copy number differences and heteroplasmy (Chinnery et al., 

1997). For this reason, whenever possible we correlated the neuro-ophthalmological phenotype with 

heteroplasmy of mutant mtDNA. 

 

4.2 Methods  

We prospectively recruited subjects harboring a mtDNA mutation known to cause respectively the 

MELAS or MERRF phenotype. Both patients with complete and incomplete MELAS syndrome, 

according to Hirano’s criteria (Hirano et al. 1992), were included. Information about family history, 

onset of disease, ocular and extraocular symptoms was recorded or retrieved from previous visits. A 

modified Newcastle Mitochondrial Disease Scale (NMDAS), excluding the item n°10 on cognition, 

was retrospectively calculated from last available neurological assessment. Neuro-ophthalmological 

examination included: best corrected visual acuity (BCVA) in LogMAR, color vision (Ishihara test), 

ocular motility assessment, slit lamp examination with fundus picture, visual field (VF) (Humphrey 

Field Analyzer, protocol Sita Standard 30-2, Zeiss, San Leandro, CA, USA) and Optical Coherence 

Tomography  (OCT) to assess retinal nerve fibre layer (RNFL) thickness and ganglion cell layer 

(GCL) segmentation analysis of the macula (DRI Triton, Topcon, Tokyo, Japan) (Barboni et al., 

2005). In patients displaying retinopathy autofluorescence was performed. We also evaluated lactic 

acid at baseline and when possible after standardized exercise, as previously reported (Montagna et 

al., 1995).  

In subgroups of patients, we also performed a complete electrophysiological assessment including: 

visual evoked potential (VEP) to assess integrity of central vision pathways, pattern electroretinogram 

(P-ERG) to differentiate retinal from optic nerve dysfunction and monitor RGCs dysfunction, 

scotopic and photopic full field electroretinogramm (ff-ERG) to assess cone and rod function and 

photopic negative response (PhNR) to assess RGCs function (appendix 1). 

 

4.3 Genetic analysis 

The level of heteroplasmic mutant load was assessed on available biological samples using the 

SnapShot method. DNA samples derived from peripheral blood, urinary flake cells and skeletal 

muscle of patients, previously collected for molecular diagnosis, were analysed. For each sample, the 

DNA region containing the mutation was amplified and purified, followed by SnapShot procedure to 

assess the amount of mutated and wild-type DNA. Since the heteroplasmy of mtDNA mutation can 

vary from tissue to tissue, whenever possible, all available samples from each patient were analysed. 
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Patients were further classified into three distinct groups depending on the mutation: patients with 

MELAS syndrome and the classic m.3243A>G/MT-TL1 mutation (MELAS-c); patients with 

MELAS syndrome with rarer mutations other than m.3243A>G/MT-TL1 (MELAS-r); patients with 

MERRF syndrome, with m.8344A>G/MT-TK mutation (MERRF). 

 

4.4 Statistical analysis 

The two main groups (from now on referred as MELAS and MERRF) were analyzed to compare 

gender, age, mutation distribution and visual function outcomes. For each group, continuous variables 

were summarized with statistics including the number of patients (n), mean, standard deviation (SD), 

median, minimum and maximum (range). Shapiro-Wilk and Kolmogorov-Smirnov normality tests 

were used to assess the normal distribution of data. Demographic data, heteroplasmy levels in the 

three different available tissues and lactic acid values were compared between MELAS and MERRF 

using univariate t-test if normally distributed, contrariwise Mann-Whitney U test was used. The 

following visual endpoints were analyzed: BCVA, mean deviation (MD) and fovea at VF, Ishihara 

color vision testing, RNFL (average, temporal, superior, nasal, and inferior quadrants), and GCL 

(average and 6 individual macular sectors: superotemporal, superior, superonasal, inferonasal, 

inferior, and inferotemporal) thickness. We applied the Clustered Wilcoxon rank sum test using 

Rosner-Glynn-Lee method and the Benjamini & Hochberg method to adjust p-values for multiple 

comparisons. Pearson’s correlation was used to relate the heteroplasmic mutant load to age, modified 

NMDAS score, lactic acid levels and neuro-ophthalmologic data. Statistical significance was 

established at p<0.05.  Statistical analyses were carried out using R software (version 4.0.0) and IBM 

SPSS Statistics for Windows, version 20.0 (IBM Corp., Armonk, N.Y., USA) software. 
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4.5 Results 

Demographic and general clinical/genetic features of the cohort are shown in Table 3. 

We evaluated a total of 41 patients, 33 with MELAS (16 males and 17 females) and 8 with MERRF 

(4 males and 4 females). Mean age was 49,42±14,3 for MELAS patients and 48±16,36 for MERRF. 

The majority of MELAS patients (26 patients, 79%) harboured the classic m.3243A>G/MT-TL1 

mtDNA mutation, while the remaining 7 subjects presented a rarer mutation. In details, 3 had rarer 

mutations in the same gene (m.3279C>T/MT-TL1, m.3258T>C/MT-TL1, m.3271T>C/MT-TL1), 3 

had a mutation in a different mtDNA gene (m.13094T>C/MT-ND5, m.10191T>C/MT-ND3, 

m.7896G>A/MT-CO2) and one presented a double mutation (m.10009G>A in glycine tRNA 

encoding gene and 15961G>A in proline tRNA encoding gene). All 8 MERRF patients invariably 

harboured the classic m.8344A>G/MT-TK mtDNA mutation.  

Heteroplasmy levels in the three different tissues analyzed are shown in table 3. As expected, 

heteroplasmy levels from muscle showed higher mutant loads compared to urinary sediment and 

blood samples in both groups. Comparing heteroplasmy levels in the two groups it is interesting to 

note that the percentage of mutant mtDNA heteroplasmy in MERRF patients was significantly higher 

than in MELAS patients in blood cells (p=0.000) and in muscle (p=0.049), while was not different in 

urinary sediment (p=0.31).  

Clinical core symptoms are described in Table 3. Mean age at onset of disease was 33,15±12,8 for 

MELAS and 27,13±17 for MERRF. Almost all MELAS patients presented more than one symptom, 

except for 2 completely asymptomatic carriers and 2 subjects presenting isolated diabetes and optic 

atrophy respectively. Hearing loss and diabetes were the most common findings respectively in 22 

and 21 patients. Moreover, 18 patients had myopathy, 11 experienced at least one stroke-like episode, 

10 suffered from epilepsy and 10 presented ataxia. All 8 MERRF patients had signs of myopathy, 

presenting as isolated symptom in 3 subjects. Two patients also had sensorineural deafness, 5 

epilepsy/myoclonus and 3 ataxia. Mean modified NMDAS score was 29,1±16,02 for MELAS and 

22±15,97 for MERRF and was not significantly different between the two groups (p=0.28). 

Basal lactic acid value was assessed in all patients. Lactic acid at rest was abnormal in 9 MELAS 

patients (27%) and 1 MERRF patients (12%). Mean lactic acid levels at rest were 21,36±12,98 mg/dL 

in MELAS and 14,26 ±8,40 mg/dL in MERRF (normal range 5-22 mg/dL, p=0.18). Lactic acid values 

after exercise were increased and remained abnormally elevated after the recovery time in 25/29 

(86%) MELAS and 5/6 (83%) MERRF, without significant differences between groups (p=0.51 and 

p=0.79 respectively). 
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MELAS MERRF P 

Subjects [N] 33 8  

Age [years, mean±SD] 49,42±14,3 48±16,36 a 0.74  

Sex [male, N(%)] 16 (48%) 4 (50%) b 0.93 

mtDNA Mutation - Classic [N(%)] 26 (79%) 8 (100%)  

                                 - Rarer [N(%)] 7 (21%) 0  

Heteroplasmy levels    

 Blood [N] 27 8  

- Percentage [mean ±SD] 22,74±15,93 66,8±17,13 a 0.000 

 Urine [N] 24 4  

- Percentage [mean ±SD] 57±23,12 69,5±19 a 0.31 

 Muscle [N] 24 3  

- Percentage [mean ±SD] 71,17±13,88 88,3±8,95 a 0.049 

Status - affected [N(%)] 31 (94%) 8 (100%) b 0.47 

             - asymtomatic [N(%)] 2 (6%)  0  

Mean age at onset [mean ±SD] 33,15±12,8 27,13±17 a 0.27 

Core symptoms [N (%)] 30 (90%) 8 (100%) b 0.36 

- Stroke-like 11 0  

- Epilepsy/myoclonus 10 5  

- Hearing loss 22 3  

- Myopathy  18 8  

- Ataxia 10 3  

- Diabetes 21 0  

NMDAS score [mean ±SD] 29,10±16,02 22±15,97 a 0.28 

 

Table 3. Demographic and general clinical/genetic features of MELAS and MERRF patients 

a p-value referred to t-test test. 

b p-value referred to Chi-squared test. 

Abbreviations: N: absolute frequency, %: relative frequency, SD: standard deviation. 

 

Neuro-ophthalmological symptoms were present in 23 (69%) of MELAS patients, either in 

combination (56%) or isolated (34%), with retinopathy being the most common manifestation (17/23 

patients), followed by optic atrophy in 11/23 patients. Isolated ptosis was evident in 3/23, while CPEO 

in 6/23 patients and retrochiasmal visual defect was present in 4/23 patients. This latter presenting as 

homonymous hemianopsia or quadrantopsia due to posterior stroke-like lesions. The severity of 

retinopathy was very variable among patients even within the same family, ranging from mild salt 

and pepper irregularity to severe chorioretinal atrophy (Fig 9 and Fig 10 showing examples of 

retinopathy at fundus picture and autofluorescence respectively). Autofluorescence was performed in 

15/17 MELAS patients presenting retinopathy and was graded according to a recent classification of 

mitochondrial retinopathies (Birtel et al., 2021). In our cohort, 7/15 patients presented type 1 
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retinopathy characterized by increased and decreased retinal autofluorescence, 4/15 patients 

presented type 2 retinopathy showing hyperautofluorescent dot or fleck-like lesions and, where 

present, sharply demarcated dark areas of chorioretinal atrophy, 4/15 patients presented a type 3 

retinopathy with peripapillary atrophy and a widespread granular autofluorescent pattern with areas 

of chorioretinal atrophy. 

Among MERRF patients, 7/8 subjects (87%) presented optic atrophy (Fig 11), in association with 

ptosis in 1 patient and CPEO in 2 patients. None presented retinopathy nor retrochiasmal visual loss.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Mild (upper panels) and severe (lower panels) retinopathy at fundus pictures in 

MELAS patients. 
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Figure 10. From left to right: worsening degrees of retinopathy at autofluorescence in 

MELAS patients. 

 

  

Figure 11. Optic atrophy in a MERRF patient. 

 

Mean visual acuity was -0,04±0,67 LogMAR for MELAS patients and -0,36±0,72 LogMAR for 

MERRF. VA was clearly reduced (LogMAR>0) in 11/23 (47%) MELAS patients and only 1/7 (14%) 

MERRF patient. Average RNFL thickness was 87,72±22,32 µm in MELAS and 74,12 ±13,73 µm in 

MERRF. Overall, quadrant RNFL thinning was consistent with the predominant temporal optic 

atrophy at fundus examination with the temporal sectors being the thinnest (62,10±14,94 in MELAS 

and 50,69±15 in MERRF). Average GCL thickness was 54,12±14,10 in MELAS and 55,70±6,57 µm 

in MERRF. 

Neuro-ophthalmological findings are summarized in Table 4. Comparison between the two groups 

failed to disclose any difference in BCVA, colors and VF parameters. At OCT analysis, MERRF 

patients compared to MELAS showed significantly lower values of RNFL thickness, both in average 

(p=0.021), temporal (p=0.044) and nasal sector (p=0.010) (Fig 12). No difference was found in GCL 

thickness. 
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 MELAS MERRF p 

Neuro-ophthalmological 
symptoms [N(%)] 

23 (69%) 7(87%) b 0.30 

-Isolated 10 (43%) 4 (57%)  

-Combined 13 (56%) 3 (43%)  

- Optic atrophy 11/23 (47%) 7/7 (100%) b 0.009 

- Retinopathy 17/23 (73%) 0/7 (0%) b 0.008 

- Ptosis 3/23 (13%) 1/7(13%)  b 0.93 

- CPEO 6/23 (26%) 2/7 (28%) b 0.89 

- Retrochiasmal defects 4/23 (17%) 0/7 (0%) b 0.30 

Eyes [N] 64 16  

BCVA [LogMAR, mean±SD] -0,04±0,67 -0,36±0,72 a 0.30 

Colors [mean±SD] 8,44±4,92 8,55±5,05 a 0.58 

VF [eyes, N] 23 4  

MD [dB, mean±SD] -14,93±9,75 -10,47±8,65 a 0.51 

Fovea [dB mean±SD] 30,91±5,41 22,75±16,28 a 0.63 

OCT [eyes, N] 64 16  

RNFL AVG [μm, mean±SD] 87,72±22,32 74,12±13,73 a 0.021 

RNFL T [μm, mean±SD] 62,10±14,94 50,69±15 a 0.044 

RNFL S [μm, mean±SD] 108,53±32,77 90,38±18,66 a 0.060 

RNFL N [μm, mean±SD] 71,85±19,41 61,25±8 a 0.010 

RNFL I [μm, mean±SD] 109,7±31,92 94,94±19,55 a 0.062 

GCL AVG [μm, mean±SD] 54,12±14,10 55,70±6,57 a 0.859 

GCL SN [μm, mean±SD] 55,48±15,59 56,31±7,39 a 0.634 

GCL S [μm, mean±SD] 53,83±14,47 55.12±6,77 a 0.771 

GCL ST [μm, mean±SD] 54,40±14,60 55,80±6,91 a 0.843 

GCL IT [μm, mean±SD] 55,23±14,10 56,19±6,57 a 0.696 

GCL I [μm, mean±SD] 51,35±14,34 54,25±5,5 a 0.757 

GCL IN [μm, mean±SD] 54,43±15,21 56±7,16 a 0.750 

 

Table 4. Neuro-ophthalmological results of MELAS and MERRF patients. 

Continuous variables are presented as mean ± standard deviation, while categorical variables as absolute and 

relative frequencies.  

a p-value referred Clustered Wilcoxon rank sum test. 

b p-value referred to Chi-squared test. 

Abbreviations: N: number, SD: standard deviation, VA: visual acuity, VF: visual fields, MD: mean deviation, 

OCT: optic coherence tomography, ONH: optic nerve head, RNFL: retinal nerve fiber layer, GCL: ganglion 

cell layer, AVG: average, T: temporal, S: superior, N: nasal, I: inferior, SN: supero-nasal, ST: supero-temporal, 

IT: inferotemporal, IN: inferonasal 

 



39 
 

 

Figure 12. Average and sectorial RNFL thickness in MELAS and MERRF groups.  

*p<0.05 

 

We then stratified the neuro-ophthalmological results according to the type of mutation (classic or 

rarer) within the MELAS group in order to find possible specific genotype-phenotype correlations. 

We compared 26 patients with classic m.3243A>G mutation (MELAS-c) with 7 patients harboring a 

rarer mutation (MELAS-r). Mean age at onset was 34,34± 12,36 years in classic MELAS and 28,85 

±14,17 years in MELAS-r. Notably none among rare mutation carriers had diabetes mellitus. Neuro-

ophthalmological results are shown in table 5. 

MELAS-r showed reduced BCVA, colors, MD and fovea compared to MELAS-c, without reaching 

the significance threshold. While at OCT analysis, MELAS-r patients showed significantly lower 

values of RNFL thickness in average (p=0.015), temporal (p=0.005), superior (p=0.008) and inferior 

(p=0.015) sectors (Fig 13). Moreover, also GCL thickness resulted significantly lower in MELAS-r 

compared to MELAS-c in average (p=0.038), superotemporal (p=0.031), inferotemporal (p=0.017) 

and inferior (p=0.026) sectors, with superonasal (p=0.052) and superior sectors (p=0.053) close to 

being significant (Fig 14). 
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 MELAS-c MELAS-r  P 

Eyes [N] 51 13  

BCVA [LogMAR, mean±SD] -0,15±0,64 0,37±0,65 0.074 

Colors [mean±SD] 9,15±4,36 6,23±6,03 0.346 

     

VF [eyes, N] 13 10  

MD [dB, mean±SD] -10,63±5,15 -20,53±11,64 0.168 

Fovea [dB mean±SD] 31,23±6,37 20,53±4,14 0.39 

       

OCT [eyes, N] 51 13  

RNFL AVG [μm, mean±SD] 94±14,39 65±30,68 0.015 

RNFL T [μm, mean±SD] 66,26±10,63 47,08±18,78 0.005 

RNFL S [μm, mean±SD] 117,43±25,44 76,38±37,01 0.008 

RNFL N [μm, mean±SD] 75,79±12,94 57,62±30,49 0.154 

RNFL I [μm, mean±SD] 118,26±23,15 78,77±40,38 0.015 

GCL AVG [μm, mean±SD] 56,35±14,03 46,08±11,58 0.038 

GCL SN [μm, mean±SD] 57,28±16,18 49±11,51 0.052 

GCL S [μm, mean±SD] 55,89±14,07 46,38±13,91 0.053 

GCL ST [μm, mean±SD] 56,89±13,69 45,38±14,72 0.031 

GCL IT [μm, mean±SD] 58,15±13,45 44,69±13,96 0.017 

GCL I [μm, mean±SD] 53,62±14,5 43,15±10,6 0.026 

GCL IN [μm, mean±SD] 56,26±15,91 47,85±10,33 0.062 

 

Table 5. Neuro-ophthalmological results in patients with classic m.3243A>G/MT-TL1 mutation 

(MELAS-c) and patients harbouring a rarer mutation (MELAS-r).  

P-values refer to Clustered Wilcoxon rank sum test. 

Abbreviations: N: number, SD: standard deviation, VA: visual acuity, VF: visual fields, MD: mean deviation, 

OCT: optic coherence tomography, ONH: optic nerve head, RNFL: retinal nerve fiber layer, GCL: ganglion 

cell layer, AVG: average, T: temporal, S: superior, N: nasal, I: inferior, SN: supero-nasal, ST: supero-temporal, 

IT: inferotemporal, IN: inferonasal 
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Fig 13. Average and sectorial RNFL thickness in patients with classic m.3243A>G/MT-TL1 

mutation (MELAS-c) and patients harbouring a rarer mutation (MELAS-r).  

*p<0.05 
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Figure 14. Average and sectorial GCL thickness in patients with classic m.3243A>G/MT-TL1 

mutation (MELAS-c) and patients harbouring a rarer mutation (MELAS-r). 

*p<0.05 

 

We were able to collect electrophysiological data in a small subgroup of patients: 10 MELAS (7 

females and 3 males) and 1 male MERRF (Table 6). Mean age in MELAS patients was 49,71±12,79 

years and they all carried the classic m.3243A>G/MT-TL1 mutation, except one patient harboring 

the m.7896G>A/MT-CO2 mutation. We disclosed a high variability within MELAS patients: P-ERG 

were abolished in 2/10 patients, reduced in 2/10 and normal in 6/10, VEP were frankly abnormal in 

3/10, mildly reduced in 1/10, normal in 6/10. ff-ERG were almost isoelectric in the patient carrying 

the m.7896G>A/MT-CO2 mutation, variably reduced in 4/10 patients, normal ERG were found in 

4/10 patients. PhNR could not be performed/evaluated in 2 patients and was reduced in one patient, 

the remaining presented normal PhNR response. To note, mild abnormalities at electrophysiological 

tests were present in 2 patients, respectively at P-ERG-ERG in patient n° 2 and VEP in patient n°3, 

without clinical evidence of optic atrophy or retinopathy. 
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The only MERRF patient tested had only OCT signs of mild temporal optic atrophy with normal 

vision, electrophysiological testing resulted all normal. 

 

Patient 
n° 

Gender Phenotype Mutation P-ERG VEP ff-ERG PhNR Optic 
atrophy 

Retinopathy 

1 F MELAS m.3243A>G/ 
MT-TL1  

Reduced 
N95 

Reduced Normal Normal Yes No 

2 F MELAS m.3243A>G/ 
MT-TL1  

Reduced 
P50-N95 

Normal Mildly 
reduced 

Normal No No 

3 F MELAS m.3243A>G/ 
MT-TL1  

Normal Mildy 
reduced 

Normal Normal No No 

4 F MELAS m.3243A>G/ 
MT-TL1  

Severely 
reduced 

Reduced Mildly 
reduced 

/ No Yes 

5 F MELAS m.3243A>G/ 
MT-TL1  

Normal Normal Normal Normal No No 

6 M MELAS m.3243A>G/ 
MT-TL1  

Normal Normal Normal Normal No No 

7 F MELAS m.3243A>G/ 
MT-TL1 

Normal Normal Normal Normal No No 

8 F MELAS m.3243A>G/ 
MT-TL1 

Normal Normal Mild rod 
reduction 

Normal No Yes 

9 M MELAS m.3243A>G/ 
MT-TL1 

Normal Normal Reduced Reduced No Yes 

10 M MELAS m.7896G>A/ 
MT-CO2  

Severely 
reduced 

Severely 
reduced 

Severely 
reduced 

/ No Yes 

11 M MERRF m.8344A>G/ 
MT-TK 

Normal Normal Normal Normal Yes No 

 

Table 6. Electrophysiological results in MELAS and MERRF. 

Abbreviations: P-ERG: pattern electroretinogram, VEP visual evoked potentials, ff-ERG: full-field 

electroretinogram, PhNR: photopic negative response 

 

 

Correlation with heteroplasmy 

We first evaluated the mtDNA heteroplasmy levels in different tissues in relation to age in MELAS 

and MERRF patients. In MELAS patients, as already described in literature (Grady et al., 2018), we 

found that levels of heteroplasmy in the blood cells decreased as the age of the patients increased, 

displaying a significant negative correlation (pearson -0.484, sig 0.011). The same correlation 

analysis between heteroplasmy levels and age was performed using available samples of DNA 

extracted from urinary sediment flaking cells and skeletal muscle biopsies. A significant negative 

correlation was confirmed also in urine samples (pearson -0.541, sig 0.006) but not in muscle 

specimens (pearson -0.388, sig 0.061) (Fig 15) 
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Figure 15. Correlation of mutant mtDNA heteroplasmy levels with aging in MELAS patients 

in the three available tissues (from left to right: blood, urine and muscle). 

 

In contrast to the previous MELAS findings, in MERRF patients, blood heteroplasmy did not show 

any significant correlation with age (pearson -0.327, sig 0.430). Given the small number of urinary 

and muscular samples, we analyzed the levels of heteroplasmy in these two tissues combined and 

we found a mild negative correlation with age (pearson -0.765, sig 0.045) (Fig 16). 

 

 
Figure 16. Correlation of heteroplasmy levels with aging in MERRF patients in blood (blue 

dots and line) and urine combined with muscle (green dots and line). 
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Given the high correlation of blood heteroplasmy with age in MELAS patients, for classic 

m.3243A>G/MT-TL1 mutation we normalized the values using the published formula from Grady 

and colleagues (Grady et al,. 2018). We then correlated heteroplasmy levels in these three tissues 

with lactic acid values (at rest, after exercise and after recovery). In MELAS patients, we did not 

find any significant correlation between heteroplasmy and lactic acid levels. While in MERRF 

patients, we found a mild positive correlation only between blood heteroplasmy and lactic acid 

levels after recovery (pearson 0.818, sig 0.047). We also correlated heteroplasmy levels with 

modified NMDAS score, failing to find any significance both in MELAS and MERRF patients. 

We then correlated heteroplasmy levels with neuro-ophthalmological results in MELAS and 

MERRF patients. Right and left eyes were analysed first separately. In MELAS patients, blood 

heteroplasmy correlated negatively with average and sectorial RNFL thickness in both eyes, 

nevertheless using normalized blood heteroplasmy values, we lost the significant correlation with 

RNFL. Urine and muscle heteroplasmy did not correlate with any neuro-ophthalmological 

parameter in MELAS. In MERRF patients, we found a negative correlation between blood 

heteroplasmy and average RNFL (pearson -0.754, sig 0.031) in the right eye and temporal RNFL in 

the left eye (pearson -0.730, sig 0.040). Combined urine and muscle heteroplasmy correlated 

negatively with average RNFL in both eyes (right eye pearson -0.867, sig 0.012; left eye pearson -

0.789, sig 0.035), and also with superior (pearson -0.768, sig 0.044), nasal (pearson -0.860, sig 

0.013) and inferior RNFL sectors (pearson -0.795, sig 0.033) and inferotemporal CGL sector 

(pearson -0.785, sig 0.036) in the right eye. 

 

Considering all eyes together, in MELAS patients, normalized blood heteroplasmy and urine 

heteroplasmy did not correlate with any OCT parameter while muscle heteroplasmy correlated 

negatively only with inferior RNFL thickness (pearson -0.321, sig 0.036). 

In MERRF patients, blood heteroplasmy negatively correlated with average RNFL and all but nasal 

RNFL sectors, and with average GCL and all but inferior GCL sectors. Combined urine and muscle 

heteroplasmy negatively correlated with average and sectorial RNFL and with all but inferior GCL 

sectors (Table 7, Figure 17). 

 

 

 

 

 

 



46 
 

 

 blood 

heteroplasmy 

urine+muscle 

heteroplasmy 

RNFL avg N 16 14 

Pearson’s correlation -,711** -,827** 

Sig.  ,002 ,000 

RNFL T Pearson’s correlation -,641** -,717** 

Sig.  ,007 ,004 

RNFL S Pearson’s correlation -,653** -,728** 

Sig.  ,006 ,003 

RNFL N Pearson’s correlation -,410 -,648* 

Sig.  ,115 ,012 

RNFL I Pearson’s correlation -,604* -,771** 

Sig.  ,013 ,001 

GCL avg Pearson’s correlation -,541* -,638* 

Sig.  ,030 ,014 

GCL  S Pearson’s correlation -,558* -,647* 

Sig.  ,025 ,012 

GCL  SN Pearson’s correlation -,611* -,690** 

Sig.  ,012 ,006 

GCL  IN Pearson’s correlation -,540* -,631* 

Sig.  ,031 ,016 

GCL  I Pearson’s correlation -,330 -,445 

Sig.  ,213 ,110 

GCL IT Pearson’s correlation -,536* -,692** 

Sig.  ,032 ,006 

GCL ST Pearson’s correlation -,619* -,709** 

Sig.  ,011 ,004 

 

Table 7. Pearson’s correlation between heteroplasmy and OCT parameters (RNFL and GCL) 

in MERRF patients all eyes considered. 

** sig. <0.01 *sig. <0.05 

Abbreviations: AVG: average, T: temporal, S: superior, N: nasal, I: inferior, SN: supero-nasal, ST: supero-

temporal, IT: inferotemporal, IN: inferonasal 
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Figure 17. Correlation between blood (blue dots and line) and urine combined with muscle 

(green dots and line) heteroplasmy with average and sectorial RNFL and average CGL in 

MERRF patients.  

Abbreviations: AVG: average, T: temporal, S: superior, N: nasal, I: inferior. 
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4.6 Discussion 

We compared the neuro-ophthalmological phenotype of patients carrying mtDNA mutations 

associated respectively with MELAS and MERRF syndromes. In our cohort, possibly biased due to 

the recruitment in a Neuro-ophthalmology Clinic, we found an overall prevalence of neuro-

ophthalmological involvement in 69% of MELAS patients and 87% of MERRF. A first result, 

which confirms previous reports, is that retinopathy is the most common neuro-ophthalmological 

symptom in MELAS followed by optic atrophy, as opposed to MERRF in which optic atrophy was 

present in all cases with neuro-ophthalmological involvement.  

Overall, our study showed a prevalence of retinopathy, considering all 33 MELAS patients, of 51%, 

which is higher than the one reported in literature in m.3243A>G/MT-TL1 mutation carriers 

ranging from 15% to 38% (Chinnery et al., 1997; Latlava et al., 2002). Optic atrophy was present in 

33% of our MELAS patients, as opposed to the reported prevalence ranging from 1% to 9% in 

literature (Chinnery et al., 1997; Zhu et al., 2017). Again, it must be considered that we recruited 

patients referred to our Neuro-ophthalmology Clinic, hence these figures are possibly overestimated 

if we consider the overall group of patients carrying these mutations, which includes also cases 

without any ocular involvement. 

In MERRF, the previously reported prevalence of optic atrophy is variable, ranging from 13% to 

36% (Chinnery et al., 1997). Interestingly, optic nerve involvement has been described also in 

completely visually asymptomatic patients (Gronlund et al., 2008; Najjar et al., 2019) and thus its 

real prevalence could have been previously underestimated. In our limited cohort, remarkably, we 

found an overall prevalence of optic atrophy of 87%, confirming also that the majority of patients 

were visually asymptomatic. In fact, only 1/7 patient presented a clear reduction in visual acuity, 

interestingly developed in a subacute LHON-like course. 

Noticeably, the prevalence of CPEO/ptosis was similar in both groups (39% in MELAS vs 37% in 

MERRF), and close to the values reported in literature: 28% in MELAS (Chinnery et al., 1997) and 

29% in MERRF (Mancuso et al., 2013). As expected, none of the MERRF patients presented 

retrochiasmal visual loss, which instead was present in 12% of our MELAS patients and intimately 

correlated with stroke-like events.  

 

If the myopathic involvement of extraocular muscles is common in several and genetically 

heterogeneous mitochondrial diseases, because of the higher density of mitochondria and thus 

augmented susceptibility to metabolic defects compared to the other skeletal muscle districts, the 

reason for the striking distinct ocular involvement (retinopathy vs optic atrophy) in these two 

diseases is yet to be fully understood. Despite both associated with mutations occurring in 
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mitochondrial tRNA genes, which impair by definition mitochondrial translation and thus leading to 

a generalized impairment of the mitochondrial respiratory chain, other molecular mechanisms must 

be responsible for the selective susceptibility of different retinal cell types, namely 

photoreceptors/RPE in MELAS and RGCs in MERRF. These cell types are all particularly 

susceptible to OXPHOS impairment and ROS accumulation: photoreceptors have a high 

consumption of mitochondrial-generated ATP, particularly for regeneration of the outer segment 

which is constantly exposed to photo-related oxidative stress, while RCGs are highly depend on 

mitochondrial energy production for transmitting the action potential along their unmyelinated 

axons running in the RNFL and the optic disc until passing the lamina cribrosa, where they finally 

acquire the oligodendrocyte-dependent myelin sheet (Zeviani and Carelli, 2021).  

The distinct ocular involvement may be a consequence of different segregation or proliferation of 

mutant mtDNA in different cell types (Macmillan et al., 1993) or it is possible that, given a specific 

mutant load, the two mutations impair mitochondrial function to different degrees in the two retinal 

cell types (Chinnery et al., 1997). An old paradigm, discussed in the past, was based on the 

assumption that RGCs might be more susceptible to ROS overload, whereas photoreceptors and 

RPE may be more energy-dependent, thus sensitive to decreased ATP production. This clearly 

occurs in the case of NARP syndrome characterized by point mutation in the ATPase6 subunit gene 

of complex V (Zeviani and Carelli, 2021). Conversely, a prevalent contribution from ROS 

overproduction seems to characterize selective defects of complex I, as recently shown in a mouse 

model of LHON (Lin et al., 2012). However, this oversimplified paradigm was recently broken by 

the discovery of dominant forms of optic atrophy co-existing with foveopathy and retinal dystrophy 

associated with mutations in the SSBP1 gene, leading to partial mtDNA depletion affecting the eye, 

but also kidney (frequently evolving into end-stage renal failure) and other tissues (Del Dotto et al., 

2020). In this latter case, we have an example for which a global OXPHOS impairment is assumed 

as pathogenic mechanism, similar to tRNA mutations or single deletions, but leading to 

simultaneous affection of RGCs, photoreceptors and RPE. 

In MELAS, the OXPHOS defect causes photoreceptors and RPE dysfunction, which manifests in 

accumulation of toxic lipofuscin in the RPE (visible at autofluorescence) and decreased 

photoreceptor outer segment phagocytosis, leading ultimately to photoreceptors death and retinal 

atrophy (de Laat et al., 2013). Whether the primary degeneration occurs at the level of the RPE or 

photoreceptors, remains unclear. Moreover, it is known that the energy deficiency caused by the 

mitochondrial mutation promotes mitochondrial proliferation leading to angiopathy and a relative 

deficiency of nitric oxide, a potent vasodilator (Kisilevsky et al., 2019). This mechanism is thought 

to contribute mainly to acute ischemia during stroke-like episodes, nevertheless one could expect 
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some chronic angiopathy/vascular change in the choriocapillaris that could affect more the external 

layers of the retina. With this in mind, the evaluation with angio-OCT would be useful in the future 

to explore this hypothesis.  

In MERRF, the defective incorporation of lysine within the 13 mtDNA-encoded proteins results in 

premature termination of translation and truncated proteins with increased degradation rate. The 

final outcome is a disturbed assembly of respiratory chain complexes, most prominently affecting 

the cytochrome-c-oxidase (COX) complex (complex IV) (Altmann et al., 2016; Capristo et al., 

2022). This biochemical defect probably affects more selectively RGCs than RPE but, contrarywise 

to the classical paradigm of optic neuropathies due to mtDNA point mutations affecting complex I 

subunits, such as in LHON, in which an impairment of central vision is sudden and always evident, 

in MERRF the optic atrophy probably evolves more insidiously and presents a relevant functional-

anatomical discrepancy. This probably reflects a different underlying pathogenetic mechanism in 

MERRF as compared to LHON. Only occasionally, a LHON-like phenotype may occur, as in a 

single case of our series, and in previous publications. This somehow mirrors, even if the pattern of 

RGC loss is profoundly different, what has been observed in Friedreich Ataxia, for which an 

indolent course of the RGC degeneration is the standard, with some exceptions in patients 

harbouring a compound heterozygosis (for one allele carrying the classical expansion and the other 

carrying a point mutation) for whom a subacute LHON-like course is also described (Fortuna et al., 

2009). 

It can also be hypothesized that the respiratory chain shows slightly different defects depending on 

the type of mutated tRNA. Complex I is the respiratory chain enzyme with the most mitochondrial 

DNA-encoded subunits and most impaired in mitochondrial hereditary optic neuropathy (Yu-Wai-

Man et al., 2016); analysis of the amino acid composition of the mitochondrial-encoding subunits of 

complex I (UniProt database; ProtParam ExPASy analysis) showed high percentage of leucine 

(ranging from 10 ,9 % in ND4 to 24,3% in ND3), agreeing with the fact that leucine is an 

hydrophobic amino acid highly represented in membrane proteins. However, the percentage of 

lysine is not negligible and interestingly, its highest percentages are present in the subunits forming 

the proton channels (ND2 3,5%; ND4 2,6%; ND5 3,5%), which are essential to generate the proton 

gradient underlying the energy conservation of complex I and the respiratory chain in general 

(Fiedorczuk et al., 2016). Since it is known that complex I is one of the major sites of ROS 

production along the respiratory chain, it could be hypothesized that the m.3243A>G/MT-TL1 

MELAS mutation results in a general decrease in the enzymatic activity of complex I and, 

downstream, of all the respiratory chain energy production. The global and deeper energy deficit 

could be responsible in MELAS for an early and prevalent dysfunction of the retinal photoreceptor 
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component, explaining also the greater selective pressure on blood cells that we will discuss later. 

On the other hand, the m.8344A > G/MT-TK MERRF mutation could alter more specifically the 

proton channel activity of complex I, possibly increasing ROS production and thus causing 

oxidative damage affecting more selectively RGCs and favouring the occurrence of optic 

neuropathy in MERRF. 

 

Comparing neuro-ophthalmological results, the higher prevalence of optic atrophy in MERRF 

reflected as expected in significant lower values of average, temporal and nasal RNFL thickness 

assessed by OCT compared to MELAS patients. Interestingly, no difference was found in terms of 

functional visual parameters, such as VF measures and BCVA. Visual acuity, in particular, resulted 

overall within the range of normal vision in both groups, possibly explained by the high variability 

among patients, ranging from severely affected to almost asymptomatic even within the same 

family. The same high variability was observed also at electrophysiological testing in MELAS. We 

failed to find any difference in macular GCL thickness. This result should probably not come as a 

surprise since a reduced GCL thickness has been observed, albeit in a low number of patients, both 

in MERRF and MELAS. Najjar and colleagues described 3 asymptomatic MERRF patients 

showing RNFL and GCL reduced thickness at OCT (Najjar et al., 2019). Shinkai and colleagues 

showed in 5 MELAS patients that GCL thickness was significantly thinner than controls but thicker 

compared to LHON, and also that GCL thickness negatively correlated with disease duration 

(Shinkai et al., 2020). No information was given regarding the mutations nor the heteroplasmy 

levels. 

Within the MELAS group, we further compared patients harboring the classic m.3243A>G/MT-

TL1 mutation with patients presenting rarer mutations, in the same or a different mitochondrial 

gene. Overall, patients with rare mutations displayed a more severe ophthalmological phenotype, 

both in terms of VA and VF, despite not reaching significance, and anatomical measures assessed 

by OCT, which instead were clearly significant. The same observation was evident at 

electrophysiological testing. Moreover, within the group with rare mutations, 3/7 patients displayed 

a combination of retinopathy and optic atrophy, while only 1 patient with classic m.3243A>G/MT-

TL1 mutation presented both. This result can be explained by the presence of mutations in subunits 

of Complex I (m.13094 T>C/MT-ND5, m.10191 T>C/MT-ND3), more prone to lead to severe 

optic atrophy as in LHON, and Complex IV (m.7896G>A/MT-CO2), possibly leading to a severe 

respiratory defect. 
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As MELAS and MERRF mutations are heteroplasmic, we also assessed if the mutation load 

correlated with the neuro-ophthalmology phenotype in our cohort. Both in carriers of the MELAS-

associated m.3243A > G/MT-TL1 mutation and MERRF-associated m.8344A > G/MT-TK 

mutation it has been highlighted that a critical threshold is necessary to manifest symptoms and that 

heteroplasmic mutational load correlates with disease severity (Grady et al., 2018, Capristo et al., 

2022). Nevertheless, the grade of mitochondrial retinal dystrophy in MELAS, despite correlating 

significantly with both age and visual acuity, did not correlate with heteroplasmy (de Laat et al., 

2013). To our knowledge, there are no studies correlating the heteroplasmy load with optic atrophy 

in MERRF.  

We first evaluated the effect of age on heteroplasmy levels in our cohort, confirming the already 

established negative correlation of blood heteroplasmy with age in MELAS due to high selective 

pressure in cells undergoing rapid turn-over, and thus needing a mathematical correction (Grady et 

al., 2018). We also observed a less significant negative correlation with urinary heteroplasmy, while 

no correlation was found in muscle. Contrarywise, in MERRF patients we found no correlation 

between blood heteroplasmy and age, as expected from previous reports (Altmann et al., 2016), 

while a mild negative correlation was observed in urinary and muscular heteroplasmy levels 

combined. This supports the hypothesis that the lysine tRNA mutation is exposed to less stringent 

selective pressure in blood cells than leucine tRNA mutation, suggesting also that the MERRF 

mutation might be considered globally less severe than the MELAS mutation. 

Correlation with neuro-ophthalmological parameters failed to show any significance in MELAS 

patients, considering age-normalized blood heteroplasmy, as well as urine and muscle mutant load. 

On the contrary, in MERRF, both blood and combined urine and muscle heteroplasmy negatively 

correlated with both RNFL and GCL thickness, reaching the highest significance on the temporal 

RNFL sector, which is the most sensitive to respiratory chain dysfunction.  

 

In conclusion, we demonstrated a high prevalence of neuro-ophthalmological involvement in our 

cohort of MELAS and MERRF patients, confirming also a distinct ocular phenotype, respectively 

retinopathy in MELAS and optic atrophy in MERRF. This striking difference possibly reflects a 

selective susceptibility of different retinal cell types, namely photoreceptors/RPE in MELAS and 

RGCs in MERRF, respectively prevalently sensitive to OXPHOS impairment or ROS 

accumulation. The higher prevalence of optic atrophy in MERRF reflected in significant lower 

values of RNFL thickness compared to MELAS patients, despite visual acuity, visual fields 

measures and GCL thickness resulted comparable. Correlation with heteroplasmy, apart from the 

already known effect of age on the leucine tRNA mutation causing a selective negative pressure in 
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blood cells, and less significantly in urinary cells, failed to disclose any significant correlation with 

neuro-ophthalmological parameter in MELAS patients. 

Contrarywise, lysine tRNA mutational load, albeit not correlating with age, negatively correlated 

with both RNFL and GCL thickness in MERRF patients, with the highest significance on the 

temporal RNFL sector. This, provides the opportunity to better elaborate on disease prognosis for 

MERRF, whereas for MELAS it seems less predictable which natural history a specific patients 

may undergo in the future follow up. 
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5. PART 3: LONGITUDINAL NEURO-OPHTHALMOLOGICAL AND 

ELECTROPHYSIOLOGICAL ASSESSMENT FOLLOWING GENE THERAPY IN 

ACUTE LHON PATIENTS. 

5.1 Introduction 

Leber’s Hereditary Optic Neuropathy (LHON) is a maternally inherited disease, associated with 

mitochondrial DNA (mtDNA) point mutations in genes encoding subunits of complex I of the 

respiratory chain. The three most common mtDNA mutations, accounting for about 90% of cases, 

are: 11778/ND4 (69%), 14484/ND6 (14%), and 3460/ND1 (13%) (Carelli et al., 2004). The 

classical presentation of LHON is a rapid, painless loss of vision in one eye, followed by the fellow 

eye within days to months; males are more affected than females with a 4:1 ratio (Newman, 2005). 

The loss of vision is due to selective vulnerability of retinal ganglion cells (RGCs) in the 

papillomacular bundle that causes a typical central scotoma and a subsequent optic atrophy (Carelli 

et al., 2009). The prognosis is usually severe, with most patients progressing to very poor visual 

acuities. Fundus findings in the acute stages, and possibly in the asymptomatic mutation carriers, 

include circumpapillary telangiectatic microangiopathy and swelling of the retinal nerve fiber layer 

(RNFL) without leakage (pseudoedema). As the disease progresses a rapid axonal loss in the 

papillomacular bundle leads to temporal and eventually diffuse atrophy of the optic nerve head. The 

selective involvement of RGCs in LHON has been confirmed by optical coherence tomography 

(OCT) and histopathological studies (Barboni et al., 2010; Barboni et al., 2012; Pan et al., 2012). 

OCT allows quantifying the characteristic RNFL and RGC changes over time and can help 

identifying the conversion from the presymptomatic to the affected stage in LHON (Carbonelli et 

al., 2022). Electrophysiological studies in LHON variably demonstrated a retinal dysfunction at 

pattern electroretinogram (P-ERG), multifocal ERG and impaired neural conduction at Visual 

Evoked Potentials (VEP) (Salomao et al., 2004; Kurtenbach et al., 2004; Ziccardi et al., 2013; Guy 

et al., 2014; Jarc-Vidmar et al., 2016). Nevertheless, limitations of these techniques include the fact 

that they do not represent a direct measure of RGC function, moreover they need a precise 

refractive correction and foveal fixation, which is often very challenging for LHON patients, 

especially in the acute stage. Recently, it was discovered that RGCs generate a slow negative wave 

response following the b-wave of the cone response on photopic electroretinogram (ERG) and is 

referred to as the photopic negative response (PhNR) (Viswanathan et al., 1999). Studies on LHON 

families, reported that PhNR amplitudes were severely reduced in patients affected by LHON 

compared to carriers and mildly reduced in carriers, suggesting a potential subclinical RGC 

dysfunction also in asymptomatic patients (Karanjia et al., 2017; Majander et al., 2017). Moreover, 
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PhNR amplitude has been shown to negatively correlate with total macular ganglion cell thickness 

(Botelho et al., 2021). 

Therapeutic options in LHON include idebenone, a synthetic analogue of CoQ10 acting as an 

antioxidant, whose efficacy was assessed in a randomised, double-blinded, placebo-controlled study 

(RHODOS) leading to its approval by European Medicines Agency (EMA) in 2015 (Amore et al., 

2021). In more recent years, several phase 3 trials have been conducted on gene therapy targeting 

the m.11778G>A/MTND4 mutation and showed a promising alternative for the treatment of 

LHON. In details, RESCUE and REVERSE trials evaluated the effects of the rAAV2/2-ND4 

(GS010 LUMEVOQ) delivered by unilateral intravitreal injections, reporting a bilateral 

improvement of visual acuity at 96 weeks, sustained also 3 years after treatment. The most recent 

REFLECT trial, comparing bilateral with unilateral intravitreal injections, confirmed a significant 

improvement of vision in the bilateral group (Davila-Siliezar et al., 2022). LUMEVOQ is currently 

under review by the EMA for approval. In the meantime, as the only Italian recruiting center for 

gene therapy in LHON, over the last year we had the opportunity to offer gene therapy as 

compassionate use in a number of acute LHON patients harbouring the 

m.11778G>A/MTND4 mutation.  

The purpose of this study was to prospectively investigate modifications in visual acuity, OCT 

parameters, Flash VEP (FVEP) and PhNR responses in this group of acute/subacute LHON patients 

treated with rAAV2/2-ND4 gene therapy in co-administration with idebenone. 

 

5.2 Methods 

Gene therapy was administered after approval by the internal ethical committee for compassionate 

use and signing of the informed consent. We included m.11778/MTND4 LHON patients with onset 

of disease within one year from the last affected eye and already on treatment with idebenone 

900mg/die. Each subject received an intravitreal injection in each eye containing 9 x 1010 viral 

genomes in 90 ml (REFLECT www.clinicaltrials.gov NCT03293524). The procedure was carried 

out in an aseptic surgical room at Bellaria Hospital. Treatment with prophylactic oral steroids was 

provided.  

Demographic features such as age, sex, onset of vision loss for the first and second eye and 

idebenone therapy were recorded. Patients were tested at time 1 (T1) one to three days before 

injection, 6 months after injection (T2) and 1 year after injection (T3). Best corrected visual acuity 

(BCVA) was measured using a retro-illuminated Early Treatment Diabetic Retinopathy Study 

(ETDRS) chart positioned at 4 m and expressed as LogMAR. Counting fingers and hand movement 

were respectively converted to 2.0 and 2.3 LogMAR. 
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OCT images (DRI Triton, Topcon, Tokyo, Japan) were obtained using a 3-dimensional wide scan 

protocol with a size of 12×9 mm consisting of 256 B-scans, each comprising 512 A-scans. 

Peripapillary RNFL thickness were measured using a 360° 3.4-mm diameter circle scan with 

thicknesses measured across the superior, nasal, inferior, and temporal sectors and segmentation 

analysis of the macula measured across six sectors of the 6-mm diameter circular annulus centered 

on the foveal included GCL. 

FVEP were presented by the ColorDome ganzfeld (Diagnosys LLC). Gold cup skin electrodes were 

placed in Oz for active, Cz for reference and Fz for ground. The resulting first and the second 

positive deflections were named P1 and P2, their preceding negative deflections, N1 and N2. 

Amplitudes (μV) were measured for N2 and P2. Peak times (ms) were measured for N2 and P2. 

The PhNR stimulus conditions were produced also by the ColorDome. Both pupils were dilated 

(pupil diameter >7 mm) with one drop each of tropicamide 1% and phenylephrine 10% and then 

light-adapted for 10 min. The corneal surface was anesthetized with two drops of tetracaine 1% to 

apply Dawson-Trick-Litzkow (DTL-Plus™) micro conductors (Diagnosys LLC, Lowell, MA, 

USA) on the lower conjunctival fornix. Gold cup electrodes were used in the temple for reference 

and Fz for ground. Electrode impedance was checked and set at 5 kilo Ohms (kΩ) or less. Red 

(640 nm) stimulus flashes of 4 ms duration were presented at a 4-Hz rate on a blue (470 nm) rod 

saturating background. Red flash stimulation was presented at 1, 3 and 7 cd·s/m2, while the blue 

background remained at 10 cd/m2. An Espion E3 was used to record PhNR waveforms. A total of 

six sets of 25 sweeps of 150-ms duration per eye were recorded with bandpass filtering between 0.3 

and 300 Hz. Each of the six repetitions was manually filtered to remove eye blink and other motion 

artifacts, and an average of the remained responses was generated for each eye. Recordings were 

obtained from both right and left eyes. PhNR waveforms were visually inspected, and the a-wave, 

b-wave, and PhNR components were determined. Peak time (ms) and amplitude of PhNR (μV) 

from peak to trough (amplitude between the peak of the b-wave and the trough of the PhNR) were 

recorded.  

The following visual parameters were analyzed: BCVA, RNFL thickness (average, temporal, 

superior, nasal, and inferior quadrants), GCL thickness (average, superotemporal, superior, 

superonasal, inferonasal, inferior, and inferotemporal), N2 and P2 amplitudes and peak times, PhNR 

amplitude and peak time. Statistical analysis included a descriptive analysis of the cohort and of 

neuro-ophthalmological and electrophysiological parameters for each patient at T1, T2 and T3. We 

compared the results from T1 to T2, and from T1 to T3 using Mann-Whitney U test. We then 

correlated the results with time from onset using Pearson’s correlation. IBM SPSS Statistics for 

Windows, version 20.0 (IBM Corp., Armonk, N.Y., USA) software was used for statistical analysis. 
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5.3 Results 

We included a total of 9 LHON patients, 8 males and 1 female. Mean age at onset was 30 ±15,59 

years (median 27, min-max 14-53). Four patients had a positive family history for LHON. Six male 

patients had a classic onset within their thirties (LHON type I), the remaining two males and the 

female patient had a delayed onset of disease after 40 years of age (LHON type II) (Carelli et al., 

2016). Six patients had an asynchronous onset of disease, while three had a bilateral onset.  

A short description of each patient history and risk factors is provided.  Demographic and onset 

characteristics with times from therapies are summarized in table 8. 

Patient 1  

Woman with onset of vision loss at 53 years in the right eye followed by left eye in 4 months. 

Negative family history for LHON. Former smoker (10 cigarettes/die from 20 to 50 years of age). 

Personal history of recent menopause after prolonged estroprogestinic therapy for ovariectomy and 

treatment with tamoxifen for breast cancer suspended 4 months after onset for possible toxicity. She 

was treated 9,5 months after onset and started contextually idebenone 900mg/die.  

Patient 2  

Man with onset of vision loss at 48 years in the left eye followed by right eye in 1 month. Negative 

family history for LHON. Personal history of hypertension, heavy smoker since 30 years of age (20 

cigarettes/die) and moderate alcohol intake reduced after onset of disease. He started idebenone 900 

mg/die 3,5 months after onset and was treated 15,5 months from onset. 

Patient 3  

Young man with onset of vision loss at 15 years in the left eye followed by right eye in 4 months. 

Positive family history for LHON. No apparent risk factors. He started idebenone 900mg/die 3 

months after onset and was treated 13 months after onset. 

Patient 4  

Young man with onset of vision loss at 27 years in the left eye followed by right eye in 3 months. 

Negative family history for LHON. Smoker from 20 years of age (20 cigarettes/die) and occasional 

alcohol consumption, discontinued after onset of disease. Personal history of clinical depression 

from 7 years of age, treated with olanzapine, venlafaxine, delorazepam and valproate, this last 

suspended 10 months after onset for possible toxicity. He started idebenone 900mg/die 4 months 

after onset and was treated 7 months after onset. 

Patient 5 

Young man with onset of vision loss at 17 years in the right eye followed by left eye in 7,5 months. 

Negative family history for LHON. No apparent risk factors. He started idebenone 900mg/die 8 

months after onset and was treated 14,5 months after onset. 
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Patient 6  

Young man with onset of vision loss at 33 years in the left eye followed by right eye in 7 months. 

Positive family history for LHON. Smoker from 16 years of age (20 cigarettes/die) and moderate 

alcohol consumption, stopped after onset of disease. Personal history of viral meningitis at 17 years 

of age. Evidence of reduced levels of folates at blood exams at onset. He started idebenone 

900mg/die 9 months after onset and was treated 19,5 months after onset. 

Patient 7  

Man with bilateral onset of vision loss at 46 years. Negative family history for LHON. Smoker 

from 18 years of age (20 cigarettes/die) and moderate alcohol consumption, stopped after onset of 

disease. He started idebenone 900 mg/die 11 months after onset and was treated 14,5 months after 

onset. 

Patient 8   

Young man with bilateral onset of vision loss at 17 years. Positive family history for LHON. No 

apparent risk factors. He started idebenone 900mg/die 4 months after onset and was treated 15 

months after onset. 

Patient 9  

Young man with bilateral onset of vision loss at 14 years. Positive family history for LHON. 

Evidence of vitamin B12 and folates deficiency at blood exams at onset. He started idebenone 900 

mg/die 2,5 months after onset and was treated 5,5 months after onset. 

 

Patient 
n° 

Gender Family 
history 

Risk 
factors 

Age at 
onset 

(years) 

Eye 
onset 

Second eye 
involvement 

(months) 

Idebenone 
therapy (months 

from onset) 

Gene Therapy 
(months from 

onset) 

1 F - + 53 OD 4 9,5 9,5 

2 M - + 48 OS 1 3,5 15,5 

3 M + - 15 OS 4 3 13 

4 M - + 27 OS 3 4 7 

5 M - - 17 OD 7,5 8 14,5 

6 M + + 33 OS 7 9 19,5 

7 M - + 46 Bilateral / 11 14,5 

8 M + - 17 Bilateral / 4 15 

9 M + - 14 Bilateral / 2,5 5,5 

 

Table 8. Demographic and onset characteristics with times from therapies. M=male F= 

female. OD=right eye. OS= left eye. 
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All 9 patients were tested at T1, 8 were also tested at T2 and 8 at T3. Mean age at T1 was 31,22 

±15,31 years. Mean time from onset of vision loss at T1 (both eyes included) was 11,22 ±4,55 

months (median 12,74, min-max 4-19). Mean time from onset in the first eye (including bilateral 

cases) was 12,42±4,47 months (median 14,4, min-max 5,5-19,5), time from onset in the second eye 

was 8,83±4 months (median 8,25, min-max 4-14,5). Mean time from onset of vision loss at T2 was 

17,92 ±4,48 months (median 19,5, min-max 10-25), while at T3 mean time from onset of vision 

loss was 24,14 ±4,58 months (median 24,25, min-max 17,5-31,5). 

All patients were also treated with idebenone 900 mg/die, started variably from 3 to 11 months after 

onset of disease (mean 6,11±3,34 months). At T1 mean duration of idebenone therapy was 6,61 

±4,26 months, at T2 12,5±4,59 months and at T3 20,21±5,84 months. 

The trend over time of changes in BCVA, RNFL and GCL average thickness, N2, P2 and PhNR 

amplitudes at T1, T2 and T3 is shown for patient 1 (Fig 18), patient 2 (Fig 19), patient 4 (Fig 20), 

patient 5 (Fig 21), patient 6 (Fig 22), patient 7 (Fig 23), patient 8 (Fig 24) and patient 9 (fig 25). 

Patient 8 was only tested at T1 and T2. Patient 9 was only tested at T1 and T3. Results from patient 

3 at T2 and T3 were excluded because of poor technical quality (variable fixation, excessive 

blinking). Flash VEP at T1 and T3 of patient 4 and at T1 for patient 9 were excluded of poor quality 

(physiological noise).  

Overall, we observed a tendency in improving BCVA in all patients at last evaluation, except for 

patient 8 who remained stable. As expected, RNFL average thickness decreased over time in all 

patients. GCL average thickness tended more to a stabilization, interestingly some patients (patient 

1,2 and 3) presented a temporary increase in GCL thickness at T2 probably linked to mild vitreous 

inflammation and protein deposits. N2 and P2 amplitudes showed more variability among patients, 

overall a tendency to reduction or stabilization overtime was observed, except in patient 1 who 

showed increasing P2 amplitude. PhNR amplitudes showed a clear reduction overtime in all 

patients. 
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Figure 18. Patient 1. Longitudinal analysis of BCVA, RNFL and GCL average thickness 

(upper panels from left to right), N2, P2 and PhNR amplitudes (lower panels from left to 

right) at T1, T2 and T3 evaluation. First affected eye in blue, second affected eye in green. 
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Figure 19. Patient 2. Longitudinal analysis of BCVA, RNFL and GCL average thickness 

(upper panels from left to right), N2, P2 and PhNR amplitudes (lower panels from left to 

right) at T1, T2 and T3 evaluation. First affected eye in blue, second affected eye in green. 
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Figure 20. Patient 4. Longitudinal analysis of BCVA and PhNR amplitudes (upper panels 

from left to right), RNFL and GCL average thickness (lower panels from left to right) at T1, 

T2 and T3 evaluation. First affected eye in blue, second affected eye in green. 

 

 

 

 

 

 

 



63 
 

 

Figure 21. Patient 5. Longitudinal analysis of BCVA, RNFL and GCL average thickness 

(upper panels from left to right), N2, P2 and PhNR amplitudes (lower panels from left to 

right) at T1, T2 and T3 evaluation. First affected eye in blue, second affected eye in green. 
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Figure 22. Patient 6. Longitudinal analysis of BCVA, RNFL and GCL average thickness 

(upper panels from left to right), N2, P2 and PhNR amplitudes (lower panels from left to 

right) at T1, T2 and T3 evaluation. First affected eye in blue, second affected eye in green. 
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Figure 23. Patient 7. Longitudinal analysis of BCVA, RNFL and GCL average thickness 

(upper panels from left to right), N2, P2 and PhNR amplitudes (lower panels from left to 

right) at T1, T2 and T3 evaluation. Right eye in blue, left eye in green. 
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Figure 24. Patient 8. Longitudinal analysis of BCVA, RNFL and GCL average thickness 

(upper panels from left to right), N2, P2 and PhNR amplitudes (lower panels from left to 

right) at T1 and T2 evaluation. Right eye in blue, left eye in green. 
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Figure 25. Patient 9. Longitudinal analysis of BCVA and PhNR amplitudes (upper panels 

from left to right), RNFL and GCL average thickness (lower panels from left to right) at T1 

and T3 evaluation. Right eye in blue, left eye in green. 
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We tried to look globally at the results obtained in the 3 timepoints, comparing results from T1 with 

T2 and from T1 to T3. Neuro-ophthalmological and electrophysiological parameters at T1, T2 and 

T3 are shown in table 9. 

 

 T1 T2 T3 

Eyes [N] 18 14 14 

Time from onset [months, mean±SD] 11,22 ±4,55 17,92 ±4,48 24,14 ±4,58 

Duration of idebenone therapy 
[months, mean±SD] 

6,61 ±4,26 12,5±4,59 20,21±5,84 

BCVA [LogMAR, mean±SD] 1,7±0,36 1,63±0,38 1,33±0,27 

RNFL AVG [μm, mean±SD] 73,11±23,57 58,14±11,47 50,71±11,39 

RNFL T [μm, mean±SD] 32,06±6,64 32,28±6,26 27,05±3,18 

RNFL S [μm, mean±SD] 94,78±34,97 70,29±17,63 64,29±19,98 

RNFL N [μm, mean±SD] 68,99±23,71 61,7±15,26 50,25±14,43 

RNFL I [μm, mean±SD] 96,76±36,76 71,92±14,82 61,64±12,65 

GCL AVG [μm, mean±SD] 41,13±5,25 42,2±4,52 40,42±4,56 

GCL SN [μm, mean±SD] 41,94±4,33 43,07±4,32 41,93±3,81 

GCL S [μm, mean±SD] 41,11±6,72 43,14±5,64 41,50±4,89 

GCL ST [μm, mean±SD] 41,06±5,78 40,79±3,74 38,14±6,50 

GCL IT [μm, mean±SD] 40,56±7,34 41,21±5,86 38,29±7,58 

GCL I [μm, mean±SD] 42,33±4,85 42,64±5,91 42,64±7,46 

GCL IN [μm, mean±SD] 39,83±5,5 42,29±5,04 40,07±4,92 

 12 12 12 

N2 amplitude [μV, mean±SD] -5,61±3 -4±1,55 -2,94±1,69 

N2 peak time [ms, mean±SD] 76,58±21,4 70,17±16,80 65,17±14,18 

P2 amplitude [μV, mean±SD] 7,33±5,8 5,67±2,22 5,13±2,23 

P2 peak time [ms, mean±SD] 107,83±16,31 119,08±6,43 112,38±11,71 

PhNR amplitude [μV, mean±SD] -16,83±8,56 -13,17±6,57 -11,69±4,95 

PhNR peak time [ms, mean±SD] 66,74±3,52 70,59±4,80 70,91±3,76 

 

Table 9. Neuro-ophthalmological and electrophysiological parameters at T1, T2 and T3. 

Abbreviations: N: number, SD: standard deviation, BCVA: best corrected visual acuity, VF: visual fields, MD: 

mean deviation, OCT: optic coherence tomography, ONH: optic nerve head, RNFL: retinal nerve fiber layer, 

GCL: ganglion cell layer, AVG: average, T: temporal, S: superior, N: nasal, I: inferior, SN: supero-nasal, ST: 

supero-temporal, IT: inferotemporal, IN: inferonasal 

 

We first compared results at T1 and T2, no significant difference was evident in BCVA and OCT 

parameters, while we found reduced N2 (p=0.041) and PhNR (p= 0.034) amplitudes with increased 

PhNR latency (p=0.024) at T2 compared to T1. Comparing T1 and T3, we found, as expected by 

the disease progression, a significant reduction in average (p=0.005), superior (p=0.009), temporal 

(p=0.013), inferior (p=0.003) and nasal (p=0.020) sectors of RNFL thickness (Fig 26). N2 and 

PhNR amplitudes were also reduced (respectively p=0.010 and p=0,005) with increased PhNR 
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latency (p=0,005) at T3 compared to T1 (Fig 27 and Fig 28). Interestingly, BCVA significantly 

improved overall from T1 to T3 of about -0.37 LogMAR (1,7±0,36 to 1,33±0,27, p=0.010).  

 

 

 

Figure 26. Average and sectorial RNFL and GCL thickness (μm) at T1, T2 and T3.  

*p<0.05 at comparison between T1 and T3 

Abbreviations: AVG=average, S=superior, I = inferior, T=temporal, N=nasal. 

* 

* * 

* 

 

* 
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Figure 27. PhNR amplitudes (μV) and peak latency (ms) (upper panels), N2 amplitude (μV) 

and BCVA in logMAR (lower panels) at T1, T2 and T3. 

*p<0.05 at comparison between T1 and T3 

**p<0.05 at comparison between T1 and T2 

 

 

 
 

Figure 28. Reduction in PhNR amplitude from T1 (left panel) to T3 (right panel) in patient 1. 

* * 

* * 

** 

** 

** 
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We then evaluated separately the first and the second affected eye (when bilateral onset occurred 

we considered both eyes as first eye). We found no difference in visual parameters between first 

and secondly affected eyes at T1 and T2, while at T3  first eyes compared to second eyes showed a 

significant better BCVA in LogMAR (1,22±0,26 vs 1,54±0,11, p=0.019) despite a significantly 

reduced GCL thickness in superior (39,78±5,04 vs 44,6±2,88 μm, p=0.019) and supero-temporal 

quadrants (35,89±7,02 vs 42,2±2,58 μm, p=0.019) 

Both first and second eyes separately did not present any difference at T2 compared to T1. While, 

comparing T3 with T1 results, first eyes showed a significant improvement of BCVA of about -0,39 

LogMAR (1,61±0,32 vs 1,22±0,26, p=0.006) and a significant reduction in PhNR amplitude 

(18,01±6,71 vs 12,11±4,36 μm, p=0.031). Considering the second eyes, we observed a significant 

reduction in RNFL thickness in average (75,83±25,63 vs 44,6±7,7 μm, p=0.030) and all sectors, 

more pronounced in the temporal (35,83±8,8 vs 25,86±3,67 μm, p=0.017) with increased PhNR 

latency (67,32±3,43 vs 73,70±2,71 ms, p=0.030) at T3 compared to T1. The change in BCVA of 

the second affected eye, despite showing some improvement from T1 to T3 of about -0,32 

LogMAR, did not reach the significance level (1,86±0,35 to 1,54±0,11, p=0.126). 

We then correlated visual parameters with time from onset. Considering all eyes, time from onset 

correlated negatively as expected with average and sectorial RNFL thickness (average pearson -

0.584 p=0.000, superior pearson –0.509 p=0.000, temporal pearson -0.448 p=0.002, inferior 

pearson -0.624 p=0.000, nasal pearson -0.451 p=0.002), with PhNR amplitude (pearson -0.407 

p=0.007), and counterintuitively with BCVA in LogMAR (pearson -0.438 p=0.002) (Fig 29). All 

those correlations were confirmed considering the eyes separately, significance was lost for 

temporal and nasal RNFL sectors in the first eye and for PhNR amplitude in the second eye. 

 

Figure 29. Correlation of PhNR amplitude, average RNFL thickness and BCVA in LogMAR 

with time from onset.  
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Despite some spontaneous improvement is described in natural history of LHON (Yu-Wai-Man et 

al., 2022), to explain the significant improvement of BCVA at last evaluation and its negative 

correlation with time from onset, we tried to assess if this improvement in visual acuity was better 

correlated with idebenone therapy or gene therapy. Correlation of BCVA with duration of 

idebenone therapy failed to find any significance (pearson -0.280 p=0.059), while it correlated 

significantly with time from injection (pearson -0.434 p=0.003) (Figure 30). Interestingly, the 

negative correlation of time from injection with BCVA was confirmed for the first affected eye 

(pearson -0.475 p=0.008) but not for the second eye (pearson -0.447 p=0.083). 

 

 

 
Figure 30. Correlation of BCVA with time from injection.  

 

5.3 Discussion 

We comprehensively described the longitudinal changes in neuro-ophthalmological and 

electrophysiological parameters in a group of subacute LHON harbouring the 

m.11778G>A/MTND4 mutation treated with rAAV2/2-ND4 gene therapy (LUMEVOQ) as 

compassionate use in our Neuro-ophthalmology Clinic in Bologna. 

As expected by the disease progression (Barboni et al., 2010), overtime we observed a reduction in 

OCT parameters that was clearly evident for RNFL thickness, both average and sectorial even if 

less pronounced in the nasal sector, while GCL thickness values tended to stabilize. 

Electrophysiological results showed concordantly a tendency to reduction over time in FVEP 

components (N2 more than P2), while PhNR amplitude showed significant reduction coupled with 
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an increased in peak time. To this regard, despite PhNR amplitude reduction in LHON patients has 

been extensively demonstrated in different studies (Karanjia et al., 2017, Majander et al., 2017, 

Botelho et al., 2021), to our knowledge this is the first study documenting its progressive decline in 

the acute/dynamic phase of the disease. This general decrease of structural and functional readouts, 

as expected by natural history, confirms that neither idebenone or gene therapy are able to stop or 

significantly diverge the disease evolution, as already known from literature (ref Amore). 

However, counterintuitively to what expected by disease progression, we observed a significant 

improvement in BCVA from first to last evaluation of overall -0.37 LogMAR, that was more 

clearly pronounced in first affected eyes (-0,39 LogMAR including bilateral cases), as compared to 

second affected eyes (-0,32 LogMAR). The improvement in visual acuity observed in our cohort is 

remarkably similar to the values obtained in the REVERSE trial, in which a mean improvement in 

BCVA of -0.308 LogMAR was observed in treated eyes at 96 weeks from injection (Yu-Wai Man 

et al., 2020), and in the REFLECT trial, in which a clinically meaningful improvement from the 

nadir of at least -0.3 LogMAR was reported in 73% of bilaterally treated subjects and 66% of 

unilaterally treated subjects (Yu-Wai-Man et al., 2022). A recent systematic review indirectly 

compared data from natural history with the results of the gene therapy trials RESCUE and 

REVERSE showing a meaningful improvement BCVA of -0.33 LogMAR in treated eyes compared 

to untreated ones (Newman et al., 2021). Notwithstanding all these evidences point to a major effect 

of the gene therapy on visual improvement, our patients presented a relevant confounding factor 

that was the idebenone therapy, that was started in almost all cases before the injection and 

continued through after. Therefore, we cannot exclude a superimposed or combining effect of the 

idebenone therapy in the observed improvement of visual acuity in our patients, nevertheless 

correlation analysis failed to find a significance with duration of idebenone therapy. It must be 

considered, that full idebenone effect is observed better on the long run, as it has been shown that 

improvements of idebenone treated patients may be observed up to 3 years of drug administration 

(vedi dati expanded access program e ref.). Thus, the real impact of the double administration 

idebenone-gene therapy might not be emerging until later stages in these patients, as we continue to 

follow them. 

 

In conclusion, we confirmed the reduction in RNFL thickness expected by disease progression and 

described for the first time the progressive deterioration in electrophysiological parameters, in 

particular of PhNR. We also observed an improvement in visual acuity similar to those described in 

the recent clinical trials with rAAV2/2-ND4 gene therapy, nevertheless the effect of idebenone 

therapy in our cohort cannot be completely evaluated at this time. 
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6. GENERAL CONCLUSIONS AND FUTURE DIRECTIONS 

In the first part of the project, we described a cohort of patients presenting with a DOA phenotype 

harbouring a rare mutation respectively in the ACO2 or AFG3L2 nuclear genes, comparing them with 

the classic OPA1-associated DOA. In conclusion, DOA remains clinically a fairly homogeneous 

entity despite the growing genetic heterogeneity underlying the disease. However, while AFG3L2-

DOA resulted virtually indistinguishable from OPA1-DOA, ACO2 mutations seem to cause an 

overall milder phenotype, in terms of better preservation of RGCs, which was confirmed also in 

visually asymptomatic patients. This subtle difference possibly depends on a different pathogenic 

mechanism involving mtDNA maintenance in ACO2, as opposed to AFG3L2, which obeys the OPA1 

dysfunction paradigm affecting mitochondrial dynamics, being involved in OPA1 processing.  

In the second part of the project, we demonstrated a high prevalence of neuro-ophthalmological 

involvement in our cohort of MELAS and MERRF patients, confirming also a distinct ocular 

phenotype, respectively retinopathy in MELAS and optic atrophy in MERRF. This striking 

difference possibly reflects a selective susceptibility of different retinal cell types, namely 

photoreceptors/RPE in MELAS and RGCs in MERRF, which may relate to prevalent OXPHOS 

impairment or ROS accumulation respectively. The higher prevalence of optic atrophy in MERRF 

reflected in significant lower values of RNFL thickness compared to MELAS patients, despite 

visual acuity, visual fields measures and GCL thickness resulted comparable. Correlation with 

heteroplasmy, apart from the already known effect of age on the leucine tRNA mutation causing a 

negative selective pressure in blood cells, and less significantly in urinary cells, failed to disclose 

any significant correlation with neuro-ophthalmological parameter in MELAS patients. 

Contrarywise, lysine tRNA mutational load, albeit not correlating with age, negatively correlated 

with both RNFL and GCL thickness in MERRF patients, with the highest significance on the 

temporal RNFL sector. In addition to the interacting pathogenic mechanisms involving OXPHOS 

deficiency and ROS overproduction, this difference between the two entities might be also related 

to a different pattern of segregation in specific cell types that the two mutant mtDNAs may present. 

Lastly, in a group of subacute LHON treated with gene therapy and followed longitudinally with 

neuro-ophthalmic and electrophysiological examinations, we confirmed the reduction in RNFL 

thickness expected by disease progression and described for the first time the progressive 

deterioration in electrophysiological parameters, in particular of PhNR amplitude. We also observed 

a progressive improvement in visual acuity at last evaluation of about -0,37 LogMAR, which is 

remarkably similar to the figures obtained in the recent clinical trials with rAAV2/2-ND4 gene 

therapy, nevertheless the effect of idebenone therapy in our cohort, despite not clearly correlating 

with visual acuity, may emerge later, on a longer time of observation. 
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Currently, multiple research programs are ongoing in the biological labs of the IRCCS ISNB, taking 

advantage of reprogramming from patient-derived somatic cells of induced pluripotent stem cells 

(iPSCs). The iPSCs are instrumental to differentiate neuronal cells, and more specifically RGCs, as 

well as retinal organoids, or even eye-thalamus assembloids. This cutting-edge approach should 

further clarify on the preclinical ground many of the open questions raised in this thesis. Single cell 

multi-omic analysis will provide some of the answers, for example how heteroplasmic mtDNA 

tRNA mutations associated with MELAS or MERRF may differentially segregate in organoid 

development, or how the metabolic profiles may characterise the different genes involved in DOA. 

Ultimately, the mechanistic understanding of mitochondrial diseases is instrumental to define 

therapeutic targets, a rapidly expanding field returning possible cures for these patients. 
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8. APPENDIX 1 

Electrophysiological protocols 

Pattern ERG + VEP protocol 

A combined pattern ERG and VEP protocol was used to reduce examination time and increase 

patients’ compliance.  

For VEP recording, skin electrodes were placed on cleaned skin. Active electrode was placed over 

the occipital scalp (Oz), reference electrode was placed in the forehead (Fz) and ground electrode at 

vertex (Cz).  

For P-ERG recording, a single use disposable corneal electrode (DTL Plus Electrode™ Diagnosys 

LLC) was placed in both eyes.  

The patient was be placed in front of a monitor and the stimulation was performed one eye at time. 

Dilatation and dark adaptation were not needed. 

A pattern reversal stimulus following ISCEV standards was used, it consisted on high contrast, 

black and white checkboard. Check size was 1 degree with a reversal rate of 4.0 reversals per 

second and a constant mean photopic luminance (50 cd.m-2). 

VEP typical waveform consisted in 3 peaks: an initial negative component (N75), a larger positive 

component (P100) and a second negative component (N135). P100 amplitude (μV) and peak 

time/latency (ms) were used in the analysis.  

Three major components result from PERG stimulation: an initial small negative component (N35), 

a larger positive component (P50) and a large negative component (N95). P50 and N95 amplitudes 

(μV) and peak times/latencies (ms) were used in the analysis. 

An example of normal PERG (on the left) and VEP (on the right) waveforms is provided. 
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Flash VEP  

FVEP are preferred in case of severe low vision even if are more variable than pattern VEP. 

FVEP were presented by the ColorDome ganzfeld (Diagnosys LLC). Gold cup skin electrodes were 

placed in Oz for active, Cz for reference and Fz for ground. Stimulus consisted in a brief flash (5 

ms) of 3 cd s m-2 presented at 1 Hz. 

The typical FVEP consists of a series of negative and positive waves. The resulting first and the 

second positive deflections were named P1 and P2, their preceding negative deflections, N1 and 

N2. Amplitudes (μV) were measured N2 and P2. Peak times/latencies (ms) were measured for N2 

and P2. 

An example of normal FVEP waveform is provided. 

 

 

Full field-ERG protocol  

Skin electrodes were placed on cleaned skin on temples (references) and vertex (ground). A single 

use disposable corneal electrode (DTL Plus Electrode™ Diagnosys LLC) was placed in both eyes 

under topical anesthesia with tetracaine 1%. Both pupils were dilated with one drop each of 

tropicamide 1% and then dark adapted for 20 minutes. Patients were placed in front of a Ganzfield 

stimulator (Color-Dome system, Espion E3, Diagnosys, UK, Ltd) and exposed to 3 different 

sequences of stimuli following ISCEV standard. 

 Step 1 Dark adapted 0.01 ERG (rod-driven response from bipolar cells)  

 Step 2 Dark adapted 3 ERG (rod-driven response from photoreceptor and bipolar cells). 

During this step, Oscillatory potentials were recorded using an high pass filter 75 Hz.  

 Step 3 Dark adapted 10 ERG (combined response)  
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Then patients were light adapted for 10 minutes on blue background illumination and other 2 

sequences of stimuli were given: 

 Step 4 Light adapted 3 ERG (cone-driven response) 

 Step 5 Light adapted 30Hz flicker ERG (cone driven response)  

The following parameters were used in data analysis: a-wave amplitude, b-wave amplitude, peak 

times from the stimulus onset, oscillatory potentials (amplitude of the three main positive peaks), 

flicker ERG amplitude and peak time. 

An example of normal ERG is provided.  
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Photopic Negative Response protocol 

PhNR is a slow negative component of a flash photopic ff-ERG following b-wave that has been 

shown to be specific for RGC activity. It was recorded at the end of the ff-ERG protocol. Red 

(640 nm) stimulus flashes at 1, 3 and 7 cd·s/m2 of 4 ms duration were presented at a 4-Hz rate on a 

blue (470 nm) rod saturating background at 10 cd/m2. PhNR amplitude(μV) and peak time/latency 

(ms) were used in the analysis. 

An example of normal PhNR is provided. 
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9. APPENDIX 2 

List of mutations in ACO2 (NM_001098.3), AFG3L2 (NM_006796.3) and OPA1 (NM_015560.3) 

genes. 

 

Gene Family n° 
subjects 

Mutation Effect Category 

ACO2 1 1 c.2011C>T p.Arg671Trp missense 

 2 3 c.1761+1G>A Splice defect Haploinsufficincy 

 3 1 c.1370+1G>A Splice defect Haploinsufficincy 

 4 1 c.2012G>A p.Arg671Gln missense 

 5 1 c.2012G>A p.Arg671Gln missense 

 6 1 c.2012G>A p.Arg671Gln missense 

 7 3 c.1452_1459de p.Glu485fs Haploinsufficincy 

 8 1 c.1300C>T p.Gln434* Haploinsufficincy 

 9 1 c.1454A>G p.Glu485Gly missense 

 10 1 c.1420A>G p.Arg474Gly missense 

 11 2 c.935G>A p.Arg312Gln missense 

 12 2 c.1949A>C p.Tyr650Ser missense 

 13 2 c.1753_1755del p.Leu585del Other 

 14 2 c.1438A>G p.Asn480Asp missense 

 15 1 c.494T>C p.Phe165Ser missense 

AFG3L2 1 4 c.1385C>T p.Ala462Val missense 

 2 4 c.1385C>T p.Ala462Val missense 

 3 2 c.1220A>G p.Asp407Gly missense 

 4 1 c.1394G>A p.Arg465Lys missense 

 5 1 c.1130T>C p.Phe377Ser missense 

 6 1 c.1064C>T p.Thr355Met missense 

OPA1 1 1 c.1212+1G>A Splice defect Haploinsufficiency 

NM_015560.
3 

2 1 c.2197C>T p.Arg733* Haploinsufficiency 

 3 1 c.2708_2711del p.Val903Glyfs*3 Haploinsufficiency 

 4 1 c.1463G>T p.Gly488Ala Missense  

 5 1 c.1146A>G p.Ile382Met Missense  

 6 1 c.1725_1726del p.Glu575Aspfs*2 Haploinsufficiency 

 7 1 c.320C>A p.Ser107* Haploinsufficiency 

 8 1 c.751del p.Asp251Metfs*14 Haploinsufficiency 

 9 3 c.631_634del p.Asp211Lysfs*16 Haploinsufficiency 

 10 1 c.703C>T p.Arg235* Haploinsufficiency 

 11 2 c.2825_2828del p.Val942Glufs*25 Haploinsufficiency 

 12 1 c.2482del p.Val82* Haploinsufficiency 

 13 1 c.190_194del p.Ser64Aspfs*7 Haploinsufficiency 

 14 1 c.2819-2A>C Splice defect Haploinsufficiency 

 15 1 c.2713C>T p.Arg905* Haploinsufficiency 

 16 1 c.889C>T p.Gln297* Haploinsufficiency 

 17 1 c.1444-1G>T Splice defect Haploinsufficiency 

 18 3 c.794_797del p.Ile265ThrfsTer42 Haploinsufficiency 

 19 1 c.2708_2711del p.Val903Glyfs*3 Haploinsufficiency 

 20 1 c.1196T>A p.Leu399* Haploinsufficiency 
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 21 1 c.2496+1G>A Splice defect Haploinsufficiency 

 22 2 c.1516+1G>T Splice defect Haploinsufficiency 

 23 1 c.2708_2711del p.Val903Glyfs*3 Haploinsufficiency 

 24 1 c.751del; c.2341C>T p.Asp251Metfs*14; 
p.Arg781Trp 

Haploinsufficiency
; Missense  

 25 1 c.1212+3A>T Splice defect Haploinsufficiency 

 26 1 c.869G>A p.Arg290Gln Missense 

 27 1 c.112C>T p.Arg38* Haploinsufficiency 

 28 1 c.1847+1G>T Splice defect Haploinsufficiency 

 29 1 c.2708_2711del p.Val903Glyfs*3 Haploinsufficiency 

 30 1 c.1589del p.Lys530Argfs*5 Haploinsufficiency 

 31 1 c.869G>A p.Arg290Gln Missense 

 32 1 c.1516+3A>G Splice defect Haploinsufficiency 

 33 1 c.931G>C p.Ala311Pro Missense  

 34 2 Exon 5 deletion p.? Haploinsufficiency 

 35 1 c.889C>T p.Gln297* Haploinsufficiency 

 36 2 c.2825_2828del p.Val942Glufs*25 Haploinsufficiency 

 37 1 c.1410_1433del  p.Leu471_Ser478del Haploinsufficiency 

 38 1 c.984+3A>T Splice defect Haploinsufficiency 

 39 1 c.2708_2711del p.Val903Glyfs*3 Haploinsufficiency 

 40 1 c.1771-1G>C Splice defect Haploinsufficiency 

 41 1 c.784-1G>C Splice defect Haploinsufficiency 

 42 1 c.1334G>A p.Arg445His Missense  

 43 1 c.869G>A p.Arg290Gln Missense  

 44 1 c.869G>A p.Arg290Gln Missense  

 45 1 c.320C>A p.Ser107* Haploinsufficiency 

 46 1 c.2331C>A p.Tyr777* Haploinsufficiency 

 47 1 c.889C>T p.Gln297* Haploinsufficiency 

 48 4 c.2846T>C p.Leu949Pro Missense  

 49 2 c.889C>T p.Gln297* Haploinsufficiency 

 50 3 c.2331C>A p.Tyr777* Haploinsufficiency 

 51 1 Exons 2-11 deletion p.? Haploinsufficiency 

 52 1 c.703C>T p.Arg235* Haploinsufficiency 

 53 2 c.784-21_784-
22InsAluYb8 

- Haploinsufficiency 

 54 1 c.1316G>T p.Gly439Val Missense  

 55 1 Exons 1-28 deletion p.0 Haploinsufficiency 

 56 2 c.2815del p.Leu939Serfs*29 Haploinsufficiency 
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