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Autosomal recessive cerebellar ataxias (ARCAs) are a heterogeneous group 
of neurodegenerative disorders affecting primarily the cerebellum and/or 
its afferent tracts, often accompanied by damage of other neurological or 
extra-neurological systems. Due to the overlap of clinical presentation among 
ARCAs and the variety of hereditary, acquired, and reversible etiologies that 
can determine cerebellar dysfunction, the differential diagnosis is challenging, 
but also urgent considering the ongoing development of promising target 
therapies. The examination of afferent and efferent visual system may provide 
neurophysiological and structural information related to cerebellar dysfunction 
and neurodegeneration thus allowing a possible diagnostic classification 
approach according to ocular features. While optic coherence tomography 
(OCT) is applied for the parametrization of the optic nerve and macular area, 
the eye movements analysis relies on a wide range of eye-tracker devices 
and the application of machine-learning techniques. We discuss the results of 
clinical and eye-tracking oculomotor examination, the OCT findings and some 
advancing of computer science in ARCAs thus providing evidence sustaining the 
identification of robust eye parameters as possible markers of ARCAs.
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Introduction

Autosomal recessive cerebellar ataxias (ARCAs) are a heterogeneous group of 
neurodegenerative disorders affecting primarily the cerebellum and/or its afferent tracts. 
ARCAs are often accompanied by damage of other neurological (e.g., corticospinal tracts, 
basal ganglia, vestibular and visual sensory systems, and peripheral nerves) or extra-
neurological systems (e.g., muscle, heart, gastrointestinal tract, glands Rossi et al., 2018).

However, a variety of hereditary, acquired, and reversible etiologies can cause cerebellar 
dysfunction, leading to ataxia symptoms (Beaudin et al., 2019). Thus, to date, the diagnosis 
of ARCAs remains challenging, particularly in adult-onset sporadic cases. Remarkable 
advances have been achieved during the least decades in the molecular and pathologic 
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characterization of mechanisms underlying ARCAs, opening up new 
unexpected diagnostic and therapeutic perspectives (Salem et al., 
2023). Indeed, promising target therapies for some ataxias are at 
advanced development stages and the identification of quantitative 
markers of cerebellar function has become fundamental for a deep 
phenotyping and to precisely define possible outcome measures in 
clinical trials.

The examination of the afferent (retinal nerve fiber layer, ganglion 
cells) and efferent (fixation, saccades, pursuit, VOR) visual systems 
may represent a relevant source of neurophysiological and structural 
findings to study cerebellar dysfunction and neurodegeneration in 
ARCAs. This is well underlined by a recent consensus paper indicating 
that the study of eye movements is highly capable of localizing the 
anatomical lesion and is useful for the diagnosis and follow-up of 
patients (Garces et al., 2023). In this respect, various classes of eye 
movements have been associated to specific anatomic and functional 
regions of the cerebellum, as well as neural networks between these 
regions and extracerebellar regions (Leigh and Zee, 2015; Figures 1, 
2). Moreover, the diffusion of new, low cost, low impact and easy to 
use eye trackers together with the application of machine learning 
techniques supported by Artificial Intelligence (AI) simplified the 
study of the oculomotor system (Stoean et al., 2020; Li et al., 2021). 
Collecting big oculomotor data from many cerebellar patients, would 
lead to the identification of a few specific oculo-motor indicators of 
cerebellar and extracerebellar functions (Cole et al., 2021).

Another important source to investigate the neurodegeneration 
in ARCAs comes from the parametrization of the optic nerve and 
macular areas by the Optical Coherence Tomography (OCT; Biousse 
et al., 2020). The assessment of the retinal thickness at the macular and 
optic nerve levels, measuring, respectively, the density of ganglion cells 
(GC) and retinal nerve fiber layers (RNFL), is often included in 
protocols for the phenotypic characterization of ARCAs and, in 
particular, for follow-up studies of Friederich’s ataxia (FRDA), Spastic 

Paraplegia 7 (SPG7) and Spastic Ataxia of Cherlevoix-Saguenay type 
(ARSACS).

In mitochondrial optic neuropathies OCT has proven to be a 
valuable tool with high diagnostic and prognostic value, also 
predicting the involvement of the fellow eye (Asanad et al., 2019). 
Notably, mitochondrial pathogenesis characterizes a significant 
subgroup of ARCAs, and such as FRDA, POLG-related ataxia, 
ARSACS, and SPG7, in which mutations of nuclear genes directly 
affect mitochondrial proteins, but also other forms, such as Ataxia-
Teleangiectasia (AT), Ataxia-Teleangiectasia Like disease (ATLD), 
Ataxia with Ocular Apraxia 1 and 2 (AOA1, AOA2), Spinocerebellar 
ataxia with axonal neuropathy1 (SCAN 1), in which mitochondrial 
functions are also indirectly compromised.

In this paper we suggest the use of some robust eye findings as 
possible markers in the parametrization of ARCAs. We firstly resume 
the clinical ocular findings in different types of ARCAs thus providing 
a possible diagnostic classification approach according to ocular 
features deriving from the study of eye movements. Secondly, 
we discuss the quantification of the GC and RNFL thickness as a 
marker of neurodegeneration in hereditary ataxias. Lastly, we discuss 
how the advancement of computer science is making available and 
easier the study, diagnosis and analysis of ocular parameters.

Diagnostic approach and common 
pathways underlying ARCAs

ARCAs are actually classified according to the most frequent 
ataxia-associated syndrome and to the underlying mutated gene 
(Beaudin et  al., 2019; Table  1). However, the great phenotypic 
overlapping existing among ataxias sub-types categorized in different 
classes, increases the risk of missing the correct diagnosis and the 
appropriate treatments, even for the actually druggable types (i.e., 

FIGURE 1

Eye movements dysfunction and genetic disorders associated to specific cerebellar areas. On the left, we reported the association between the 
dysfunction of vermis, hemisphere and flocculonodular lobe and the relative eye movements impairment. On the right, cerebellar regions whose 
dysfunctions are mostly associated with the genetic disorders indicated in red. FRDA, Freiderich’s ataxia; SPG7, Spastic Paraplegia 7; ARSACS, 
Autosomal Recessive Spastic Ataxia of Charlevoix-Saguenay; AT, Ataxia-Teleangiectasia; ATLD, ataxia-teleangiectasia like disorder; AOA1, ataxia with 
oculomotor Apraxia type 1; AOA2, Ataxia with Oculomotor Apraxia type 2; CTX, Cerebrotendinous Xanthomatosis; NPC, Nieman-Pick disease type C; 
AVED, ataxia with Vitamin E deficiency; COQ10D4, Coenzyme Q10 deficiency-4.
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Cerebrotendinous Xanthomatosis—CTX; Nieman-Pick—NPC; 
Ataxia with Vitamin E deficiency—AVED). To date, more than 90 
autosomal-recessive disorders having ataxia as a predominant feature, 
as many, having ataxia as less predominant component (Rossi et al., 
2018). This genetic pleiotropy is further augmented by the growing 
number of genes associated with both autosomal dominant ataxias 
and severe early-onset autosomal recessive ataxia syndromes (e.g., 
AFG3L2/SCA 28, SPTBN2/SCA5, ITPR1/SCA29, OPA1; Rossi et al., 
2018). The advent of Next-Generation Sequencing (NGS) techniques 
has raised the diagnostic capacities and, at the same time, it has 
amplified the diagnostic complexity with ever-expanding pleiotropy 
of ARCAs genes (Galatolo et al., 2021). However, the wide used NGS 
approaches have the limitation of being unavailable in detecting 
pathological noncoding triplet expansions, such those occurring in 
FRDA or CANVAS, which are common ARCAs types. Furthermore, 
the diagnostic rate of NGS may reduce in case of mutations in new 
disease genes, deep intronic mutations, mutations in regulatory 
regions, gene dosage effects, or digenic modes of inheritance and 
epigenetic changes (Bonifert et  al., 2014; Minnerop et  al., 2017). 
Moreover, some genes may cause ataxia and spastic paraplegia 
suggesting a genetic and phenotypic continuum between Cerebellar 
ataxias (CA) and Hereditary Spastic paraplegias (Synofzik and Schüle, 
2017). A stepwise diagnostic workout is currently recommended in 
ARCAs, starting from accurate clinical characterization, then testing 
a single gene when the suspicion is highly supported by the family 
history and presence of specific markers; alternatively it is suggested 

to test FRDA first, and then a NGS panel of genes or a whole 
exome sequencing.

New mathematical methods have recently emerged for dealing 
with complexity of neurodegenerative disorders such as ARCAs; 
these methods are grounded on the application of the complex 
system frameworks, to assess interactions between intricate 
pathologic pathways underlying various CA. This approach allows us 
to identify a restrict number of pathologic nodes to which converge 
different metabolic pathways, that might even be  shared across 
several ARCAs. This allows connecting genetically different diseases 
and focusing on molecular pathways shared across them, but also 
across other neurodegenerative diseases that may be  targeted by 
common treatments and eventually monitored by the same 
biomarkers (Synofzik et al., 2019). However, despite the presence of 
such common pathways, the consequent pathogenetic cascade 
mechanisms may induce minor or greater impact on central nervous 
system structures, likely leading to variable ocular findings. In the 
cerebellum, this variability might be explained also by the presence 
of regions characterized by a different cells’ susceptibility due to a 
different glia-to-neuron ratio and consequent different energy 
demand (Emir et al., 2021). Three main pathological nodes to which 
converge different phenotypes can be identified in ARCAs (Table 1):

 1 Mitochondrial metabolism
 2 DNA repair/genome stability
 3 Complex lipids metabolism

FIGURE 2

Eye movements in different cerebellar diseases recorded at EVA-Neurosense Lab (University of Siena). The prevalent oculomotor finding of each 
disease is associated to the mainly affected cerebellar region. ARSACS: VGS, hypometric vertical (8°) visually guided saccades, due to involvement of 
the oculomotor vermis. Gaze evoked ny is also evident, suggesting a loss of cerebellar neural integrator. AOA2: VGS, increased latency and multistep 
pattern of horizontal visually guided saccades (18°) due to hemispheric involvement. ATLD: VGS, dysmetric horizontal visually guided saccades (10°; 
undershooting and overshooting the target), first panel; ATLD Ny, rebound ny, second panel; ATLD: saccadic intrusion (SI), different amplitude and 
shape of high frequency saccadic intrusions, third panel. CTX AS, erroneous antisaccades (the movement is erroneously performed in the direction of 
the target instead in the opposite direction) saccades are hypometric. Axis: vertical (Y) indicates eye position in degrees; horizontal (X) indicates time in 
ms. FRDA, Freiderich’s ataxia; SPG7, Spastic Paraplegia 7; ARSACS, Autosomal Recessive Spastic Ataxia of Charlevoix-Saguenay; AT, Ataxia-
Teleangiectasia; ATLD, ataxia-teleangiectasia like disorder; AOA1, ataxia with oculomotor Apraxia type 1; AOA2, Ataxia with Oculomotor Apraxia type 2; 
CTX, Cerebrotendinous Xanthomatosis; NPC, Nieman-Pick disease type C; AVED, ataxia with Vitamin E deficiency; COQ10D4, Coenzyme Q10 
deficiency-4.
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TABLE 1 ARCAs classification by pathways involvement.

Pathways Disease 
name 
(#OMIM)

Gene 
(protein)

Protein function Inheritance 
(AD, 
autosomal 
dominant, 
AR, 
autosomal 
recessive)

Type of mutation Gain of 
function/loss 
of function

Mitochondrial pathways

Friedreich ataxia 

(#229300)

FXN (frataxin) Inner mitochondrial membrane 

protein regulating iron–sulfur 

cluster biogenesis

AR 96%: biallelic GAA repeat 

expansion within intron 1 

(affected individuals have 

from 70 to more than 1,000 

GAA triplets); 4%: 

monoallelic abnormally 

expanded GAA repeat and 

another intragenic 

pathogenic variant in the 

other allele

96% loss of 

function

Mitochondrial 

recessive ataxia 

syndrome 

including 

SANDO and 

SCAE (#607459)

POLG (DNA 

polymerase 

subunit 

gamma-1)

The only DNA polymerase in 

humans that replicates and repairs 

mtDNA

AR >95%: SNV or small 

intragenic deletions/

insertions pathogenic 

variants; Very rare: deletion/

duplication.

Loss of function

Q10 deficiency-4 

(#612016)

COQ8A or 

ADCK3 

(Coenzyme 

Q8A)

Coenzyme Q10 synthesis 

(Coenzyme Q10 is essential for 

proper functioning of the 

mitochondrial respiratory chain)

AR SNV or small intragenic 

deletions/insertions 

pathogenic variants

“Ataxia-simplex 

phenotype,” more 

frequent with 

biallelic LOF 

variants; 

multisystemic 

phenotypes more 

frequently 

associated with 

missense variants 

(possible gain-of-

function or 

dominant-negative 

effect)

Spastic paraplegia 

7 (# 607259)

SPG7 

(paraplegin)

Paraplegin-AFG3L2 complex is 

involved in mitochondrial protein 

maturation and degradation; its 

inactivation causes reduced 

mitochondrial complex I activity

AD, AR >98%: SNV or small 

intragenic deletions/

insertions pathogenic 

variants; <2%: deletion/

duplication

Loss of function 

variants and 

missense variants

Spastic ataxia 5, 

SPAX5 (# 

614487)

AFG3L2 

(catalytic 

subunit of the 

m-AAA 

protease)

Paraplegin-AFG3L2 complex is 

involved in mitochondrial protein 

maturation and degradation. The 

m-AAA protease, an ATP-

dependent proteolytic complex of 

the mitochondrial inner membrane 

that degrades misfolded proteins 

and regulates ribosome assembly

AR Biallelic SNV or small 

intragenic deletions/

insertions pathogenic 

variants

Loss of function

(Continued)
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TABLE 1 (Continued)

Pathways Disease 
name 
(#OMIM)

Gene 
(protein)

Protein function Inheritance 
(AD, 
autosomal 
dominant, 
AR, 
autosomal 
recessive)

Type of mutation Gain of 
function/loss 
of function

Spinocerebellar 

Ataxia 28, SCA28 

(# 610246)

AFG3L2 See above AD >99%: SNV or small 

intragenic deletions/insertions 

pathogenic variants; 

Extremely rare: monoallelic 

deletion/duplication

Loss of function 

variants and gain 

of function

Spastic ataxia of 

the Charlevoix-

Saguenay type, 

SACS, or 

ARSACS (# 

270550)

SACS (sacsin) Chaperon activities, controlling the 

microtubule balance or cell 

migration. Regulating the 

mitochondrial functions

AR ~95%: SNV or small 

intragenic deletions/

insertions pathogenic 

variants; ~5%: deletion/

duplication

Loss of function 

variants

DNA repair/genome stability

Ataxia-

telangiectasia, AT 

(# 208900)

ATM (ATM) Serine/threonine protein kinase of 

the phosphatidylinositol 3-kinase-

related protein kinase (PIKK) 

family. In response to double strand 

breaks, ATM restores damaged sites, 

by phosphorylating numerous 

substrates.

AR ~90%: SNV or small 

intragenic deletions/

insertions pathogenic 

variants; 1%–2%: deletion/

duplication

Loss of function 

(prevalent) and 

gain of function

Ataxia-

telangiectasia like 

disorder, ATLD 

(# 604391)

MRE11A 

(MRE11A)

DNA repair (Mre11-Rad50-Nbs1 

complex recruits ATM to the site of 

double strand breaks in nuclear 

DNA)

AR n.a. Loss of function

Ataxia-

oculomotor 

apraxia type 1, 

AOA1 (# 208920)

APTX 

(aprataxin)

Nuclear protein with hydrolase 

activities interacting with different 

pathways implicated in single-strand 

and double-strand repair 

mechanisms

AR n.a. Loss of function

Ataxia with 

oculomotor 

apraxia type 2 

(AOA2, SETX 

gene)

SETX 

(senataxin)

Ubiquitous high conservate RNA/

DNA helicase that has been 

implicated in transcriptional 

regulation and the DNA damage 

response through resolution of 

R-loop structures

AR ~80%–92%: SNV or small 

intragenic deletions/

insertions pathogenic 

variants; ~8%–20%: deletion/

duplication

Loss of function

Amyotrophic 

lateral sclerosis 4, 

ALS4 (# 602433)

SETX 

(senataxin)

See above AD See above

Cerebellar Ataxia 

Neuropathy 

Vestibular 

Areflexia 

Syndrome, 

CANVAS (# 

614575)

RFC1 (subunit 

of replication 

factor C)

Large subunit of replication factor C 

(RFC), a heteropentameric AAA+ 

protein complex associated with 

DNA synthesis during replication 

and repair

AR biallelic pentanucleotide 

repeat expansion (AAGGG; 

400 to 2,000 repeats). 

However, expansions may 

be AAAAG, AAAGG, 

AAGAG, AGAGG, ACAGG 

or AAGGG; imperfect 

repeats w/interruptions are 

also possible.

Unknown

(Continued)
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According to such three common pathways underlying ARCAs, 
we underly the presence of some robust eye findings that reinforce this 
new possible classification and can be used as possible markers in the 
parametrization of ARCAs.

Oculomotor phenotypic 
characterization of ARCAs

Mitochondrial pathways (FRDA, POLG, 
COQ8A, SPG7, SPAX5, and ARSACS)

Mitochondrial-induced high susceptibility to oxidative stress and 
free radicals’ toxicity and apoptosis mainly characterizes Friedreich 
ataxia (FRDA), POLG-related disorders and Coenzyme Q10 
deficiency-4 (COQ10D4).

Among these, the most common genetically determined cerebellar 
ataxia is FRDA, a mixed ataxia with greater involvement of the 
posterior horns of the spinal cord and the dorsal root ganglia 
associated with progressive neurodegeneration of the cerebellum, 
cortico-spinal tracts, afferent visual pathway and systemic involvement 
(Table 2). FRDA is due to GAA repeat expansion within intron 1 of 
FXN gene resulting in decreased levels of Frataxin, which is an inner 
mitochondrial membrane protein regulating iron–sulfur (Fe-S) cluster 
biogenesis (Delatycki and Bidichandani, 2019). Thus, the primary 

event following frataxin deficiency seems to be the loss of Fe-S cluster 
biogenesis. Fe-S clusters are implicated in different cellular functions 
ranging from mitochondrial respiration, iron metabolism and 
translation to DNA repair. Frataxin inactivation is thus associated with 
increased cellular susceptibility to oxidative stress-toxicity (Martelli 
and Puccio, 2014) involving the nervous system and the visual 
pathway. Although in FRDA the papillomacular axonal system is not 
preferentially involved, in line with a progressive scattered loss of 
RGCs, complexes I, II and III are all involved, thus limiting possible 
compensatory mechanisms (Fortuna et  al., 2009). FRDA patients 
usually show loss of large principal neurons and synaptic terminals in 
the dentate nucleus and possibly Purkinje cell injury (Kemp et al., 
2016). This cascade mechanism may underlies also the various 
oculomotor abnormalities observed in FRDA: these include fixation 
instability with high rate of square wave jerks (SWJs), ocular flutter 
and gaze-evoked nystagmus, impaired smooth pursuit, increased 
latency of saccades and saccadic dysmetria (Furman et  al., 1983; 
Hocking et al., 2010). Vestibulo-ocular reflexes and visual–vestibular 
interactions are also compromised (Fahey et al., 2008; Maudoux et al., 
2020). Significant correlations have been reported between saccadic 
latency and disease severity as measured by the Friedreich Ataxia 
Rating Scale (FARS) and between fixation instability and age of disease 
onset. High order visual spatial abnormalities and deficits in 
disengaging fixation and executive functions have been reported in 
FRDA using gap-overlap, antisaccadic and memory guided paradigms 

TABLE 1 (Continued)

Pathways Disease 
name 
(#OMIM)

Gene 
(protein)

Protein function Inheritance 
(AD, 
autosomal 
dominant, 
AR, 
autosomal 
recessive)

Type of mutation Gain of 
function/loss 
of function

Complex lipids metabolism

Niemann-Pick-

type C disease, 

NPC (# 257220)

NPC1 (95%) 

and NPC2 (5%; 

NPC 

Intracellular 

Cholesterol 

Transporter 1 

and 2)

Cellular trafficking of cholesterol 

and other lipids

AR NPC1: 76% SNV or small 

intragenic deletions/

insertions pathogenic 

variants; 22% deletion/

duplication; 2% large 

deletions/duplications; NPC2: 

88% SNV or small intragenic 

deletions/insertions 

pathogenic variants; 12% 

deletion/duplication

Loss of function

Cerebrotendinous 

Xanthomatosis, 

CTX (#213700)

CYP27A1 

(mitochondrial 

sterol 

27-hydroxylase)

Mitochondrial sterol 27-hydroxylase AR 99%: SNV or small intragenic 

deletions/insertions 

pathogenic variants; 1%: 

deletion/duplication

Loss of function

Ataxia with 

vitamin E 

deficiency, AVED 

(# 277460)

TTPA (Alpha 

Tocopherol 

Transfer 

Protein)

Protein that binds alpha-tocopherol, 

a form of vitamin E, and regulates 

vitamin E levels by transporting 

vitamin E between membrane 

vesicles and facilitating the secretion 

of vitamin E from hepatocytes to 

circulating lipoproteins.

AR >90%: SNV or small 

intragenic deletions/

insertions pathogenic 

variants

Loss of function
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(Rojas et al., 2021). Interestingly, the presentation and progression of 
compound heterozygotes FRDA patients may depend on the type of 
mutation on the second allele: loss-of-function mutations are 
associated with a significantly earlier age of onset; missense mutations 
on the second allele are often associated to optic neuropathy (Newman 
et al., 2023).

Mutations in the mitochondrial DNA polymerase subunit gamma 
“POLG”, responsible for the replication and repair of mitochondrial 
DNA, are increasing recognized causes of ataxia and peripheral 
neuropathy, variably associated to cerebellar or extracerebellar 
oculomotor changes (Wong et al., 2008). POLG mutations result in 
mitochondrial DNA depletion and/or multiple deletions (Rahman 
and Copeland, 2019) and are responsible of different phenotypes 
including POLG related ataxia-neuropathy disorders (SANDO/MIRAS/
arPEO plus).

POLG mutations are associated to premature mitochondrial 
dysfunction with increased oxidative stress and nuclear DNA 
damage, apoptosis activation, repression of regulators of 
mitochondrial biogenesis and cellular antioxidant response 
(Compton et al., 2011; Naess et al., 2011; Rouzier et al., 2014; Safdar 
et al., 2016). Secondary to these primary dysfunctions and similarly 
to what observed in FRDA, multiple pathways with differential cell 
vulnerability are involved (Synofzik et al., 2012). In POLG-mutated 
patients a severe myelin loss of the dentate and other deep cerebellar 
nuclei outflow tract was observed (Lax et al., 2012). In line with the 
expected muscular weakness associated to mitochondrial 
dysfunction, ophthalmoparesis and ptosis are the most frequently 
reported oculomotor finding in different POLG phenotypes 
(Rahman and Copeland, 2019). GEN and saccade dysmetria are 
also observed (unpublished data). Interestingly, hypertrophy of 
inferior olives has been described in several cases, and palatal 
tremor was reported in one case (Tilikete and Virginie, 2017), but 
no eye movements recording are available. Optic atrophy and 
pigmentary changes have been described in some cases (Rahman 
and Copeland, 2019).

Cerebellar ataxia with exercise intolerance characterizes biallelic 
COQ8A mutations leading to deficit in the CoQ10 biogenesis (Salviati 
et al., 2012; Caglayan et al., 2019). Fibroblast cell lines derived from 
mutated patients showed signs of oxidative stress and dysfunction in 
mitochondrial homeostasis (Cullen et  al., 2016). Traschütz et  al. 
(2020) studied genotype/phenotype correlations in patients with 
biallelic loss-of-function (LOF) and missense COQ8A mutations: they 
found that an “ataxia-simplex phenotype” was more frequent in 
patients with biallelic LOF variants, and conversely, missense variants 
having a possible dominant-negative effect were more often associated 
with multisystemic involvement beyond ataxia. The main phenotypic 
features of a large cohort of patients harboring biallelic COQ8A 
variants included early onset progressive cerebellar ataxia, seizures, 
cognitive impairment, hyperkinetic movement disorders and MR 
imaging of prevalent cerebellar vermal (100%) and hemisphere 
atrophy with dentate and pontine nuclei T2 hyperintensities (Horvath 
et al., 2012). Reported oculomotor abnormalities are ocular apraxia, 
slow saccades, and gaze palsy. Inconstant retinal pigmentary changes, 
cataracts, optic atrophy and hearing loss have also been reported 
(Traschütz et al., 2020). Unfortunately, eye movements are neither 
described nor recorded in this cohort even if according to 
neuroimaging of cerebellum and brainstem, the involvement of ocular 
motor system is likely.

Mitochondrial-related impairment of axonal transport mainly 
underlies spastic ataxias, particularly SPG7, in which ataxia and 
spasticity are often associated to impairment of optic pathway. Signs 
of cerebellar and extracerebellar oculomotor involvement and PEO 
are also described in these forms (de Bot et al., 2012; van Gassen et al., 
2012; Pfeffer et al., 2014; Synofzik and Schüle, 2017). SPG7 mutations 
affect the function of Paraplegin, an inner mitochondrial protein 
which assembles with homologous AFG3L2, to form the oligomeric 
mAAA protease complex (Casari et al., 1998; Giorgio and Roberto, 
2018). The paraplegin-AFG3L2 complex is involved in mitochondrial 
protein maturation and degradation and its inactivation causes 
reduced mitochondrial complex I activity (Estrada-Cuzcano et al., 
2017). Loss of AFG3L2 function is associated with autosomal recessive 
spastic ataxia 5 (SPAX5) and autosomal dominant spinocerebellar 
ataxia 28 (SCA28) with myopathy and CPEO (di Bella et al., 2010; 
Tulli et al., 2019).

Although SPG7 has been classically considered to show an 
autosomal recessive mode of inheritance, there is also evidence for 
autosomal dominant transmission in some families (Sánchez-Ferrero 
et al., 2013). The predominance of pyramidal signs is significantly 
associated to biallelic LOF variants rather than missense variants, 
suggesting that the loss of paraplegin function drives spasticity. 
Probably LOF of paraplegin still allows AFG3L2 to form functional 
oligomeric m-AAA protease and this could compensate for loss of 
paraplegin in the cerebellum because of the high AFG3L2 cerebellar 
expression (Coarelli et al., 2019). Moreover, nonsense variants on both 
alleles are associated to a more severe phenotype including 
ophthalmologic involvement. Multiple mitochondrial and extra-
mitochondrial changes results from any dysfunctional paraplegin, 
including defective axonal transport particularly in synaptic terminals 
of long tract axons such as cortico-spinal and optic tracts with 
subsequent retrograde degeneration (Charif et al., 2020). Peripheral 
nerves are spared in SPG7, and this may differentiate SPG7 patients 
from ARSACS patients showing prominent peripheral sensory motor 
neuropathy and distal amyotrophy. SPG7 patients showed increased 
T2 signal from the dentate nucleus (Hewamadduma et al., 2018), in 
line with the postmortem data demonstrating neuronal loss in the 
dentate nucleus (Thal et al., 2015). The most frequently described 
oculomotor defect in SPG7 patients is the adult onset progressive 
external ophthalmoplegia and ptosis (CPEO; Klebe et al., 2012; van 
Gassen et al., 2012). However, cerebellar nystagmus and vertical gaze 
limitation with slow upward saccades and preserved VOR have also 
been reported. Supranuclear gaze palsy, seldom reported in SPG7, 
may be due to extension of neurodegeneration to the brainstem nuclei 
and pathways as demonstrated by pathologic studies (Thal et al., 2015).

Sacsin is involved in chaperon activities, controlling the 
microtubule balance or cell migration and it plays a crucial role in 
regulating the mitochondrial functions (Morani et al., 2019). Loss of 
function of Sacsin causes autosomal recessive spastic ataxia of 
Charlevoix-Saguenay (ARSACS), the second most common ARCAs 
(Synofzik et al., 2013; Bradshaw et al., 2016; Vermeer et al., 2020). 
Sacsin deficiency determines an altered organization of intermediate 
filaments and consequently multiple mitochondrial dysfunctions 
involving mitochondrial fission (Girard et  al., 2012), oxidative 
phosphorylation, and oxidative stress pathways (Criscuolo et  al., 
2015). This cascade of events may explain the presence of different 
clinical features partially reminiscent of mitochondrial disorders. 
Spastic ataxia is associated to peripheral mixed sensory motor 
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TABLE 2 Main oculomotor and fundoscopic findings.

Impaired eye movements Ophthalmoscopic and other ocular changes

Ptosis 

(drooping 

of the 

upper 

eyelid)

Nystagmus 

(rhythmic, 

involuntary, 

rapid, back 

and forth 

movement 

of the eyes)

Oscillopsia 

(illusion of 

an 

unstable 

visual 

world)

Vertical gaze 

impairment/

palsy

Dysmetria Increased 

latency/ocular 

apraxia 

(horizontal 

gaze failure 

due to deficits 

in starting 

voluntary/

reactive eye 

movements)

Saccadic 

intrusions 

(conjugate 

small 

involuntary 

saccadic 

movements 

that disrupt 

visual 

fixation)

Impaired 

smooth 

pursuit 

(disturbance 

in maintain 

the line of 

sight on 

smoothly 

moving 

targets)

Impaired 

vestibulo 

ocular reflex 

(VOR is a 

reflex that 

maintains 

stable vision 

during rapid 

head 

rotations)

Extraocular 

muscles 

ophthalmoplegy

Strabismus 

(misaligned 

eyes)

Optic 

Atrophy

Optic 

nerve 

pallor

Juvenile 

cataract

Drusen 

(subretinal 

pigment 

epithelial 

deposit)

Retinitis 

pigmentosa

Mitochondrial pathways

POLG x X x x x

SPG7 x X X x

ARSACS X x x

FRDA X x x x x

DNA repair/genome stability

AT X x x

AOA1 x X

AOA2 x X

ATLD x x x x x

CANVAS x x x

Complex lipid metabolism

NPC X x x x x x x

AVED x x
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neuropathy, progressive distal amyotrophy, mild intellectual disability, 
psychiatric symptoms, thickened optic disks and retinal architecture 
changes (Baets et  al., 2010). Vermal and hemispheric cerebellar 
atrophy is a characteristic MRI finding, seldom associated to pontine 
hyperintensities, explaining the cerebellar origin of oculomotor and 
gaze holding changes. Cerebellar oculomotor deficits are clinically 
evident also in the atypical (only peripheral neuropathy) phenotypes 
of ARSACS (Vill et  al., 2018) and include GEN and rebound 
nystagmus, saccadic pursuit and saccadic abnormalities. A 
supranuclear gaze palsy has also been reported in one patient (Stevens 
et al., 2013) while VOR changes have been not investigated.

DNA repair/genome stability (AT, ATLD, 
AOA2, AOA1, AOA4, SCAN1, and 
RFC1-CANVAS)

Autosomal recessive ataxia with oculomotor apraxia (OMA), 
elevated levels of serum alpha-fetoprotein (AFP biomarker) and 
distinct mutations of genes implicated in DNA repair and/or 
transcription, define a group of early onset disorders including: ataxia-
telangiectasia (ATM gene), ataxia-telangiectasia like disorder 
(MERR11 gene) ataxia with oculomotor apraxia type 1 (AOA1, APTX 
gene) and type 2 (AOA2, SETX gene; Caldecott, 2003). These 
disorders, share common oculomotor abnormalities which 
demonstrate the functional failure of the cerebellar brainstem 
networks and vestibular system, and impairment of supranuclear 
input for the voluntary control of eye movement. Both oculomotor 
apraxia and long latency multistep saccades with oculocephalic 
dissociation are present in all disorders.

Ataxia-Telangiectasia (AT) and Ataxia-Telangiectasia Like Disorder 
(ATLD) are clinically similar conditions, with ATLD being very rare, 
less severe, and slowly progressive. AT is an early onset ARCAs due to 
mutations in ATM, encoding a serine/threonine protein kinase of the 
phosphatidylinositol 3-kinase-related protein kinase (PIKK) family 
(Gatti et al., 1999). In response to double strand breaks, ATM restores 
damaged sites (Fernandez-Capetillo et al., 2004). Also, MRE11, gene 
associated to ATLD, contributes to DNA repair, since this gene is part 
of the Mre11-Rad50-Nbs1 complex (MRNcomplex). Both MRE11 and 
ATM respond to several stress and regulates multiple cellular 
pathways, explaining the multisystemic features observed in AT 
including degeneration of diverse neuronal systems (cerebellar, 
cortical, peripheral), increased sensitivity to ionizing radiation, cancer, 
immune deficiency, and diabetes (Bian et al., 2019). Conjunctival, 
auricular and buccal telangiectasias may be  included in the AT 
phenotype. A recurrent MRI finding is the cerebellar atrophy mostly 
involving the vermis, in line with patients’ oculomotor presentation, 
and the anterior lobe, consistent with limb ataxia (Frismand et al., 
2013). Cerebellar syndrome is progressively associated to other 
hyperkinetic disorders such as dystonia, chorea and peripheral 
sensory-motor axonal neuropathy (Stewart et al., 1999). Oculomotor 
abnormalities in AT and ATLD patients are mostly characterized by 
deficit in saccadic initiation and metrics, fixation, gaze holding, 
pursuits and VOR with oculocephalic incoordination (Palmeri et al., 
2013; Federighi et al., 2017). Patients may show long latency reflexive 
saccades and even longer or absent volitional saccades, requiring a 
head thrust and blinking to, respectively, force eye deviation and reset 
eye position to allow the eyes to finally move into the desired position 

(Zee et al., 1977; Baloh, 1978). Saccades are hypometric or interrupted, 
with a characteristic stepwise gaze shift (Tang and Shaikh, 2019). 
Fixation is affected by spontaneous nystagmus (horizontal and 
vertical), slow drifts, periodic alternating nystagmus, and saccadic 
intrusions ranging from SWJ saccadic intrusions to micro-or macro 
saccadic oscillations and flutter (Lewis et  al., 1999; Shaikh et  al., 
2009, 2011).

AOA1 and AOA2 share similar oculomotor findings and clinical/
MRI features, with AOA1 patients having early-onset slowly 
progressive cerebellar ataxia associated to axonal neuropathy, chorea, 
dystonia (which gradually attenuate), optional hypoalbuminemia, 
hypercholesterolemia and normal to slight increase of alpha-
fetoprotein (Anheim et al., 2009). The loss of the normal hypointensity 
in the dentate nucleus was suggested as a highly sensitive and specific 
biomarker (Ronsin et al., 2019). In AOA1, APTX mutations lead to 
dysfunctional aprataxin which is a nuclear protein implicated in 
single-strand and double-strand repair mechanisms (Date et al., 2001; 
Le Ber et al., 2003). Cerebellar ataxia and axonal neuropathy develop 
later (second decade of life) in AOA2 patients, as well as pyramidal 
signs, dystonia, and chorea. AOA2 is due to dysfunctional Senataxin 
which is a ubiquitous high conservate RNA/DNA helicase implicated 
in transcriptional regulation and DNA damage response through 
resolution of R-loop structures (Richard and Rosonina, 2021). 
Mutations in SETX result in either of two distinct neurodegenerative 
disorders: recessive mutations are responsible for AOA2 (Moreira  
et al., 2004), while dominant mutations result in a juvenile form of 
amyotrophic lateral sclerosis (ALS) called ALS4 (Bennett and La 
Spada, 2021). A study of 90 individuals with AOA2 found that 
pathogenic missense variants in the helicase domain caused less severe 
AOA2 phenotypes than missense variants outside of this domain,  
or deletions, or truncating variants. However, individuals with 
pathogenic truncating or missense variants outside of the helicase 
domain had a lower frequency of pyramidal signs—a finding that may 
reflect masking of pyramidal signs by severe motor neuropathy 
(Anheim et al., 2009).

Cerebellar-based oculomotor changes are common to both AOAs, 
including OMA (long latency hypometric saccades) and excessive 
blinking, which is reported in around 50% of patients; fixation 
instability with SWJ, GEN, downbeat and rebound Ny, saccadic 
pursuit, hypermetric saccades and staircase saccades are also present. 
Reduced vertical and horizontal saccade velocity, supranuclear 
ophthalmoplegia, bilateral esotropia or monocular strabismus as well 
as marked deficits of voluntary saccades are more prominent in 
AOA2, where the age at onset and presence of occasional oculomotor 
apraxia were negatively correlated to disease progression; 
ophthalmoplegia (no strabismus) was positively correlated to the 
progression of neurological disability (Anheim et al., 2010). Head 
trust with oculo-cephalic dissociation also develops in both 
conditions. In a recent study, hypometric saccades with a staircase 
pattern and no increased latency or head trust have been suggested to 
be a more reliable sign of oculomotor apraxia (Ronsin et al., 2019; 
Bargagli et al., 2021).

Cerebellar Ataxia Neuropathy Vestibular Areflexia Sindrome 
(CANVAS) is a late onset familial or sporadic form of sensory ataxia 
caused by recessive biallelic pentanucleotide repeat expansion 
(AAGGG) in the RFC1 gene which encodes the large subunit of 
replication factor C (RFC), a heteropentameric AAA+ protein 
complex associated with DNA synthesis during replication and repair. 
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The expansion sizes vary from 400 to 2,000 repeats in affected patients 
(Cortese et  al., 2019). The core CANVAS features are sensory 
neuronopathy, cerebellar ataxia, and a deficit of visually vestibulo-
ocular reflex. Chronic spasmodic cough, oculomotor abnormalities 
usually including cerebellar ny and autonomic symptoms are also 
common (Szmulewicz et al., 2016). MRI shows cerebellar atrophy 
involving the vermis and hemispheres with Crus 1 (Traschütz et al., 
2021). Oculomotor signs of vestibulocerebellar involvement are 
common in CANVAS, with progressive oscillopsia which can 
be  permanent and mainly due to bilateral vestibular impairment. 
Nystagmus can be GEN, or downbeat, or combined; fixation instability 
both during head rotation, optokinetic ny, and during pursuit, and 
impaired vestibulo-ocular reflex and/or visuo-vestibular ocular reflex 
have been well described (Terryn et al., 2020).

Sensory ataxia and severe peripheral sensory neuropathy is 
common to CANVAS, FRDA and POLG; however, ocular findings 
allow to distinguish these three entities. Vestibular areflexia, oscillopsia 
and Ny, although present in both CANVAS and FRDA, are more 
severe in the former, while in FRDA saccadic intrusions are more 
evident. Moreover, optic nerve pallor is typical of FRDA (Dupré et al., 
2021). Ptosis, ophthalmoparesis, saccade dynamic and metric changes 
are typical of POLG.

Complex Lipids metabolism (NPC, 
CYP27A1 CTX, AVED)

Complex Lipids metabolism disorders (NPC, CYP27A1 CTX, 
AVED) includes rare conditions in which cerebellar ataxia is associated 
to the involvement of other cerebral structures and extra-brain organs. 
Different extent of oculomotor system, retina and optic nerve 
involvement is common. Nieman-Pick-type C disease (NPC) is a rare, 
autosomal recessive, neuro-visceral disorder caused by mutations in 
either the NPC1 (95%) or NPC2 (5%) genes (Naureckiene et al., 2000; 
Patterson, 2020), both involved in the cellular trafficking of cholesterol 
and other lipids. Mutations result in the accumulation in multiple 
tissues of non-esterified cholesterol, sphingolipids, sphingomyelin, 
and phospholipids that accumulate primarily in the central nervous 
system, causing the neurological manifestations (Imrie et al., 2007). 
The metabolic pathway of the glycosphingolipids biosynthesis is the 
target of Miglustat, one of the approved treatments of NPC (Patterson 
et al., 2017). NPC ranges from a neonatal, rapidly fatal disorder to an 
adult-onset variant, characterized by cerebellar ataxia, dystonia or 
other movement disorders that may occur with atypical schizophrenia 
or early-onset psychosis and early onset cognitive decline, including 
deficits in attention, language, and executive functions. A pattern of 
fronto-temporal dementia may also be present. Brain MRI shows 
cerebellar atrophy with involvement of cerebellar cortex and dentate 
nucleus (Walterfang et  al., 2012; Chiba et  al., 2014). Vertical 
supranuclear gaze palsy is the hallmark of the disorder, starting with 
a progressive slowing of vertical saccades which assume a typical 
curved trajectory. Vertical saccades are a marker of disease 
progression; they have been used in clinical trials and are 
recommended for testing the effect of Miglustat. Cerebrotendinous 
Xanthomatosis (CTX) is a rare inherited lipid storage disorder caused 
by deficiency of mitochondrial sterol 27-hydroxylase, related to 
mutations in the CYP27A1 gene (Koyama et al., 2021; Federico and 
Gallus, 2022), ultimately leading to an increase of plasma and tissue 

cholestanol levels (Salen and Steiner, 2017). The clinical 
symptomatology includes neonatal jaundice or cholestasis, diarrhea, 
tendon xanthomas, osteoporosis, coronary heart disease, juvenile 
cataracts, pulmonary involvement, progressive neuropsychiatric 
disturbances such as intellectual disability and dementia, psychiatric 
symptoms, pyramidal, extrapyramidal and cerebellar signs, and 
seizures (Mignarri et  al., 2014; Salen and Steiner, 2017). Early 
replacement therapy with chenodeoxycholic acid may improve or 
even prevent CTX symptomatology (Stelten et al., 2019).

At neuroimaging examination, the most distinctive findings are 
represented by MRI hyperintensities in FLAIR or T2-weighted images 
in the dentate nuclei and cerebellar white matter. Juvenile cataract is 
an early peculiar feature (Khan et  al., 2013; Tibrewal et  al., 2017; 
Freedman et al., 2019). Electron microscopy of the cataract in a CTX 
patient disclosed membranous structures with vacuoles containing 
lipid materials. Replacement of cholesterol with cholestanol, leading 
to an impairment of lens function and alteration of cell membrane 
permeability, is considered the pathological substrate of cataracts in 
CTX (McKenna et al., 1990; Dotti et al., 2001). Optic disc atrophy and 
optic nerve abnormalities have been described in CTX patients (Van 
Bogaert et al., 1937; Guillain et al., 1942; Cruysberg et al., 1995; Dotti 
et al., 2001) and attributed to a defect in peripheral and central myelin 
synthesis related to the replacement of cholesterol with cholestanol. 
Other ophthalmic findings comprise retinal senescence, drusen, 
changes of retinal pigmented epitelium cells (Dotti et  al., 2001), 
xanthelasma (Cruysberg et  al., 1995), proptosis due to orbital 
xanthoma (Morgan et al., 1989), increased content of sterol in the 
extraocular muscles (Salen, 1971), bilateral exophthalmos (Kuriyama 
et al., 1991), acquired type II red-green defect of Verriest (Cruysberg 
et al., 1995). Efferent visual system abnormalities in CTX include 
gaze-evoked nystagmus and exotropia (Cruysberg et  al., 1995). 
Saccades are accurate with normal main sequence relationship, but 
CTX patients tend to execute more frequent multistep saccades and 
directional errors during the antisaccade task than controls. Increased 
saccadic latency, impaired precision, increased directional errors are 
characteristic of CTX patients with involvement of dentate nuclei at 
brain MRI (Rosini et al., 2017).

Ataxia with vitamin E deficiency (AVED) is a rare progressive 
multisystem disorder usually occurring in young childhood. It is 
caused by omozygous or compound heterozygous mutations in the 
α-tocopherol transfer protein gene (TTPA) (Schuelke, 2023). Lack of 
gene product, a liver tocopherol-binding protein that incorporates 
alpha-tocopherol into nascent very-low-density lipoprotein (VLDL), 
causes vitamin E deficiency with subsequent systemic oxidative stress 
damage (Mariotti et  al., 2004). Peculiar AVED features include 
progressive ataxia, dystonia, axonal neuropathy, pyramidal signs, and 
impaired proprioception; less frequently, scoliosis, tendon xanthomas 
and xanthelasmata, seizures, psychotic episodes, intellectual decline, 
and cardiomyopathy have been reported (Gabsi et al., 2001; Benomar 
et al., 2002; Becker et al., 2020). Neurological picture may resemble 
that of Friedreich’s ataxia. Brain MRI findings vary from preserved 
cerebellar volumes to vermian or hemispheric cerebellar atrophy (El 
Euch-Fayache et al., 2014). Purkinje cells deterioration is described in 
postmortem study (Mariotti et al., 2004), as well as retinal atrophy 
with massive accumulation of lipofuscin (Satya-Murti et al., 1986; 
Yokota et al., 2000). Retinitis pigmentosa is the most frequent neuro-
ophthalmological feature (Yokota et al., 2000; El Euch-Fayache et al., 
2014); in one case-report, macular degeneration has been reported 
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(Iwasa et  al., 2014). Head tremor is often encountered and can 
be  associated with eye oscillations. Furthermore, nystagmus, 
oculomotor apraxia and exotropia were variably described in a cohort 
of Tunisian patients (El Euch-Fayache et  al., 2014). Substitutive 
therapy with vitamin E can prevent symptoms in presymptomatic 
individuals and stabilize or ameliorate the clinical picture in 
symptomatic patients.

Fundus photography and OCT 
parametrization of neurodegeneration 
in ARCAs

The pathologic process causing cerebellar neurodegeneration may 
also affect photoreceptors, ganglion cells, retinal vasculature, 
pigmented epithelium or axons of the optic nerve (Table 3). A first 
qualitative ophthalmoscopic assessment can be obtained by fundus 
photography which may help to compare the two eyes following 
ophthalmoscopic changes over time (Biousse et  al., 2018). High 
quality fundoscopic images are also used for a quantitative assessment 
of retinal vasculature, retinal layers or optic nerve head structure and 
shape (Biousse and Newman, 2016; Panwar et al., 2016).

Digital image processing is one of the most widely used computer 
vision technology in biomedical engineering and various digital 
techniques are used to analyze retinal deposits, exudates, and 
microvasculature and to measure geometric features such as vessel 
tortuosity, branching angles, branching coefficient, vessel diameter, 
and fractal dimension (Rajalakshmi et  al., 2021). The extracted 
markers of fundus digital images, provide quantitative assessment of 
retinal topographic changes associated to various diseases (Kipli 
et al., 2018).

OCT is a widely used retinal imaging technique providing high 
resolution cross-sectional view of retinal layers and retinal thickness. 
Light reflectance principles underly spectral domain OCT (SD-OCT) 
and multicolor OCT (MC-OCT) technology, that makes the retina 
and optic nerve visible at a 5- to 6-nm resolution in an imaging 
process that requires only 2 min per eye (Minakaran et al., 2021). 
Combining structural and functional (visual) information, machine 
learning classification, and AI methods, allows us to elaborate digital 
markers of retinal and optic nerve degeneration or validate OCT intra 
or inter-eye morpho-functional thresholds (Pujari et al., 2021).

The further innovation introduced by MC-OCT is the use of 3 
different, simultaneous laser light wavelengths to produce “fundus 
photography tomograms” of deep, mid, and inner retinal layers. 
MC-OCT uses ultrared (815 nm), green (518 nm), and blue (486 nm) 
lights to reflect the retina over almost the entire visible light spectrum. 
These different wavelengths create focused and detailed images 
especially of the retinal blood vessels. The assessment of retinal vessels 

by MC-OCT together with the retinal GC density and peripapillary 
nerve fiber layer (pRNFL) measurements (which reflects the safety of 
optic nerves, chiasm, and optic tracts) by spectral domain OCT, allow 
finding out “in vivo” optic nerve and retinal structural changes and the 
inter-eye differences in acquired or genetic optic neuropathies, 
including those encountered in ARCAs with relevant clinical and 
prognostic implications.

RNFL and ganglion cells assessment

Optic neuropathy is frequently observed in ARCAs, particularly 
in those forms primarily related to damage of mitochondrial pathway 
such as FRDA, SPG7, ARSACS, where retinal GCs death is a specific 
target for mitochondrial mediated neurodegeneration in the retina 
(Newman et al., 2023).

Mitochondrial optic neuropathies are a relatively 
homogeneous group of visual disorders characterized by 
preferential involvement of small axons of the papillo-macular 
bundle, serving central vision, color vision and high spatial 
frequency contrast sensitivity (Carelli et  al., 2004). The high 
vulnerability of central retinal GCs to mitochondrial damage is 
due to prevalent dependence of the intra-retinal axonal transport 
from mitochondrial metabolism. Differently from hereditary 
non-syndromic mitochondrial-related optic neuropathies such as 
LHON, the papillo-macular bundle is less affected at onset in 
FRDA and other mitochondrial related ARCAs, leaving visual 
acuity, contrast sensitivity and color vision, longer preserved than 
LHON. However, the advent of OCT has evidenced an early 
axonal damage and GCs loss in several ARCAs including 
FRDA. This technique also allows to monitor changes of retinal 
thickness over time supporting a role for these structural 
measures, as a marker of neurodegeneration in these diseases.

Neurorim pallor is clinically apparent in 30% of FRDA patients 
at the onset (Harding, 1981; Fortuna et al., 2009). Several studies 
(Fortuna et al., 2009; Noval et al., 2012; Seyer et al., 2013; Dağ et al., 
2014) have evaluated RNFL and GC changes using OCT showing 
decreased average RNFL thickness, which was statistically significant 
in comparison to controls. Abnormal RNFL thinning in all quadrants 
has been reported, with a distinctive pattern of predominant 
involvement of superior quadrant, while macular and foveal thickness 
is generally preserved in these patients. Recently, FRDA was reported 
to be  associated with the greatest degree of RNFL thinning in 
comparison to a range of other genetically determined ataxias. RNFL 
thickness in FRDA has been shown to correlate with neurological 
function and disability as measured with the International 
Cooperative Ataxia Rating Scale (ICARS). More recently, a 
correlation between the peripapillary RNFL and the Scale for 

TABLE 3 Ocular coherence tomography assessment in the three most common ARCAs associated to mitochondrial pathway involvement.

Ganglion cells Retinal fibers Optic nerve Macula

ARSACS Loss Increased retinal peripapillary inner thickness Progressive optic nerve atrophy Macula microcysts, Foveal 

hypoplasia/

FRDA Loss RNFL average thickness reduced Progressive neurorim pallor /

SPG7 Loss RNFL average thickness reduced, > in temporal 

quadrant

Optic neuropathy (in rarely cases is the 

only manifestation)

/
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Assessment and Rating of Ataxia (SARA) used to quantify disability 
was demonstrated by Parkinson et al. (2018) and Rojas et al. (2021). 
Another significant correlation has been found between thinning of 
the RNFL and frataxin protein levels, leading authors to suggest the 
use of these two measures as biomarkers in future clinical trial design 
(Thomas-Black et al., 2023).

Degenerative optic neuropathy is also reported in several 
families with SPG7; however, not all patients have reduced visual 
acuity. Optic atrophy occurred in 3/49 cases of SPG7 in a Dutch 
cohort; two SPG7 mutated sibs with optic atrophy manifested 
severe vision loss as the presenting symptom evolving to full 
blindness in the course of the illnesses. Post-mortem examination 
of one of these sibs disclosed severe atrophy affecting the optic 
nerves, optic chiasm and optic tracts with loss of axons, 
demyelination and astrogliosis (van Gassen et  al., 2012). In 
accordance with these data, employing OCT, global RNFL 
thinning in individuals with SPG7 has been reported in several 
cohorts (Wiethoff et  al., 2012). It has been shown that retinal 
fibers loss is more pronounced in the temporal quadrant 
(Bogdanova-Mihaylova et al., 2021). Patients with severe loss of 
RNFL and low visual acuity may have a more complex phenotype 
including intellectual disability, cognitive decline, limb spasticity 
and cerebellar ataxia (Wiethoff et al., 2012). In 65% of patients 
belonging to a large SPG7 family (Klebe et  al., 2012), authors 
found the homozygous Ala510Val mutation associated with optic 
neuropathy, present in all patients. Moreover, the same authors 
showed a novel missense SPG7 mutation in heterozygous state 
(Asp411Ala) as the cause of autosomal dominant optic neuropathy 
in a large family, indicating that some SPG7 mutations can 
occasionally be dominantly inherited and be an uncommon cause 
of isolated optic neuropathy. Paraplegin is a metalloprotease 
known to cleave OPA protein 1 (a mitochondrial dynamin-related 
protein) into two active subunits, which locate in the inner 
mitochondrial membrane and regulate multiple mitochondrial 
functions, including fusion and fission (Ferreirinha et al., 2004; 
Martinelli and Rugarli, 2010). Abnormal paraplegin function may 
therefore result in a damage for GCs or optic nerve axons like 
those commonly found in non-syndromic mitochondrial 
optic neuropathy.

In ARSACS (Girard et al., 2012) the characteristic ophthalmic 
hallmark is an increased peripapillary inner retinal thickness, 
previously mis-characterized as hyper-myelinated nerve fiber layer. 
Conversely, visual loss is rare and unrelated to RNFL thickening 
(Garcia-Martin et al., 2013; Parkinson et al., 2018; Rezende Filho 
et al., 2021). OCT helped to clarify the characteristic modifications 
of the retinal layers in ARSACS showing retinal striations or folds 
with sawtooth appearance, foveal hypoplasia in 100% of patients, 
macular microcysts, papillomacular folds and thick peripapillary 
RNFL. Several studies have indicated that the thickness of all 
retinal layers is a distinctive pattern of ARSACS suggesting a role 
of the SACS gene in the development of the retina and optic nerve 
(Gazulla et  al., 2011; Synofzik et  al., 2013). Sacsin has been 
confirmed to be involved in regulating mitochondrial dynamics, in 
promoting neurofilament assembly or resolving their bundling 
accumulations and modulating interactions between cytoskeletal 
and synaptic adhesion proteins (Bradshaw et al., 2016; Romano 
et al., 2022).

AI and parametrization of oculomotor 
data

Artificial intelligence (AI) is a branch of computer science seeking 
to simulate human intelligence in computers. AI is currently applied in 
medicine to accurately identify abnormalities in clinical, imaging or 
electrophysiological parameters and to distinguish individuals deviating 
from healthy controls. The term “artificial intelligence” includes machine 
learning and deep learning approaches. Machine learning is commonly 
described as “a field of study that gives computers the ability to learn 
without being explicitly programmed.” Characteristically, machine 
learning programs can modify the parameters of their algorithms by the 
exposure to more data, featuring in this way an adaptive response to the 
presented data and the ability to make predictions based on parameters 
related to their algorithms. Deep learning is a subset of machine learning 
based on artificial neural networks trying to mimic the complex 
computation capabilities, decision-making patterns, and neural 
connectivity typical of the human brain. Complex, multi-layered neural 
networks are assembled for allowing data to pass between nodes (like 
neurons) in highly connected ways, reaching increasingly non-linear 
transformation of the data.

Convolutional neural networks are capable of image recognition 
and classification; they are a crucial component of deep learning 
applications in medicine, especially in OCT imaging elaboration. The 
application of AI and deep learning techniques using OCT images has 
increased in recent years to assist clinicians in the diagnosis and 
management of neuroophthalmological diseases (Kapoor et al., 2019; 
Milea et  al., 2020). Machine learning and deep learning are also 
applied in video-based eye-tracking technology using the existing 
front-facing cameras of smartphones and laptops to record eye 
movements. Machine learning models trained on eye movement 
features are then used to accurately identify eye abnormalities. This 
approach has been tested in ataxia patients where the algorithm 
detects saccade dysmetria (Azami et al., 2022) or pursuit changes in 
affected subjects (Chang et al., 2020) showing good performances 
(Azami et al., 2022).

Conclusion

In conclusion, ocular features may be  considered as ideal 
biomarkers for disease assessment in autosomal recessive cerebellar 
ataxias (ARCAs). In this perspective, the quantification of eye 
movements changes may help localizing the cerebellar-extracerebellar 
networks specifically involved in ARCAs; at the same time, the 
quantification of structural retinal changes by OCT provides a 
measure of neurodegeneration particularly in those forms related to 
mitochondrial pathway dysfunctions. Thus, the examination of visual 
system may drive a possible diagnostic classification approach 
according to ocular features since the three common pathways 
underlying ARCAs, i.e., mitochondrial metabolism, DNA repair/
genome stability and complex lipid metabolism, show, respectively, 
peculiar pattern of visual system dysfunction.

The recent advances of AI, the use of sensors and other embedded 
devices is paving the way for real-life use of digital biomarkers; among 
these, the oculomotor markers and OCT cannot be  missing in 
cerebellar ataxias.
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Glossary

ARCAs Autosomal Recessive Cerebellar Ataxias

VOR Vestibulo-ocular reflex

AI Artificial intelligence

OCT Optical Coherence Tomography

RNFL Retinal nerve fiber layer

FRDA Freiderich’s ataxia

SPG7 Spastic Paraplegia 7

ARSACS Autosomal Recessive Spastic Ataxia of Charlevoix-Saguenay

AT Ataxia-Telangiectasia

ATLD Ataxia-telangiectasia like disorder

AOA1 Ataxia with oculomotor Apraxia type 1

AOA2 Ataxia with Oculomotor Apraxia type 2

SCAN1 SpinoCerebellar Ataxia with Neuropathy1

CTX Cerebrotendinous Xanthomatosis

NPC Nieman-Pick disease type C

AVED Ataxia with Vitamin E deficiency

NGS Next-generation sequencing

CA Cerebellar ataxias

COQ10D4 Coenzyme Q10 deficiency-4

SWJs Square Wave Jerks

FARS Friederich’s Ataxia Taring Scale

SANDO Sensory Ataxic Neuropathy, Disartria and Ophthalmoparesis

MIRAS Mithocondrial recessive Ataxia syndrome

PEO Progressive Esternal Ophthalmoparesis

RFC Replication Factor C

ICARS International Cooperative Ataxia rating Scale

SARA Scale for Assessment and Rating of Ataxia
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